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Abstract

Viral infections are a substantial global health concern, affecting millions of individuals
annually. The initial stage of infection involves viral entry, a process characterized by
intricate mechanisms that remain poorly understood. In this thesis, we employ molecular
dynamics simulations to elucidate the complex mechanisms that allow for the entry of
enveloped viruses into our cells. To achieve this we focused on the existing gaps in the
literature concerning the role of fusion proteins in ensuring efficient viral infection, with
specific attention directed towards events associated with target cell receptor recogni-
tion and membrane fusion. This was studied by analyzing both the SARS-CoV-2 and
parainfluenza 5 viruses.

In Chapter 3 we start by scrutinizing the impact of naturally occurring mutations on the
SARS-CoV-2 receptor binding domain (RBD) dynamics. To investigate this, we employed
atomistic molecular dynamics simulations of the wild-type RBD and four variants of
concern (Alpha, Beta, Delta, and Omicron). Our results revealed that the wild-type RBD
can exist in two forms: "open" for ACE2 binding and "closed", where the binding surface
is blocked. The Alpha, Beta, Delta and Omicron variants strongly favor the open state,
with Delta showing an additional alternative conformation that may aid antibody evasion
(the "reverse open"). These findings suggest that variants of concern (VOCs), especially
Omicron and Delta, influence RBD conformation to facilitate ACE2 binding and potentially
assist antibody evasion.

In a sub-section of this chapter, we describe our contribution to a study aimed at
identifying the effects of single and synergistic amino acid substitutions in promoting
SARS-CoV-2 immune escape. This work combined antibody neutralization assays on
pseudotyped viruses, bearing the SARS-CoV-2 fusion protein, and computational analysis
to identify residues frequently interacting with antibodies. Our contribution consisted of
the analysis of 57 PDB structures, to discern the key residues of the SARS-CoV-2 fusion
protein engaged in antibody interactions, an analysis complemented with RBD-ACE2
simulations. This work provided insights into the E484K immune evasion, showing
that E484 is frequently involved in interactions with antibodies, but not with ACE2.
Additionally, we identified a novel amino acid of concern, S494, exhibiting a similar
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interaction pattern.
In Chapter 4 we shift our focus to the parainfluenza virus and we delve into the role

of the fusion peptide in mediating membrane fusion. We conducted molecular dynamics
simulations, employing a hybrid approach that combines atomistic and coarse-grain detail.
We then compared the simulation outcomes with biophysical assays conducted by our
research partners. From the simulation results, we were able to identify crucial amino acid
residues in the parainfluenza fusion peptide (PIFP) that are essential for membrane fusion.
Additionally, at high concentrations, the PIFPs induced the assembly of water-permeable
pore-like structures, facilitating lipid head intrusion and tail protrusion. Biophysical
experiments confirm these findings, revealing that PIFP can promote fusion and/or
membrane leakage depending on the peptide/lipid ratio.

To build upon the data described in Chapter 4, in Chapter 5, we introduced alanine
mutations to the PIFP amino acids identified as crucial for membrane fusion, namely Q120
and F103. As before, we conducted molecular dynamics simulations of these systems and
this data was complemented by biophysical assays conducted by our research collaborators.
The biophysical assays demonstrated that the F103A mutation significantly affects lipid
mixing and membrane leakage, contrasting with the marginal impact of the Q120A
mutation. In silico data corroborated this trend, showing a lower flux of water through
the F103A pore-like structure and fewer lipid tail protrusion events.

Lastly, in Chapter 6 we conduct exploratory research on the influence of SARS-CoV-2
and parainfluenza fusion proteins on viral fusion. We employ coarse-grained molecular
dynamics simulations to study fusion between simplified viral vesicles, both with and
without fusion proteins, and cell membrane models. Notably, in systems containing a
fusion protein, we observed a significant increase in membrane-membrane interactions
in both SARS-CoV-2 and parainfluenza systems. Extensive mixing of lipids from vesicles
and cell membranes occurred, accompanied by the formation of more stalk structures
compared to simulations without proteins. Despite the interesting results of this study,
there is still room for improvement as none of the simulations reached full fusion.

By integrating insights from these comprehensive studies on SARS-CoV-2 and parain-
fluenza fusion proteins, our research contributes to a deeper understanding of viral fusion
dynamics. These findings hold promise for developing therapies aimed at inhibiting
viral entry and combating viral infections, with profound implications for global health
outcomes.

Keywords: Fusion proteins, Molecular Dynamics simulations, Fusion peptide, Receptor
binding domain, Enveloped viruses
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Resumo

As infeções virais são uma preocupação a nivel global, afetando milhões de pessoas
anualmente. A fase inicial de uma infeção envolve a entrada do vírus na célula hospedeira,
um processo caracterizado por mecanismos complexos e ainda pouco compreendidos.
Nesta tese, utilizámos simulações de dinâmica molecular para melhor compreender os
mecanismos que permitem a entrada de vírus encapsulados nas células. Focamo-nos
principalmente no estudo do papel das proteínas de fusão numa infeção viral, mais
especificamente nos eventos relacionados com o reconhecimento dos recetores da célula-
alvo e da fusão da membrana. Para isto, utilizamos os vírus SARS-CoV-2 e parainfluenza
5 como modelos.

No Capítulo 3, examinamos o impacto de mutações que ocorrem naturalmente, na
dinâmica do domínio de ligação ao recetor (RBD) do SARS-CoV-2. Para esta investigação,
realizamos simulações atomísticas de dinâmica molecular do RBD "wild-type" e quatro
variantes (Alpha,Beta,Delta e Omicron). Os nossos resultados mostraram que o RBD "wild-
type" pode existir em duas formas: "aberta"para a ligação com o recetor ACE2 e "fechada",
onde a superfície de ligação está bloqueada. As variantes Alpha, Beta, Delta e Omicron
favorecem fortemente o estado aberto, enquanto que a Delta mostra uma conformação
alternativa adicional, que pode auxiliar na evasão aos anticorpos (a "abertura inversa").
Estas descobertas sugerem que as variantes, especialmente Omicron e Delta, influenciam a
conformação do RBD para facilitar a ligação ao ACE2 e potencialmente auxiliar na evasão
a anticorpos.

Numa sub-secção deste capítulo, descrevemos um estudo sobre o efeito que substitui-
ções pontuais e combinadas na proteína de fusão do SARS-CoV-2 podem ter na evasão
do vírus a anticorpos. Este trabalho combinou ensaios de neutralização de anticorpos em
pseudovírus, contendo a proteína de fusão do SARS-CoV-2, e análises computacionais
para identificar resíduos que interagem mais frequentemente com anticorpos. A nossa
contribuição para este trabalho envolveu a análise computacional de 57 estruturas PDB,
para discernir os resíduos-chave da proteína de fusão do SARS-CoV-2 envolvidos em
interações com anticorpos, uma análise complementada por simulações RBD-ACE2. A
nossa contribuição para este estudo mostra que o E484 está frequentemente envolvido
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em interações com anticorpos, mas não com a proteína recetora ACE2. Adicionalmente,
identificamos um novo aminoácido que exibe um padrão de interação semelhante, o S494.

No Capítulo 4, direcionamos o nosso foco para o vírus parainfluenza e investigamos
o papel do seu péptido de fusão na mediação da fusão de membranas. Realizamos simu-
lações de dinâmica molecular, utilizando uma abordagem híbrida que combina detalhes
atomísticos e de "coarse-grain". Em seguida, comparamos os resultados da simulação com
ensaios biofísicos conduzidos pelos nossos colaboradores experimentais. A partir dos
resultados da simulação, identificamos os resíduos de aminoácido cruciais no péptido de
fusão do parainfluenza (PIFP) para a fusão de membranas. Além disso, a concentrações
elevadas, os PIFPs induziram a formação de estruturas semelhantes a poros permeáveis à
água, facilitando a intrusão das cabeças dos lípidose a protrusão da sua cauda. Os dados
biofísicos confirmam essas descobertas, revelando que o PIFP pode promover a fusão
e/ou passagem de água pela membrana, dependendo da razão péptido/lípido.

Para adicionar os dados descritos no Capítulo 4, no Capítulo 5, alteramos para ala-
nina os aminoácidos do PIFP identificados como cruciais para a fusão de membranas,
nomeadamente Q120 e F103. Como descrito anteriormente, realizamos simulações de
dinâmica molecular destes sistemas, complementando estes dados com ensaios biofísicos
levados a cabo pelos nossos colaboradores. Estes demonstraram que a mutação F103A
afeta significativamente a fusão de duas membranas e a passagem de água através delas,
contrastando com o impacto marginal da mutação Q120A. Os dados in silico corroboraram
essa tendência, revelando uma redução na passagem de água pela membrana e menos
eventos de protrusão nos sistemas com o PIFP F103A.

Por fim, no Capítulo 6, investigamos a influência das proteínas de fusão do SARS-
CoV-2 e parainfluenza na fusão viral. Utilizamos simulações de dinâmica molecular
de "corase-grain"para estudar a fusão entre vesículas virais simplificadas e modelos de
membrana celular, com e sem proteínas de fusão. N presença da proteína de fusão,
observamos um aumento significativo na interação das membranas tanto nos sistemas
virais de SARS-CoV-2, quanto parainfluenza. Nestes sistemas, verifica-se uma mistura
extensiva dos lípidos das vesículas virais e membranas celulares, acompanhados pela
formação de mais estruturas de "stalk" em comparação com simulações sem proteínas.
Apesar dos resultados interessantes deste estudo, ainda há espaço para melhorias, uma
vez que nenhuma das simulações atingiu a fusão total.

Ao integrar os conhecimentos obtidos sobre as proteínas de fusão do SARS-CoV-2
e parainfluenza, esta tese contribui para uma compreensão mais profunda da dinâmica
da fusão viral. Estas descobertas potenciam o desenvolvimento de terapias destinadas
a inibir a entrada viral e a combater infeções virais, com implicações profundas para a
saúde global.

Palavras-chave: Proteínas de fusão, Simulações de Dinâmica Molecular, Péptido de fusão,
Domínio de ligação ao receptor, Vírus encapsulados
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General Introduction

1.1 Viral Infections: A Global Health Challenge

Viral infections present an important global health issue, impacting billions of people
annually, with both immediate and long-lasting effects [2]. A wide range of viral diseases
currently impact the global population, involving various pathogens with diverse trans-
mission modes. Some well-known pathogenic viruses examples include influenza, HIV,
measles, dengue, Zika, Ebola, and SARS-CoV-2 [3–5].

Viruses can target different organs, leading to a broad spectrum of symptoms and
health implications. For instance, respiratory viruses are responsible for respiratory tract
infections that can lead to issues ranging from common cold to severe respiratory diseases
[6]. Hepatitis viruses primarily affect the liver, leading to chronic liver disease, cirrhosis, or
even liver cancer [7], while neurotropic viruses target the central nervous system, resulting
in conditions such as meningitis, encephalitis, or long-term neurological complications
[8]. Viral infections are more prevalent and severe in young children, elderly people,
pregnant women and individuals with compromised immune systems [9]. Regions with
lower sanitation standards, crowded living conditions, and limited vaccination coverage
are also more impacted by viral infections than more developed settings [10].

A wide range of hosts can be targeted by viruses, including animals, plants, and
bacteria. In particular, viral outbreaks in other animals can have consequences equal to or
more significant than viral infections in humans, both for the animals that are infected, as
well as for human populations that are indirectly affected by these outbursts. The spread
of these diseases can result in substantial economic losses, especially in the livestock
industry, where outbreaks like avian influenza and foot-and-mouth disease can lead to
food scarcity. Additionally, some animal viruses can cross over to humans, impacting
both human health and the global economy [11]. An example of this is the COVID-19
pandemic, caused by a virus that initially infected bats and then spread to humans [12],
demonstrating the potential of such viruses to not only affect animal health, but also pose
significant threats to human populations.

Furthermore, new viral outbreaks continue to appear frequently. As of September

1



CHAPTER 1. GENERAL INTRODUCTION

2023 a new outbreak of the Nipah virus has raised concerns in Kerala, southern India.
The Nipah virus was initially identified more than two decades ago during an outbreak
among pig farmers in Malaysia [13], which later spread to Singapore, resulting in nearly
300 cases and over 100 deaths. In Bangladesh, these outbreaks have become almost an
annual occurrence, with studies linking them to the consumption of fermented date-palm
sap contaminated with bat urine [14]. However, the precise origins of the virus and the
mechanisms behind its transmission from bats to humans during the Kerala outbreak
remain uncertain [15]. Moreover, the strain of the virus found in India and Bangladesh
differs from the one in Malaysia; it can spread among humans and is more deadly. This
emphasizes the need for vigilant monitoring of viral infections in animals and swift
responses to such outbreaks.

Current global efforts to combat viral infections employ a complex approach that
includes prevention, diagnosis, treatment, and public health interventions. Vaccination
programs play a crucial role in these efforts by reducing their viral transmission, and
protecting communities through group immunity [16, 17]. Yet, to this day, humans are
still affected by several viral diseases, making it crucial to research innovative strategies to
combat these infections. By deepening our understanding of the molecular details of viral
infections, we can aim for a future, where prevention, diagnosis, treatment, and control
measures are in place to safeguard our well-being.

1.1.1 Viral Entry: The door to Infection

For a virus to spread, it must come into contact with a susceptible host. This can
happen through respiratory droplets, direct contact with infected individuals or surfaces
(an example focusing on SARS-CoV-2 is shown in figure 1.1), ingestion of contaminated
food or water, and vector-borne transmission (via insects or other organisms). Once the
virus reaches the host, it attaches to specific receptors on the host cell’s surface. This
attachment is typically highly specific to the virus and host protein/receptor. After
attachment, the virus enters the host cell, often through endocytosis or direct fusion with
the plasma membrane. Inside the host cell, the virus’s genetic material (DNA or RNA)
undergoes replication and transcription to generate the necessary components for viral
replication. The replication process varies among viruses, some rely on the host cell’s
machinery for replication, while others carry their own enzymatic tools. As a result, new
viral particles are assembled, and these newly formed viruses accumulate within the host
cell. Ultimately, they are released from the host cell, either through cell lysis, causing cell
rupture, or, in certain instances, via budding from the cell membrane, a process that does
not immediately lead to the death of the host cell [18–20].

Viral release from the host cell depends largely on how their genetic material is
shielded from the outside. When the viral capsid or nucleocapsid is surrounded by a lipid
bilayer envelope derived from the host cell or endoplasmic membrane we consider this an
enveloped virus (as seen in figure 1.2b). The membrane allows enveloped viruses to leave
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Figure 1.1: Schematic representation of the viral life cycle of the SARS-CoV-2 virus. A
healthy individual enters into contact with an infected person. When the virus reaches
a susceptible host, it binds to angiotensin-converting enzyme 2 (ACE2) receptors on
the host cell’s surface. Following attachment, the virus typically enters the host cell
through membrane fusion. Within the host cell, the virus leverages the cellular replication
machinery, leading to the assembly of new viral particles using duplicated genetic material
and viral proteins. These recently formed viruses accumulate within the host cell and are
subsequently released. Figure created with BioRender.com.

host cells by budding, being discharged without causing rapid cell lysis [21]. Examples
of enveloped viruses include influenza, HIV, SARS-CoV-2, parainfluenza and dengue.
Conversely, when the viruses lacks a lipid envelope, and are made up solely of a protein
capsid that protects the viral DNA, they are called non-enveloped viruses (figure 1.2a).
These viruses usually leave host cells by lysis, damaging the host cell membrane [22].
Examples of non-enveloped viruses include adenoviruses, noroviruses, and rhinoviruses.

Shifting the focus to the initial stages of viral entry, this is a crucial phase in the
establishment and progression of the infection. Upon binding to receptors, which can
be proteins, carbohydrates, or lipids, viruses utilize two main entry routes: endocytic
or non-endocytic pathways. The endocytic route involves the recognition of cell surface
receptors, a step that triggers the internalization of the virus into the host cell (Figure 1.2b).
This is the preferential mode of viral entry for non-enveloped viruses, however several
enveloped viruses such as influenza, dengue and ebola utilize this mechanism to enter
the host cell [23–26]. The non-endocytic route enables viruses to directly penetrate the
plasma membrane under neutral pH conditions (Figure 1.2b) [27–30]. Enveloped viruses
such as parainfluenza utilize this mechanism to enter the host cell, and some, such as the
SARS-CoV-2 or HIV [31, 32], can utilize both the non-endocytic and endocytic pathways
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Figure 1.2: Graphical representation of the two most common viral entry pathways:
Endocytic (A) and non-endocytic (B). The virus depicted in the endocytic pathway is non-
enveloped and on the non-endocytic pathway an enveloped virus is illustrated. Reprinted
with permission from [18]. Copyright 2004 American Chemical Society.

for cellular entry.

An essential process involved in the entry of enveloped viruses both through endocytic
and non-endocytic routes is membrane fusion. During viral entry, once the viral and
cellularorendocytic membranes approach each other, specific membrane proteins facilitate
their fusion.

Successful entry into host cells requires significant conformational changes in the viral
entry proteins or the host-cell receptors. These conformational changes can be triggered by
various factors, such as the acidic environment within endosomes or proteolytic cleavage,
in cases of non-endocytic entry pathways. Ultimately, these conformational alterations in
the viral entry proteins lead to either the penetration of the virus into the host cell (for
non-enveloped viruses) or the fusion of the viral envelope with the host cell membrane
(for enveloped viruses). This fusion process marks a critical point in the virus’s journey,
enabling it to establish infection within the host cell.
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1.1.2 Enveloped Viruses: The Fusion Protein is key

In this thesis, we focus on the study of enveloped viruses, which are characterized
by the presence of a lipid envelope surrounding their genetic material. This envelope is
acquired during the process of viral budding or release from the host and is covered by
viral glycoproteins, which play crucial roles in viral entry and immune evasion [33].

Amongst these viral glycoproteins we can find the fusion proteins that are responsible
for catalyzing the fusion of viral and host cell membranes during viral entry. As mentioned
earlier, these fusion proteins undergo conformational changes essential for their function,
when triggered by specific conditions, which result in a transition from a pre-fusion to a
short-lived fusion-competent, and finally to post-fusion state. A fusion protein, initially in
a metastable pre-fusion state, is primed for activation upon encountering the appropriate
cues: When the virus approaches the host cell and conditions such as a reduction in pH
within endosomes or proteolytic cleavage (particularly in non-endocytic entry) trigger
these changes, the fusion proteins rapidly transition to their fusion-competent state, which
allow them to insert the fusion peptide into the host membrane, and finally they undergo
another change that leads to the post-fusion state. The transition from the pre-fusion
to the fusion-competent state involves the reorganization of protein domains, exposing
hydrophobic regions that were previously shielded. The exposed hydrophobic regions,
also known as fusion peptides, then interact with the host membrane initiating the fusion
process. This interaction lowers the kinetic barrier that must be overcome for the two
membranes to fuse. The final conformational transition where the protein folds back on
itself forming the post-fusion state leads to the merger of the virus and host cell membranes,
effectively creating a pore or channel through which the viral genome can be released into
the interior of the host cell.

Viral fusion proteins differ mainly in their structural organization and mechanisms of
membrane fusion and can be divided into three classes:

Class I fusion proteins are found in several viruses such as influenza, HIV, and
parainfluenza. They are trimers in both the pre- and post-fusion states (Figure 1.3A), and
share common structural features [34]. In the post-fusion state, they possess a central
N-terminal trimeric 𝛼-helical coiled coil, surrounded by three C-terminal helices, forming
what is known as a six-helix bundle (6HB). The specific size and position of the 6HB
can vary among different Class I fusion proteins. The fusion peptide region is commonly
located at or near the N-terminus of each monomer, but the precise location can also differ
between viruses. In the case of influenza, for example, the fusion process starts with the
recognition of the target protein, followed by cleavage and internalization through the
endocytic pathway. The low pH of the endosome then triggers conformational changes,
which drive fusion. In the case of the SARS-CoV-2 virus, as mentioned previously, it can
also enter the cell through the endocytic pathway, but the most common mechanism is by
fusing directly with the cell membrane. In this case, there is recognition of target ACE2
protein followed by cleavage and exposure of the fusion peptide region [31]. Despite
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Figure 1.3: Schematic representation of the major structural features of the membrane
fusion processes across the three canonical classes of fusion protein - Class I, Class II, and
Class III. Reprinted with permission from [35]. Copyright 2021 Frontiers Media S.A.

slight differences between various Class I fusion proteins, they are all metastable trimers,
with the fusion peptide protected until triggered by an external factor. Upon exposure,
the fusion peptide inserts into the target cell membrane and conformational changes in
the fusion protein facilitate fusion between the target and viral membranes (Figure 1.3B).

Class II fusion proteins include those found on flaviviruses and alphaviruses. They
are initially associated with a chaperone protein, that is cleaved during or soon after viral
assembly. Unlike class I fusion proteins, which are already in trimeric form before fusion,
class II proteins are dimers (Figure 1.3D) that consist primarily of 𝛽-sheet structures and
the fusion peptide region is a loop found at the tips of the 𝛽-strands. In their pre-fusion
state, the ectodomains of Class II fusion proteins exist as anti-parallel dimers that lie
flat along the virion surface. They rely on the acidic environment of the endosome to
rearrange the dimers into trimers (Figure 1.3D, right side), leading to the exposure of the
fusion peptide region and subsequent membrane fusion (Figure 1.3E,F) [36].

Class III proteins share features from both Class I and Class II fusion proteins. They
exist as trimers in their pre-fusion state and contain a central 𝛼-helical coiled-coil, similar
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to Class I proteins (Figure 1.3G). Their fusion domains are similar to those of Class
II proteins, as their fusion loops are located at the tips of extended 𝛽-strands. Upon
acidification, the protein undergoes a series of conformational changes that position the
fusion loops in the vicinity of the target membrane (Figure 1.3H). Subsequently, the
protein bends back, reorienting the C-terminal portion to become anti-parallel to the
N-terminal segment, bringing the viral and target membranes together for fusion (Figure
1.3I) [37]. The structural characteristics and conformational changes of Class III fusion
proteins make them an intriguing group of viral fusion proteins with unique features
compared to Class I and Class II proteins.

Given their essential role in viral entry, fusion proteins are attractive targets for
antiviral drugs. Various strategies have been developed to inhibit fusion protein-mediated
membrane fusion, including the design of molecules that interfere with the conformational
changes required for fusion. For example, fusion inhibitor drug enfuvirtide, or T20
[38], blocks structural changes in the HIV fusion protein and has been widely used
in combination with other drugs for the treatment of HIV since March 2003. Another
example is the IPB02 fusion inhibitor, which showed the ability to inhibit SARS-CoV-2 S
protein-mediated cell-cell fusion and pseudovirus transduction in in vitro studies [39].

1.1.3 Target Cell Recognition: Finding the lock

The first crucial stage in viral infection is the recognition process between fusion
proteins and specific receptors located on the surface of target cells. The strength and
selectivity of the fusion protein-receptor interplay has a large impact on the efficiency of
viral entry into host cells. A strong binding affinity between fusion proteins and receptors
enhances the efficiency of viral entry, making it easier for the virus to invade host cells [40,
41]. The main cell receptors involved in viral entry are proteins or other molecules, such as
sialic acid molecules and heparan sulfate proteoglycans, located on the cell surface. These
receptors are often utilized by viruses to initiate the process of attachment and entry into
host cells [20, 42]. The efficiency of the fusion protein-receptor interaction can be influenced
by various factors, including the abundance and distribution of receptors on target cells
[43–45], the conformational changes induced in the fusion protein upon receptor binding
[44–46], and the availability of co-receptors or other molecules that assist in the fusion
process [47]. Furthermore, viral pathogens have evolved diverse strategies to enhance
the fusion protein-receptor interaction and increase their infectivity. For example, some
viruses employ multiple fusion proteins or utilize co-receptors to improve the efficiency
of viral entry [28, 48].

The cell receptors that a virus can bind to, play a critical role in determining the range
of cell types and tissues it can target within a host organism. Different viruses may utilize
distinct receptors, or even the same receptor family, to achieve entry. This diversity in
receptor usage is a key factor in understanding how viruses establish infections and the
spectrum of cells and tissues they can affect. For example:
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Figure 1.4: Schematic representation of the SARS-CoV-2 viral particle binding the receptor
cell ACE2 protein, which is attached to the target cell membrane. Target cell recognition
is achieved by the RBD region, which is shown in higher detail on the right side of the
scheme. Figure created with BioRender.com.

- Influenza viruses enter target cells through receptor-mediated endocytosis, following
binding to sialic acid-containing receptors [49, 50]. Although interactions with these
receptors were initially thought to be the sole factor in entry, recent discoveries reveal con-
tributions from C-type lectin receptors (CLRs) such as dendritic cell-specific intercellular
adhesion molecular 3-grabbing non-integrin (DC-SIGN or CD209) and L-SIGN (CD209L)
[51, 52].

- Parainfluenza viruses are also known to bind sialic acid residues on the host cell
surface[53]. This role is played by the hemagglutinin-neuraminidase, that upon binding
to its cell receptor, triggers conformational changes in the fusion protein F, allowing it to
reach its fusion state [54, 55].

- The SARS-CoV-2 virus utilizes the ACE2 receptor for entry into human cells, primarily
those of the respiratory tract (Figure 1.4) [56, 57]. In addition to ACE2, several molecules
have been suggested to serve as alternative receptors for SARS-CoV and SARS-CoV-2.
These include C-type lectins, DC-SIGN and L-SIGN [58–60].

These three viruses target primarily respiratory epithelial cells due to their specific
cell tropism. However, in other viruses such as the HIV, its primary target cells are CD4+

T cells and macrophages. This specificity arises from the requirement of HIV to bind to
the CD4 receptor [61], which is highly expressed on CD4+ T cells, along with co-receptors
like CCR5 or CXCR4.

Even though the precise receptors and co-receptors involved may differ, the specificity
for certain cell types is a fundamental aspect of their infection strategies. This interaction
between viral surface proteins and host cell surface molecules determines their cell tropism
and plays a pivotal role in the pathogenesis of these viral infections.
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1.1.3.1 The case of the SARS-CoV-2 receptor recognition

In recent years, SARS-CoV-2 has been the subject of intensive study, serving as a
noteworthy example of the initial steps in target cell recognition by fusion proteins. The
first structures of its fusion protein in its prefusion [46, 62] and post-fusion [63] states were
elucidated through Cryo-EM. The SARS-CoV-2 fusion protein, also known as S protein,
belongs to the class I fusion protein family and is synthesized as a single 1273 amino acid
polypeptide chain. It forms a trimeric structure, with each monomer consisting of two
subunits, S1 and S2 [64]. These subunits serve distinct functions in receptor binding (S1)
and membrane fusion (S2). Specifically, the S1 subunit comprises an N-terminal domain
(residues 14–305) and a receptor binding domain (residues 319–541). In its prefusion
state, the S protein assembles into a homotrimer and undergoes significant structural
alterations to control the exposure and accessibility of the RBD. This involves a dynamic
"up" and "down" mechanism, wherein the RBD transitions from a receptor-accessible "up"
conformation to a receptor-inaccessible "down" conformation [46, 62, 65].

The RBD plays a pivotal role in facilitating the interaction between SARS-CoV-2 and
host cells through its binding to angiotensin-converting enzyme 2 (ACE2), a crucial regula-
tor within the renin-angiotensin system [56, 64, 66, 67]. This binding event represents one
of the initial steps in the primary pathway of viral entry for SARS-CoV-2. Consequently,
the dynamic transition of the RBD’s position from "down" to "up" holds paramount signif-
icance in this process [62, 68, 69]. Simulation studies have elucidated the conformational
transition process of the SARS-CoV-2 spike glycoprotein, shifting between its "down" and
"up" states [70]. These studies have identified a "semi-up" intermediate state and suggest
that this intermediate state is essential for the recognition of the host cell target ACE2.

Another key structural feature that is relevant for ACE2 binding is the protein’s
extensive glycosylation [71] (Figure 1.5 A). Protein glycosylation plays a crucial role in
viral pathogenesis [72–74], as demonstrated by the characteristic N-glycan coating of the
viral fusion proteins [75–77]. The SARS-CoV-2 spike has 22 predicted N-glycosylation
sites per monomer [46, 77], and 20 out of 22 SARS-CoV-2 N-linked glycosylation sites are
conserved in the SARS-CoV spike protein [46] (Figure 1.5A). While most of the S protein
surface is densely glycosylated, shielding it from host defense mechanisms, the RBD itself
contains only a single glycosylation site [78], N343, which is located relatively distant from
the ACE2-RBD interface (Figure 1.5 B).

In addition to the Cryo-EM structures that reveal the location of the glycosylation on the
S protein [46, 62], several works have contributed to the understanding of their role in the
protein dynamics. In Casalino et al. long all-atom molecular dynamics simulations reveal
the essential role of N-glycans at sites, N165 and N234, in modulating the conformational
dynamics of the S protein RBD. N234A and N165A mutations show increased instability
of RBD in the “up” state and are supported by biolayer interferometry results, where the
deletion of these glycosylation sites reduces binding to ACE2 [78].

Furthermore, since 2020, several new SARS-CoV-2 variants of concern (VOCs) have
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Figure 1.5: ACE2 bound to glycosylated SARS-CoV-2 S protein. (A) ACE2 (White) bound
to SARS-CoV2 S glycoprotein (blue). (B) Closeup of ACE2 bound RBD. RBM is rendered
in red. Glycosylations are rendered in orange. Reprinted from Valério et al., 2022 [79].

emerged, including: variant B.1.1.7 (Alpha) [80]; B.1.351 (Beta) [81]; P.1 (Gamma) [82];
B.1.617.2 (Delta) [83]; B.1.1.529 (Omicron) [84, 85] and Omicron subvariants BA.1, BA.2,
BA.3, BA.4. and BA.5 [86]. Knowing that certain mutations may affect glycosylation
attachment sites, several studies have compared the site-specific glycosylation between
the variants. Both N- and O-glycosylation sites were found to be highly conserved among
the S protein mutant variants, particularly at the sites on the RBD [87–89]. Also, newer
variants displayed a slight increase in oligomannose and a decrease in highly complex
glycans, which can be correlated with the increased transmissibility of the VOCs [88].

The SARS-CoV-2 RBD-ACE2 complex has also been extensively studied, with structural
biology studies revealing which residues in the SARS-CoV-2 RBD are essential for ACE2
binding [90–92]. The majority of these are either highly conserved or share similar side
chain properties with those in the SARS-CoV RBD [90].

These are supported by computational studies that have shed light on the intricate
mechanisms underlying the binding of the RBD to the ACE2 cell receptor [93–96], as well
as potential applications in the pharmaceutical realm [97–102]. This knowledge is invalu-
able in the quest to develop effective antiviral treatments for SARS-CoV-2, particularly
identifying amino acid pairs that interact strongly at the interface between the S protein
and ACE2.

On this matter, several works have contributed to uncovering critical hotspots within
the ACE2 receptor, notably K31 and K353 [103–105]. On the RBD side, interestingly, some
of hotspot residues involved in binding, including K417, F486, Q493, and N501 [105, 106],
have been subject to mutations in the variants (Figure 1.6):

- N501Y: Is present in the alpha, beta, and gamma variants and has been shown to
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Figure 1.6: Amino acid changes to the S protein in SARS-CoV-2 variants of concern (VOCs).
Reprinted from American Society of Microbiology [110].

enhance the interaction between the RBD and ACE2 receptor [106, 107].
- K417N: Found in the beta variant, the K417N mutation is associated with a reduction

in the binding strength between the RBD and ACE2 receptor [105].
- K417T: Identified in the gamma variant, is also linked to a decrease in binding

strength between the RBD and ACE2 receptor [108].
Other common mutations found in the RBD of SARS-CoV-2 variants include:
- E484K: Found in the beta and gamma variants. This mutation has been described

to increase the binding strength of the RBD-ACE2 complex [108] and, since position 484
is part of the most important site for virus recognition by neutralizing antibodies, it also
significantly reduces the binding affinities for some neutralizing antibodies/nanobodies
[109].

- L452R and T478K: Both mutations were identified in the Delta variant. Their simul-
taneous occurrence has been showed to increase the stability and intra-chain interactions
in the S protein, which may change the interaction ability of neutralizing antibodies [101].

With the dawn of the AI field, a recent study has demonstrated the remarkable
capability of machine learning algorithms to be trained using molecular dynamics (MD)
simulations of the binding process between the S protein and ACE2 proteins [111]. These
algorithms can effectively predict the binding affinity of different SARS-CoV-2 variants
and the ACE2 protein with a high degree of accuracy.

Even though the RBD-ACE2 binding dynamics have been well studied, the dynamics
of the RBD by itself have not received as much scrutiny. From the available experimental
structural data, it is known that the core 𝛽-sheet structure is very stable, but the receptor
binding motif (RBM) seems to be quite dynamic and not as structurally defined, unless
bound to other proteins, like ACE2 [30, 67, 90, 112, 113] or antibody fragments [114–120].
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The existing MD simulation researchof the RBD by itself are limited. Some studies focus
on short simulations [121–123], while others did not delve into the RBM dynamics in depth
[78, 124–126]. Consequently, there is a lack of knowledge regarding the conformational
dynamics of this motif and the influence of point mutations when the RBD is not bound
to its receptor.

1.1.4 Viral membrane fusion: the role of Fusion Peptide

Following target cell recognition, fusion proteins undergo structural changes that lead
to the unveiling of the fusion peptide. This region is typically located at the N-terminus of
the fusion protein and plays a pivotal role in facilitating the insertion of the fusion protein
into the host cell membrane [33, 127, 128]. For class I and III fusion proteins the proteolytic
cleavage event is crucial for activating the fusion protein. This allows for the removal of
inhibitory regions or structural constraints, allowing the fusion peptide to be exposed and
interact with the target cell membrane [127, 128]. This cleavage step is often triggered by
the target cell recognition or environmental conditions encountered during viral entry.

While the sequence of the fusion peptide can differ among various viruses, there
are certain noteworthy characteristics that are often conserved. For instance, the fusion
peptide commonly contains hydrophobic amino acid residues, allowing it to engage with
the lipid bilayer of the host cell membrane [33] (Table 1.1). This hydrophobic nature is
essential for the fusion peptide to insert into the membrane and initiate the process of
membrane fusion. The amino acid conservation within the fusion peptide among viruses
of the same family is also a common feature and highlights its functional importance in
viral fusion [33]. Consequently, mutations or alterations to the fusion peptide sequence
can have a significant impact on viral infectivity.

Another characteristic shared by fusion peptides is the abundance of alanine and
glycine residues [143] (Table 1.1). These residues are more abundant in structures with
intrinsic conformational flexibility than in hydrophobic protein domains. This may
indicate that sequences of fusion peptides have evolved under selective pressures that
extend beyond the constraints imposed by mere hydrophobicity. Aromatic residues are
also commonly found in FP sequences. These residues may aid in overcoming the energy
cost of peptide partitioning into membranes, especially in non N-terminal fusion peptides
(Table 1.1). The lack of a free N-terminus constrains conformational changes in interaction
with the membrane surface in these cases [144]. The favourable interactions of aromatic
side chains with phospholipids may also help to stabilize the FP sequence insertion into
the top bilayer leaflet [145].

Fusion peptides are generally assumed to migrate from the aqueous solution to target
cell membranes through spontaneous partitioning, driven by their hydrophobic nature.
However, when synthetic fusion peptides are studied in aqueous environments, they
tend to aggregate. Under typical experimental conditions, the aggregation process in
solution generally proceeds more slowly than the binding to membranes, thus enabling the
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Class I Retroviridae HIV-1 AVGIGALFLGFLGAAGSTMGARS gp41 [129–132]
FIV AAIHVMLALATVLSIAGAGTGATA gp36 [129]
HTLV-1 AVPVAVWLVSALAMGAGVAGGITGS gp21 [131]
SIV GVFVLGFLGFLATAGSAMGAAS gp32 [131, 133]
ASLV GPTARIFASILAPGVAAAQALREIERLA EnvA [131]
BLV SPVAALTLGLALSVGLTGINVAVS gp30 [131]

Orthomyxoviridae Influenza A GLFGAIAGFIENGWEGMIDG HA [129–131]
Influenza B GFFGAIAGFIEGGWEGMIAGHGY HA [129]

Filoviridae Ebola GAAIGLAWIPYFGPAAEGIYTEGL GP2 [130–132, 134]
MARV LAAGLSWIPFFGPGI GP2 [131]

Paramyxoviridae Sendai FAGVIGTIALGVATSAQITAGIA F1 [129, 130, 135]
SV5 FAGVVIGLAALGVATAAQVTAAVA F1 [129, 130, 135]
SV41 VSANQAGSRRKRFAGVVVGLAALGVATAAQ F1 [129, 130, 135]
Measles FAGVVLAGAALGVATAAQITAGIA F1 [129, 130, 135]
HeV LAGVVMAGIAIGIATAAQITAGV F [131]
NDV FIGAIIGSVALGVATAAQITAA F [131]
PIV5 FAGVVIGLAALGVATAAQVTAAVALV F [131]

Coronaviridae SARS-CoV MYKTPTLKYFGGFNFSQILPDPFL (N-ter) S [129, 131]
GAALQIPFAMQMAYRF (internal)

SARS-CoV-2 SFIEDLLFNKVTLADAGFMKQY (N-ter) S2 [136–138]
SFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQK (N-ter) S2 [137, 139, 140]
MIAQYTSALLAGTITSGWTFGAGAALQIPFAMQMAYRF (internal) S2 [136, 141]

Class II Togaviridae SFV VYTGVYPFMWGGAYCFCDS E1 [130, 131]
CHIKV VYPFMWGGAYCFCDTENT E1 [131]

Flaviviridae DNV DRGWGNGCGLFGKGSL E [130–132, 135]
WNE VDRGWGNGCGLFGKGSIDTCAKFACSTKAIGR E [135]
JE TDRGWGNGCGLFGKGSIDTCAKFSCTSKAIGR E [135]
YF SDRGWGNGCGLFGKGSIVACAKFTCAKSMSLF E [135]
SLE VDRGWGNGCGLFGKGSIDTCAKFTCKNKATGK E [135]
TBEV CGLFGKGSIVACVKAAC E [135, 142]

Class III Herpesviridae HSV WFGHRY gB [130–132]
VEAF

Rhabdoviridae VSV WY G [131, 132]
YA

Baculoviridae AcMNPV YAYNGGSLDPNTRV gp64 [131, 132]
VKRQNNNHFAHHTCNK

Table 1.1: Examples of fusion peptides from different virus families. Adapted with
permission from [35]. Copyright 2021 Frontiers Media S.A.

efficient incorporation of these peptides into the desired target membranes. Nevertheless,
the formation of peptide aggregates presents a challenge when experimentally evaluating
the equilibrium between water and membrane partitioning for these peptides [146–148].
To address this challenge, Han and Tamm pioneered an approach involving influenza
fusion peptides linked to a polar tetra-lysine moiety [147, 148].

The insertion depth and angle of fusion peptides inside the membrane can vary due to
factors such as peptide length and membrane lipid composition, especially the presence
of anionic phospholipids or cholesterol [149–151].

1.1.4.1 Influenza fusion peptide

The effect of peptide length on the FPs membrane insertion is particularly evident in
the case of the influenza fusion peptide (IFP), a widely studied fusion peptide that serves
as a benchmark for understanding other N-terminal fusion peptides.

NMR studies of the 20-residue long IFP in a lipid environment have provided insights
into its structural behavior. Under fusogenic conditions (pH 5), the peptide adopts a
helical inverted V structure when placed in detergent micelles. However, at pH 7.4, it
takes on a less structured conformation in the C-terminal region [152]. In contrast, recent
research has shown that a IFP with only 3 residues more (23 residues instead of 20), forms
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Figure 1.7: Conformations adopted by the IFP and their effect in the membrane. IFP
conformations obtained in constant-pH MD simulations [159], starting from two distinct
conformations (labeled as horizontal and vertical) obtained using a self-assembly approach
[160]. (A) Illustration of a lipid tail protrusion event promoted by interaction of a lipid with
the peptide N terminus, observed in the constant-pH MD simulations performed at pH 5
starting from the horizontal conformation [159]. (B) Illustration of a lipid tail protrusion
event promoted by interaction of a lipid with the peptide N terminus, observed in the
constant-pH MD simulations performed at pH 5 starting from the vertical conformation
[159]. Reprinted with permission from [161]. Copyright 2021 FEBS Press.

a tightly wound helical hairpin structure at both pH 4 and 7.4 [153]. This highlights how
the addition of just three amino acid residues, which are conserved within the fusion
peptide family [154], can significantly influence the fusion peptide’s structure and its
interaction with membranes.

Molecular dynamics simulations have also played a pivotal role in exploring the
structural characteristics and orientation of IFP within lipid membranes. In many studies,
the fusion peptide is initially positioned at the interface between lipid head groups and
lipid tails, following NMR suggestions. In these simulations, the peptide generally remains
in this region throughout the simulation duration [155–158]. However, this approach may
not fully capture the peptide’s dynamic behavior because it restricts its ability to explore
alternative states due to substantial energy barriers associated with such transitions.

To overcome this limitation, Victor et al. employed a self-assembly approach. In this
approach, lipids and water molecules start the simulation from random positions and
spontaneously assemble aroundthe peptide during the simulation [160]. In most replicates,
the peptide adopted a membrane-spanning helix-turn-helix configuration (Figure 1.7B),
although one replicate remained at the interface between lipid head groups and lipid tails
(see Figure 1.7A). Replica-exchange molecular dynamics simulations further supported
the idea that the influenza FP can exist in two distinct configurations, with the membrane-
spanning conformation representing the lowest free energy state for the 23-residue fusion
peptide with a charged N-terminus [162, 163].

The membrane-spanning conformation of the IFP also leads to a stronger perturbation
of the membrane and the splaying of the lipid acyl chains, known as lipid tail protrusion
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event [160, 164] (Figure 1.7, lipid in pink).

1.1.4.2 Parainfluenza fusion peptide

Another similar fusion peptide, this one less studied, is the parainfluenza fusion
peptide (PIFP). Studies show that when concealed within the its fusion protein this
region exhibits a combination of 𝛽-sheet and 𝛼-helical features [165] (Figure 1.8B). Upon
activation and insertion into the target membrane, the PIFP extends into a helix (Figure
1.8). Other studies also underline the functional role of the 𝛼-helical conformation. When
mutating the glycine residues of the PIFP there is an increase in the fusion activity of
transfected cells [166], and augmented helical content of the FP [167].

Further details of the conformational dynamics of the PIFP emerged from solid-state
nuclear magnetic resonance investigations. These studies indicate that the PIFP can adopt
either 𝛼-helical or 𝛽-strand conformations, depending on the lipid tail composition of the
membrane in which it is inserted [149] (Figure 1.8A).

Despite these insights, a crucial question remains: how does the PIFP facilitate mem-
brane fusion? Data from interactions between six PIFPs in phospholipid micelles indicate
a cooperative and specific assembly of PIFPs into hexamers within membranes [168].
Short molecular dynamics simulations of the hexameric structure further revealed the
penetration of water into its core from the viral side of the membrane [168]. To gain
deeper insights, it is essential to explore whether these water molecules fully cross the
membrane and how the number of peptides inserted into the membrane influences their
oligomerization.

1.2 Simulation as a tool to better understand viral fusion

Simulation studies have emerged as valuable tools for unraveling the molecular mech-
anisms underlying viral fusion. By utilizing computational models and simulations,
researchers have gained insights into the dynamic behavior of fusion proteins and their
essential role in the viral fusion process.

Simulations offer a unique opportunity to investigate the intricate details of fusion
protein conformational changes [170, 171], and membrane fusion events at the molecular
level, complementing experimental studies effectively [172, 173].

As previously mentioned, molecular dynamics simulations have played a pivotal role
in understanding the involvement of the FP in the fusion process. These simulations
have shed light on how the fusion peptide interacts with a lipid bilayer, elucidating the
mechanisms behind its insertion into the host cell membrane, the destabilization it induces,
and its role in facilitating membrane fusion [158–160, 168, 174, 175].

Regarding the full-size fusion protein, numerous simulation studies have played an
important part in deepening our understanding of its role in viral fusion and giving
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Figure 1.8: PIFP secondary structure in perfusion state and inserted in membrane. (A)
PIFP structure determined by SS-NMR in POPC/POPG and DOPC/DOPG bilayers. The
peptide is fully 𝛼-helical in POPC/POPG bilayers, but adopts a mixed strand/helix
conformation in DOPC/DOPG bilayers [149]. (B) Prefusion crystal structures of the PIV5
F protein in the uncleaved (green) [165] and cleaved (red) [169] states. Figures (A) and (B)
were reprinted with permission from [149]Copyright © 2014 American Chemical Society.
(C) Snapshot of PIFP hexameric bundle obtained from a short MD simulation (50 ns). The
Q120 residues form hydrogen bonds with one another as well as waters on the interior
[168]. (C) Side view of the transmembrane PIFP bundle with the N-terminal side up.
Waters are shown in blue, highlighting the penetration of water into the core of the 6HB
from the viral side of the membrane [168]. Figures (C) and (D) were reprinted with
permission from [168]. Copyright © 2011 National Academy of Sciences.

insights into the dynamic structural changes that they undergo during the fusion process
[170, 171].

In summary, simulation studies have proven an essential asset in unraveling the
intricate details of viral fusion and will be employed in this thesis with the same goal.

1.3 Dissertation objectives and outline

This dissertation aims to fill gaps in the existing literature on viral fusion, with a
particular focus on events associated with target cell receptor recognition and membrane
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fusion. To achieve this, we focus on two viruses: SARS-CoV-2 and parainfluenza. In the
case of SARS-CoV-2, we examine the influence of naturally occurring mutations on the
dynamics of the SARS-CoV-2 RBD and antibody recognition. In parallel, the parainfluenza
virus served as a model to study the role played by the fusion peptide in facilitating the
fusion of viral and host cell membranes, dissecting the impact of specific point mutations
on this crucial step. To gain a more integrated perspective of fusion, we constructed (near
full-scale) models of viral fusion for both SARS-CoV-2 and parainfluenza and studied the
function of fusion proteins in this process.

This research journey unfolds over five chapters, each offering distinct insights, as
outlined below.

In Chapter 2, we start with a broad general introduction to Molecular Dynamics, the
main method used and explored in all other chapters throughout this thesis.

In Chapter 3 we describe how the occurrence of naturally occurring mutations in the
SARS-CoV-2 fusion protein may affect target cell recognition and subsequent cell infection.
This process is dependent on the recognition of the angiotensin-converting enzyme 2
(ACE2) receptor by the fusion protein’s receptor binding domain (RBD). Crucially, a
significant portion of these mutations has been observed within the RBD region, with
some of these playing a pivotal role in the emergence of dominant viral variants, largely
due to their heightened fitness advantages [83, 176]. These mutations can influence
the conformational dynamics of the RBD. To investigate this, we employed atomistic
molecular dynamics simulations of the wild-type RBD and four VOCs (Alpha, Beta, Delta,
and Omicron).

In this chapter, we also present our contribution to a study aimed at identifying the
effects of single and synergistic amino acid substitutions in promoting immune escape.
We analyzed 57 PDB structures, and we determined which residues of the SARS-CoV-2
fusion protein most frequently engaged in interactions with antibodies and complemented
this data with RBD-ACE2 simulations to pinpoint hotspot residues for immune evasion.

In Chapter 4 we shift our focus to the parainfluenza virus. Similarly to other enveloped
viruses, its membrane fusion process starts with the recognition and binding of the
receptor-binding glycoprotein to receptors at the host cell surface. This binding triggers
the fusion protein (or F glycoprotein) to undergo major conformational rearrangements
and the proteolytic cleavage of the F protein, exposing the fusion peptide (FP) region [177,
178]. Once exposed, this region becomes embedded in the target membrane, as observed
in previous studies [179].

To gain a deeper understanding of its role in membrane fusion, we conducted molec-
ular dynamics simulations, employing a hybrid approach that combines atomistic and
coarse-grain detail. We then compared the simulation outcomes with biophysical assays
conducted in collaboration with our research partners.

In Chapter 5 to build upon the data described in Chapter 4, we introduced alanine
mutations to the PIFP amino acid residues identified as crucial for membrane fusion,
namely Q120 and F103. As before, we conducted molecular dynamics simulations and
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biophysical assays.
Finally, in Chapter 6 we embark on an exploratory study of the influence of SARS-CoV-

2 and parainfluenza fusion proteins on viral fusion. We employ coarse-grained molecular
dynamics simulations to study fusion between simplified viral vesicles, both with and
without fusion proteins, and cell membrane models.

In summary, delving into the fusion mechanisms of both SARS-CoV-2 and parain-
fluenza, two class I viruses, offers a unique vantage point in viral fusion research. It
allows us to draw valuable parallels and distinctions between these systems, leading to a
more comprehensive understanding of viral fusion processes and potential therapeutic
avenues.
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2

General Theory and Methods

2.1 Molecular Modelling

Predicting the molecular properties of biological systems can be challenging, not only
due to their complexity but also when it comes to the costly time and resources required.
Even though experimental techniques can be used to study the molecular properties of a
system, information, such as the conformations that characterize the system over time, is
usually not obtainable [180]. This is where computer simulations come in as a valuable
tool. Besides providing information on the system’s dynamics, they also enable the study
of the system under conditions that are difficult to probe experimentally.

A diverse array of computational models can be employed to understand the con-
formational dynamics of biomolecules and their interactions. According to the level of
detail required and the properties under study, various molecular simulation methods
can be used (Figure 2.1). For example, quantum mechanical calculations allow for the
study of chemical reactions in electronic detail within single molecules. At larger scales,
all-atom and coarse-grained molecular dynamics (MD) simulations provide the capacity
to examine biological phenomena comprehensively, ranging from the individual protein
level to the vast domain of large subcellular organelles. In this thesis, we leveraged the
power of MD simulations.

2.2 Molecular Dynamics Simulations

In MD simulations, Newton’s equations of motion (equation 2.1) are integrated nu-
merically in order to generate the time-dependent behavior of a system:

𝐹i = 𝑚i𝑎i = 𝑚i
𝑑vi
𝑑𝑡

= 𝑚i
𝑑2𝑟i

𝑑𝑡2
(2.1)

where ri represents the Cartesian coordinates of a particle i with mass mi at a specific
time t. The acceleration of each particle is the first derivative of its velocity (vi) and the
second derivative of its position (ri). Fi is the force acting on the particle which is given by

19



CHAPTER 2. GENERAL THEORY AND METHODS

Figure 2.1: Molecular simulation methods used to probe different scales and levels of
description of biomolecular systems. Reprinted with permission from [181]. Copyright ©
2015 Elsevier.

the negative gradient of the potential energy function U, which in turn depends on the
coordinates of all atoms in the system:

𝐹i =
−𝜕𝑈(𝑟1 , 𝑟2...𝑟N)

𝜕𝑟i
(2.2)

2.2.1 Integration algorithms

Several algorithms can be used to integrate Newton’s laws of motion and update the
positions and velocities of particles over time. The leap-frog algorithm is one of these
algorithms and uses the following relationships [182, 183]:

𝑣(𝑡 + Δ𝑡

2 ) = 𝑣(𝑡 − Δ𝑡

2 ) + Δ𝑡

𝑚i
+ 𝐹i(𝑡) (2.3)

®𝑟(𝑡 + Δ𝑡) = ®𝑟 + ®𝑣(𝑡 + Δ𝑡

2 )Δ𝑡 (2.4)

The atomic positions, r, at time t, and the velocities, v, at time 1 + Δ𝑡
2 are used to obtain

the new positions and velocities using the forces, Fi(t), on each atom. This will allow
for the velocities to “leap over” the positions and then the positions to “leap over” the
velocities, hence the name leap-frog [184].

The choice of the time interval, Δt, must be done carefully, taking into account
the properties of the molecular system and it must be considerably smaller than the
characteristic time of the fastest motion studied [184]. On the other hand, the time step
should be as large as possible, in order to speed up the simulation, enabling it to sample
a significant fraction of the system’s configurational space. A strategy that is frequently
used to increase the integration time step is to constrain bond lengths to their reference
values, using constraint algorithms.
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2.2.2 Force field

The potential energy function is based on a set of interaction functions and parameters,
called the force field. Most physics-based MD force fields are modeled by a potential
energy function, Usystem (for example, as described in equations 2.5, 2.6 and 2.7), that only
depends on the position of the particles that make up the system:

𝑈 𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑈𝑏𝑜𝑛𝑑𝑒𝑑 +𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 (2.5)

𝑈𝑏𝑜𝑛𝑑𝑒𝑑 =
1
2

∑
𝑏𝑜𝑛𝑑

𝐾𝑟(𝑟 − 𝑟0)2︸               ︷︷               ︸
𝑈𝑏𝑜𝑛𝑑

+ 1
2

∑
𝑎𝑛𝑔

𝐾𝜃(𝜃 − 𝜃0)2︸                ︷︷                ︸
𝑈𝑎𝑛𝑔𝑙𝑒

+ 1
2

∑
𝑛,𝑑𝑖ℎ

𝐾𝜑[1 + 𝑐𝑜𝑠(𝑛𝜑 − 𝛿)]︸                             ︷︷                             ︸
𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙

(2.6)

𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 =
∑
𝑖 , 𝑗

4𝜀𝑖 𝑗
[(

𝜎𝑖 𝑗
𝑟𝑖 𝑗

)12
−
(
𝜎𝑖 𝑗
𝑟𝑖 𝑗

)6]
︸                            ︷︷                            ︸

𝑈𝐿𝑒𝑛𝑛𝑎𝑟𝑑−𝐽𝑜𝑛𝑒𝑠

+
∑
𝑖 , 𝑗

𝑞𝑖𝑞 𝑗

4𝜋𝜀0𝜀𝑟𝑟𝑖 𝑗︸          ︷︷          ︸
𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐

. (2.7)

Usystem consists of a sum of terms that describe the interactions between each particle.
The first set of terms describes the 2-, 3-, and 4-body interactions of covalently bonded
particles, i.e. bonds, angles, and dihedral angles (Ubonded, equation 2.6, Figure 2.2). The
second set of terms describes the van der Waals and electrostatic interactions, which are
commonly represented by a combination of Lennard-Jones (LJ) and Coulomb potentials
(Unon-bonded, equation 2.7). Some variations to this potential energy function may occur be-
tween forcefields. In this thesis, we employed both the Amber14sb[185] and Charmm36m
[186] atomistic force fields, as well as the Martini 3 coarse-grained forcefield [187].

2.2.2.1 Bonded interactions

Bonded interactions describe the 2-, 3-, and 4-body interactions of covalently bonded
particles, i.e. bonds, angles, and torsion angles (Ubonded, equation 2.6, Figure 2.2). Many
potentials are available within MD engines to accomplish this, and the type of potential
used highly depends on the forcefield and each particular case. GROMACS alone — the
MD engine used in this thesis — contains over 6 bond, 10 angle, and 8 dihedral bonded
potentials that can be implemented in any forcefield [188].

Nonetheless, in most cases these terms are described by harmonic potentials, to
maintain bonds, angles, or dihedrals close to their reference values (r0, 𝜃0 and 𝛿), with
their stiffness determined by the potential’s force constant (Kr, K𝜃 and K𝜑 ). This is the
case for the bond, angle, and dihedral potentials described in equation 2.6, and the most
common case in the three forcefields used in this thesis.
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Figure 2.2: Schematic illustration of the bonded and nonbonded interactions in the
potential force field systems. (A) Bond stretching, (B) angle bending, (C) dihedrals, (D)
van der Waals interactions and (E) electrostatic interactions.

2.2.2.2 Non-bonded interactions

Atoms not separated by bonds, or those not belonging to the same molecule, engage
in nonbonded interactions: van der Waals and electrostatic forces.

Van der Waals interactions, first described by Johannes van der Waals, encompass
attractive forces resulting from instantaneous dipoles arising from electron cloud fluc-
tuations and repulsive forces explained by Pauli’s exclusion principle. Despite being
weaker than electrostatic interactions, accurately modeling van der Waals forces is vital
in molecular mechanics force fields (FFs). Typically, these forces are described using a
Lennard-Jones potential (equation 2.7), comprising an attractive term varying with the
sixth power of the particle distance (r) and a repulsive term decaying with the twelfth
power of r. Due to their short-range nature, it is often reasonable to neglect van der Waals
forces when the distance between particles exceeds a specific cutoff value, resulting in
substantial computational time savings.

When the charge distribution is represented by assigning partial charges to each atom,
electrostatic interactions between two atoms are calculated using Coulomb’s law (equation
2.7). Here, qi and qj denote the atomic partial charges, rĳ represents the interatomic
distance, 𝜀0 represents the permittivity of vacuum, and 𝜀r is the relative permittivity of
the medium. Electrostatic interactions can be truncated for computational efficiency, but
their strong and long-ranged nature (decay with 1/r) prevents abrupt truncation. Two
main strategies are used to handle the long-range effects of electrostatic interactions:

- Lattice sum methods like the Particle Mesh Ewald (PME) [189] method to compute
long-range potential energy contributions in periodic systems. These methods calculate
interactions between each particle and all other particles, including periodic images, within
the simulation box. Long-range interactions are computed in reciprocal space using a
Fourier transform, significantly accelerating calculations.
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- Continuum methods, such as the Reaction Field method [190], model the impact of
long-range dipole-dipole interactions. In this approach, each molecule is enclosed by a
sphere defined by a specified cutoff radius. Interactions between a molecule and particles
within this sphere are explicitly calculated. Beyond the cutoff, the medium is considered a
homogeneous environment with a defined dielectric constant (𝜀r). The molecule induces
polarization in this medium, creating a reaction field.

Like in the case of the bonded interactions, the choice of electrostatic treatment
method is forcefield dependent. For example, AA force fields such as Amber14sb and
CHARMM36m typically use PME, while the Martini CG forcefield typically uses Reaction
field.

2.2.3 Periodic boundary conditions

In molecular dynamics simulations, when working with a finite system, some thought
must be given to how to deal with the boundaries of the system. If we were to simulate a
closed box of a given substance in vaccum, forces acting on atoms near the edges of the
box would be different from the forces that act on atoms near the center of the box. On the
other hand, if there are no walls, atoms could get out of the box over time and the number
of particles is not maintained [191, 192].

A solution to these problems is to use periodic boundary conditions (PBC). When
doing so, the simulated system is considered to be replicated in all possible directions
with equivalent boxes such that molecules can move between adjacent box replicates
(Figure 2.3). Hence, every atom in the central cell is under the influence of every other
atom surrounding it, and so the atoms in the simulation box are not affected by physical
boundaries [191, 192]. In reality, these replicate boxes are not explicitly simulated and,
instead, mathematical operations mimic this periodicity.

In MD simulations using PBC, simulation boxes have to be large enough to avoid
interactions between the same molecule over periodic boundaries. Given that very large
simulation boxes hinder computational performance, one has to find a compromise
between these two conditions. Simulation boxes can have different geometries, e.g., cubic,
rhombic dodecahedron, truncated octahedron. The rhombic dodecahedron and truncated
octahedron, exhibit shapes that are closer to a sphere than a cube. Consequently, they
prove to be more suitable for studying approximately spherical macromolecules in a
solution. One key advantage is that these shapes require fewer solvent molecules to
fill the simulation box while maintaining a minimum distance between images of the
macromolecule. Hence, depending on the system in study, there will be an optimal choice
of simulation box type. Simulations of soluble proteins are typically performed using
truncated dodecahedron boxes, whereas simulations of membrane bilayers are typically
performed in cubic boxes.
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Figure 2.3: A slice through a small portion of the system (the central box with atoms
in grey) and the copies (with atoms are shown black). Each copy is identical, and each
atom undergoes the same time development as its image in every other copy. As the dark
grey atom (top left, central cell) leaves the central cell, its image enters from an adjoining
copy, shown by the vector displacements in the figure. This keeps the density constant.
Adapted with permission from [193].Copyright © 1999 John Wiley & Sons.

2.2.4 Constant temperature and/or pressure

MD simulation methods aim to simulate the collective behaviors of systems by consid-
ering key factors like the number of particles (N), temperature (T), and container volume
(V). To compute thermodynamic averages, various system configurations are sampled,
and an average is calculated from this array of conformations. This type of average is
called an ensemble average because it encompasses all conceivable states of the system in
a macroscopic context [184].

During an MD simulation, if both energy (E) and volume (V) remain constant, the
simulation is said to sample from a microcanonical ensemble (NVE). In this ensemble,
the system is isolated from its surroundings and all the microstates that compose the
ensemble have the same energy and, therefore, the same probability of occurring.

Most real systems are not completely isolated from thermal influences, making simula-
tions that maintain constant values for N, T, and pressure (P) or those that uphold constant
values for V, T, and chemical potential more realistic [191]. In the NVT ensemble, the
probability distribution for the microscopic states is given by the Boltzmann distribution
[194]:

𝑃i(𝑁,𝑉, 𝑇) =
𝑒-Ei(N,V)/kT

𝑄(𝑁,𝑉, 𝑇) (2.8)

Where Ei is the energy of state i, k is the Boltzmann constant and T is the absolute
temperature.

Most biomolecular MD simulations are performed at a constant temperature. This is
important when one wants to compare MD results with in vivo or in vitro experiments
performed at a given constant temperature. Temperature is a thermodynamic property
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given by the average kinetic energy of a system over simulation time. The most common
way to control temperature in an MD simulation is to couple the system to an external
heat bath that can provide or remove energy from the system [191].

An example of a temperature coupling algorithm is the Berendsen bath [195], in which
the deviation of the system’s temperature (T) from the bath’s temperature (T bath) is slowly
corrected. This correction guarantees that the rate of temperature change is proportional
to the difference between the bath and system temperatures [195]:

𝑑𝑇(𝑡)
𝑑𝑡

=
𝑇bath − 𝑇(𝑡)

𝜏
(2.9)

The coupling parameter (𝜏), determines how the bath temperature and system temper-
ature are coupled (the smaller the 𝜏, the stronger the coupling). In practice, at each time
step, the velocities are multiplied by a time-dependent scaling factor (𝜆), given by [195]:

𝜆 =

[
1 + Δ𝑡

𝜏
𝑇bath
𝑇(𝑡) − 1

]
1/2 (2.10)

In some cases, it is desirable to perform the simulation in an NPT ensemble, i.e., at
constant temperature and pressure. Just like temperature, the pressure can be controlled
by coupling the system to a pressure bath. For instance, the Berendsen pressure algorithm
[195] scales the coordinates and box vectors at every time step, so that the pressure can
relax towards a given reference pressure (Pbath) [195]:

𝑑𝑃(𝑡)
𝑑𝑡

=
𝑃bath − 𝑃(𝑡)

𝜏
(2.11)

To rescale the coordinates and box vectors, the algorithm uses a scaling factor (𝜇),
given by the following expression (in which 𝛽 is the isothermal compressibility of the
system) [195]:

𝜇 = 1 − 𝛽Δ𝑡

3𝜏p
(𝑃bath − 𝑃) (2.12)

There are many barostat and thermostat methods that can be used. These typically
differ on the accuracy of the canonical ensemble reproduction and their capability to
quickly and smoothly reach the desired temperature/pressure. In practice, different
forcefields will call for different barostat and thermostat methods. These can even differ
between different simulation stages, such as the equilibration and the production stage.
The barostats and thermostats used in this thesis are described in each chapter-specific
method section.

2.3 The challenge of scale: A multiscale approach

Computational models can define the functional dynamics of complex systems in
exceptional detail. For instance, atomistic and coarse-grained approaches are the most
commonly used models to study the dynamics of biological systems:
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Figure 2.4: Martini mapping examples: (A) A water particle representing four water
molecules, (B) Polarizable water molecule with embedded charges, (C) DMPC lipid, (D)
Polysaccharide fragment, (E) Peptide, (F) DNA fragment, (G) Polystyrene fragment, (H)
Fullerene molecule. Martini CG beads are shown as cyan transparent beads overlaying
the atomistic structure. Reprinted with permission from [196]. Copyright © 2013 Royal
Society of Chemistry.

Atomistic models: The parameters in these models are derived from a combination
of high-level quantum chemistry calculations and experimental data on small molecular
systems [197, 198]. The detailed nature of these models entails considering a large number
of particles and employing a small time step (1-2 fs). Consequently, full atomistic models
are primarily restricted to the study of small systems, often in conjunction with sampling
enhancement techniques like replica exchange [199] or metadynamics [200]. The benefit of
a fully atomistic simulation high molecular detail we can obtain from it and the biological
questions it can answer, such as protein folding.

Coarse-grained models: Coarse-grained models offer a simplified representation of
proteins and other biomolecules when compared to atomistic models. In these models,
groups of atoms are averaged, leading to smoothed potential energy functions and faster
simulations. Coarse-grained models have been developed to investigate longer timescales
and larger scales, critical for understanding various biological processes, including interac-
tions between lipids and proteins. Due to the smoothed potential, larger time steps (10-50
fs) are commonly used in these simulations. The Martini model is one of the most popular
coarse-grained models for simulating lipid membranes and proteins. It was developed
to study lipid bilayers and has since been extended to model proteins, nucleic acids, and
carbohydrates. In the Martini model, four heavy atoms are grouped into a single bead,
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Table 2.1: Advantages and limitations of using a coarse-grained approach, in molecular
dynamics simulations. Comparison with atomistic approaches, highlighting their differ-
ences in terms of timestep, timescale, and key features.

and nonpolar and polar interactions are represented by different types of interaction sites
(Figure 2.4) [187, 201].

However, these models are commonly faced with conflicting demands: to gain insight
into certain high-resolution phenomena that evolve over large length and time-scales.
Multiscale modeling has emerged as a crucial strategy to bridge this gap effectively.

An example of this is, for instance, combining atomistic and coarse-grain scales
in MD simulations. This offers a powerful approach to studying complex biological
systems. Atomistic simulations are highly detailed and provide accurate representations
of molecular interactions, but they are computationally expensive (Table 2.1). Coarse-grain
models reduce the number of degrees of freedom, allowing for simulations over longer
timescales and larger systems (Table 2.1), which may be impractical with atomistic models
alone. By starting with a coarse-grain model and transitioning to atomistic details when
necessary, you can strike a balance between accuracy and computational cost.

Also, several biological processes involve phenomena that occur on different lengths
and time scales. Combining atomistic and coarse-grain scales allows for the capture of
relevant details at each scale. In summary, the combination of atomistic and coarse-grain
scales in MD simulations presents a versatile and efficient approach to investigating
complex systems. By integrating the extended timescales of coarse-grained simulations
with the molecular precision of atomistic simulations, a deeper understanding of the
dynamics of larger and more intricate systems can be achieved without an unreasonable
increase in computational demand. Recent publications have successfully applied this
approach [172, 202, 203].
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3.1 SARS-CoV-2 variants impact RBD conformational dynamics
and ACE2 accessibility

3.1.1 Abstract

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has killed over 6 million people and is having a
devastating social and economic impact around the world. The rise of new variants of
concern (VOCs) represents a difficult challenge due to the loss of vaccine and natural
immunity, as well as increased transmissibility. All VOCs contain mutations in the spike
glycoprotein, which mediates fusion between the viral and host cell membranes. The spike
glycoprotein binds to angiotensin-converting enzyme 2 (ACE2) via its receptor binding
domain (RBD) initiating the infection process. Attempting to understand the effect of
RBD mutations in VOCs, a lot of attention has been given to the RBD-ACE2 interaction.
However, this type of analysis ignores more indirect effects, such as the conformational
dynamics of the RBD itself. Observing that some mutations occur in residues that are
not in direct contact with ACE2, we hypothesized that they could affect the RBD con-
formational dynamics. To test this, we performed long atomistic molecular dynamics
(MD) simulations to investigate the structural dynamics of wt RBD, and that of four VOCs
(Alpha, Beta, Delta, and Omicron). Our results show that the wt RBD presents two distinct
conformations: an “open” conformation where it is free to bind ACE2; and a “closed”
conformation, where the RBM ridge blocks the binding surface. The Alpha and Beta vari-
ants shift the open/closed equilibrium towards the open conformation by roughly 20%,
likely increasing ACE2 binding affinity. Simulations of the Delta and Omicron variants
showed extreme results, with the closed conformation being rarely observed. The Delta
variant also differed substantially from the other variants, alternating between the open
conformation and an alternative “reversed” one, with a significantly changed orientation
of the RBM ridge. This alternate conformation could provide a fitness advantage due to
increased availability for ACE2 binding, and by aiding antibody escape through epitope
occlusion. These results support the hypothesis that VOCs, and particularly the Omicron
and Delta variants, impact RBD conformational dynamics in a direction that promotes
efficient binding to ACE2 and, in the case of Delta, may assist antibody escape.

3.1.2 Introduction

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) [204–206], is a global pandemic with higher mortality
than that of seasonal influenza [207]. As of July 2022, over 6 million lives had been claimed
by this disease [208]. Infection by SARS-CoV-2 requires the fusion of viral and host cell
membranes, at either the cell surface or the endosomal membrane [31]. As for the severe
acute respiratory syndrome coronavirus (SARS-CoV) and the Middle East respiratory
syndrome-related coronavirus (MERS-CoV), the SARS-CoV-2 fusion process is mediated
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Figure 3.1: SARS-CoV-2 receptor binding domain (RBD) structure. Structure of wt RBD
in the open (A) and closed (B) conformations. Snapshots obtained from the AA MD
simulations. Disulfide bonds are represented in yellow sticks. Structure of wt RBD bound
to ACE2 is also shown (C). The RBM region is colored red and the ridge in dark red, with
the rest of the protein being colored in blue. ACE2 is in grey.

by the viral envelope spike glycoprotein [31]. Upon viral attachment or uptake, host factors
trigger large-scale conformational rearrangements in the S protein, including a refolding
step that leads directly to membrane fusion and viral entry [56, 66, 209–212].

The SARS-CoV-2 S protein is composed of a signal peptide located at the N-terminus
(residues 1–13) and 2 subunits, S1 (residues 14–685) and S2 (residues 686–1,273) [64]. The
S1 and S2 subunits are responsible for receptor binding and membrane fusion, respectively
[64]. The S1 subunit consists of a N-terminal domain (residues 14–305) and a receptor
binding domain, or RBD (residues 319–541). In its prefusion state, the S protein exists
as a homotrimer and undergoes large conformational changes to control the exposure
and accessibility of the RBD. This is done via an “up” and “down” mechanism, where
the RBD changes from a receptor-accessible “up” conformation to a receptor-inaccessible
“down” conformation [62, 65, 213].

The RBD is responsible for the interaction of SARS-CoV-2 with host cells via binding
to the angiotensin-converting enzyme 2 (ACE2) [56, 64, 66, 67], a regulator of the renin-
angiotensin system. Binding to ACE2 is one of the first steps in what is considered to be
the main mode of SARS-CoV-2 viral entry, hence the importance of the RBD positional
change from “down” to “up” [62, 213].

A lot of attention has been given to the SARS-CoV-2 RBD—ACE2 complex due to both
its mechanistic implications [93–96, 214, 215] and pharmaceutical potential [97–102, 216].
However, not much attention has been given to the dynamics of the RBD by itself. The
RBD core structure when bound to ACE2 (Figure 3.1A) consists of a twisted five stranded
antiparallel 𝛽 sheet (𝛽1, 𝛽2, 𝛽3, 𝛽4 and 𝛽7), with short connecting helices and loops [90].
While most of the S protein surface is densely glycosylated, shielding it from host defense
mechanisms, the RBD itself contains only a single glycosylation site [78], N343, which is
located relatively distant from the ACE2-RBD interface (Supplementary Figure S3.1B).

This core 𝛽 sheet structure is further stabilized by 3 disulfide bonds. Between the
core 𝛽4 and 𝛽7 strands (residues 438–506), there is an extended region containing 2 short
𝛽 strands (𝛽5 and 𝛽6), the alpha 4 and alpha 5 helices and loops. This region is the
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receptor-binding motif (RBM), which contains most of the residues that are responsible
for interacting with ACE2 [62, 90]. When complexed with ACE2, the RBM folds into a
concave surface, that accommodates the N-terminal 𝛼-helix of ACE2, with a ridge (residues
471–491) on one side, formed by a disulfide-bridge-stabilized loop (Cys480–Cys488). It is
in this surface that several RBM residues establish specific and non-specific interactions
with ACE2 residues [90].

From the available experimental structural data the core 𝛽-sheet structure is very stable,
but the RBM seems to be quite dynamic and not as structurally defined, unless bound to
other proteins, like ACE2 [30, 67, 90, 112, 113] or antibody fragments [114–120]. Molecular
dynamics (MD) simulation studies have also mostly focused on RBD complexed with these
proteins, and while there are MD simulation studies of the free RBD, they either focus on
short simulations [121–123] or do not explore the RBM dynamics in detail [78, 124–126]. As
such, not much is known about the conformational dynamics of this motif when unbound.
This is relevant because the conformational dynamics of the SARS-CoV-2 RBD and RBM
might not only play an important role in receptor recognition and binding, but also provide
important information for the development of newer improved pharmaceuticals.

Recently, a significant number of naturally occurring mutations to the SARS-CoV-2
S protein have also been reported [81, 83, 217]. Many of these mutations have been
identified in the RBD, some of which have given rise to the dominant viral variant in
certain regions due to their significant fitness advantage [80, 81, 217]. Many of these RBD
mutations are thought to increase fitness by increasing the binding affinity for ACE2 or
by escaping neutralization by anti-SARS-CoV-2 monoclonal antibodies [218]. Still, the
impact of these mutations on the structural dynamics of the RBD and the RBM have not
yet been investigated.

In this work, we use atomistic molecular dynamics (MD) simulation methods to investi-
gate the structural dynamics of the SARS-CoV-2 RBD, and that of four naturally occurring
variants of concern (VOCs): variant B.1.1.7, or Alpha [80] (N501Y); variant B.1.351, or
Beta [81] (K417N, E484K and N501Y); variant B.1.617.2, or Delta [83] (L452R, T478K); and
variant B.1.1.529, or Omicron [84, 85] (G339D, S371l, S373P, S375F, K417N, N440K, G446S,
S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y and Y505H). Our results show that
the RBM dynamics of the wt RBD are such that it is not always in a conformation competent
for ACE2 binding (Figure 3.1). Conversely, all variants, particularly Delta and Omicron,
stabilize binding-competent configurations which could increase ACE2 binding efficiency.
Besides impacting binding, the large conformational space visited by the variants may
also hinder antibody recognition of the RBM region, thus providing a fitness advantage
by facilitating antibody escape.
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3.1.3 Methods

3.1.3.1 Molecular dynamics simulations

All atomistic simulations were performed with the GROMACS 2020.3 [219, 220] pack-
age and modelled using the Amber14sb forcefield [185], alongside the TIP3P water model
[221]. The initial wt RBD structure was obtained from PDB ID: 6M0J [90], which corre-
sponds to an ACE2 bound conformation of RBD; ACE2 was excluded from this structure.
The different RBD variants were generated by mutating the appropriate residues in the
wt RBD using PyMOL [222].

It is worth noting that glycosylations were not included in our simulation systems.
Despite most of the S protein surface being densely glycosylated, the RBD itself contains
only a single glycosylation site far from the RBM region [78], where the dynamics reported
in this work are observed. Additionally, while it has been reported that other neighboring
glycosylation sites can effectively shield the RBD, this glycan shield is paired with its
down-to-up conformational change in the complete S-protein: when the RBD is down the
glycan shield camouflages the RBD and RBM, however, when the RBD is up it emerges
from the glycan shield and presents a fully accessible RBM [78]. It is in this up state,
when the RBM is fully accessible to the solvent and glycans no longer play a relevant
role, that the dynamics we observe may play a role in modulating binding to ACE2.
Additionally, accounting for glycans would inevitably introduce degrees of freedom that
would complicate sampling. Given that we do not expect glycans to play a relevant role
in RBM dynamics, we opted for a reductionist approach by simulating the RBD without
glycosylations.

Simulations were performed on each RBD protein structure in water. Each structure
was inserted in a truncated dodecahedron box filled with water molecules (considering
a minimum distance of 1.2 nm between protein and box walls). The total charge of the
system was neutralized with the required number of Na+ ions, with additional Na+ and
Cl- ions added to the solution to reach an ionic strength of 0.1 M.

The system was energy-minimized using the steepest descent method for a maximum
of 50,000 steps with position restraints on the heteroatom positions by restraining them
to the crystallographic coordinates using a force constant of 1,000 kJ/mol in the X, Y and
Z positions. Before performing the production runs, an initialization process was carried
out in 5 stages of 100 ps each. Initially, all heavy-atoms were restrained using a force
constant of 1,000 kJ/mol/nm, and at the final stage only the C𝛼 atoms were position-
restrained using the same force constant. In the first stage, the Berendsen thermostat
[195] was used to initialize and maintain the simulation at 300 K, using a temperature
coupling constant of 0.01 ps, without pressure control. The second stage continued to use
the Berendsen thermostat but now with a coupling constant of 0.1 ps. The third stage
kept the same temperature control, but introduced isotropic pressure coupling with the
Berendsen barostat [195], with a coupling constant of 5.0 ps. The fourth stage changed
the thermostat to V-rescale [223], with a temperature coupling constant of 0.1 ps, and the
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barostat to Parrinello-Rahman [224], with a pressure coupling constant of 5.0 ps. The fifth
stage is equal to the fourth stage, but position restraints are only applied on C𝛼 atoms.
For production simulations, conditions were the same as for the fifth stage, but without
any restraints. In all cases, 2 fs integration steps were used. Long-range electrostatic
interactions were treated with the PME [189, 225] scheme, using a grid spacing of 0.12 nm,
with cubic interpolation. The neighbor list was updated every twenty steps with a Verlet
cutoff with a 0.8 nm radius. All bonds were constrained using the LINCS algorithm [226].

Simulations of each system were performed for at least 7 𝜇s over 5 replicates (the wt
was simulated for 15 𝜇s, and the Alpha, Beta, Delta and Omicron variants for 7 𝜇s each).
The first 3 𝜇s of simulation were considered as equilibration time and the remaining
frames were used for analysis. Visualization and rendering of simulation snapshots was
performed with the molecular graphics viewers VMD [227], PyMOL [222] and UCSF
Chimera [228].

3.1.3.2 Principal component analysis

PCA is a standard dimensionality reduction method that we apply here to the (3N-
6)-dimensional space of possible RBD conformations (in our case, N being the number
of RBD residues). PCA consists of a linear transformation that changes a set of possibly
correlated dimensions into a set of linearly uncorrelated, mutually orthogonal ones, called
principal components (PCs). The first PC can be defined as the direction that accounts for
as much of the variance in the data as possible, with each successive PC accounting for as
much of the remaining variance as possible. Reduction of data dimensionality is achieved
by retaining only a few of the first PCs — which represent the strongest correlations
in the data, in our case, the most important conformational motions—, thus sacrificing
some information for simplicity. Discussions of the mathematical and computational
backgrounds can be found elsewhere [229–232].

In this work, PCA was applied to sets of conformational coordinates obtained from MD
simulations. Prior to PCA, each conformation was translationally and rotationally fitted to
the RBD core C𝛼 carbons of the wt crystal structure (hence the −6 in the dimensionality).
PCs were determined using MDAnalysis [233], from the entire pool of simulation trajec-
tories, considering only the coordinates of the RBD’s C𝛼 carbons. The dimensionality
was reduced to the 2 most representative PCs, preserving a large part of the variance.
RBD structures for each simulation frame, for each variant, could then be projected as
points in this two-dimensional space, enabling a simplified visual representation of the
conformation space explored by the RBD in each case.

The probability density function for each trajectory projection was estimated using
a gaussian kernel estimator [231, 234] implemented in LandscapeTools’ get_density
software as described elsewhere [231, 235]. This procedure defines a probability density
function P(r), with the values of P(r) being stored for the position of each data point and
for the nodes of a two-dimensional uniform grid, with a mesh size of 0.5 Å. These values
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were used to define an energy surface, calculated as [231]:

𝐸(𝑟) = −𝑘𝐵𝑇𝑙𝑛
(
𝑃(𝑟)
𝑃max

)
(3.1)

Where Pmax is the maximum of the probability density function, P(r). The energy
surface landscapes were analyzed by determining the energy minima and respective
basins. The basins were defined as the set of all conformations whose steepest descent
path along the energy surface leads to a particular minimum [231, 236, 237]. Here, the
steepest descent paths for each grid cell were computed, with each conformation inheriting
the path of its corresponding grid cell. Landscape regions with E > 6 kBT were discarded,
resulting in the final set of basins for each data set.

3.1.3.3 Residue interaction network analysis

Residue interaction networks (RINs) are graph representations of protein structures,
where the nodes represent amino acid residues, and the edges represent interactions
between residues. Pairwise residue interactions were analyzed for the 5,000 lowest energy
conformations obtained for the most populated open, closed and reversed conformation
basins of the energy surface landscapes of each RBD variant, using RIP-MD [238]. Several
types of interactions between AAs were probed: C𝛼 contacts, hydrogen bonds, salt
bridges, disulfide bonds, cation-𝜋, 𝜋-𝜋, Arg-Arg, Coulomb and van der Waals. The
parameters defining each interaction, as well as their mathematical formulation can be
found elsewhere [238]. Once the interactions were determined, the interaction networks
were visualized using Cytoscape [239].

3.1.4 Results and discussion

Our aim was to study the conformational dynamics of the SARS-CoV-2 RBD, as well
as that of several other SARS-CoV-2 VOCs in solution. To this effect, we simulated the wt,
Alpha, Beta, Delta and Omicron variants of the SARS-CoV-2 RBD. The Gamma variant
was not studied due to its similarity to the Beta variant: in the RBD both variants share
the E484K and N501Y mutations; the single difference is the K417N mutation in the Beta
variant vs. K417T in Gamma [240, 241]. In either case, K417 is mutated to a residue
with a polar uncharged side chain, which should impact the interaction network similarly.
As such, the conformational dynamics specific to the RBD and RBM are expected to be
similar.

3.1.4.1 WT RBD presents two distinct RBM conformations in aqueous solution

Visual inspection of the trajectories obtained in the simulation of wt RBD in water
revealed that large dynamic conformational changes occur in the RBM region (Figure
3.2A). The dynamics observed appear to show an opening and closing of the ACE2 binding
surface of the RBM. To better characterize these conformational dynamics, we performed
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Figure 3.2: Two-dimension principal component analysis (PCA) of SARS-CoV-2 RBD
conformational dynamics in water. Plots of the first two principal components determined
from the C𝛼 backbone of the wt RBD (A) as well as the Alpha (B), Beta (C), Delta (D) and
Omicron (E) variants. Basins with kBT < 3 are numbered in each figure. Snapshots of the
lowest energy structures for selected open and closed basins are also shown. The ridge
regions of the open and closed snapshots are colored in blue and red, respectively.

principal component analysis (PCA) on the coordinates recovered from these simulations,
reducing them to 2 principal components; this 2D configuration space sampling was
expressed as free energy landscapes (Figure 3.2).

For wt RBD, we observe two deep basin clusters (Figure 3.2A), as well as several other
lesser populated basins. Closer analysis of the RBD conformations that make up each
basin shows that wt basins 1 and 3 correspond to conformations close to the ACE2-bound
one determined by x-ray crystallography [90] (Figures 3.1A, 3.2A). We named these “open”
configurations. In contrast, the second basin cluster (basins 0 and 2) was made up by
conformations quite distinct from the open ones. In these basins, the loop that makes up
the RBM is twisted and collapsed over the region that binds ACE2, effectively hiding it from
the solvent (Figures 3.1B, 3.2A). We named these conformations “closed”. Further analysis
of the PCA results reveals that the wt RBD is in a closed state for more than half of the
simulation time (≈55.5%, Supplementary Table S3.1). Given that in these conformations
the RBM closes on itself, hiding the ACE2 binding surface, we can speculate that the RBD
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Figure 3.3: Closeup snapshots of SARS-CoV-2 RBD intramolecular interactions that stabi-
lize the various conformations. Snapshots from AA MD simulations showcasing crucial
intramolecular interactions responsible for stabilizing the open, closed, and reversed con-
formations for the wt (A,F), Alpha (B,G), Beta (C,H), Omicron (D,I) and Delta (E,J) RBD
variants. The ridge region of the RBD is colored in red and residues of interest in green.
Text labels indicate relevant residues, with shaded labels indicating mutations relative to
wt. All figures are rotated 180 degrees relative to Figures 3.1, 3.2, apart from snapshot J.

would be unable to effectively bind to ACE2 and initiate an ACE2-dependent infection
process. Moreover, the open and closed states were visited reversibly (Supplementary
Figure S3.2), indicating that our simulations were not kinetically trapped in either basin.
The open and closed RBD conformations reported here should not be confused with the
“up” and “down” S protein conformational states which control the exposure of the RBD
in the context of the S protein homotrimer. The open/closed dynamics likely act as an
additional RBM exposure control, which would be particularly important for RBDs in the
“up” S protein conformational state where they are fully exposed to the solvent.

Residue interaction network (RIN) analysis was performed for the 5,000 lowest energy
structures of basins 1 (open) and 0 (closed). From the identified interactions, we selected
those that were present in over 50% of the simulation frames (Supplementary Figure S3.4).
We also only considered interactions that are established by RBM residues, or those in
their immediate vicinity. These RINs were then used to probe the different intramolecular
interactions established in each of the conformations.

In the open conformation, the RBD ridge is stabilized by a triple 𝜋-stacking interaction
between residues Y489–F456–Y473 and a hydrogen bond between Y489–Y473. Addition-
ally, two hydrogen bonds are established between residues Y453 and E493, which help
stabilize the formation of a small 𝛽-sheet (Figure 3.3).

In the closed conformation, however, the 𝜋-stacking interactions are broken, and
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new interactions with RBD core residues are formed in their place. F456 forms a stable
𝜋-stacking with Y421, Y489 forms a transient 𝜋-stacking interaction with F486 and Y473
forms a hydrogen bond with the backbone of Y451. Moreover, E484 forms a salt bridge
with R403, that is found in the RBD core, and a hydrogen bond with K417 (Figure 3.3F).
This hydrogen bond does not show up in the RIN, as K417 can establish a bond with
each of the two glutamate oxygens, each with ≈40% prevalence (each thus below our 50%
selection cutoff). These two interactions, together with the formation of three hydrogen
bonds (C480–S494–G482–Q493) are responsible for the closing of the ridge and consequent
shielding of the ACE2 binding surface. The importance of the E484–R403 and E484–K417
interactions for the closing of the loop was confirmed by simulating the E484K and K417N
mutants. Either of these single mutations were enough to completely deplete the closed
conformation (Supplementary Figures S3.3A,B for E484K and K417N, respectively). This
shows that both these interactions are crucial for the stabilization of the wt closed state.
Still, several other transient hydrogen bonds, formed between residues L492, G493 and
S494 of strand 𝛽6, and T478, C480, N481, G482 and E484 of the RBM ridge, assist in
stabilizing the structure. The closed conformation does not seem to substantially impact
the RBD’s secondary structure (Supplementary Figure S3.9). The largest impact appears to
be limited to residues 473–474 and 488–489, that in the open state display a slight 𝛽-sheet
character. However, upon closing, this 𝛽-sheet character disappears. This effect comes
from residues 473 and 489 no longer participating in the triple 𝜋-stacking that was likely
stabilizing this region. Apart from impacting ACE2 accessibility, the closing of the RBM
ridge also decreases the solvent accessible surface area (SASA) of the RBD by slightly over
3% (Supplementary Table S3.2). Although other studies have noted the high flexibility
in the RBM region of the RBD [121, 122, 242], this is, as far as we know, the first report
of this hinge mechanism that can effectively hide the ACE2 binding surface of the RBD
from binding partners, which could only be observed through the analysis of 𝜇s-long MD
simulations. While it is likely that induced fit interactions might assist in opening a closed
conformation for binding to ACE2, it is safe to assume that the closed conformation will
have its binding to ACE2 substantially hindered when compared to an open conformation.
Other studies have also observed RBM concealment mechanisms in the context of the
spike protein [242]. It has been shown that “down” state RBDs can conceal their RBM by
interacting with the neighboring RBDs, in a temperature dependent manner. This further
showcases the tendency of the RBM to conceal its hydrophobic surface, either by closing
in on itself (as observed in the present study) or by interacting with neighbouring RBDs
[as observed by Rath et al. [242]].

3.1.4.2 SARS-CoV-2 alpha and beta variants impact RBM conformational dynamics
and exposure

The first SARS-CoV-2 variant of concern to be identified was first detected in the UK.
It is often referred to as B.1.1.7 or Alpha variant and has only one mutation in the RBD
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region—N501Y. A second variant emerged soon after in South Africa, independently of
B.1.1.7, referred to as B.1.351 or Beta variant. In the RBD region, this variant shares the
N501Y mutation with the Alpha variant and includes two others: K417N and E484K [80].

In line with what was observed for the wt RBD, MD simulations of the RBDs from the
Alpha and Beta variants also showed the prevalence of two sets of RBM conformations,
corresponding to open and closed conformations. PCA analysis of the Alpha variant
trajectory shows two deep basin clusters (Figure 3.2B), basins 0 and 1, and basins 2 and 3,
which correspond to open and closed conformations respectively. However, unlike the wt
variant, the Alpha variant remains most of the simulation time in an open conformation
(≈72.64%, Supplementary Table S3.1). The Beta variant (Figure 3.2C) also has two deep
basin clusters (basins 0 and 1, and basins 2 and 3), corresponding to open and closed
conformations, respectively. Like the Alpha variant, Beta remains in an open conformation
for substantially longer time than the wt (≈69%, Supplementary Table S3.1). In both cases,
and as for wt, our simulations were able to reversibly visit both states (Supplementary
Figure S3.2).

Both Alpha and Beta variants shift the open/closed equilibrium towards more open
conformations by roughly 20%. An opening ΔΔG was calculated from the ratio between
the time spent in the open and closed states, where the time spent in each individual open
and closed basin was added together (Supplementary Table S3.1). The equilibrium shift
led to a decrease in the opening ΔΔG from 0.55 ± 0.17 kJ/mol, in the case of wt RBD, to
−2.44 ± 0.22 and −2.09 ± 0.14 kJ/mol, for the Alpha and Beta variants, respectively. As
mentioned previously, it is likely that only the open conformations are fully available to
bind to ACE2, meaning that these mutations substantially increase the accessibility of
RBD to ACE2, and probably impact ACE2-RBD binding.

By analyzing the intramolecular residue interactions for both variants, we observe that
the interactions which stabilize the open conformation in the wt RBD are conserved in both
Alpha and Beta variants, namely the triple 𝜋-stacking between residues Y489–F456–Y473,
as well as the hydrogen bond between Y489 and Y473. An additional hydrogen bond
between Q493 and Y453 assists in stabilizing the 𝛽6 strand (Figures 3.3B,C).

Interestingly, in both the open and closed conformations of the Alpha variant, the
interactions established by residue Y501 (Alpha’s only mutation in the RBD) that were
previously present in the wt variant are maintained in the Alpha variant (two hydrogen
bonds established through the residue backbones: Q458–Y501 and Y501–Q506). However,
the main interactions that stabilize the closed conformations differ between the Alpha
variant and wt (although some transient hydrogen bonds between strand 𝛽6 and the
RBM ridge do remain). Instead of the E484–R403 salt bridge seen for wt, in the Alpha
variant the closed conformation is promoted by the formation of hydrophobic interactions
between the mutated Y501, V483 and F486 (Figure 3.3G). This arrangement hinders the
establishment of the E484–R403 salt-bridge while being itself less stable than the open
conformations. This is the likely cause for the decrease in percentage of closed state
observed for Alpha. Progression to the E484–R403 salt-bridge may also be prevented in
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part by the establishment of a short 𝛼-helix, discussed ahead.
In the Beta variant, the closed conformation is notably impacted by both the E484K

and the N501Y mutations. The E484K mutation prevents the formation of the E484–R403
salt bridge that was crucial for the stability of the closed conformation in the wt protein.
However, unlike the single E484K mutant (Supplementary Figure S3.3), the Beta variant
can still reach a closed conformation. This is because it can establish the same hydrophobic
interaction between Y501 and V483 as the Alpha variant (Figure 3.3H). This closed state
is also stabilized by the same transient hydrogen bonds between strand 𝛽6 and the RBM
ridge seen in the wt and Alpha variants.

Concerning the secondary structure, there are no substantial differences between the
Alpha or Beta open states and the wt open state (Supplementary Figure S3.9). However,
upon closing, both Alpha and Delta form a small 𝛼-helix between residues 475 and 490,
for roughly 30% of the simulation time. This helical character might be relevant for the
Alpha variant, as it assists in facing the E484 sidechain away from R403 (Figures 3.3G,H),
hindering the formation of the salt-bridge. Additionally, the Alpha variant also shows
some helicity in residues 482–489, which likely arises from contacts between residues in
this helix and the mutated N501Y.

Curiously, while the Alpha variant also shows a considerable decrease in SASA upon
closing (≈5%), the Beta variant shows no substantial change.

Overall, these results showcase a possible alternative mechanism for how the Alpha
and Beta variants might facilitate viral entry into the host cells. By shifting the open/closed
equilibrium towards the ACE2-accessible open conformation, both variants are facilitating
ACE2–RBD binding, which will inevitably lead to an increase in binding affinity and
enhanced receptor-dependent infection.

3.1.4.3 SARS-CoV-2 delta variant shows conformational dynamics distinct from the
other variants

During the second half of 2021 the global dominant SARS-CoV-2 variant was B.1.617.2
(or Delta) [83]. It contains two mutations in the RBD region: L452R and T478K. Like the
wt, Alpha and Beta variants, MD simulations of the Delta RBD show the prevalence of
two sets of RBM conformations, one of which corresponds to the wt open conformation
and is stabilized by the same interactions observed for the three other variants (Figure
3.3E). However, unlike those variants, MD simulations of the Delta RBD do not show
the occurrence of a closed conformation at all. Instead, an alternative open conformation
is present, which we refer to as “reversed”. PCA analysis of the Delta variant trajectory,
shows two deep basins, 0 and 2 in Figure 3.2D, which correspond to the open and reversed
conformations, respectively. Similarly to the other variants, simulations were able to
reversibly visit the two states (Supplementary Figure S3.2).

The reversed conformation showcases the incredible flexibility of the RBM region,
which not only opens and closes over the ACE2 binding surface of the RBD but acts as a
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two-way hinge that leans to the side of the RBD. This alternative conformation might also
prove significant advantages over the wt open state: RBD-targeting antibodies are known
to bind via recognition of the RBM ridge region [93, 243]; the reversed state putatively
hides this region from antibody recognition, while still providing an open ACE2 binding
surface for infection.

A hydrogen bond between the mutated R452 on strand 𝛽5 and Y449 appears to be
one of the main driving forces folding the Delta variant’s ridge region backwards. This
interaction destabilizes the 𝛽5 strand and enables the ridge to move up and interact with
the core. Transient interactions between ridge residues G476, S477 as well as the mutated
K478 with residues R346, F347 and N354 of strand 𝛽1 stabilize the contact between the
ridge loop and the RBD core, keeping it locked in place (Figure 3.3J).

Regarding the secondary structure, much like the other variants, the Delta open
conformation is very similar to that of the wt (Supplementary Table S3.3). However,
as expected, the reversed conformation shows substantial differences. In this state, the
two small beta strands formed by residues 473–474 and 488–489, present in the open
conformation, are completely lost. Additionally, the beta-sheet formed by strands 𝛽5 and
𝛽6 becomes less prevalent, likely due to the L452R mutation (one of the 𝛽5 strand residues
that destabilizes the 𝛽-sheet by establishing a new interaction with Y449). Curiously, like
in the Alpha and Beta variants, there is also a significant alpha helical character between
residues 490 and 475.

As for the closed conformations of the wt, Alpha and Beta variants, the Delta reversed
conformation also leads to a decrease in SASA (≈3%). Unlike the closed conformations,
however, this alternative open conformation still presents a fully accessible ACE2 binding
surface.

3.1.4.4 SARS-CoV-2 omicron variant further improves RBM accessibility compared
to alpha and beta

Towards the end of 2021 a new VOC—B.1.1.529 or Omicron—overtook Delta as the
dominant variant in most world regions [244]. The Omicron variant is highly distinct from
other VOCs [245], containing 15 mutations in the RBD region (G339D, S371l, S373P, S375F,
K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y and Y505H),
10 of which are concentrated in the RBM (N440K, G446S, S477N, T478K, E484A, Q493R,
G496S, Q498R, N501Y and Y505H). Some of these mutations are also observed, or are
similar to those, in the Alpha, Beta and Delta variants: K417N, T478K, E484A and N501Y.

Unlike the other variants, MD simulations of the Omicron RBD do not show a clear
prevalence of two distinct sets of RBM conformations (Figure 3.2E). While PCA anal-
ysis shows a deep basin cluster corresponding to the wt open conformation, there are
only shallow basins corresponding to the closed conformation. No alternative reversed
conformation is observed. The open conformation accounted for almost the entire set
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of configurations sampled during the simulations of the Omicron variant (≈95%, Sup-
plementary Table S3.1), substantially larger than that of the wt, Alpha or Beta variants.
The simulations were able to reversibly visit either state (Supplementary Figure S3.2).
When compared to the wt variant, Omicron resulted in a 50% shift in the open/closed
equilibrium towards more open conformations, with an opening ΔΔG of −8.38 ± 0.5
kJ/mol.

The triple 𝜋-stacking interactions and hydrogen bonds that stabilize the open confor-
mation in the Omicron variant are common to those present in the wt, Alpha, Beta and
Delta variants (Figure 3.3D). However, the closed conformation is quite distinct from the
one seen with the other variants (Figure 3.3I). Only two transient hydrogen bonds—one
between the sidechain amide of N448 and the backbone of A484, and the other between
the sidechain of R493 and the backbone of C488—are in place to stabilize the closed
conformation. This contrasts with the stronger interactions present in the wt, Alpha and
Beta closed conformations. The wt closed conformation was stabilized by the formation
of two salt bridges between K417, E484 and R403. In Omicron, E484 is mutated to an
alanine preventing these two interactions. In the Alpha and Beta variants, instead of these
salt bridges, several hydrophobic interactions between Y501, V483 and F486 promoted the
closing of the loop. The Omicron Y501N mutation disrupts this hydrophobic core. It is
clear that several mutations to the Omicron RBM actively hinder the closing of the loop
while promoting the open conformation, which ultimately facilitates ACE2-RBD binding.

No substantial differences in secondary structure between the Omicron and wt variants
in either the open or closed states were observed (Supplementary Figure S3.9).

It is worth noting that the Omicron variant has recently been classified into five different
lineages based on their mutations, BA.1, BA.2, BA.3 [84, 246], BA.4 and BA.5 [81]. The
BA.1 lineage was used in this work. Regarding the RBD region, all five lineages have
11 mutations in common (G339D, S373P, S375F, K417N, N440K, S477N, T478K, E484A,
Q498R, N501Y and Y505H). BA.1 has three specific mutations (S371l, G446S and G496S),
BA.2 has four (S371F, T376A, D405N and R408S), BA.3 has a combination of BA.1 and
BA.2 mutations (G446S, S371F and D405N) and BA.4 and BA.5 have several mutations
in common with BA.2 (S371F, T376A, D405N and R408S), plus two others (L452R and
F486V).

According to our simulations, the mutations most associated with the open/closing
dynamics of the RBD ridge are, for the most part, common to the BA.1, BA.2, BA.3, BA.4
and BA.5 lineages (E484A, Q493R, N501Y, and K417N). The only exception to this is the
Q493R mutation in the BA.4 and BA.5 lineages, which does not occur and instead, the wt
Q493 residue is maintained. Additionally, the mutations specific to the BA.2 and BA.3
lineages are relatively far from the RBM loop region and as such are unlikely to play a
role in this mechanism (Supplementary Figures S3.16B,C). Two of the mutations specific
to BA.1 are present in this region (G446S and G496S, Supplementary Figure S3.16A).
However, these mutations did not play an obvious role in the RBD ridge dynamics, and we
speculate that reverting these residues back to glycines would not impact these dynamics
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significantly. Taking all of this into consideration, we expect that the RBD dynamics of
the other Omicron lineages to be fairly similar to that of BA.1.

3.1.4.5 Impact of SARS-CoV-2 variants on ACE2 binding affinity

To find experimental basis for our results, we compiled ACE2-RBD binding kinetics
data from recent studies [123, 247–256] (Supplementary Table S3.3). These results were
obtained by surface plasmon resonance (SPR) and biolayer interferometry (BLI) and
encompass data regarding both the wt and studied variants. Additionally, we compiled
results obtained for just the RBD as well as for the entire S protein. While the binding
kinetics values recovered from these studies are not fully consistent with each other, likely
due to differences in particular experimental setups, they are mostly in the same range,
and appear to follow similar trends. Regarding the equilibrium dissociation constant (Kd),
all variants have an increased binding affinity when compared to the wt. However, with
the currently available data, it is hard to distinguish between the efficiency of the several
variants, with the Alpha and Beta variants showing a slightly better affinity than Delta.

To get more information, we analyzed both the association (kon) and dissociation
rate constants (koff). koff reflects the lifetime of the protein-protein complex and as
such, the strength of the interaction. We observe a consistent decrease in koff for the
variants in comparison to the wt. The Alpha and Beta variants stand out from Delta
and Omicron in this regard, with substantially lower koff values. These results hint at
the VOCs interacting more strongly with ACE2 than the wt, with the Alpha and Beta
complexes being substantially more stable than those of Delta and Omicron. Several
other MD studies have studied the impact of these mutations on ACE2-RBD contacts,
binding affinity and binding modes, showcasing how the substantially altered ACE2-RBD
interaction of the Alpha and Beta variants might be outperforming that of the wt variant
[257–262]. The Delta variant does not contain mutations to the RBD ACE2 binding surface
and, as such, the interactions established are not substantially different from those of wt.
This is reflected in a koff that is closer to, if still lower than, that of the wt.

The variants also substantially impact kon. This rate constant reflects the efficiency
with which protein–protein collisions lead to a bound state. While a couple of studies
show no significant impact [123, 247], most show that the variants lead to a substantial
increase in kon, reflecting an increase in RBD accessibility to ACE2 [249–253], We propose
that this can be explained by the significant changes in RBM conformational dynamics
that we have here described, where mutations lead to a decrease in the prevalence of the
closed state, favoring binding. As such, our results point to an alternative mechanism for
enhancing RBD-ACE2 binding, not by directly strengthening ACE2-RBD interactions, but
rather by boosting, via modulation of ridge dynamics, the ACE2 binding competence.
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3.1.5 Conclusion

In this work we performed AA MD simulations of the SARS-CoV-2 RBD, as well
as that of the Alpha, Beta, Delta, and Omicron VOCs, to characterize the impact of the
mutations on RBD conformational dynamics in solution. Our results show that the wt
RBD adopts two distinct conformations in equilibrium: an open conformation where the
RBD is free to bind ACE2; and a closed conformation, where the RBM ridge blocks the
ACE2 binding surface and likely hinders binding to ACE2. We characterized the two
states and showed that they originate from specific intramolecular interactions between
residues of the RBM ridge and those of the surface that binds ACE2. As far as we know,
this is the first report of this “hinge-like” mechanism, which can effectively shield the
surface of RBD binding ACE2 from the solvent and binding partners. This mechanism
is yet to be seen in experimentally solved RBD structures, which have thus far struggled
to fully resolve the unbound RBM region [46, 62, 96]. The RBM is found unresolved in
most structures due to the large flexibility of the region, and those that are fully resolved
are often structures of RBD complexed with either ACE2 [30, 67, 90, 112, 113], antibodies
[114–120] or itself by dimerizing via the surface binding ACE2 [263, 264].

The four variants tested in this work significantly impacted the open/closed equilib-
rium we observed for wt RBD. Both Alpha and Beta variants shifted the equilibrium
towards more open conformations by roughly 20%. In Omicron the open conformation
accounted for 96% of simulation time while the Delta variant did not show the presence of
a closed conformation at all. This shift towards more open conformations likely enhances
ACE2 binding affinity by increasing accessibility to the RBM and facilitating binding.
Several experimental binding studies have shown that these variants lead to a substantial
increase in ACE2-RBD binding association rate constant, reflecting an increased ACE2
accessibility, in agreement with our findings.

Additionally, the Delta variant showed an alternative open conformation, distinct from
that of the other variants. This alternative conformation keeps the ACE2 binding surface
open and accessible for binding, but significantly alters the conformation of the RBM ridge.
This state presents a substantially altered ridge region, which bends backwards towards
the RBD core, shielding some of it from exposure. We hypothesize that this may provide
a fitness advantage by aiding in antibody escape since many RBD-targeting antibodies
bind to the RBM ridge region [115, 243, 265, 266]. These RBD-targeting antibodies are also
more sensitive to viral evolution than antibodies that bind other regions of the RBD [267].
In the alternative open conformation, the ridge may be not as easily recognized, while
the ACE2 binding surface remains unobstructed for infection. The substantially different
conformational dynamics of the RBM region between the variants, correlates well with
the hypothesis proposed by Quaglia et al. that mutations are enriched at intrinsically
disordered regions of the SARS-CoV-2 proteome and that they may contribute towards
immune evasion [268]. These results show that the mutations found in the four VOCs
studied impact RBD conformational dynamics in a direction that promotes efficient
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binding to ACE2 and (in the case of the Delta variant) antibody escape, an effect that has
thus far been disregarded. In this context, our findings can also help explain some of the
antibody-evading characteristics of the emergent Omicron variant.
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3.2 Signatures in SARS-CoV-2 spike protein conferring escape
to neutralizing antibodies

3.2.1 Abstract

Understanding SARS-CoV-2 evolution and host immunity is critical to control COVID-
19 pandemics. At the core it is an arms-race between SARS-CoV-2 antibody andangiotensin-
converting enzyme 2 (ACE2) recognition, a function of the viral protein spike. Mutations
in spike impacting antibody and/or ACE2 binding are appearing worldwide, imposing
the need to monitor SARS-CoV2 evolution and dynamics in the population. Determining
signatures in SARS-CoV-2 that render the virus resistant to neutralizing antibodies is
critical. We performed In silico analysis of the hotspot residues for S protein-antibody
and S protein-ACE2 interactions. This highlighted the importance of the receptor binding
domain (RBD), especially the receptor binding motif (RBM) in the S protein for antibody
binding, aligning with its role in preventing ACE2 interaction and viral infection. Notably,
E484 stands out as a critical residue for antibody binding, consistent with its presence in
highly prevalent variants capable of reinfection. Additionally, we predict that mutations
at residue 494 may facilitate antibody escape without significantly altering ACE2 binding
affinity. While our study has limitations in representing the full diversity of patient an-
tibodies and biases associated with structural focus, our results strongly correlate with
experimental evidence of antibody escape and variant emergence. This analysis provides
a valuable tool for identifying mutation hotspots requiring close monitoring as the pool
of available structural data continues to expand.

3.2.2 Introduction

The emergence of SARS-CoV-2, the virus responsible for the COVID-19 pandemic, has
posed a fundamental question: Can it evolve to evade immunity, whetheracquired through
natural infection or vaccination? The answer to this multi-layered and complex question
depends on the type, duration and heterogeneity of the selective pressures imposed by
the host and by the environment to the virus, but also on the rate and phenotypic impact
of the mutations the virus acquires. The central question is whether the virus can select
mutations that escape host immunity while remaining efficient to replicate in the host [206,
269–271]. Identifying immune evasion signatures in the virus is critical for preparedness
of future interventions to control COVID-19.

Viralmutations have multifaceted impacts, affecting transmission, virulence, immunity,
therapies, detection, and host range [272, 273]. Monitoring these mutations is crucial,
especially considering the dynamic evolution of SARS-CoV-2. Initially, the virus displayed
neutral genetic drift, with the D614G mutation being a notable exception, enhancing
transmissibility [274]. However, since late 2020, several concerning variants have emerged
globally, including B.1.1.7, B.1.1.7 [United Kingdom (UK)] [80], B.1.351 [South Africa
(SA)] [81], P.1 (Brazil) [82], B.1.617 (India) [83], as well as several lineages of interest that
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carry the mutation E484K. These variants exhibit increased transmission, virulence, and
immune evasion [275, 276]. Mutations in the spike protein’s receptor binding domain
(RBD), like D614G, N501Y, and L452R, enhance ACE2 binding and transmission [277].
Some mutations, such as E484K, reduce neutralization [278]. Shared mutations in different
lineages suggest possible fitness advantages. Understanding the collective impact of these
mutations in spike is crucial.

The alarm caused by the emergence of SARS-CoV-2 variants with the potential to
escape host immunity acquired through infection or vaccination has been confirmed by a
series of reports for lineages B.1.351 and P.1. [279–283]. These raise concerns on whether
a reduction in vaccine efficacy could result in re-infections and delay the reduction in
mortality caused by circulating SARS-CoV-2. There is, therefore, an urgent need to develop
mutation-tolerant vaccines (and biopharmaceuticals) targeting the spike protein. In this
sense, it is critical to determine what makes mutations well tolerated for the viral lifecycle
whilst efficiently escaping immunity. In this work, we then used available structures of the
complexes spike-antibodies and spike-ACE2 to determine the frequency of interactions
of each amino acid residue of the RBD with either ACE2 or antibodies. We show that the
amino acid residues at positions 484 and 494 frequently engage in binding to antibodies
but not in binding to the receptor ACE2. Our work suggests that the amino acid residues
at the RBD that are more dispensable for binding to ACE2 can more promptly evolve
immune escape mutants if the amino acid residue substitution severely alters the binding
specificity of the antibody.

3.2.3 Methods

3.2.3.1 S protein-antibody contact analysis

In order to determine which residues of the SARS-CoV-2 S protein contribute the most
to the binding of antibodies, we studied 57 PDB structures containing the S protein (or only
the RBD region) bound to antibodies (Table S3.4). These complexes were chosen based
on their availability in the PDB repositorium [284] in March 2022 and are all neutralizing
antibodies. We first used the MDAnalysis library [233, 285] to identify the residues of the
antibody and the S protein located in the interface between the two proteins. This was
done for all PDB structures using in-house python scripts. To determine the relevance of
each S protein/RBD residue in the binding, a distance cut-off value of 4.5 Å was applied
as a criterion (i.e. a contact is observed when two residues have a minimum distance lower
than 4.5 Å). Finally, the numerical python library (NumPy [286]) was used to calculate the
frequency of contact for each S protein residue with an antibody residue, from the sample
of PDB structures analysed.
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3.2.3.2 MD simulation of the RBD-ACE2 complex

Molecular dynamics (MD) simulations of the RBD bound to the ACE2 protein were
performed with the GROMACS 2020.3 package [220], using the Amber14sb [185] forcefield,
starting from the 6m0j structure [90], in a truncated dodecahedron box filled with water
molecules (minimum of 1.2 nm between protein and box walls). The TIP3P water model
[221] was used and the total charge of the system (-23, including the constitutive Zn-

and Cl- ions bound to ACE2) was neutralized with 23 Na+ ions. Additional Na+ and
Cl+ ions were added to the solution to reach an ionic strength of 0.1M. The system was
energy-minimized using the steepest descent method for a maximum of 50000 steps using
position restraints on the heteroatom positions by restraining them to the crystallographic
coordinates using a force constant of 1000 kJ/mol in the X, Y and Z positions. Before
performing the production runs, an initialization process was carried out in 5 stages
of 100 ps each. Initially all heavy-atoms were restrained using a force constant of 1000
kJ/mol/nm, and at the final stage only the only C-𝛼 atoms were position-restrained
using the same force constant. In the first stage, the Berendsen temperature algorithm
[195] was used to initialised and maintain the simulation at 300K, using a temperature
coupling constant of 0.01ps, without pressure control. The second stage continue to
use the Berendsen temperature algorithm but with a force constant of 0.1ps. The third
stage kept the same temperature control settings, but introduced pressure coupling with
the Berendsen pressure algorithm [195] with a pressure coupling constant of 5.0 ps and
applied isotropically. The fourth stage changed the temperature algorithm to V-rescale
[223], with a temperature coupling constant of 0.1ps, and the pressure algorithm to
Parrinello-Rahman [224] with a temperature coupling constant of 5.0ps. The fifth stage is
equal to the fourth stage, but position restraints are only applied to C-𝛼 atoms. During
the simulation, the equations of motion were integrated using a timestep of 2 fs. The
temperature was maintained at 300 K, using the V-rescale [223] algorithm with a time
constant of 0.1 ps, and the pressure was maintained at 1 bar using the Parrinello-Rahman
[224] pressure coupling algorithm, with a time constant of 5 ps; pressure coupling was
applied isotropically. Long-range electrostatic interactions were treated with the PME [189,
225] method, using a grid spacing of 0.12 nm, with a cubic interpolation. The neighbour
list was updated every twenty steps and the cutoff scheme used was Verlet with 0.8nm
as the cut-off radius. All bonds were constrained using the LINCS algorithm [226]. The
system was simulated for 8µs in 5 replicates (to a total of 40µs).

3.2.3.3 RBD-ACE2 contacts frequency

In order to determine which residues contribute the most for the interaction between
RBD and ACE2, and the persistence of these interactions, we performed a contact analysis
throughout the simulation. We started by eliminating the first 2µs of equilibration of
all replicates. The MDAnalysis library [233, 285] was then used to pinpoint the residues
of the RBD that are in contact with the ACE2 protein. A distance cut-off value of 4.5 Å
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was applied as a criterion (i.e. a contact is observed when two residues have a minimum
distance lower than 4.5 Å). Finally, we determined the percentage of time for which a
given RBD residue is at less than 4.5 Å of ACE2.

3.2.4 Results

To determine which S protein residues are more frequently targeted by neutralizing
antibodies, we analysed 57 PDB structures containing the S protein (oronly the RBD region)
bound to antibodies (Table S3.4). Our results revealed that the receptor binding motif
(RBM), in the receptor binding domain (RBD), is the region with the highest frequency
of contacts (Figure 3.4A). This region is important for the SARS-CoV-2 infection since
it mediates contacts with the angiotensin converter enzyme (ACE2) [91, 287, 288] and,
for this reason, the binding of antibodies to this region would hinder ACE2 binding and
consequently the entry of the virus in the cell. In addition to contacts with the RBD, we
also identified other regions of the S protein with antibody binding sites. The antibodies
FC05 and DH1050.1 bind to segments in the N-terminal region (between residues 143-152
and 246-257) and 2G12 binds to residues 936-941 in the stalk (Figure 3.4 C).

To choose the cut-off above which to select the most important residues for antibody
binding, we built a histogram (Figure S3.17). Three distinct groups appear: the first
includes residues that have an interaction probability below 20%, the second includes
residues whose interaction is between 20% and 45% and the last corresponds to frequent
binders (interaction probability over 45%). Within this last group we find Y449, L455, F456,
E484, F486, N487, Y489, Q493, S494, and Y505 residues (Figure 3.4A and B). More than
half of these residues have hydrophobic side chains, showing that, within the batch of
antibodies we studied, the most common binding mode is through hydrophobic contacts.
These residues are important for antibody binding, which means that mutations within
this group may enable the virus to escape antibodies from patients previously exposed to
the WT or another variant, or people vaccinated using WT sequences of the S protein. In
fact, prior studies have shown that mutations on most of these residues influence antibody
escape [269, 289]. For residues L455, F456 and F486, mutations for less hydrophobic
residues have been shown to reduce binding by polyclonal antibodies [269] and mutants
at site 487 escape human monoclonal antibodies COV2-2165 and COV2-2832 [289, 290].
Interestingly, our results also show that there is a high prevalence of antibodies binding
to E484 ( 50% - Figure 3.4B). Mutations in this residue have been demonstrated to lead
to antibody escape [93, 271, 289]. Importantly, this mutation is present in both the South
African [81] and Brazilian variants [291] and there is evidence that it contributes to antibody
escape [269].

To be able to escape antibodies while maintaining the ability to efficiently infect cells,
the mutations introduced must destabilize the interaction with antibodies while keeping
a high binding affinity for ACE2. Thus, we reason that mutations that occur in residues
that are relevant for antibody binding but not very relevant for the interaction with ACE2
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Figure 3.4: S protein-antibody contact analysis. (A) Histogram of the contact frequency
of every S protein residue with antibodies. using a cut-off value 4.5 Å to define a contact
(B) Zoom in of the histogram shown in (A) in the region comprising the residues with the
highest frequency of antibody contacts (located in the RBD). (C) Antibody contact map
represented on the S protein surface, seen from front (left side) and from top (right side);
the map was built with VMD[227] and the colour gradient is used to represent the log of
the frequency of contact with Ab as shown in the scale bar.

can be advantageous for the virus. To gain further insights into this subject, we performed
MD simulations of the RBD bound to ACE2. These allowed us to determine which RBD
residues are relevant for binding to ACE2, and the persistence of these interactions (Figure
3.5A). Combining the information on Antibody and ACE2 binding allows us to predict
which are the most relevant hotspots (high affinity for antibodies and low affinity for
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Figure 3.5: RBD-ACE2 contact analysis correlated with the antibody binding data. (A)
Histogram of the contact frequency of RBD residues with ACE2, obtained from MD
simulations, using a cut-off value 4.5 Å to define a contact. (B) Scatter plot correlating the
RBD residues’ frequency of contact with ACE2 and antibodies; each point represents one
residue and those that were studied experimentally are highlighted in bold; the quadrants
are filled with different colours to highlight the relevance of different residues as potential
mutation hotspots, with the most relevant residues located in quadrant IV and shown as
red points.

ACE2). Using these criteria, two residues stand out: E484 and S494 (Figure 3.5B, IV
quadrant circled in red). These results are consistent with the evidence that E484 is an
important mutation site and brings to light a new relevant site: S494. Mutations in this
residue have been shown to reduce the binding by polyclonal plasma antibodies [269] and
have no visible effect in the RBD-ACE2 binding [271]. This leads us to hypothesize that a
mutation in this residue can, not only facilitate the escape of the virus to antibodies, but
also maintain the ability to bind to the receptor and enter into host cells. The mutation
S494P has been found in nature with a considerable prevalence, which is in agreement
with this hypothesis.
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On the other hand, some residues that are important for antibody binding are also
involved in frequent interactions with ACE2. Seven of these residues remained bound to
ACE2 throughout the whole simulation in all the replicates: L455, F456, F486, N487, Y489,
Q493 and Y505 (Figure 3.5B, top residues in quadrant II). This group includes residue
F456, which was found to be a hotspot for escape mutations [269]. Although this may seem
contradictory, the same study shows that mutations in this residue were very rarely found
in nature [269]. We hypothesise that the low mutation rate for this site may be due to the
high relevance of this residue for RBD-ACE2 binding. In fact, deep mutational analysis
shows that when mutating F546 to any aminoacid residue besides itself or its SARS-CoV
counterpart (a leucine) the ACE2 binding affinity is reduced [271]. Even though a viral
strain with a single mutation at the 456 site could escape antibodies, it would be unfit to
subsist in nature, due to a reduced ability to infect host cells.

3.2.5 Conclusion

Our analysis of the S protein-antibody contacts revealed that (within the available data
set) the RBM, in the RBD, is an important region for antibody binding, which makes sense,
since antibody binding to this region can prevent the interaction with ACE2 and ultimately
impair viral infection. We also observed that the E484 is relevant for antibody binding, in
agreement with our and previous experimental results and with the occurrence of this
mutation in two variants that are becoming highly prevalent and were shown to be able
to re-infect people previously exposed to other SARS-CoV-2 variants. Additionally, we
predict that mutations in residue 494 may be problematic, as they could facilitate antibody
escape without substantially altering the affinity for the ACE2 binding.

The pool of complexes between the S protein/RBD analysed here is not necessarily
representative of the universe of antibodies found in COVID-19 patients, since it is limited
by the availability of structural information. All the antibodies analysed are neutralizing
antibodies, which is not always the case in nature. Additionally, many structural studies
have focused on the interaction with the RBD, while other regions have not been so
exhaustively analysed, which creates a bias in terms of the number of RBD binding anti-
bodies with known structure. Limitations of the methods used, such as crystallographic
contacts, can also influence the results. Nevertheless, its combination with data from
molecular simulation and experimental analysis of mutations helps to predict and explain
the emergence of new mutations in nature.

Our results are in very good agreement with experimental data on mutation-driven
escape to polyclonal antibodies and with the emergence of natural variants, which are able
to re-infect previously exposed people. Thus, this analysis represents a simple strategy to
predict mutation hotspots that should be kept under surveillance. The predictions will
become even better as the pool and diversity of available structures increase.
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3.3 Supplementary Information of Exploring the impact of
mutations on the SARS-CoV-2 RBD conformational
dynamics and antibody neutralization
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Figure S3.1: ACE2 bound to glycosylated SARS-CoV-2 S protein. (A) ACE2 (White) bound
to SARS-CoV2 S glycoprotein (blue). (B) Closeup of ACE2 bound RBD. RBM is rendered
in red. Glycosylations are rendered in orange.

Figure S3.2: RBD open – closed dynamics over simulation time. RBD open – closed
dynamics as determined by analysis of the conformational basins (Supplementary Table
S1) recovered by PCA. Data shown for the five replicas for each variant tested. The first 3
µs of simulation were used for equilibration.
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Table S3.1: Energy surface landscape analysis from 2D PCA of SARS-CoV-2 RBD conforma-
tional dynamics in water. Energy surface landscape analysis and defined basins for each of
the tested RBD variants. Energy minima, frame percentage and loop conformation for each
of the basins is also given. Overall analysis of “open” vs. “closed” conformation is also
shown. 95 % Confidence intervals (CI) were calculated with bootstrap resampling from
the frame percentages recovered from the individual simulation replicas. Representative
structures can be seen in figures S3.8, S3.9, S3.10 and S3.11.
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Table S3.2: Surface Accessible Surface Area (SASA) analysis of SARS-CoV-2 RBD in
water. SASA values were calculated using the GROMACS tool gmx sasa for the whole
trajectory (Entire trajectory) and for the two major conformations (“open”/“closed “ and
“open”/”reversed”). Results were also divided in the contribution of hydrophobic atoms,
which are the ones with charges [-0.2, 0.2], and hydrophilic, those outside of this range.
95 % Confidence intervals (CI) were calculated with bootstrap resampling.
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Figure S3.3: Two-dimension principal component analysis (PCA) of SARS-CoV-2 RBD’s
mutants conformational dynamics in water. Plots of the first two principal components
determined from the C𝛼 backbone of the (A) K417N and (B) E484K RBD mutants. Snap-
shots of the lowest energy structures for selected basins are also shown.

Table S3.3: Compilation of ACE2-RBD binding kinetics data from recent studies. Kinetic
parameters of ACE2 binding to wt, alpha, beta, delta and omicron RBD/Spike variants
data obtained from SPR and BLI.
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Figure S3.4: Residue interaction networks (RINs) for the “open” and “closed” conforma-
tions of wt RBD. RINs determined using RIP-MD for the 5000 lowest energy conformations
obtained for the most populated “open” and “closed” basins of wt RBD. Hydrogen bonds,
salt bridges and pi-pi interactions are shown in blue, red and green, respectively.

Figure S3.5: Residue interaction networks (RINs) for the “open” and “closed” confor-
mations of alpha RBD. RINs determined using RIP-MD for the 5000 lowest energy
conformations obtained for the most populated “open” and “closed” basins of wt RBD.
Hydrogen bonds, salt bridges and pi-pi interactions are shown in blue, red and green,
respectively.
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Figure S3.6: Residue interaction networks (RINs) for the “open” and “closed” conforma-
tions of beta RBD. RINs determined using RIP-MD for the 5000 lowest energy conforma-
tions obtained for the most populated “open” and “closed” basins of wt RBD. Hydrogen
bonds, salt bridges and pi-pi interactions are shown in blue, red and green, respectively.

Figure S3.7: Residue interaction networks (RINs) for the “open” and “closed” conforma-
tions of delta RBD. RINs determined using RIP-MD for the 5000 lowest energy conforma-
tions obtained for the most populated “open” and “closed” basins of wt RBD. Hydrogen
bonds, salt bridges and pi-pi interactions are shown in blue, red and green, respectively.
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Figure S3.8: Residue interaction networks (RINs) for the “open” and “closed” confor-
mations of omicron RBD. RINs determined using RIP-MD for the 5000 lowest energy
conformations obtained for the most populated “open” and “closed” basins of wt RBD.
Hydrogen bonds, salt bridges and pi-pi interactions are shown in blue, red and green,
respectively.

Table S3.4: Summary of antibodies studied in the S protein-antibody complexes. These
antibodies were chosen due to the availability of their structure resolved together with
the S protein (or just the RBD region) in the PDB repository [284].
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Figure S3.9: Secondary structure difference between closed and open conformations of wt,
alpha, beta, omicron and delta SARS-CoV-2 RBD simulated in water. The probability of
coil, 𝛼-helix and 𝛽-sheet secondary structures was obtained using the GROMACS for all
conformations (open, closed and reversed) of all four variants. RBM residues are shown
with an orange arrow.
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Figure S3.10: Snapshots representative of all wt RBD PCA basins. The structures corre-
sponding to the free energy minima of all conformational basins are represented in blue,
with the ridge region highlighted in red, together with structures sampled from the same
basin (background, gray colored).
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Figure S3.11: Snapshots representative of all alpha RBD PCA basins. The structures
corresponding to the free energy minima of all conformational basins are represented in
blue, with the ridge region highlighted in red, together with structures sampled from the
same basin (background, gray colored).

65



CHAPTER 3. EXPLORING THE IMPACT OF MUTATIONS ON THE SARS-COV-2
RBD CONFORMATIONAL DYNAMICS AND ANTIBODY NEUTRALIZATION

Figure S3.12: Snapshots representative of all beta RBD PCA basins. The structures
corresponding to the free energy minima of all conformational basins are represented in
blue, with the ridge region highlighted in red, together with structures sampled from the
same basin (background, gray colored).
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Figure S3.13: Snapshots representative of all delta RBD PCA basins. The structures
corresponding to the free energy minima of all conformational basins are represented in
blue, with the ridge region highlighted in red, together with structures sampled from the
same basin (background, gray colored).
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Figure S3.14: Snapshots representative of all omicron RBD PCA basins. The structures
corresponding to the free energy minima of all conformational basins are represented in
blue, with the ridge region highlighted in red, together with structures sampled from the
same basin (background, gray colored).
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Figure S3.15: RBD C𝛼 root-mean-square deviation (RMSD) moving average in solution.
Data shown for the five replicas for each variant tested. C were fitted against the RBD X-ray
structure from PDB ID: 6M0J. The moving average was calculated using the neighboring
50 frames. The first 3 µs of simulation were used for equilibration (blue dashed line) and
the remaining frames were used for further PCA and RIN analysis.
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Figure S3.16: Representation of the RBD of the three Omicron lineages and their specific
mutations. The RBD regions of all three lineages are shown side-by-side in blue. Specific
mutations of lineages (A) BA.1 [S371L, G446S, G496S], (B) BA.2 [S371F, T376A, D405N,
R408S], (C) BA.3 [S371F, D405N, G446S] and (D) BA.4 and BA.5 [S371F, T376A, D405N,
R408S, L452R, F486V] are shown in sticks and highlighted in red.

Figure S3.17: S protein-antibody contact frequency histogram. The bar plot shows the
distribution of probabilities for the S protein-antibody contacts.
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Figure S3.18: Relevant residues for antibody and ACE2 binding. (A) Crystal structure of
the SARS-CoV-2 RBD complexed with ACE2. ACE2 is shown as a purple surface and the
RBD is shown in a cyan cartoon representation with key antibody interacting residues
depicted as sticks. (B) Zoom in to the RBM region of the RBD. Residues relevant for
antibody binding (>35% frequency of contact) are depicted as sticks. Of these, the ones
with an antibody binding probability higher than 45% have a green label, and those that
also have a low frequency of binding to ACE2 (<50%) are labelled in pink.
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4.1. ABSTRACT

4.1 Abstract

Paramyxoviruses are enveloped viruses harboring a negative-sense RNA genome that
must enter the host’s cells to replicate. In the case of the parainfluenza virus, the cell
entry process starts with the recognition and attachment to target receptors, followed by
proteolytic cleavage of the fusion glycoprotein (F) protein, exposing the fusion peptide
(FP) region. The FP is responsible for binding to the target membrane, and it is believed to
play a crucial role in the fusion process, but the mechanism by which the parainfluenza FP
(PIFP) promotes membrane fusion is still unclear. To elucidate this matter, we performed
biophysical experimentation of the PIFP in membranes, together with coarse grain (CG)
and atomistic (AA) molecular dynamics (MD) simulations. The simulation results led to
the pinpointing of the most important PIFP amino acid residues for membrane fusion
and show that, at high concentrations, the peptide induces the formation of a water-
permeable porelike structure. This structure promotes lipid head intrusion and lipid tail
protrusion, which facilitates membrane fusion. Biophysical experimental results validate
these findings, showing that, depending on the peptide/lipid ratio, the PIFP can promote
fusion and/or membrane leakage. Our work furthers the understanding of the PIFP-
induced membrane fusion process, which might help foster development in the field of
viral entry inhibition.

4.2 Introduction

Parainfluenza viruses (PIVs) contribute significantly to the annual global disease
burden in humans [292, 293]. It is estimated that annually, in the USA alone, parainfluenza
infections are responsible for more than 325,000 hospitalizations of children under 5 years
old [294]. Although it is difficult to estimate the exact number of infections caused by the
PIVs worldwide, these viruses have the potential to infect millions of individuals, leading
to an undetermined number of deaths, especially in areas with inadequate health-care
resources. To make matters worse, there are no specific treatments for infections caused
by PIVs [292, 293]. PIVs belong to the Paramyxoviridae family, consisting of enveloped
viruses harboring a negative-sense RNA genome that, like all enveloped viruses, depend
on the fusion of the viral envelope with the host cell membrane to infect the host. In
the PIVs, the machinery responsible for viral fusion is composed of the receptor-binding
glycoprotein hemagglutinin-neuraminidase (HN) and the fusion glycoprotein (F), that,
together, form the viral fusion complex [177]. Opposite to what occurs in the cell entry of
the influenza virus [295], PIVs are not endocytosed by the target cells and instead fuses
its membrane with the host membrane at the cell surface (and neutral pH)[296]. The
membrane fusion process starts with the recognition and binding of the receptor-binding
glycoprotein to receptors at the host cell surface. This binding triggers the F glycoprotein
to undergo major conformational rearrangements and the proteolytic cleavage of the F
protein, exposing the fusion peptide (FP) region (Figure 4.1A; the PIFPs are highlighted in
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Figure 4.1: Parainfluenza fusion peptide features. (A) Cartoon representation of the crystal
structure of the cleaved prefusion F protein trimer, 4GIP, viewed from the side, with the
FP highlighted colored in pink. Arrows indicate the protease cleavage sites. (B) Sequence
conservation of glycoprotein F among members of the Paramyxoviridae family. Color
is used to show hydrophobicity of the residues (blue: hydrophilic, green: neutral, and
black: hydrophobic). (C) Molecular image of the PIFP with the backbone in purple and
the residues colored according to their biophysical properties: nonpolar (white), basic
(blue), and polar residues (green). (D) PIFP amino acid sequence with the GXXXG motif
highlighted.

pink), promoting viral entry[178, 296]. After being exposed, this region is inserted into the
target membrane [179] and the F protein refolds to form a six-helix bundle (6HB), placing
the fusion peptides and the transmembrane domains in proximity, facilitating membrane
fusion [297, 298].

Regions with functional requirements for membrane fusion and viral entry, such
as the PIFP, are, in general, highly conserved among viral families and contain several
hydrophobic residues (Figure 4.1B,C, respectively). Another common feature among
these sequences is their location within the fusion protein. In class I fusion proteins, they
are usually located at their N-terminal end or close to it [166]. All of these traits are also
found in the PIFP, together with the presence of GXXXG motifs (Figure 4.1D). The GXXXG
motifs are the hallmark of many high-affinity associations between transmembrane helices
[299, 300]. The presence of these motifs in the PIFP alludes to the possibility that inter-
PIFP peptide interactions are common, a hypothesis that was investigated in this work.
Interestingly, mutations to these glycine residues in the FP from the paramyxovirus
simian parainfluenza virus 5 (SV5) resulted in mutant F proteins with hyperactive fusion
phenotypes but not in the human parainfluenza virus 3 (HPIV3) [301]. Most studies
regarding the mechanisms of the viral FPs and their interaction with model membranes
have focused on influenza virus and human immunodeficiency virus (HIV). Hypotheses
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for the mechanism by which the FP from these viruses induces membrane fusion suggest
different modes of action, including altering the membrane curvature[302–305], increasing
[306–308] or decreasing lipid order [160, 164], and inducing pore formation and/or its
stabilization [305, 309, 310]. Additionally, a mechanism proposed on the basis of molecular
dynamics (MD) simulations has shown that lipid tail protrusion (i.e., a lipid acyl chain
that extends to and beyond the corresponding phosphate group) is a determinant step in
membrane fusion [158, 309]. The occurrence of lipid tail protrusion has been observed
in several simulation studies of the influenza FP in membrane bilayers, which indicates
that the peptide increases the probability of lipid protrusion events [159, 160, 164, 172].
For the influenza virus, it has also been shown that the peptide interacts with the lipid
headgroups, mainly through the N–terminal group, which induces these headgroups to
penetrate deeper into the membrane (headgroup intrusion) [157, 159, 160, 172]. Recent
experimental data has elucidated the orientation adopted by the PIFP in a membrane
bilayer, a determinant for the peptide-induced perturbation of lipid bilayers [311]. NMR
structural analysis in 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)/1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC)/1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), and 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) membranes showed that the peptide is fully 𝛼-helical
when inside a POPC/POPG membrane, adopting a mixed strand/helix conformation
in the DOPC/DOPG membrane, and is primarily a 𝛽-strand in the DOPE membranes
[149]. Regarding the peptide insertion in the membrane, 1H spin diffusion experiments
in liquid crystal and gel phases showed that in a POPC/POPG membrane the N-terminal
half of the peptide is more exposed to the membrane surface, whereas in a DOPC/DOPG
membrane, the C-terminal residues are more exposed to water than the N-terminal
residues [149]. A crucial question remains unanswered: What is the mechanism by
which the PIFP promotes membrane fusion? Data on the interaction between PIFPs in
phospholipid micelles has shed some light on this matter. When inside a membrane,
there seems to be a cooperative and specific assembly of the PIFP into hexamers [168].
Short molecular dynamics (MD) simulations of the hexameric structure also showed that
there is penetration of water into its core from the viral side of the membrane [168]. In
this work, we conducted a comprehensive analysis of the effect of peptide concentration
on the PIFP properties by combining experimental biophysical data with results from
coarse grain (CG) and all-atom (AA) MD simulations. Förster resonance energy transfer
(FRET)-based assays revealed that the percentage of peptide-induced lipid mixing and
leakage is higher at high peptide/lipid ratio conditions. Circular dichroism (CD) results
showed that there is also an effect of concentration on the PIFP secondary structure. The
simulation studies elucidated the peptide–peptide interactions that stabilize PIFP inside a
mixed bilayer to allow the formation of a porelike structure. Finally, we characterized the
peptide–membrane interactions and pinpointed the amino acid residues that are crucial
for the peptide’s ability to interact with and perturb the host membrane. This work
provides a valuable contribution to understanding the membrane fusion process induced
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by the PIFP, which can be very useful in the future development of antiviral therapies
targeting this virus.

4.3 Materials and Methods

4.3.1 Instrumentation

For steady-state fluorescence measurements, a FLS920 series Edinburgh Instruments
spectrofluorometer (Livingston, UK), and Varian Cary Eclipse spectrofluorometer (Craw-
ley, UK) was used. CD spectroscopy was performed in a J-815 spectrophotometer from
Jasco (Oklahoma City, OK, USA). Dynamic light scattering (DLS) measurements were
performed in a Malvern Instruments ZetasizerNano ZS (Worcestershire, UK). Surface
plasmon resonance (SPR) experiments were performed in a GEHealthcare Biacore X100
(Little Chalfont, UK). Extrusion of liposomal vesicles were carried out in a LiposoFast-
Basic plus Stabilizer setup from Avestin (Mannheim, Germany) with Hamilton (Bonaduz,
Switzerland) syringe through a 100 and 50 nm pore Nucleopore polycarbonate membrane
(Whatman/GE Healthcare, UK).

4.3.2 Lipid Vesicles Preparation

Large unilamellar vesicles (LUVs) and small unilamellar vesicles (SUVs) of POPC and
POPC:POPG (4:1) were used as membrane model systems. The lipids were solubilized in
chloroform in a round-bottom flask and the organic solvent was evaporated under a gentle
nitrogen flow, forming a thin lipidic film, which was placed under vacuum overnight.
The lipidic film was rehydrated with 10 mM HEPES, 150 mM NaCl pH, 7.4 buffer –
sample buffer - and ten freeze/thaw cycles were performed resulting in a suspension of
multilamellar vesicles. LUV and SUV were obtained by extrusion of the multilamellar
vesicles through 100-nm and 50-nm pore size polycarbonate filters, respectively.

4.3.3 PIFP-induced Vesicles Fusion Assay

Fusion/Lipid mixing of vesicles induced by PIFP was assessed by FRET methodology.
Briefly, LUV pre-doped with both 1% N-NBD-PE (donor) and 1% N-Rh-PE (acceptor) and
unlabeled vesicles were mixed in a 1:3 ratio in sample buffer. Two conditions were tested:
Low Peptide/Lipid ratio - 18 𝜇M PIFP + 3.5 mM mixed vesicles; and High Peptide/Lipid
ratio - 18 𝜇M PIFP + 0.77 mM mixed vesicles. Fluorescence emission spectra were recorded
between 500 and 650 nm, with the donor excitation wavelength (𝜆exc) at 470 nm. For each
condition, fusion efficiency (R) was calculated:

𝑅 =
𝐼𝐹 530 𝑛𝑚
𝐼𝐹 588 𝑛𝑚 (4.1)

In which IF 530 nm is the fluorescence emission intensity collected at 530 nm (donor
emission maximum wavelength) and IF 588 nm is the fluorescence emission intensity

78



4.3. MATERIALS AND METHODS

collected at 588 nm (acceptor emission maximum wavelength). Fusion (%) was then
calculated using the following equation:

𝐹𝑢𝑠𝑖𝑜𝑛 (%) = 𝑅𝑆 − 𝑅0
𝑅max − 𝑅0

× 100 (4.2)

In which RS is the R of the sample, R0 is the R for the negative control condition (mixed
vesicles in the absence of peptide - FRET maximum) and Rmax is the R for the positive
control (mixed vesicles in the presence of 1% (v/v) Triton X-100 – absence of FRET).

4.3.4 Vesicles Leakage

Content leakage from POPC orPOPC:POPG (4:1) vesicles was quantifiedby 5,6-carboxy
- fluorescein (5,6-CF) fluorescence dequenching using LUVs loaded with 50 mM 5,6-CF as
described previously[312]. Briefly, 2-fold dilutions of peptides (starting at 30 𝜇M) were
incubated for 15 min with LUVs at 0.77 mM in sample buffer. Fluorescence emission
intensity (𝜆exc = 493 nm and 𝜆emi = 520 nm) was measured and the leakage percentage
was calculated as described previously[312].

4.3.5 Circular Dichroism

PIFP and the vesicles were prepared in 10 mM phosphate, 150 mM NaF, pH 7.4 buffer.
CD spectra of the peptide at 30 𝜇M, in the absence or presence of LUV, were acquired
between 190 and 260 nm at 25 degrees celsius. Each final spectrum corresponds to the
averaged accumulation of 10 scans. Spectra were plotted using mean molar residue
ellipticity ([𝜃]) values:

[𝜃] = 𝜃
𝑎𝑎 × 𝑙 × 𝑐 (4.3)

in which 𝜃 is the ellipticity, aa the number of amino acid residues of the peptide
sequence, l is the cuvette path length, and c is the molar concentration. [𝜃] values were
corrected for the buffer background noise.

4.3.6 Dynamic Light Scattering

DLS measurements were performed to quantify lipid vesicles aggregation induced by
PIFP. Titration of PIFP, with increasing peptide concentrations from 0.9375 up to 30 𝜇M,
was performed in a 0.77 mM POPC:POPG (4:1) LUV sample in sample buffer. After each
individual addition of peptide, the sample was incubated for 5 min at 25 degrees Celsius
before measurement. Measurements comprised ten individual runs, each corresponding
to an averaged autocorrelation curve obtained from at least ten replicate sample scans.
Diffusion coefficient (D) values were calculated from autocorrelation curves using a
CONTIN-based method[313]. D values were used to determine the particles Z-average
hydrodynamic diameter and derived count rate through the Stokes-Einstein-Sutherland
equation[314].
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4.3.7 Surface Plasmon Resonance

To investigate the affinity of the PIFP peptide toward lipidmembranes, SPR experiments
were performed. The flow system was primed three-times before initiating an experiment
in sample buffer. L1 sensor chips were used in all experiments. Each sensor chip was
rinsed with three injections of 20 mM CHAPS before starting an assay. To prepare the
lipid surface, 1 mM POPC or POPC:POPG (4:1) SUV sample was injected over the sensor
chip at a 2 𝜇L/min flow speed for 2400 s. Loosely bound vesicles were removed with a
36 s injection of 10 mM NaOH at 50 𝜇L/min flow. PIFP peptide samples in concentration
ranging from 1 to 50 𝜇M were injected over the deposited SUV surface at 5 𝜇L/min flow
speed during 200 s (association time). Each sample was allowed 800 s dissociation time
after injection stopped. After each run, the L1 sensor chip was regenerated with sequential
injections of 20 mM CHAPS (5 𝜇L/min for 60 s), 0.5% (v/v) SDS (5 𝜇L/min for 60 s), 10
mM NaOH containing 20% (v/v) methanol (50 𝜇L/min for 36 s) and 10 mM NaOH (50
𝜇L/min for 36 s). Response values were monitored to ensure effective surface regeneration.
Response values were corrected for the peptide molecular weight. The partition constant
(KP) was then calculated using the following equation:

RU𝑆

RU𝐿
=

𝛾𝐿𝐾𝑝
𝑀𝑆

𝑀𝐿
[𝑆]𝑊

1 + 𝜎𝛾𝐿𝐾𝑝[𝑆]𝑊
(4.4)

In which RUS is the total sample response, RUL is the total lipid deposition response, 𝛾L

the lipid molar volume, MS is peptide molecular weight, ML is the lipid vesicles molecular
weight, [S]W is the sample concentration and 𝜎 is the lipid to solute ratio at the saturation
point.

PIFP unbinding kinetics fitted the following equation:

𝑆𝐿(𝑡) = 𝛼𝑒−𝑘𝑜 𝑓 𝑓 ,𝛼𝑡 + 𝛽𝑒−𝑘𝑜 𝑓 𝑓 , 𝛽𝑡 + 𝑆𝐿,𝑟 (4.5)

In which SL (t) is the dissociation fractional response (response after 200 s) through
time, 𝛼 and 𝛽 are the fractional contributions of each population to the measured response
of each solute population; koff,𝛼 and koff,𝛽 are the dissociation constants of each solute
population and SL,r is the fraction of retained solute. The weight-averaged dissociation
constant (<koff>) was then calculated by the following equation:

< 𝑘𝑜 𝑓 𝑓 > =
𝛼𝑘𝑜 𝑓 𝑓 ,𝛼 + 𝛽𝑘𝑜 𝑓 𝑓 , 𝛽

𝛼 + 𝛽
(4.6)

4.3.8 Coarse Grain MD Simulations of the PIFP in a POPC/POPG membrane

Solid-state NMR studies of PIFP revealed that the peptide adopts a fully beta-helical
conformation inside POPC/POPG membranes[149]. Based on these data, a fully 𝛼-helical
PIFP was created using the remodeling tool from Rosetta[315] and converted to a Martini
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coarse grained topology[201, 316] with the martinize 2.0 program[187]. This program was
also used to generate the topology and structure files based on the atomistic pdb file.

CG simulations of the PIFP at different peptide/lipid ratios were performed in a mem-
brane system containing POPC and POPG lipids at an 80:20 mol ratio. The peptides were
inserted vertically crossing both leaflets, in trimer, hexamer and nonameric assemblies
(Figures S4.2A, B, C and D respectively), and the multimers were constructed by multiply-
ing the structure of the 27-residue-long helical FP. The N termini of the monomers were
protonated and the C termini’s amidated to reproduce the state of peptides in the context
of the F protein. The axes of the 𝛼-helices in each dimer were oriented parallel to each
other and separated by at least 3 nm.

All simulations were performed with the GROMACS 2020.3 package[220], using the
Martini 3.0 force field[187] and lipid topologies released with it. The system was built
using the INSANE script, in a 10 x 15 x 14 nm box. The total charge of the systems was
first neutralized with either Na+ or Cl- ions, and then an additional 140 mM NaCl was
added.

In order to maintain the peptides inside the membrane bilayer, flat-bottomed harmonic
well potential with a force constant of 500 kJ nm-2mol-1 and a flat radius of 0.5 and 0.2
nm was applied to the peptide’s terminal residues and to the lipid heads, respectively.
Preliminary simulations of the PIFPs inside the membrane showed that, when inserted
in the membrane without any restraints, the peptides quickly moved to the outer leaflet.
Since previous NMR studies showed that PIFPs should remain in the membrane[149], and
to better replicate the biological behavior, a potential was employed keeping the peptide’s
termini at their initial (transmembranar) position. To minimize this bias and allow some
degree of adjustment, a 500 kJ nm-2mol-1 harmonic flat-bottomed potential was employed
in the z direction, centered at the termini’s initial position and with a flat (zero) region for
0.5 nm above and below this reference point. To prevent a membrane displacement in z
that would result in the expulsion of the peptides from its core, a potential of the same
type was employed on the lipid phosphates, but with a flat region of 0.25 nm.

The systems were energy-minimized using the steepest-descent method for 5000
steps. In this step the peptide’s backbone atoms were position-restrained using a force
constant of 500 kJ mol-1nm-2. Before performing production runs, an equilibration step
was carried out for 20 ns. The simulations were run in the isothermal–isobaric (NPT)
ensemble, coupling the system to a temperature and pressure bath using the V-rescale
and Parrinello-Rahman[224] schemes, respectively (the Berendsen barostat was employed
during equilibration, for its robustness). The target temperature was 310 K and semi-
isotropic pressure coupling was set to a reference pressure of 1 atm using a compressibility
of 3 x 10-4 bar-1.

The target temperature was set to 310 K and semi-isotropic pressure coupling also set to
1 atm using a compressibility of 3 x 10-4 bar-1. Reaction-field electrostatics were employed,
and Lennard–Jones and Coulombic interactions were both cut-off at 1.1 nm[317]. Each
system was run for 20 𝜇s.
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4.3.9 Atomistic MD Simulations of the PIFP in a POPC/POPG

MD simulations of the fusion peptide (FP) were performed using the last frame
of the CG simulations as the starting structure. The four systems (with one, three,
six and nine copies of the PIFP) were converted from coarse-grain to atomistic detail
using the backward.py script [318]. All atomistic simulations were performed with the
GROMACS package, version 2020.3[220], using the CHARMM36m force field[186], with
the TIP3P water model. The minimization and equilibration protocols used default
parameters generated by CHARMM-GUI for GROMACS [319–321]. In short, after 5000
steps of minimization using the steepest-descent algorithm, the system temperature
was maintained at 310 K by coupling to a Nosé-Hoover thermostat[322] with a 1 ps
coupling constant. The system was then coupled semi-isotropically to a Parinello-Rahman
barostat[224] and further equilibrated for 125 ps using 1 ps timestep, and 500 ps with a 1 ps
timestep. During the equilibration, atomic positions restraints on the protein heavy atoms
were gradually relaxed in six steps from 4000 to 2000 kJ nm-2mol-1 and from 500 to 200
kJ nm-2mol-1 the protein backbone and side-chains, respectively. The lipid’s phosphate
atoms were also gradually relaxed from 1000 to 40 kJ nm-2mol-1. After the sixth step, the
simulations were performed without any restraints. Three replicates were simulated for
each system with all simulations being run for 1 𝜇s.

4.3.10 Metadynamics Simulations in aqueous solution

Metadynamics simulations[200] were performed to analyze the conformational prop-
erties of the PIFP in aqueous solution. We started by performing standard MD simulations
using an extended conformation of the peptide (with the same protonation state as men-
tioned above) that was placed in a water box, considering a minimum distance of 2 nm
between the peptide and the box walls. The total charge of the system was first neutralized
with Cl- and then an additional 140 mM was added. This system was simulated for
1 𝜇s with the GROMACS package, version 2020.3[220], using the CHARMM36m force
field[186] and the TIP3P model. The simulation parameters were identical to the ones
used in the atomistic simulations performed in the membrane. The final structure of
the unbiased simulation was used to initialize the metadynamics simulation, which was
performed with the PLUMED plugin version 2.6[323, 324] for GROMACS 2018.8, using
the same simulation parameters. Metadynamics simulations were performed in a 2D
collective variable (CV) space defined by ALPHARMSD (CV1) and RADIUS of GYRA-
TION (CV2). Gaussian potentials with a height of 0.1 kJ/mol were added at every 10
ps. The Gaussian widths were 0.1 and 0.05 for CV1 and CV2, respectively. To avoid
systematic errors at the boundaries, lower and upper limits were defined, beyond which
the bias potential was set to 0. The lower limits for CV1 and CV2 were set at 0.5 and 0.27,
respectively, and the upper limits for CV1 and CV2 were set at 21 and 0.34, respectively.
The metadynamics simulation was extended for 400 ns, until reasonable convergence was
achieved in the free energy profiles.
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4.4 Results

4.4.1 PIFP Induces Fusion and Perturbation on Negatively Charged Lipid
Vesicles

PIFP conformational properties and effects on lipid membranes are still unclear. To
fill this gap, we synthesized the PIFP that corresponds to residues 103–129 of the PIV5
F protein bound to an 8-amino-3,6-dioxaoctanoic acid conjugated to a polylysine tail
(FAGVVIGLAALGVATAAQVTAAVALVK-AEEAc–KKKK) and characterized its structure
and interaction with lipid membranes using an array of biophysical methodologies. Given
its potential fusogenic properties, we first evaluated the PIFP ability to induce fusion and
perturbation on lipid vesicles. In this study, we wish to understand the role played by lipid
charge in the PIFP ability to induce membrane fusion, and for that reason, we compared
POPC vesicles with POPC:POPG (4:1) vesicles. Fusion was followed by PIFP-induced
FRET efficiency variations in a mixture containing NBD-RhB-doped vesicles (donor and
acceptor, respectively) and nondoped vesicles [325], while the membrane perturbation was
followed by the PIFP-induced leakage of 5,6-carboxyfluorescein (5,6-CF)-loaded vesicles.
Despite the inability to induce fusion or leakage from zwitterionic POPC vesicles, PIFP
induces fusion and leakage on anionic POPC:POPG (4:1) vesicles (Figure 4.2A,B). Besides
its hydrophobic nature, PIFP is also cationic, with a net charge of +5 at pH 7.4, which con-
tributes to the membrane charge-action dependence observed, not unique within fusion
peptides [326]. Moreover, PIFP induces 9.83% of lipid fusion at the low peptide/lipid
ratio condition (membrane nonsaturated condition) and 20.3% of lipid fusion at the high
peptide/lipid ratio condition (membrane saturation condition), an approximately 2-fold
increase, suggesting that the fusion efficiency is also influenced by the local concentration
of the peptide on the membrane. The same pattern is observed for the membrane pertur-
bation phenomena, on which 5,6-CF leakage increases in a PIFP-concentration-dependent
fashion. These results may indicate the presence of peptide–peptide interactions, such
as self-association/clustering or conformational changes, which eventually lead to a pore
formation, that may play a major role in the fusion process of PIFP. To answer this question,
PIFP–lipid interactions were thoroughly characterized in vitro.

4.4.2 PIFP–Lipid Unbinding Follows a Second-Order Kinetics

After demonstrating that PIFP is fusogenic, it was of utmost importance to unravel
its fusion mechanisms. As the fusion process is guided by the interactions between the
peptide and the lipid molecules present in the membrane [327], we first characterized the
lipid binding of PIFP. Anionic POPC:POPG (4:1) vesicles were used for peptide–membrane
interaction characterization assays since PIFP is only capable of inducing the fusion of
vesicles with this composition. Peptide-lipid binding was evaluated through surface
plasmon resonance (SPR). This technique allows real-time detection of bound molecules
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Figure 4.2: Characterization of PIFP–lipid membrane interactions in vitro. (A) Repre-
sentative FRET PIFP–lipid mixing induction spectra (left) in POPC:POPG (4:1) vesicles
(black dashed line, control; gray dashed line, Triton 1% (v/v); gray line, PIFP low pep/lip
ratio; black line, PIFP high pep/lip ratio). PIFP–lipid fusion induction (%) (right) was
extrapolated from equation 2. (B) PIFP–membrane perturbation induction. Leakage (%)
from 0.77 mM large unilamellar vesicles (LUVs) [white, POPC; black, POPC:POPG (4:1)]
loaded with 50 mM 5,6-CF was obtained upon incubation with PIFP in concentrations
ranging between 0.9375 and 30 𝜇M. (C) Surface plasmon resonance (SPR) PIFP–lipid
(un)binding kinetics. (Left) SPR sensorgrams of increasing PIFP concentrations (gray
scale, from lighter to darker, 1, 5, 7.5, 10, 15, 20, 25, 30, and 50 𝜇M of PIFP) interacting with
POPC:POPG (4:1) small unilamellar vesicle (SUV). A vertical dashed line at 200 s separates
association and dissociation phases. (Middle) PIFP partition extends toward POPC:POPG
(4:1) SUV. Individual values of RUS and RUL were obtained from each PIFP sensorgram
at 200 s at the different concentrations tested. Data was fitted with equation 4, from which
the KP value was obtained. (Right) PIFP dissociation kinetics. Membrane-associated PIFP
(SL) was plotted as a function of the dissociation time. Standard deviation interval is
represented in gray. The data obtained was fitted by equation 5. (D) PIFP secondary
structure. PIFP CD spectra were obtained in aqueous solution and in the presence of 1 and
2 mM of POPC:POPG (4:1) LUV. (E) PIFP and PIFP–LUV aggregation profiles. Z-average
DH (columns) and count rate (circles) of the particles formed upon titration of PIFP in
a 0.77 mM POPC:POPG (4:1) LUV solution were obtained by dynamic light scattering
(DLS). Particles formed in the presence of 0.77 mM LUV and PIFP 30 𝜇M sample solution
were obtained as controls.

on a small unilamellar vesicle (SUV)-covered surface coupled with a flow system. Peptide-
to-lipid response ratios were plotted as a function of the injected peptide concentration,
allowing an estimation of the peptide partition coefficient (KP), as described elsewhere
[328]. PIFP exhibits high lipid binding responses, in a concentration-dependent fashion
(Figure 4.2C, left panel), leading to a KP ≈ 3.2 x 103 (Figure 4.2C, middle panel). Given
the PIFP fusion capacity, a KP of this magnitude-similar to values described for other
fusion peptides [329]-was expected. The sensorgram analysis also shows that there are
variations in the dissociation kinetics (200–1000 s after injection) with the increasing pep-
tide concentration, especially comparing the 30 and 50 𝜇M PIFP sensorgrams. For this
reason, PIFP–membrane dissociation kinetics were further evaluated. PIFP–membrane
dissociation follows a second-order kinetics, most likely derived from the presence of
two peptide populations (Figure 4.2C, right panel): one faster, with lower mass and
decreased retention, most likely corresponding to the individual peptide molecules; and
another slower, with higher mass and increased retention, most likely corresponding to
clusters formed by peptide molecules. Accompanied by a significant variability within
the concentration range, the dissociation kinetics analysis suggests the presence of pep-
tide–peptide and/or peptide–lipid aggregation dependent on the PIFP concentration. The
weight-averaged dissociation constant (<koff>) extrapolated is ≈ 4.77 x 10–3 s–1, which is
in fact quite similar to the <koff> described for an aggregation-prompt peptide observed
by Figueira et al.[328]. The PIFP–lipid binding analysis reinforces the argument of an

85



CHAPTER 4. PARAINFLUENZA FUSION PEPTIDE PROMOTES MEMBRANE
FUSION BY ASSEMBLING INTO OLIGOMERIC PORELIKE STRUCTURES

oligomerization/aggregation process present on the PIFP fusion mechanism. However,
the macromolecular organization of the peptide–vesicle aggregates was still inconclusive.

4.4.3 PIFP Helix Content Depends on the Membrane Saturation Level

Another relevant aspect to evaluate is the PIFP secondary structure, not only in solution
but also upon interaction with lipids [327]. Similar to other fusion peptides, PIFP evolves
from a mainly random-coil conformation in aqueous solution to a 𝛼-helical conformation
upon interaction with anionic POPC:POPG (4:1) membranes (Figure 4.2D). Additionally,
we also observe that the PIFP 𝛼-helix content in the presence of large unilamellar vesicles
(LUVs) depends on the lipid concentration. This can be inferred from (i) the existence
of more than one isosbestic point in the spectra of Figure 4.3 and (ii) from the obvious
departure from an 𝛼-helical spectrum in the 205–225 nm range at 1 mM of LUVs, where
the spectrum minima are distorted. Note that, at 1 mM, a mixture of aqueous- and
membrane-bound peptide populations is expected (for a KP ≈ 3.2 x 103 and 1 mM lipid,
about 30% of the peptide is expected to be unbound [330]); still, the spectrum at 1 mM
lipid in Figure 4.2D cannot be explained by a combination of those at 0 and 2 mM lipids
(hence the multiple isosbestic points), indicating the existence of at least a third population
with different structural characteristics. Importantly, it is at lower lipid concentrations
that the PIFP reaches the highest local peptide/lipid ratios in the membrane, which seem
to be the conditions for this third, less helical population to occur. The relevance of these
different peptide populations is discussed below.

4.4.4 Vesicle Aggregation Triggering Is Dependent on the PIFP Concentration

Membrane-surface peptide aggregation/oligomerization is commonly shared between
viral fusion peptides [331]. The increased local peptide concentration on the membrane’s
surface enhances the destabilization of lipid–lipid interactions and associated membrane
tension, promoting the mixture of the viral and host cell membrane lipid content or,
in other cases, the formation of a pore [332]. However, the fusion peptide aggrega-
tion/oligomerization process differs between viruses, with direct impact on its fusion
mechanism. PIFP revealed the tendency to accumulate on the lipid vesicle surface in
a concentration-dependent fashion, perturbating its membranes and promoting the fu-
sion between anionic vesicles. However, the aggregation profile of both PIFP alone and
PIFP–LUV structures was still unclear. Using dynamic light scattering (DLS), we char-
acterized the macromolecular organization of these structures. Hydrodynamic diameter
(DH) and particle count rate were obtained upon PIFP consecutive addition to a 0.77 mM
lipid vesicle solution (Figure 4.2E). Three important observations are worth mentioning:
(1) PIFP does not form aggregates in aqueous solution; (2) upon increasing the PIFP
concentration from 3.75 to 7.5 𝜇M, the LUV particles grow, at least, 10-fold on its DH, with
a high variability on their sizes (Supplementary Figure S4.1); and (3) in parallel with this
particle size increase, the particle count suffers an approximately 5-fold reduction. These
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results suggest that upon reaching a critical aggregation concentration (CAC), between
3.75 and 7.5 𝜇M, PIFP triggers the aggregation of lipid vesicles, increasing the particle size
detected in solution. Taking the upper-bound PIFP CAC as 7.5 𝜇M yields an approximate
maximum ratio of 1 peptide to 20 anionic lipids in the system; this represents an overall
balanced charge of -15, which is still far for an electrostatic neutralization hypothesis. Con-
sidering all of the data presented so far, it is most likely that PIFP aggregation triggering
and simultaneous fusion mechanisms are dependent on a membrane-surface-controlled
oligomerization and consequent pore formation. However, this hypothesis is hard to
prove in vitro. For this reason, an in silico analysis of the PIFP–membrane interactions
were performed.

4.4.5 CG Simulations Reveal the PIFP Aggregates When Inside a
POPC:POPG Membrane

To complement the data obtained experimentally and to better understand what
occurs at a molecular level upon PIFP insertion in the membrane, we performed CG
and AA MD simulations. First, CG simulations of PIFP in a membrane bilayer were
performed to understand how the PIFP assembles and later convert it to atomistic detail
to analyze the molecular interactions that stabilize it. Only a mixed bilayer composed
of POPC:POPG (4:1) was studied since the data we obtained for the PIFP–lipid fusion
induction showed that this peptide has virtually no activity in pure POPC membranes
(Figure 4.2A). To study the influence of different peptide concentrations, we built four
Martini 3 [187] CG systems with increasing peptide/lipid concentrations and simulated
each one for 20 𝜇s. The detailed composition of the systems is shown in those tested
experimentally, and a snapshot of these systems can be seen in Supplementary Figure
S4.2. When performing preliminary short simulations of these systems, we observed that,
when inserted vertically in the membrane, the peptides would come to the top of the
outer leaflet. Since previous NMR data shows that the PIFP adopts a membrane-spanning
conformation when interacting with POPC:POPG (4:1) membranes [149], we applied a
flat-bottomed harmonic well potential in all systems to ensure that the peptide would
remain vertically inserted in the membrane. It is worth noting that, further on, when
converting these CG systems to AA, the peptides were able to remain vertically inserted
in the membrane without needing any restraints. Moreover, our objective was not to
assess the peptide orientation in the membrane, which was already known, but rather
to determine how the peptides assemble and interact with each other in the membrane.
Thus, we used the experimental findings regarding the PIFP orientation in the membrane
to guide the simulations and reduce the degrees of freedom of the system.

After 20 𝜇s of CG simulation, we saw that, in all of the systems with multiple pep-
tides, these interacted to form oligomeric structures (as shown in the molecular images
in Figure 4.3). Visual inspection of the trajectories revealed that these contacts were
fairly persistent; i.e., after the first contact between any two peptides, the interaction was
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Figure 4.3: Density profiles obtained from CG simulations of the PIFP. The density profiles
for the four systems with increasing peptide/lipid ratios (monomer < trimer < hexamer <
nonamer) show the overall behavior of the system components during the simulation. The
dashed lines represent the phosphate densities in systems without peptides; the solid lines
are all relative to the systems with the PIFPs. The images on the right side are snapshots of
the last frame of CG simulations, where the PIFPs are shown in purple, water molecules
in blue, and the lipid phosphate groups in green.

maintained throughout the simulation. The concentration-dependent peptide–peptide
and/or peptide–lipid aggregation observed when performing a PIFP–lipid binding anal-
ysis also reinforces this observation (Figure 4.3). The PIFPs stayed inside the membrane
throughout the simulation, as seen in Figure 4.3, which indicates that the flat-bottom
restraint applied was sufficient to recreate the experimentally observed orientation. In
terms of peptide-induced membrane effects, we saw that, for the system with the highest
peptide/lipid ratio (nine peptides), there is a tendency for the membrane leaflets to come
close to each other. This is clear in Figure 4.3 D where there is a very slight decrease in the
membrane thickness due to small membrane deformations better seen in the zoomed-in
inset. Membrane hydration increases with increasing PIFP concentrations. For the two
systems with the highest PIFP concentrations, waters can penetrate deeper than the lipid
headgroups and reach the membrane core (Figure 4.3 C,D), which might be facilitated by
the peptide aggregation mentioned above. A common effect of the addition of FPs to a
membrane is the increase [306–308] or decrease in the lipid tail order [160, 164]. To measure
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the membrane disturbance induced by these peptides on the membrane, we determined
the lipid order parameters in all four CG simulations (Supplementary Figure S4.3). These
results showed that lipid tail order decreases with increasing peptide concentrations. The
behavior seen in the CG simulations is in agreement with what was seen experimentally,
showing not only that these peptides tend to aggregate when inside a membrane [301]
but also that these clusters facilitate the entry of water molecules to its core [168].

4.4.6 PIFP That Can Adopt Moderately Helical Structures in Water and
Helicity in the Membrane Is Influenced by the Peptide/Lipid Ratio

During the fusion process, the F protein suffers conformational changes and, before
inserting into the membrane, the PIFP becomes exposed to water. To characterize the
peptide’s structural properties in aqueous solution, we performed metadynamics sim-
ulations and, in line with the CD results, the PIFP is mainly a random coil in aqueous
solution, but it has a heterogeneous energy landscape and can easily adopt moderately
helical structures (Figure 4.4). This can facilitate its transition into the helical structure
that it adopts in the membrane.

To analyze the PIFP secondary structure in the membrane with atomistic detail, we
converted the final systems of the CG simulations to AA resolution. Triplicates of all four
systems were simulated for 1 𝜇s without any restraints. The analysis of the peptide’s
secondary structure in a POPC:POPG membrane revealed that at low peptide/lipid ratio
(1 peptide copy) the peptide maintained its helical conformation losing it only at the N-
and C-terminal ends (Figure 4.5A). For the other three systems, there was also the loss
of structure at both ends, with the N-terminus being the most impacted (Figure 4.5B-D).
In the system with three peptides, the first two N-terminal residues lose entirely their
helical structure, in all replicates. In the hexamer, the loss of helicity affects five N-terminal
residues, and in the nonamer, six residues are affected. The loss of structure seen in these
regions may be due to the passage of water molecules into the porelike structures and
consequent increase in the number of PIFP–water contacts in this region (Supplementary
Figure S4.4). This is in line with the results seen in metadynamics simulations and
CD analysis, which shows that the peptide’s structure is destabilized in the aqueous
environment. Concurrently, in the six-copy system, there is additional loss of 𝛼-helical
structure at residues T117, A118, A119, and Q120. This is the same region where a bend,
with its vertex at T117, is found in the prefusion crystal structure of the parainfluenza
fusion protein [165, 169], indicating that this region might be flexible.

When looking at the interpeptide contacts between residues (those within 4.5 Å; Figure
4.6), these are prevalent in the C-terminal region of the trimer, unlike the N-terminal region,
where no interpeptide contacts are seen (Figure 4.6A). A different behavior is seen in
the systems with higher PIFP concentrations, where both terminals have peptide-peptide
contacts (Figure 4.6B,C). The prevalence of these contacts in the N-terminal region
increases from the hexamer to the nonamer but they are always less frequent than in the
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Figure 4.4: Free-energy surface of the PIFP in water obtained from Metadynamics calcula-
tions. A two-dimensional (2D) free-energy landscape was built as a function of the CVs
AlphaRMSD and radius of gyration (RG). The free energy was reconstructed from the
bias potential, and contour lines are used to represent regions with identical free-energy
values. Structures corresponding to the most relevant basins are illustrated using molecu-
lar images built with VMD [227] using the same color scheme as in Figure 4.1C.

C-terminal region.

The regions of the PIFPs, where low percentages of interpeptide contacts were identi-
fied, also form stable interactions with the membrane lipids (Figure S4.5), guaranteeing the
stability of the oligomeric structures in the membrane. When analyzing the interactions
between the PIFPs and the PG lipid heads, the N-terminal region that is predicted to insert
all the way through the membrane is the one with the most contacts (Figure S4.6). This
is compatible with the fact that, in the plasma membrane, the negatively charged lipids
are found in the inner layer of the membrane and, consequently, only the N-terminal
region of the peptide would be able to interact with these lipid heads. Since peptide
bending has been described as an important FP feature to induce membrane disturbance
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Figure 4.5: PIFP dynamic helicity during atomistic MD simulations. The plots show the
average helicity values obtained for each residue in each of three replicate 1 𝜇s long MD
simulations(data for each replicate is shown in a different color). The images to the right
are snapshots of the simulation with the helix motifs highlighted in purple.

and consequent reduction of the energetic barrier for membrane fusion [157, 333], we
analyzed if the PIFP forms the same bend inside this membrane bilayer (Supplementary
Figure S4.7). The helix geometry analysis showed that in one replicate of the hexameric
system, there is increased departure from a straight helix (represented in Figure S4.7 by
helix bending angles farther from 180 degrees), supporting that the local loss of helicity
around T117 is induced by an increase in peptide curvature. Overall, there seems to be a
correlation between the number of copies of the PIFP and the loss of 𝛼-helical structure.
This observation is in good agreement with the data we obtained by CD (Figure 4.2D) and
previous NMR structural analysis [149]. Both the CD and NMR experiments [149] showed
that at low peptide/lipid ratios, in a POPC:POPG membrane, the peptide has an 𝛼-helical
structure, and at higher ratios, our CD data shows that the helical structure is less well
defined (Figure 4.2D, gray line). Finally, we hypothesize that at low PIFP concentrations
the peptide maintains its 𝛼-helical structure due to the hydrophobic environment inside
the membrane, losing its structure only in the terminal regions (more exposed to water).
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Figure 4.6: Prevalence of peptide–peptide contacts. The plots show the prevalence of
contacts between different peptides, within 4.5 Å, established by each amino acid residue,
and averaged over the simulation. This analysis was only performed for the systems with
more than one peptide. Each plot has to its right a snapshot of the final frame of the
corresponding simulation, where the PIFPs are shown in purple and the residues involved
in the peptide–peptide contacts with a prevalence higher than 90% are highlighted in
green (polar residues) and white (nonpolar residues).

With the increase in the number of copies of the PIFP, there is a loss of structure due to
the formation of prevalent interpeptide interactions.

4.4.7 PIFP Peptide–Peptide Interactions Stabilize Porelike Structures

As mentioned earlier, during the membrane fusion process, after binding to the target
cell, conformational changes occur in the F protein leading to its trimerization, and at
least two parainfluenza F protein trimers are necessary for the viral fusion process to
occur [179, 297, 298]. This means that at least six fusion peptides are involved in the
fusion process. To determine if there is a specific contact region between the PIFPs, we
analyzed the data obtained for the peptide–peptide contacts occurring between residues
of different peptides (Figure 4.6) and determined the accessibility of water to the core of
the membrane (Figure 4.7A–C).

Through the contact analysis, we saw that, in the systems with more than one peptide,
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Figure 4.7: PIFP pore characterization. Panels (A–C) are figures generated by the HOLE2
analysis tool from MD analysis that show the accessibility of water to the membrane for the
trimeric, hexameric, and nonameric systems, respectively. The parts that are inaccessible
to water (pore radius < 1.15 Å) are shown in red, water-accessible parts (1.15 Å< pore
radius < 2.30 Å) are shown in green, and wide areas (pore radius > 2.30 Å) are displayed in
blue. Panels (D) and (E) show the number of water-crossing events that were determined
for the systems with six and nine PIFPs, respectively.

the residues forming more prevalent contacts were those with hydrophobic side chains
(L110, L113, A118, V121, V125, and L127) and the polar residues (T117, Q120, and T122).
Additionally, in the trimeric PIFP, there is 100% of prevalence of contacts involving residues
T117, A118, Q120, V121, and T122, all located in the C-terminal region of the PIFP. These
contacts create a specific surface of contact stabilizing this end of the structure (Figure
4.6A, molecular image). This is also the region where the HOLE2 tool found the space for
the entry of water molecules (Figure 4.7A), but the inexistence of interpeptide interactions
at the other end (the N-terminal region) prevents the formation of a viable pore. In
the hexamer, contacts involving Q120 and V121 residues are maintained throughout the
simulation, but, unlike the trimer, N-terminal residues form transient contacts (with a
prevalence of around 20%) that stabilize the transmembrane structure enough to create
just enough space for the passage of water through the membrane (Figure 4.7B). Finally,
in the nonamer, even though interpeptide interactions are less prevalent, they are more
vertically distributed. Contacts with L113 are seen all throughout the simulation, and
the contacts at the N-terminal have an incidence close to 40%. Similarly to the trimer
and hexamer, the N-terminal region has a relatively low interpeptide contact incidence,
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which we found interesting given that several hyperfusogenic mutations occur in this
region [334]. The effect of these point mutations on the peptide–peptide clustering, and
consequently on the PIFP fusion, should be addressed in future studies. Nonetheless,
the formation of several interpeptide contacts within the nonamers’ PIFPs forms a wide
water-accessible region inside the membrane and, consequently, the ideal conformation
for the formation of a porelike structure (Figure 4.7C). Looking at RMSD data of the
nonamer (Supplementary Figure S4.8-4th row), there is a significant deviation in peptide 4
of replicate 3. Superimposing the last frames of the CG and AA simulations, considerable
changes in conformation and bending of peptide 4 are clear (Supplementary Figure S4.9-
peptide in red). However, the impact on the overall structure of the porelike structure and
water penetration is identical when comparing AA and CG simulations (Supplementary
Figure S4.4). These results show that the increase in the PIFP concentration facilitates
the formation of peptide–peptide interactions between the PIFP’s hydrophobic and polar
residues and that these stable interactions are of utmost importance for the assembly of
porelike structures inside the membrane. Additionally, the formation of these structures
in our simulations can explain the increased vesicle leakage seen experimentally at high
peptide/lipid concentrations (Figure 4.2B).

4.4.8 Water Can Pass through the PIFP Porelike Structures

To determine if the previous porelike structures enable the passage of water, thus
explaining the PIFP-induced leakage of 5,6-CF-loaded vesicles seen experimentally (Figure
4.2B), we analyzed the accessibility of water to the core of the membrane and the flux of
water molecules through the pores. For the latter, we used the fluxer [335] script, which
counts the number of crossing events across a finite thickness xy-plane membrane. The
results showed that both systems form pores that are vehicles for the passage of water
molecules through the membrane (Figure 4.7D,E). In the system with six peptides, the
flux analysis showed that there is a positive flux of water until approximately 200 ns of
simulation (in replicate 1). At this point, the flux is slowed/stopped (the slope of the
line becomes close to 0). An explanation for the abrupt deceleration seen in the water
flow can be the partial closing of the pore in this replicate. For replicates 2 and 3, the
cumulative flux is lower but continuous; this suggests that in these replicates there is
no initial open state (Figure 4.7D). For the nonamer, the flux of water inside the pore
is continuous in all replicates. The water flux is initially identical in all three replicates,
but different peptide rearrangements in each replicate then lead to some divergence.
From 500 ns of simulation onward, the flux becomes again approximately the same for
all three replicates (Figure 4.7E). A density analysis of the position of lipid heads and
water molecules during the simulations was also performed (Figures S4.10 and S4.11,
respectively), with results consistent with the passage of water through the core of the
membrane. First, when looking at the lipid head density data for the two systems with
the highest peptide concentration (from the top view), we see an opening on both sides
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of the membrane (Supplementary Figure S4.10C,D). The absence of lipid heads in this
area is an indication that the oligomeric structures can form a stable peptide arrangement
that removes the lipids from this central area. In this same region, by analyzing the water
density data, we can see that it is common to find water molecules (in blue) in the core of
the membrane (in white) (Supplementary Figure S4.11C,D). Overall, we saw that at higher
peptide concentrations there is a continuous flux of water through the membrane due to
the formation of a stable oligomeric PIFP structure that, despite not being a requirement
for membrane fusion, is a sign of strong PIFP-induced membrane disturbance. This flux of
water through the membrane explains the experimental PIFP-induced leakage observed
at higher PIFP concentrations (Figure 4.2B).

4.4.9 PIFP Induces Concentration-Dependent Lipid Tail Protrusion

It is known that to promote membrane fusion, the FPs must perturb the properties
of fluid lipid bilayers. Effects induced by the FPs can be the induction of spontaneous
curvature, hydration, changes in acyl chain order [336], orpromotion of lipid tailprotrusion.
To measure the membrane disturbance induced by the increasing concentrations of peptide,
we determined the order parameters, the number of membrane lipid tail protrusion events,
and peptide–lipid contacts occurring during the simulations. The lipid order values were
obtained by averaging the S-values for each acyl chain carbon of the lipid tails over time
and were calculated for the lipids in a pure membrane (without peptides, as a control) and
with the peptides (Supplementary Figure S4.12). Slightly higher S-values were obtained
in the presence of the PIFPs, especially in the nonamer, whereas the monomer S-values
are practically the same as the control’s (Supplementary Figure S4.12A). The order
behavior is the same when looking only at the lipids closest to the peptides (within 5 Å;
Supplementary Figure S4.12B). Another mechanism that has been proposed to explain
the FP-induced membrane fusion is the promotion of lipid tail protrusion events. These
were first described based on MD data and correspond to the outward extension of lipid
acyl chains, beyond the corresponding phosphate group, facilitating the fusion between
opposite membranes [158–160, 175, 309] (Figure 4.8C,D). We also observed this when
simulating the influenza FP in a membrane bilayer [159, 160, 175].

The lipid tail protrusion results showed that there is a gradual increase in the number
of protruding lipids when the number of simulated peptides increases: monomer < trimer
< hexamer < nonamer (Figure 4.8A). This increase in the peptide/lipid ratios leads to
a linear increase in the number of protruding lipids, which precludes the occurrence of
synergistic. We also analyzed which residues were closest to the protruding lipids (Figure
4.8B) and, as is the case for other FPs, the N-terminal residues [158–160, 172] seem to be
those inducing the most lipid protrusion events. The N-terminal phenylalanine residue
seems to play a key role in the induction of headgroup intrusions (the lipid headgroup
penetrates deeper into the membrane) [158–160, 172] (Supplementary Figure S4.10), an
event that facilitates the occurrence of lipid tail protrusion events. Peptide–lipid contact
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Figure 4.8: Lipid tail protrusion. (A) The plot shows the average number of protruding
lipids at 4 Å from the peptides. A pure membrane (no PIFP) was used as a reference for
the lipids that protrude without the influence of peptides. Error bars represent the 95%
confidence intervals and were calculated with bootstrap resampling. Plot (B) shows the
amino acid residues that are closest to a protruding lipid. Panels (C) and (D) are snapshots
of the hexameric and nonameric simulations, respectively, where a lipid is highlighted in
blue to evidence the lipid tail protrusion event.

analysis also shows that the N-terminal region of the trimer and hexamer interacts prefer-
entially with POPG lipids (Supplementary Figure S4.5) and, on average, these oligomeric
PIPFs contact with POPG lipids 1.5 more times than with POPC (Supplementary Figure
S4.12). Interestingly, the results indicate that oligomerization facilitates the N-ter:POPG
interactions since the interaction is much less frequent in the monomer than in the sys-
tems with multiple peptides. Lipid head density analysis shows that for the systems with
higher peptide concentrations, it is common to find the lipid heads inside of the membrane
(Supplementary Figure S4.10C,D). This is consistent with the notion that the N-terminal
residues of the PIFP interact with the lipid heads, inducing lipid head intrusion that, in
turn, facilitates the protrusion of the corresponding tails. These results show that the PIFP
induces lipid tail protrusion that increases with the concentration of peptide. This is in
very good agreement with the peptide-induced lipid mixing data, which show a similar
trend: at higher peptide concentrations, there is more lipid mixing (Figure 4.1A, right
panel).
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4.5 Discussion

The aim of this work was to characterize the mechanisms of membrane fusion that
occur during parainfluenza infection. With this in mind, we performed CG and atomistic
molecular dynamics (MD) simulations, together with spectroscopic experiments of the
PIFP in a POPC:POPG (with a ratio of 4:1) lipid bilayer. An important aspect that
remained unclear is the effect of concentration/oligomerization of the PIFP. We addressed
this question by performing a thorough computational and experimental characterization
of systems with increasing peptide/lipid ratios. Experimental CD results showed that,
upon interaction with membranes, the PIFP evolves from a random-coil conformation in
solution to an 𝛼-helical conformation. Metadynamics simulations revealed that, although
the peptide is mainly unstructured in water, it can adopt moderately helical structures,
which might facilitate the acquisition of a helical structure upon membrane interaction.
The concentration-dependent behavior of the secondary structure in the membrane was
also seen in the AA MD simulations where the PIFP structure is 𝛼-helical at low PIFP
concentrations, with some structure loss seen when increasing the peptide concentration.
This is likely due to the formation of polar and hydrophobic contacts between the peptides,
which lead to the formation of oligomeric structures. The formation of these oligomeric
structures explains the 5,6-CF leakage increase at higher PIFP concentrations. In fact,
when analyzing the peptide–membrane interactions, the simulation results show that
with higher peptide concentrations the oligomeric structures form porelike structures that
facilitate the flux of water through the membrane. Although the PIFP had been suggested
to form a fusion pore [168], this is the first time that it is shown to spontaneously assemble
into oligomeric structures that induce the formation of a water-permeable pore. Moreover,
the computational analyses reveal that these peptides can induce lipid protrusion events
without greatly altering the lipid order. This is in line with what has been observed forother
FPs [159, 160, 164, 172, 175] and indicates that lipid tail protrusion plays an important role
in viral membrane fusion (see Lousa and Soares [161] for a review that discusses this topic).
The results obtained complement the previous experimental studies and strongly support
the hypothesis that the FP promotes membrane fusion by destabilizing the host membrane,
a role that is better fulfilled at higher peptide concentrations. Even though in our in silico
studies both the hexameric and nonameric conformations play an essential role in the
membrane destabilization, in vitro studies revealed that, when in phospholipid micelles,
the PIFP assembles preferably into hexamers [168]. Interestingly, the effect of this peptide
on the membrane, namely, the induction of lipid tail protrusion [159, 164, 172, 175] and the
entry of waters to the core of the membrane when the peptides are transmembrane, [337]
is similar to that observed for the influenza fusion peptide, supporting the hypothesis that
fusion peptides from different viruses share common mechanisms. These findings provide
a valuable contribution to the advance of the knowledge on viral fusion peptides, which,
given their importance, can be very useful for the development of antiviral therapies.
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4.6 Supplementary Information of Parainfluenza Fusion Peptide
Promotes Membrane Fusion by Assembling into Oligomeric
Porelike Structures
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4.6.1 Molecular Dynamics Simulations Analysis Tools

Secondary structure analysis – The do_dssp program was used to obtain the secondary
structure data of the PIFPs throughout the simulation. This tool reads the trajectory file
and computes the secondary structure for each time frame by calling the dssp program
[338].

Inter-peptide contact analysis – The prevalence of peptide-peptide contacts formed be-
tween different peptides was determined by counting the number of residues at less than
4.5 Å from another peptide’s residue.

Pore formation analysis – The HOLE2 Analysis tool from MDAnalysis [233, 285] was
used to analyze the propensity for the formation of pore structures in all systems with
more than one peptide.

Water flux analysis – The fluxer.py script [335] developed to count the number of crossing
events across a finite width xy-plane membrane, was used to quantify the flux of water
across the membranes.

Lipid-tail protrusion events analysis – Lipid tail protrusion events were determined by
counting the number of lipids, around 4Å of the peptides, for which, at least one of the
carbon atoms in the tail protruded more than 0.1 nm above the phosphate headgroup.
The number of events per frame was calculated for both membranes with and without
peptides, with the latter serving as a baseline for the protrusion events that are not induced
by the peptides.

Lipid tail order analysis – Lipid order values were obtained by averaging the S-values
for each acyl chain carbon of the lipid tails over time. These values were calculated for the
lipids in a pure membrane (without peptides - as a control) and in the systems with the
peptides.

Helix geometry analysis – The HELANAL tool form MDAnalysis [339] was used to
characterize the helical geometry of the PIFPs from its C-𝛼 atom coordinates. In systems
with more than one peptide the average angle

Water and Lipid head density analysis – The water and lipid head density was deter-
mined throughout the simulation using DensityAnalysis from MDAnalysis [233, 285].
This program reads the trajectory file frame by frame, and the atoms in atomgroup are
histogrammed on a 3D grid with spacing delta.

Root mean square deviation (RMSD) – Temporal evolution of the C𝛼 root mean square
deviation in AA MD simulations was calculated with the MDAnalysis.analysis.rms mod-
ule. The starting structure of each simulation was used as the reference structure and the
initialization steps from the calculation were excluded. Only the C𝛼 atoms were used for
fitting and for the RMSD calculations.

Root mean square fluctuation (RMSF) – The root mean square fluctuation (RMSF) was
calculated with the GROMACS rmsf tool using the starting structure of each simulation
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as the reference structure and the initialization steps from the calculation were excluded.
Only the last 500ns of simulation were considered for the RMSF calculations.

CG to AA conversion – The last frame from the CG simulations to atomistic detail was
performed with the backward.py script [318].

Table S4.1: List with detailed composition of the systems to be studied

Figure S4.1: PIFP-induced LUV aggregates polydispersitivity index (PDI). PDI of the
resultant particles formed upon titration of PIFP in a 0.77 mM POPC:POPG (4:1) LUV
solution were obtained by DLS.
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Figure S4.2: CG systems created to study the PIFP’s behavior in a POPC:POPG membrane.
Images are shown in a crescent peptide/lipid ratio: The monomeric system has the lowest
peptide/lipid ratio (A - 1/492), followed by the trimeric (B - 1/154), the hexameric (C -
1/67) and finally the nonameric system (D - 1/42).

Figure S4.3: Lipid order parameters for the lipid tails in the CG systems. (A) Lipid order
values calculated for all membrane lipids in all membrane systems. Values obtained for the
POPC lipids (top) and POPG (bottom) are shown separately. Order values for saturated
and unsaturated tails are shown in the 1st and 2nd rows, respectively. Error bars represent
the 95 % confidence intervals and were calculated with bootstrap resampling.
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Figure S4.4: Average number of contacts formed by each residue of the PIFPs and the
water molecules (left column – AA simulations; right column – CG simulations), within a
4.5 Å radius. Each row corresponds to a given system: Monomeric (1st row), Trimeric (2nd

row), Hexameric (3rd row), and Nonameric (4th row).
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Figure S4.5: Average number of contacts formed by each residue of the PIFPs and the
membrane lipids (left column – POPC; right column – POPG), within a 4.5 Å radius, in the
AA simulations. Each row corresponds to a given system: Monomeric (1st row), Trimeric
(2nd row), Hexameric (3rd row), and Nonameric (4th row).
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Figure S4.6: Average number of contacts formed by each residue of the PIFPs and the heads
of the POPG lipids, within a 4.5 Å radius, in the AA simulations. Each row corresponds
to a given system: Monomeric (1st row), Trimeric (2nd row), Hexameric (3rd row), and
Nonameric (4th row).
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Figure S4.7: PIFP helix geometry in AA simulations. The HELANAL tool form MDAnalysis
was used to characterize the helical geometry of the PIFP from its C-𝛼 atom coordinates.
In systems with more than one peptide the plot shows the average angle. Each row
corresponds to a given system: Monomeric (1st row), Trimeric (2nd row), Hexameric (3rd

row), and Nonameric (4th row).
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Figure S4.8: RMSD for the PIFP. Temporal evolution of the C𝛼 root mean square deviation
in AA MD simulations. The root mean square deviation (RMSD) was calculated with the
MDAnalysis.analysis.rms module from MDAnalysis. Each row corresponds to a given
system: Monomeric (1st row), Trimeric (2nd row), Hexameric (3rd row), and Nonameric
(4th row). Each column corresponds to an independent replicate simulation performed in
the same conditions.

Figure S4.9: Superimposed snapshots of the nonameric AA (replicate 3) and CG simula-
tions last frames. PIFPs in black correspond to the last frame of the CG simulation. PIFPs
in pink correspond to the last frame of the replicate 3 AA simulation, with the peptide 4
in red.
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Figure S4.10: Lipid head position with probability higher than 40%. Lipid head positions
were determined throughout AA simulations using DensityAnalysis from MDAnalysis.
Each row corresponds to a given system: Monomeric (1st row), Trimeric (2nd row),
Hexameric (3rd row), and Nonameric (4th row).
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Figure S4.11: Water density in AA simulations. Water molecule location was determined
throughout the simulation using DensityAnalysis from MDAnalysis. Each row corre-
sponds to a given system: Monomeric (1st row), Trimeric (2nd row), Hexameric (3rd row),
and Nonameric (4th row).
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Figure S4.12: Lipid order parameters for the lipid tails in the AA systems. (A) Lipid order
values calculated for all membrane lipids in all membrane systems. Error bars represent
the 95 % confidence intervals and were calculated with bootstrap resampling. (B) Lipid
order values for lipids with atoms within 5 Å of a peptide. Order values for saturated (on
the left) and unsaturated (on the right) tails are shown separately. The images to the right
depict the lipid regions considered in each case, as shaded top views of Figure II9.

Figure S4.13: Bar plot of average number of contacts formed between the PIFP and the
membrane lipids (POPC and POPG), in the simulations performed in POPC:POPG (4:1),
normalized by the number of lipids and peptides. A contact was defined when the
minimum peptide-lipid distance was lower or equal to 4.5 Å. Error bars represent the 95
% confidence intervals and were calculated with bootstrap resampling.
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Figure S4.14: Average number of contacts formed by each residue of the PIFPs peptides
and the membrane lipids, within a 6.0 Å radius, in the first and last frames of the CG
simulations. Each row corresponds to a given system: Monomeric (1st row), Trimeric (2nd

row), Hexameric (3rd row), and Nonameric (4th row).
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Figure S4.15: Residue root mean square fluctuation in AA MD simulations. The root
mean square fluctuation (RMSF) was calculated with the GROMACS rmsf tool. Only the
last 500ns of the simulation were considered for the calculation. Each row corresponds
to a given system: Monomeric (1st row), Trimeric (2nd row), Hexameric (3rd row), and
Nonameric (4th row). Each column corresponds to an independent replicate simulation
performed in the same conditions.
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5.1. ABSTRACT

5.1 Abstract

Paramyxoviruses are enveloped viruses that carry a negative-sense RNA genome
and require the host cell machinery to replicate. In the case of the parainfluenza virus,
the process of cell entry begins with the recognition and attachment to target receptors,
followed by proteolytic cleavage of the fusion glycoprotein F. This cleavage exposes the
fusion peptide (FP) region, which is responsible for binding to the target membrane and
initiating the fusion process.

Previously, molecular dynamics (MD) simulations performed by us have shown that
the parainfluenza fusion peptides (PIFPs) spontaneously aggregate in a model membrane,
in a concentration-dependent manner, to form a pore-like structure. With the aim of
understanding which PIFP residues are most relevant for their insertion and aggregation
in the membrane, we investigated the effect of specific substitutions on the properties of
the peptide-induced pore-like structure. This analysis combined experimental biophys-
ical data with coarse-grain (CG) and all-atom (AA) MD simulations. We selected the
substitutions, Q120A and F103A, based on previous research findings highlighting their
significance in maintaining peptide-peptide interactions within the membrane context
[168] and in the PIFP capability to induce lipid tail protrusion events [203], respectively.

We observed a substantial impact of the phenylalanine substitution on peptide-induced
lipid mixing and membrane leakage, when compared to the wild-type peptide. The Q120A
substitution appears to have minimal impact on lipid mixing, while exhibiting a moderate
reduction in membrane leakage. Our findings provide a comprehensive understanding
of how these specific substitutions impact the properties and behavior of the PIFP: the
N-terminal phenylalanine plays a central role in membrane insertion and fusion, and the
glutamine residue is crucial for controlling peptide oligomerization and pore formation.

5.2 Introduction

Parainfluenza viruses (PIV) are members of the Paramyxoviridae family, which also
encompasses other pathogens affecting both humans and animals, such as Hendra and
Nipah viruses. PIV poses a significant global disease burden, especially for children under
5 years old [294]. These viruses cause numerous hospitalizations and deaths worldwide,
yet specific treatments remain elusive.

The fusion peptide (FP) of parainfluenza virus 5 (PIV5) plays a pivotal role in the
viral infection process, a characteristic shared with related viruses such as influenza,
SARS-CoV-2 and Dengue. These enveloped viruses, which contain a negative-sense
RNA genome, rely on the fusion between their viral envelope and the host plasma
membrane during the early stages of infection to insert the viral genome into the host
cell. This fusion process is facilitated by viral fusion proteins, and in the case of PIV, it
involves the interaction between the receptor-binding glycoprotein (HN) and the fusion
glycoprotein. Unlike the influenza virus, PIV fuse their membrane with the host membrane
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at the cell surface. In paramyxoviruses, the fusion between the viral and the host cell
is orchestrated by the coordinated action of the receptor binding protein hemagglutinin-
neuraminidase and the fusion protein (F protein), which are also privileged therapeutic
targets . The Paramyxovirus F protein, initially synthesized as a precursor (F0), undergoes
cleavage to form a pre-fusion F trimer, where the hydrophobic fusion peptide region is
initially concealed. Upon contact with the host cell, the F protein undergoes structural
changes, exposing the hydrophobic fusion peptide that inserts into the host membrane.
Subsequently, the F protein refolds into a stable postfusion structure, driving viral and
cell membrane fusion and releasing the viral genetic material into the target cell [27, 127,
165, 292, 340–343]. The concealed PIV fusion peptide (Figure 5.1A) extends its N-terminal
helix into the membrane upon activation and insertion, contributing to the fusion process.

Previous work by our team has shown that when present at high concentrations in an
anionic membrane, the PIFP can promote fusion and/or membrane leakage through the
formation of a water-permeable porelike structure. This structure promotes lipid head
intrusion and lipid tail protrusion, which facilitates membrane fusion [203].

Building upon these findings, the current study aims to determine the role of two
substituted residues on the PIFP’s oligomerization and, membrane perturbation ability.
We based the choice of substitutions on previous data that describes the relevance of
Q120 residue for the maintenance of peptide-peptide interactions when inside of the
membrane [168], and also on our own previous work showing that the N-terminal residue
of this peptide - F103 - induces lipid tail protrusion [203], a feature that has been shown to
precede and facilitate lipid mixing events [172]. To test the importance of these residues we
substituted them to alanine, resulting in the following substitutions: Q120A and F103A.

It is important to emphasize that, after cleavage of the F protein, residue F103 becomes
the N-terminal residue of the PIFP (as seen in figure 5.1). In simpler terms, the numbering
for F103 reflects its position in the F0 protein sequence before cleavage, which subsequently
transforms into its active F1 form, in which F103 becomes the N-terminal residue.

In this study we succeeded in conducting a comprehensive analysis of the effect of
these substitutions on the PIFP properties, by combining experimental biophysical data
with results from coarse-grain and all-atom molecular dynamics (MD) simulations. Our
research elucidated a notable influence of the N-terminal phenylalanine substitution on
both lipid mixing and membrane leakage induced by the peptide. In contrast, the Q120A
substitution had a more limited impact on leakage and no significant effect on lipid mixing
but affected the number and type of interactions that are formed between peptide copies
inside the membrane in MD simulations. Overall, this study allows for the understanding
of the consequences of these substitutions on PIFP function in the context of the host
membrane, shedding light into the specific roles of these residues in membrane fusion.
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Figure 5.1: Parainfluenza fusion peptide in F protein context and after cleavage. (A)
Cartoon representation of the crystal structure of the cleaved prefusion F protein trimer,
4GIP, viewed from the side, with the FP highlighted colored in pink. Arrows indicate
the protease cleavage sites. (B) Molecular image of the PIFP with the backbone in purple
and the residue side-chains colored according to their biophysical properties: nonpolar
(white), basic (blue), and polar residues (green) and bellow the PIFP amino acid sequence
with the F103 and Q120 substitution sites highlighted.

5.3 Methods

5.3.1 Instrumentation

Liposomes were extruded through 50-nm and 100-nm pore Nucleopore polycarbonate
membranes (Whatman/GE Healthcare, UK) using a LiposoFast-Basic plus Stabilizer setup
from Avestin (Mannheim, Germany) with Hamilton (Bonaduz, Switzerland) syringes.
Dynamic light scattering (DLS) measurements were carried out in a Malvern Instruments
ZetasizerNano ZS (Worcestershire, UK). Fluorescence measurements were performed in
a Varian Cary Eclipse spectrofluorometer (Crawley, UK) and in a FLS920 series Edinburgh
Instruments spectrofluorometer (Livingston, UK). For the surface plasmon resonance
(SPR) experiments, a GEHealthcare Biacore X100 (Little Chalfont, UK) was used.

5.3.2 Lipid Vesicles Preparation

Small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs) were used as
membrane model systems. The proper amount of lipids were solubilized in chloroform in
a round-bottom flask and a gentle nitrogen flow was used to evaporate the organic solvent.
The newly formed lipidic film was kept under vacuum overnight. The rehydratation of
the lipidic film was performed with 10mM HEPES pH 7.4, 150mM NaCl buffer followed
by ten freeze/thaw cycles forming a suspension of multilamellar vesicles. SUVs and LUVs
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were achieved by extrusion of the multilamellar vesicles through polycarbonate filters
with pore size of 50-nm and 100-nm, respectively.

5.3.3 PIFPs-induced lipid mixing

Lipid mixing induced by the peptides was evaluated by a FRET approach. POPC:POPS
(4:1) LUVs labeled with both 1% N-NBD-PE (donor) and 1% N-Rh-PE (acceptor) and
unlabeled LUVs were mixed in a 1:4 ratio in buffer 10 mM HEPES pH 7.4, 150 mM
NaCl. Titrations of increasing concentrations from 2.5 up to 15 µM of each peptide were
performed in a 0.77 mM LUV sample. Fluorescence emission spectra were collected
between 500 and 650 nm (𝜆ex=470nm) after a 15 min incubation at 37°C. For each peptide,
triplicates were performed and the lipid mixing efficiency (R) was determined:

𝑅 =
𝐼F530𝑛𝑚
𝐼F588𝑛𝑚 (5.1)

Where IF 530 nm is the fluorescence emission intensity recorded at 530 nm and IF
588 nm is the fluorescence emission intensity recorded at 588 nm. Then, fusion (%) was
determined using the following equation:

𝐿𝑖𝑝𝑖𝑑𝑚𝑖𝑥𝑖𝑛𝑔(%) = 𝑅S − 𝑅0
𝑅max − 𝑅0

𝑥100 (5.2)

Where RS is the R of the sample, R0 is the R of the negative control corresponding to the
vesicles in the absence of peptide and Rmax is the R for the positive control corresponding
to the vesicles in the presence of 1% (v/v) Triton X-100.

5.3.4 PIFPs-induced Vesicle Leakage

The content leakage of POPC:POPS (4:1) vesicles induced by the peptides was deter-
mined by 5,6-carboxyfluorescein (5,6-CF) dequenching using LUVs loaded with 50 mM
5,6-CF as described elsewhere [312]. Briefly, peptide concentrations ranging from 0.9375
to 30 µM were incubated with 0.77 mM LUVs in buffer 10 mM HEPES pH 7.4, 150 mM
NaCl for 15 min at 37°C. Fluorescence emission intensity (𝜆ex= 493 nm and 𝜆emi=520 nm)
was monitored and the leakage percentage was determined as described previously [312].

5.3.5 Surface Plasmon Resonance

PIFP-Q120A and PIFP-F103A affinity toward POPC:POPS (4:1) vesicles was evaluated
by SPR experiments. Each L1 sensor chip was rinsed with three injections of 20 mM CHAPS
before starting an experiment. The lipid surface was prepared with 1 mM POPC:POPS
(4:1) SUV sample injected at a 2 µL/min flow rate for 2400 s. Then, a 36 s injection of
10 mM NaOH at 50 µL/min was performed to remove loosely bound vesicles. Peptide
samples were prepared in 10 mM HEPES pH 7.4, 150 mM NaCl in concentrations ranging
from 2.5 to 50 µM and injected over the lipid surface at a 5 µL/min flow speed during 500
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s (association time). For each sample a 1000 s dissociation time was allowed. After each
run, the L1 sensor chip was regenerated with sequential injections of 20 mM CHAPS (5
µL/min for 60 s), 0.5 % (v/v) SDS (5 µL/min for 60 s), 10 mM NaOH with 20 % (v/v)
methanol (50 µL/min for 36 s) and 10 mM NaOH (50 µL/min for 36 s). After correcting
the response values for each peptide molecular weight, the partition constants (KP) were
calculated using the following equation:

𝑅𝑈S
𝑅𝑈L

=
𝛾L𝐾P

𝑀S
𝑀L

[𝑆]W
1 + 𝜎𝛾L𝐾P[𝑆]W

(5.3)

where RUS is the total sample response, RUL corresponds to the total lipid deposition
response, 𝛾L is the lipid molar volume, MS represents the peptide molecular weight, ML

is the lipid vesicles molecular weight, [S]W is the sample concentration and 𝜎 corresponds
to the lipid to solute ratio at the saturation point.

5.3.6 Dynamic Light Scattering

Lipid vesicle aggregation induced by the peptides was monitored by DLS. Titrations
of increasing concentrations from 0.9375 up to 30 µM of each peptide were performed in
a 0.77 mM POPC:POPS (4:1) LUV sample in buffer 10 mM HEPES pH 7.4, 150 mM NaCl.
After each peptide addition, an incubation of 5 min at 37°C was performed. Measurements
comprised three individual runs, each corresponding to an average autocorrelation curve
obtained from at least ten replicate sample scans. The CONTIN-based method [313] was
applied to determine the diffusion coefficient (D) values of each sample. D values were
then used to calculate the particles Z-average hydrodynamic diameter and derived count
rate through the Stokes-Einstein-Sutherland equation [314].

5.3.7 Coarse-Grain MD Simulations of the PIFP in a POPC:POPS membrane

Solid-state NMR studies of PIFP revealed that the peptide adopts a fully alpha-helical
conformation inside POPC:POPG membranes [149]. Based on these data, a fully 𝛼-helical
PIFP was created using the remodeling tool from Rosetta [315] and converted to a MARTINI
coarse grained topology [201, 316] with the martinize 2.0 program [187]. This program
was also used to generate the topology and structure files based on the atomistic pdb file.

Triplicate coarse-grained (CG) simulations of the wt, Q120A, and F103A PIFPs were
performed in a POPC:POPS membrane (at 80:20 molar ratio). Aiming to examine their
behavior at high concentrations, the systems had one peptide per 100 lipids, equivalent
to ≈ 7.5 𝜇M in the experimental setup. The N-terminal residue of the monomers was
protonated and the C termini’s amidated to reproduce the state of peptides in the context
of the F protein and the experimental setup. The axes of the 𝛼-helices in each dimer were
oriented parallel to each other and separated by at least 3 nm.

All simulations were performed with the GROMACS 2020.3 package [220], using the
Martini 3 force field [187] and lipid topologies released with it. The system was built using
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the INSANE script, in a 10 x 15 x 14 nm box. The total charge of the systems was first
neutralized with either Na+ or Cl- ions, and then an additional 140 mM NaCl was added.

NMR data on the position of the wt PIFP in a POPC:POPG membrane shows that they
should stay vertically inside the membrane [149]. Preliminary tests showed that, contrary
to the experimental data, when using the Martini 3 protein model the PIFP’s were leaving
the membrane. To prevent this from happening we scaled down the backbone-water
interactions of the peptide as suggested in [344].

The systems were energy-minimized using the steepest-descent method for 5000 steps.
In this step the peptide’s backbone atoms were position-restrained using a force constant of
500 kJ mol-1nm-2. Before performing production runs, an equilibration step was carried out
for 20 ns. The simulations were run in the isothermal-isobaric (NPT) ensemble, coupling
the system to a temperature and pressure bath using the V-rescale and Parrinello-Rahman
[224] schemes, respectively (the Berendsen barostat was employed during equilibration).
The target temperature was set to 310 K and semi-isotropic pressure coupling also set to 1
atm using a compressibility of 3 x 10-4 bar-1. Reaction-field electrostatics were employed,
and Lennard-Jones and Coulombic interactions were both cut-off at 1.1 nm[317]. Each
system was run for 30 𝜇s.

5.3.8 Atomistic MD Simulations of the PIFP in a POPC/POPS

Atomistic MD simulations of the wt, Q120A and F103A fusion peptides were performed
using the last frame of the CG simulations as the starting structure. The systems were
converted from coarse-grain to atomistic detail using the backward.py script [318]. All
atomistic simulations were performed with the GROMACS 2020.3 [220] package and using
the Amber14sb forcefield [185], alongside the TIP3P water model [345]. The minimization
and equilibration protocols used default parameters generated by CHARMM-GUI for
GROMACS [319–321]. In short, after 5000 steps of minimization using the steepest-
descent algorithm, the system temperature was maintained at 310 K by coupling to a
Nosé-Hoover thermostat [322] with a 1 ps coupling constant. The system was then coupled
semi-isotropically to a Parinello-Rahman barostat [224] and further equilibrated for 125
ps using 1 ps timestep, and 500 ps with a 1 ps timestep. During the equilibration, atomic
positions restraints on the protein heavy atoms were gradually relaxed in six steps from
4000 to 2000 kJ nm-2mol-1 and from 500 to 200 kJ nm-2mol-1 the protein backbone and
side-chains. The lipid’s phosphate atoms were also gradually relaxed from 1000 to 40 kJ
nm-2mol-1. After the sixth step, the simulations were performed without any restraints.
Three replicates were simulated for each system with all simulations being run for 1.5 𝜇s.
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5.4 Results

5.4.1 F103A and Q120A substitutions do not affect the PIFP ability to induce
vesicle aggregation in a concentration-dependent manner

This study builds on previous research that highlighted the importance of the Q120
residue in maintaining peptide-peptide interactions between the PIFPs when inside a
membrane [168], and our work showing the ability of the N-terminal residue, F103, to
induce lipid tail protrusion — an intermediate step of lipid mixing events [172, 203].
Despite the available knowledge, a comprehensive understanding of the roles of these
residues in peptide-peptide andpeptide-membrane interactions remains elusive. To bridge
this knowledge gap we studied three PIFPs: the wt and two others with the following point-
substitutions Q120A and F103A. These peptides comprehend residues 103-129 of the PIV5
fusion protein and on the C-terminus they are tethered to an 8-amino-3,6-dioxaoctanoic
acid that bridges a polylysine tail.

The aggregation/oligomerization of viral fusion peptides on the cell membrane surface
is a shared feature among diverse viruses, including PIV. In the PIFP case, a concentration-
dependent accumulation of the peptide on the surface of lipid vesicles and a consequent
triggering of vesicle aggregation was previously reported [203]. To investigate this effect in
the presence of the Q120A and F103A substitutions, DLS was employed to characterize the
macromolecular organisation of the structures formed by the peptides alone and peptide
vesicle mixtures. The measurement of the hydrodynamic diameter (DH) as well as the
particle count rate upon consecutive addition of the peptides to a lipid vesicle solution
allowed us to obtain insights regarding the aggregation process.

For the PIFP-Q120A, there are no observed aggregates in the aqueous solution (Figure
5.2A). However, when LUVs are introduced, an increase in Q120A concentration from
3.75 to 7.5 µM results in a significant 24-fold increase in the LUVs DH and a 2-fold decrease
in the particle count. Thus, the PIFP-Q120A presents a critical aggregation concentration
(CAC) between 3.75 and 7.5 µM, similar to what was seen previously for the wt PIFP [203].

Regarding the F103A substitution, a similar pattern is observed, where the peptide
alone does not form aggregates (Figure 5.2B). As the concentration of PIFP-F103A increases
from 3.75 to 7.5 µM, there is an increase in the LUVs DH along with a decrease in the
particle count. However, the extent of the PIPF-F103A effect on the LUVs differs from
the previous substitution. For this one only a 5-fold increase in LUVs DH and 1.7-fold
reduction of particle counts were observed.

These results suggest that, similarly to the wt PIFP, upon reaching a CAC, between
3.75 and 7.5 µM, the Q120A and F103A PIFPs trigger the aggregation of lipid vesicles,
increasing the particle size detected in solution.
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Figure 5.2: PIFPs and PIFPs-vesicles aggregation profiles. Monitorization with DLS of
Z-average DH (columns) and count rate (circles) of particles formed during (A) Q120A
and (B) F103A titration in a 0.77 mM POPC:POPS (4:1) LUVs solution. Particles formed in
solutions containing only 0.77mM LUVs or PIFPs 30 µM were characterized as controls.

5.4.2 PIFP-Q120A has a higher partition coefficient than PIFP-F103A

Having established the ability of the Q120A and F103A to induce lipid vesicle aggrega-
tion, it became essential to characterize the lipid binding properties of these peptides. To
assess peptide-lipid binding, we utilized surface plasmon resonance (SPR), a technique
that offers real-time detection of bound peptides on a surface coated with small unilamel-
lar vesicles. Each peptide partition coefficient was estimated by plotting peptide-to-lipid
response ratios as a function of the injected peptide concentration, as described previously
[328]. Although both peptides displayed an increase in lipid binding responses in a
concentration-dependent manner, different partition coefficient (KP) values were obtained
(figure ??). PIFP-Q120A exhibited a KP value of approximately 9.8 × 103, which exceeds
the KP value reported for the wt PIFP (KP ≈ 3.2 × 103) [203]. On the contrary, PIFP-F103A
revealed a lower KP value (≈ 1.8 × 103) than the wt PIFP.

The analysis of peptide-lipid binding reveals that the Q120A substitution does not
compromise the peptide’s ability to bind to the membrane, and actually even increases
the peptide’s partition coefficient, possibly due to the higher hydrophobic nature of the
peptide after the Q120A substitution. Conversely, the F103A substitution substantially
reduces the peptide’s affinity for the lipid membrane, probably due to the importance of
the N-terminal phenylalanine for the insertion of the peptide into the membrane bilayer.

5.4.3 The N-terminal phenylalanine residue is critical for the PIFP’s ability to
induce lipid mixing and membrane leakage

To explore the effect of the selected substitutions on the PIFP fusogenic properties,
we examined Q120A and F103A’s ability to induce both lipid mixing and vesicle leakage.
Lipid mixing was monitored by peptide-induced FRET efficiency variations in a mixture
composed of NDB-RhB-labelled and unlabelled vesicles while vesicle leakage was evalu-
ated by monitoring the peptide-induced leakage of 5,6-carboxyfluorescein (5,6-CF)-loaded
vesicles.
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Figure 5.3: Characterization of PIFPs-lipid membrane (un)binding in vitro. Surface plas-
mon resonance (SPR) sensorgrams of increasing (A) Q120A and (B) F103A concentrations
(2.5, 5, 7.5, 10, 15, 20, 30 and 40 µM) interacting with POPC:POPS (4:1) vesicles. (C) KP
values determined by representing the individual values of RUS and RUL recorded for
each PIFP sensorgram at 500s as the function of the corresponding concentration. Data
were fitted with equation 5.3.

Interestingly, Q120A and F103A substitutions revealed different effects on lipid mixing
and vesicle leakage. On one hand, F103A substitution impaired the peptide-induced lipid
mixing (Figure 5.4A) and nearly abolished the membrane leakage effect (Figure 5.4B).
Meanwhile, the Q120A substitution resulted in a significant reduction in the FP-induced
membrane leakage in all the peptide concentrations tested but no significant effect on the
PIFP-induced lipid mixing (Figure 5.4A).

In summary, these findings suggest that substituting the N-terminal phenylalanine
has a significant impact on the membrane perturbation properties of the PIFP, while the
substitution of the glutamine residue only affects the ability of the peptide to induce
membrane leakage. From these results, it seems clear that both lipid mixing and leakage
ability depend on two key factors: the peptide concentration within the membrane and the
influence of peptide-peptide interactions on membrane disruption. The lower partition
coefficient of the F103A mutant contributes to the decrease in lipid mixing and leakage
ability, suggesting that this residue is crucial for membrane fusion.

On the other hand, the Q120A substitution, which leads to a different profile of induced
vesicle leakage, is indicative that this glutamine residue may be involved in regulating
the network of interpeptide interactions and/or peptide-lipid interactions required for
the flow of content through the pore-like structure, similarly to what was seen for the wt
PIFP. In addition, the reduction in vesicle leakage can also be attributed to the substitution
of the polar glutamine with a more hydrophobic residue that reduces the propensity of
water molecules to pass through the membrane. However, at this stage, the validation
of this hypothesis in vitro faces significant challenges. Therefore, we followed with an in
silico approach to delve deeper into this matter.
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Figure 5.4: Characterization of PIFPs fusogenic properties in vitro. (A) Percentage of
PIFPs-induced lipid mixing in POPC:POPS (4:1) vesicles, extrapolated from equation 5.1,
at increasing peptide concentration. (Black dots, PIFP-wt; green dots, PIFP-Q120A; orange
dots, PIFP-F103A). (B) Percentage of PIFPs-induced membrane leakage. Leakage of 5,6-CF
from 0.77mM LUVs upon incubation with increasing concentrations up to 15 µM of (black)
PIFP-wt (green) PIFP-Q120A and (orange) PIFP-F103A.

5.4.4 MD simulations reveal that F103A and Q120A assemble into oligomeric
structures stabilized by distinct interaction networks

To compare and validate our experimental results, we conducted triplicate MD simu-
lations of POPC:POPS systems with high concentrations of these PIFPs, with one peptide
per 100 lipids, to a total of six peptides per simulation box. The N-terminal residue of
the monomers was protonated and the C termini’s amidated to reproduce the state of
peptides in the context of the F protein and the experimental setup.

Simulations were started with the peptides already inserted in the membrane in a
transmembrane configuration. The WT peptide has been confirmed to insert in such a
way, via NMR [149]. Although the two mutations tested could impact the insertion of the
peptide, we designed the simulations assuming that the peptides would be inserted in
the membrane. Thus, all the results obtained are based on this assumption. Despite the
decrease in partition, the F103A peptide continues to have affinity to the membrane and
maintain its hydrophobic character. And so it is reasonable to assume that it can adopt
a “membrane-spanning configuration”. The Q120A substitution should even facilitate
transmembrane insertion, as a polar residue is being swapped by a hydrophobic one
placed in the middle of the helix, which will reside close to the membrane core.

During the CG simulations, all peptides aggregate inside the membrane (as seen in
Figures 5.5D, E and F) and this was the initial conformation used in the atomistic MD
simulations (Figures 5.5G, H and I).

Upon visual inspection of the systems after 1.5 𝜇s of simulation at atomistic detail,
it is evident that all peptides remain embedded within the membrane, and the PIFP
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Figure 5.5: Snapshots of the initial and final frames of the CG and atomistic MD simulations.
Initially, six PIFPs were inserted into a POPC:POPS (4:1) membrane (A, B and C). The
three systems were then simulated in CG detail for 30 𝜇s, with peptides aggregating
inside of the membrane (D, E and F). The last frame of the CG simulation was converted
to atomistic detail recurring to the backward tool [318] (G, H and I). Three independent
replicates of each system were then simulated for 1,5 𝜇s (wt: J, M and P; Q120A: K, N and
Q; F103A: L, O and R). Lipids belonging to the wt, Q120A and F103A systems are shown
in gray, green and orange, respectively. Substitution sites Q120A and F103A are shown in
magenta.

aggregates persist, as seen in the lower section of figure 5.5, supporting the assumption
that the peptide in stably inserted in the membrane. . However, this initial analysis, while
informative, does not provide a comprehensive understanding of the true influence of
the substitutions on the aggregated structures. To achieve this, we started by analyzing
the impact of the single substitutions on the formation of interpeptide interactions. The
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RIP-MD tool was used [238], to which 250 frames of each replicate were supplied. All
hydrogen bonds and pi-stacking interactions were calculated, and the residue interaction
networks (RINs) for the peptide-peptide interactions plotted using Cytoscape [239] (Figure
5.6). To facilitate the analysis of the RINs we assigned numbers from 1 to 6 to each of the
six peptides in the simulation box. These numbers remained consistent throughout the
simulation and between the wt, Q120A, and F103A systems.

Figure 5.6: Residue interaction networks (RINs) for the peptide-peptide interactions of
the (A) wt, (B) Q120A and (C) F103A systems. The RINs were determined using RIP-MD.
Hydrogen bonds are shown in blue and pi-pi interactions are shown in red.

In the wt system, we observed the presence of eight persistent hydrogen bonds, found
in more than 30% of the frames analyzed. The majority of these hydrogen bonds were
mediated by Q120 residues, with the most frequent occurring between two glutamine
residues in peptides 1 and 3; and 2 and 5. Additionally, there were interactions observed
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between Q120 and T117, occurring in three separate instances, one between peptides 1
and 4, one between peptides 1 and 3, and another one between peptides 2 and 5. Apart
from the interactions mediated by glutamine or threonine residues, we also detected some
backbone interactions. These interactions involved G105 that interacts with itself or with
valine 107. Besides the hydrogen bonds, we also observed a less persistent pi-stacking
interaction, present in less than 10% of the simulation frames analyzed. This interaction
involved the N-terminal phenylalanine residues of peptides 5 and 6 (Figure 5.6A).

When substituting the Q120 amino acid residue for alanine, a noticeable decrease in
the overall number of interactions was observed, from eight to three. Interestingly, there
was a complete abolition of interactions mediated by the substituted A120 residue, as
depicted in Figure 5.6B. New hydrogen bonds emerged, involving residues K129, T122,
A126, and L127, with a persistence higher than 30% of the analyzed frames. Specifically,
we observed the formation of the following inter-peptide hydrogen bonds: T122-A126
between peptides 1 and 5, K129-K129 between peptides 1 and 2, and L127-K129 between
peptides 3 and 5. Regarding the pi-stacking interactions, a new interaction between two
F103 residues appeared between peptides 3 and 5, although its persistence remained low,
at less than 5%.

Finally, in the system where the F103 amino acid residue was substituted with an
alanine residue, the pi-stacking interactions previously mediated by this residue ceased
to exist. Interestingly, the number of persistent inter-peptide hydrogen bond interactions
increased compared to the Q120A system, going from three to six. However, this number
decreased compared to the wt system, where we saw eight hydrogen bond interactions.
In this system the Q120 amino acid residue played a crucial role in maintaining peptide-
peptide interactions within the peptides, by mediating all interactions observed. These
include the following pairs: Q120A-Q120A between peptides 1 and 2, and peptides 2 and
4; Q120A-T122 between peptides 3 and 6, and peptides 5 and 6; Q120A-L127 between
peptides 1 and 2; and Q120A-A116 between peptides 3 and 6.

In conclusion, the introduction of both these substitutions had distinct impacts on
the peptide’s ability to aggregate inside the membrane. The Q120A substitution led
to a significant reduction in overall interactions, including the complete abolishment of
interactions mediated by the substituted A120 residue, and while new hydrogen bonds
formed, they remained fewer than in the wt system, indicating the crucial role of Q120 in
maintaining peptide-peptide interactions and oligomerization inside the membrane. On
the other hand, the F103A substitution eliminated pi-stacking interactions but increased
hydrogen bond interactions compared to the Q120A system. However, these remained
fewer than in the wt system, with Q120 still playing a pivotal role in mediating interactions.
These results underline the importance of specific amino acid residues, particularly Q120,
in stabilizing and modulating the interactions of these peptides within the membrane,
allowing for their aggregation.
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Figure 5.7: PIFP pore characterization. Graph (A) shows the radius of the pores for system
wt (in black), Q120A (in green) and F103A (in orange). The pore radius was determined
using the spherical probe of the HOLE algorithm [346, 347]. Below the curves, the average
space available for water passage is highlighted. Panel (B) displays a snapshot from the wt,
Q120A and F103A simulations, clearly illustrating the space available in the membrane
for the passage of water.

5.4.5 Q120A and F103A substitution lead to decrease in water flux through
the membrane

The aggregation behavior of the PIFPs in the membrane, seen here, was also shown
by us in a previous study [203]. Our earlier observations strongly suggested that peptide
aggregation inside the membrane played a pivotal role in promoting the formation of
water-permeable pore-like structures. To determine whether these substituted peptides
would also allow for the flow of water through them, we looked at the available space
inside the membrane and calculated how many water molecules could pass through it
per time unit (ns). To do this, we examined the last 1 𝜇s of simulation by using the HOLE
method [346, 347].

Knowing that a radius of at least 1.15 Å is necessary to accommodate a water molecule,
our results show that, on average, all the systems studied form channels sufficiently large
to allow water molecules along their whole length (Figures 5.7A, C, D and E). This spacing
is even wider in the region close to the substitution site Q120A, as shown in figure 5.7A
by the red arrow. This observation is also in line with what we show in Figure 5.6B, that
when substituting residue Q120 to alanine, a notable decrease in the overall number of
interactions was observed, and no new interactions are formed by the substituted A120
residue.
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Looking at the average number of waters crossing the membrane per time unit, we see
that the flux (measured in molecules/ns) through the F103A pore is the highest, followed
by the Q120A system, and finally the wt system (Fluxwtpore = 12.65 ± 2.94 > FluxQ120pore
= 8.83 ± 4.58 > FluxF103Apore = 6.75 ± 1.53).

Overall, the wt system exhibits the highest water flux through the pore, followed by
the Q120A and F103A systems. The same trend was seen in the biophysical assays, where
the introduction of the glutamine substitution (Q120A) results in a decrease of 5,6-CF
leakage, which is even lower when substituting the N-terminal phenyalanine (Figure
5.4D). Nonetheless, in the leakage assays we saw that the substitution of the N-terminal
phenylalanine led to almost abolition of leakage, and, in our computational results, we
still see some flux through the pore-like structure. This discrepancy between in silico
and in vitro experiments may be explained by a fundamental difference in the setup of
the simulations compared to the biophysical assays. In the computational systems, the
PIFPs were initially inserted into the membrane, as described by NMR structure data
indicating that the peptide is transmembrane [149]. In contrast, in the experimental setup,
the peptides are initially placed in solution and are incorporated into the membrane
based on their propensity, i.e. the KP. In fact, the experimental data show that the
F103A peptide has a KP for the membrane 3-fold and 5.4-fold lower than that of the wt
or Q120A systems, respectively (Figure 5.3C). This may be the reason for the very low
water leakage seen experimentally, i.e. since the peptides are less incorporated in the
membrane, there is less leakage. Therefore, the comparison of the water flux of the wt and
the substituted petidesobserved in our simulations takes into account only what happens
after the peptides insert into the membrane and does not account for the differences in
water/lipid partition between peptides.

In sum, in both the experimental and in silico data the Q120A and F103A substitutions
lead to a decrease in the flux of water through the membrane when compared with the
wt.

5.4.6 Substitution of the N-terminal phenylalanine residue significantly
affects lipid tail protrusion

The passage of water through a membrane represents an atypical event given the
membrane’s hydrophobic nature. Ourobservation thatupon the addition of these peptides,
there is the passage of water through them, indicates that they must significantly perturb
the lipid bilayer. To evaluate this, we analysed one of the computational hallmarks of
membrane perturbation - lipid tail protrusion. This phenomenon was initially identified
through MD data and is characterized by the outward extension of lipid acyl chains beyond
their corresponding phosphate headgroups (as depicted in figures 5.8C, D, and E).

To measure the membrane disturbance induced by the PIFPs we determined the
number of membrane lipid tail protrusion events occurring in the last 500 ns of the
atomistic simulations. Results show that both substitutions lead to a decrease in the
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number of lipid acyl protrusion events (Figure 5.8A), with the F103A substitution leading
to the lowest number of lipid tail protrusion events (Figure 5.8A). Upon analyzing the
amino acid residues near the lipid protrusion sites, we observed that the A103 substitution
significantly reduces the frequency of lipid-tail protrusions close to the N-terminal residue
when compared with both the wt and Q120A systems (Figure 5.8B). For the Q120A system,
a closer examination of the amino acid residues near the lipid protrusion sites revealed that
the substitution of Q120 to an alanine leads to an abolishment of the lipid tail protrusion
events induced by this residue when compared with wt (Figure 5.8B).

These results are commonly correlated with lipid mixing due to the known effect of
lipid tail protrusion in facilitating fusion between opposing membranes [158–160, 174,
175, 348]. In this study, both the biophysical and in silico assays point to a lower lipid
mixing induced by the F103 mutant, whereas in the case of the Q120A the integration
of the computational and experimental results is not so straightforward. Computational
results show a lower lipid tail protrusion of Q120A when compared with wt (Figure 5.7A),
whereas experimental results show no significant diferences in lipid mixing (Figure 5.4D).
As noted before, our computational analysis disregards the partition of the peptide into
the membrane and focuses only on the effect that the peptide has on the lipids once it is
already inserted into the membrane. SPR data shows that the Q120A peptide has a KP for
the membrane 3-fold higher than that of the wt system. Consequently, when we take into
account that the partition coefficient of the Q120A to the membrane is 3-fold higher than
the one of the wt, the lipid tail protrusion and lipid mixing results become consistent.

5.5 Conclusion

Our study builds upon previous research where the PIFP is shown to induce mem-
brane fusion by forming concentration-dependent oligomeric pore-like structures in the
membrane. Herein, we extended this research by investigating the impact of specific
substitutions on the PIFP ability to interact with and disturb the membrane. This was
achieved by combining a range of experimental biophysical techniques with computa-
tional simulations to gain valuable insights into how specific substitutions affect PIFP
properties.

We found that the Q120A substitution does not significantly impact the peptide’s
ability to induce vesicle fusion. This is supported by its similar lipid mixing and vesicle
aggregation capabilities when compared to the wt peptide. In silico simulation results
also align with this trend, especially when taking into account the KP’s of the PIFPs.
We hypothesize that the higher hydrophobicity of the alanine residue contributes to its
enhanced membrane insertion capability. Simultaneously, this substitution significantly
affects the formation of peptide-peptide interactions within the membrane, and leads to
in reduced water flux through the membrane.

Conversely to the Q120A peptide, with the N-terminal phenylalanine substitution
(F103A), we observe a significant reduction in the peptide’s ability to induce vesicle fusion.
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Figure 5.8: Lipid tail protrusion. (A) The plot shows the average number of protruding
lipids at 4 Å from the peptides. Error bars represent the 95% confidence intervals and
were calculated with bootstrap resampling. Plot (B) shows the amino acid residues that
are closest to a protruding lipid. Panels (C), (D) and (E) are snapshots of the wt, Q120A
and F103A simulations, respectively, where a lipid is shown in the membrane context as
a representation of a lipid tail protrusion event. The substitution sites are highlighted in
red.

Both lipid mixing and membrane leakage are nearly abolished in contrast to the wt or
Q120A systems. This drastic decrease is partially due to the substantially lower partition
coefficient of this peptide to the membrane, nearly two times lower than that of the wt
peptide and five times lower than that of Q120A. This could be attributed to the fact that we
are substituting an aromatic residue. These are commonly found in viral FP and have been
shown to play a vital role in helping the peptide insert into membranes [145, 349]. Another
important feature of aromatic residues is their ability to interact favorably with membrane
phospholipids and, to partition at the lipid tail-lipid head interface, and this interaction
can help destabilize the membrane and promote bilayer fusion [145]. Furthermore, the
fact that F103A is an N-terminal residue in the fusion peptide may also play a role in
its ability to induce membrane fusion. Previous studies have demonstrated that altering
the N-terminal residue of the influenza FP to various amino acid residues has different
outcomes: either retaining complete fusion capability, losing complete fusion capability,
or exclusively promoting hemifusion [350, 351]. This highlights the pivotal role of the
N-terminal residue in the fusion process. The results presented here clearly indicate that
having a phenylalanine at the PIFP N-terminal position is critical for its fusogenic activity.
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Overall, our findings shed light on the roles of the N-terminal phenylalanine and
glutamine residues in the PIFP oligomerization, membrane perturbation, and leakage
capabilities. This knowledge can be valuable for understanding viral fusion processes,
as well as highlighting the significance of controlled fusion and leakage in the context of
viral infection.
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6.1. ABSTRACT

6.1 Abstract

Enveloped viruses such as SARS-CoV-2 and parainfluenza, are coated by a lipid bilayer.
During the early steps of infection, the fusion of this viral envelope with the host plasma
membrane is a critical step for the delivery of the viral genome to the host cell. This
mechanism is promoted and mediated by viral fusion proteins.

In this exploratory study, we investigated how fusion proteins from both SARS-CoV-2
and parainfluenza promote viral fusion processes by simulating the fusion process. We
used coarse-grained molecular dynamics simulations to attempt fusion between simplified
viral vesicles and cell membrane models, both in the presence and absence of fusion
proteins. Our simulations revealed an increase in membrane fusion when fusion proteins
were present in both the SARS-CoV-2 and parainfluenza systems. This attempt at fusion
was characterized by the mixing of lipids from vesicles and cell membranes, accompanied
by the formation of a large number and more well-defined hemifused structures when
compared to simulations conducted without fusion proteins. Even though none of the
systems simulated reached full fusion, these preliminary simulations provide clues into
the mechanism of membrane fusion induced by fusion proteins and open important
avenues to study this process.

6.2 Introduction

Membrane fusion is an important stage in the life cycle of enveloped viruses. To
successfully infect a host cell, a virus must introduce its genetic material into the cell’s
cytoplasm. Initially, this genetic material is separated from the cell’s cytoplasm by two
distinct membranes: the viral envelope and the cellular membrane. Through the fusion
of these membranes, the cell’s cytoplasm becomes connected with the inner content of
the virion, where the viral genetic material is found. Understanding the intricate details
behind viral membrane fusion — a pivotal step in infection — has been a subject of intense
investigation [159, 160, 172, 175, 203, 352]. This process is primarily orchestrated by viral
fusion proteins that possess a common structural element known as the fusion peptide
(FP). The FP is pivotal in facilitating membrane fusion by inserting into the host membrane,
thereby anchoring the viral particle and inducing membrane perturbations. This process
is illustrated in Figure 6.1C, which describes the viral fusion process for class I fusion
proteins.

The membrane fusion process of enveloped viruses involves several intermediates, as
detailed in Figure 6.2. It commences with the initial membrane apposition (Figure 6.2A),
that upon the formation of hydrophobic defects (Figure 6.2B) progresses to a fusion stalk
(Figure 6.2C), followed by hemifusion diaphragm expansion (Figure 6.2D), and ultimately
the fusion pore opening (Figure 6.2E) [353–356]. While there is general consensus on these
intermediates, uncertainties persist regarding the precise role of viral fusion proteins and
any potential off-pathway states during fusion.
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Figure 6.1: Representation of the classical viral fusion process. The model shown is
for a class I fusion protein, but related models apply to class II and III fusion proteins.
(A) Prior to triggering, the receptor-binding subunit (deep purple, rb) securely holds
the fusion subunit (dark blue, f) in place. (B) Upon triggering the prehairpin protein
embeds into the target membrane using the fusion peptide (red). (C) The prehairpin then
folds back, causing the N- and C-terminal regions to assemble into a six-helix bundle
(6HB). This progressive action pulls the target (pink) and viral (light blue) closer. (D) The
membranes move through stages of close apposition, leading to (E) Hemifusion, where the
membranes partially merge. (F) Ultimately, fusion pore formation occurs, fully merging
the membranes. Reprinted with permission from [33]. Copyright © 2016 John Wiley &
Sons A/S.

In this work, we focus on the fusion processes of two well-known class I enveloped
viruses, SARS-CoV-2 and parainfluenza. Though distinct, both exhibit striking parallels
with the influenza virus which is arguably one of the most extensively studied viruses
in the realm of membrane fusion. Yet, despite the wealth of knowledge accumulated
over the years [157, 160, 172, 175], establishing a unified mechanism for influenza fusion
has proven challenging. The observed similarities in the fusion mechanisms of these
diverse viruses provide a unique opportunity to gain insights into the broader principles
governing viral membrane fusion. By leveraging these shared features and employing
state-of-the-art simulation techniques, we aim to shed light on the fusion mechanisms
of SARS-CoV-2 and parainfluenza, contributing to a deeper understanding of membrane
fusion across enveloped viruses.

To investigate the fusion of viral lipid envelopes with cell membrane models, we
performed exploratory coarse-grained (CG) molecular dynamics (MD) simulations. In
these simulations, we studied the influence ofviral fusion proteins on viral fusion processes,
by simulating simplified viral vesicles and cell membrane models, both in the presence and
absence of fusion proteins. Analogous setups have been shown to lead to the spontaneous
fusion of vesicles containing the influenza fusion protein [172] or DNA-lipoplexes [357],
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within the simulation time accessible to CG Martini simulations.
In our simulations, we observed a significant increase in lipid mixing in the presence

of both the SARS-CoV-2 and parainfluenza fusion proteins. This increased fusion was
characterized by the mixing of lipids from vesicles and cell membranes, resulting in
the formation of more hemifusion intermediate structures, as compared to simulations
conducted in the absence of fusion proteins. These preliminary simulations pave the way
for a detailed understanding of membrane fusion and the role of fusion proteins.

6.3 Methods

To investigate the fusion behaviour of the SARS-CoV-2 and parainfluenza viral-like
vesicles with cell membranes, we built several fusion systems with varying protein and
lipid compositions (Figure 6.3). All simulations were run with the GROMACS 2020.3
package [220], using the Martini 3 forcefield [187] and the phospholipid topologies released
with it. The Martini 3 cholesterol model from Borges-Araújo et al. was used [358].

6.3.1 Test simulations to define the system size, composition, and simulation
conditions

As a preliminary test for our fusion simulations we used the TS2CG software [362] to
construct a 70 nm viral vesicle with two SARS-CoV-2 fusion proteins on its surface and
a 100% POPC lipid composition. For the fusion proteins, we generated a conformation
where the transmembrane domain (TMD) and fusion peptide (FP) region are not yet
bundled together. This separation allows for their individual insertion into the viral
and cell membranes, as seen in figure 6.1E. Furthermore, selecting a conformation
that is in proximity to the post-fusion state allows for a quicker transition to this final

Figure 6.2: Representation of the stages of membrane fusion in a sequential manner.
(A) Initial configuration, where two parallel membranes are depicted. (B) Formation of
hydrophobic defects on top of two opposing bulges on the membranes. (C) Merger of
contact monolayers results in the formation of the stalk. (D) Expansion of the stalk leads
to the formation of the hemifusion diaphragm. (E) Pore formation on the central bilayer
of the hemifusion diaphragm leads to the final configuration of the fusion pore. Orange
areas represent voids between contact and distal monolayers. Reprinted with permission
from [356]. Copyright © 2020 MDPI.

137



CHAPTER 6. COMPUTATIONAL MICROSCOPY OF THE VIRAL ENTRY
PROCESS AND THE ROLE OF THE FUSION MACHINERY

Figure 6.3: Lipid and Protein Composition of Fusion Systems. This figure provides
an overview of the lipid and protein compositions in our fusion systems. We created
five distinct systems: an initial system with 100% POPC lipids and two SARS-CoV-2
fusion proteins (A); two SARS-CoV-2 fusion systems, one with fusion proteins (C) and
one without (B); two parainfluenza fusion systems, one with fusion proteins (E) and
one without (D). The SARS-CoV-2 viral vesicle lipid composition was based on the
membrane composition of Vero and A549-derived viruses [359], while the viral vesicle
lipid composition was obtained from data on virions cultivated monkey kidney, baby
hamster kidney, and adult hamster kidney cells [360]. The host cell membrane composition
was obtained from Ingólfsson et al.’s eight-component average plasma membrane model
[361].

state, expediting the fusion of both membranes. This bundle conformation (Figure 6.1E)
is not readily accessible in the Protein Data Bank (PDB), so we generated it from the
coordinates of the SARS-CoV-2 pre-fusion (PDB ID: 6XR8 [63]) and post-fusion S proteins
(PDB ID: 6M3W [363]), respectively. Both structures were superimposed, as shown in
supplementary figure S6.1A, to extract the bundle conformation.
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In order to sample the conformational flexibility of the bundle structure we then
converted the atomistic protein structure into a GōMartini representation [364–366], using
the martinize2 tool[367]. The –govs-include flag was used during this conversion to generate
a protein.itp file that includes the necessary statements for the Gō-like model. Subsequently,
a contact map defining Gō-like contacts was established. This map was obtained through
a web service (http://pomalab.ippt.pan.pl/GoContactMap/). Afterward, the contact
map obtained was used, together with the CG protein structure, to generate the final
parameters required for the GōMartini model. To ensure that the transmembrane regions
of the fusion protein stayed inside the membrane protein-water interactions were scaled
as suggested in [344].

With the vesicle already assembled (Figure 6.4B) we started by hydrating the system,
adding 150 mM NaCl to mimic biological salinity and then neutralized with Na+ ions.
Following this step, the system underwent energy minimization using both soft-core and
regular methods, as well as a six-step equilibration with pores on the vesicle to balance
the water molecules inside and outside the vesicle.

To construct the 100% POPC host cell membrane model containing the two fusion
proteins, we utilized insane.py [318] (Figure 6.4C). Similarly to the viral vesicle system, we
added water and ions, followed by energy minimization, and equilibration. The pressure
coupling was set to semi-isotropic in both the xy and z dimensions, and maintained from
this point onward.

After equilibrating, both the vesicle and host membrane systems, we superimposed
the fusion proteins from both systems using the FP region as a reference (Figure 6.4D).
The duplicated proteins were removed, as well as all the waters and ions. The simulation
box dimensions were set to 100 nm x 100 nm x 80 nm in the xyz axes, accommodating a
total of approximately 3 000 000 beads. The system was newly solvated, neutralized, and
150 mM of NaCl was added. It was then energy minimized, and equilibrated in six steps.
Subsequently, we ran three independent fusion simulations, each spanning 10 µs.

6.3.2 Simulations of viral fusion without fusion proteins

With the insights gained from the preliminary tests, we went on to build fusion systems
with realistic membrane compositions, but without any viral protein on their surface. The
cell model membrane with an inner leaflet composition of 14% POPC, 8% PAPC, 5% POPE,
16% DIPE, 11% DPSM, 28% CHOL, 25% PAPS, 2% SAP6 and an outer leaflet composition
of 24% POPC, 12% PAPC, 2% POPE, 6% DIPE, 24% DPSM and 31% CHOL. The viral
vesicle of the SARS-CoV-2 a membrane composition of 56% POPC, 21% POPE, 2% DPSM,
18% POPI, 1% POPS and 2% CHOL. And the parainfluenza membrane 16% POPC, 8%
PAPC, 7% POPE, 20% DIPE, 13% DPSM, 1% SAP6, 10% PAPS and 25% CHOL.

As before, the viral vesicle with 30 nm was built using the TS2CG software [362],
followed by the addition of water and ions (150 mM NaCl). Charge neutrality was
maintained by adding counter ions Na+. Subsequently, the system underwent energy
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Figure 6.4: Snapshots of the preliminary fusion system components. (A) SARS-CoV-2
fusion glycoprotein in coarse-grain detail (in purple) and Gō-model elastics (in blue). (B)
Simplified viral vesicle with 100% POPC lipid composition and two fusion glycoproteins
(in red). (C) Host cell membrane (100% POPC) with two fusion glycoproteins (in red). (D)
Fusion system, composed of a vesicle (in green) and host membrane (in blue) assembled
into a near-fusion state.

minimization (soft-core and regular) and a six-step equilibration, as described before,
over a duration of 100 ns. The host cell membrane model that was used to simulate
the host cell membrane was generated with the insane.py script [318] and subsequently
solvated, neutralized, and 150 mM of NaCl was added. It was then energy minimized
and equilibrated under semi-isotropic pressure coupling.

Following equilibration, all the water molecules and ions were removed, and the viral
vesicle was positioned approximately 2 nm away from the host cell membrane. Simulation
box dimensions were set at 40 nm x 40 nm x 45 nm in the xyz axes, accommodating a total
of ≈ 600,000 beads. The system underwent solvation, salinization, energy minimization,
and six additional equilibration steps. Semi-isotropic pressure coupling was maintained
from this phase onwards.

After system equilibration, GROMACS was used to introduce a pulling potential
between 10 lipids from the outer leaflet of the vesicle and the 10 closest lipids from host
cell membrane. As described in Bruininks et al.[357], a brief pulling phase, lasting less
than five ns, was implemented using a harmonic biasing force with a constant velocity
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of -1 m/s. Once an initial stalk structure was formed, the biasing potential was removed.
Subsequently, the system was re-equilibrated, and three independent fusion simulations
were conducted, each spanning 10 µs.

6.3.2.1 Simulations of viral fusion in the presence of fusion proteins

To assess the influence of incorporating fusion proteins while preserving enhanced
performance, we built a new fusion system composed of a 30nm viral vesicle with two
fusion proteins and the host cell model membrane. The SARS-CoV-2 fusion protein model
described in the first section of the methods was also used here. For the parainfluenza, the
pre-fusion and post-fusion states of the of F protein were obtained from the combination
of PDB structures 2B9B [340] and 1ZTM [165], respectively (Figure S6.1B). Gō-models
were also employed here.

The viral vesicles with realistic lipid compositions, as described in the previous sec-
tion, and two viral proteins were assembled using the TS2CG software [362]. Only the
transmembrane domain of the fusion protein was inserted in the vesicle, as shown in
figure 6.4B. The system was then hydrated, and the biological salinity of 150 mM NaCl
was added, together with neutralizing Na+ ions. Subsequently, the system underwent
energy minimization (soft-core and regular) and a six-step equilibration over a duration
of 100 ns.

The host cell membrane with the two fusion proteins was generated using insane.py
[318]. As described in the previous section, the membrane was solvated, neutralized, and
150 mM of NaCl was added. It was then energy minimized, and equilibrated. Pressure
coupling was configured to be semi-isotropic in both the xy and z dimensions from here
onwards.

After equilibration, all waters and ions were removed and the proteins in the vesicle
and target membrane were aligned, using the fusion peptide (FP) region as a reference
point. Following this, the system underwent solvation, salinization, energy minimization,
and an additional six equilibration steps.

After the final system equilibration, GROMACS was used to introduce a pulling
potential as described in the previous section. Subsequently, the system was equilibrated
again, and three independent fusion simulations were conducted, each spanning 10 µs.
The simulation box dimensions were set at 60 nm x 40 nm x 40 nm in the xyz axes,
accommodating a total of ≈ 900 000 beads.

6.4 Results

6.4.1 Test simulation to define the system size, composition and simulation
conditions

In our initial attempt to simulate viral fusion using Martini 3 CG models [187], we
constructed a 70 nm viral vesicle with two SARS-CoV-2 fusion proteins. Our choice for
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Figure 6.5: Initial and final frames of the preliminary viral fusion simulation. A 70 nm
viral vesicle initially sits on top of the host cell membrane, connected by two SARS-CoV-2
fusion proteins (A). After a 10 µs long simulation there is no mixing between the viral
and host membranes (B). The top panel displays the "Front view" of the system, along
with the designated cut plane for the "Cut view" image. In the bottom panel, the system
is depicted following a vertical cut and an approximate 90-degree rotation. The POPC
lipids are shown in green and the protein in yellow.

vesicle diameter and number of fusion proteins was based on prior research indicating
that the average diameter of a SARS-CoV-2 particle is approximately 70 nm (see [206, 368])
and that the critical number of fusion proteins necessary for fusion to occur in Class I
viruses, such as West Nile and Kunjin, is two [44]. The vesicle was placed 5 nm away from
the host cell membrane and simulated for 10 µs. The lipid composition of both the vesicle
and target membranes was exclusively POPC lipids.

During the simulation, the vesicle and host membrane repeatedly approached and
then moved apart without ever coming close enough to create a hydrophobic defect (Figure
6.5). As a consequence of the lack of interaction between the lipids of both membranes,
none of the stages of fusion described in figure 6.2 was observed. We hypothesize that
this outcome is due to the significant barrier created by the presence of water between the

142



6.4. RESULTS

vesicle and the target membrane. At close distances, the polar heads of the lipids orient
water molecules in such a way that two polar surfaces in water repel at short distances
[369]. This phenomenon is called hydration repulsion [370, 371]. Additionally, the sheer
scale of the system, consisting of approximately 3,000,000 beads, makes it extremely costly
to go beyond 10 µs and this time scale is not enough to overcome the large energy barrier to
fusion. These test simulations indicated that it would not be possible to observe simulation
events with this setup. Therefore, we adapted our setup as described in the following
section.

6.4.2 Simulations of viral fusion without fusion proteins

To enhance the performance of our fusion simulations, we reduced the size of the viral
particle from 70 to 30 nm. We also benefited from insights on existing research describing
the use of a pulling potential to speed up the initial contact between the hydrophobic tails
of the vesicle and target cell membranes [357].

Aiming for greater biological accuracy on the membrane composition of both the viral
and host cell membranes, we based the selection of their lipid compositions on previous
studies. For SARS-CoV-2, we used the composition determined for Vero and A549-derived
viruses [359], while for parainfluenza, we relied on data from virions cultivated in various
cell lines, including monkey kidney, baby hamster kidney, and adult hamster kidney
cells [360]. The host cell lipid composition was taken from Ingólfsson et al., 2020, where
the authors determined how much complexity could be reduced while maintaining an
accurate representation of the "Average" and "Brain" plasma membrane properties [361].
We used the eight-component (A-8) average plasma membrane composition. All the
detailed membrane compositions can be found in figure 6.3.

Initially, three replicates of both the SARS-CoV-2 and parainfluenza fusion systems
without fusion proteins were run for 10 µs. Interestingly, unlike what we observed in the
test system, we saw progress toward the hemifused state for both viral systems. This was
likely due to the crucial role of the initial lipid-pulling step in overcoming the repulsive
barrier created by the water molecules. An initial hydrophobic defect (Figure 6.2B) is
formed and, at the point of interbilayer contact we see the emergence of a stalk structure
(Figure 6.6C and G). In this intermediate state, lipids from the outer leaflet of the vesicle
mix with the top leaflet of the cell membrane model. The distant monolayers then merge
into a single bilayer structure called a hemifusion intermediate structure, as seen in Figure
6.6D and H. Ideally, this process would lead to the creation of a fusion pore, connecting the
internal aqueous compartments initially enclosed by the separate membranes. However,
in our simulations, none of the replicates reached a fully fused state during the simulation
period.

Comparing both the protein-less SARS-CoV-2 and parainfluenza fusion systems indi-
cates that the progression of membrane fusion is identical between the three replicates of
both systems. In the last frame of all replicates, we see extensive mixing of vesicle and
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Figure 6.6: Schematic view of SARS-CoV-2 and parainfluenza viral fusion simulations
without fusion proteins. Initially, the 30nm viral vesicle sits on top of the host cell
membrane (A and B). After applying an initial lipid-pulling (B and F), the stalk structure
is formed (G and C), which eventually leads to the formation of a wide hemifusion
intermediate (D and H). The pathways indicated are based on 3 independent fusion
experiments, each 10 µs long. None of the replicates leads to full fusion of the membranes.
The lipids are colored in accordance with the membrane they were a part of in the initial
structure. Lipids that were part of the vesicle are shown in magenta and the ones belonging
to the host cell are green. All trajectories were treated with MDVWhole [372] to prevent
molecules and assemblies from splitting over the boundaries.

host cell lipids, and the formation of one hemifusion intermediate (Supplementary figures
S6.2 and S6.3). This suggests that the differences in lipid composition between the two
viruses had only a minor impact on the fusion process. The only behavioral difference was
found in replicates 2 and 3 of the parainfluenza fusion system. Here, the simulation box
shrunk in the x and y dimensions due to significant buckling of the model cell membrane
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Figure 6.7: Schematic view of SARS-CoV-2 and parainfluenza viral fusion simulations
with fusion proteins. The 30nm viral vesicle initially sits on top of the host cell membrane,
connected by two fusion proteins (A and E). After applying an initial lipid-pulling (B
and F), the stalk structure is formed (C and G), which eventually leads to the formation
of a wide hemifusion intermediate (D and H). The pathways indicated are based on 3
independent fusion experiments, each 10 µs long. None of the replicates leads to full
fusion of the membranes. Lipids that were initially part of the vesicle are shown in
magenta and the ones belonging to the host cell are green. Proteins are shown in yellow
and waters in blue. All trajectories were treated with MDVWhole [372].

(Supplementary figure S6.3, in the second and third columns). This caused the viral vesicle
to interact with its own periodic images. To address this undesired stimulation artifact,
several strategies were discussed in the "Conclusions and futures perspectives" section.

6.4.3 Simulations of viral fusion promoted by fusion proteins

Having gained insights into viral-host membrane fusion in the absence proteins, we
proceeded to investigate the impact of fusion proteins on the viral membrane fusion
process. To investigate this we constructed SARS-CoV-2 and parainfluenza viral vesicles,
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each containing two fusion protein copies, interacting with the host cell membrane.
Similarly to the systems without fusion protein, we conducted triplicate simulations of
both the SARS-CoV-2 and parainfluenza systems, lasting for 10 µs each. Here the initial
lipid-pulling step was also applied.

Despite the identical simulation duration, a quick visual inspection revealed a signifi-
cantly higher degree of lipid mixing in the presence of fusion proteins. Here we observed
the mixing of the inner bilayer of the host cell membrane (Supplementary figures S6.4 and
S6.5), a phenomenon not seen in the simulations without fusion protein. Furthermore, the
presence of these proteins resulted in the generation of a hemifusion diaphragm structure
within the initial 1 µs of simulation as well as, the formation of a greater number of these
structures (as depicted in Figure 6.7D and H). In the simulations conducted without
fusion proteins the initial stalk led to the formation of only one hemifusion state, while
here, our results lead us to conclude that the perturbations caused by the fusion peptide
(FP) region on the cell membrane significantly aid in accelerating the formation of fusion
intermediates.

Comparing SARS-CoV-2 and parainfluenza, initial observations suggest that the degree
of membrane fusion is comparable between the two systems. A visual evaluation of the
impact of the different lipid compositions and the presence of fusion proteins on the fusion
process is hindered by a recurring challenge in all replicates: the simulation box shrunk in
the x and y dimensions due to significant fluctuations in the model cell membrane. This
phenomenon is clearly depicted in supplementary figures S6.4 and S6.5. Unfortunately,
this artifact prevents us from correctly analyzing the simulation, prompting the discussion
of strategies to enhance the reliability of our results, in the next section.

6.5 Conclusions and future perspectives

In this exploratory study, we investigated the impact of SARS-CoV-2 and parainfluenza
fusion proteins on viral membrane fusion. We utilized coarse-grained molecular dynamics
simulations to explore the fusion process between simplified viral vesicles and host cell
membrane models, both in the presence and absence of fusion proteins.

In our test simulations, we witnessed how the repulsive hydration and electrostatic
forces are at play near the membrane surface, significantly hampering the initial contact
between both the viral and host membranes.

To facilitate the process, we then simulated both SARS-CoV-2 and parainfluenza fusion
systems with realistically complex membrane compositions, in the absence of proteins.
To further enhance the performance of the simulation, we reduced significantly the size
of the viral particle and to expedite the initial contact between the hydrophobic tails of
the vesicle and target cell membranes we applied a pulling potential. This procedure
mitigated the initial barrier, creating a localized hydrophobic defect (as shown in figure
6.2B) that promoted the interaction between the two lipid bilayers. In the precise location
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where the interbilayer contact is established, we saw the formation of a stalk structure
(Figure 6.6C and G).

According to the classical membrane fusion model, the stalk structure facilitates lipid
intermixing between contacting layers, keeping them separate from the distal layers. The
distal monolayers then merge into a hemifused state (Figure 6.2D), leading to the formation
of a fusion pore connecting the initially enclosed aqueous compartments within separate
membranes (illustrated in figure 6.2E) [353–356].

In our simulations of the fusion systems containing fusion proteins, we observed
extensive lipid mixing between the viral vesicle and host cell membrane, accompanied
by the formation of several hemifusion diaphragms (Figure 6.7D and H). However, no
complete fusion events were observed. To a lesser extent, this phenomenon was also
observed in the systems without the viral fusion protein, resulting in the formation of a
single hemifused intermediate (Figure 6.6D and H) that, similarly, did not progress to the
formation of a fusion pore.

Hemifusion structures are also observable through experimental confocal fluorescence
microscopy. These structures can have lifespans ranging from milliseconds to seconds,
and in some cases, even longer durations. Their stability and duration can be affected
by various factors, including lipid composition, the presence of fusion proteins, and the
presence of divalent cations [373, 374].

The limited duration of our simulations, which currently reaches up to the microsecond
time scale, offers a possible explanation for the absence of full fusion events. Extending
our simulations to the second timescale would demand extensive computational resources
and time. An interesting alternative could be to investigate the impact of incorporating
divalent ions into our fusion simulations. Notably, calcium (Ca2+) and magnesium (Mg2+)
are present in high concentrations in the fusion environment and are recognized as
significant facilitators of vesicle fusion, as they effectively reduce the duration of the HD
intermediate [374].

Experimental findings also highlight the potential influence of lipid composition on
the duration of the HD intermediate [373, 374]. This opens the door to another interesting
discussion. When we transitioned to more realistically complex membranes, we not only
reduced the size of the viral particle but also introduced an initial pulling force. These
adjustments significantly mitigated the initial hydrophilic barrier, thereby facilitating the
membrane fusion process. However, it remained unclear whether the initial hydrophilic
repulsion was due to the 100% POPC membrane, since we performed the simultaneous
alteration of multiple variables. Future work can concentrate on identifying which lipid
factors might be aiding in the fusion process.

Even though a complete fusion event was not observed in our simulations, we have
made significant strides in understanding the pivotal role of fusion proteins in this process.
In fact, in the systems containing a realistically complex membrane without fusion protein,
we see no mixing of the lipids in the inner bilayer of the cell membrane. Remarkably, the
introduction of viral fusion proteins alone was sufficient to trigger mixing between the
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vesicle and the inner cell membrane bilayer. This could be further improved by tweaking
the protein model used. In our systems, the protein is held in a bundle conformation,
however, it is conceivable that conformational rearrangements during the process could
facilitate fusion and aid in surpassing the hemifusion state. While implementing this
within the Martini framework may not be straightforward, one potential approach is to
explore a two-state Gō-model to replicate such conformational changes.

Besides the inability to see full fusion of the viral and host membranes, we encountered
another persistent issue across most of the fusion systems: the simulation box experienced
periodic shrinkage in the x and y dimensions, primarily caused by notable deformations
in the model cell membrane. This unintended artifact is illustrated in figures S6.4 and
S6.5. To overcome this challenge, we plan to implement several strategies to enhance the
reliability of our results:

- Increase the simulation box size: Enlarging the simulation box will help prevent
interactions between the primary system and its periodic images.

- Modify neighbor list updates: We will investigate the possibility of increasing the
frequency of neighbor list updates, as the membrane deformation problem has been
attributed to the combination of short outer cutoffs and infrequent neighbor list updates,
leading to the miss of long-range attractive Lennard-Jones interactions [375].

- Consider bilayer re-scaling: An alternative approach involves re-scaling the outer
vesicle and top cell bilayers to match the number of lipids in the inner vesicle and bottom
cell bilayers. This adjustment may enhance the likelihood of achieving full membrane
fusion, as suggested in previous studies [357].

Once these strategies are implemented, and the simulation runs smoothly, we will
proceed with a detailed analysis of the simulation results. We will start by assessing
whether complete fusion is achieved and, if yes, in which simulation systems. Secondly,
we will quantify the lipid mixing between viral and host membranes, examining whether
specific lipids tend to localize in particular regions of the stalk and hemifusion structures.
Next, we will focus on the precise location of the FP region within the stalk, hemifusion
diaphragm and fusion pore structures. This will be followed by the analysis of which types
of lipids interact most prominently with the FPs during the membrane fusion process.
Lastly, to validate the accuracy of our simulations and provide additional context for our
findings, we will compare our simulation results with experimental observations, focusing
on the behavior of the fusion proteins.

While this is still preliminary work, we find this system will be a promising tool for
unveiling the secrets of viral membrane fusion.
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6.6 Supplementary Information of Computational microscope
of the Viral Entry Process and the role of the fusion
machinery
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Figure S6.1: Building the pre-bundle state of the SARS-CoV-2 and PIV fusion proteins.
(A) Superposition of both the pre- and post-fusion of the SARS-CoV-2 S protein. (B)
Superposition of both the pre- and post-fusion of the Parainfluenza F protein.
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Figure S6.2: Snapshots of the SARS-CoV-2 fusion simulations without fusion proteins. All
images are snapshots of the last frame. On the first row lipids are colored by head type
(PC:green, PE:purple, PS:cyan, PI and PI(4,5)P2:orange and SM:blue) and the cholesterol
molecule is shown in mauve. On the second row the lipids that were part of the vesicle
in frame 1 are shown in magenta and the host cell lipids in green. All trajectories were
treated with MDVWhole [372] to prevent molecules and assemblies from splitting over
the boundaries.
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Figure S6.3: Snapshots of the parainfluenza fusion simulations without fusion proteins.
All images are snapshots of the last frame. On the second row the lipids that were part of
the vesicle in frame 1 are shown in magenta and the host cell lipids in green. On the last row
lipids are colored by head type (PC:green, PE:purple, PS:cyan, PI and PI(4,5)P2:orange
and SM:blue) and the cholesterol molecule is shown in mauve. All trajectories were
treated with MDVWhole [372] to prevent molecules and assemblies from splitting over
the boundaries.
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Figure S6.4: Snapshots of the SARS-CoV-2 fusion simulations with fusion proteins. All
images are snapshots of the last frame. On the first row lipids are colored by head type
(PC:green, PE:purple, PS:cyan, PI and PI(4,5)P2:orange and SM:blue) and the cholesterol
molecule is shown in mauve. On the second row the lipids that were part of the vesicle in
frame 1 are shown in magenta and the host cell lipids in green. Protein backbone beads
are shown in red. All trajectories were treated with MDVWhole [372] to prevent molecules
and assemblies from splitting over the boundaries.
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Figure S6.5: Snapshots of the parainfluenza fusion simulations with fusion proteins. All
images are snapshots of the last frame. On the second row the lipids that were part of the
vesicle in frame 1 are shown in magenta and the host cell lipids in green. On the last row
lipids are colored by head type (PC:green, PE:purple, PS:cyan, PI and PI(4,5)P2:orange
and SM:blue) and the cholesterol molecule is shown in mauve. Protein backbone beads
are shown in red. All trajectories were treated with MDVWhole [372] to prevent molecules
and assemblies from splitting over the boundaries.
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General conclusions

In this dissertation we investigated the role of fusion proteins in the viral fusion process,
focusing on the target cell receptor recognition and membrane fusion steps. For this, we
focused on two viruses - the SARS-CoV-2 and parainfluenza -, leading to the following
studies:

1. Exploring the impact of mutations on the SARS-CoV-2 RBD conformational dynam-
ics and antibody neutralization;

2. Parainfluenza Fusion Peptide Promotes Membrane Fusion by Assembling into
Oligomeric Porelike Structure;

3. Substituting the Parainfluenza Fusion Peptide N-terminal residue impacts its
fusogenicity;

4. Computational microscopy of the viral entry process and the role of the fusion
machinery.

We based our first study on the prior knowledge that, during the COVID-19 pandemic,
many naturally occurring mutations emerged in the SARS-CoV-2 spike protein, several
of them in the RBD region. Some of these mutations led to the emergence of dominant
viral variants in specific regions due to their increased fitness advantage [83, 176]. To
investigate if these mutations induced significant changes in the conformational dynamics
of the RBD, when compared with the wild-type strain, we conducted long atomistic
molecular dynamics simulations. The wild-type RBD and four VOCs (Alpha, Beta, Delta,
and Omicron) were studied. The simulation results revealed two distinct conformations of
the RBD - an "open" conformation facilitating ACE2 binding and a "closed" conformation
blocking the binding surface. The Alpha and Beta variants shifted the equilibrium towards
the open conformation, potentially enhancing ACE2 binding affinity, while, the Delta and
Omicron variants exhibited significant deviations, rarely adopting the closed conformation
and displaying altered orientations. These findings suggest that VOCs, particularly the
Omicron andDelta variants, modulate the conformationaldynamics of the RBD to facilitate
ACE2 binding and possibly aid in antibody escape. We also contributed to a study to a
study aimed at identifying the effects of single and synergistic amino acid substitutions in
promoting SARS-CoV-2 immune escape. For this we analyzed 57 PDB structures of the S
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protein bound to neutralizing antibodies to find which residues interact more commonly
with antibodies, and compared this data with RBD-ACE2 simulations. Results showed
that E484 and S494 mutants may be cause for concern due to their ability to escape the
immune system.

Another critical step in membrane fusion is the perturbation induced by the insertion
of the fusion peptide into the host membrane. In this thesis, this process was studied
by focusing on the influenza fusion peptide, for which little was known regarding its
mechanism of action. In this virus, fusion is mediated by the F protein, which after binding
to the host cell, undergoes major conformational rearrangements and is proteolytically
cleavaged, exposing the FP region [177, 178]. After being exposed, this region is inserted
into the target membrane, [179] facilitating membrane fusion. To investigate how the PIFP
interacts with and perturbs the membrane, we employed molecular dynamics simulations
and compared our results with biophysical assays performed by our collaborators at
IMM, Lisbon. At high concentrations, the parainfluenza fusion peptide (PIFP) induced
the formation of a water-permeable pore-like structure, which facilitated lipid head
intrusion and lipid tail protrusion, ultimately promoting membrane fusion. Experimental
results supported these findings, demonstrating that the PIFP could induce fusion and/or
membrane leakage depending on the peptide/lipid ratio. With the MD simulations, we
were also able to identify key amino acid residues of the PIFP involved in membrane
fusion.

Building upon these findings, we then introduced alanine mutations to key amino
acids within the PIFP that were identified as critical for membrane fusion, specifically Q120
and F103. Employing a combination of molecular dynamics simulations and biophysical
assays, we explored the impact of these mutations. The results of the biophysical assays
indicated that the Q120A mutation did not impede the peptide’s ability to induce vesicle
fusion when compared to the wild-type (wt) peptide. This observation was corroborated
by in-silico data. Conversely, the mutation of the phenylalanine residue significantly
impaired the peptide’s capacity to induce vesicle fusion and membrane leakage. This
effect could be attributed to a markedly lower partition coefficient for this peptide within
the membrane, which was nearly twice as low as that of the wt peptide and five times
lower than Q120A.

In the last chapter, we delve into exploratory research on the role of SARS-CoV-2 and
parainfluenza fusion proteins in viral fusion. We employed coarse-grained molecular
dynamics simulations to investigate fusion processes between simplified viral vesicles and
cell membrane models, both with and without fusion proteins. Intriguingly, within sys-
tems featuring a fusion protein, we observed a significant enhancement toward membrane
fusion for both SARS-CoV-2 and parainfluenza. These simulations showcased extensive
mixing of lipids from the vesicles and cell membranes, and the formation of a greater
number of hemifusion structures compared to simulations conducted without fusion pro-
teins. While achieving full membrane fusion was not possible due to certain limitations,
we plan to explore the avenues detailed in Chapter 6 in hopes of achieving it.
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Collectively, this dissertation journey integrated research on both SARS-CoV-2 and
parainfluenza, providing a comprehensive understanding of fusion protein mode of
action during viral fusion at a molecular level. These findings allow for the expansion of
knowledge of viral entry and lead the way to potential interventions aimed at blocking
and combating infectious diseases, namely at the cell entry stage.
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