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Chapter 1 Introduction

1.1 Protein-protein interaction

Proteins form the basic machinery of cells, and the precise interactions
among them, known as Protein-Protein Interactions (PPIs), are fundamental
for appropriate execution of all cellular mechanisms. These interactions play
a pivotal role in governing a plethora of biological processes, ranging from
signal transduction and enzymatic activity to immune responses and structur-
al stability. Every PPI is based on a specific arrangement of amino acids
within the protein sequences that form the binding sites. These binding sites
fit together to create a lock-and-key mechanism that determines which pro-
teins can interact with the appropriate partner, be it a receptor or another pro-
tein within the intracellular interactome. The term "interactome™ refers to the
complete set of molecular interactions that occur within a biological system.
The interactome is a comprehensive map of how molecules in a biological
system interact with each other to carry out various cellular processes and
functions. These interactions can include protein-protein interactions, protein-
DNA interactions, protein-RNA interactions, and more. Therefore, it is rele-
vant to consider the intracellular network as well as the protein-receptor in-
teraction in the context of the present dissertation, since experimental results
will also be presented regarding protein-protein interactions that physiologi-
cally occur within the cytoplasm. The strength and specificity of these inter-
actions may vary according to their purpose; a weak interaction might be
transient and serve a signaling effect, whereas a strong interaction could lead
to a stable complex with crucial functional implications. PPIs are categorized
into different types based on their functions and outcomes. Enzyme-substrate

interactions, for instance, drive biochemical reactions by bringing substrates
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into proximity with the active site of an enzyme. An enzyme binds to its sub-
strate to catalyze a reaction, after which the products are released, freeing the
enzyme to interact with other partners. These types of interactions can be
classified as “non-obligated” since they can be transient and reversible. Simi-
larly, receptor-ligand interactions are central to cellular signaling pathways,
where extracellular molecules bind to cell surface receptors, thus triggering a
cascade of events inside the cell that in turn are mediated by PPIs within cy-
tosolic protein partners, thus constituting the interactome network. Addition-
ally, the formation of protein complexes contributes to processes such as
DNA replication, transcription, and translation, ensuring that cellular ma-
chinery functions with precision and accuracy. Some of these interactions are
labeled as “obligated” because they are critical for the function of multi-
domain subunit complexes. Exemplary of this are the components of ribo-
somes, which are responsible for protein synthesis. Advanced techniques like
yeast two-hybrid systems, co-immunoprecipitation, surface plasmon reso-
nance, X-ray crystallography and cryo-EM have revolutionized our ability to
study PPIs. These methods enable researchers to identify interacting partners,
map binding sites, and even determine the three-dimensional structures of
protein complexes at atomic level. Conversely, “biological techniques” such
as two-hybrid systems and co-immunoprecipitation, though lacking the struc-
tural dimension, are precious tools in order to identify novel interacting part-
ners. Moreover, computational approaches have recently evolved and current-
ly represents invaluable tools, helping predict potential interactions based on
protein sequences, structures, and evolutionary relationships. Such insights
provide a deeper understanding of cellular processes and often unveil poten-

tial targets for drug development. In fact, many therapeutic strategies aim to



modulate PPIs, either by enhancing or disrupting them, in order to treat dis-
eases like cancer, neurodegenerative disorders, and infectious diseases.

One way to disrupt PPIs is to select mutations at the interfaces that can lead
to significant changes in binding affinity and result in physiological or patho-
logical phenotypes (Forbes et al., 2015; Landrum et al., 2016). Indeed, the
stability of PPIs is the result of a complex fine-tuning of chemical-physical
properties at the interfaces and entropic effects (Desantis et al., 2022; Van-
gone & Bonvin, 2015), making the substitution of even just one residue po-
tentially disruptive. Therefore, in the last years, several computational meth-
ods have been developed to predict the effects of mutations on binding, based
on a wide variety of techniques (Brender & Zhang, 2015; Geng et al., 2019;
Moretti et al., 2013; Rodrigues et al., 2019). The experimental results of this
dissertation were obtained starting from computational theoretical predictions
on the behavior of the molecular systems under consideration; these predic-
tions were made by applying the 2D Zernike model. Such a protocol is based,
beyond a coarse-grained evaluation of electrostatics compatibility, on the ap-
plication of the 2D Zernike formalism, to obtain a compact representation of
the local shape of molecular surfaces (Milanetti, Miotto, Di Rienzo, Monti, et
al., 2021). In this framework, the geometry of a molecular region is described
by an ordered set of orthogonal polynomials. In a 2D Zernike polynomial ex-
pansion, the 2D function or surface is decomposed into a sum of these Zer-
nike polynomials, each multiplied by a coefficient. These coefficients deter-
mine the contribution of each Zernike polynomial to the overall shape of the
function or surface. The expansion ensures an easy evaluation of the shape
complementarity between two molecular regions calculating the distance be-
tween the corresponding Zernike descriptors. Therefore, when a residue is
substituted, it is possible to evaluate whether the shape of the mutated bind-
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ing site is more complementary to the molecular partner. In the past years,
this formalism has proven its efficacy in similar optimization protocols (De
Lauro et al., 2022; Di Rienzo et al., 2020; Di Rienzo, Miotto, Milanetti, et al.,
2023), or more in general to evaluate the local similarity or complementarity
(Daberdaku & Ferrari, 2018, 2019; Di Rienzo et al., 2022; Di Rienzo, Miotto,
Desantis, et al., 2023; Miotto, Di Rienzo, Gosti, et al., 2021; Piacentini et al.,
2022; \enkatraman et al., 2009).

Therefore, the present dissertation reports the results of 3 experimental works
in which the protein-protein interactions were investigated theoretically by
means of 2D Zernike models and experimentally by means of biolayer inter-
ferometry and turbidimetry techniques.

Biolayer interferometry is a cutting-edge analytical method utilized in bio-
pharmaceutical and life science research. It is a label-free technique that
measures molecular interactions in real-time by monitoring changes in the in-
terference pattern of light as it passes through a thin bio-layer immobilized on
a sensor surface. The technique provides quantitative data on binding Kinet-
ics, affinity, and concentration of biomolecules, such as proteins, nucleic ac-
ids, and small molecules. The interaction process is visualized as a shift in the
interference pattern, enabling researchers to determine binding constants and
characterize binding mechanisms. It is a novel technique that finds applica-
tions in drug discovery, antibody characterization, and biomolecular interac-
tion studies.

Turbidimetry is an analytical technique used to measure the cloudiness or
turbidity of a liquid sample caused by the presence of suspended particles. As
light passes through the sample, these particles scatter and absorb light, re-
ducing its transmission. Turbidimetry quantifies this reduction in transmitted

light intensity and correlates it with particle concentration or size. The tech-
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nique, particularly when enhanced by nanoparticles, finds applications in var-
ious fields, including environmental monitoring and analytical determinations
in food and beverage industries, but it is still rarely employed in pharmaceu-
tical and biochemical fields.

In Chapter 2 one can find a more detailed exposition of the physical princi-
ples behind these experimental methodologies.

1.1.1 RBD-ACE?2 interaction

A paramount example of a PPI is the complex formation between the SARS-
CoV-2 Receptor-Binding Domain (RBD) of the S spike protein and the hu-
man angiotensin-converting enzyme 2 (ACE2) receptor protein.

The S protein consists of an extracellular N-terminus, a transmembrane (TM)
domain anchored in the viral membrane, and a short intracellular C-terminal
segment. The total size is between 180 and 200 kDa and it forms trimers that
surround the viral particle. Figure 1.1 depicts a schematic illustration of the
SARS-CoV-2 S protein internalization process. The S protein normally exists
in a metastable, prefusion conformation; once the virus interacts with the host
cell, extensive structural rearrangement of the S protein occurs and the virus
fuses with the host cell membrane. The spikes are coated with polysaccharide

that help the molecules to evade the host immune system.
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Figure 1.1. a. The schematic structure of the S protein. b. The S protein binds to the receptor
ACE?2. c. The binding and virus—cell fusion process mediated by the S protein. Figure adapted from
(Huang et al., 2020).

The total length of SARS-CoV-2 S protein is 1273 a.a. and it is composed of
two main subunits, an amino (N)-terminal S1 subunit and a carboxyl (C)-
terminal S2 subunit, that are cleaved at the furin cleavage site (S1/S2 cleav-
age region). A detailed molecular structure of the spike gene with highlighted
regions and locations is illustrated in Figure 1.2. The S1 subunit interacts
with the ACE2 receptor subsequently promoting the viral infection: it switch-
es between a “standing up” and a “closed down” RBD position, the former
enabling ACE2 binding, and it undergoes spontaneous conformational transi-
tions between the two forms. In contrast with the buried S2 subunit, the S1
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subunit domains are located on the surface of the spike glycoprotein, effec-
tively protecting the fusion apparatus.

s1 s2
s1/s2
! 438..508 ' 672 709'
13.304 ' 319.528 58.591 | 816,63 5 911.985 985.1035 5 11631211 1212.1234 E
592..686 834.910 1036..1068 1235.1273

Figure 1.2. The structure of the spike glycoprotein and its coding gene. a. Schematic surface view of
the spike ectodomain and its constituting domains and regions. b. lllustration of the structure of the na-
tive spike glycoprotein in its pre-fusion and post-fusion states. c. Detailed structure of the spike gene
with the locations of the different regions is shown. The sequences of the two subunits S1 and S2 are
highlighted. The S1 subunit includes the N-terminal domain (NTD), the receptor binding domain
(RBD) which carries the receptor-binding motif (RBM), and two structurally conserved subdomains
(the C- terminal domains 1 (CTD1) and the C- terminal domains 2 (CTD2). The S2 subunit contains
the N-terminal hydrophobic fusion peptide (FP), the fusion peptide proximal region (FPPR), the heptad
repeat 1 (HR1) motif, the central helix region (CH), the B-hairpin region, the connector domain (CD)
and the heptad repeat 2 (HR2) motif. These are followed by the transmembrane region (TM) and the
intracellular regions (IC). Figure is adapted from (Hamdy et al., 2022).



The RBD of the S spike protein of SARS-CoV-2 is a critical component in-
volved in the virus's ability to infect host cells. It is located on the outer sur-
face of the spike protein (see Figure 1.2a) and structurally it is a compact,
independently folded region that consists of about 193 amino acids. Its struc-
ture can be described as a globular domain. It has a twisted five-stranded an-
tiparallel B sheet (B1, B2, B3, p4 and B7) with short connecting helices and
loops that form the core. Between the p4 and 7 strands in the core, there is
an extended insertion containing the short g5 and (6 strands, a4 and a5 heli-
ces and loops. The specific motif that interacts with human ACE2 receptor is
the Receptor-Binding Motif (RBM): it comprises a cluster of amino acids that
directly interact with the host cell receptor. Figure 1.3 shows the structure of
the complex RBD-ACE2. The RBD contains multiple disulfide bonds that
help maintain its structural integrity. These covalent bonds between sulfur at-
oms in cysteine residues stabilize the overall structure of the RBD. When ex-
pressed in eukaryotic cells, the protein is glycosylated. Glycans attached to
specific amino acids in the RBD can play a role in shielding the RBD from
the host immune system and modulating its interaction with the ACE2 recep-

tor.
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Figure 1.3. Complex structure of RBD interacting with ACE2 receptor. RBD is represented in blue rib-
bons; the receptor-binding motif belonging to the domain is colored in light blue; ACE2 receptor is in
green. The glycosylation sites present in RBD structure are highlighted in yellow whereas the disulfide
bonds are pointed by arrows and are labeled in orange.

The human angiotensin-converting enzyme 2 receptor is a crucial protein in
the renin-angiotensin-aldosterone system (RAAS) and plays a significant role
in regulating blood pressure and cardiovascular function. It is a membrane-
bound protein, meaning it is anchored to the cell membrane of various human
cells. It is typically found on the surface of cells in tissues like the lungs,
heart, kidneys, and intestines. A major feature of the ACE2 structure is a deep
channel on the top of the molecule that contains the catalytic site (see Figure
1.4). The channel is surrounded by ridges containing loops, helices, and a
portion of a B-sheet. The long loop between N210 and Q221 is on the ACE2
surface. Potential N-glycosylation sites were identified at six positions: 53,

90, 103, 322, 432, and 546.
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Figure 1.4. Top view of ACE2 protein with potential N-glycosylation sites highlighted in blue.

This interaction is crucial for viral infection, as it triggers a cascade of events
ultimately leading to viral entry into the host cell (Walls et al., 2020). Also in
this case, mutations in the RBD or ACE2 interface have been shown to affect
virus infectivity and disease conditions (Barton et al., 2021). Considering the
significance of this interaction, considerable efforts have been devoted to the
development of computational methods for predicting mutation effects in the
RBD-ACE?2 interface (Bai et al., 2021; Miotto et al., 2022; Zou et al., 2020).
To date, several experimental structures of the complex between ACE2 and
the receptor-binding domain of the SARS-CoV-2 Spike protein have been de-
termined, providing the structural basis for the specific interaction mecha-
nism and highlighting the critical residues involved in the complex formation
(Shang et al., 2020). Interestingly, it results that peptide "IEEQAK-

TFLDKFNHEAEDLFYQSSLASWNYNTN" (residues 21-53) mimics the
11



major interacting portion of the ACE2 receptor to the SARS-CoV-2 Spike
Receptor Binding Domain (RBD). Therefore, it is not surprising that peptides
of different lengths, including residues 24 to 53 of the ACE2 receptor, have
commonly been reported to exhibit high affinity binding to various regions of
the SARS-CoV-2 Spike protein (de Campos et al., 2021; Larue et al., 2021).
Many of these peptides, derived from the N-terminal a-helix of ACE2, have
been tested in response to the SARS-CoV-2 pandemic (Tzotzos, 2022). Since
SARS-CoV-2 enters cells through the interaction between the Spike glyco-
protein and ACE2 ectodomain, disrupting the Spike/ACE2 interaction repre-
sents a major target for preventing cell infection (Gheblawi et al., 2020; Pa-
pageorgiou & Mohsin, 2020).

In this dissertation, this PPI is experimentally investigated with two different
approaches. In Chapter 3.1 the investigation was dedicated to the direct ex-
perimental measurement of the computationally predicted inhibitory power of
lactoferrin on the formation of the ACE2/RBD complex, which is manifested
in its binding to the ACE2 receptor rather than to the RBD domain of the
spike protein. The experimental methodologies applied are the previously in-
troduced BLI and turbidimetry; the results demonstrate not only the validity
of the in silico prediction, but also the potentiality of the two methodologies.
The focus of Chapter 3.2 is devoted to the exploration of the a-helix peptide
derived from the N-terminus of the ACE2 sequence, specifically encompass-
ing residues 21-43, in its interactions with the RBD protein. Upon application
of the protocol design based on the Zernike model (extensively discussed in
(Di Rienzo et al., 2021)), a set of five ACE2-derived peptide mutants, four of
them endowed with predicted higher affinity for the RBD protein with re-
spect to the WT peptide and one with predicted lower affinity, was generated.
The peptides were subsequently synthesized and subjected to in vitro meas-
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urements using BLI technique. These analyses experimentally confirmed the
binding affinity between the peptides and the RBD protein.

1.2 Lactoferrin protein

Lactoferrins belong to the “transferrin superfamily”, a group of well con-
served single-chain, glycosylated proteins that transport iron from plasma to
cells or contribute to the regulation of iron transport in biological fluids (L.
A. Lambert, 2012). Most members of the superfamily display a similar fold
and consist of two homologous lobes (N- and C-lobe) connected by a short
hinge region. Each of the two lobes is able to reversibly bind a single ferric
ion. It is of interest to comment on the evolutionary path that underline this
superfamily as follows. Early metazoans have been proposed to develop sin-
gle-lobe iron binding proteins able to uptake iron from sea water. Subsequent
gene duplication and fusion led to the evolution of the primordial single lobe
iron binding protein into the bi-lobed mammalian transferrins (Tf) and lac-
toferrins (Lf) (L. A. Lambert et al., 2005; Park et al., 1985). In this frame-
work, Lambert et al., proposed that Lf arose through a second gene duplica-
tion event in the mammalian lineage that occurred around 125 million years
ago (L. A. Lambert, 2012; L. A. Lambert et al., 2005). In mammalians, Lfs
are expressed by epithelial cells in diverse tissues in mammals and are found
in virtually all bodily exocrine secretions comprising colostrum and milk,
tears, nasal and bronchial secretions and saliva (Masson et al., 1966). Fur-
thermore, lactoferrins are also produced by the hematopoietic tissue of bone
marrow and are found in granules of polymorphonuclear neutrophils (Berlov
et al., 2007). Lower concentrations of lactoferrins are found in other exocrine

secretions (Masson et al., 1966).
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From the structural point of view, Lactoferrins are monomeric glycoproteins
of about 690 amino acids (average molecular mass of ~80 kDa), and their
three-dimensional structures have been reported for five species comprising
human (Anderson et al., 1987, 1989; Haridas et al., 1995), cow (E. N. Baker
et al.,, 1994; Moore et al., 1997), camel (Khan et al., 2001), buffalo
(Karthikeyan et al., 1999, 2000), and horse (Sharma et al., 1999), all of them
with very high structural similarity among species. The single polypeptide
chain of lactoferrins is folded into two globular lobes sharing ~40% sequence
homology and referred to as the N-lobe (amino acids 1-333) and C-lobe
(amino acids 345-691, in human). Each lobe can be further divided into two
domains, namely the N1 domain (amino acids 1-90, 251-333) and the N2
domain (amino acids 91-250), the C1 domain (amino acids 345-431, 593-
689), and the C2 domain (amino acids 432-592). The two lobes are connect-
ed by a 10 amino acids long (334 to 344 in human), three-turn a-helix seg-
ment (see Figure 1.5). Each pair of N1 and N2, and C1 and C2 domains har-
bor an iron binding site. Four amino acids (two Tyr, Asp, His) are the main
ligands of Fe®* in each lobe. In addition, two oxygens from the synergistic
carbonate anion complete the architecture of the binding site, accompanied
by a portion of the N-terminus and an arginine side chain that contribute to
the electrostatic coordination of the carbonate itself. Each lactoferrin mole-
cule can, in principle, bind reversibly two iron ions, although the C-lobe site
has an intrinsically much higher affinity for free ferric ions under physiologi-
cal conditions (zeptomolar range, estimated Kp ~ 102 M) due to a very slow
kinetics of metal release (E. N. Baker & Baker, 2005; H. M. Baker & Baker,
2004; Mason et al., 2005). Conformational changes have been described in

lactoferrins upon iron binding, indicating that iron-saturated species appear to
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adopt a more closed structure with respect to the iron free species (Anderson
etal., 1989; E. N. Baker & Baker, 2005).

Asn138

Figure 1.5. Structure of human holo-lactoferrin. In purple and light blue are highlighted the N1 domain
(amino acids 1-90, 251-333) and the N2 domain (amino acids 91-250), respectively; C1 (amino acids
345-431, 593-689) and C2 (amino acids 432-592) domains are in light green and yellow, respectively;
in pink, o-helix that joins the two lobes (amino acids 334-344); in red, the three potential N-

glycosylation sites are indicated.

Lactoferrins are heterogeneously glycosylated with the number of glycosyla-
tion sites varying among species and, within a single species, can vary de-
pending on the tissue in which the protein is expressed (Karav et al., 2017,
Zlatina & Galuska, 2021). So far, human lactoferrin has three potential N-
glycosylation sites comprising Asn138, Asn479, and Asn624, although the
site at 479 is found to be glycosylated only in 5% of the mature proteins in
body fluids (Berkel et al., 1996; Van Veen et al., 2004). In contrast, bovine
lactoferrin displays five potential glycosylation sites, namely Asn233,
Asn281, Asn368, Asn476, and Asn545, whose populations among the mole-
cules within milk also shows heterogeneity (Wei et al., 2000; Ye et al., 1997).
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The N-linked oligosaccharides belong to the class of high-mannose glycans,
characterized by a N-acetylglucosamine (GIcNAc) core modified with man-
nose (Man) residues. By contrast, in the case of complex N-glycans, the
common core pentasaccharide, consisting of Man3GIcNAc2, is elongated
with GIcNAc at the al,3- and al,6-linked mannose residues. Additional
monosaccharides, such as galactose, fucose and sialic acids, can also be add-
ed to complex N-glycans. The oligosaccharide moieties of Lf have been
demonstrated modulatory effects on the biological functions of lactoferrin,
besides the pivotal, intracellular, role in protein folding, oligomerization,
quality control, sorting, and transport. N-glycans, in particular, have been
shown to enhance iron-binding (Legrand et al., 1990; Li & Furmanski, 1995)
and affect the anti-adhesive capacities of Lf towards bacterial or viral species
(Barboza et al., 2012). The presence of sialic acid moieties within the oligo-
saccharide skeleton also appears to play a significant role in molecular recog-
nition and protein stability.

As a whole, the body of high-resolution structural data currently available are
providing the first clues on the molecular targets of Lfs that could explain
some of the key biological activities reported so far. The first “iron depend-
ent” molecular target of Lf has been identified in the bacterial protein Lac-
toferrin binding protein B (LbpB) within Neisseria pathogenic species (Yadav
et al., 2021). The interaction between Lf and LbpB has been characterized in
detail by high resolution crystallographic methods as shown in Figure 1.6; a
set of “hot spot” have been identified on the molecular surface of Human Lf

that summarize the current knowledge of Lfs interacting epitopes.
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Figure 1.6. Side view of the C lobe of lactoferrin. The residues involved in the binding with N. menin-
gitidis LbpB (NmLbpB) are highlighted in pink (PDB: 7JRD).

A few iron-independent pathways that lead to antimicrobial and antiviral ac-
tivities by direct interaction with bacterial membranes or viral capsid epitopes
or by modulation of host immunity will be dealt in Chapters 3.1 and 3.2 In
this framework, lactoferrins also impact immune homeostasis and modulate
inflammatory response, that are likely to contribute to the host-parasite inter-
action. Again, these activities could be further discussed in the framework of
iron-binding ability through the modulation of oxidative stress caused by re-
active oxygen species within the inflammatory response or by modulation ef-
fect on the innate and adaptive immune responses by maturation and differen-
tiation of immune cells.

Novel potential Lfs activities have been demonstrated recently in connection
with reported anticancer properties. In this case, several targets have been

proposed that are linked to cancer cell growth; induction of apoptosis; and
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inhibition of cancer cell migration and invasion thus leading to confinement
of metastasis. These biological activities have been suggested to be mediated
by the recognition of specific receptors in human cells from different tissues
belonging to the intelectin family (hintL-1). The apparent affinity that has
been measured for the hintL-1 trimer is rather weak for a specific protein-
protein interaction (Kp of ~500 nM). These initial data are however not yet
consistent with a central role for lactoferrin—intelectin complexes in mediat-
ing the many functional roles for this interaction and should be further ex-
plored (Kowalczyk et al., 2022; Suzuki et al., 2005; Wesener et al., 2015).

In this framework, it is clear that all biological activities in which Lfs are in-
volved must be accounted for by specific PPIs with appropriate target pro-
teins. To date, detailed structural information on such interactions have been

demonstrated experimentally only in a few cases.

1.3 Multivalency of human ferritin

In the following Chapters 3.2 and 3.3 the role of the human ferritin protein
(Ft) in the molecular interactions at the center of the experimental studies ex-
posed in this dissertation will be highlighted.

Ferritin is an iron storage protein that plays a key role in iron homeostasis
and antioxidation of cells. It is a globular protein characterized by a typical
tetraeicosameric assembly. Each subunit has a molecular weight of = 20 kDa,
while the assembled 24-mer has a total weight of ~ 500 kDa; its hollow cage-
like spherical structure has an outer diameter of roughly 12 nm and an inner
diameter of 8 nm, with a thickness of 2-2.5 nm. Figure 1.7 displays the outer

and inner diameters.
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Exterior surface Interior cavity

Figure 1.7. Ribbon diagrams of exterior surface view and interior cavity of human heavy chain ferritin.
Picture from (Uchida et al., 2010).

The conformation of each subunit consists of a 4-helix bundle of alpha heli-
ces (see Figure 1.8): A (in humans, residues 10-39), B (45-72), C (92-120)
and D (124-155); a fifth helix, E (res 160-169), lies at an acute angle to the
bundle, pointing towards the internal cavity of the three-dimensional protein.

A'long loop L (res 73-91) connects B and C helices.

B

A C D E
N-term — — - C-term
loop

Figure 1.8. Ribbon diagram showing the tertiary structure of H-subunit of ferritin. The four o helices
forming a bundle and a short C-terminal o helix are shown in different colors. Figure adapted from
(Honarmand Ebrahimi et al., 2015).
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In the self-assembly of the 24-meric shell, the first stable intermediate ap-
pears to be a dimer (Stefanini et al., 1987) through the interaction of the re-
spective BC loops (deletion of two residues in the loop has been proved to
abolish the formation of the whole 24-mer (Levi et al., 1989)).

The kinetics pathway from dimers to a complete 24-mer shell remains rela-
tively unexplored. The disassembly in dimers is only partially reversible and
occurs spontaneously at very acidic or basic pHs. Under neutral conditions,
the inner surface of ferritin has a high negative charge density because acidic
residues such as Glu and Asp are mainly distributed here, while the net
charge on the exterior surface is close to zero or slightly positive.

Eukaryotes typically have two ferritin genes encoding the immunoglobulin
heavy (H) (21 kDa) and light (L) (19 kDa) chains, which co-assemble to form
heteropolymers under physiological conditions. The main function of H-
chain is the catalyzation of Fe?* to its oxidized state Fe** (Harrison & Arosio,
1996), which is enabled by its ferroxidase center. However, the L-chain lacks
this center and catalytic ability, which therefore assists iron nucleation (Levi
et al., 1994). However, to date, a putative LFt receptor on human cancer cells
has not yet been identified, and whether or not LFt has the ability to site spe-
cifically delivery therapeutic agents to tumor is questionable (Fan et al.,
2017).

Although ferritin has been well studied accurately in relation to its physiolog-
ical properties and mineral core formation, its potential interest as a drug de-
livery vehicle has recently gained most attention. Its self-assembly ability,
symmetrical spherical architecture, and high thermal stability are important
aspects driving interest in ferritin nanocarriers. Furthermore, as an endoge-
nous protein, ferritin also possesses excellent biocompatibility, biodegradabil-
ity, and low toxicity, which are highly desirable features for nanocarriers in
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clinical use. Due to its 8-nm diameter inner cavity, ferritin has the potential
space to encapsulate many drug molecules, thus offering protection from deg-
radation as well as limiting potential side effects to healthy cells. In addition,
the sensitivity of the stable cage-like structure of ferritin to pH facilitates the
application of various drug-loading methods. For example, under extreme
environments, such as strong acidic pH, the quaternary structure of ferritin
disassembles but, interestingly, reassembles once pH returns to physiological
conditions. Thus, by manipulating the disassembly and reassembly of ferritin,
it is possible to encapsulate therapeutic drugs inside its structure.

As already introduced, in Chapter 3.2 the binding affinity of a set of five
mutated peptide sequences was investigated, all derived from the wild-type
sequences of the a-helix of the binding site of ACE2 receptor with RBD
spike protein. As a proof of concept, the wild-type ACE2 peptide and the op-
timized peptide with the highest affinity for RBD were genetically fused at
the N-terminus of human H-chain ferritin. The multivalent potency of ferri-
tin, already vastly exploited in the field of drug delivery (Palombarini et al.,
2020; Song et al., 2021) has been recently investigated in the context of
SARS-CoV-2 treatment or vaccine development (Kalathiya et al., 2021;
Khoshnejad et al., 2018; J. Kim et al., 2017; S. A. Kim et al., 2022). The fu-
sion strategy applied with the mutated ACE2 peptides aimed to address the
limitations associated with the therapeutic use of free peptides, including
their susceptibility to rapid renal clearance and reduced bioavailability, while
also benefiting from the multivalent effect conferred by the 24-meric ferritin
structure. In fact, nanoparticles (NPs) have demonstrated their potential as
conjugate scaffolds, enhancing peptide functionality and leveraging their in-
trinsic properties, often leading to synergistic effects (Jeong et al., 2018). Pro-
tein-based nanoparticles are particularly suitable, given their biocompatibil-
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ity, ease of producing monodisperse forms through recombinant techniques,
and the ability to be modulated via genetic engineering approaches. Among
these protein nanoparticles, ferritin serves as an ideal platform for diagnostic
and therapeutic applications (Affatigato et al., 2023; Calisti et al., 2018; Pal-
ombarini et al., 2020). Modifying a single subunit enables the functionaliza-
tion of the entire nanoparticle. In the case of ACE2-derived peptides, fusing
the peptide sequence to the N-terminus of human H ferritin offers the ad-
vantage of generating a chimeric protein that presents 24 peptides on its sur-
face. This arrangement leads to a multivalent effect while concurrently reduc-

ing peptide clearance.

1.4 Inhibition of PCSK9 pathway

In Chapter 3.3 of the present dissertation experimental results that again in-
volve the multivalence property of human H ferritin protein are exposed and
discussed.

In this experimental work, a human H ferritin variant displaying multiple
copies of a Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9) binding
domain on its surface has been developed. PCSK9 is a kexin (that is, an en-
dopeptidase) found in kidneys, liver, and intestine and it is a protein that
plays a critical role in the regulation of cholesterol metabolism. Cholesterol is
an important molecule for normal cell function and serves as a precursor for
steroid hormones and bile acids. Indeed, it plays a crucial role in building cell
membranes, producing hormones (like estrogen and testosterone), and aiding
in the digestion of fats. Cholesterol is transported in the bloodstream by lipo-
proteins, primarily low-density lipoprotein (LDL) and high-density lipopro-
tein (HDL). High cholesterol levels, specifically high LDL cholesterol, can
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lead to the buildup of plaque in arteries, increasing the risk of atherosclerosis,
heart disease, and stroke. Conversely, excessively low levels of cholesterol,
especially low HDL cholesterol, may raise the risk of mental health issues,
hormonal imbalances, and impaired fat-soluble vitamin absorption. There-
fore, maintaining a balanced cholesterol level is essential for overall health.
Hypercholesterolemia is an example of a condition in which the levels of
cholesterol are high in the blood, may be caused of diet, obesity, inherited
(genetic) diseases (such as LDL receptor mutations in familial hypercholes-
terolemia), or the presence of other diseases such as type 2 diabetes and an
underactive thyroid.

PCSKQ is a member of the proprotein convertase family and is predominately
synthesized in the liver as a ~ 73 kDa zymogen consisting of a signal peptide
(M1-A30), prodomain (Q31-Q152), catalytic domain (S153-Q454) and C-
terminal domain (L455-Q692) (see Figure 1.9). After expression and cleav-
age of the signal peptide, PCSK9 undergoes intracellular autocatalytic pro-
cessing between Q152-S153 of the prodomain. Although cleaved, the prodo-
main remains non-covalently bound to the catalytic domain, preventing fur-
ther catalytic activity by blocking the catalytic site. The mature PCSK9 het-
erodimeric complex is necessary for PCSK9’s cholesterol-regulatory function
as it stabilizes the active structure for efficient LDLR interaction and likely

assists with secreting PCSKJ9 into the extracellular space.
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Figure 1.9. Sequence of the different domains of PCSK9. PCSK9 consists of a signal peptide (orange),
N-terminal prodomain (yellow), catalytic domain (blue) and C-terminal domain (green). Autocatalytic
cleavage between Q152-S153 results in the prodomain non-covalently bound to the catalytic domain.
The naturally occurring mutants of PCSK9 that are associated with familial hypercholesterolemia are
highlighted in their respective domains. Picture adapted from (Tombling et al., 2021).

Several separate crystal structures of full length, wild-type PCSK9 have re-
cently been published (Cunningham et al., 2007; Hampton et al., 2007). The
overall domain structure of PCSKO is similar to other PC family members. It
includes a signal peptide, followed by a prodomain, a subtilisin-like catalytic
domain, and a variable C-terminal domain (termed V domain). The prodo-
main serves a dual role as a chaperone for folding and as an inhibitor of cata-
lytic activity. Autocatalytic cleavage between GIn-152 and Ser-153 separates
the prodomain from the catalytic domain, but the prodomain remains bound,
occluding the catalytic site. For other PC family members, a second catalytic
cleavage is required to release the prodomain, which unmasks the catalytic
site, resulting in an active protease. No site of secondary cleavage has been
identified that activates PCSKO.

The crystal structure of apo-PCSK9 revealed a tightly bound prodomain that
is predicted to render the active site inaccessible to exogenous substrates. The
structure of the PCSK9 prodomain and catalytic domain is similar to that of
other subtilisin-like serine proteases. The V domain of PCSK9 consists of
three subdomains of B-strands folded in a jelly roll motif, each stabilized by

three internal disulfide bonds. The subdomains are arranged in quasi 3-fold
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symmetry resulting in a barrel-like structure The V domain of PCSK9 is rich
in histidine amino acids, with the majority of them forming a patch on the
surface of subdomain 2. The large number of histidines is particularly strik-
ing when one considers the 25-170-fold increase in binding affinity between
PCSK9 and the LDLR as the experimental pH is dropped from neutral to-
ward lysosomal pH, below the pKa of the histidine amino acid side chain
(i.e., pH 6.0). This domain also shares structural homology to the adipokine

resistin and has been speculated to mediate protein—protein interactions.

Catalytic domain

Prodomain V domain

Figure 1.10. Ribbon structure of PCSK9. The prodomain is in red, the catalytic domain is in blue and
the V domain is in green. Thr61 marks the first observed residue, and GIn152 marks the C terminus of
the prodomain. Ser153 marks the N terminus of the catalytic domain. The subdomains of the V domain

are numbered. Picture adapted from (G. Lambert et al., 2009).

Since PCSKQ is inactive when first synthesized, because a section of peptide
chains blocks their activity, proprotein convertases are needed to remove that
section to activate the enzyme. When activated, it acts to increase circulating

levels of low-density lipoprotein cholesterol (LDL-C). Elevated PCSK9 lev-
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els (or “gain of function” variants) are associated with an increased risk of
cardiovascular disease and familial hypercholesterolemia. The mechanism of
action of PCSK9 in hypercholesterolemia involves the binding of PCSK9 to
the LDL receptor (LDLR) on the surface of liver cells. Figure 1.11 displays
the regular metabolic pathways that LDLR proteins undergo. Normally, the
LDLR acts to remove LDL cholesterol from the bloodstream by specific up-
take and transfer into the liver cells for breakdown and excretion. When LDL
cholesterol is uptaken by the LDLR, both the LDL cholesterol and the LDLR
are endocytosed. Once inside the cell, the LDLR and LDL cholesterol are
separated; upon exposure to the acidic pH of the endosome, the LDL choles-
terol is transported to the lysosome for degradation and the LDLR is recycled
back to the cell surface to continue removing LDL cholesterol from the
bloodstream. However, when PCSK9 binds to the LDLR, it causes a confor-
mational change in the LDLR, marking it for lysosomal degradation, and
preventing it from being recycled back to the cell surface. In fact, PCSK9
promotes the receptor degradation into the lysosomes and reduces its recy-
cling on the cell surface (see Figure 1.11 right panel). This, in turn, leads to
an accumulation of LDL cholesterol in the bloodstream, which is a key risk

factor for the development of cardiovascular disease.
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Figure 1.11. Schematic representation of how PCSK9 impacts LDLC metabolism by regulating LDLR
levels. Left panel. ordinary metabolic pathway of the recycling of a LDLD receptor. Right panel. in
hypercholesterolemic subjects where levels of PCSK9 are wrongly regulated, PCSK9 binds LDLR on
hepatocyte surfaces, triggering their internalization and degradation by the lysosome.

Reducing LDL-C levels, most commonly by statins, has been shown to sub-
stantially reduce cardiovascular disease events. However, statin therapy alone
IS not adequate to lower LDL-C for patients with familial hypercholesterole-
mia.

In Chapter 3.3 of this dissertation, the aim is to report experimental results
given by the exploration of the potential of ferritin surface modification for
recognizing PCSK9. The approach involved modifying the N-terminal se-
quence of the HFt subunits to incorporate a PCSK9-binding molecule
(“PBM”) identified to be one of PCSK9 inhibitor (Ahamad & Bhat, 2022;
Liu et al., 2022). The resulting HFt-PBM nanoparticles were characterized by
size exclusion chromatography and electron microscopy to determine their
size and morphology. The binding properties of the nanoparticles to PCSK9
were assessed by biolayer interferometry, measuring the kinetics and affinity
of the interaction. The results obtained are very promising and relevant for
the fact that they demonstrate the potential of human H ferritin modification

for recognizing disease targets and its application as a therapeutic platform.
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Chapter 2 Materials and methods

2.1 Biolayer interferometry

Biolayer Interferometry (BLI) is a label-free, optical detection technique that
Is becoming increasingly used in biochemistry and biophysics for studying
macromolecular interactions. It provides real-time and quantitative infor-
mation about binding kinetics, affinity, and concentration of biomolecules. It
is based on the interference pattern of the wavefront of white light passing
through a biosensor and hitting one or more layers of biomolecules that may
interact on the tip of the biosensor.

In the following section, the physical principle and its application of this

technique will be explained in depth.

2.1.1 Interference

The physical principle behind BLI is based on the interference of light waves.
BLI instruments typically consist of an optical waveguide, such as a fiber op-
tic, coated with a thin layer of biomolecules, referred to as a "biolayer”. The
biomolecules of interest can be proteins, antibodies, nucleic acids, small mol-
ecules, or other biological compounds. When a light beam, typically from a
laser, is shone onto the waveguide, it travels through the waveguide and in-
teracts with the biolayer on its surface. Some of the light is reflected back
from the interface between the waveguide and the biolayer, while the rest is
transmitted through the biolayer and is reflected from the interface between
the biolayer and the surrounding medium (usually the buffer solution). These
two reflected light waves recombine, leading to interference patterns that can

be constructive or disruptive: when two light waves have same phase the in-
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terference is constructive and the resulting wave is a positive combination

(see Figure 2.1).

Amplitude (a.u.)

Amplitude (a.u.)

Amplitude (a.u.)

Figure 2.1. Constructive and disruptive interference phenomenon.

The interference occurs due to the difference in the optical path length trav-
eled by the two reflected light waves. This difference is influenced by the
changes in the thickness and refractive index of the biolayer caused by the
binding or dissociation of molecules on its surface. As the biomolecules bind
to or dissociate from the biolayer, the thickness and refractive index change,
leading to a shift in the interference pattern. By monitoring the changes in the
interference pattern over time, BLI instruments can precisely measure the ki-
netics of molecular interactions, including association (binding) and dissocia-
tion (unbinding) rates, as well as equilibrium constants. This information

provides insights into the strength and specificity of the binding interactions.
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2.1.2 BLI applications

BLI has numerous applications in biochemistry. Some of the key applications
include:

Protein-protein interactions: BLI can be used to study the binding interactions

between proteins, such as enzyme-substrate interactions, antibody-antigen in-
teractions, and protein-protein complex formations.

Protein-small molecule interactions: BLI enables the characterization of the

binding affinities and kinetics between proteins and small molecules, such as
drug candidates or inhibitors.
Antibody characterization: BLI is valuable in antibody development and

characterization, allowing the measurement of antibody-antigen binding ki-
netics and affinity. It helps assess the specificity and potency of antibodies
for diagnostic and therapeutic purposes.

Protein-nucleic acid interactions: BLI can investigate the interactions be-

tween proteins and nucleic acids, including DNA-protein or RNA-protein in-
teractions, providing insights into gene regulation and protein function.

Membrane protein studies: BLI allows the investigation of membrane protein

interactions with ligands or other proteins, aiding in drug discovery and un-
derstanding signal transduction processes.

Protein-lipid interactions: BLI can analyze the binding interactions between

proteins and lipids, providing insights into membrane biology, lipid-protein
interactions, and lipid-mediated signaling pathways.

2.1.3 Experimental setup for advanced kinetic assay

The BLI system utilized for most of the experiments is the Octet® N1 model
"BLItz" manufactured by Sartorius (Figure 2.2).
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Figure 2.2. Octet® N1 model.

The instrument is equipped with:

a black 96-well plate for hydration of biosensors,

magnetic microplates with 4uL capacity (“drop holder") for loading and

binding steps,

black plastic vials with 500uL capacity for baseline and dissociation steps,

trays of 96 biosensors provided by Sartorius and chosen according to the

biochemical requirements of individual experiments. Shown below is a list of

the biosensors that have been used for the experiments. All the characteristics

reported are provided by Sartorius’ biosensor manual.

Biosensor | Description Application Dynamic Range
Quantitation of HIS-tagged
proteins in crude matrices or | Protein dependent,
HIS2 Anti-HIS buffer or column eluent typically

(pre-coated with anti-His Ab
from MBS)

0.1-200 pg/mL
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Quantitation of HIS-tagged
proteins in buffer or diluted | Protein dependent,
Ni-NTA | Nickel NTA matrix, capturing of HIS- typically 0.5-1000
tagged proteins for kinetic ug/mL
analyses with various analytes
) Quantitation of IgG’s of vari-
ProA Protein A o ] 0.54000 pg/mL
ous species including human
_ Immobilizing biotinylated
High . -
o molecules for high precision
Precision ] o .
SAX2 o and reproducible kinetic char- | Protein dependent
Streptavidin o
20 acterization and custom quan-
' titation

In Figure 2.3 it is reported a graphic explanation of how the binding signal is

detected and elaborated from the interferometer.
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Figure 2.3. Schematics of the detection process of the binding signal. Picture is adapted from Sartorius

manual.

The internal surface of the biosensor is semi-reflective, meaning that part of
the incident light is reflected in back scattering (180°) to the detector. This
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provides a reference signal which is always identical for all types of biosen-
sors. The outer surface of the biosensor is coated with a layer of molecules or
proteins upon which the biosensor tip is initiated. The choice of the specific
biosensor type depends on the molecular system in question and the particu-
lar tag characteristic of each protein. Any alteration in the quantity of mole-
cules adhered to the biosensor tip induces a modification in the interference
pattern, which is detectable in real-time. The interaction between a ligand
present on the biosensor tip's surface and an analyte within the solution leads
to an increase in optical thickness at the tip. Consequently, this causes a shift
in wavelength, directly indicative of the alteration in the biological layer's
thickness. These interactions are continuously monitored, facilitating the pre-
cise and accurate observation of binding specificity, association and dissocia-
tion rates, and concentration. The Octet® System's interference pattern is on-
ly influenced by molecules that either bind to or dissociate from the biosen-
sor, thus generating a distinctive response profile. Factors like unbound mol-
ecules, fluctuations in the refractive index of the surrounding medium, or
changes in flow rate do not exert any impact on the interference pattern.

In the following Figure 2.4 a schematic of a typical binding signal acquired
with the instrument is shown. The assay usually is articulated into defined

time steps and the experimental protocol is described.
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Figure 2.4. Example of time-course data acquisition in a BLI assay.

Binding

Time

Before each acquisition, a new biosensor is left hydrating in kinetic buffer for
a period of 10 min; this operation is needed in order to eliminate the saccha-
rose in which the tips are coated when packed before usage. In a BLI assay,
the initial step is a “baseline step” lasting 30 s. Then the first molecule is im-
mobilized on the biosensor during the “loading step”; the loading process
takes place in a drop holder with capacity 4 ul. During all BLI experiments
the concentration of the loaded protein has been maintained constant to 50
pg/ml. Before the binding step, two washing steps (“wash 1 and 2”) occur.
The washing is done in a black tube of volume 250 pl containing the kinetic
buffer provided by Sartorius (PBS with 0.02% Tween20, 0.1% BSA and
0.05% NaNs3). These steps provide baseline signals before the interaction
with the analyte protein; also, between the two washing, the tube is emptied
and filled with kinetic buffer again, so the biosensor tip already initialized
with the receptor protein is put in a new environment cleaned of residual pro-
tein left unbound in the solution. After the washing there is the “association
step” in which the initialized and cleaned biosensor is immersed in the solu-
tion containing the analyte protein (in another drop holed with capacity 4 pl).
The duration of this step varies depending on the velocity of the binding be-
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tween the receptor and the analyte proteins. Finally, during the “dissociation
step” it is possible to observe the decreasing of the signal when dissociation
happens. This step occurs again in the black tube containing 250 pul of kinetic
buffer. After every assay, the equipment is cleaned with 0.5 M HCI solution.
The shaker for the sample plate is set at 2200 rpm. All assays have been per-
formed at room temperature (25°C).

The protocol for the BLI assay just described was common for all the exper-
imental work exposed in the present thesis. The choice of biosensors, the
concentration range of the analyte protein, the dilution buffer and other ex-
perimental characteristic that may differ will be specified in each chapter.

2.2 Nanoparticle-enhanced turbidimetry

Analysis based on turbidimetric phenomenon are being widely used with the
intent to develop diagnostic test that are able to identify and quantify proteins
present if biological fluids or solutions.

Turbidimetry has become a common tool in clinical diagnostics, since the
technique is simple, low-cost and requires small amounts of materials. More-
over, in its most recent development (e.g., nanoparticle enhanced techniques)
it presents several advantages, such as high sensibility to the analyte in solu-
tion, reduction of background noise caused by non-specific binding, and sta-
bility of nanospheres in solution.

In the following sections, the physical principle behind turbidimetric meas-
urements and nanoparticles enhanced techniques will be discussed, and the

protocol abided.
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2.2.1 Physical principle

When the photons of the incident ray hit the sample whose particles are
smaller than its wavelength, the diffusion occurs at the same frequency as the
incident light, it is thus elastic and homogeneous (Rayleigh scattering), and
the sample is spectrometrically "transparent™. When aggregates start forming
and the particles reach dimensions greater than the incident wavelength, ane-
lastic diffusion becomes relevant and light transmitted along the incident di-
rection decreases, therefore absorbance values raise. This scenario is de-
scribed by the Mie model.

Light-scattering theory is dictated by the diameter, D, of the scattering ele-
ments in relation to the wavelength A of the incident light. Indeed, theory is
often specified in terms of the Mie size parameter o = 2nR/A, where R is par-
ticle radius. Depending on the particle size, two main situations can be dis-
tinguished.

Small particle size: for particles where D < 0.05), Rayleigh scattering theory

is applicable to liquids with low concentrations of suspended particles which
do not interact with each other. For such small particles, relatively symmet-
rical light-scattering distributions are obtained. If a visible light source
(meaning A between 400-700nm) is employed, the theory is applicable for
particles where D < 0.03\. The Rayleigh equation describing the angular dis-

tribution of resultant scattering is:

NV? ,
TiR2 (14 cos*6)
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where 0 is the diffusion angle, n’ and n are the refractive indexes of particles
and suspension media respectively, R is the distance from the particles to the
point of measurement in terms of N number of particles, each of volume V.
The term (1 + cos?0) provides the angular distribution of Rayleigh scattering.
Figure 2.5 represents a schematic illustration of how the angular distribution

of diffused light is influenced by particle size.

Figure 2.5. Influence of particle size on the angular distribution of scattered light. a. Small particles (D
< 0.1A); b. large particles (D ~ 0.251); and c. larger particles (D > A).

Rayleigh’s work thus shows that the intensity of scattered light varies with
the square of the particle volume (and thus with the 6" power of the particle
radius, assuming spherical shapes) and inversely with the 4" power of the
light wavelength used. Rayleigh theory has since been developed to allow
relative molecular masses and sizes to be determined.

Large particle size: for larger particles where 0.1» < D < 0.8, the angular

distribution of scattered light becomes asymmetrical. Destructive interference
of light scattered in the backward direction leads to a bias in forward-
scattered light (Figure 2.5b). In these contexts, Mie scattering theory be-
comes more appropriate. For such larger particles, scattering intensity is less
dependent on wavelength.
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2.2.2 Nanoparticle-enhanced turbidimetric assay

Turbidimetric signals can be amplified by means of latex nanoparticles that
allow the measurement of increase in turbidity (and therefore the absorbance
intensity) of molecules that are too small to generate a scattering signal when
freely dissolved in solution. In the current experimental set up, chloromethyl-
ated polystyrene nanospheres (provided by Ikerlat) with diameter of 103 nm
and parking area of 95 A%/group were utilized. The following Figure 2.6 il-
lustrates the nanospheres as observed with transmission electron microscopy

(TEM) and scanning electron microscopy (SEM).

Figure 2.6. Top panels. TEM images of nanospheres with 100nm diameter. It is clearly noticeable the
smoothness and homogeneity of the spheres’ surface. Bottom panels. SEM images of a more concen-
trated solution.
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TEM is a high-resolution microscopy technique that uses a focused beam of
electrons to pass through thin samples, providing detailed information about
the internal structure, composition, and morphology of materials. In SEM
microscopy technique, electrons scan the sample's surface instead of going
through it. It produces high-resolution, three-dimensional images of the sam-
ple's surface morphology, therefore it is commonly used to visualize the ex-
ternal features of samples, such as textures, topographies, and structural de-
tails at various scales. Polystyrene nanospheres must be functionalized with a
specific binder, capable of coupling with the analyte with high affinity. Thus,
it is necessary to link covalently the binder to the surface of the nanosphere, a
process that is referred to as “coating”.

The process of the coating consists of covalently bond the molecule of inter-
est to the nanosphere and letting the chloromethyl groups on the latex particle
react with the ammine residues on the protein binder, with a reaction SN2 as
shown in Figure 2.7.

Then, nanoparticles functionalized with the protein are mixed in solution
with the second analyte protein: the protein-protein interaction detected will
be then observed between the free analyte protein in solution and the one

bound to the nanospheres.

R, R,

N
H

Figure 2.7. SN2 reaction between chloromethyl group of the lattice nanosphere and the ammine group

of the lateral chain on lysine.
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When the interaction occurs, aggregates start forming and therefore the level
of turbidity rises. This effect causes an increase in absorbance of the solution
that is detectable with the spectrophotometer. The value of the absorbance is
directly correlated not only to the concentration of a substance, but also to the
scattering of the monochromatic light that hits the sample. By monitoring the
change in absorbance, one is able to quantify the analyte protein and derive
the thermodynamic constants of the reaction. Figure 2.8 shows an example

of data acquisition in the turbidimetric assays performed.
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Figure 2.8. Examples of time-course acquisition in a turbidimetric assay in absence (top panel) and
presence (bottom panel) of an inhibiting protein. Step 1 (lasting approximately 60 s) consists of acqui-
sition of just the buffer signal. During Step 2 (lasting approximately 60 s) a suitable volume of the first
protein is added, in order to monitor relevant absorbance signal caused by possible aggregation coming
from the analyte protein alone (trimeric). In Step 3 the inhibiting protein is injected to monitor potential
aggregation with analyte protein (monomeric). Finally in Step 4 the nanospheres coated with the recep-
tor protein are added in the solution. During this final step absorbance increase due to possible interac-

tion with the nanospheres is observable, since such interaction is translated in an increasing signal of
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absorbance detected by the spectrophotometer. If enhancement is not detected, it is possible that the
presence of the protein added in step 3 is interfering with the formation of analyte-receptor complex

and therefore the aggregation of the latex nanoparticles.

The time-course acquisition of light absorption signals was conducted with a
spectrophotometer (Jasco V-750 UV-Visible/NIR) at fixed wavelength (340
nm) and bandwidth (10 nm) for 1300 s. The choice of the incident wave-
length depends on the dimension of the latex particle; as discussed in the
physical principle paragraph, different ratios between the diameter of the par-
ticles and the excitation wavelength is what determine the phenomena of
elastic and anelastic scattering of light, according to the Rayleigh model and
the Mie model.

The application of latex nanoparticle-enhanced turbidimetry technique is ex-
posed in Chapter 3.1 , where the inhibiting role of lactoferrin in the for-
mation of the complex RBD-ACE?2 is investigated. In the experiments, the
nanospheres are coated with ACE2 protein and analyte proteins in solutions
are RBD or Lf. The structure of lactoferrin is well defined, therefore it is rea-
sonable to assume that when in solution with coated nanospheres, multiple
interactions can occur and aggregation phenomena such as those depicted in
Figure 2.8 (top panel) may ensue. In the case of RBD, an oligomerization of
the protein is currently under observation. Observed results described in the
chapter, indicate that the presence of RBD protein in the turbidimetric assay
as the analyte protein yields aggregation, thus suggesting that the protein is
capable of bridging individual coated nanoparticles. As reported previously,
dimerization of RBD has been observed (Grishin et al., 2022; Lan et al.,
2020; Sinegubova et al., 2021).
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2.2.3 Experimental setup

In this paragraph, the specifications for the experiment described in Chapter
3.1 are collected.

The nanosphere stock concentration was 0.1 g/mL (10%). Before the assay,
the nanospheres were coated with the receptor protein in 10 mM phosphate
buffer (PB) at pH 7.4 in the case of ACE2 protein. A total of 2 mL of the so-
lution of ACE2-coated nanospheres was obtained by adding 4 uL of Ikerlat
nanospheres to 1.92 mL of PB. Such an amount of nanospheres guarantees
0.02% of solids in the final solution. Then, 26 uL of ACE2 (stock concentra-
tion 1.34 mg/mL) was added to the nanospheres solution (final ACE2 con-
centration 17.42 ug/mL = 157.65 nM), and the solution was kept in gentle ag-
itation on a tilting platform at room temperature for 3 h. Finally, 52 uL of
blocking buffer was added. Such buffer consisted of goat serum (Millipore) at
a concentration of 20 mL/L and ProClin 300 biocide (Sigma-Aldrich) at 0.3
mL/L in PBS at pH 7.4, to fully block potentially unbound chloromethyl
groups. This reaction was incubated again on a tilting surface, gently mixing
overnight. In the case of the RBD protein, the coating buffer was 20 mM so-
dium carbonate at pH 9.2 containing 150 mM NaCl. For the coating step of
nanospheres with RBD as the receptor protein, the procedure was the same
but with different quantities: 1 puL of Ikerlat nanospheres was added to 0.5
mL of bicarbonate and guaranteed 0.02% of solids in the final solution (the
stock concentration was 0.1 g/mL). The concentration of RBD used for the
coating procedure was 174.2 pg/mL = 5.8 uM. For spectra acquisition,
polymethyl methacrylate (PMMA) cuvettes with 500 uL capacity and 0.6 cm
optical path were used. Nanoparticle aggregation results in an increasing sig-
nal of absorbance attributed to RBD-ACE2 complex formation and was ana-

lyzed in phenomenological terms as a saturation curve. Thus, a turbidimetric
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assay was performed with nanospheres coated with fixed concentrations of
either ACE2 or RBD, while Lf was present at different concentrations. The
analysis was carried out in phosphate-buffered saline at pH 7.25 with 0.1%
glycine, 0.1% NaNs and polyethylene glycol (PEG) 6000 at a concentration
of 5%. The analysis of the turbidimetric data was performed by means of a
MATLAB custom program.

2.3 Analytical model

BLI can be used to measure kinetic binding constants (kon, kotf) and the affini-
ty constant Kp. A simple 1:1 binding model of a 2" order reversible reaction
is described by the expression:

Kon

A+ B <= AB

Kogr

The association step is governed by a rate constant called the association rate
constant, denoted by the parameter kon. The binding is reversible and the rate
of breakdown of the complex is governed by a rate constant termed the dis-
sociation rate constant, denoted as kor. The units of the association rate con-
stant are M s and of the dissociation rate constant s™. The larger the value
of the association rate constant, the more rapid the binding event. The study
of bimolecular reactions is usually carried out under pseudo-first order (PFO)
conditions by keeping the initial concentration of one of the two reagents in
large excess (50-100 fold) (Kumaraswamy & Tobias, 2015; Malatesta, 2005;
Muiller-Esparza et al., 2020). Under this approximation, a simple exponential
time course is observed, with the observed rate constant being directly related
to the product of the initial concentration of the reagent in excess to the for-

ward bimolecular rate constant. In the case of a simple reversible or irreversi-
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ble bimolecular reaction, a plot of the observed rate constant versus the con-
centration of the reagent being varied will result in a linear relationship,
wherever pseudo-first order conditions are met. The slope of the linear plot
yields the apparent bimolecular rate constant for the reaction, under the cho-
sen experimental conditions.

According to the law of mass action, the rate of association of A with B is
thus the product of the concentrations of A and B and a rate constant (the as-
sociation rate constant, kon). The rate of dissociation is the product of the
concentration of AB and a rate constant (the dissociation rate constant, Kof).
The differential equations for [AB] is the rate of change of the target-ligand
complex concentration over time, given by the rate of association minus the

rate of dissociation:

d[AB]

dt = kon[A][B] — kog[AB]

Eq.2.1

For the dissociation assay, the analytic equation needs to incorporate the
amount of AB at the initiation of the dissociation phase. The equation defin-
ing the dissociation time course is derived using the same strategy as de-
scribed above for the association process. The rate of change of the target-
ligand complex concentration over time is simply the rate of decay of the
complex: Therefore, the second differential equation describing the dissocia-

tion phase is

Eq.2.2
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The resolving functions of the differential equations describe the association
and dissociation phases and their analytical form is a single exponential func-
tion:
y = Yo +s(1 — e Fobst)
y = Yo + se”of!

Eq. 23
where Kops = Kon[B] + Kot
All observed time courses will eventually reach equilibrium asymptotically.
In this case, the forward binding transition should be balanced by the back-

ward unbinding transition thus holding the relation:

Kon [A][B] = koff[AB]

From this, the affinity constant is defined as the ratio:

Eq. 24

There is a fixed amount of receptor protein on the sensor surface, so there is a
maximum possible amount of analyte protein binding at equilibrium. The
equilibrium levels reached will depend on the concentration relative to the af-
finity constant Kp; at concentration around 100 times Kp, the equilibrium
will be at a saturating concentration.

It is clear that the advantage of working under PFO conditions is that time-
course can be expressed with simple exponential equations, with the ob-
served rate constant being directly related to the exponential parameter in the
binding process. In the case of a simple bimolecular reaction, a plot of the
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observed rate constant versus the concentration of the reagent being varied
will result in a linear relationship (see Eq. 2.3). The slope and the intercept of
this plot yield the apparent association and dissociation rate constants for the

reaction.

2.3.1 Saturation curve

According to the simple system described in the previous paragraph, the satu-

ration fraction is defined by:

[AB] [AB]

" [Al+ [AB]  [Aed

as in the ratio between the concentration of occupied binding sites by the lig-

and and the total available binding sites. Since Kp = % , substituting [AB]

from this expression in Y, the saturation curve is:

[B]

=R+ B

Eq.25

where B is the ligand protein, the independent variable of the experiment.

It can happen however that Eq. 2.5 is not always sufficient to describe the
experimental time courses observed in a binding assay. For macromolecules
having two or more binding sites, a phenomenon called “cooperativity” may
occur. Cooperativity is characterized by a change of the intrinsic (site specif-
ic) equilibrium binding constant as a function of the reaction progress, mean-
ing that the affinity of a given binding site for a ligand will be affected by the

occupancy of other sites by the same or different ligands. To conciliate this
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kind of data with the sigmoidal shape of the binding curve, it may be neces-
sary to introduce a cooperativity coefficient, or Hill coefficient, in the frac-

tion saturation equation.

[B]"

Y=—"—
kobs + [B]n

Eq. 26

Figure 2.9 exemplifies the types of binding interactions between sites, show-
ing the fractional saturation of binding sites in a macromolecule as a function
of the free ligand concentration. In the curves in the left panel it is possible to
observe the hyperbolic shape of the saturation curve, characteristic of inde-
pendent sites without interactions (n = 1), and the deviations produced by
positive and negative cooperativity. It is worth noting that the sigmoidal
shape of the curve is distinctive for positive cooperativity in the direct repre-
sentation. When the curves are represented as a function of the logarithm of
ligand concentration (right panel), an apparent sigmoidal trend appears for all

types of binding.
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Figure 2.9. Saturation curves for the three characteristic types of interactions between sites. The frac-
tional saturation of a macromolecule by a ligand was simulated using Eq. 2.6 for identical and inde-
pendent sites (n = 1, blue line), negative cooperativity (n < 1, red line) and positive cooperativity (n >
1, yellow and green lines). The right panel includes saturation values for a wide range of ligand concen-

tration in a logarithmic scale.

For the turbidimetric data analyzed in Chapter 3.1, EqQ. 2.6 was used instead
that explicitly takes into account a cooperativity coefficient. Thus far, the ap-
parent thermodynamic constants could not be appropriated described as “Kp”
and is referred to as “Kobs”.

When available, the concentration range for each binding experiment was
chosen based on Kp values obtained from the literature or experimentally de-
termined for different scenarios where Kp values were unknown. The record-
ed data were always analyzed using the Octet software to extrapolate the Ki-
netic parameters. All association and dissociation curves were fitted using a
single exponential function. Pseudo-first order (PFO) conditions were met
when the initial concentration of one of the two reagents was significantly
higher (between 50- and 100-fold) than the other.
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2.4 2D Zernike computational method

In this paragraph, the new unsupervised computational method is described,
that is behind the computational predictions at the basis of the experimental
work carried out and presented in the results section. Such method efficiently
characterizes the shape of any portion of molecular surfaces and allows one
to evaluate the shape complementarity of protein-protein interfaces employ-
ing the 2D Zernike formalism. A 2D Zernike polynomial expansion refers to
a mathematical technique that associates each portion of molecular surfaces
with an ordered set of numerical descriptors, invariant under rotation, allow-
ing easy metric comparison between the shape of different protein regions for
similarity or complementarity evaluation. The algorithm reduces the compu-
tational cost that would be required if all possible relative angles between the
surfaces would be considered. In a 2D Zernike polynomial expansion, the 2D
function or surface is decomposed into a sum of these Zernike polynomials,
each multiplied by a coefficient. These coefficients determine the contribu-
tion of each Zernike polynomial to the overall shape of the function or sur-
face. The expansion allows for a concise and systematic representation of
complex shapes or irregularities. Figure 2.10 depicts how the algorithm work

in a step-by-step illustration.
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Figure 2.10. Computational protocol for the characterization of each surface region and the blind iden-
tification of the binding sites. a. Molecular solvent-accessible surface of a protein (in blue) and exam-
ple of patch selection (red sphere). b. The selected patch points are fitted with a plane and reoriented so
that the z-axis passes through the centroid of the points and is orthogonal to the plane. The point C
along the z-axis is defined, such as that the largest angle between the perpendicular axis and the secant
connecting C to a surface point is equal to 45°. Finally, to each point, its distance, r with point C is
evaluated. c. Each point of the surface is projected on a squared grid fit plane. To each pixel, the aver-
age of the r values of the points inside the pixel is associated. d. The resulting 2D projection of the
patch can be represented by a set of 2D Zernike invariant descriptors. e-f. For a given protein-protein
complex under study, a patch centered on the surface vertex is selected and Zernike descriptors are
computed. To blindly identify the two binding sites, each sampled patch is compared with all the patch-
es of the molecular partner and each vertex is associated with the minimum distance between its patch
and all the patches of the molecular partner is associated with. g. A Smoothing process of the surface
point values is applied to highlight the signal in the regions characterized mostly by low distance val-
ues. Picture adapted from (Milanetti, Miotto, Di Rienzo, Nagaraj, et al., 2021).

For a more detailed explanation of the protocol and applications of the algo-
rithm, (Milanetti, Miotto, Di Rienzo, Monti, et al., 2021; Milanetti, Miotto,
Di Rienzo, Nagaraj, et al., 2021) suggested readings are here enclosed. By
applying the Zernike method, a more exhaustive overview of the binding be-
tween ACE2 and spike protein was obtained. In Figure 2.11 there is a zoom
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on the binding region between the receptor binding domain of SARS-CoV-2
spike protein and the ACE2 receptor protein, as obtained from X-ray crystal-

lography.

Binding site residues ¥ _ & Binding site residues
i £ & . of ACE2 receptor

Figure 2.11. Ribbon representation of the binding site of the SARS-CoV-2 spike protein bound to hu-
man ACE2 (PDB id: 6M0J). Interacting residues whose a-carbons have a distance lower than 9 A are
represented with red sticks for the spike protein and with blue ones for the ACE2 receptor. Figure from
(Miotto et al., 2022).

This analysis and the consequent simulations were the basis of the experi-

mental work whose results are reported in Chapter 3.
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2.5 Proteins expression and purification

Some of the proteins utilized during the experiments were provided by manu-
facturers. The ferritin nanoparticles were purified following the protocols
found in the literature and possibly modifying some steps.

2.5.1 Commercial proteins

Lactoferrin. Human milk lactoferrin (Lf) protein was from Sigma-Aldrich,
with molecular weight between 82.4 and 87 kD; the estimated extinction co-
efficient was €™ = 110.96 mM* cm™ (280 nm), and the pl was 8.7. The stor-
age buffer was 10 mM phosphate buffered saline at pH 7.4; therefore, all di-
lutions were executed in the same buffer.

RBD. The wild-type receptor-binding domain (RBD) of SARS-CoV-2 spike
protein was provided by GenScript. The protein is a C-term HIS-tagged re-
combinant protein with a predicted molecular weight of 30 kD. The storage
buffer was phosphate-buffered saline at pH 7.2, and the calculated pl was
8.91; the stock concentration was 0.89 mg/mL according to the manufacturer.
ACE2. The angiotensin-converting enzyme 2 (ACE2) was also provided by
GenScript. The ACE2 ectodomain is a C-term Fc-tagged recombinant protein
with predicted molecular weight of 110.5 kD at a concentration of 1.34
mg/mL, in a storage buffer consisting of 20 mM Tris-HCI, 300 mM NacCl, 1
mM ZnCl2 and 10% glycerol, pH 7.4. The protein pl is 5.49.

2.5.2 Proteins and peptides synthesis

ACE2-derived peptides. WT, HAL, HA2, HA3, HA4, LA were synthesized

by GenScript and provided in the lyophilized form. Before use, they were re-

suspended in PBS buffer containing either 3% NH4OH or 5% NH3 (depend-
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ing on the total net charge of the peptides). The final stock concentration for
each peptide was 5mg/mL. The peptides were either subjected to a biotinyla-
tion reaction using the BTAG biotinylation kit (Sigma-Aldrich) or were pro-
vided pre-biotinylated by the manufacturer (GenScript).

Chimeric ferritins with ACE2-derived peptides. The synthetic genes en-
coding for HFt-peptHA1 and HFt-peptWT chimeric proteins were synthe-
sized by GenScript and optimized for expression in Escherichia coli cells.
Peptide sequences were inserted at the N-terminal region of the ferritin
through a 4 glycine-spacer. The genes were then subcloned into pET22 b vec-
tor e transformed in BL21(DE3) competent cells. Ferritins were expressed as
previously reported (Palombarini et al., 2019) and the purification protocols
are exposed in the following paragraphs.

Engineered ferritin with PBM. The synthetic genes encoding for HFt-PBM
protein was provided by the manufacturer with different characteristics from

the chimeric ferritin.

2.5.3 Purification protocols

HFt-peptWT purification protocol. Bacterial paste from 1 L culture was re-
suspended in 50 mL of 20 mM sodium phosphate buffer, pH 7.4 containing
150 mM NaCl and protease inhibitors (Roche®©) and disrupted by sonication.
The soluble fraction was precipitated with 20% (NH4)2SO4 for 1 h at 4°C.
The pellet was resuspended in 20 mM sodium phosphate buffer pH 7.4 con-
taining 150 mM NaCl and extensively dialyzed versus the same buffer over-
night at 4°C. Finally, the protein was loaded onto a HiLoad 26/600 Superdex
200 pg column equilibrated with 20 mM sodium phosphate buffer pH 7.4
containing 150 mM NaCl, using an AKTA-Pure apparatus (Cytiva). Protein

concentration was calculated by measuring the UV absorption at 280 nm (e2g0
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= 20400 Mt cm™). Protein purity was checked by SDS-PAGE and the cor-
rect quaternary assembly was evaluated by high-performance size exclusion
chromatography (HP-SEC).

HFt-peptHAL purification protocol. Bacterial paste from 1 L culture was
resuspended in 50 mL of 50 mM Tris/glycine buffer, pH 7.5 containing 150
mM NaCl, 0.5 mM TCEP and protease inhibitors (Roche©) and disrupted by
sonication. The insoluble fraction was resuspended in 50 mL of 100 mM
Tris/glycine buffer pH 8.5, containing 0.5 mM TCEP and 0.5 M urea. The so-
lution was stirred for 30 min at room temperature. The resulting washed pel-
let was resuspended in 50 mL of 100 mM Tris/glycine buffer pH 8.5, contain-
ing 0.5 mM TCEP and 4 M urea, and stirred for 30 min at room temperature.
After centrifugation, the soluble fraction was dialyzed overnight versus 50
mM Tris/glycine buffer pH 9 at 4°C. The protein sample was then dialyzed
for 4 h versus sodium phosphate buffer pH 7.4, concentrated, and loaded onto
a HiLoad 26/600 Superdex 200 pg as described above. The protein fractions
eluting at the retention time of ferritin were pooled, concentrated using
AmiconUlItra-15 centrifugal filter devices (100 kDa cut-off), sterile filtered,
and stored at 4°C. Protein concentration was calculated by measuring the UV
absorption at 280 nm (e2s0 = 20400 Mt cm™). Protein purity was checked by
SDS-PAGE and the correct quaternary assembly was evaluated by high-
performance size exclusion chromatography (HP-SEC).

HFt-WT purification protocol. Bacterial paste from 1 L culture of HFt was
resuspended in 50 mL of 20 mM sodium phosphate buffer, pH 7.4, containing
150 mM NaCl and protease inhibitors (Roche®©) disrupted by sonication.
The soluble fraction was treated with 50% and 70% (NH4)2SO4. The 70%
(NH4)2SO4 pellet was resuspended in 20 mM sodium phosphate buffer pH
7.4 containing 150 mM NaCl and extensively dialyzed versus the same buffer

56



overnight at 4°C. After dialysis, the protein sample was subjected to heat
treatment at 75°C for 10 min. The resulting soluble fraction was digested
with 50 ng/mL deoxyribonuclease 1 (Merck) for 1 h at 3°C with the addition
of 2 mM MgCl,. After digestion, the protein sample was loaded onto a Hi-
Load 26/600 Superdex 200 pg column previously equilibrated with 20 mM
sodium phosphate buffer pH 7.4 containing 150 mM NacCl, using an AKTA-
Pure apparatus (Cytiva). The protein fractions eluting at the retention time of
ferritin were pooled, concentrated using AmiconUltra-15 centrifugal filter
devices (100 kDa cut-off), sterile filtered, and stored at 4°C. Protein concen-
tration was calculated by measuring the UV absorption at 280 nm (exg0 =
19000 Mt cm™) and protein purity was checked by SDS-PAGE and High-
performance size exclusion chromatography (HP-SEC).

HFt-PBM purification protocol. The purification protocol for the engi-
neered ferritin with PMB was based on the HFt-WT with several alterations.

2.5.4 Protein characterization techniques

High-performance size exclusion chromatography (HP-SEC). The purity
and aggregation state of protein samples were analyzed by high-performance
size exclusion chromatography (HP-SEC). HP-SEC analyses were performed
by means of an Agilent Infinity 1260 HPLC apparatus equipped with UV de-
tectors using an Agilent AdvanceBio SEC 300A 2.7 um 4.6x150 mm column.
Isocratic analysis was carried out with 20 mM sodium phosphate buffer pH
7.4 as the mobile phase. The flow rate was 0.7 mL/min over an elution win-
dow of 10 min. Ferritin elution was followed using UV detection at 220 nm
and 280 nm.

Native Polyacrylamide Gel Electrophoresis (PAGE). Native Polyacryla-

mide Gel Electrophoresis was performed with a 4-15% nondenaturing
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acrylamide gel (Mini-PROTEAN TGX stain-free) in a Tris-glycine pH 8.3
running buffer at room temperature for 30-40 min at 150-200 V in a Bio-Rad

Mini-Protean tetra-cell electrophoresis apparatus.
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Chapter 3 Results and discussion

3.1 Investigation on inhibiting role of lactoferrin in the com-
plex formation between ACE2 receptor and SARS CoV-2

recognition binding domain

In the following chapter, the investigation focused on the analysis of the in-
teractions among bovine lactoferrin, SARS-CoV-2 receptor-binding domain
(RBD) and human angiotensin-converting enzyme 2 (ACE2) receptor will be
discussed in order to assess possible mutual interactions. The rationale for
this experimental set up was based on previous proposals that suggested pos-
sible mechanisms of antiviral action of lactoferrin (Campione et al., 2020;
Kell et al., 2020; Rascon-Cruz et al., 2021; Y. Wang et al., 2020) and on com-
putational studies (Campione et al., 2021; Milanetti, Miotto, Di Rienzo, Na-
garaj, et al., 2021; Miotto, Di Rienzo, Bo, et al., 2021; Tortorici et al., 2019)
that revealed significant surface complementarity among lactoferrin and two
binding regions on the RBD domain and several possible binding sites to
ACE2. Kinetic and thermodynamic parameters for the pairwise interactions
were measured by means of biolayer interferometry and latex nanoparticle-
enhanced turbidimetry techniques. The results obtained indicate that Lf is
able to bind the ACE2 receptor ectodomain with significantly high affinity,
whereas no direct binding to the RBD was observed up to the maximum
achievable lactoferrin concentration range. Lactoferrin, above 1 uM concen-
tration, thus appears to directly interfere with RBD-ACE?2 binding, bringing
about a measurable, up to 300-fold increase of the Kp value relative to the

isolated RBD-ACE2 complex formation. The observed results could thus
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provide a molecular basis of the reported preventative effect of lactoferrin

against CoV-2 infection.

3.1.1 Binding of lactoferrin to ACE2

The molecular interactions of Lf with ACE2 and RBD were studied separate-
ly via both BLI and turbidimetric assays. Figure 3.1 report the time course of
the binding and dissociation signals between Lf and ACE2. Protein ACE2 is
loaded on protein A biosensors (“ProA”) at fixed concentration of 50ug/ml,
Lf is present in solution at increasing concentrations, starting from 33 uM
down to 0.33 uM, obtained by consecutive dilutions in 1X kinetic buffer. The
association and dissociation steps duration were set at 120 s and 300 s respec-
tively. The value of Kp obtained from the BLItz software was Kp = 27.64
uM.
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Figure 3.1. Time-courses of the BLI assay showing binding and dissociation trend between Lf and
ACE2. The analyte protein is Lf at different concentrations, whereas ACE2 is loaded on the biosensor
(ProA). The vertical dashed lines indicate the duration of the binding step (120 s) and of the dissocia-
tion step (300 s).
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The time-courses relative to the turbidimetric assay are shown in Figure 3.2.
Nanospheres with a suitable diameter of 103 nm were coated with ACE2 and
Lf was added to the cuvette at concentrations ranging from 21.6 uM to 1.96
nM. The increase in light absorbance at 340 nm was measured.
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Figure 3.2. Turbidimetric assay performed with Lf as the analyte protein at variable concentrations in
solution with latex nanospheres coated with ACE2. From the data analysis performed using Eq. 2.5, the
value of Kp obtained was 46.12 uM.

These results show that, taken individually, the Lf-ACE2 interaction clearly
occurs when measured by both techniques and it is quantifiable with an affin-

ity constant Kp in a micromolar order of magnitude.

3.1.2 Binding of lactoferrin to RBD

The same experimental set up was applied to study the binding between LF
and RBD. Figure 3.3 and Figure 3.4 show the BLI and turbidimetric analysis
for the association of LF to RBD. Concerning the interferometry assay, LF as
the protein in solution spanned a concentration ranged from 10 uM to 50 nM,
while RBD protein was loaded on anti-HIS tag biosensors ("HIS2”) at fixed
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concentration of 50 pug/ml. The duration of the binding and dissociation steps
were set for 180 s and 120 s, respectively. For the turbidimetric assay, nano-
spheres were coated with RBD protein and Lf was present in solution con-

centrations starting from 21.6 uM down to 540 nM.
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Figure 3.3. BLI signals of Lf as the analyte protein at different concentrations with RBD loaded on the
biosensor (HI1S2). The binding step was 180 s, the dissociation step was 120 s.
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Figure 3.4. Turbidimetry assay performed with Lf as the analyte protein at variable concentrations in

solution with latex nanospheres coated with RBD.
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It is clear from the trends of the reported curves represented that no signal
could be detected between Lf and RBD within the concentration range under
study.

In Table 1 are displayed the kinetic parameters of Lf—~ACE2 interaction. The
corresponding Kp values were 27.64 uM for the interferometric experiment

and 46.12 uM in the turbidimetric measurement.

kon (M1 s1) Koff (52) Kb (uM)
INTERFEROMETRY] (166.90 £ 4.79) 0.461 £0.007 | 27.64+0.91
10°
TURBIDIMETRY 33.41+£541 (1.54 £0.39) 46.12 £
103 12.12

Table 1. Kinetic parameters relative to Lf and ACE2 interaction. The kon and Kofr parameters were esti-
mated by single exponential fit of the curves (see Eq. 2.3), and the corresponding Kp values were cal-
culated according to Eq. 2.5.

These results clearly indicated that Lf showed a quantifiable interaction with
the ACE2 protein but no binding at all with the RBD protein within the ob-

served concentration range.

3.1.3 Effect of lactoferrin in the interaction between RBD and ACE2

The ability of Lf to effectively inhibit the interaction between ACE2 and
RBD was further investigated by means of interferometric and turbidimetric
measurements. Before evaluating that, however, the affinity between RBD
and ACE2 was verified to fall in the nanomolar range, as published in previ-
ous reports (Saponaro et al., 2020). BLI analysis is presented in Figure 3.5

and was performed by loading ACE2 on ProA biosensors and allowing the
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association/dissociation of RBD at concentrations ranging from 1.67 pM to
10 nM.
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Figure 3.5. Time-courses of the reaction between RBD in solution with ACE2. Figure shows signals of
the binding and dissociation experiment performed via BLI with ACE2 loaded on ProA biosensors, and
RBD present in solution at decreasing concentrations. The vertical dashed lines indicate the time inter-
val of the binding step (180 s) and of the dissociation step (120 s).

From data fitting analysis performed by BLItz software, the resulting affinity
constant was 27.06 nM, in good agreement with previously observed values.

In Figure 3.6, aggregation time-courses from turbidimetric assays are shown.
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Figure 3.6. Aggregation signals from turbidimetric assays of the reaction between RBD in solution
with ACE2. Latex nanospheres were coated with the ACE2 protein and mixed in solution with RBD at
decreasing concentrations. The graphs refer to measurements of latex nanospheres coated with ACE2
protein and mixed in solution with RBD at decreasing concentrations. The resulting affinity constant
was 18.15 nM.

Ultimately, Lf was introduced into a solution containing RBD, in order to ex-
plore its role in the interaction with ACE2. In the following graphs, one can
observe the gathering of data through BLI and turbidimetry concerning the
protein system. In this scenario, ACE2 served as the receptor (located either
on the sensor tip or on the nanoparticles' surface), while RBD remained at
fixed concentration. Variable concentrations of Lf were introduced. The im-
pact of Lf on the formation of the ACE2-RBD complex was initially assessed

using BLI analysis, as depicted in Figure 3.7.
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Figure 3.7. Time-courses of the reaction between RBD and ACE2 in the presence of Lf in solution.
ACE?2 is loaded on ProA biosensors, RBD is present in solution at constant concentration along with
lactoferrin, whose decreasing concentrations are reported in the legend box. The vertical dashed lines
indicate the start of the binding step (180 s) and of the dissociation step (120 s).

ACE2 was once again loaded onto ProA biosensors, and RBD was introduced
to the biosensors during the association step, maintained at a steady concen-
tration of 452.5 nM, and Lf was mixed with diminishing concentrations. The
outcome involved both Lf and RBD binding to the ACE2 immobilized on the
biosensors, leading to an observable kons wherein the binding affinities of
both proteins to the receptor became intertwined. Interestingly, when Lf was
present in solution at a concentration as low as 45.2 nM, the association sig-
nal recorded for the mix was significantly lower than that obtained in the
presence of RBD alone, thus suggesting a strong inhibiting effect of Lf. The
value of Kp obtained from the BLItz software was Kp = 101.30 nM. The
same mixing approach was then applied to the turbidimetric methodology, by
mixing in the cuvette nanospheres coated with ACE2 as receptor and a solu-
tion at a constant concentration of RBD (19.6 nM) in the presence of decreas-
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ing concentrations of Lf. An inhibitory effect on the aggregation of ACE2

with RBD was observed, as shown in Figure 3.8.
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Figure 3.8. Turbidimetry assay performed with Lf at variable concentrations and RBD present at a

fixed concentration, in solution with latex nanospheres coated with ACE2.

For a more in-depth examination of the turbidimetric data, curve fitting of the
saturation curve and of the observed rates was executed. Results are shown in
Figure 3.9. According to Eq. 2.5, the saturation of binding sites expressed in
terms of AADbs exhibited a hyperbolic dependence on the concentration of the
ligand protein, lactoferrin, whereas the curve appeared sigmoidal when pro-

tein concentration is expressed in logarithmic form.
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Figure 3.9. Inhibition of RBD-ACE2 complex formation in the presence of increasing concentrations
of lactoferrin. The turbidimetric data of Figure 3.8 were used to analyze the effect of increasing lac-
toferrin concentration (in log scale). The absorbance amplitudes of the reactions are shown in top pan-
el, whereas the initial rates of the same curves are depicted in bottom panel. Interpolating red curves
represent the best fit to the data obtained by Eq. 2.6. The data analysis, performed via custom
MATLAB program, yielded apparent Kobs Values of 9.5 + 1.5 uM (top) and 6.3 + 1.2 uM (bottom), re-
spectively, with cooperativity coefficient n of 1.44 + 0.11 and 1.54 £ 0.08, respectively.

The flex point corresponded to an “apparent” dissociation constant Kobs Of the
reaction. In the top panel of Figure 3.9, the values of AAbs were plotted
against logio(Lf). The difference in absorbance for each concentration of Lf
was calculated between the start of step 4 of the turbidimetric assay and 600 s

after it.
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3.1.4 Computational recognition of the binding regions of ACE2 to lac-

toferrin

To conclude the chapter, it is reported in Figure 3.10 a representation of the
regions of ACE2 protein showing the highest binding propensity to Lf, ac-
cording to the computational approach based on Zernike method. The molec-
ular structures of human ACE2 (PDB id: 1R42) and human holo lactoferrin
(PDB id: 1LFG) were inspected for portions of the molecular surfaces with
high shape complementarity (Milanetti, Miotto, Di Rienzo, Monti, et al.,
2021). In particular, a set of ACE2 receptor regions with high binding pro-
pensity were identified. Panel a shows the residues of ACE2 having the high-
est binding propensity scores with human Lf. Panel b, ¢ and d show the iden-

tified regions on the molecular surface of human ACE2.

Binding Propensity

residues

TRP 48 ASN 572

Figure 3.10. Regions of high binding propensity of ACE2 to Lf. a. Binding propensity of human ACE2
residues for human lactoferrin obtained on the basis of local shape complementarity of the molecular
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surfaces (Miotto, Di Rienzo, Gosti, et al., 2021). Only residues whose binding propensity is higher than
0.85 are reported. Blue, orange, and green bands highlight three different portions of the molecular sur-
faces characterized by high binding propensity. b. Molecular surface of the extracellular region of hu-
man ACE2 colored according to the Zernike binding propensity score. The color turns from white to
red as the local binding propensity increases. The surface was oriented to show the region around resi-
due Tpr48, which is comprised in the blue band in panel a. c. Same as in b but displaying the region
around residue Argl77 and marked with the orange bands; a cartoon representation of the RDB of the
spike protein bound to ACE2 is also shown. d. Same as in b, but for the green band of the panel a

marking the region around residue Asn572.

The model suggested that the region of binding of Lf does not strictly overlap
with the well-known ACE2-RBD binding interface. As such, two different
inhibition scenarios can be hypothesized: on one side, Lf binding on an
ACE2 surface region far from the interaction surface with RBD (such as in
Figure 3.10c) can lead to structural rearrangements on the ACE2 ectodomain
that could effectively prevent spike attachment to host cells; on the other
hand, Lf attachment on regions highlighted in Figure 3.10b, d could hamper
directly ACE2-RBD interaction.
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3.2 Design of protein-binding peptides with controlled bind-
ing affinity: the case of SARS-CoV-2 receptor binding domain
and ACE2-derived peptides

The experimental work based upon the 2D Zernike formalism applied in or-
der to design high affinity peptides to specific targets is described in the pre-
sent chapter. The algorithm was based on shape complementarity optimiza-
tion and electrostatic compatibility and focused on the interaction between
the SARS-CoV-2 Spike Receptor-Binding Domain (RBD) and the human an-
giotensin-converting enzyme 2 (ACE2) receptor. On the bases of known 3D
structures obtained by X-ray crystallography, a 23-residue peptide that struc-
turally emulates the key interacting segment of the ACE2 receptor was identi-
fied. Starting from the wild-type sequence, a set of five different peptide mu-
tants, each possessing controlled binding affinities, was generated. This com-
putational forecast was subjected to validation through both molecular dy-
namics simulations and experimental in vitro methodologies. In this chapter
it will be exposed the experimental determination of binding affinity (Kp) ex-
ecuted using biolayer interferometry corroborated the predictions generated
in silico. This approach has been extensively employed in the investigation of
antibody-antigen interactions (Concepcion et al., 2009; Kamat & Rafique,
2017; Petersen, 2017), with a specific emphasis on the interactions between
SARS-CoV-2 variants and antibodies (Dzimianski et al., 2020; Ginex et al.,
2022; R. Wang et al., 2022; Y. Wang et al., 2020). Finally, as a further exper-
imental development, the peptide sequence exhibiting the highest affinity was
expressed as a fusion protein with the human H ferritin (HFt) 24-mer. Analy-

tical assessments performed on the resulting fusion protein confirmed the

72



consistent behavior of the peptides, thereby amplifying their effectiveness in
binding to the RBD.

3.2.1 Computational analysis of the ACE2-derived peptides

The design protocol was applied onto residues into the a-helix peptide range
21-43. The spatial arrangement of the peptide within the ACE2-RBD com-
plex can be observed in Figure 3.11. Within the aminoacidic range consid-
ered, the protocol performed the substitution in each position of the WT mol-
ecule with the 19 other possible lateral chains, selecting, among the substitu-
tions with compatible electrostatics, the ones driving the highest increase in
shape complementarity. Using this approach, a set of four mutated peptide
sequences (HA1, HA2, HA3, and HA4) that exhibited higher nominal affinity
towards the RBD compared to the wild-type sequence (WT), and one peptide
sequence with lower affinity (LA1) were generated.
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Figure 3.11. Crystal structure of SARS-CoV-2 spike receptor-binding domain bound with ACE2 (PDB
id: 6MO0J). Relevant side chains of the residues in the a-helix are shown in the orange box and are col-

ored in red.

The sequences of each of the six peptides are detailed in Table 2, where the

specific mutated amino acids are highlighted in red.

WT

STIEEQAKTFLDKFNHEAEDLFYQS

HAl

STIEEQAKTFLDKFNILALDLFYQS

HA2

STIEEQAKTFLDKFNVLALDLFYQS

HA3

STIEEQAKTFDDKFNILAEDLFYQS

HA4

STIEEQAKTFYDKFNVLAEDLFYQS

LAl

STIEEQAKTFLGKFNHEAEYLFRQS

Table 2. Sequences of the wild type a-helix peptide and the list of mutated sequences HA1-4 and LAL.

The mutated amino acids are highlighted in bold red.
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3.2.2 BLI measurements of RBD-peptide complexes

Binding kinetics measurements were carried out by using the biolayer inter-
ferometry technique, in order to assess the affinity between the ACE2-derived
peptides and RBD fragment. Biotinylation was performed on the peptides to
enable their immobilization on the streptavidin biosensors. Subsequently, ki-
netic measurements were conducted at various concentrations of RBD span-
ning the range from 100 uM to 0.16 puM. In Figure 3.12 are show the asso-
ciation and dissociation steps for each peptide, while in Table 3 are presented
the obtained Kp values, representing the affinity between the peptides and
RBD.
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Figure 3.12. Time-course of the reaction between peptides and RBD as the analyte protein in solution
at various concentrations. For all measurements, a 300 s time period was set for both association and
dissociation steps. Peptides have been loaded first at fixed concentration (50 ug/ml) on biosensors ini-

tialized with streptavidin molecule (SAX2).

peptide Kb (M)

LAl 740+£7.2

WT 33.0+1.9

HA4 7.2%+10

HA3 5.0%1.0

HA2 2.70 £ 0.45

HAl 2.20+0.44

Table 3. The values of Kp with standard errors from data analysis of BLI assay traces are reported in

the first row. Ko were obtained directly within the Octet software.
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Noticeably, the affinity constants exhibit the same trend as the one predicted
via the computational approach, as in the HA4, HA3, HA2, and HA1 mutants
displayed increased affinity towards RBD compared to the WT peptide. Con-
versely, LAL exhibited significantly lower affinity.

3.2.3 Ferritin chimeric nanoparticles

On the basis of the relevant information obtained from each single peptide,
the next objective was to provide evidence for the opportunity of merging
these peptides with human ferritin H.

In the present case, the genetic fusion was applied for both the WT (wild-
type) sequence and the HAL sequence, which exhibits the highest affinity for
RBD, to the N-terminus of human H ferritin. To ensure structural integrity, a
flexible spacer consisting of four glycine residues was included in the fusion
construct. HFt-peptWT and HFt-peptHAL constructs were overexpressed in
Escherichia coli. Interestingly, the HFt-peptWT was successfully expressed
in a soluble form, while, HFt-peptHA1 was obtained in inclusion bodies, ne-
cessitating additional steps for purification. Nevertheless, both proteins were
purified to a high degree of purity, enabling subsequent structural and func-
tional characterization. In the following Figure 3.13a it is demonstrated the
successful purification of the constructs, illustrating the expected increase in
molecular weight, due to the presence of the peptide chain, of the individual
subunits of each chimeric ferritin in the SDS-PAGE gel electrophoresis anal-
ysis. Moreover, HP-SEC analysis and native gel electrophoresis confirmed
the correct assembly of these ferritins into their 24-mer form (Incocciati et
al., 2022). The HPLC elution profile revealed a higher molecular weight for
the chimeric ferritins compared to human H ferritin. Similarly, the native gel

electrophoresis demonstrated that the chimeric variants migrated slower than
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ferritin alone (Figure 3.13Db, c), as expected. The disparities in electrophoret-
ic mobilities (both native and SDS-PAGE) between the two mutants can be

attributed to their differing masses and charges.
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Figure 3.13. Biochemical characterization of HFt-peptWT and HFt-peptHA1 compared to HFt. a. HP-
SEC analysis. The HFt-peptWT variant displays a weight increase of 77266 Da (retention time 3.53
min) while the HFt-peptHAL shows an increase of 75924 Da (retention time 3.67 min). b. SDS-PAGE
(lane 1: marker, lane 2: HFt, lane 3: HFt-peptWT, lane 4: HFt-peptHAL). c. native gel electrophoresis
(lanel: HFt, lane 2: HFt-peptWT, lane 3: HFt-peptHAL). The disparity of the heights of the bands pre-
sent on the gel demonstrates that the chimeric variants migrate slower than ferritin alone.

After characterization, the binding capacity of the two chimeric ferritins to
the Spike receptor-binding domain (RBD) was assessed. The analysis was
performed using the Biolayer Interferometry (BLI) technique, wherein His-
tagged RBD was immobilized on the Ni-NTA biosensor, and the concentra-
tions of the chimeric ferritins were systematically varied. Subsequently, the
binding kinetics were examined, and the results are illustrated in Figure 3.14.
The analysis of the kinetic plots revealed a dissociation constant (Kp) of
10.81 nM for HFt-peptWT and 8.32 nM for HFt-peptHAL, providing quanti-
tative insights into the affinity of the respective constructs for RBD (see Ta-
ble 4).
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Figure 3.14. Time courses of the reaction between RBD and ferritin constructs. RBD protein has been
loaded first at fixed concentration (50 pg/ml) on Ni-NTA biosensors. Top panel: ferritin with WT pep-
tide construct is the analyte protein in solution at various concentrations. A 70 s time interval for the
association step and 80 s for dissociation were set. Bottom panel: ferritin with HA1 peptide construct
is the analyte protein in solution at various concentrations. Association and dissociation steps have du-

ration respectively of 70 s and 80 s. Temperature was 25 °C.

Complex | HFt-peptWT | HFt-peptHAL
Ko (nM) |10.81+0.06 8.32£0.03

Table 4. Values of Kp with standard errors from data analysis of BLI assay traces.

As can be inferred from the results obtained, the merging of the WT and the
best mutant peptide at the N-terminus of human H ferritin 24-mer made it
possible to limiting the peptide clearance and at the same time exploiting the
multivalent effect conferred by the ferritin structure. Indeed, the fusion of the

peptide with the ferritin moiety resulted in a strong increase in the affinity
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with RBD, as measured by BLI. These results are strongly encouraging about
the effectiveness of the design protocol and the use of ferritin can ensure a

broad clinical applicability.
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3.3 Engineered ferritin and inhibition of PCSK9 metabolic
pathway

In the next section the results of the experiments on the purification of the
ferritin containing the PCSK9-binding molecule and the related affinity ex-
periments carried out with the PCSK9 molecule are presented. The binding
efficiency was evaluated by measuring the affinity constant via BLI assay.
Furthermore, as control experiments, the results obtained from tests using
WT ferritin and comparing the value of Kp with the CD71 transferrin recep-

tor are shown.

3.3.1 Purification of engineered nanoparticle

This study aimed to modify a human H ferritin nanoparticle to recognize
PCSKQ through the addition of a molecule at the N-terminal of the protein.
The sequence was selected based on previously reported PCSK9-targeting
sequences obtained by combinatorial library screenings.

The synthetic gene encoding for HFt-PBM was optimized for the expression
in E. coli cells and the recombinant protein was expressed at a very high lev-

el. The results of the purification process are shown in Figure 3.15.

81



Figure 3.15. SDS-PAGE of the products of purification of HFt-WT (lane 2) and HFt-PBM (lane 3).
Compared to human HFt, HFt-PBM has a higher molecular weight. Lane 1 shows the marker.

3.3.2 Structural studies on ferritin HFt-PBM conformation

The transmission electron microscopy (TEM) examination demonstrated that
the altered ferritin nanoparticle retained its distinctive spherical shape, meas-
uring approximately 12 nm in diameter (see Figure 3.16). The electron mi-
croscopy analysis further revealed a uniform dispersion of the modified ferri-
tin nanoparticle throughout the sample, confirming the successful synthesis

and purification of the modified ferritin nanoparticle.
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Figure 3.16. TEM imaging of purified HFt-PBM protein (left panel) and calculation of median and

average diameter size (right panel).

Additionally, the HP-SEC analysis (see Figure 3.17) showed a higher molec-
ular weight for the modified ferritin nanoparticle compared to the unmodified

ferritin, indicating the successful attachment of the amino acid sequence to

the ferritin nanoparticle.
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Figure 3.17. HP-SEC spectra of HFt-WT (blue line) and HFt-PBM (orange line). It is visible the dif-
ference in elution volume of the two proteins, in agreement with the fact that the modified ferritin has

higher molecular weight.

Notably, the PCSK9-recognizing domain did not alter the overall structure of
the ferritin nanoparticle, suggesting that the modification did not cause any
significant changes to the protein's self-assembling behavior. This is a critical
finding as it suggests that the modified ferritin retains its ability to self-
assemble correctly, which is essential for maintaining its stability and pre-

venting aggregation in solution.

3.3.3 Binding kinetics analysis

To determine the affinity of HFt-PBM towards PCSK9, a BLI assay was per-
formed. In the experiment, his-tagged PCSK9 protein was immobilized on
Nickel NTA biosensors’ tip and then immersed in a solution containing the

mutated ferritin. Time-courses are shown in Figure 3.18.
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Figure 3.18. Time-courses of the reaction between and PCSK9 loaded on the biosensor and HFt-PBM
present in solution at decreasing concentrations. The vertical dashed lines indicate the time interval of
the binding step (240 s) and of the dissociation step (300 s).

From data analysis, the results show that HFt-PBM has a high affinity for the
PCSKO protein, with a dissociation constant Kp of 0.66 + 0.30 nM. This sug-
gests that the mutant has a strong binding ability to PCSK9, making it a
promising candidate for use as a therapeutic agent for hypercholesterolemia.

In contrast to monoclonal antibodies, ferritin is an innate protein that can be
taken up by cells through tfl receptor-mediated endocytosis. Given that
HepG2 cells, human liver cancer cell line, possess this receptor on their sur-
face, it is crucial to investigate whether the addition of the PBM molecule to
the N-terminus of ferritin could impact its binding to the Tf receptor 1
(TfR1). This consideration holds particular significance because HFt-PBM

needs to interact with extracellular PCSK9 to inhibit its interaction with the
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LDL-receptor. The internalization of HFt-PBM via TfR1 may potentially re-
duce its effectiveness in lowering cholesterol levels, therefore an evaluation
of the affinity strength with the His-tagged TfR1 receptor was performed.
Figure 3.19 displays the time-course acquisition of HFt-PBM protein binding
to CD71 receptor loaded on Ni-NTA biosensors.
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Figure 3.19. Time-courses of the reaction between HFt-PBM present in solution at decreasing concen-

trations and His-tagged CD71 loaded on the Ni-NTA biosensor tip. The vertical dashed lines indicate

the time interval of the binding and of the dissociation steps, both lasting 150 s.

The results show a Kp value of 27.9 + 0.4 nM for human ferritin. However,
when the binding affinity between the wild-type ferritin protein and the trans-
ferrin receptor CD71 was tested, the Kp value was 9.42 + 0.23 nM, meaning
that HFt-WT shows higher affinity and it is consistent with the order of mag-
nitude of the values reported in literature (Montemiglio et al., 2019). Figure
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3.20 shows the experimental trends of the BLI experiment and Table 5 gath-
ers all the Kp measured in the three experiments.
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Figure 3.20. Time-courses of BLI measurements with CD71 loaded on Ni-NTA biosensors ad HFt-WT
in solution at different concentrations. Association and dissociation steps were set to 150 s.

Ferritin ligand Kb (nM)
HFt-PBM PCSK9 | 0.66 +£0.30
HFt-WT CDh71 9.42+0.23
HFt-PBM CD71 27.9+04

Table 5. Values of Kp measured for all three combinations of interactions investigated. The ligand is

the protein that was loaded on the biosensors, the ferritin column reports the analyte protein in solution.

These Kp values demonstrate that the engineered protein shows a greater af-

finity towards the PCSK9 protein compared to wild type ferritin, indicative of
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the fact that PBM could indeed be exploited to interfere with PCSK9 meta-
bolic pathway, but at the same time does not hinder the internalization of the
“natural” human ferritin through the CD71 transferrin membrane receptors.
This could be due to the fact that PCSK9, which has a weight of 75 kDa,
strongly interacts with ferritin on multiple subunits simultaneously, effective-
ly preventing its BC loop from freely interacting with TfR1.
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Chapter 4 Conclusion

The body of experimental evidence collected in the present dissertation
serves primarily as a methodological workflow that addresses a key topic in
protein science concerning the matching of innovative in silico methods with
solution measurements dealing with interaction among proteins. As such,
general conclusions can be drawn on protein-protein interactions together
with specific examples of particular biological significance as commented in
the following chapters.

4.1 Methods for investigating PPIs

At the basis of a greater understanding of the dense network of interactions
that occur between proteins inside and outside the cellular environment there
is continuous research and development of techniques that allow the charac-
terization of these dynamics in a precise and least invasive way. Even before
reaching in vivo testing, with the aid of predictions and simulations carried
out in silico it is possible to characterize the propensity of a protein to interact
with a partner by exploiting the physical and chemical aspects that define
molecular systems. From a physics perspective, it is possible to comprehend
these phenomena by employing a combination of quantum and statistical me-
chanics. Such an elucidation could be condensed into a collection of thermo-
dynamic and kinetic relationships, which, in the end, account for the affinity
and selectivity of a molecular interaction. From a chemical perspective, the
aim is to understand the mechanism responsible for the free energy and kinet-
ics of the binding. Various experimental techniques are available for quantify-
ing the thermodynamics and kinetics of molecular binding. These methods
can be categorized as biochemical (such as ELISA, enzymatic, and radioac-
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tive assays) or biophysical (for example surface plasmon resonance, isother-
mal titration calorimetry, and FRET). All of these approaches yield empirical
values for thermodynamic parameters (like Kp, 1Cso, and ECso) and kinetic
constants (such as Koff and kon). These experimental observables are quantita-
tively related to the free energy and the binding/unbinding Kkinetics. For in-
stance, in a simple binding reaction between protein and ligand

P+ L e PL

the Gibbs binding free energy AGC%ing is directly related to the equilibrium
concentration of bound ([PL]) and unbound ligand ([L]) and protein ([P])

complexes:
o _ Kp
AGPi,qa = RTIn /CO

where T is the temperature, R is the gas constant, Co is the standard state con-
centration of 1 mol/L, and Kp is the dissociation constant (previously defined
in Chapter 2). In terms of equilibrium thermodynamics, the ergodic theorem
then provides a suitable theoretical framework for linking the chemical world
to the physical observables used to assess drug potency and efficacy. Specifi-
cally, for closed systems, the time-average of their properties equals the aver-
age across the entire system's configuration space. This offers insights into
the statistical properties of a system in thermodynamic equilibrium. Molecu-
lar simulation can therefore integrate the microscopic and macroscopic ap-
proaches by estimating the time that the system spends in a certain micro-

scopic state. This is becoming more doable thanks to efficient implementa-
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tion of modern algorithms such as the Zernike algorithm, currently employed
in the present dissertation.

Biolayer interferometry and nanoparticle enhanced turbidimetry techniques
fit thoroughly into this context. In the experimental work exposed in the pre-
sent dissertation, some examples of PPIs in solution studied with these inno-
vative methods are therefore demonstrated, which, coupled with the structur-
al data when available, provide a unique key to the interpretation of the major
biological phenomena. BLI has proven to be a rapid and efficient technique
with which it has been possible to study various molecular systems very dif-
ferent from each other in terms of the structure of the proteins in question,
their dimensions, and the specificity and strength of the binding. The results
relating to nanoparticle-enhanced turbidimetry are of particular interest, as
the potential of this innovative technique is highlighted no longer in an im-
munoturbidimetry context, of which numerous examples can instead be
found in the literature, but also as a mean to quantify the inhibitory potency

of a protein, such as lactoferrin, in a binding process.

4.2 Lactoferrin binding properties

The interaction between SARS-CoV-2 Receptor-Binding Domain on the
Spike protein and ACE2 human receptor represents a paradigmatic case of
PPlIs, especially when the molecular mechanism driving viral cell invasion
are studied. In Chapter 3.1 the inhibiting role of Lf in this interaction was
investigated. The results have demonstrated that Lf shows a greater propensi-
ty to form binding with the ACE2 protein and on the contrary, it does not
show any binding affinity towards the RBD protein up to the maximum phys-

iological lactoferrin concentration range. Therefore, once the system with all
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three proteins present had been analyzed experimentally, the detection of an
inhibitory capacity in the formation of the RBD-ACE2 binding by Lf for
concentrations greater than 1 uM was possible, bringing about a measurable,
up to 300 -fold increase of the Kp value. These results are of particular rele-
vance not only because they confirm the active role that lactoferrin can as-
sume as an obstacle in viral entry in cells, but also because they experimen-
tally show some characteristics of the protein from a biochemical point of
view. In fact, in the literature the effects are often reported directly in vivo
and rarely an in-depth analysis on the kinetics of molecular interaction in-
volving this protein is present. Therefore, these results contribute to a more

complete vision of the extra- and intra-cellular dynamics of lactoferrin.

4.3 The Zernike approach to the design of mutants

PPIs represent an intricate interplay involving many factors, comprehensive
of electrostatic, hydrophobic, and geometric aspects. Among these, the long-
range electrostatic component often serves as the main driving force. As dis-
tances decrease, the compatibility of shapes between interacting regions be-
comes fundamental, governing the stabilizing effect attributed to van der
Waals interactions. Biological complexes, in particular, tend to display inter-
molecular interfaces characterized by a high degree of shape complementari-
ty. Computational docking methods utilize measurements of shape comple-
mentarity as a guiding principle in their search algorithms. In this context, the
2D Zernike polynomial algorithm describes the shape of portions of the pro-
tein molecular surface by forming a complete basis in which any function of
two variables defined in a unitary disc can be decomposed. The representa-

tion of the protein surface in terms of numerical vectors provided by Zernike
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formalism, coupled with the possibility to pinpoint rotational invariant ob-
servables, allows a very thorough investigation of the shape and the comple-
mentary regions involved in molecular bindings.

Experimental results reported in Chapter 3.2 are a representative example.
An a-helix peptide belonging to the molecular surface on the interacting re-
gion of ACE2 was selected, to serve the scope as a viral inhibitor. Computa-
tional mutagenesis protocol was applied in order to identify the peptide se-
quence and to generate peptide mutants with a predicted increased or de-
creased binding affinity with respect to the wild type. Notably, both in silico
and experimental in vitro tests confirm the effectiveness of the computational
protocol in producing peptides with a controlled binding affinity toward its
molecular partner. As such, the method can be used whenever a thermody-
namic optimization of a PPI is desired, being it an antigen-antibody interac-
tion or the complementarity between the couple of patches of a viral particle
and its cellular receptor, allowing for a rapid and blind identification of the

binding regions.

4.4 The multivalency of ferritin

The use of single peptides or small molecules for therapeutic purpose may
bring with it few disadvantages, such as their susceptibility to rapid renal
clearance and reduced bioavailability. To overcome these limitations, for the
experiments carried out and exposed in Chapters 3.2 and 3.3 a strategy was
applied that consists in genetically fusing either ACE2 peptides or PCSK9
binding molecule at the N-terminus of each monomer of human H ferritin
protein. The multivalent potency of ferritin, already vastly exploited in the

field of drug delivery, has been also investigated in the context of SARS-
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CoV-2 treatment or vaccine development and the fusion strategy helps bene-
fiting from the multivalent effect conferred by the 24-meric ferritin structure.
Indeed, it is important to highlight that ferritin presents several notable ad-
vantages when compared to monoclonal antibodies. Ferritin is a naturally oc-
curring protein that is well-tolerated and metabolized by the human cells, in
contrast to monoclonal antibodies, which can sometimes trigger adverse reac-
tions. Also, the relatively small size of ferritin facilitates its internalization in-
to cells and enables it to “find” its intracellular target effectively. Finally, the
multifunctional nature of ferritin renders it a versatile platform that can be
readily engineered to display various peptides or proteins. This versatility of-
fers the potential to create multifunctional therapeutics capable of targeting
multiple pathways, being them a viral entry process or pathways associated
with hypercholesterolemia. In summary, the high affinity and the array of ad-
vantages associated with ferritin position it as a promising candidate for the
development of innovative and effective therapies for managing a number of
diseases.

Observing the results shown in Chapter 3.2 , it is possible to infer that the
strategy of fusing the high-affinity peptide HAL to ferritin has led to a strong
increase in the affinity with RBD, as measured by BLI. From the experiments
carried out with the engineered ferritin HFt-PBM in Chapter 3.3 , the con-
clusive results from the binding assays once again confirm the effectiveness
of the fusion design protocol (a manuscript with the results is currently under
writing). Altogether, the experimental work in the present dissertation shows
the broad clinical applicability that the use of ferritin can ensure, and in gen-

eral a very efficient procedure to hinder a very wide range of PPIs.
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Abstract The present investigation focuses on the analysis of the interactions among human lactofer-
rin (LF), SARS-CoV-2 receptor-binding domain (RBD) and human angiotensin-corverting enzyme 2
(ACE2) receptor in order to assess possible mutual interactions that could provide a molecular basis
of the reported preventative effect of lactoferrin against CoV-2 infection. In particular, kinetic and
thermodynamic parameters for the pairwise interactions among the three proteins were measured via
two independent technigues, biolayer interferometry and latex nanopartick-enhanced turbidimetry.
The results obtained clearly indicate that LF is able to bind the ACE2 mceptor ectodomain with
significantly high affinity, whereas no binding to the RED was observed up to the maximum “ phys-
inlogical”™ lactoferrin concentration range. Lactoferrin, above 1 pM concentration, thus appears to
directly interfere with RBD-ACE? binding, bringing about a measurable, up to 300-fold increase of
the Kp value relative to RED-ACE2? complex formation.

Keywords: SARS-CoV-2 receptor-binding domain (RBDY); angiote nsin-comverting ereyme 2 (ACEZ);
lactoferrin; biolayer interferometry; nanoparticle enhanced turbidimetry; kinetic analysis

1. Introduction

Lactoferrin (LF) is an iron-binding glycoprotein compesed of approximately 700 amino
acids (molecular weight of about 80 kD, depending on glycosylation extent) folded into
two globular lobes connected by an o-helix. LF can bind two ferric ions with a high-affinity
metal binding site in each lobe; furthermore, it can also bind Cu*?, Zn*? and Mn™ jons. All
mammals can produce LE secreted from cells of the epithelial mucosa within mostexocrine
fluids, including tears, saliva, nasal and bronchial secretions and, above all, milk, where it
is the major iron-binding protein. Lactoferrin has been shown to play a key role in many
biclogical functions related to innate immunity and more in general in the defense against
pathogens [1-4]. In recent vears, many experimental observations highlighted novel details
within the reported biological activities, with particular focus on the broad antimicrobial
action against bacteria, viruses and fungi. Thus, LF biological activities have been attributed
only in part to the iron-sequestering activity [5], as they also involve receptor binding,
signaling or even protein fulding [-B,?]. LF has been meported to interact directly with a
variety of virus capsid proteins [8], thus suggesting an impairment of viral entry into target
cells by blocking the recognition of host cell molecules that the virus ikself uses as receptors
or co-receptors, Direct binding to viral particles has been described for herpesvirus [9],
polio- and rotaviruses [10] and, possibly, human immunodeficiency virus [11] according

Int | Mol Sci 2022 73, 5436 https:// doiong/ 103390/ ijms=23105436

https:/ / www mdpicom, jouwrmal / fjms

115



Il . Mal. Sci 2022 23, 5436

to mechanisms reviewed by Berlutti et al. [12]. So far, several lines of evidence indicated
that a protective role of LF might be also operating towards SARS-CoV-2 coronavirus
infection [13-15]. In this caze, the key cellular receptors of SARS-CoV-2, similarly to those
of SARS-CoV and MERS-CoV, have been identified with certainty and have been consid-
ered as the main conduit for virus entry within the lower respiratory system [19]. In vive
experiments confirmed that SARS-CoV-2 virus cell entry is mediated by high-affinity inter-
actions between the receptor-binding domain (RBD) of the virus spike glycoprotein and
the human host angiotensin-converting enzyme 2 (ACE2) receptor [20]. The spike protein
is a 1273-amino acid single-pass transmembrane protein with a short C-terminal tail on the
interior of the virus, a transmembrane helix, and a large N-terminal ectodomain exposed
on the virus external surface. The spike glycoprotein forms homotrimers in which the
three subunits interact through their ectodomains. Each subunit contains two topologically
and functionally distinet regions named 51 and 52. The 51 regions at the N-terminal end
form the portion of the protein furthest from the viral surface within the assembled trimer,
whereas the 52 regions form a flexible “stalk” harboring interfaces that hold the trimer in
place. High-resolution eryo-EM studies have unveiled the structural determinants that
govern the interaction of the spike protein and/ or its RBD domain with ACE2, pointing
out that the entry of the virus inside the host cells requires the occurrence of a sequence of
molecular interactions involving sialic acid and /or heparan sulphate (HF) residues that
mediate the attachment of the virion to the cell surface and ultimately lead to spike protein
binding to ACE2 receptorand initiate the internalization process [21-24]. In this framework,
the possible molecular mechanisms behind the suggested antiviral action of LF was investi-
gated in a computational study [25,26] based on the search for a possible direct interaction
between LF and spike protein or between LF and ACE2 receptor, that could inhibit the
EBD/ACE2 complex formation. The results of the computational analysis indicated the
presence of possible binding regions having a meaningful shape complementarity for both
LF and spike protein and LF and ACE2 receptor. On this basis, the present investigation
was dedicated to the direct experimental measurement of the computationally predicted
interactions in solution on purified proteins. To this end, the purified ACE2 receptor protein
interaction with the RBD domain and with lactoferrin were measured by means of biolayer
interferometry (BLI) and latex nanoparticle-enhanced turbidimetry. Turbidimetric assays
with latex nanoparticles are widely applied for the detection of biological analytes. The
most common applications involve the study of immunoreactivity [27,28] or of the colloidal
properties of polymers [29]. In general, biolayer interferometry has been applied ina wide
variety of research and development environments for measuring kinetics parame ters and
for the quantitation of antibodies and proteins, whereas latex nanopartick-enhanced tur-
bidimetry that exploits molecules adsorption properties to a surface is largely unexplored
in non-clinical applications. Nonetheless, it was demonstrated to be a very useful comple-
ment to interferometry in order to quantify the interaction between proteins with sufficient
reciprocal affinity. Overall, the data indicate that the inhibitory power of lactoferrin on the
formation of the ACE2 /RBD complex is manifested in its bmding to the ACE2 receptor
rather than to the RBD domain of the spike protein.

1., Results

The ability of LF to bind to specific sites on either the human receptor ACE2 and/or
COVID-19 spike’s RED region was investigated by means of interferometric (BLI) and latex
nanoparticle-enhanced turbidimetry measurements. The two independent methodologies
were used to assess the affinities and rates of LF binding to ACE2 human receptor and
to COVID-19 RBD (see Supplementary Materials section for further explanations of the
techniques used).

21. Binding of Lactoferrin to ACE? and RBD

The molecular interaction of LF with ACE2 and RBD and related and affinities were
investigated independently, as depicted in Figure 1. Panels (a) and (b) report the time-
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courses of the interaction between LF and ACE2, whereas panels (c) and (d) refer to the
interaction between LF and RBD.
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Figure 1. Time—courses of the binding between LF and ACEZ? and LF and RBD. (a) BLI signals of
LF as the analyte protein at different concentrations with ACE2 loaded on the biosensor (ProA). The
wvertical dashed lines indicate the duration of the binding step {120 s} and of the dissociation step
(300 s). The value of Kp obtained from the BLItz software was Kp = 27.64 uM. (b) Turbidimetry assay
performed with LF as the analyte protein at variable concentrations in solution with laex nanospheres
coated with ACE2. From the data analysis performed using Equations (53}-(55), the value of Kp
obtained was 46.12 pM. {c) BLI signals of LF as the analy te protein at different concentrations with
RBD loaded on the biosensor (HI52). The binding step was 180 s, the dissociation step was 120 s.
(d) Turbidimetry assay performed with LF as the analyte protein at variable concentrations in solution
with latex nanospheres coated with RBI). No association of LF to RBD was recorded in both cases,

For the BLI assay (Figure 1a), ACE2Z was immobilized on ProA biosensors, and LF was
added in 120 s association steps at dec ing co i ging from 33 uM to 0.33 uM,
obtained as consecutive dilutions in 1X kinetic buffer. The dissociation rates were measured
ina 300 s time range. The ime-courses relative to the turbidimetric assay are shown in
Figure 1b. Nanospheres with a suitable diameter of 103 nm were coated with ACE2 as
described in Materials and Methods. LF was added to the cuvette at concentrations ranging
from 21.6 uM to 1.96 nM, and the increase in light absorbance at 340 nm was measured. The
same experimental set up was applied to study the binding between LF and RBD, where
LF concentration ranged from 10 uM to 50 nM for BLI and from 21.6 1M to 540 nM for
turbidimetry. Figure 1c,d show the BLI and turbidimetric analysis for the association of LF
to RBD. A clear signal, corresponding to binding or aggregation, was observed between LF
and ACE2 ectodomain using both techniques, whereas no signal could be detected, in the
same concentration range, between LF and RBD. Table 1 displays the kinetic parameters of
LF-ACE2 interaction. The corresponding Kpy values were 27.64 uM for the interferometric
experiment and 46.12 uM in the turbidimetric measure ment. These msults clearly indicated
that LF showed a quantifiable interaction with the ACEZ2 protein but no binding at all with
the RBD protein within the observed concentration range.
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Table 1. Kinetic parameters relative to LF and ACE2 interaction. The ko, and kg4 parameters were
estimated by single exponential fit of the curves (see Equations (53}-(55) in Supplementary material),
and the cormesponding Kp values were calculated according to Equation (52).

ken (M~1577) kagr (s77) Kp (uM)
INTERFEROMETRY (166,90 + 4.79) 102 0461 = 0.007 e £091
TURBIDIMETRY 3341+ 541 (154 £ 0.39) 1077 46121212

2.2, Interaction between RED and ACE2 in the Presence of Lactoferrin

Since LF was effectively demonstrated to bind the ACE2 ectodomain within a pM
concentration range whereas no binding to RBD was observed in the same concentration
range, the ability of LF to effectively inhibit the interaction between ACE2 and RBD
was further investigated by means of interferometric and turbidimetric measurements,
The measured affinity between RBD and ACE2 was verified to fall in the nanomolar
range, in agreement with reports by Saponaro et al. [30]. In Figure Zab, the signals
acquired with both BLI and turbidimetric techniques are shown. BLI analysis is presented
in Figure 2a and was performed by loading ACE2 on ProA biosensors and allowing
the association/ dissociation of EBD at concentrations ranging from 1.67 uM to 10 nM.
From data fitting analysis performed by BLItz software, the resulting affinity constant
was 27.06 nM, in good agreement with previously observed values. The concentrations
considered for the analyte protein in the assay were such that one of the proteins was in
excess with nespect to the other, so the pseudo-finst order (PFO) conditions were satisfied. In
Figure 2b, aggre gation Hime-courses from turbidimetric assays are shown The graphs refer
to acquisitions of latex nanospheres coated with ACE2 protein and mixed in solution with
RBD at decreasing concentrations. The resulting affinity constant was 18.15 nM. Finally,
LF was added to a solution with EBD, and the interaction with ACE2 was investigated.
In Figure 2¢,d, it is possible to observe data acquisition via BLI and turbidimetry of the
protein system, where ACE2 was the receptor (on the sensor tip or on the nanoparticles’
surface, respectively), RBD was maintained constant, and LF was present at variable
concentrations. The LF effect on the ACE2Z-RBD complex formation was finst investigated
by BLI analysis, as shown in Figure 2c. ACEZ was again loaded on ProA biosensors,
while RBD was presented to the biosensors in the association step at a fixed coneentration
of 452.5 nM and then mixed with decreasing concentrations of LE As a result, both LF
and RBD bound to ACE2 fixed to the biosensors, resulting in an apparent K. inwhich
the binding affinities of both proteins to the receptor were merged. Interestingly, when
LF was present in solution at a concentration as low as 45.2 nM, the association signal
recorded for the mix was significantly lower than that cbtained in the presence of RBD
alone, thus suggesting a strong inhibiting effect of LE The value of Kp obtained from the
BLItz software was Kpy = 101.30 nM. The same mixing approach was then applied to the
turbidimetric methodology, by mixing in the cuvette nanospheres coated with ACE2 as
receptor and a solution at a constant concentration of RBD (19.6 nM) in the presence of
decreasing concentrations of LE. An inhibitory effect on the aggregation of ACE2 with RBD
was observed, as shown in Figure 2d.

To further analyze the data shown in Figure 2d, curve fitting of the saturation curve
(Figure 3a) and of the observed rates (Figure 3b) was executed. According to Equation
(57), the saturation of binding sites expressed in terms of AAbs exhibited a hyperbolic
dependence on the concentration of the ligand protein, ie, LE. When expressing protein
concentration in logarithmic form, the curve appeared sigmoidal, and the flex point corne-
sponded to an “apparent” dissociation constant K, of the reaction. In Figure 3a, the values
of AAbs were plotted against logyg(LF). The difference in absorbance for each concentration
of LF was caleulated between the start of step 4 of the turbidime tric assay (see Figune 51b)
and 600 s after it. In Figure 3b, the initial rates, measured on the same experimental curves,
are reported.
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Figure 2. Time —courses of the reaction between RBD in solution with ACE2 in the absence (panels
a and b) and in the presence {panels c and d) of human lactoferrin (LF). (a) Signals of the binding
and dissociation experiment performed via BLI with the protein system RBD and ACE2. ACE2 was
loaded on ProA biosensors, and EBIY was in solution at decreasing concentrations. The vertical
dashed lines indicate the time interval of the binding step (180 ) and of the dissociation step (120 s).
(b} A ggregation signals from turbidimetric assays. Latex nanospheres were coated with the ACE2
protein and mixed in solution with RBIY at decreasing conentrations. Panels (¢d): Time-courses of
the reaction with RBD and ACE2 in the presence of LF in solution. (c) BLI signals of LF in solation
with RBD as the analyte protein at different LF concentrations, with ACE2 loaded on ProA biosensors.
The vertical dashed lines indicate the start of the binding step (180 ) and of the dissociation step
(120 s). (d) Turbidimetry assay performed with LF at variable concentrations and RBD present at a
fived concentration, in solution with latex nanospheres coated with ACE2
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Figure 3. Inhibition of RBD—ACE2 complex formation in the presence of increasing concentrations
of lactoferrin. The turbidimetric data of Figure 2d were used to analyze the effect of increasing
lactoferrin concentration (in log scake). The absorbance amplitudes of the reactions are shown in
panel (a), whereas the initial rates of the same curves are depicted in panel (b). Interpolating red
curves represent the best fit to the data obtained by Equation (58). The data analysis, performed via
custom MATLAB program, yielded apparent Ky, values of 9.5 + 1.5 uM (a) and 6.3 + 1.2 pM (b),
respectively, with cooperativity coefficient n of 1.44 + 0.11 and 1.54 + 0.08, respectively
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2.3. Computational Recognition of the Binding Regions of ACE2 to LF

To investigate the possible binding mechanism between ACE2 and L, the molecular
structures of human ACE2 (PDB id: 1R42) and human holo lactoferrin (PDB id: 1LFG)
were inspected for portions of the molecular surfaces with high shape complementarity,
which can indicate possible binding site candidates (see Methods and [25]). In [26], a
computational approach based on the Zernike formalism was applied in order to investigate
the possible role of LF in inhibiting SARS-CoV-2 attachment/entrance to the host cells. In
particular, the study probed the shape complementarity between Lt and ACE2 focusing
on the region where the latter binds to SARS-CoV2 spike protein. Here, we extended
the analysis looking for possible bindings between LF and ACE2 receptor considering
their whole surfaces. In particular, possible binding between LF and ACE2 receptor was
studied, and a set of ACE2 receptor regions with high binding propensity were identified,
making these possible candidates. Figure 4a shows the residues of ACE2 having binding
propensity scores higher than 0.85 with human LE There are three regions with marked
complementarity. Panel b,c and d of Figure 4 show the identified regions on the molecular
surface of human ACE2. As widely discussed in [26], the region with the highest probability
of interaction is located in the part of ACE2 that in physiological conditions is difficult to
access, as it faces the cell membrane (see Figure 4¢c). However, there are other regions, which
are more exposed, characterized by good shape complementarity with other molecular
surface patches of LF that may mediate the interaction (see Figure 4b,d).

il

Figure 4. Regions of high binding propensity of ACE2 to LE (a) Binding propensity of human
ACE2 residues for human lactoferrin obtained on the basis of local shape complementarity of the
lecul faces [7]. Only residues whose bindi ity is higher than 0.85 are reported. Blue,

oeange, and green bands highlight fimee different portions of the surfaces ch

high binding propensity. (b) Molecular surface of the extracellular region of human ACE2 colored
according to the Zemike binding propensity score. The color turns from white to red as the local
binding propensity i The surface was ord i to show the region around residue Tpr48,
which is comprised in the blue band in panel (a). (c) Same as in (b) but displaying the region around
residue Arg177 and marked with the orange bands; a cartoon representation of the RDB of the spike
protein bound to ACE2 is also shown. (d) Same as in (b), but for the green band of the panel (a)
marking the region around residue Asn572
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3. Dhscussion

In the present work, the effect of human lactoferrin (LF) on the interaction bebween the
SARS-CoV-2 EBD) domain and the human ACEZ receptor was investigated in solution by
means of two independent experimental methodologies, namely, biolayer interferometry
and latex nanoparticle-enhanced turbidimetry. The rationale of this experimental set up
was based on previous proposals that suggested possible mechanisms of antiviral action of
lactoferrin [13,14,21,32] and on computational studies [26,33-35] that revealed significant
surface complementarity among lactoferrin and two binding regions on the RBD domain
and several possible binding sites to ACE2Z Thus far, solution measurements were carried
out in order to single out kinetics and thermodynamics parameters for the interaction
between lactoferrin and RBD or ACE2, separately. The experimental results in solution
pointed out clearly that LF binds to the ACE2 protein ectodomain (Kp = 27.6 uM in BLI
experiments, Kp = 46.1 uM in turbidimetric experiments), w hereas no thermodynamically
significant interaction could be detected for LF binding to RBD.

In a second set of experiments, the inhibitory effect of lactoferrin on the complex
formation between RBD and ACE2 was investigated, starting from a reassessment of RDB-
ACE2 complex formation by means of interferometry and turbidimetry methods. The
reported Kp values for ACE2-RBD interaction, estimated by either BLI or Surface Plasmon
Resonance (SPR), ranged between 1.2 nM to 1333 nM, as reviewed by Saponaro et al. [30].
In the current experimental set up, at 25 °C and in PBS buffer pH 7.4, the calculated Kp
values were 27.06 nM (BLI) and 18.15 nM (turbidimetry), in good agreement with reported
measurements. Thereafter, the effect of increasing concentrations of LF on the formation
of the RBD-ACE2 complex was investigated in experiments in which ACE2 was bound
either to the biosensor surface (BLI measurements) or to the latex nanoparticle surface
(turbidimetric measurements). Overall, the body of the in vitro experimental results thus
obtained indicated that LF is indeed capable of inhibiting RED-ACEZ interaction in solution
at concentrations close to the physiological ene in human milk (1-10 uM). In particular,
as shown in Figunes 2 and 3, the apparent dissociation constant (K ,.) of the RED-ACE2
complex increased up to 300-fold as a function of LF concentration in solution. A full
thermodynamic model for the complex ternary interactions, however, could not be worked
out at the present stage, and the values of K, rest on a phenomenological basis.

The overall picture emerging from the present investigation is that human lactoferrin
can be active in directly impairing spike protein binding to the ACE2 receptor and thus
limit viral entry into epithelial cells. On the basis of previous computational studies, a
possible structural model for ACE2-LF interaction was proposed, as depicted in Figure 4.
The model suggested that the region of binding of LF does not strictly overlap with the
well-known ACE2-REBD binding interface. As such, two different inhibition scenarios
can be hypothesized: on one side, LF binding on an ACE2 surface region far from the
interaction surface with RBD (such as in Figure 4c) can lead to structural rearrangements
on the ACE2 ectodomain that could effectively prevent spike attachment to host cells; on
the other hand, LF attachment on regions highlighted in Figure 4b,d could hamper directly
ACEZ-RBD interaction. Altogether, our results vouch for a future deeper investigation
on the possible bound conformations and their relative stabilities. In fact, the found bind-
ing propensities may help guide docking algorithms and subsequent tailored molecular
dynamics simulations [36-38] which could identify the effective binding regions. As an
additional remark, BLI and nanoparticle-enhanced turbidimetry proved to be reliable, in-
dependent and efficient technigues for the detection and analysis of molecular interactions
and binding;: hopefully, the present work can be considered for future applications of these
Mhmqm s

4. Materials and Methods
4.1. Kinetic Analysis of the LF Inhibition Effect on the ACE2-RBD Complex

Human milk lactoferrin (LF) protein was from Sigma-Aldrich, with molecular weight
between 824 and 87 KID; the estimated extinction coefficient was ¢y = 11096 mM Tem™!
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(280 nm), and the pl was 8.7. The storage buffer was 10 mM phosphate buffered saline at
PH 7 4; therefore, all dilutions were executed in the same buffor.

The wild-type receptor-binding domain (RBD) of SARS-CoV-2 spike protein was
provided by GenSeript. The protein is a C-term HIS-tagged recombinant protein with a
predicted molecular weight of 30 kDD, The storage buffer was phosphate-buffered saline at
pH7.2, and the calculated pl was 8.91; the stock concentration was 0.89 mg/ mL according
to the manufacturer. The angiotensin-converting enzyme 2 (ACE2) was also provided
by GenScript. The ACE2 ectodomain is a C-term Fe-tagged recombinant protein with
predicted molecular weight of 110.5 kIY at a concentration of 1.34 mg/ml, in a storage
buffer consisting of 20 mM Tris-HCL, 300 mM MaCl, 1 mM ZnCly and 10% glycerol, pH 7.4,
The protein pl is 5.49.

Biolayer interferometry is a label-free technology for measuring biomokecular interac-
tions. It is an optical analytical technique that analyzes the interference pattern of white
light reflected from two surfaces: a layer of immobilized protein and an internal reference
layer. The binding between a ligand immobilized on the biosensor tip surface and an
analyte in solution produces an increase in optical thickness at the biosensor tip, which
results in a shift in the interference pattern measured in nanometers. This interaction was
measured in real ime. BLI has been widely used in the study of biomolecular antibody—
antigen interactions [39-41], with particular focus, mecently, on SARS-CoV-2 antibodies
investigation [42].

BLI assays wene performed by means of the BLItz system (Sartorius). A deseription of
a BLl assay is prezented in Supplementary material (Figure Sla). Protein-A (ProA), anti-His
tag (HIS2) and nickel nitriloacetic acid (Ni-NTA) were selected as biceensors and provided
by Sartorius. ACE2 Fe-tagged was immobilized on ProA biosensors, with no aspecific
binding to all other experimental components, whereas RBD His-tagged was immobilized
on either HIS2 or NTA biosensors, the latter being mone susceptible to aspecific binding of
non-his-tagged proteins. The biosensors were first equilibrated 10 min in 1X kinetic buffer
(Sartorius) consisting of PBS with 0.02% Tween20, 0.1% BSA and 0.05% NaN;. Afterwards,
depending on the assay, either ACE2 or RBD was loaded on the corresponding biosensor at
a concentration of 50 pg/ml. (corresponding to Cacpa = 452.5 nM and Cggp = 1.67 uM),
as indicated in Sartorius biosensors” datasheets, for an appropriate time interval. To reach
the maximum binding capacity in every experiment, the time length of each experimental
step was tested, and each experiment was designed accordingly. The concentration range
for each associating protein was chosen, when possible, based on the Kp value available
from the literature or experimentally determined for every different scenario where Kp
values were unknown. The data recorded wene analyzed by means of BLIe software and
MATLAB to extrapolate the kinetic parameters. All association and dissociation curves
were fitted by a single expeonential function. A deseription of the instrument and of the
analytical model of the system is reported in the Supplementary Material. Pseudo-first
order (PFO) conditions are met when the initial concentration of one of the two reagents is
in large excess with respect to the other (between 50- and 100-fold) [43-45). Each acquisition
was repeated twice to confirm reproducibility.

The method for the turbidimetric assay consisted in performing a ime-course acqui-
sition of light absorption signals with a spectrophotometer (Jasco V-750 UV-Visible/ NIR)
at fixed wavelength (340 nm) and bandwidth (10 nm) for 1300 <. For the turbidimetric
assays, chloromethylated (-CHz-Cl) poly styrene nanospheres (furnished by Ikerlat) were
used, with a diameter of 103 nm according to the manufacturer. The nanosphere stock
concentration was 0.1 g/mlL (10%). The parking area was 95 Az,-'gruup. Before the assay,
the nanospheres were coated with the receptor protein in 10 mM phosphate buffer (PB)
at pH 74 in the case of ACE2 protein. A total of 2 ml of the solution of ACE2-coated
nanospheres was obtained by adding 4 pl. of lkerlat nanospheres to 1.92 mlL of PB. Such
an amount of nanospheres guarantees 0.02% of solids in the final solution. Then, 26 ul.
of ACE2 (stock concentration 1.34 mg/ mL) was added to the nanospheres solution (final
ACE2 concentration 1742 ug/ml = 157,65 nM), and the solution was kept in gentle agita-
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tion on a tilting platform at room temperature for 3 h. Finally, 52 L. of blocking buffer was
added. Such buffer consisted of goat serum (Millipore) at a concentration of 20 mL/L and
PraClin 300 biocide (Sigma-Aldrich) at 0.3 mL/L in PBS at pH7 4, to fully block potentially
unbound chloromethyl groups. This raction was incubated again on a tilling surface,
gently mixing overnight. In the case of the RBD protein, the coating buffer was 20 mM
sodium carbonate at pH 9.2 containing 150 mM NaCl. For the coating step of nanospheres
with RBI as the receptor protein, the procedun: was the same but with different quantities:
1 ul of Ikerlat nanospheres was added to 0.5 mL of bicarbonate and guaranteed 0.02% of
solids in the final solution (the stock concentration was 0.1 g/mL). The concentration of
EBD used for the coating procedure was 1742 ug/ml = 5.8 uM.

For spectra acquisition, poly methyl methacrylate (PMMA) cuvettes with 500 pl. ca-
pacity and 0.6 cm optical path were used. Figure S51b shows an example of data acquisition
in the turbidimetric assays performed. Nanoparticle aggregation results in an increasing
signal of absorbance attributed to RBD-ACE2 complex formation and was analyzed in
phenomenclogical terms as a saturation curve (see Supplementary Material for a brief
discussion). Thus, a turbidimetric assay was performed with nanospheres coated with fixed
concentrations of either ACE2 or RBD, while LF was present at different concentrations.
The analysis was carried out in phosphate-buffered saline at pH 7.25 with 0.1% glycine,
0.1% NaN3 and polyethylene glycol (PEG) 6000 at a concentration of 5%. The analysis of
the turbidimetric data was performed by means of a MATLAB custom program.

4.2, Computational Recognition of Binding Regions of ACE2 to LF

The computational analysis was performed starting from the crystallographic struc-
tures of human lactoferrin in the holo form (PDB id: 11FG) and that of human ACE2 (PDB
id: 1R42). For both protein structures, we used DMS [46] to compute the solvent-accessible
surface, using a density of 5 points per A2 and a water probe radius of 1. 4 A The unit
normal vector, for each point of the surface, was calculated using the flag —n. The DMS
software returns a discretized version of the molecular surface, that is represented by a set
of points in the three-dimensional space. To find possible interacting regions, we looked for
regions of molecular surfaces with high shape complementarity. Operatively, we compared
all possible regions of ACE2 with all possible regions of LE. We defined surface regions,
ie., pabdmea., as the group of points that fell within a b]‘_‘lhere of radiuvs Rs=6 A centered
on each of the points of the surfaces. Once the patch was selected, we described it on the
basis of the Zernike polynomials [26], Le., we associated toeach patch a set of coefficients
that represented the patch in the Zemike basis. Once a patch was represented in terms of
its Zernike descriptors, the complementarity between that patch and another one could
be simply measured as the Euclidean distance bebween the invariant vectors. We thus
associated to each point of the two surfaces the minimum distance value observed—the
binding propensity—between the considered point and all points of the other surface. After
all surface points were associated with their binding propensity, we performed a smooth-
ing process to highlight signals in specific regions characterized mostly by low-distance
values. In this process, each point was assodiated with the mean value of the points in
its neighborhood: the basic idea is that the interacting region should be mostly made up
of elements with high complementarity and, therefore, a high average value of binding
propensity (see [26] for further details). For both the patch definition and the smoothing
process, we adopted a sphere radius of 6 A.

5. Conclusions

In the present work, the inhibiting effect of human lactoferrin on the complex for-
mation between the spike protein binding domain EBD and the ACE2 mceptor, was
demonstrated directly for the first time. In detail, LF showed a remarkable binding propen-
sity towards the ACE2 receptor, whereas no affinity to RBD was established. Moreover,
when LF was mixed at a concentration of 1uM with RBD, a strong decrease in binding
affinity between ACE2 and wild type RBD was observed, thus suggesting the ability of
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LF to inhibit, in vitro, the formation of such complex. Three distinct binding sites wene
computationally identified for ACE2-LF interaction, enlightening two different inhibition
mechanisms through which lactoferrin could exert its inhibiting properties. The detailed
mechanism of LF inhibition of the complex formation remains unclear at the moment.
Considering the present lack of a preventative regimen established for COVID-19, the use
of LF as a local protection might be increasingly desirable as an adjunct protection against
SARS-CoV-2 infechon.

Supplementary Materials: The following supporting information can be downloaded at https:
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Inferring the stabilization effects of SARS-CoV-2
variants on the binding with ACE2 receptor
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Alberto Boffim 2, Giancarlo Ruocco® ¥ & Edoardo Milanetti @ 35

As the SARS-CoV-2 (severe acute respiratory syndrome corenavirus 2) pandemic continues
to spread, several variants of the virus, with mutations distributed all over the viral genome,
are emerging While most of the variants present mutations having little to no effects at the
phenotypic level, some of these variants are spreading at a rate that suggests they may
present a selective advantage. In particular, these rapidly spreading variants present specific
mutations on the spike protein. These observations call for an urgent need to characterize the
effects of these variants' mutations on phenctype features like contagiousness and anti-
genicity. With this aim, we performed molecular dynamics simulations on a selected set of
possible spike variants in order to assess the stabilizing effect of particular amino acid
substitutions on the molecular complex. We specifically focused on the mutations that are
both characteristic of the top three most worrying variants at the moment, ie the English,
South African, and Amazonian ones, and that occur at the molecular interface between
SARS-CoV-2 spike protein and its human ACEZ receptor. We characterize these variants’
effect in terms of (i) residue mobility, (i) compactness, studying the network of interactions
at the interface, and (i) variation of shape complementarity via expanding the molecular
surfaces in the Zernike basis. Overall, our analyses highlighted greater stability of the three
variant complexes with respect to both the wild type and two negative control systems,
especially for the Englich and Amazonian variants. In addition, in the three variants, we
investigate the effects a not-yet observed mutation in position 501 could provoke on complex
stability. We found that a phenylalanine miutation behaves similarly to the English variant and
may cooperate in further increasing the stability of the South African one, hinting at the need
for careful surveillance for the emergence of these mutations in the population. Ultimately,
we chow that the proposed observables describe key features for the stability of the ACE2-
spike complex and can help te menitor further possible spike variants,
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(SARS-CoV-2) infecton was firstly observed in late

20192, In the subsequent months of epidemic spreading,
many SARS-CoV -2 variants, viral sequences characterized by at
least one mutation with respect to the original one, have been
detected worldwide®,

In coronaviruses, mutations naturally occur during viral
replication, and despite the fact that coronaviruses encode for an
enzyme that corrects the errors, some of these mutations are
preserved, originating new variants. As for all biological systems,
the adion of natural selection eventually tends to fix in the
genome the mutations charactenistic of those varants that present
an increase of the fitness, and it has been registered that m these
months the rate of emergence of new SARS-CoV-2 variants is
about two variants per month®,

Thas rapid proliferation of vanants poses a further threat for
the community as the virus can acquire different phenotypes. For
instance, the main mutation of the B line, involving the amino
acid substitution D614G in the spike protein, is established since
March 2020 and it is now largely dominant in patients® %, This
mutation would allow the receptor-binding domain (RED) of the
spike to assume a conformation more suitable to bind
Angiotensin-converting enzyme 2 (ACEZ), and it could be
responsible for the increased viral action®:2,

More recently, on December 14, 2020, authorities in the United
Kingdom of Great Britain and MNorthern Ireland reported to
World Health Organization that a new SARS-CoV-2 variant,
named B.1.1.7, and commonly known as the English variant, has
been identified via viral genomic sequencing'™'!, The variant is
defined by the presence of a range of 14 mutations involving
amino add medifications and three deletions, including the spile
Da14G mutation. Even if investigations are underway to deter-
mine whether this vanant is associated with any changes in
antibody response or vaccine efficacy, it seems to be characterized
by an increased transmissibility’” and lethality'?, akso because it is
spreading with very high speed all over the world.

Among the mutations affecting the spike proten, like 69-70del
or Po8IH, mutation N501Y is located in the region that directly
contacts the ACE2 receptor. Therefore, it is possible that this
mutation could have a direct offect on the binding affinaty
between the two proteins14,

Furthermore, the importance of this amino aad substitution is
confirmed by its presence in two other rapidly spreading variants,
B.1.351% and P.1" (commonly referred to as South African and
Amazonian variants, respectively).

These two variants both indude other amino acid substitutions
in the spike binding site, making clear that this region is under
severe evolutionary pressure. Indeed, selectivity and affinity of the
spike toward its main receptor, ACEZ, remain the arudal facors
determining S ARS-CoV-2 contagiousness and virulence.

Even if, it has been demonstrated that SARS-CoV-2, similarly
to other coronaviruses'”1%, is able to bind to sialoglycan-based
receptors in the spike’s N-terminal domain'®-21,

From a molecular point of view, the spike protein of CoVs,
protruding from the viral membrane, not only plays a cudal role
as a fundamental structural protein, but it also is essential for the
interaction between CoV systems and host cels® Structurally,
the spike protein is found in the trimeric complex, each chain
composed of two sub-units: §1 and 52 The Receptor Binding
Domain (RBD), located in the 51 domain, is responsible for
viruses' interaction with receptors on the host cell surface™. On
the other hand, the 52 subunit is responsible for the fusion
between the virus and host membrane, causing the viral genome
to penctrate the host odl's oytoplasm .

Interestingly, the interaction with ACE? involves the
C-terminal domain of SARS-CoV-2 spike protein, whose amino

Thc severe acute respiratory syndrome coromavirus 2

add sequence is wdl conserved with respect to SARS-CoV
homologous one™, Conversely, the N-terminal domain presents
some insertions, and these additional surface regions could be
used by the virus to bind other cell receptors, so constituting an
additional cell entry mechanism?5,

Here, we perform a set of molecular dynamics simulations on
different spike-receptor complexes, involving mutations at the
spike protein interface In particular, we both consider single
mutations belonging to the binding site of the spike protein for
which the binding affinity experimental data is Jnown®”, and
some of the variants of SARS-CoV-2 are currently most wide-
spread in the world. We analyze the mutations for which binding
affinity is known in order to detect the dynamic-structural
properties of the ACE2-spike complex that give the spike proten
a greater propensity to interact with the molecular partmer. Only
by considering the RBD of the spike protein and the extra-
membrane domain of the ACE2 receptor, we analyze the dynamic
properties of the residues belonging to the two interfaces. Fur-
thermare, an analysis based on graph theory was performed in
order to investigate the stability of the contacts during molecular
dynamics simubations, Finally, we analyze the shape cm-
plamentarity of the two interfaces over time, using Zernike
polynomials to charaderize the shape of each portion of the
molecular surface, establishing a complementarity value betwemn
ech pair of surface™ 31 Also, in this case, we investigate the
stability of the geometrical matching between the two interfaces
during the molecular dynamics simulation because stable binding
to the host receptor plays a crucial rolke for virus entry
mechanisms™,

Orwerall, our study shows that the English variant and the South
African variant have structural and dynamic properties similar to
the NSOIF single-mutation variant, which is experimentally
lmown to be the one with the highest binding affinity with
ACEZ%", This finding invites us to explore the possible coopera-
tive effect of mutations in the binding region. Therdore, we
substituted the F amino acid (Phenyllanine) at position 501 of
the spike protein for both the Amazonian and South Africn
variants. The results obtained from our fully computational
approach show that the presence of the F amino acid in the
Amazonian variant would worsen the binding affinity. On the
other hand, the same mutation carried out in additon to the
mutations of the South African variant would increase the sta-
hility of the spike-ACE2 complex, suggesting these mutations as a
possible worrying variant.

Results and discussion

The role of spike mutations in the emerging varants. Although
mutations are showing up all over the SARS-CoV-2 viral genome,
those taking place on the spike protein are under intense scrutiny
as they are expected to directly impact viral entrance in the host
cells, thus on transmissibility and infectivity. The first notable
mutation that has been observed involved residue 614 which
changed from D to G, This mutation even if localized in a region
distant from the binding site, s rapidly fixed in the population
sugpesting an indirect effect on the phenotype. Indeed, a recent
wmputation study highlighted a conformational change driven
by such mutation that favors ACE2 receptor binding, thus
explaining the phenotypic advantage’.

With the huge spread of the epidemics, other mutations
accumulated over the SARS-CoV-2 genome. In particular, a
variant of the virus with six mutated amino acids and two
ddetions in the spike protein emerged in England in late 2020,
The Enghsh variant has the D614G mutation together with
mutations/deletions belonging to spike protein: 69-70 HV
ddetion, 1447 deletion, NS01Y, AS70D, P681H, T716l, S9824,
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Fig.1 Sequenc e analysis of the English variant mutations. a Fractions of sequenced viral samples having amino acid M in position 507 of the spike protein
{orange) vs those having Y (blus} for two different time intervals and in different countries. b Same as panel (a), but comparing sanp les with residues V70
{orange) and samples for which deletion of residue 70 took place (blue). € Same as inpanel (b) but considering only sequences where residue 501 is an N
d Phyl ogenatic tree of the SARS-CoV-2 variants. Leaves are colored in light green if the comespo nding spike sequence has an N in position 501, in dark blue
in case of 2 T, and in yellow for 2 Y.

and D1118H. Spedfically, mutation NS01Y and ddetions 69-70
attracted much attention since the mutation falls in the
bmﬂmgduummﬂiBD}wl‘ulcﬂtduuhlcdd:hmmtﬂﬁiﬁﬂt
N-terminal domain, which has been demonstrated to bind sialic
acid-rich attachment factors!®2!,

To begin with, we looked at genomic data taken from infected
individuals divided by geographical loation—which is provided
by the regularly updated public website (httpsy/cov lanl. gov)—to
assess the variance invasion potential. In particular, analyses are
based on £23,121 spike alignment sequences taken at different
ﬁmnsutddiﬁ:rmtwphimlmsushlgﬂtmuﬂ
significance test presented by Korber et al3%, First, we compared
sequences carrying the “wild type” residue in position 501 (ie.,
N501) with the ones arrying the 501Y mutation. Note that, in
this work, we cmnsidered the spike protein first detected in
Wuhan at the beginning of the epidemics as the “wild
type” (WT).

Figure 1a displays the changes of relative frequencies for N501
and Y501 for two-time points separated by 2 wedks. The first time
point represents all sequences up to the onset day, and the second
time point includes all the sequences acquired at least 2 weeks
after the onset date (at least 15 sequences are required for
significance). One can see that in each country, the varant 5017
is rapidly spreading,
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The si of the signal is obtained by testing the mull
hypothesis that the mutation does not affect the variant fitness
and that consequently, the relative frequency shift must randomly
go with equal probability in each direction. The pvalues confirm
that in all continents we observe a systematic increase of the
relative frequency of Y501, Next, we moved to consider sequences

ryn\gﬂmdcldmﬂﬁ[{akn‘lgphmm&mgl -binding
domain). Figure 1b, ¢ show respectively the change in the relative

of the deletion at position 70 constraining respectively
for the N501 and Y501 variant; this shows that the deletion of the
70th position increases in relative frequendes at a higher rate in
the Y501 variant. This suggests that ddetion 70 is driven by the
rapid spread of the English variant, andfor that the Y501 varant
gives a stronger relative change in fitness with respect to the
ddetion.

Finally, looking at all infection data, we compare the invasive
potential of the different 501 mutations. The phylogenetic tree in
Fig. 1d was obtained using the icly available interactive
visualization phtform MNex 4 and it is based on the
wntribution of 4025 genomes s baween December 3019
and April 2021, stored and elaborated in the Nextstation database
and bicinformatics pipeline for phylodynamics analysis’® A full
list of the sequence authors is available at hitps://nextstrain.org/
sars-cov-2. Light green dots represent sampled genomes with
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Table 1 Vari idered in the p work.
Wild type (WT) NSOIN
English (UK} NSOTY
SARSD3 lke NSOTT
Meagative control 1 M5OI
MNegative control 2 N501D
Positive control 1 NSOTF
South African K417N-E4BAK-NEOTY
Amazonian KA1 7T-EABAK-NEOTY

N501 sequences, ydlow dots Y501 and blue T501. One @n see
that the N501Y mutation independently emerged in different
branches of the phylogenetic tree and that in each case it rapidly
spreads. Furthermore, up to now the N501T mutation emerged
and spread only from a single branch.

Interestingly, experimental measurements of binding affinity
upon single mutations found that changing residue 501 from N to
both T and Y results in an increase of the affinity, while most of
the other possible mutations lead to its decrease.

In the following, we propose to investigate in greater detail
what are the molecular features responsible for the increase/
decrease of complex stability upon mutations.

Mutational protocol. In order to analyze the role of amino acid
substitutions on the binding between the RED of the SARS-CoV-
2 spike protein and the ACE2 receptor, we performed molecular
dynamics simulations on a set of spike varants in complex with
human ACE2 and charaderized the ofects of the different
mutations on the stability of the protein complex. Starting from
the structural complex comprising the RBD of the WT spike and
the human ACE2 receptor (PDB id: 6MO]), we obtained the RBD
of variant B.1.1.7 (the English variant) mutating residue 501 from
amino acid N to Y.

In addition, we ako considered four other single-mutated
complexes: NS0IT and NS0IF, which are expected to display
higher affinity; N501D and N5OLK, which should exhibit lower
stability with respect to the wild type one?,

Then we move to cnsider cases in which three mutations are
present in the RBD, Le. we analyze the South African and
Amazonian variants carrying the mutations K41N-E484K-
N501Y and K417T-E484K-N501Y, respectivey. All considered
systems are reported in Table L As experimentally-resolved
structures are not available for all the considered systems,
mutations were obtaimed using the PyMol softwar (sce
Methods) and a 500 ns-long molecular dynamics simultion
was conducted to equilibrate each system. To validate the
mutational procedure, we used available experimental structures,
performing  two  different  analyses. First, we retrieved the
experimental complexes of the SARS-CoV-2's RBED bound to
human ACE2 for the English (PDB id: TMJN) and Amazonian
(PDB id: TNXC) variants. Then, we carried two additional 500 ns-
long molecular dynamics simulations and verify that the
configurations explored by the two simubtions overlap with
those sampled during the MD of the computationally mutated
ones. In practice, we compared the structures obtained for both
simubtions through a principal component analysis (PCA)
Indeed, a set of configurations sampled from the simulation of the
experimental structure was projected into the essential space
defined by the two principal components of the cova riance matrix
obtained from the trajectory of the computationally mutated
complexes (see Supplementary Figs. 4, 5). Figure 2a, b shows an
overlap between the two sets of structures, which indeed have a
high degree of similarity in terms of the backbone conformation,

Mext, we considered the South African vanant’s complex,
whose experimental structure is not available In this case, we
adopted a different test strategy, starting from the structure of the
spike in the unbound form of both the wild type (PDB id:7K]5)
and South African vanant (PDB id: 7LYN). In particular, we
performed three additional, 500 ns-long molecular dynamics
simulations starting from (i) the experimental APO form of the
RBD of the South African variant; (i) 2 computationally-cbtained
APO conformation extracted from the experimental WT APO
wnformation of the spike trimer, computationaly mutated into
the South African variant, and (iii) the spike RBD bound
wnformation  (obtained from  the computatonally-mutated
wmplex but removing ACEZ).

Then, we compared the dynamical behavior of the spike
protein in all three cases with respect to the complex simulation.
In particular, Fig. 2¢ shows the distribution of root mean square
displacement (RMSD) among a sampled set of complex-spike
wnformations {purple curve) and between the complex config-
urations and a set of configurations extracted from each of the
three free-spike dynamics. As one can see, all distributions
partially overlap in the region around 1.5-2.0 A, meaning that
they can explore a similar configuration space. As we may expect,
the mean RMSD progressively increases from the oomplex
distribution to the computationally-mutated apo spike, Complete
RMSD data are shown in Supplementary Fig. 1.

Finally, identifying the centrouds of the clustering analysis of
the sampled configurations, we performed a molecular docking
with the ACE2 receptor structure.

According to silhouette analysis (see Supplementary Fig. 2}, the
frames of the entire trajectory can be grouped into three different
groups, the centroids of which are the most representative
structures of the entire trajectory. A docking analysis betwemn
ACE2 receptor structure and ecach of the centroid spike
nfigurations was performed using Hdock web-server™®, where
the two interacting regions were constrained (see Method section
for more details). The analysis did not show important changes
for the three analyzed configurations, therdfore only the results
related to the centroid bdonging to the most populated duster are
reported. The 500 structures sampled from the trajectory and the
first W00 docking poses were chained together and a Principal
Component Analysis was performed, Each structure was then
projected onto the essential plane defined by the first two main
agenvectors (whose eigenvalues explain the DD of the total
variana). As expected, the structures of the trajectory take place
in a restricted portion of the essential plane, while the structures
wming from the docking ocoupy a greater space (see Supple-
mentary Fig. 3). However, some of the docking structures are very
similar to the structures sampled during molecular dynamics. To
better appreciate this structural similarity, we consider 16
molecular dynamics structures (which are temporally equidistant)
and the 16 docking structures dosest to the dynamics structures.
The contour lines in Fig. 2d show the probability density of
finding a structure in a given portion of the essential plain, In fact,
as expected, the region 15 less dense where the docking poses are
projected (orange points) with respect to molecular dynamics
frames. To better visualize the molecular docking results, we have
extracted the two most representative conformations among the
docking poses, one dosest to the structures sampled in molecular
dynamic and one further away from the trajectory frames and
doser to the other docking poses. The results, in terms of
structural visualization, are shown in Fig. 2e, £ Note that even in
the case of the most distant poses (in blue), the binding
wnformation is very similar to the one most representative of
molecular dynamics (in gray).

Overall, all the performed analyses confirmed that the obtained
results are not significantly affected by the choice of a different
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Fig. 2 Comp arison bety and modeled 5 ARS -CoV-2 Spike-Ace? complexes. a Compar ison between the maolecular dynamics simulation

of the experimental and cﬂrmatlondhr obtained complex of the English variant of SARS-CoV-2 spike protein bound to ACE2 receptor. Snapshots of the
spike protein are projectad in the plane of the two major components of the covariance matrix obtained from 2 principal component analysis (PCA) over
the position covariance matrix. b Same as in panel (a) but for the SARS-CoV-2's Amaronian variant. ¢ Distribution of the root mean square deviation

(RMSD)of the spike protein of the SARS-CoV-2 South African variant in apo and holo (bound to ACE2 receptor ) forms. Fifty sampled frames of the spike
jprotein from the computationally-ohtained comples were used as references to evaluate the RMSD: d Probability density of finding 2 configuration of the
2po spike protein in the plane identified by the two principal components of the covariance matric Colored dots represent the position of the configuration
produced by the docking procedure when projected in the plane. e Cartoon representation of SARS-CoV2 spike frame extracted from the apo simulation

having smallest RMSD. f Cartoon representation of twa SARS-CoV'2 spike-ACE? complexes obtained fram the dadiing procedure.

simulation starting point, beng it either an experimental
structure or a computationally mutated one Indeed, this is
testified both by the comparison between mutated vs experi-
mental complexes of the English and Amazonian variants and by
the analyses on the MD of the South African variant’s RED in apo
and mutated-holo forms. We might speculate that the peculiar
stahility of the RED fold is motivated by the fact that the spike
protein has to continuously optimize its binding site to infect
different hosts in different conditions; thus it could be optimal to
have a stable fold upon single/few point mutations.

To ensure a complete equilibration of the systems, only
configurations after 250 ns are used in the analyses.

Fluctuation of interface residues for the different variants. The
first observable, we consider to evaluate the stability of each RED-
ACE2? comiplex, was the root mean square fludtuation (RMSF). In
Fig. 3a, we show for each residue, both for spike protein and for
the ACE2 receptor, the RMSF value obtaned considering each
molecular dynamics simulation at equilibrium. The average of the
RMSF of all contact residues provides information on the overall
mobility of the interface. The binding residues of ACE2 and spike
have a comparable mean fluctuation value between tham (of
about 1.25 A, as the average of all systems). The negative control
1 and 2 systems (whose mutations are N501K and N501D,
respectivdy) are characterized by a higher binding affinity
(quantified by the dissociation constant, Ky) than the WT form of
the spike. This is clearly evident in terms of atomic fluctuation,
given that these systems show greater mobility of the interface
residues, with an BEMSF average of 153A and 131A,
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respectively. The system characterized only by N501Y mutation
(UK wvariant) is the most stable of all, w‘ithanavcra.gccfl.ﬂl)k_
The Amazomnian variant and the South African variant also have a
low average fluctuation compared to the other systems, of
L4 +023 and 1.22 + 0204, respectively. A more detailed ana-
lysis was performed on the atomic fluctuation of residue 501, In
all systems, except for the South African variant, residue 501 of
the spike protein has a lower average fluctuation than the average
af all residues belonging to the same interface. In particular, the
English variant, the Amazonian variant, and the positive control
mutation (N501F) show a fluctuation of the residue 501 lower
than the average of the RMSF values. Indeed, the RMSF value for
residue 501 in these three systems is 10D, 1.00, and 1.20, while the
average values of RMSF for the three systems are 101 016,
L4+ 023, and 1254020, respectively. Therefore, for these
three systems, residue 501 is particularly stable with respect to the
ather residues. On the contrary, the other systems have a more
pronounced fluctuation of residue 501, Among all, the two
negative control systems, N5S01K and N501D mutations are
characterized by a very high average RMSF value: 183 and 2.03

ively. The results of the analysis of atomic fluctuation over
time of the interface residues highlight the stahility of systems
with higher binding affinity, including the South African and
Amazonian varants for which we have not considered experi-
mental data (since they are not present in ref. ¥). In order to
vestigate the stability of intermolecular interactions during
molecular dynamics, we cakculated the contact frequency matrix
for each system. Therefore, we define contact between two resi-
dues if their g-carbon atoms have a distance less than 9 A, For
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Fig. 3 Analysis of the motion of the residues of the binding region. a Root mean squars fluctuations (RMSF) of ACE2 (top) and SARS-CoV-2 spike
(bottom) protein residues found in interaction during the dynamics. Different colors comesponds to different spike variants (see Tahle 1). b Differance
between the contact probahility matrices of the interacting residues between each spike variant and the Wuhan (WT) one (see Tahle T). Residues are
considered as interacting if the distance batween their z-carbons is lower than 9 A

Table 2 Correlation matrix b uples of vari Correlation values (resp. p values) are reported in the upper (resp.
lower) triangular matrix.

K417N K417T

EABAK EAB4K NSO1D N5O01F NSO1K NSOIT N5OTY

NSOTY NSOTY
KA17N-E4B4K - NSOTY - 09 044 092 038 087 077
KAITT-E484K - NSOTY <ig-14 - 020 098 03 0.8 0.87
NS00 36x10"M 81=1074 - 023 035 052 017
NS0 <p-i4 <|oe 98 =105 - 034 087 0.85
NSO g7=10-M 26x10°7 46x10-9 14x10-8 - 028 026
NS0T <p-i4 <10 <ip-i4 <1014 242108 - 066
NSOTY <ig-14 <ot 51x10-2 <ip-™ 9.8x10"8 <1g

cach matrix dement, we then report the contact frequency
between each residue of the spike protan and each other of the
ACEZ receptor, then subtracting (to facilitate the comparison)
each of these matrices with that obtained for the WT system (see
Methods section). As shown in Fig 3b, we notice similaritics
between some matrices. For . the matrix relating to the
N501Y system is particularly similar to the N501F system, which
15 characterized by the highest experimental binding affinity
value. An analysis of the Pearson correlation between each pair of
matrices allows us to quantify this evidence, In Table 2 the

arrdation values between all the cntact matrices are shown.
Interestingly, the positive control system (characterized by the
N501F mutation ) has a2 mean contact map highly correlated with
that of the UK, Amazon, and South African variants, with a
Pearson corrdation value of 096, 0.92, and 085 respectively. The
two systems formed by the two mutations with low K (the two
negative controls), on the other hand, show lower correlation
values with any other system, with an average of the Pearson
aetfident of 0.34 and 032 respectively. These results represent
the first level of classification of the mutated systems of this study
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a Ribbon rep tion of the binding site of the SARS-CoV-2 spike protein

bound tohuman ACEZ (PDB id: 6MOJ Y Inter acting residues, ie. the ones whose w-carbons have a distan ce lower than 9 &, are repres ented with red sticks
for the spike protein and with blue ones for the ACE2? recaptor. b Prajections on the two princdpal components of the analyzed variants (colored dots).
Principal component analysis was parformed over the contact probabilities of each couple of interacting residues reported in panel (a). The inset shows the
projections on the first component. Side plots display the contact probahility values for the sight couples of residues that contributed the most in

differentiating the variants in the principal component analysis.

and allow us to identify the properties of mean atomic fluctuation
at a single residue leve.

Principal component analysis of contact frequency. In order to
obtain a more exhaustive overview of the binding between ACE2
and spike protein, we investigate the frequency of the contacts for
cach analyzed system. To this end, we evalated the inter-
molecular contact pairs for each complex, ie., we consider the
percentage of cntacts each residue of the spike hinding region
forms with ACE ones during the simulation. The binding region
is composed of 17 residues of the spike protein and 16 belonging
to the ACE2 receptor (see Fig 4a and Methods). Therefore, each
systern @an be described by a vector of 272 contact frequendes.
To compactly compare those vectors, we performed a principal
component analysis of the vectors’ covariance. The projection of
cach system on the essential plane of the first two principal
components (which ecplain the 544 and 353% of the total var-
iance, respectively) allows to clearly distinguish, completely
unsupervised, the mutations with high affinity from those with
low binding affinity. In particular, the projection along the first
principal component shows a very interesting trend (as shown
in Fig. 4b): the two mutations of the negative control have a

positive value on the first component (distinguishing themsebves
from any other). On the other hand, the first three systems along
this @wmponent are the Amazonian variant, the English variant,
and the positive control (N501F). We also analyze the loading of
each interacting residue pair on the first principal component. In
Fig. 4 we show the considered pairs, given that their projection
along the axis of the first component is high compared to the
others (and the trend of the contact frequency is not trivial
hetween the different systems). In most cses, the pairs of inter-
acting residues at the interface show a trend (increasing or
decreasing) of the frequency of the contacts for the different
systemns. For example, the percentage of mntacts during the
simulations of the pair composed of the 5494 residue of the spike
protein and the H34 residue of the ACE2 receptor (5494-H34),
progressivey decreases for systems with low binding affinity.
Therefore, this pair is more stable in high binding affinity sys-
tems. With an opposite trend, the pair of residues GS02-Q325
shows an inareasing trend, meaning that this is more present for
systemns with low binding affinity. This analysis provides infor-
mation on which pairs of intermolecular interactions are more
stable in high-affimity hinding systems and which pairs, on the
other hand, are most present in low-affinity binding systems.
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Fig. 5 Graph analysis of the interacting residues’ networ. a Carfoon represantation of the complex (PDB id&MOJ) betwesn SARS-CoV-2 spike protein
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protein are identified in yellow sticks on the basis of a spatial distance threshold of 9 A. The inset shows the average minimum distance of the ACE2
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gentrality of each node of the SARS-CoV-2 spike found in interaction with ACEZ receptor between the seven studied spike variants and the WT one (see
Table 1). ¢ Hirarchical clustering of the seven spike variants together with the WT reference one (see Tahle 11

Graph theory-based analysis of binding site residues. A higher
level of complexity of the binding properties was addressed by
analyang the organeation of interactions between the mterface
residues. To this end, we modd the interaction between the two
protans as a bipartite network, schematiring each residue as a node
of the network and cach intermolecular interaction as a network
edge Only intermolecular interactions were considered for this
analysis, 50 interactions between two residues bdonging to the same
protan are not included in the graph definiion. In particular, we
define a weighted graph for cach system, weighing each link con-
nectmg two residues with the corresponding contact frequency
calculated from the molecular dynamics configurations. In this case,
we defined a contact batween two residues if their distance is less
than 85 A in agreement with Chakrabarty et al ¥, where similar
network analyses were performed on protan structures to assess the
best threshold for evaluating the centroid-centroid contacts.

As an example for a better mterpretation of this modding for
the molecular complex, we report the distances that every residue
belonging to the ACE2 binding site has with the residue 501 of
the spike protein singe this is of primary importance in the
variants considered in this work (see Fig. 5a). The mean distance
between residue 501 of the spike protein and any other (within
12 A) of the ACE2 receptor was calculated. This analysis shows

that the systems with lower experimental binding affinity are
typically characterized by a greater distance (N501K and N5010
single mutation) between the residues belonging to the binding
site of ACEZ and the residue 501 of the spike protein
Interestingly, the system with the N501D mutation has a shorter
distance than any other system between residues 501 and residues
37,38, 39, 41,42, and 45 of the receptor. Similarly, for the system
having the N50 1K mutation, it shows the lowest distance betwem
residue 501 and residue 383, 386, and 387 bdonging to the ACE2
reccptor. Extending the analysis to any other residue of the spike
protein interface, we mvestigate the local organization of the
intermolecular contacts through centrality measures. To this end,
both the Betwernnes cemtrality and Closeness cemtrality para-
meters (see Methods) were considered as a local descriptor of the
interaction of each residue, since these are certainly two of the
most widely used descriptors for the centrality analysis of a
node™® (See Fig. 5b).

In order to compare the different interaction organizations of
ach molecular system, we performed a dustering analysis (see
Fig. 5c¢) considering a single vector for each system, which is
wmposed of the combination of the two descriptors considered.
The profile is relative only to the residues belonging to the spike
interface (see Fig 4a).
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of the binding regions. a Cartoon representations of the binding region of the complex farmed by SARS-

CoV-2 spike protein (gray) and human ACEZ receptor (green) for the wild-type complex and the five single-mutation variants. The spike residue S0 is
rapresented with red sticks. The mo lecular surfaces for both spike and ACE2 are shown. b Experimental affinity values (taken from ref. <7} for the spike-
ACE2 complexes (blue bars) and shape variance 3 messwured by the Zemike desoiptors on molecular dynamics configur ations (orange bars). Both
quantities are obtained by difference with respect to the reference comple data (see Table ). € Root mean square fluctuations (RMSF) of ACE2 (top) and
SARS-CoV-2 spike (bottom) protein residues found in interaction during the dynamics for the South African and Amazonian variants together with the two
versions camying phenylalanine at position 501 d Difference between the contact probability matrices of the interacting residues between each three-
mstation spike variant and the Wuhan (WT) one (see Table 1). Residues are considered as interacting if the distance between their a-carbons is lower than
9 A e Shape variance 3s measured by the ernike descriptors on molecular dynamics configurations for all the variants reported in Tabla 1.

Also in this analysis, we find a clear separation of mutations
with lower binding affinity from the others, showing the ability of
our molecular dynamics-based approach to distinguish between
high and low-affinity systems. Interestingly, the WT form of the
complex occupices an intermediate position between low-atfinety
and high-affimity mutations. In particular, the WT system is
characterized by a profile very similar to the N501T mutation,
which has the same amino add in position 501 of the SARS-CoV

tem.
sﬁ&l&rd}mdﬂe.&rAﬂmﬁamwﬂantandﬂrSuﬂh
African variant appear to have a very similar orgamization of
respectivdy. Interesting to note that the Amazonian variant,
which is causing an important concern in the world, is very
similar to the system characterized by the single mutation N501F,
the one with the best experimental binding affinity. Similarly, the
South African and English variants are in close proximity in
terms of their Betweenness and Closeness properties, as they
exhibit similar behavior in torms of infection transmission.

Shape variation of binding site region. Finally, we focused on
the whole binding region of both SARS-CoV-2 spike protein and
ACE2 receptor and assessed the shape complementarity of the
binding site. To do so, we first expand ed the molecular surfaces of
the two molecular partners (see Fig. 6a) on the basis of the 3D
Zernike moments (see Methods) and then computed the Eucli-
dean distance between the two sets of invariant descriptors. We
performed. We thus obtained a distribution of Zernike distances,
ie, of complementarity scores, for each investigated variant. As
one oould expect, all distributions are centered around similar
values of complementanity since the overall shape of the binding
site does not undergo substantial conformational changes upon a
few point mutations. However, looking at the varance of the
distributions for the five single-mutation variants, we found a
similar trend between the experimentally measured mmplex
affinities and the variance of the shape complementarity™. This
@n be seen from Fig. 6b, where we compared the difference in
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Fig. 7 Analysis on the residues’ motion in variants carrying the 50TF mutation. a Spatia] comelation of the mation of 2l pessible couples of residues of
the spike protein as a function of their averapge spatial distance (of the residue ids) during the simulation. Blue dots espond to the residues of the
South African wvariant with the putative NSONF additional mutation with red dots represent all the couples of residues of the Amazonian variant with the
MNSOAF mut ation. Box plots of the comelations are shown in the inset. b Distribution of the correlations in the motion of allthe couples of residues having 2
sequence distance higher than three residues. Red vertical lines mark the correlation of residues 417-501. € Distance betwsen the centroids of residues
AT7-501 vs resides 417-493 during the molecular dynamics simulation of the South African variant with the putative NSOTF ad ditional mutation. Cartoon
representation of the binding region between spike (green) and ACE2 receptor {gray), highlighting in red the key residues 417, 493, and 501.d Same a5 in

() but for couplas 417-501 vs 493-5010. & Same as in (e) but for couples 477-893 v 493-501

affinity and shape variance of the five investigated variants with
respect to the wild type. It is interesting to note that the N501Y
variant displays a lower shape variance with respect to the wild
type than the N501F variant Unfortunatdy, as far as our
knowledge goes, no binding affinity data are available for the
three-mutation variants (ie. the South Afrimn and Amazonian
variants ). We thus proceeded to compute the shape variance from
the molecular dynamics configurations and compare them with
single- mutation ones. Interestingly, we found that both vanants
show a lower varance with respect to the negative cntrols
(N501D and NSUK), with the South African variant being more
motile than the English one while the Amaroman varant dis-
playing the smallest variance (see Fig. 6c—d). This result provides
an important example of the not-trivial effect of cooperativity, In
fact, the same mutation (Y501F) gives an opposite outcome in the
two variants, which now differ in terms of the interactions
between a couple of residues 417T-501F against 417M-501F,
Finally, we run two additional molecular dynamics simulations
substituting amino add Fto Y in the two triple-mutated varants
in order to check whether such mutation could bring an
enhancement in the binding propensity. Looking again at the
shape variance (see Fig. 6e), we observed that the modified South
African and Amazonian variants behave oppositdy: whilea Y to

F mutation on the 501 residue increases the complementarity
variahility for the Amazonian variant thus worsening its binding
padty, the same mutation on the South African one brings a
stabilization effect, with the complex maintaining a more stable
shape complementarity during the dynamics.

Analysis of motion between the key residues for the putative
variants carrying the 501F mutation. To better elucidate the
non-trivial interplay between residue 501 and 417, we performed
a correlation analysis batween the motions of the binding site
residues, both considering the case in which the mutation
increases the stability (South African variant with additional
S01F mutation) and the one where it decreases (Amazonian
variant carrying the additional 501F mutation). Results are dis-
played in Fig. 7a.

Indeed, the average correlation of the residues belonging to the
South African variant and the Amazon variant is (.16 and 0.10
respectively.  Notably, this substantial difference in - motion
properties of the whole spike binding region is caused by just
one different residue in position 417,

We then focused on the 501417 residue pair and their
awoperative action. In Fig. 7b, we show the correlations of the
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501417 residue pair in the two systems with respect to the
distribution of the corrdations between all pairs of spike residues
forming the binding region. In particular, only residues that are
more than two residues apart in sequence have been seleced to
remove trivial correlation due to close proxmity. Interestingly,
the 501F-417N pair in the modified South African variant
(predicted to be more stable) has a positive correlation of 0.10,
while the 501F417T residue pair in the modified Amazonian
variant (predicted to give a less stable binding) has a negative
correlation of <009,

Finally, we consider the correlated motion that the two
residues have with the other residues of the binding region.
Considering the distance between the centroids of the residue
side chains, we compared the trend of the distance of each
residue pair involving residue 417 andfor 501 as a function of
time. Next, we looked for couples having a high correlation in
the modified South African variant and a low correlation in the
modified Amazonian system (see Supplementary Table T).
Interestingly, only two pairs were selected and they both involve
the same residue, ie., residue Q493,

In particular, if one looks at the modified South African
variant, the pair of residues 417493 has a high Pearson
correlation value (0.36) with the pair 417-5017, thus indicating
a possible functional role (see Fig. 7c). Similarly, the 417-501 and
501493 residue pairs display a Pearson correlation value of 040
as one can see from Fig, 7d. On the other hand, the pairs formed
by residues 501 and 417 with residue 493 do not move in a
correlated way (Fig. 7e), showing that residues 417 and 501 shares
a direct correlation. Overall, our analyses add further residue-
level evidence of the cooperative effect of residues 417-501 and
suggest that residue 493 could be another important residue
involved in the hinding stability of the complex®

Conclusions

The major goals of a virus are replication and spread, and SARS-
CoV-2 coronavirus is constituting no exception. The vast, world-
wide, diffsion of the SARS-CoV-2 epidemics indeed & providing
the virus the possibility of exploning the genomic landscape and
accumulating mutations. The resulting viral variants are subject to
natural selection; thus, mutations that increase the diffusion rapidly
get fived in the viral genomic pool Besides the transmssion of the
virus tsdf, antiviral treatments also contribute to sdection. Indeed
with the introduction of vaccines, new mutations inducing esape
and resistance to available treatments are expected to ouple
with more virulemt strains®~%, The new frontier for fighting the
COVID-19 pandemic seems to become even more based on con-
trolling and understanding the accumulation of vanations in the
SARS-CoV-2 genome.

To date, several different variants have already emerged. In
particular, those with mutations on the spike proten are
attracting a lot of attention as this protein is responsible for the
binding to cellular receptor and attachment factors but also the
primary target of the antibodies of the immune system,

Here, we deployed a set of molecular dynamics simulations to
characteriae the effect of different possible mutations of the spike
residues 417, 484, and 501, which are the mutations found in the
mast relevant chserved vanants, In particular, mutation N501Y
has been found in both the English, South African, and Ama-
zomian variants, Analyzing the equilibrium configurations
acquired by the spike-ACE2 complex in terms of residue fluc-
tuations, networks of contacts, and conservation of shape com-
plementary of the binding region, we found that indeed
mutations on residue 501 strongly influence the dynamical sta-
bility of the complex. Most importantly, a ine sub-
stitution in positbon 501 increases the stability of the South

African variant via a cooperative action with residue 417N, In
conclusion, our results suggest close surveillance for the emer-
gence of such mutation to antidpate (and minimize) its effects in
the viral spread and eventual early incorporation of this infor-
mation into diagnostic and pharmacological procedures.

Methods
Structursl data. The mmples of SARS CoV.2 spike protein bound o the human
ACE recepior has been ken from the PDB bank (PDE i 6MOT) In particular,
amly the receptor-binding domain {EED) of the spike and the evracelluler domain
of ACE2 are considersd Each varint considered in the present study has been
abainsd manually mutting the experiment] complex via the Pymal software!s
Al information abowt aming add substitutions is reported in Table L
Faour additional structures were used to validate our procedure, ie,
o  the spike protein in trimeic APO form of SARS-CoV-2 South African
variant (PDE code 7LYN]
®  the spke protein in trimerc APD frm of SARS-CoV-2 WT (FDB
dTE]S):
®  the experimental malecubr complenes of the S ARS-CoV-2 RED bound to
tuman ACE? for the English variznt (PDB i TMIN)
® and the experimental malaubr complexes of the SARS-CoV-2 RED
bound to human ACE? for the Amazomnian variant (FDB id: THXC)L

Malecular dynamics simulations. All simubitions were pedformed wing
Gromacs®. Topologies of the system were built using the CHARMM-27 force
fieki43. The protein was placed in 2 dodecshedric smubtive box, with periodic
boundary conditiens, filled with TIP3P water molecules® . For all simulated
systems, we checked that each atom of the proteins was at least at 2 distance of
L1 nm from the bax borders. Each system was ummnumzedwmmﬂm
descent algorithm. Next, 2 ek of water molecules and thermali
af the systern was mun in NWT and NPT environments sach for 0.1ns at 243
time-step. The temperature was kept constant at 300K with 2 v-rescale
thermantat?’; the final pressure was fized at 1 bar with the Paminella-Rahman
harostatt®

LINGS algorithrr? was wsed 1o constraint bonds invalving hydmgen atms. A
cut-off of 12 A was impawal for the svalwtion of short-range non
interactions and the Particle Mesh Ewald method™ for the long minge electmstatic
interactions. The described procadure was used for all the performed simulations.

Statistics and reproducibility. All molecular dynamics simulbations were 500 ns
long, which guimntes that every sysiem has reached squilibvivm conkrmations.
Al subremuent analysis were performed sampling 300 frames from the
equilibrium range.

Malecular docking protocal. Maleculir docking between the unbound am-
formation of spike RED and ACE2 has heen performed using HDOCK
software® . Apo form of RED with K4 17N-E4MK-N501 ¥ mutations, & obkina
Iy selecting the B chain from the trimeric form of the spike protsin (PDE code:
TEJS). Indeal, the B chain has the keast number of missing residues with respect to
the other two chains. The missing residues were modeled using SwissMaod<= in
arder to obtain the anmplete struchre of @ single chain of the spike protein.
Subsemuently, we perfirmed the K4LTN, EAS4E, and N501Y mutafions wing the
PyMal . Starting from this structre, we performed 500 ns of MD
mﬂamhurawwwmwuuwmwumam“
analysis on the fisst two prindpal of the PCA_ The <l provided
thres renresentative sirucunes, on which we perdormed the molecubir docking
procediure. On the other hand, the ACE2 receptor was selectal from the spike.
ACE? @vmplex (FDE code 6MOTL (‘mmmdmhmﬁngmdmmawbd

lecular docking, selecti poaitle region (116 reddues and
194 resicues for RED and ACE2 interface respectively), using the known infar-
mation on the hinding regions.

Interface residue definition and contact probability caleulation. For each
analyzed complex, the interface was defined by taking ACE? and SARS-CoV-2
spike residues whose a-carhons have 2 distance lower than 12 A at time t = 250 m,
that i, after the equilimation phase To end with 2 @mparable se for all com-
Plexes, we selectal the residues comman to all interfaces obtaining 16 residuals for
ACE2 and 17 fur the spike protin. For each couple of interading residues among
the two proteins, we @lodated the contact frequency, counting how many times
each couple of residues had a distance lower than 9 A between two a-carbons in
ach frame of the dynamics at equilibrium.

We got 2 16 17 matrix for every complex reparted in Table L Contct
mutries shown in Fig. 3b are obiinad by subtracting the wild-type ane.
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Printipal component analysis and clustering. From the conbct matrices of all
compleres, we performed a principal companent analysis (PCA) in which the
starting matrix consisted of seven mows (the variants) and 272 colurmns {the contct
frequencies of mch pair of spike-ACE? a-carbons). The chustering amal ysis was
perkormed using the *hchust® finction of R, prawerving the defult chstering
algorithm (the "complets” methad). We fimt computed the contict percentige
matrix for each system, 25 cbtined from the moleculbar dynamics frmes. For

ics analysis, we define contict between two residues if the distance betwesn
their center is les than 85 A, as proposed in ref. ¥ Then, we defined 2 weighted
graph for mch matriz and cakoulited the betweennes centrality and closeness
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