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Abstract

The COVID-19 pandemic, which was caused by SARS-CoV-2, initiated a global health crisis
in 2019. SARS-CoV-2 is a single-stranded RNA virus encased in a lipid envelope that houses
key structural proteins, including the Spike glycoprotein, which mediates viral entry into host
cells. Within the Spike protein, the S2 subunit, and particularly its fusion domain, plays a
critical role in merging viral and host membranes. Understanding the fusion domain
interactions at the molecular level is important for advancing applications such as the
development of novel antiviral therapies. This study investigates the self-assembly of SARS-
CoV-2 S2 subunit fusion peptides (FPs) and their interaction with biomimetic plasma
membrane (PM) models composed of physiological mixes of phospholipids, sphingomyelin,
and cholesterol. Complementary techniques, including atomic force microscopy, neutron
reflectometry and grazing incidence X-ray diffraction, provided detailed insights into lipid
nano-mechanics and in-plane molecular structure. Our findings reveal several types of FP
assemblies at the PM interface, including the formation of rigid fibres, spiral structures, and
segregated domains. These behaviours are influenced by FP intrinsic features such as
hydrophobicity and molecular structure, and the resultant interactions with lipid headgroups
and tail regions. This work enhances our molecular-level understanding of FP-lipid
interactions, shedding light on viral entry mechanisms. Furthermore, the ability of these
peptides to self-assemble, modulated by the surrounding lipid environment, positions them as

promising building blocks for innovative functional biomaterials.

1. Introduction:

Fusion peptides (FPs) from the SARS-CoV-2 Spike (S) protein are critical for the virus's entry
into host cells.!* These short peptide sequences, located within the spike protein’s fusion
domain, exhibit unique properties that facilitate their insertion into and interaction with lipid

bilayers, enabling the merging of viral and host cell membranes,’~

and ultimately viral
infection. Beyond their biological relevance in viral entry, SARS-CoV-2 FPs have also shown
promise as building blocks for the fabrication of novel functional nanomaterial.® Their probed

ability to self-assemble into well-defined nanostructures at fluid interfaces offers opportunities
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for designing novel chiral nanomaterials with expected applications in biomedicine and

nanotechnology.

Structurally, the Spike protein consists of two subunits, S1 and S2, each with distinct roles in
viral infection.” The S1 subunit primarily facilitates the virus’s initial attachment to the host
cell by binding to its receptors. In contrast, the S2 subunit drives the subsequent membrane
fusion process, allowing the viral genome to enter the host cell.® Concretely, within the S2
subunit, a critical region known as the fusion domain interacts directly with the host cell s lipid
bilayer,” disrupting and connecting opposing membranes to merge the viral and host
membranes.'® Intermolecular interactions between specific sections of the fusion domain,
claaed “fusion peptides” (FP), and the lipid bilayer are fundamental in regulating this process.'!
By embedding into the lipid bilayer, FP induce membrane destabilization, creating an initial
point of contact that promotes the merging of the viral and host cell membranes. The expected
characteristics of FP—short, hydrophobic, and potentially containing canonical fusion
tripeptides (such as YFG or FXG)—along with a central proline residue, have led to the
identification of several putative SARS-CoV-2 fusion peptides. Specifically, these sequences
include FP1 (residues 816-837), FP2 (835-856), and FP4 (885-909), the latter is also
commonly referred as the internal fusion peptide. Moreover, these peptides are not only integral
to the fusion process but have also been identified as targets for broadly neutralizing antibodies
against all known human-infecting coronaviruses. These molecules are therefore promising

targets for the development of universal coronavirus vaccines, >3

Given this intrinsic ability to interact with and perturb lipid membranes, FPs serve as ideal
candidates for studying self-assembly and peptide-lipid interactions. Exploring their behaviour
at membrane interfaces can enhance our understanding of viral entry mechanisms while
inspiring the development of biomimetic nanomaterials for applications such as drug delivery

and biosensing.

Lipid Langmuir-Blodgett (LB) monolayers provide a controlled platform to study peptide —
membrane interactions at the molecular level, through precise control over structural lipid order
and phase regimes through monolayer compression.'*!> The monolayers are simplified
representations of biological membranes. In earlier work, we revealed that different SARS-
CoV-2 fusion peptides perform distinct functions on interaction with monolayer models of the

plasma membrane (PM).!! However, further in-depth investigations are required to fully
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elucidate the self-assembly of FPs and their pivotal role in orchestrating the viral fusion

mechanism, which remains elusive.

Here, we investigate the self-assembly of SARS-CoV-2 FPs incubated with lipid mixtures
mimicking the outer leaflet of the eukaryotic plasma membrane (PM), creating hybrid peptide-
lipid Langmuir monolayers. These PM models are characterized by a high cholesterol content
(50 mol %), and include sphingomyelin, the zwitterionic phospholidpids, phosphatidylcholines
(PC) and phosphatidylethanolamines (PE), as well as lower proportions of anionic lipids
phosphatidylserines (PS) and phosphatidylinositols (PI).'® By compressing the PM monolayer
in a Langmuir-Blodgett (LB) trough, the packing density of the lipids can be controlled,
simulating the restricted packing that occurs in a membrane leaflet under biologically relevant
conditions. Grazing incidence X-ray diffraction (GIXD) and atomic force microscopy (AFM)
were employed to elucidate the in-plane molecular organization and lipid packing within the
PM monolayer, as well as the surface morphology following FP association. These techniques
revealed different FP assemblies at the PM interface, including the formation of rigid fibres, spiral

structures, and segregated domains.

This study also highlights the potential of hybrid peptide-lipid monolayers as versatile
platforms for exploring and fine-tuning peptide-driven assembly. These systems offer a
foundation for designing advanced biomimetic materials with applications in drug delivery,

biosensing, and membrane engineering.

2. Materials and Methods:

Fusion Peptides: The fusion peptides were synthesized and purified by GenScript
(Amsterdam, The Netherlands). Stock solutions of each peptide in DMSO (dimethyl sulfoxide)
were used for all the experiments reported here. The following peptides were investigated: FP1
(SARS-CoV-2 816-SFIEDLLFNKVTLADAGFIKQY- 837); FP2 (SARS-CoV-2 835-
KQYGDCLGDIAARDLICAQKFN- 856); and FP4 (SARS-CoV-2 885-
GWTFGAGAALQIPFAMQMAYRFNGI- 909). See Table S1 for further details of the
peptides.

Hybrid FPs — lipid mixture solutions preparation and Biomimetic PM Formulation: Outer

leaflet of eukaryotic plasma membranes was prepared in the form of Langmuir monolayers as

detailed elsewhere.!”!® Briefly, phosphatidylcholine (PC), phosphatidylethanolamine (PE) and
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phosphatidylserine (PS) extracted and purified from perdeuterated and hydrogenous Pichia
pastoris cell cultures were mixed by cholesterol and egg yolk sphingomyelin purchased in
powder form from Sigma-Aldrich. The composition in molar ratio was PC 0.2, PE 0.11, PS
0.06, cholesterol 0.5, sphingomyelin 0.13 (Table S2). Lipid stock solutions were prepared in
chloroform stabilized with ethanol (purity 99.8%; Sigma Aldrich, St. Louis, MO, USA), and
stored at -20°C. Mixed solutions of lipids and peptides (PM-FP) were prepared by adding 5%
moles (i.e., 1:20 FP:lipid) of FP to the PM solutions. The final lipid concentration used in all

solutions was maintained at 0.2 mg/mL.

Langmuir trough experiments: Surface pressure (I1) — area (A) isotherms of hybrid PM-FPs
monolayers were acquired using a LB trough (model G2, KIBRON, Helsinki, Finland). Surface
pressure variation was recorded using a Wilhelmy plate made of filter paper. The temperature
was maintained at 21.5 + 0.5 °C. The trough was filled with de-ionized water (Milli-Q,
Millipore; resistivity higher than 18 MQ-cm), and freshly cleaved mica substrates were
vertically immersed using a dipper. A 0.2 mg/mL lipid mixture (PM), in chloroform was spread
over the subphase using a Hamilton micro-syringe, achieving an initial surface pressure of 2
mN/m. After chloroform evaporation (20 min) surface pressure variations during compression
were recorded using the Wilhelmy plate. Once the target surface pressure (20 and 35 mN/m)
was reached, the interfacial assemblies were transferred onto mica substrate (discs with 12 mm
of diameter). Similar protocol was followed for 0.2 mg/ml Lipid mixture+ 5% FP1, 0.2 mg/ml
Lipid mixture+ 5% FP2, 0.2 mg/ml Lipid mixture+ 5% FP2 monolayers.

Area per molecule calculation by Neutron reflectometry: Quantification of the membrane
composition was done by neutron reflectometry (NR) exploiting the low-g.-range approach,
i.e., by collecting data at a limited g,-range, 0.01 A< ¢, < 0.03 A" (A from 4.5 to 13 A), which
allows a relatively fast acquisition time. NR experiments were performed on the time-of-flight
reflectometer FIGARO at the Institut Laue-Langevin, Grenoble (France).!® Only the lowest
angle of incidence (6 = 0.6°) was used for the experiments, and a wavelength resolution of 7%
dA/A. The raw time-of-flight experimental data were normalized with respect to the incident
wavelength distribution and the efficiency of the detector yielding the resulting R(Q) profile
using COSMOS.?° A one-layer model of the PM and PM-FP monolayers, respectively (Table
S3) was used to determine the area per molecule (A) of phospholipids and fusion peptides at

different values of IT following previous studies (Figure S1).2* The are per molecule is given

by A = Z bi/pl_ . t»Where 3 b; and p; are the scattering length and the scattering length density
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of each component, respectively, and t is the film thickness (Table S4). The data analysis was
performed by fitting the product of ), p; and t. This was done for deuterated PM monolayers in
presence/absence of FPs in D.O:H.O mixture (8:92% v/v) subphase. In the fitting process
performed using REFNX,? the interfacial roughness was fixed to 3 A, which is consistent with
the capillary waves of the subphase.?3%

Atomic Force Microscopy: The monolayer formed by PM in the absence and presence of FP
were imaged at the air-solid interface by AFM. All images were obtained with a multimode
AFM and a Nanoscope V controller (Bruker). The AFM was operated in Peak Force mode, at
room temperature.? Silicon nitride cantilevers (model: PNP/DP) with force constant 0.48 N/m,
length 100 um and a resonant frequency of 67kHz, were used for scanning. The images were
taken at a scan rate of 1 Hz and 512 % 512 pixels. The images were acquired with the Nanoscope
Software. They were topologically flattened and analysed by using WSxM software.?¢
Nanomechanical properties were determined in the peak force QNM mode of AFM. The
advantage of using peak force QNM is that the adhesive force between the sample and tip and
the magnitude of sample deformation caused by the tip are both directly measured in real-time.
The cantilever was calibrated well using the standard hard surface (sapphire) and images were

analysed using NanoScope Analysis software (V1.9, Bruker).

Grazing Incidence X-ray Diffraction (GIXD) experiments were performed at ID 10 beamline
at the European Synchrotron Radiation Facility (ESRF), Grenoble, France, with X-ray energy
22keV and a beam size of 25 x 13 um?. This technique has been extensively described
elsewhere.?’?® Here, an in-house, setup consisting of a PTFE Langmuir trough equipped with
a single moveable barrier, was used for GIXD experiments. The experiment was performed at
two selected pressures (20 and 35 mN/m) and at a constant subphase temperature of 21+ 0.5
9C. To minimize the background scattering, the trough was isolated in a Kapton box, and the
inside atmosphere was saturated in He (oxygen level < 0.2%). Different areas of the trough

were exposed to the X-ray beam in each particular experiment to avoid damage to the sample.?’

For GIXD experiments, Langmuir monolayers were irradiated with an 8keV X-ray beam at an
incidence angle of 8 = 0.1233°, 80% below the critical angle of pure water. GIXD 2D contour
profiles of the scattered intensity were acquired using a double linear detector (Mythene 2K)
mounted behind a vertically oriented Sollers collimator with an in-plane angular resolution of
1.4 mrad. Diffracted intensities were detected as a function of the X-ray momentum transfer
component perpendicular, q,, and parallel to the air/water interface, gxy=(4m/A)sin 20xy/2.

GIXD peaks were obtained by the integration of the 2D profiles along g, to obtain the Bragg
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peaks using in-house scripts developed at ESRF ID10. These data were fitted using the
Lorentzian function in order to obtain the peak position and its full-width half maxima
(FWHM). In-plane coherence length (Lxy) along the crystallographic direction was determined
using the Scherrer formula: Lxy = (0.9 x 2 ©)/FWHM.

3. Results and Discussion.

The direct self-assembly of three different peptides derived from the SARS-CoV-2 Spike fusion
domain—FP1, FP2, and FP4 (Figure 1A)—was investigated in the presence of lipid Langmuir
monolayers mimicking the outer leaflet of the eukaryotic PM (Figure 1B). The general
methodology used in this study is outlined in Figure 1C. Lipid monolayers, prepared with and
without the incorporation of FPs, were formed using the LB trough at the air/water interface.
Uniaxial compression within the LB trough affected peptide-lipid interactions, enabling precise
tuning of lipid packing density and facilitating the control of peptide self-organization at the
interface. These monolayers were concurrently characterized in sifu with neutron reflectometry
(NR) and GIXD to assess their structural organization. The monolayers were then transferred
onto freshly cleaved mica surfaces for AFM analysis in order to evaluate topographical and

physico-chemical properties.

3.1. Impact of Fusion Peptides on Lipid Packing in the Outer Leaflet of the Plasma Membrane

The phase behavior of PM and hybrid PM-FPs monolayers at the air-water interface was
studied by the surface pressure (II) - area per molecule (A) isotherms, as shown in Figure 1D,
by combining a LB trough with low Q, NR measurements (Figure S1). The lateral
compressibility of the monolayer was determined from the slope of the I1-A isotherm. This
monolayer intrinsic property, commonly expressed in terms of the compressional elastic

modulus® defined as C;* = —A(AI1/0A), is shown in Figure 1E.

At low surface pressures, the PM monolayer exhibits an intrinsically disordered, fluid phase
commonly referred to as the liquid-expanded (LE) phase. In this phase, the compressional
elastic modulus remains relatively constant, with Cs!' = 74 £ 3 mN/m regardless of surface
pressure. A discontinuity in the compression isotherm observed at IT = 20 mN/m suggests a
transition to a condensed (C) phase, likely driven by tighter lipid packing and enhanced lateral
interactions as the available molecular area decreases. In the C phase, the elastic modulus

significantly increases with surface pressure, following a trend of Cs!' = 61, reflecting stronger
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lipid-lipid interactions and reduced molecular mobility as the monolayer becomes more

ordered.

The incorporation of FPs significantly alters the I1-A isotherm of the PM monolayer (Figure
1D). For all three FPs studied (FP1, FP2, and FP4), the isotherm shifts to higher values of the
area per molecule, indicating their interaction with the PM. This expansion suggests that the
FPs intercalate into the monolayer, disrupting lipid packing and increasing the molecular area.
This behaviour can be attributed to a combination of factors, including the insertion of
hydrophobic peptide regions into the lipid acyl tails, interactions between charged peptide
residues and lipid headgroups, and the potential peptide aggregation or supramolecular

assembly within the monolayer.

In comparison to FP2, FP1 and FP4 exhibit stronger interactions with the PM, as evidenced by
greater isotherm expansion as well as with previously published binding affinities of these FPs
with PM model membranes.!! FP1 would interact favourably with both lipid headgroups and
acyl chains due its overall negative charge at physiological pH, as well as its hydrophobic
residues (e.g., phenylalanine, leucine). The positively charged FP4, due to the presence of
lysine and arginine residues, would interact strongly with the anionic PS and PI lipid
headgroups. In contrast, FP2's neutral net charge limits its electrostatic interactions with
charged lipid headgroups. Additionally, its cysteine residues may form inter-peptide disulphide
bonds , introducing conformational constraints that reduce its adaptability to the lipid
environment. These factors reduce FP2's capacity to integrate into and perturb the PM

monolayer, leading to a less pronounced isotherm expansion.
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Figure 1. Chemical structure of the peptides (A) and lipids (B) used during this work.

Schematic representation of the PM monolayer fabrication and the characterization techniques

used during this study (C). II-A compression isotherm (D) and compression modulus (E) for

the PM in the absence and presence of FP1, FP2 and FP4 spread at the air/water interface. FPs
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molecular area calculations (F). Variation of diffracted intensity as a function of in-plane
scattering vector component (qxy) of PM, PM-FP1, PM-FP2 and PM-FP4 at a surface pressure
of 20 mN/m (G) and 35 mN/m (H) and corresponding calculated Lxy (I, J).

The compressional elasticity data (Figure 1E) further show the peptides’ disruptive effect. In
the presence of FPs, the PM monolayers remain in the LE phase across the entire surface
pressure range. This persistent fluidity arises from the peptides” interference with lipid packing,
introducing steric hindrance and preventing tight packing. Additionally, the amphipathic nature
of the FPs would allow for partial peptide insertion into the monolayer, as observed previously
by NR,! and leading to increased membrane disorder and fluidity. The interplay between
hydrophobic residues inserting into the lipid tails and hydrophilic residues interacting with the
aqueous subphase creates a dynamic environment that inhibits the transition to a C phase.
Despite their differences in charge and sequence, all three FPs consistently modulate the
properties of the PM monolayer, underscoring their universal ability to disrupt lipid

organization and maintain monolayer fluidity.

To gain deeper insights into the in-plane organization of the PM monolayer in the presence of
FPs, GIXD measurements were conducted using synchrotron radiation. Data were collected
for PM monolayers with and without FPs at two different surface pressures of IT = 20 mN/m
and IT = 35 mN/m, corresponding to the LE and C phases, respectively. These phases are
respectively characterized by relatively low and by high compressibility moduli of the PM
monolayer. The GIXD intensity contour maps as functions of qxy and q. for the studied
monolayers are presented in Figure S2 and S3, with the corresponding Bragg peaks along qxy

shown in Figures 1G and 1H for surface pressures of 20 mN/m and 35 mN/m, respectively.

A diffuse, broad Bragg peak centered at qxy = 1.20 £0.02 A™! is observed at both surface
pressures (Figures 1G and 1H) indicating limited short-range crystallinity within the
monolayer. The calculated in-plane correlation length (Lyy) is 24.5 £ 0.5 A at 20 mN/m and
decreases slightly to 23.0 = 0.5 A at 35 mN/m (Figure 1G, Table 1). This diffraction peak is
characteristic of cholesterol monolayers, which dominates the PM lipid mixture’s (= 50 %
mol).*® The existence of this Bragg peak suggests that cholesterol molecules organize
perpendicular to the interface in a hexagonal 2D lattice, consistent with prior GIXD studies.!-*?

Further support for this interpretation comes from the Bragg rod, which a maximum near the

horizon (q, = 0.05 A™!, See Figure S4), confirming the perpendicular orientation of cholesterol

10
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molecules relative to the air/water interface. The slight reduction in Lxy with increasing IT is
attributed to compression-induced rearrangements of cholesterol molecules, reflecting their

dominance in the lipid composition of the PM monolayer.

At the higher surface pressure of I1 = 35 mN/m (corresponding to the membrane in a C phase),
two distinct diffraction peaks are observed (Figure 1H). The first peak, centered at qxy = 1.20
Al corresponds to the cholesterol-rich domains and remains consistent with observations at
lower surface pressures. A second, weaker diffraction peak emerges at qxy = 1.52 £ 0.02 A,
which likely corresponds to a hexagonal arrangement of lipid chains from the other lipids (PC,
PE, PS and possibly SM), indicating enhanced packing at higher pressures.**** Parameters of
the crystal lattices are reported in Table 1 and Figure 1I and 1H. The Lyy for this lipid
arrangement is 374 + 1 A, significantly larger than the Lyy calculated for the cholesterol
domains. This suggests that while cholesterol’s rigid, bulky structure inherently limits long-
range order, the more flexible acyl chains of phospholipids enable tighter packing and higher
in-plane coherence. The coexistence of these two Bragg peaks reflects phase separation within
the monolayer: cholesterol-rich regions coexisting with more ordered domains of the other
lipids. This separation is reinforced by compression, which promotes the organization of the
phospholipid components while maintaining the short-range order typical of cholesterol. Such
observations are consistent with prior reports on Langmuir monolayers of PE and cholesterol

mixtures, where distinct crystalline domains were similarly detected.*

Interestingly, at both IT of 20 mN/m and 35 mN/m, the Bragg peak at qxy = 1.20 A"!, associated
with the cholesterol-rich domains, remains unchanged in the presence of FP1, FP2 and FP4
(Figure 2C, D). This invariance suggests that these FPs do not directly interact with the ordered
cholesterol domains. However, at IT = 20 mN/m, all FPs induce an increase in the Ly, of the
cholesterol lattice, suggesting the FPs have a subtle influence on lipid short-range order. At [1=
35 mN/m, this effect is less pronounced, with FP4 showing no measurable impact in Lxy (see
Table 1). These results suggest that, while FPs do not disrupt cholesterol packing, their
presence at lower surface pressures may stabilize the cholesterol lattice by influencing the
surrounding lipid environment. Conversely, at higher I1, the denser packing of lipids likely
limits such interactions, particularly for FP4, which appears to integrate into the monolayer
without altering cholesterol order. These observations align with theoretical studies indicating
that the SARS-CoV-2 FPs have minimal interaction with cholesterol, instead exhibiting a

stronger affinity for the other phospholipids present in the membrane.*®
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The position of this second diffraction peak (qxy = 1.52 A™!) corresponds to the arrangement of
the acyl chains of non-cholesterol lipids. At IT = 35 mN/m, it remains unchanged in the
presence of FPs. However, significant differences are observed in the peak’s intensity and
corresponding L. Specifically, while the peak is detectable in all cases, its intensity is
markedly reduced in the presence of FP1 and FP2, compared to both apo and FP4 associated
PM (Figure 2B). These results suggest that FP1 and FP2 disrupt the in-plane organization of
the PM, by interacting strongly with the lipid acyl chains. This disruption hinders the ability of
the lipids to organize into ordered structures. In contrast, FP4 causes less disturbance to the
lipid organization as it primarily interacts with lipid head groups and not with their acyl chains.
FP4 is therefore associated with formation of more ordered lipid domains, allowing for the

preservation of lipid domain structure.
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Table 1. Structural parameters obtained from the GIXD analysis for the samples studied during

this work.
IT =20mN/m
gxy £0.02 | qz+0.02 | a,b+0.05 Area (A?) Lxy +
(A ( A'l) (a=b)(A) 0.1 (nm)
PM 1.21 0.05 6.01 31.3 2.4
PM-FP1 1.20 0.05 6.07 31.9 2.5
PM-FP2 1.20 0.05 6.03 31.5 2.5
PM-FP4 1.19 0.06 6.09 32.2 2.5
IT=35mN/m
PM 1.21 0.050 5.29 27.4 2.3
1.52 37.4
PM-FP1 1.21 0.051 5.31 27.5 2.4
1.52 8.4
PM-FP2 1.20 0.052 5.29 27.7 2.5
1.52 4.1
PM-FP4 1.22 0.051 5.28 27.3 2.3
1.52 36.5

3.2._Atomic Force Microscopy analysis of the phase behaviour and lipid organization in PM

Monolayers under compression y

To investigate the in-plane lipid organization of PM monolayers in the absence of FPs, AFM
was conducted using Langmuir-Blodgett (LB) films as PM models. These monolayers were
prepared at selected I1 of 20 mN/m and 35 mN/m, which corresponds to the LE and C phases
of the outer leaflet of the PM membrane, respectively. AFM micrographs of the pristine PM
LB monolayer transferred onto freshly cleaved mica substrates at these surface pressures are

presented in Figures 2A and 2C.
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Figure 2. Visualization of Lipid Organization Under Compression: AFM topographical
micrographs and corresponding topographical profiles of the pristine PM monolayer at IT of 20
mN/m (A, B) and 35 mN/m (C, D). Schematic representations of the corresponding AFM

images are also presented for clarity.

The AFM topographical micrograph of the pristine PM monolayer at [T = 20 mN/m (Figure
2A) confirms its structural integrity and reveals a surface roughness of approximately 1 nm
(Figure 2B). This roughness indicates the presence of two different regions within the
monolayer, suggesting lateral phase separation. These regions correspond to the coexistence of
two liquid phases: the liquid-ordered (Lo) phase and the liquid-disordered (Ld) phase.’” The Lo
phase is characterized by high lipid packing, primarily driven by strong cohesive van der Waals
interactions between the hydrophobic regions of cholesterol and SM. These interactions create
tightly packed, less fluid domains enriched in cholesterol and SM, which appear as brighter
areas in the AFM micrograph. In contrast, the Ld phase, represented by darker regions, is more
disordered and fluid, with a composition predominantly consisting of PE, PC and PS, resulting
in a lower cholesterol content. The differences in lipid composition and molecular interactions

contribute to the lateral heterogeneity observed in the monolayer.'!-*>

At IT = 35 mN/m, compression of the PM monolayer reduces the available molecular area,
intensifying steric and van der Waals interactions among lipid molecules and bringing them

into closer proximity, thereby limiting their lateral mobility. This compression triggers
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structural rearrangements, transitioning the PM into a more condensed phase.!! AFM at this
lateral pressure (Figure 2C) and corresponding topographical profile (Figure 2D) reveal that
the bright, Lo nanodomains become smaller, more densely packed, and distributed more
randomly across the monolayer. The increased concentration and irregular spatial arrangement
of Lo domains likely result from a balance between domain coalescence, which is energetically
favorable, and the spatial constraints imposed by compression. These constraints inhibit

domain growth, leading to a fragmented organization.

This phase behavior can be explained by the thermodynamics of lipid packing under
compression. At higher I1, the system reduced its free energy by increasing molecular packing
density, stabilizing the Lo domains. However, the spatial constraints imposed by compression
limit the available area for lipid molecules, favoring the formation of smaller, densely packed
Lo domains rather than large-scale contiguous ones. The randomization of Lo domains
distribution under compression indicates a disruption of the pre-existing spatial organization.
This suggests that smaller, fragmented domains are energetically more favorable in this regime.
The interplay between reducing free energy through tighter molecular packing and minimizing
line tension —associated with the boundaries between the Lo and Ld phases—drives this
organization. Smaller, randomly distributed Lo domains reduce the cumulative line tension
while maintaining the phase separation characteristic of the PM monolayer, achieving an

optimal balance at higher surface pressures.
3.3 Self-assembly of Fusion Peptides on PM Monolayers revealed by Atomic Force Microscopy

To investigate the in-plane self-assembly of FPs and their impact on lipid organization, AFM
was employed to study LB monolayers with a PM composition incorporating FPs. These FPs-
PM monolayers, spread at the air/water interface, were transferred onto freshly cleaved mica
surfaces at selected surface pressures (II =20 and 35 mN/m). Topographical AFM micrographs
illustrating the different self-assembled structures of FPs at the PM LB interface are shown in

Figures 3 - 4.
3.3.1.- Straight and Stiff: Formation of Linear Peptide Fibers by FP1 on PM Monolayers

At IT =20 mN/m, FP1 self-assembles on the PM monolayer to form long nanofibres, ranging
in length from 100 nm to 700 nm, and distributed across the monolayer (Figure 3A, Figure
S5A). The distribution of fibril heights, with an average value of H=1.0 + 0.2 nm, is consistent
with a peptide fibrillar structure, where the backbones are aligned parallel to the surface plane

and are in contact with the lipid acyl chain region of the PM monolayer. This conformation is
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further supported by molecular size calculations for FP1, assuming a 3-strand structure, which
predict dimensions of approximately 7.4 nm in length and 1.3 nm in height. Previous studies
.Ohave shown that the high B-sheet content of these short peptides at the bare air-water interface
promotes the formation of long and uniform fibers under uniaxial compression forces.® Similar

systems, such as HIV-1 FPs, are also known to form long fibers at the air-water interface.*
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Figure 3. AFM topographical micrographs and corresponding topographical profiles of PM-
FP1 (A, B), PM-FP2 (C, D), and PM-FP4 (E, F) at 20 mN/m surface pressure onto mica
substrate. Schematic representations of the corresponding AFM images are also presented for

clarity.

Due to FP1's high hydrophobicity,!! the fibers mainly interact with the lipidic acyl chains of
the PM. This is further supported by the topographical profiles in Figure 3B, which show that
the FP1 fibers are partially located in the acyl chains region of the PM rather than integrated
within the lipid headgroups region. These observations are consistent with FP1 preferentially
interacts with the hydrophobic acyl chain region rather than with the polar headgroups.!!' In
contrast to isolated FP1 spirals, the fibril height observed here in the presence of the PM
monolayer (H =1 £ 0.2 nm) is notably smaller than the height of 2.0 nm reported for a pure
FP1 monolayer.® This discrepancy suggests that the FP1 fibers are partially integrated into the
PM. This is likely driven by the interplay of steric and non-covalent interactions mediated by

the peptide’s amino acid sequence. Hydrophobic residues within FP1 preferentially interact
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with the lipid acyl chains, while its more hydrophilic residues are likely to remain outside the
PM. These findings indicate that at pressure characteristics of the LE phase, FP1 self-assembles
into fibrillar structures on the PM interface. This behavior is governed by FP1’s secondary

structure, assuming a f3-strand configuration, as well as the lipid packing state.

In contrast, at IT = 35 mN/m where the PM adopts a condensed phase, the fibrillar structures
observed at lower I1 disappear, resulting in a more homogeneous topography (Figures 4A and
4B). AFM topographical images reveal a minimal distribution of peptide fibers, compared to
the noticeable fibrillar arrangement observed at IT =20 mN/m. This transition suggests that the
increased uniaxial compression forces at higher I1 disrupt the peptides” ability to maintain
fibrillar self-assembly within the lipid acyl chains region, supports the hypothesis that increased
surface compression induces a transition from fibrillar self-assembly to a state where the
peptides either integrate into or embed within the lipid matrix. This integration may result from
steric hindrance and tighter lipid packing in the C phase, which restrict the available space for
peptide aggregation at the interface. Moreover, the loss of fibrillar structures may reflect a shift
in the intricate balance of stabilizing interactions, such as van der Waals, and electrostatic

interactions, which are predominant in the LE regime.

These results suggest that the lipid packing state not only influences FP1's structural
organization but also modulates its functional role at the PM. By altering interaction dynamics
with the lipid matrix, the PM’s phase state may impact on the stability and assembly of FP1,
potentially affecting its biological activity.

3.3.2.- Twisting into Spirals: FP2 forms into Flexible Nanofibers on PM Monolayers

AFM topographical micrograph of the PM in the presence of FP2 at a I1 of 20 mN/m shows a
network of elongated and flexible nanofibrils, arranged into distinctive spiral assemblies on the
PM (Figure 2C and S5B). This suggests cooperative interactions between fibers during FP2
self-assembly, potentially driven by specific intermolecular forces and/or steric compatibility,

as also observed with FP1.

The spiral fibril heights for FP2 (H= 1.2 + 0.2 nm) indicate a fibrillar structure with backbones
aligned parallel to the surface (Figure 3D), interacting partially with the lipid acyl chain region
of the PM monolayer, which is similar to FP1. Molecular size calculations for FP2, assuming
a B-strand structure, predict dimensions of approximately 8.1 nm in length and 1.5 nm in height,
consistent with the observed fibril dimensions. Previous studies on FP2 demonstrated that 3-

sheet structures enhance the peptide’s ability to generate fibres arranged in a spiral fashion at
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fluid interfaces.® Like FP1, FP2 predominantly interacts with the hydrophobic tail regions of
the lipids in the PM, driven by hydrophobic interactions. However, unlike FP1 —characterized
by a higher content of hydrophobic residues such as Leu, Ile, and Val, resulting in the formation
of straight fibrils with rigid morphologies— FP2 contains a mix of charged and polar residues,
including Lys, Asp, and Gln. These residues can selectively disrupt the B-sheet structure due to
electrostatic repulsion and solvation effects, leading to the formation of flexible fibrils that
rearrange into spirals. Additionally, the presence of cysteine residues, capable of forming

disulfide bonds, could facilitate the unique spiral assemblies observed at the PM interface.

Variations in the rigidity of FP1 and FP2 fibrils are evident in the AFM micrographs shown in
Figures 3A and 3B. FP1 fibrils are significantly longer and exhibit minimal curvature, whereas
FP2 fibrils display a pronounced tendency to curve, folding into complex nanospiral structures.
Quantitative analysis of fibril curvature, presented in Figure S6, reveals a curvature angle of
175 + 6° for FP1 fibrils, indicative of their rigidity, compared to FP2 fibrils, which show a
reduced curvature angle of 164 + 7° at I1 = 20m N/m. To further characterize these differences,
FP1 and FP2 fibrils were modelled as worm-like chains, and their persistence lengths (Lp) were
calculated based on the relationship between contour length and end-to-end distance (SI and
Figure S7).% In the presence of the PM monolayer, FP1 fibrils displayed a Lp of 0.55 + 0.02
um, while FP2 fibrils exhibited a lower Lp of 0.15 + 0.03 um, indicating greater flexibility.
Interestingly, these persistence length values are remarkably similar to those obtained for FP1
(3.2+0.2 um) and FP2 (0.12 + 0.03 um) in the absence of lipids.® The similarity between these
values suggests that the intrinsic mechanical properties of FP1 and FP2 fibrils, such as stiffness
and flexibility, are primarily dictated by their peptide structure and are only minimally

influenced by the lipid environment at this surface pressure.

Similar to FP1, increasing the IT to 35 mN/m resulted in the partial disappearance of peptide
fibrils from the PM surface (Figure 4C and 4D). Instead, short fibres arranged in circular
patterns remain on the PM, acting as remnants or “"patch marks" of the previously observed
spiral assemblies. The disassembly of the spirals is likely driven by steric constraints and the
lateral compression of the surrounding lipids, which disrupt the structural integrity of the
spirals and promote their reorganization. This is further supported by the reduction in the area
per molecule occupied by FP2, as indicated by the IT - A isotherm (Figure 1D). Notably, in the
absence of lipids, the spirals remained intact, suggesting that lipid interactions and the

associated steric hindrance are key factors driving spiral disassembly under compression.®
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Figure 4. AFM topographical micrographs and corresponding topographical profiles of PM-
FP1 (A, B), PM-FP2 (C, D), and PM-FP4 (E, F) at 35 mN/m surface pressure onto mica
substrate. Schematic representations of the corresponding AFM images are also presented for

clarity.
3.3.3- Electrostatic Stabilization and Structural Resilience of FP4 Fibrils on PM Monolayers

The strong affinity of FP4 for the PM is primarily driven by electrostatic interactions between
the peptide’s overall positive charge and the negatively charged polar heads of the PM
phospholipids !!. This affinity is further confirmed by the I1-A isotherms in Figure 1D, which

show significant changes to the lipid monolayer upon the introduction of FP4.

The AFM micrographs in Figure 3E (and Figure S5C) show that FP4 induces phase separation
in the PM, resulting in two different regions. One is enriched in peptide fibers that align in a
parallel fashion, and the other consists of phospholipids and cholesterol, with both Lo and Ld
domains also visible. The negligible difference in height between the lipidic domains and the
FP fibers (Figure 3F) suggests a complete phase segregation regime, with the FP4 fibers
localized between the lipid domains rather than integrated on them, distinguishing their

behavior from that of FP1 and FP2.

The assembly of FP4 into short, linear fibrils can be attributed to its -sheet secondary structure

in the presence of membranes, as previously confirmed by circular dichroism experiments.'!
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The ordered organization of the fibrils at the lipid interface is responsible for the observed
phase separation, as it locally disrupts the lipid packing and forms distinct peptide-rich
domains. Additionally, the parallel alignment of FP4 fibrils on the membrane can be further by
the glycine-rich regions in FP4, which promote increased backbone flexibility, allowing the
peptide to adopt extended conformations and facilitating the formation of well-organized -
sheet structures. This flexibility is key to enabling the fibrils to pack tightly and align in parallel,
promoting the formation of ordered superstructures. Aromatic residues in FP4 also play a
significant role in stabilizing the parallel alignment of the fibrils. These residues can engage in
n-1 stacking interactions, providing additional stabilization and promoting the fibrils to align
in parallel. In contrast, FP1 and FP2, which lack both the glycine-rich sequences and the same
level of aromatic stacking potential, are less able to form such highly ordered parallel

structures.

The persistence of FP4 fibers within the PM monolayer at IT = 35 mN/m contrasts with FP1
and FP2, where higher IT led to the disassembly of peptide structures from the membrane. AFM
topographical images (Figures 4E and 4F) reveal that FP4 fibrils remain integrated into the
PM monolayer under these conditions, with uniaxial compression promoting the merging of

previously segregated peptide-rich and lipid-rich domains.

3.3. Study of the impact of FP on PM adhesive properties by AFM.

To further validate previous observations, the adhesive forces of the PM and FP monolayers
were investigated using AFM in QNM mode. Adhesive forces, which measure the attractive
interactions between the AFM probe tip and the sample surface, provide additional details on

the interaction dynamics at the molecular level.

Figure S presents the adhesive force mapping for the samples studied during this work at IT of
20 and 35 mN/m. At IT= 20 mN/m, adhesive forces of approximately 1.6 nN were observed for
the pristine PM, and these values remained relatively constant upon the addition of the FPs.
This consistency suggests that the FPs do not significantly alter the adhesive properties of the
PM at these surface pressures, implying that the FPs are more likely segregated from the PM
rather than integrated into it. For FP1 and FP2 (Figures 5B and 5C, respectively), fibers are
clearly visible in the adhesive force images, exhibiting minimal adhesive force values due to
their completely hydrophobic nature. This observation supports the topography findings,
confirming that FP fibers form at the tail part of the PM monolayer. In contrast, for FP4 (Figure
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5D), large areas of FP domains were detected, corresponding to the extensive fiber regions
observed in Figure 3E. This observation, combined with the negligible differences in

topography, further confirms that FP4 and the lipid monolayer segregate into distinct domains.

When II increased to 35 mN/m, the aggregation of the SM and cholesterol, suggested by the
topography images, was confirmed in the adhesive force images for the pristine PM (Figure
5E). Areas of minimal adhesive forces were detected, corresponding to the cholesterol and SM
hydrophobic domains. The increased surface pressure also impacts FP self-assembly, as
previously noted. For FP1 (Figure 5F) and FP2 (Figure 5G) PMs, no fibers were detected,
indicating that the peptides integrate into the membrane at higher surface pressures, leading to
the disassembly of the previously observed fibers. Additionally, no cholesterol and SM
aggregation were observed, which is consistent with GIXD data, further confirming that FPs
inhibit the segregation of these components. In the case of FP4, the increased packing of the
PM due to higher compressive forces facilitated the homogeneous integration of fibers into the

membrane (Figure SH).

2.23nN

0.00 nN

3.99nN

0.00 nN

Figure 5. AFM adhesive force maps of the pristine PM monolayer (A, E), PM-FP1 (B, F), PM-
FP2 (C, G), and PM-FP4 (D, H) at 20 mN/m (top) and 35 mN/m (bottom) surface pressure

onto mica substrate.
4. Discussion and conclusions:

Understanding the fusion domain of the SARS-CoV-2 spike protein using in vitro model
membranes is an important step in unraveling the molecular mechanisms of viral entry. Here,
three distinct peptide sequences (FP1, FP2, and FP4) of the fusion domain were systematically
investigated. Their interactions with lipid monolayers that mimic the outer leaflet of the

eukaryotic plasma membrane, allowed us to evaluate how variations in sequence influence
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membrane affinity, their structural organization within the monolayer, and their capacity to

self-assemble into distinct architectures.

SARS-CoV-2 FPs have shown very different assembly behaviors in the presence of biomimetic
PMs. Despite having similar numbers of amino acids and molecular weights (Table S1), their
unique amino acid sequences predominantly dictate the formation of self-assembled structures
on the PM. Differences in net charge and hydrophobicity further contributed to these assembly
variations. Additionally, the secondary structure of the FPs plays a crucial role in guiding these
self-assembled structures. Thus, the interaction of FPs with PM is evidenced by changes in area
per molecule (Figures 1D) and varying topography and adhesive forces observed via AFM
(Figures 3, 4, and 5). During this interaction, the fusion peptides primarily associate with the
lipids, excluding the cholesterol domains within the mixture (as confirmed by GIXD, Figures

1G and 1H).

Previous studies have already demonstrated the preference of FP1 for the hydrophobic acyl
region, as also observed in these experiments. FP1 contains a non-polar motif, Leu-Leu-Phe
(LLF), which plays a critical role in membrane fusion.***? The hydrophobic nature of LLF
promotes FP1’s interactions with acyl chains of lipids in the PM.*** Our results demonstrated
that in monolayer models at the LE state (Il = 20mN/m), FP1 tends to form fibres in the
hydrophobic acyl regions, which coexist with domains rich in lipids, ehelesterel,—andFEP}
rmenemers. A similar coexistence of peptide fibres and circular structures has been observed in
DSPC bilayers.*® The association of the secondary structure (B-sheet) results in the formation
of long fibres (see Figure 3A). Increasing the II to 35 mN/m enhances the hydrophobic
interactions between FP1 and the lipids, enabling the peptide to penetrate deeper into the

membrane (Figure 4A).

FP2 exhibits a remarkable response towards the biomimetic PM by forming spiral assemblies
at the interface (Figure 3C), a distinctive behavior among the fusion peptides studied. The
secondary structure of FP2 plays a key role in this self-assembly process, particularly through
interactions with the hydrophobic acyl region of the lipids via key hydrophobic forces. Notably,
the secondary structure of FP2 remains unchanged after interacting with the lipids, as molecular
dynamic simulations have demonstrated its capability to wrap around negatively charged
phospholipids without significant alteration.’® Hence, the B-sheet structure present in FP2 is
crucial for its self-assembly into fibres. The application of uniaxial compressive forces by LB

further enhances packing density, thereby increasing excluded volume interactions among the
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peptide and facilitating fibre elongation.*’* This phenomenon is also observed in other
peptides like melittin or silk-derived peptides, which are known to form secondary structures,
particularly B-sheets, at the air/water interface.*®*’. With a further increase in surface pressure
to 35 mN/m, the disassembly of the fibres occurs (Figure 4C), suggesting that the peptides
integrate deeper into the PM or may even be excluded from it, as suggested by the merge of

the I1-A isotherms (Figure 1D)

FP4 has demonstrated a larger binding affinity towards the PM,!'' primarily driven by
electrostatic interactions with the polar headgroups of lipids and hydrophobic forces with the
alkyl chains of the lipids. The balance between these interactions is critical for tuning its self-
assembly on the monolayer. Additionally, the application of uniaxial pressure by LB techniques
increases excluded volume interactions, further influencing peptide-peptide interactions. Thus,
at a surface pressure of 20 mN/m, which mimics the LE of lipids, peptide interactions with the
lipid heads dominate, leading to phase separation (Figure 3E). As the surface pressure
increases to 35 mN/m and the available surface area decreases, FP4 peptide fibres integrate
into the PM membrane (Figure 4E). This integration indicates a favorable interactionbetween
FP4 and the PM lipids, as suggested by the I1-A isotherms (Figure 1D) and confirmed also by

previous studies.!!

In conclusion, a range of biophysical techniques was used to investigate the interaction of
SARS-CoV-2 fusion peptides with model plasma membranes. The fusion peptides undergo
conformational changes, forming stable, flexible fibers assembly at the membrane interface.
These findings offer crucial insights into the membrane fusion process, a critical step in viral
infection. Moreover, we demonstrated how increased lipid packing density influence peptide
self-assembly on the membrane, shedding light on the underlying mechanism of viral fusion
[Nathan: which one?]. This work provides also a foundation for developing advanced drug
delivery systems and other biomedical applications by exploiting the dual role of peptide self-

assembly, serving both as a structural platform and a modulator of lipid organization.
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