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Abstract: The life cycle of Ebola and Marburg viruses includes a step of the virion envelope fusion
with the cell membrane. Here, we analyzed whether the fusion of liposome membranes under the
action of fragments of fusion peptides of Ebola and Marburg viruses depends on the composition
of lipid vesicles. A fluorescence assay and electron microscopy were used to quantify the fusogenic
activity of the virus fusion peptides and to identify the lipid determinants affecting membrane
merging. Differential scanning calorimetry of lipid phase transitions revealed alterations in the
physical properties of the lipid matrix produced by virus fusion peptides. Additionally, we found
that plant polyphenols, quercetin, and myricetin inhibited vesicle fusion induced by the Marburg
virus fusion peptide.
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1. Introduction

Filoviruses constitute a family of enveloped viruses possessing a single-stranded,
filamentous (-)RNA genome [1]. The first identified filovirus was the Marburg virus,
discovered in 1967 [2]. Currently, the family includes two genera: Ebolavirus (EBOV) (en-
compassing Ebola, Sudan, Reston, Bundibugyo, and Tai Forest viruses) and Marburgvirus
(MARV) [3]. Filoviruses are capable of infecting humans, non-human primates, and possi-
bly other mammals, causing hemorrhagic fever in humans with a high mortality rate of
up to 90% [1,4]. Due to their high lethality, filoviruses are classified as Category A prior-
ity pathogens under the NIAID research program [5]. Currently, there are no approved
vaccines or treatments for filovirus infections [1].

The entry of the enveloped viruses into the host cell includes the fusion of viral
and host cell lipid membranes using envelope glycoproteins [6]. These specialized pro-
teins, known as fusion proteins, are amphipathic [7] and classified into three groups [8].
Filovirus fusion proteins belong to class I [1]. Class I fusion proteins feature a specific
region, known as the fusion peptide, responsible for ensuring fusion between the virus
and cell membranes [9]. Fusion peptides are predominantly hydrophobic sequences com-
posed of 16–26 amino acids [10,11], enriched with alanine, glycine, and phenylalanine
residues [12,13]. Despite differences in localization and amino acid sequence, class I viral
fusion proteins exhibit a degree of homology and similarity in their mechanisms of action,
suggesting a common evolutionary origin [14].

Filoviruses utilize the glycoprotein (GP), which is approximately 150 kDa in size
and located on the virion surface, to mediate fusion with target cells [15]. This protein
exists as a trimer, with each monomer comprising two subunits, GP1 and GP2, linked by a
disulfide bond [16]. GP1 includes multiple regions, such as the receptor-binding domain
(RBD) responsible for binding to cellular receptors, a glycan cap, and an O-linked highly
glycosylated mucin-like domain [1]. RBDs of EBOV and MARV demonstrate 47% similarity,
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and their pseudovirions exhibit competitive infection of permissive cells [17]. GP2 contains
an N-terminal fusion loop (FL), two heptad repeats (HR), a transmembrane domain, and
a cytoplasmic tail [1]. The amino acid sequences of GP2 in EBOV and MARV show
60% identity [18]. The proposed fusion mechanism for filoviruses involves several steps.
Initially, the viral particle binds to receptors on the cell surface (TIM-1, Axl) [19,20]. The
preferred entry pathways for filoviruses include caveolin-mediated endocytosis, clathrin-
mediated endocytosis, and micropinocytosis [1]. After cleavage of the mucin-like domain
and glycan cap of GP1 by cathepsins in the acidic environment of the endosomes [21]
and the explosion of RBD Niemann-Pick C1 (NPC1) cholesterol transporter [22], a highly
hydrophobic FL sequence in GP2 is activated to promote primary fusion [1]. Once the FL
inserts into the target membrane and destabilizes it [1], the two HR (NHR and CHR) of
GP2 are exposed, forming a six-helix bundle, ultimately leading to the fusion of the viral
and cellular membranes [23].

Lipid rafts are shown to play a significant role in EBOV entry [24,25]. Moreover, EBOV
infection is accompanied by an increased production of ceramide, which is believed to
promote it [26]. The high selectivity of the Ebola fusion peptide was also demonstrated in
the work by Begoña Ruiz-Argüello [27]. In this study, the authors show that the fusogenic
activity of the peptide depended on the presence of PI in the lipid mixture. Moreover,
replacing this phospholipid with PG or PA abolished the activity. Triterpenoids were
shown to inhibit the entry of EBOV and MARV via binding to the HR2 [28]. However, the
sterol nature of tested triterpenoids might also assume the contribution of their membrane-
associated effects to inhibition. These facts might be related to the lipid selectivity of
membrane fusion induced by EBOV and MARV fusion peptides.

Since there are currently no approved vaccines or treatments for filovirus infections,
the search for new antiviral drugs capable of infection prevention or suppressing the devel-
opment of EBOV and MARV remains a relevant task [1]. In this regard, secondary plant
metabolites are interesting candidates as potential antiviral agents. These molecules, due
to their amphiphilic properties, are known to effectively intercalate into lipid membranes
and thereby alter the biophysical properties of the bilayer [29,30]. Moreover, their effects
strictly depend on the membrane lipid composition [31]. Previously, we demonstrated the
ability of plant polyphenols and alkaloids to effectively inhibit membrane fusion induced
by the fragments of fusion peptides of MERS-CoV and SARS-CoV-2 via modifying the
elastic properties of the bilayers [32,33].

Here, we examined the possible lipid selectivity of the fusogenic action of FL of EBOV
and MARV. For this purpose, several model lipid systems, based on liposomes of various
composition and viral fusion peptide fragments, were developed, and fluorimetry, electron
microscopy, and differential scanning microcalorimetry were applied. Additionally, we
assessed the ability of several secondary plant metabolites to inhibit membrane fusion
induced by the fragment of the MARV fusion peptide.

2. Results and Discussion

Using the simplified model systems based on liposomes of given lipid composition and
short fragments of viral fusion peptides allows the identification of critical details of protein–
lipid interactions and the structural–functional relationships between peptide activity and the
amino acid sequence [34]. Applying this approach, the fusion of unilamellar lipid vesicles of
different compositions mediated by 100 µM of FPMARV (523DLAAGLSWIPFFGPGIE542) and
FPEBOV (523HNAAGIAWIPYFGPGAE541) was tested. As a positive control, the fragment of
the gp41 fusion peptide of HIV was used (512AVGIGALFLGFLGAAGSTMGARS534) [23].

Considering that phosphatidylcholine (PC) is the most abundant lipid in the mem-
branes of mammalian cells [35], the first lipid system for the evaluation of the ability
of FPMARV, FPEBOV, and FPHIV to induce membrane fusion was POPC/SM/CHOL
(60/20/20 mol.%). Figure 1a demonstrates the time courses of calcein fluorescence due
to liposome fusion induced by various fusion peptides. FPMARV and FPEBOV induced
the fusion of POPC/SM/CHOL liposomes, reaching about 85 and 60%, respectively, while
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FPHIV did not practically exhibit significant fusogenic activity under these conditions.
Table 1 presents the mean maximum values of fluorescence intensity of released calcein
mediated by 100 µM of different fusion peptides (IFmax).
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Table 1. The dependence of fusogenic ability of FPMARV, FPEBOV, and FPHIV (IFmax, %) on lipid
composition of unilamellar lipid vesicles.

FP Fragment *
Lipid Composition

POPC/SM/CHOL
(60/20/20 mol.%)

POPC/POPE/SM/CHOL
(30/30/20/20 mol.%)

POPS/SM/CHOL
(60/20/20 mol.%)

POPC/CER/CHOL
(60/20/20 mol.%)

FPMARV 74 ± 13 18 ± 6 50 ± 14 71 ± 9

FPEBOV 65 ± 16 81 ± 5 37 ± 10 86 ± 10

FPHIV 5 ± 4 15 ± 4 87 ± 3 2 ± 1

* FPMARV (523DLAAGLSWIPFFGPGIE542), FPEBOV (523HNAAGIAWIPYFGPGAE541), and FPHIV
(512AVGIGALFLGFLGAAGSTMGARS534) at 100 µM.

Additionally, electron microscopy was used to visualize the different abilities of
FPMARV, FPEBOV, and FPHIV to induce the fusion and aggregation of POPC/SM/CHOL
liposomes. Figure 2 shows the typical micrographs of POPC/SM/CHOL liposomes before
(a) and after incubation with 100 µM of FPMARV (b), FPEBOV (c), and FPHIV (d). In the
absence of any fusion peptides, the diameter of unmodified POPC/SM/CHOL liposomes
was estimated to be 125 ± 30 nm. The addition of FPMARV and FPEBOV led to the
deformation and aggregation of liposomes and an increase in the size of observed lipid
structures up to 240 ± 132 and 211 ± 83 nm, respectively (Figure 2b,c). FPHIV produced
lower vesicle aggregation and caused a slight enlargement in the size of lipid structures
(171 ± 79 nm) (Figure 2d).
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According to the literature data, the monolayer spontaneous curvature can signifi-
cantly affect membrane fusion [36], so we introduced into the membrane the cone-shaped
lipid phosphatidylethanolamine (PE), which is believed to promote fusogenic activity by
reducing the energy cost of the formation of fusion intermediates characterized by high
negative curvature [37,38]. It should be noted, that, along with PC, PE is also widespread
in the outer layer of mammalian plasma membranes [39]. As expected, FPHIV produced
a more significant fusion of POPC/POPE/SM/CHOL (30/30/20/20 mol.%) liposomes
compared to POPC/SM/CHOL (60/20/20 mol.%) vesicles (by about 3 times) (Figure 1b,
Table 1). FPEBOV fusion activity was slightly potentiated by the addition of POPE (by
about 1.2 times) than FPHIV (Figure 1b, Table 1). Surprisingly, the replacement of the
portion of cylindrical POPC for POPE led to a 5-fold decrease in the fusogenic action
of FPMARV (Figure 1b, Table 1). This clearly indicated the dramatic difference in the
mechanisms underlying the fusion induced by FPMARV and FPHIV. Viral fusion peptides
used several mechanisms to induce membrane fusion, including the dehydration of lipid
head groups, alteration in acyl chain order, and changes in the membrane spontaneous
curvature [34,40,41]. Considering the reduction in the activity of FPMARV during POPE
addition into membrane composition and the small potentiating effect of POPE on FPEBOV-
mediated merging (Table 1), we proposed that spontaneous curvature stress was not a
key factor determining the fusion under the action of the peptides. It is also known that
membranes composed of PE are more weakly hydrated than PC [42,43]. Therefore, we
hypothesized that FPMARV induced membrane fusion via the dehydration of lipid bilayers.
Removing water molecules between membranes makes it easier to achieve the critical
(minimum) distance, which is necessary to initiate merging and stalk formation due to the
diminishing hydration repulsion [44,45]. For example, dehydration also plays a key role in
the SNARE-induced fusion [46]. Under conditions of high hydration, highly hydrophobic
peptides (including FPMARV and FPEBOV) should self-associate on the membrane surface
to reduce the number of contacts with water molecules. The self-association of the fusion
peptides is known to highly impact the fusogenic activity of several fusion peptides, and
oligomers showed a higher ability to induce fusion compared with monomers [47–49]. The
difference in POPE effects on FPMARV and FPEBOV-induced fusion might be related to
the difference in the type and localization of charged and polar amino acid residues in the
peptides determining their conformations.

Electrostatic interactions between the fusion peptides and negatively charged mem-
brane lipids also play an important role in membrane fusion [50]. To investigate this
opportunity to regulate the fusogenicity of FPMARV and FPEBOV, anionic lipid phos-
phatidylserine (PS) was included in the lipid composition of the vesicles. The endosomal
membranes are enriched with PS [51], and it is important for the entry of certain viruses, in
particular, HIV [52,53]. Figure 1 shows the effects of FPMARV, FPEBOV, and FPHIV on the
fusion of liposomes composed of POPS/SM/CHOL (60/20/20 mol.%). The replacement of
neutral POPC for negatively charged POPS led to a 1.5–1.8-times reduction in the fusogenic
activity of FPMARV and FPEBOV, while it caused a sharp increase in FPHIV action (Table 1).
A decrease in the activity of FPMARV might be related to electrostatic repulsion between
the negatively charged bilayer and the fusion peptide that contains negatively charged
residues of aspartic and glutamic acids. At the same time, FPHIV showed a high selectivity
toward the anionic lipids due to the presence of cationic arginine in its structure. Our
results are in agreement with previous findings by Zaitseva et al., which indicated the key
role of the exposing of PS on cell membrane surface in HIV entry [53]. These results are also
consistent with earlier studies, which indicated that the presence of anionic lipids in the
membrane allows FPHIV to adopt an appropriate conformation associated with increased
fusogenicity [54–56].

It is well known that lipid phase segregation is an important factor in the fusion of
enveloped viruses [57], including filoviruses [24] and HIV [42]. For example, the EBOV
infection activates acid sphingomyelinase, increases the production of ceramides, and leads
to the formation of membrane domains with a high ceramide content, which contribute to
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further infection [26]. Ceramide-enriched, membrane-ordered domains also enhance the fu-
sion activity of SARS-CoV-2 [58]. To simulate a situation, SM in the membrane composition
was replaced by ceramide (CER). FPMARV and FPHIV did not exhibit noticeable selectivity
between POPC/SM/CHOL and POPC/CER/CHOL (60/20/20 mol.%) systems. However,
the inclusion of CER instead of SM produced a slight potentiating effect on FPEBOV activity
(Figure 1 and Table 1).

Membrane elastic properties and lipid packing play a huge role in membrane-fusion
processes [34,59]. For this reason, we studied the phase behavior of different lipids in the
presence of FPMARV, FPEBOV, and FPHIV. We varied the type of nitrogenous base in the
lipid head (DMPC, DMPE, and DMPS) and the length of hydrocarbon chains (DTPC, DMPC,
and DPPC). The thermotropic behavior of lipids was characterized by the temperature of
melting (Tm), the width of the main phase transition peak (∆Tb), and the enthalpy of the
main phase transition (∆H). Figure 3 presents the examples of heating thermograms of
DMPC, DMPE, and DMPS in the absence (control) and presence of tested fusion peptides at
a lipid:peptide molar ratio of 25:1. Table 2 presents the mean parameters of DMPC, DMPE,
and DMPS thermograms in the presence of FPMARV, FPEBOV, and FPHIV. The addition
of FPEBOV and FPHIV did not practically affect the main phase transition of DMPC (Tm,
∆Tb, and ∆H), while FPMARV slightly increased ∆Tb and decreased ∆H (Figure 3a, Table 2).
This was in agreement with the highest ability of FPMARV to affect POPC/SM/CHOL
liposomes among the tested peptides (Figure 1a and Table 1). The replacement of DMPC
with DMPE led to a decrease and increase in FPMARV and FPHIV effects, respectively
(Figure 3b, Table 2). So, in contrast to DMPC, FPHIV was able to significantly increase the
melting temperature of DMPE and produced a dramatic decrease in transition enthalpy.
Interestingly, the inclusion of POPE also decreased and increased the fusogenic activity of
FPMARV and FPHIV, respectively (Figure 1b, Table 1).

All tested fusion peptides were able to influence DMPS melting (Figure 3c and Table 2).
Figure 3c demonstrates that the main phase transition of pure DMPS had a biphasic nature
with low (Tm_1) and high (Tm_2) melting components. It is known that this is associated
with the different protonation of serine and various degrees of lipid hydration in these
states, and the lower the hydration, the higher the melting point [60,61]. The addition of
FPMARV and FPEBOV led to an increase in the melting point (Tm_2) and relative impact
(∆H2/∆H1) of high melting components (Figure 3c and Table 2).This indicates that the
peptides caused the dehydration of PS membranes. This finding was in good agreement
with the above assumption of the dehydrating mode of fusogenic action of FPMARV and
FPEBOV. FPHIV demonstrated a qualitatively different effect: it reduced deconvolution by
joining two components in one peak (Figure 3c and Table 2).

Table 2. The effects of FPMARV, FPEBOV, and FPHIV on the thermotropic behavior of different lipids.

FP Fragment
DMPC DMPE DMPS

∆Tm, ◦C ∆∆Tb, ◦C ∆∆H,
kcal/mol ∆Tm, ◦C ∆∆Tb, ◦C ∆∆H,

kcal/mol ∆Tm_1, ◦C ∆Tm_2, ◦C δ(∆H2/∆H1)

FPMARV 0.1 ± 0.1 0.4 ± 0.1 −3.0 ± 0.3 0.3 ± 0.1 0.1 ± 0.1 −0.5 ± 0.2 0.1 ± 0.1 0.3 ± 0.1 1.6 ± 0.1

FPEBOV 0 0.1 ± 0.1 −0.2 ± 0.1 0.2 ± 0.1 0 −0.6 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 1.2 ± 0.2

FPHIV 0 0.1 ± 0.1 −0.2 ± 0.1 0.4 ± 0.2 0 −16.2 ± 3.5 0.4 ± 0.1 0 1.0 ± 0.1

The lipid:peptide molar ratio was equal to 25:1; ∆Tm, ∆∆Tb—the peptide-induced changes in the maximum
temperature of the Lβ/Lα transition of DMPC, DMPE, and DMPS and the temperature difference between the
upper (onset) and lower (completion) boundary of the main phase transition of the lipids. The Tm of unmodified
DMPC and DMPE was equal to 24.1 ± 0.2 ◦C and 50.2 ± 0.1 ◦C, respectively. The Tm_1 and Tm_2 of DMPS
were equal to 36.9 ± 0.1 ◦C and 37.6 ± 0.2 ◦C, respectively. ∆Tb of unmodified DMPC and DMPE was equal
to 2.3 ± 0.5 and 2.2 ± 0.3 ◦C, respectively; ∆∆H—the changes in the enthalpy of main transition of DMPC and
DMPE in the presence of the peptides. The ∆H of unmodified DMPC and DMPE was equal to 15.8 ± 1.1 and
37.2 ± 1.4 kcal/mol, respectively; δ(∆H2/∆H1) is peptide-induced relative alteration in the ratio of enthalpies of
low- and high-melting components of DMPS main transition compared to control.
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We also examined the dependence of the effects of the fusion peptides on PC melting
on the length of acyl chains. Figure 4 presents the typical heating thermograms of DPPC
(a) and DTPC (b) in the absence and in the presence of FPMARV, FPEBOV, and FPHIV at a
lipid:peptide molar ratio of 25:1. The increase in the chain length due to replacement of
DMPC (14:0) to DPPC (16:0) had virtually no effect on the interaction of peptides with the
membrane (Figures 3a and 4a). Moreover, the FPMARV-induced decrease in ∆H of DPPC
melting was even lower than that of DMPC. The diminishing tail length from 14 (DMPC)
to 13 acyl units (DTPC) had dramatic consequences for peptide action: a noticeable shift of
the transition point (Tm) to the lower temperatures and a significant decrease in peak area
(i.e., ∆H) were observed (Figures 3a and 4b). The ability to decrease Tm and ∆H decreased
in the order of FPMARV, FPEBOV, and FPHIV (Figure 4b). The pronounced decrease in
Tm and ∆H of the DTPC transition produced by FPMARV might indicate that the fusion
peptide promotes lipid tail protrusions (i.e., the movement of the lipid acyl chain toward
the phosphate group due to setting more hydrophobic conditions on the membrane surface
at dehydration). The occurrence of such protrusions was demonstrated in several studies
with fragments of different fusion peptides, including influenza [62] and parainfluenza
virus peptides [48]. The lower probability of the formation of such defects in the presence
of the peptide on the surface of DMPC and DPPC bilayers may be due to their greater initial
hydration [63]. In good agreement with calorimetry data, an increase in the lipid chain
length (by replacing POPC (16:0–18:1) for 1,2-dieicosenoyl-sn-glycero-3-phosphocholine
(20:1 (Cis) PC) in liposome composition) inhibited the activity of FPMARV in a fusion
fluorescence assay (the maximum IF-value was equal to 18%).
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FPEBOV more significantly affected the freezing temperature than the melting point. This
indicated the preferential interaction of FPMARV and FPEBOV with the liquid–crystalline
lipid phase than with the gel state. FPHIV produced close effects with the transition tem-
perature during cooling and heating (Figure 5). These data were consistent with the results
found by Yang et al. [64], which suggested that HIV fusion action arises at the boundaries
of ordered/disordered membrane domains.
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The elucidation of the mechanisms of the fusogenic action of the MARV fusion peptide
allows us to identify possible approaches to its inhibition. Given the established key role
of dehydration in FPMARV-induced fusion, we have hypothesized that small hydrophilic
molecules, such as plant flavonols, might inhibit this process.

In contrast, compounds that act primarily on the elastic properties of the membrane
and thus inhibit fusion by other viral peptides, in particular the plant alkaloid piperine [33],
should not have a similar effect. To analyze the inhibitory activity of secondary plant
metabolites, we applied calcein leakage.

The number of hydroxyl groups decreases in the series of tested flavonols: myricetin (6),
quercetin (5), and fisetin (4), which is expressed in an appropriate increase in the partition-
ing coefficient between octanol and water (LogD) (Table 3).

Table 3. The inhibitory activity (IA, %) of different plant metabolites on the fusogenic activity of

FPMARV in POPC/SM/CHOL system.

Plant Metabolite Chemical Structure LogD # IA, %
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Figure 6 presents the effects of plant metabolites on the kinetics of calcein release due
to the fusion of POPC/SM/CHOL (60/20/20 mol.%) liposomes mediated by 100 µM of
FPMARV. Fisetin and piperine did not demonstrate inhibitory activity (IA), while myricetin
and quercetin were able to prevent the vesicle fusion induced by FPMARV. Table 3 shows
the mean IA values. Myricetin and quercetin inhibited the FPMARV-induced liposome
fusion by 30–40% (Table 3). More probable, myricetin and quercetin counteracted the
dehydrating action of FPMARV due to the high hydrophilicity of their molecules, which
led to the inhibition of the peptide-promoted fusion of lipid vesicles. Fisetin did not have a
similar effect, which is quite expected given that its molecule is less hydroxylated (Table 3).
It should be noted that quercetin and myricetin were also shown to inhibit calcium-induced
membrane fusion [32]. Piperine did not suppress FPMARV-associated membrane fusion (IA
was less than 7%) (Table 3). The alkaloid is characterized by high hydrophobicity (Table 3),
which allows it to penetrate into the bilayer hydrocarbon core and pronouncedly act on
elastic stress, while it should weakly affect polar interactions on the membrane surface.
Thus, the ability of secondary plant metabolites to inhibit the fusogenic effect of FPMARV
correlated well with the hydrophilicity of their molecules.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 8 of 15 
 

 

shows the mean IA values. Myricetin and quercetin inhibited the FPMARV-induced lip-
osome fusion by 30–40% (Table 3). More probable, myricetin and quercetin counteracted 
the dehydrating action of FPMARV due to the high hydrophilicity of their molecules, 
which led to the inhibition of the peptide-promoted fusion of lipid vesicles. Fisetin did 
not have a similar effect, which is quite expected given that its molecule is less hydrox-
ylated (Table 3). It should be noted that quercetin and myricetin were also shown to in-
hibit calcium-induced membrane fusion [32]. Piperine did not suppress 
FPMARV-associated membrane fusion (IA was less than 7%) (Table 3). The alkaloid is 
characterized by high hydrophobicity (Table 3), which allows it to penetrate into the bi-
layer hydrocarbon core and pronouncedly act on elastic stress, while it should weakly 
affect polar interactions on the membrane surface. Thus, the ability of secondary plant 
metabolites to inhibit the fusogenic effect of FPMARV correlated well with the hydro-
philicity of their molecules. 

 
Figure 6. The time dependence of the ratio between relative calcein fluorescence leaked at 
FPMARV-induced fusion of POPC/SM/CHOL (60/20/20 mol.%) liposomes in the presence of certain 
plant metabolite and maximum relative calcein leakage due to peptide-mediated vesicle fusion in 
the absence of any membrane-active compounds. The peptide was added at the initial moments 
up to 100 μM. Liposomes have been incubated with 20 μM of quercetin, myricetin, or fisetin and 
400 μM of piperine for 30 min before the addition of fusion peptide. The relationship between col-
or and plant metabolite is shown in the figure. 

Table 3. The inhibitory activity (IA, %) of different plant metabolites on the fusogenic activity of 
FPMARV in POPC/SM/CHOL system. 

Plant Metabolite Chemical Structure LogD # IA, % 

myricetin 

 

1.06 30 ± 2 

quercetin 

 

1.46 38 ± 4 

fisetin 
 

2.3 2 ± 2 

piperine 
 

2.78 3 ± 1 

# The values of the logarithm of octanol/water distribution coefficient at pH 7.4 (LogD) were pre-
dicted with ChemAxon (https://chemaxon.com). 

Figure 6. The time dependence of the ratio between relative calcein fluorescence leaked at FPMARV-
induced fusion of POPC/SM/CHOL (60/20/20 mol.%) liposomes in the presence of certain plant
metabolite and maximum relative calcein leakage due to peptide-mediated vesicle fusion in the
absence of any membrane-active compounds. The peptide was added at the initial moments up to
100 µM. Liposomes have been incubated with 20 µM of quercetin, myricetin, or fisetin and 400 µM of
piperine for 30 min before the addition of fusion peptide. The relationship between color and plant
metabolite is shown in the figure.

The literature data indicated the promising antiviral activity of myricetin and quercetin.
For example, myricetin was shown to exhibit inhibiting activity against the infectious bron-
chitis virus and human immunodeficiency virus 1 by affecting viral papain-like protease
and reverse transcriptase, respectively [65,66]. Similarly, quercetin was shown to suppress
hepatitis C virus and Ebola infections by inactivating the viral NS3 protease and multifunc-
tional protein VP24 binding to the type-I interferon system, respectively [67,68]. Quercetin
also demonstrated significant inhibitory activity against Dengue virus 2, although the exact
mechanism remained unknown [69]. Quercetin inhibited herpes simplex virus 1 entry by
blocking virion binding to host cells [70]. Quercetin 3-β-O-d-glucoside was also shown
to be capable of suppressing the Ebola and Sudan viruses at early steps of viral entry,
specifically fusion with the cell [71]. These results indicated that plant flavonols can in-
hibit virus infection through multiple mechanisms, and a detailed analysis of the impact
of inhibiting the fusion of viral and cell host membranes due to altering the membrane
hydration by the compounds should be estimated. Our findings indicate that highly hy-
droxylated flavonoids may be considered as possible components of combination therapy
to prevent MARV infection. The use of fusion inhibitors with a lipid-associated mechanism
of action is a promising direction for treating viral infections [72]. There is evidence that the
molecule LJ001 demonstrates high antiviral activity against a large number of enveloped
viruses, including the Ebola virus [73]. This compound shows high selectivity for viral lipid
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membranes and is non-toxic in vitro and in vivo [73]. According to Agarwal et al., steroidal
amines inhibit activity against the influenza virus due to their molecules modulating lipid
rafts [74]. The sphingosine-like compound J582C promotes a decrease in the membrane
order, which leads to a reduction in the density of the HIV lipid envelope, thus preventing
the virus from fusing with the cell [75].

3. Materials and Methods
3.1. Materials

All reagents used were of high purity.

3.1.1. Membrane-Forming Lipids

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dieicosenoyl-sn-glycero-
3-phosphocholine, 1,2-ditridecanoyl-sn-glycero-3-phosphocholine (DTPC), 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine (DMPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS),
1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS), sphingomyelin (Brain, porcine)
(SM), ceramide (Brain, porcine) (CER), and cholesterol (CHOL) were purchased from
Avanti Polar Lipids Avanti Polar Lipids, Inc., Alabaster, AL, USA) and solubilized in
analytical-grade chloroform.

3.1.2. Fusion Peptides

The peptides were synthesized via solid-phase synthesis (purity ≥98%) by Elabscience
Biotechnology Inc. This study utilized the constructs FPMARV (523DLAAGLSWIPFFGPGIE542)
and FPEBOV (523HNAAGIAWIPYFGPGAE541). The amino acid sequences of the peptides
are homologous to the FL of EBOV (strain Sudan/Uganda-00) (NCBI:txid386033) and
MARV (strain Lake Victoria/Angola-05) (NCBI:txid378830), respectively [76]. We also used
the fragment of gp41 peptide from the human immunodeficiency virus as a well-studied fu-
sion peptide (FPHIV, 512AVGIGALFLGFLGAAGSTMGARS534) (NCBI:txid11676) [23]. The
amino acid sequences of the samples were confirmed by MALDI-TOF mass spectrometry.
Lyophilized samples were dissolved in dimethyl sulfoxide (DMSO) at room temperature.

3.1.3. Secondary Plant Metabolites

Piperine, quercetin, myricetin, and fisetin were purchased from Sigma-Aldrich Com-
pany Ltd. (Merck KGaA, Darmstadt, Germany).

3.1.4. Other Reagents

Calcein, NaCl, NaOH, HCl, HEPES, EDTA, phosphate-buffered saline (PBS), Triton X-100,
chloroform, DMSO, and sephadex G-50 were purchased from Sigma-Aldrich Company
Ltd. (Merck KGaA, Darmstadt, Germany).

3.2. Methods
3.2.1. MembraneFusion Assay
Lipid Vesicle Preparation

Unilamellar vesicles (UVs) composed of POPC/SM/CHOL (60/20/20 mol.%), POPC/
POPE/SM/CHOL (30/30/20/20 mol.%), POPS/SM/CHOL (60/20/20 mol.%), or POPC/
CER/CHOL (60/20/20 mol.%) were used as the model membrane systems. The appropri-
ate lipid mixtures at a concentration of 3 mM were dissolved in chloroform in glass tubes,
followed by solvent removealunder nitrogen for about 5 min. The resulting lipid film was
rehydrated in 300µLof buffer containing 35 mM of calcein, 10 mM of HEPES, and pH of
7.4. Five freeze–thaw cycles were then performed. The resulting vesicle suspension was
extruded through polycarbonate filters of Ø100 nm thirteen times. Unencapsulated calcein
was removed via gel filtration using sephadex G-50. The replacement buffer consisted of
150 mM of NaCl, 10 mM of HEPES, 1 mM of EDTA, and pH of 7.4.
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Calcein Leakage Assay

Fusion/aggregation of vesicles induced by various fusion peptides was assessed
via calcein leakage. Calcein, encapsulated within vesicles at millimolar concentrations,
exhibits low fluorescence due to self-quenching. A change in membrane permeability for
a fluorescent dye during topological rearrangements of membranes under the influence
of fusion peptides [77] leads to the release of calcein into the surrounding solution, where
it fluoresces. Thus, the addition of 100 µM of FPMARV, FPEBOV, or FPHIV leads to an
increase in fluorescence intensity, which can be measured to determine the extent of vesicle
fusion/aggregation. Calcein fluorescence (excitation at 490 nm; emission at 520 nm) was
monitored using a Fluorat-02-Panorama at 25 ◦C. At the end of the measurements, Triton
X-100 was added to each sample to a final concentration of 1% to fully disengage the marker
and to measure the maximum fluorescence.

To describe vesicle fusion/aggregation, the obtained data were processed using an
equation based on the percentage increase in calcein fluorescence over time (IF, %):

IF =
RFt − RF0

RF∞/0.9 − RF0
· 100% (1)

where RF0, RFt, andRF∞ are the fluorescence intensity of calcein at different times: 0, t, and
∞, respectively. RF∞ was taken to be the value after adding Triton X-100, which caused
complete release of calcein. To account for sample dilution, a factor of 0.9 was introduced.

IF-values were averaged from 2–5 independent experiments for each tested system
(mean value ± standard error) (p ≤ 0.05).

Analysis of Antifusogenic Activity of Secondary Plant Metabolites

To analyze the inhibitory activity of secondary plant metabolites, we used the calcein leak-
age method described above. Liposomes composed of POPC/SM/CHOL (60/20/20 mol.%)
were pre-incubated for 30 min with 20 µM of quercetin, myricetin, and fisetin or 400 µM of
piperine. Following this, FPMARV was added at a concentration of 100 µM.

The inhibitory activity of the secondary plant metabolites (IA, %) was described using
the following equation:

IA =
IF0 − IFPM

IF0
· 100% (2)

where IF0 and IFPM represent the maximum relative fluorescence intensity induced by
the addition of FPMARV in the absence and in the presence of the tested secondary plant
metabolite, respectively.

IA-values were averaged from 2–5 independent experiments (mean value ± standard
error) (p ≤ 0.05).

3.2.2. Electron Microscopy (EM)
Lipid Vesicle Preparation

Lipid mixture (POPC/SM/CHOL (60/20/20 mol.%)) was suspended in a mixture
of chloroform (67 vol.%) and methanol (33 vol.%). The lipid concentration was equal to
250 µM. The resulting solution was evaporated in a vacuum rotary evaporator at room
temperature for 60 min. Further, lipid film was dispersed in a buffer (0.15 M of NaCl,
10 mM of HEPES, and pH of 7.4) and was exposed to ultrasound for about 3 min.

EM Experiments

To obtain electron micrographs, the method of negative staining with a 1% aqueous
solution of uranyl acetate within 20 s was used. The vesicles in the absence (control) and
presence of 100 µM of FPMARV, FPEBOV, and FPHIV (pre-incubated for 30 min) were
placed on copper grids coated with a collodion film substrate. Electron micrographs of the
liposomes were obtained using a transmission electron microscope Libra 120 (Carl Zeiss,
Jena, Germany).
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The size of lipid structures was averaged from 2 independent experiments for each
tested system (mean value ± standard deviation) (p ≤ 0.05).

3.2.3. Differential Scanning Calorimetry (DSC)
Lipid Vesicle Preparation

Unilamellar vesicles composed of DTPC, DMPC, DPPC, DMPS, or DMPE were pre-
pared using electroformation method using the Nanion vesicle prep pro for 1 h at alternating
voltage (3 V, 10 Hz) and 25 ◦C (DTPC), 35 ◦C (DMPC), 41 ◦C (DPPC), 55 ◦C (DMPS),
or 55 ◦C (DMPE). The resulting liposome suspension contained 5mM of lipid and was
buffered by 5 mM of HEPES, with pH of 7.4.

DSC Experiments

The control samples were not modified. FPMARV, FPEBOV, or FPHIV were added to
aliquots to obtain the lipid:peptide molar ratio of 50:1, 25:1, and 10:1. DSC experiments
were performed by a µDSC 7EVO microcalorimeter (Setaram, France) with heating and
cooling rates of 0.2 and 0.3 ◦C/min, respectively. The samples with peptides were stabilized
for about 30 min at room temperature. The reversibility of the thermal transitions was
assessed by reheating the sample immediately after the cooling step from the previous scan.
Thermogram analysis was performed using the Calisto software package. The peaks on the
thermograms were characterized by the temperature of the lipid melting (Tm), the peak
width corresponding to the temperature difference between the upper (beginning) and
lower (end) boundaries of the main phase transition (∆Tb), and the enthalpy of the transition
(∆H). In the case of DMPS, two components of main transition characterized by lower
(Tm_1) and higher (Tm_2) melting temperature were analyzed separately. The ratio between
the enthalpy of low- and high-melting components (∆H2/∆H1) was also determined.

The ∆Tm, ∆∆Tb, ∆∆H, andδ(∆H2/∆H1) values were averaged over 2–3 independent
experiments and presented as mean value ± standard deviation (p ≤ 0.05).

Author Contributions: E.V.S. and S.S.E.—investigation, analysis, validation, and writing (original
draft); L.V.K. and T.F.I.—investigation; O.S.O.—conceptualization, project administration, funding
acquisition, and writing (review and editing). All authors have read and agreed to the published
version of the manuscript. The authors express their gratitude to David Simeunovic for assisting with
some experiments.

Funding: This study was funded by the Russian Foundation of Science N◦ 22-15-00417.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hunt, C.L.; Lennemann, N.J.; Maury, W. Filovirus entry: A novelty in the viral fusion world. Viruses 2012, 4, 258–275. [CrossRef]

[PubMed]
2. Siegert, R.; Shu, H.L.; Slenczka, W. Isolierung und Identifizierung des “Marburg-Virus” [Isolation and identification of the

“Marburg virus”]. Dtsch. Med. Wochenschr. 1968, 93, 604–612. [CrossRef] [PubMed]
3. Hashiguchi, T.; Fusco, M.L.; Bornholdt, Z.A.; Lee, J.E.; Flyak, A.I.; Matsuoka, R.; Kohda, D.; Yanagi, Y.; Hammel, M.; Crowe,

J.E., Jr.; et al. Structural Basis for Marburg Virus Neutralization by a Cross-Reactive Human Antibody. Cell 2015, 160, 904–912.
[CrossRef] [PubMed]

4. Feldmann, H.; Geisbert, T.W. Ebola haemorrhagic fever. Lancet 2011, 377, 849–862. [CrossRef] [PubMed]
5. Schafer, A.; Xiong, R.; Cooper, L.; Nowar, R.; Lee, H.; Li, Y.; Ramirez, B.E.; Peet, N.P.; Caffrey, M.; Thatcher, G.R.J.; et al. Evidence

for distinct mechanisms of small molecule inhibitors of filovirus entry. PLoS Pathog. 2021, 17, e1009312. [CrossRef]
6. Cosset, F.L.; Lavillette, D. Cell entry of enveloped viruses. Adv. Genet. 2011, 73, 121–183. [CrossRef]
7. Qiang, W.; Sun, Y.; Weliky, D.P. A strong correlation between fusogenicity and membrane insertion depth of the HIV fusion

peptide. Proc. Natl. Acad. Sci. USA 2009, 106, 15314–15319. [CrossRef]

https://doi.org/10.3390/v4020258
https://www.ncbi.nlm.nih.gov/pubmed/22470835
https://doi.org/10.1055/s-0028-1105103
https://www.ncbi.nlm.nih.gov/pubmed/4966285
https://doi.org/10.1016/j.cell.2015.01.041
https://www.ncbi.nlm.nih.gov/pubmed/25723165
https://doi.org/10.1016/S0140-6736(10)60667-8
https://www.ncbi.nlm.nih.gov/pubmed/21084112
https://doi.org/10.1371/journal.ppat.1009312
https://doi.org/10.1016/B978-0-12-380860-8.00004-5
https://doi.org/10.1073/pnas.0907360106


Int. J. Mol. Sci. 2024, 25, 9901 12 of 14

8. Rey, F.A.; Lok, S.M. Common Features of Enveloped Viruses and Implications for Immunogen Design for Next-Generation
Vaccines. Cell 2018, 172, 1319–1334. [CrossRef]

9. Sainz, B., Jr.; Rausch, J.M.; Gallaher, W.R.; Garry, R.F.; Wimley, W.C. Identification and characterization of the putative fusion
peptide of the severe acute respiratory syndrome-associated coronavirus spike protein. J. Virol. 2005, 79, 7195–7206. [CrossRef]

10. Freed, E.O.; Myers, D.J.; Risser, R. Characterization of the fusion domain of the human immunodeficiency virus type 1 envelope
glycoprotein gp41. Proc. Natl. Acad. Sci. USA 1990, 87, 4650–4654. [CrossRef]

11. White, J.; Kielian, M.; Helenius, A. Membrane fusion proteins of enveloped animal viruses. Q. Rev. Biophys. 1983, 16, 151–195.
[CrossRef] [PubMed]

12. Gallaher, W.R. Detection of a fusion peptide sequence in the transmembrane protein of human immunodeficiency virus. Cell 1987,
50, 327–328. [CrossRef] [PubMed]

13. Horvath, C.M.; Lamb, R.A. Studies on the fusion peptide of a paramyxovirus fusion glycoprotein: Roles of conserved residues in
cell fusion. J. Virol. 1992, 66, 2443–2455. [CrossRef]

14. White, J.M.; Delos, S.E.; Brecher, M.; Schornberg, K. Structures and mechanisms of viral membrane fusion proteins: Multiple
variations on a common theme. Crit. Rev. Biochem. Mol. Biol. 2008, 43, 189–219. [CrossRef]

15. Sanchez, A.; Yang, Z.Y.; Xu, L.; Nabel, G.J.; Crews, T.; Peters, C.J. Biochemical analysis of the secreted and virion glycoproteins of
Ebola virus. J. Virol. 1998, 72, 6442–6447. [CrossRef] [PubMed]

16. Volchkov, V.E.; Feldmann, H.; Volchkova, V.A.; Klenk, H.D. Processing of the Ebola virus glycoprotein by the proprotein
convertase furin. Proc. Natl. Acad. Sci. USA 1998, 95, 5762–5767. [CrossRef]

17. Kuhn, J.H.; Radoshitzky, S.R.; Guth, A.C.; Warfield, K.L.; Li, W.; Vincent, M.J.; Towner, J.S.; Nichol, S.T.; Bavari, S.; Choe, H.; et al.
Conserved receptor-binding domains of Lake Victoria marburgvirus and Zaire ebolavirus bind a common receptor. J. Biol. Chem.
2006, 281, 15951–15958. [CrossRef]

18. Koellhoffer, J.F.; Malashkevich, V.N.; Harrison, J.S.; Toro, R.; Bhosle, R.C.; Chandran, K.; Almo, S.C.; Lai, J.R. Crystal structure of
the Marburg virus GP2 core domain in its postfusion conformation. Biochemistry 2012, 51, 7665–7675. [CrossRef]

19. Brindley, M.A.; Hunt, C.L.; Kondratowicz, A.S.; Bowman, J.; Sinn, P.L.; McCray, P.B., Jr.; Quinn, K.; Weller, M.L.; Chiorini, J.A.;
Maury, W. Tyrosine kinase receptor Axl enhances entry of Zaire ebolavirus without direct interactions with the viral glycoprotein.
Virology 2011, 415, 83–94. [CrossRef]

20. Jemielity, S.; Wang, J.J.; Chan, Y.K.; Ahmed, A.A.; Li, W.; Monahan, S.; Bu, X.; Farzan, M.; Freeman, G.J.; Umetsu, D.T.; et al.
TIM-family proteins promote infection of multiple enveloped viruses through virion-associated phosphatidylserine. PLoS Pathog.
2013, 9, e1003232. [CrossRef]

21. Schornberg, K.; Matsuyama, S.; Kabsch, K.; Delos, S.; Bouton, A.; White, J. Role of endosomal cathepsins in entry mediated by the
Ebola virus glycoprotein. J. Virol. 2006, 80, 4174–4178. [CrossRef] [PubMed]

22. Carette, J.E.; Raaben, M.; Wong, A.C.; Herbert, A.S.; Obernosterer, G.; Mulherkar, N.; Kuehne, A.I.; Kranzusch, P.J.; Griffin, A.M.;
Ruthel, G.; et al. Ebola virus entry requires the cholesterol transporter Niemann-Pick C1. Nature 2011, 477, 340–343. [CrossRef]
[PubMed]

23. Harrison, J.S.; Koellhoffer, J.F.; Chandran, K.; Lai, J.R. Marburg virus glycoprotein GP2: pH-dependent stability of the ectodomain
α-helical bundle. Biochemistry 2012, 51, 2515–2525. [CrossRef] [PubMed]

24. Bavari, S.; Bosio, C.M.; Wiegand, E.; Ruthel, G.; Will, A.B.; Geisbert, T.W.; Hevey, M.; Schmaljohn, C.; Schmaljohn, A.; Aman,
M.J. Lipid raft microdomains: A gateway for compartmentalized trafficking of Ebola and Marburg viruses. J. Exp. Med. 2002,
195, 593–602. [CrossRef] [PubMed]

25. Empig, C.J.; Goldsmith, M.A. Association of the caveola vesicular system with cellular entry by filoviruses. J. Virol. 2002,
76, 5266–5270. [CrossRef]

26. Miller, M.E.; Adhikary, S.; Kolokoltsov, A.A.; Davey, R.A. Ebolavirus requires acid sphingomyelinase activity and plasma
membrane sphingomyelin for infection. J. Virol. 2012, 86, 7473–7483. [CrossRef]

27. Ruiz-Argüello, M.B.; Goñi, F.M.; Pereira, F.B.; Nieva, J.L. Phosphatidylinositol-dependent membrane fusion induced by a putative
fusogenic sequence of Ebola virus. J. Virol. 1998, 72, 1775–1781. [CrossRef]

28. Si, L.; Meng, K.; Tian, Z.; Sun, J.; Li, H.; Zhang, Z.; Soloveva, V.; Li, H.; Fu, G.; Xia, Q.; et al. Triterpenoids manipulate a broad
range of virus-host fusion via wrapping the HR2 domain prevalent in viral envelopes. Sci. Adv. 2018, 4, eaau8408. [CrossRef]

29. Ostroumova, O.S.; Efimova, S.S.; Schagina, L.V. Phloretin-induced reduction in dipole potential of sterol-containing bilayers.
J. Membr. Biol. 2013, 246, 985–991. [CrossRef]

30. Arora, A.; Byrem, T.M.; Nair, M.G.; Strasburg, G.M. Modulation of liposomal membrane fluidity by flavonoids and isoflavonoids.
Arch. Biochem. Biophys. 2000, 373, 102–109. [CrossRef]

31. Tarahovsky, Y.S.; Muzafarov, E.N.; Kim, Y.A. Rafts making and rafts braking: How plant flavonoids may control membrane
heterogeneity. Mol. Cell Biochem. 2008, 314, 65–71. [CrossRef] [PubMed]

32. Zlodeeva, P.D.; Shekunov, E.V.; Ostroumova, O.S.; Efimova, S.S. The Degree of Hydroxylation of Phenolic Rings Determines
the Ability of Flavonoids and Stilbenes to Inhibit Calcium-Mediated Membrane Fusion. Nutrients 2023, 15, 1121. [CrossRef]
[PubMed]

33. Shekunov, E.V.; Efimova, S.S.; Yudintceva, N.M.; Muryleva, A.A.; Zarubaev, V.V.; Slita, A.V.; Ostroumova, O.S. Plant Alkaloids
Inhibit Membrane Fusion Mediated by Calcium and Fragments of MERS-CoV and SARS-CoV/SARS-CoV-2 Fusion Peptides.
Biomedicines 2021, 9, 1434. [CrossRef]

https://doi.org/10.1016/j.cell.2018.02.054
https://doi.org/10.1128/JVI.79.11.7195-7206.2005
https://doi.org/10.1073/pnas.87.12.4650
https://doi.org/10.1017/S0033583500005072
https://www.ncbi.nlm.nih.gov/pubmed/6359230
https://doi.org/10.1016/0092-8674(87)90485-5
https://www.ncbi.nlm.nih.gov/pubmed/3496970
https://doi.org/10.1128/jvi.66.4.2443-2455.1992
https://doi.org/10.1080/10409230802058320
https://doi.org/10.1128/JVI.72.8.6442-6447.1998
https://www.ncbi.nlm.nih.gov/pubmed/9658086
https://doi.org/10.1073/pnas.95.10.5762
https://doi.org/10.1074/jbc.M601796200
https://doi.org/10.1021/bi300976m
https://doi.org/10.1016/j.virol.2011.04.002
https://doi.org/10.1371/journal.ppat.1003232
https://doi.org/10.1128/JVI.80.8.4174-4178.2006
https://www.ncbi.nlm.nih.gov/pubmed/16571833
https://doi.org/10.1038/nature10348
https://www.ncbi.nlm.nih.gov/pubmed/21866103
https://doi.org/10.1021/bi3000353
https://www.ncbi.nlm.nih.gov/pubmed/22369502
https://doi.org/10.1084/jem.20011500
https://www.ncbi.nlm.nih.gov/pubmed/11877482
https://doi.org/10.1128/JVI.76.10.5266-5270.2002
https://doi.org/10.1128/JVI.00136-12
https://doi.org/10.1128/JVI.72.3.1775-1781.1998
https://doi.org/10.1126/sciadv.aau8408
https://doi.org/10.1007/s00232-013-9603-2
https://doi.org/10.1006/abbi.1999.1525
https://doi.org/10.1007/s11010-008-9766-9
https://www.ncbi.nlm.nih.gov/pubmed/18414995
https://doi.org/10.3390/nu15051121
https://www.ncbi.nlm.nih.gov/pubmed/36904120
https://doi.org/10.3390/biomedicines9101434


Int. J. Mol. Sci. 2024, 25, 9901 13 of 14

34. Tamm, L.K.; Han, X. Viral fusion peptides: A tool set to disrupt and connect biological membranes. Biosci. Rep. 2000, 20, 501–518.
[CrossRef]

35. Kobayashi, T.; Beuchat, M.H.; Chevallier, J.; Makino, A.; Mayran, N.; Escola, J.M.; Lebrand, C.; Cosson, P.; Kobayashi, T.;
Gruenberg, J. Separation and characterization of late endosomal membrane domains. J. Biol. Chem. 2002, 277, 32157–32164.
[CrossRef]

36. Chernomordik, L.V.; Kozlov, M.M. Protein-lipid interplay in fusion and fission of biological membranes. Annu. Rev. Biochem.
2003, 72, 175–207. [CrossRef]

37. Emoto, K.; Umeda, M. An essential role for a membrane lipid in cytokinesis. Regulation of contractile ring disassembly by
redistribution of phosphatidylethanolamine. J. Cell Biol. 2000, 149, 1215–1224. [CrossRef] [PubMed]

38. Churchward, M.A.; Rogasevskaia, T.; Brandman, D.M.; Khosravani, H.; Nava, P.; Atkinson, J.K.; Coorssen, J.R. Specific lipids
supply critical negative spontaneous curvature—An essential component of native Ca2+-triggered membrane fusion. Biophys. J.
2008, 94, 3976–3986. [CrossRef] [PubMed]

39. Ingólfsson, H.I.; Carpenter, T.S.; Bhatia, H.; Bremer, P.T.; Marrink, S.J.; Lightstone, F.C. Computational Lipidomics of the Neuronal
Plasma Membrane. Biophys. J. 2017, 113, 2271–2280. [CrossRef]

40. Pattnaik, G.P.; Meher, G.; Chakraborty, H. Exploring the Mechanism of Viral Peptide-Induced Membrane Fusion. Adv. Exp. Med.
Biol. 2018, 1112, 69–78. [CrossRef]

41. Lagüe, P.; Roux, B.; Pastor, R.W. Molecular dynamics simulations of the influenza hemagglutinin fusion peptide in micelles and
bilayers: Conformational analysis of peptide and lipids. J. Mol. Biol. 2005, 354, 1129–1141. [CrossRef] [PubMed]

42. Sutherland, M.; Kwon, B.; Hong, M. Interactions of HIV gp41’s membrane-proximal external region and transmembrane domain
with phospholipid membranes from 31P NMR. Biochim. Biophys. Acta. Biomembr. 2021, 1863, 183723. [CrossRef] [PubMed]

43. Von Deuster, C.I.; Knecht, V. Antimicrobial selectivity based on zwitterionic lipids and underlying balance of interactions. Biochim.
Biophys. Acta. 2012, 1818, 2192–2201. [CrossRef] [PubMed]

44. Yang, L.; Huang, H.W. Observation of a membrane fusion intermediate structure. Science 2002, 297, 1877–1879. [CrossRef]
45. Aeffner, S.; Reusch, T.; Weinhausen, B.; Salditt, T. Energetics of stalk intermediates in membrane fusion are controlled by lipid

composition. Proc. Natl. Acad. Sci. USA 2012, 109, E1609–E1618. [CrossRef]
46. Oelkers, M.; Witt, H.; Halder, P.; Jahn, R.; Janshoff, A. SNARE-mediated membrane fusion trajectories derived from force-clamp

experiments. Proc. Natl. Acad. Sci. USA 2016, 113, 13051–13056. [CrossRef] [PubMed]
47. Ghosh, U.; Weliky, D.P. 2H nuclear magnetic resonance spectroscopy supports larger amplitude fast motion and interference with

lipid chain ordering for membrane that contains β sheet human immunodeficiency virus gp41 fusion peptide or helical hairpin
influenza virus hemagglutinin fusion peptide at fusogenic pH. Biochim. Biophys. Acta Biomembr. 2020, 1862, 183404. [CrossRef]

48. Valério, M.; Mendonça, D.A.; Morais, J.; Buga, C.C.; Cruz, C.H.; Castanho, M.A.R.B.; Melo, M.N.; Soares, C.M.; Veiga, A.S.; Lousa,
D. Parainfluenza Fusion Peptide Promotes Membrane Fusion by Assembling into Oligomeric Porelike Structures. ACS Chem. Biol.
2022, 17, 1831–1843. [CrossRef]

49. Yang, R.; Prorok, M.; Castellino, F.J.; Weliky, D.P. A trimeric HIV-1 fusion peptide construct which does not self-associate in
aqueous solution and which has 15-fold higher membrane fusion rate. J. Am. Chem. Soc. 2004, 126, 14722–14723. [CrossRef]

50. Birtles, D.; Oh, A.E.; Lee, J. Exploring the pH dependence of the SARS-CoV-2 complete fusion domain and the role of its unique
structural features. Protein Sci. 2022, 31, e4390. [CrossRef]

51. Van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane lipids: Where they are and how they behave. Nat. Rev. Mol. Cell Biol.
2008, 9, 112–124. [CrossRef] [PubMed]

52. Patel, A.; Mohl, B.P.; Roy, P. Entry of Bluetongue Virus Capsid Requires the Late Endosome-specific Lipid Lysobisphosphatidic
Acid. J. Biol. Chem. 2016, 291, 12408–12419. [CrossRef] [PubMed]

53. Zaitseva, E.; Zaitsev, E.; Melikov, K.; Arakelyan, A.; Marin, M.; Villasmil, R.; Margolis, L.B.; Melikyan, G.B.; Chernomordik, L.V.
Fusion Stage of HIV-1 Entry Depends on Virus-Induced Cell Surface Exposure of Phosphatidylserine. Cell Host Microbe 2017,
22, 99–110.e7. [CrossRef] [PubMed]

54. Bodner, M.L.; Gabrys, C.M.; Parkanzky, P.D.; Yang, J.; Duskin, C.A.; Weliky, D.P. Temperature dependence and resonance
assignment of 13C NMR spectra of selectively and uniformly labeled fusion peptides associated with membranes. Magn. Reson.
Chem. 2004, 42, 187–194. [CrossRef]

55. Pereira, F.B.; Goñi, F.M.; Muga, A.; Nieva, J.L. Permeabilization and fusion of uncharged lipid vesicles induced by the HIV-1
fusion peptide adopting an extended conformation: Dose and sequence effects. Biophys. J. 1997, 73, 1977–1986. [CrossRef]

56. Haque, M.E.; Koppaka, V.; Axelsen, P.H.; Lentz, B.R. Properties and structures of the influenza and HIV fusion peptides on lipid
membranes: Implications for a role in fusion. Biophys. J. 2005, 89, 3183–3194. [CrossRef] [PubMed]

57. Meher, G.; Bhattacharjya, S.; Chakraborty, H. Membrane Cholesterol Modulates Oligomeric Status and Peptide-Membrane
Interaction of Severe Acute Respiratory Syndrome Coronavirus Fusion Peptide. J. Phys. Chem. B 2019, 123, 10654–10662.
[CrossRef]

58. Niort, K.; Dancourt, J.; Boedec, E.; Al Amir Dache, Z.; Lavieu, G.; Tareste, D. Cholesterol and Ceramide Facilitate Membrane
Fusion Mediated by the Fusion Peptide of the SARS-CoV-2 Spike Protein. ACS Omega 2023, 8, 32729–32739. [CrossRef]

59. Akimov, S.A.; Molotkovsky, R.J.; Kuzmin, P.I.; Galimzyanov, T.R.; Batishchev, O.V. Continuum Models of Membrane Fusion:
Evolution of the Theory. Int. J. Mol. Sci. 2020, 21, 3875. [CrossRef]

https://doi.org/10.1023/A:1010406920417
https://doi.org/10.1074/jbc.M202838200
https://doi.org/10.1146/annurev.biochem.72.121801.161504
https://doi.org/10.1083/jcb.149.6.1215
https://www.ncbi.nlm.nih.gov/pubmed/10851019
https://doi.org/10.1529/biophysj.107.123984
https://www.ncbi.nlm.nih.gov/pubmed/18227127
https://doi.org/10.1016/j.bpj.2017.10.017
https://doi.org/10.1007/978-981-13-3065-0_6
https://doi.org/10.1016/j.jmb.2005.10.038
https://www.ncbi.nlm.nih.gov/pubmed/16297931
https://doi.org/10.1016/j.bbamem.2021.183723
https://www.ncbi.nlm.nih.gov/pubmed/34352242
https://doi.org/10.1016/j.bbamem.2012.05.012
https://www.ncbi.nlm.nih.gov/pubmed/22613177
https://doi.org/10.1126/science.1074354
https://doi.org/10.1073/pnas.1119442109
https://doi.org/10.1073/pnas.1615885113
https://www.ncbi.nlm.nih.gov/pubmed/27807132
https://doi.org/10.1016/j.bbamem.2020.183404
https://doi.org/10.1021/acschembio.2c00208
https://doi.org/10.1021/ja045612o
https://doi.org/10.1002/pro.4390
https://doi.org/10.1038/nrm2330
https://www.ncbi.nlm.nih.gov/pubmed/18216768
https://doi.org/10.1074/jbc.M115.700856
https://www.ncbi.nlm.nih.gov/pubmed/27036941
https://doi.org/10.1016/j.chom.2017.06.012
https://www.ncbi.nlm.nih.gov/pubmed/28704658
https://doi.org/10.1002/mrc.1331
https://doi.org/10.1016/S0006-3495(97)78228-6
https://doi.org/10.1529/biophysj.105.063032
https://www.ncbi.nlm.nih.gov/pubmed/16183890
https://doi.org/10.1021/acs.jpcb.9b08455
https://doi.org/10.1021/acsomega.3c03610
https://doi.org/10.3390/ijms21113875


Int. J. Mol. Sci. 2024, 25, 9901 14 of 14

60. Higashino, Y.; Matsui, A.; Ohki, K. Membrane fusion between liposomes composed of acidic phospholipids and neutral
phospholipids induced by melittin: A differential scanning calorimetric study. J. Biochem. 2001, 130, 393–397. [CrossRef]

61. Cevc, G.; Watts, A.; Marsh, D. Titration of the phase transition of phosphatidylserine bilayer membranes. Effects of pH, surface
electrostatics, ion binding, and head-group hydration. Biochemistry 1981, 20, 4955–4965. [CrossRef]

62. Michalski, M.; Setny, P. Membrane-Bound Configuration and Lipid Perturbing Effects of Hemagglutinin Subunit 2 N-Terminus
Investigated by Computer Simulations. Front. Mol. Biosci. 2022, 9, 826366. [CrossRef] [PubMed]

63. Cevc, G.; Marsh, D. Hydration of noncharged lipid bilayer membranes. Theory and experiments with phosphatidylethanolamines.
Biophys. J. 1985, 47, 21–31. [CrossRef] [PubMed]

64. Yang, S.T.; Kreutzberger, A.J.B.; Kiessling, V.; Ganser-Pornillos, B.K.; White, J.M.; Tamm, L.K. HIV virions sense plasma membrane
heterogeneity for cell entry. Sci Adv. 2017, 3, e1700338. [CrossRef]

65. Peng, S.; Fang, C.; He, H.; Song, X.; Zhao, X.; Zou, Y.; Li, L.; Jia, R.; Yin, Z. Myricetin exerts its antiviral activity against infectious
bronchitis virus by inhibiting the deubiquitinating activity of papain-like protease. Poult. Sci. 2022, 101, 101626. [CrossRef]

66. Ortega, J.T.; Suárez, A.I.; Serrano, M.L.; Baptista, J.; Pujol, F.H.; Rangel, H.R. The role of the glycosyl moiety of myricetin
derivatives in anti-HIV-1 activity in vitro. AIDS Res. Ther. 2017, 14, 57. [CrossRef] [PubMed]

67. Bachmetov, L.; Gal-Tanamy, M.; Shapira, A.; Vorobeychik, M.; Giterman-Galam, T.; Sathiyamoorthy, P.; Golan-Goldhirsh, A.;
Benhar, I.; Tur-Kaspa, R.; Zemel, R. Suppression of hepatitis C virus by the flavonoid quercetin is mediated by inhibition of NS3
protease activity. J. Viral Hepat. 2012, 19, e81–e88. [CrossRef]

68. Fanunza, E.; Iampietro, M.; Distinto, S.; Corona, A.; Quartu, M.; Maccioni, E.; Horvat, B.; Tramontano, E. Quercetin Blocks Ebola
Virus Infection by Counteracting the VP24 Interferon-Inhibitory Function. Antimicrob. Agents Chemother. 2020, 64, e00530-20.
[CrossRef] [PubMed]

69. Zandi, K.; Teoh, B.T.; Sam, S.S.; Wong, P.F.; Mustafa, M.R.; Abubakar, S. Antiviral activity of four types of bioflavonoid against
dengue virus type-2. Virol. J. 2011, 8, 560. [CrossRef]

70. Hung, P.Y.; Ho, B.C.; Lee, S.Y.; Chang, S.Y.; Kao, C.L.; Lee, S.S.; Lee, C.N. Houttuynia cordata targets the beginning stage of herpes
simplex virus infection. PLoS ONE 2015, 10, e0115475. [CrossRef]

71. Qiu, X.; Kroeker, A.; He, S.; Kozak, R.; Audet, J.; Mbikay, M.; Chrétien, M. Prophylactic Efficacy of Quercetin 3-β-O-d-Glucoside
against Ebola Virus Infection. Antimicrob. Agents Chemother. 2016, 60, 5182–5188. [CrossRef] [PubMed]

72. Bepler, T.; Barrera, M.D.; Rooney, M.T.; Xiong, Y.; Kuang, H.; Goodell, E.; Goodwin, M.J.; Harbron, E.; Fu, R.; Mihailescu, M.; et al.
Antiviral activity of the host defense peptide piscidin 1: Investigating a membrane-mediated mode of action. Front. Chem. 2024,
12, 1379192. [CrossRef] [PubMed]

73. Wolf, M.C.; Freiberg, A.N.; Zhang, T.; Akyol-Ataman, Z.; Grock, A.; Hong, P.W.; Li, J.; Watson, N.F.; Fang, A.Q.; Aguilar, H.C.; et al.
A broad-spectrum antiviral targeting entry of enveloped viruses. Proc. Natl. Acad. Sci. USA 2010, 107, 3157–3162. [CrossRef]

74. Agarwal, S.; Schroeder, C.; Schlechtingen, G.; Braxmeier, T.; Jennings, G.; Knölker, H.J. Evaluation of steroidal amines as lipid raft
modulators and potential anti-influenza agents. Bioorg. Med. Chem. Lett. 2013, 23, 5165–5169. [CrossRef]

75. Nieto-Garai, J.A.; Glass, B.; Bunn, C.; Giese, M.; Jennings, G.; Brankatschk, B.; Agarwal, S.; Börner, K.; Contreras, F.X.; Knölker,
H.J.; et al. Lipidomimetic Compounds Act as HIV-1 Entry Inhibitors by Altering Viral Membrane Structure. Front. Immunol. 2018,
9, 1983. [CrossRef]

76. Nathan, L.; Lai, A.L.; Millet, J.K.; Straus, M.R.; Freed, J.H.; Whittaker, G.R.; Daniel, S. Calcium Ions Directly Interact with the
Ebola Virus Fusion Peptide To Promote Structure-Function Changes That Enhance Infection. ACS Infect. Dis. 2020, 6, 250–260.
[CrossRef]

77. Shekunov, E.V.; Zlodeeva, P.D.; Efimova, S.S.; Muryleva, A.A.; Zarubaev, V.V.; Slita, A.V.; Ostroumova, O.S. Cyclic lipopeptides as
membrane fusion inhibitors against SARS-CoV-2: New tricks for old dogs. Antiviral Res. 2023, 212, 105575. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/oxfordjournals.jbchem.a002998
https://doi.org/10.1021/bi00520a023
https://doi.org/10.3389/fmolb.2022.826366
https://www.ncbi.nlm.nih.gov/pubmed/35155580
https://doi.org/10.1016/S0006-3495(85)83872-8
https://www.ncbi.nlm.nih.gov/pubmed/3978186
https://doi.org/10.1126/sciadv.1700338
https://doi.org/10.1016/j.psj.2021.101626
https://doi.org/10.1186/s12981-017-0183-6
https://www.ncbi.nlm.nih.gov/pubmed/29025433
https://doi.org/10.1111/j.1365-2893.2011.01507.x
https://doi.org/10.1128/AAC.00530-20
https://www.ncbi.nlm.nih.gov/pubmed/32366711
https://doi.org/10.1186/1743-422X-8-560
https://doi.org/10.1371/journal.pone.0115475
https://doi.org/10.1128/AAC.00307-16
https://www.ncbi.nlm.nih.gov/pubmed/27297486
https://doi.org/10.3389/fchem.2024.1379192
https://www.ncbi.nlm.nih.gov/pubmed/38988727
https://doi.org/10.1073/pnas.0909587107
https://doi.org/10.1016/j.bmcl.2013.07.015
https://doi.org/10.3389/fimmu.2018.01983
https://doi.org/10.1021/acsinfecdis.9b00296
https://doi.org/10.1016/j.antiviral.2023.105575

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Membrane-Forming Lipids 
	Fusion Peptides 
	Secondary Plant Metabolites 
	Other Reagents 

	Methods 
	MembraneFusion Assay 
	Electron Microscopy (EM) 
	Differential Scanning Calorimetry (DSC) 


	References

