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Abstract—Over the past few years, the attention of the whole world has been riveted to the emergence of new
dangerous strains of viruses, among which a special place is occupied by coronaviruses that have overcome
the interspecies barrier in the past 20 years: SARS viruses (SARS), Middle East respiratory syndrome
(MERS), as well as a new coronavirus infection (SARS-CoV-2), which caused the largest pandemic since the
Spanish f lu in 1918. Coronaviruses are members of a class of enveloped viruses that have a lipoprotein enve-
lope. This class also includes such serious pathogens as human immunodeficiency virus (HIV), hepatitis,
Ebola virus, influenza, etc. Despite significant differences in the clinical picture of the course of disease
caused by enveloped viruses, they themselves have a number of characteristic features, which determine their
commonality. Regardless of the way of penetration into the cell—by endocytosis or direct fusion with the cell
membrane—enveloped viruses are characterized by the following stages of interaction with the target cell:
binding to receptors on the cell surface, interaction of the surface glycoproteins of the virus with the mem-
brane structures of the infected cell, fusion of the lipid envelope of the virion with plasma or endosomal mem-
brane, destruction of the protein capsid and its dissociation from the viral nucleoprotein. Subsequently,
within the infected cell, the newly synthesized viral proteins must self-assemble on various membrane struc-
tures to form a progeny virion. Thus, both the initial stages of viral infection and the assembly and release of
new viral particles are associated with the activity of viral proteins in relation to the cell membrane and its
organelles. This review is devoted to the analysis of physicochemical mechanisms of functioning of the main
structural proteins of a number of enveloped viruses in order to identify possible strategies for the membrane
activity of such proteins at various stages of viral infection of the cell.
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INTRODUCTION

Most processes in cell membranes are mediated by
specific proteins. Protein–lipid interactions in the cell
regulate membrane topological rearrangements, such
as fusion and division of cells and their organelles,
endo- and exocytosis, which accompanied by the for-
mation, budding and transport of membrane vesicles.
These interactions require the coordinated work of a
large complex of proteins that determines the com-
plexity of their study and experimental modeling
[1‒4]. Although the membrane fusion requires coop-
erative protein–lipid interactions, the mechanical
properties of the lipid matrix surrounding membrane
proteins determine the energy of the formation of
intermediate structures through which membrane
fusion is realized [5]. Experiments conducted by
L.V. Chernomordik and G.B. Melikyan on flat lipid
bilayers in the Laboratory of Bioelectrochemistry of
the Institute of Electrochemistry of the Academy of

Sciences of the USSR, headed by Y.A. Chizmadzhev,
have demonstrated that the fusion process consists of
the following sequential stages: (1) establishment of
the tight contact between membranes, (2) formation
of the stalk (or bridge) between adjacent monolayers,
(3) expansion of the stalk, leading to the formation of
a trilamellar structure (or hemifusion diaphragm)
and, finally, (4) its rupture, indicating the end of the
fusion [6]. It is shown that the rate of these stages
essentially depends on the spontaneous curvature of
the lipid monolayers. Thus, the negative spontaneous
curvature of the contacting monolayers (a typical
example is dioleoylphosphatidylethanolamine) pro-
motes stalk formation, while the rupture of the hemi-
fusion diaphragm is accelerated in the presence of
positive spontaneous curvature (i.e., lysolipids) in the
distal monolayers. The proof of this fusion scheme has
been obtained by V.S. Markin and M.M. Kozlov,
members of the Laboratory of Bioelectrochemistry
[7]. The theory quantitatively describes the entire set
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of experiments conducted at that time. A detailed
description and relevant literature can be found in the
review [8].

Further studies of the membrane fusion required
the consideration of the membrane protein compo-
nent. The first works in this direction have been aimed
at studying synaptic fusion and the action of SNARE
complex proteins [9, 10]. However, the large number
of proteins included in this complex makes it difficult
to clarify the physical-chemical mechanisms of their
function and to establish the energy of the intermedi-
ate stages. For this reason, the study of virus-induced
fusion, which in a number of systems is mediated by a
single protein of known structure (e.g., hemagglutinin
(HA) in the case of influenza virus) has come to the
fore [11]. Several HA molecules are thought to form a
fusion rosette and then lipid protrusions (dimples).
On their tops, after merging, monolayer junctions
(stalks) are formed, which lead to the monolayer (and
subsequently, to the complete) fusion. In various
model systems based on the hemagglutinin-expressing
cells [12], it was shown that the effect of the lipid com-
position of the target membrane on fusion is well
described within the stalk theory. In the same works, it
was shown that the role of HAs is the formation of a
complex, a “rosette” of fusion proteins, within which
cell membranes merge to a distance sufficient for the
subsequent spontaneous membrane fusion. Thus, the
fusion theory assumes that the action of hemaggluti-
nin molecules is necessary for the local merging of
lipid bilayers of cell membranes, which fuse sponta-
neously similar to two planar bilayer lipid membranes
(BLM). However, experimental observations obtained
in cellular systems, such as the absence of lipid
exchange through small fusion pores, are poorly
described within the proposed model. Moreover,
recent electron tomography data on influenza virus
fusion with lipid vesicles show the formation of struc-
tures with only the target membrane bending, while
the viral membrane remains nearly undeformed [13].
These facts lead to the conclusion that the classical
stalk theory, which well describes fusion in the case of
compositionally symmetric and purely lipid mem-
branes, may not be applicable to the protein-mediated
fusion.

In enveloped viruses, a shell of capsid or matrix
proteins is located under the outer lipid membrane.
These proteins constitute the majority of viral pro-
teins. Interacting with the viral genome and surface
glycoproteins, they play an important role in the
assembly of viral particles and the production of prog-
eny virions in the infected cell [14–16]. Matrix pro-
teins are multifunctional: on the one hand, they main-
tain the integrity of the virus, on the other, they disas-
semble to release genetic material into the cytoplasm
during infection and assemble to form new virions. In
all these processes, matrix proteins interact with lipid
membranes—the virus outer envelope or the cell
plasma membrane. This interaction determines the
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life activity of the virus, although its molecular mech-
anisms remain an open question. In particular, the
influenza A virus penetrates the cell by endocytosis,
entering the cellular endosome as a result. The main
trigger for the fusion of the viral particle and the endo-
somal membrane is the change of the pH of the endo-
somal milieu to 4–5, leading to conformational tran-
sitions in the HA and to the destruction of the capsid
formed by the matrix protein M1. The drop of pH
inside the virus occurs due to the action of M2 proton
channels located in the viral envelope. In experiments
conducted under the guidance of Yu.A. Chizmadzhev
it was shown that blocking M2 channels with amanta-
dine leads to “freezing” of viral fusion at the stage of a
small fusion pore with a dimeter of about 1 nm, so that
the genetic material of the virus is not released into the
cell cytoplasm [17]. Thus, on the one hand, the disin-
tegration of the envelope of matrix proteins is a critical
step in the viral infection. On the other hand, matrix
proteins must assemble on plasma membrane of the
infected cell into the structure of a new virion. The
process of assembly and budding of the progeny virion
implies local deformation of cell membrane, in which
matrix or capsid proteins should also play an import-
ant role. Nevertheless, the specific physico-chemical
mechanisms defining the self-assembly of the viral
capsid and changes in the cell membrane topology
often remain unclear.

VIRUS-INDUCED MEMBRANE FUSION
The envelope virus genome and capsid (nucleo-

capsid) proteins are surrounded by an additional enve-
lope, a bilayer lipid membrane that is acquired from
the host cell during virion release from the infected
cell [18] (Fig. 1). Enveloped viruses use membrane
fusion to enter the cell [19]. For this process, viruses
use the function of fusion proteins. Conformational
rearrangements of these proteins initiated by a certain
trigger (e.g., binding to a receptor on the cell surface or
a change of pH inside the cell endosome) initiate the
fusion between the virus lipid membrane and cell
membrane [20]. These proteins do not require energy-
supplying molecules for activity [21].

The entry of any virus into the cell begins with its
binding to certain receptor molecules on the cell sur-
face [22] (Fig. 2). Membrane fusion is the most
important stage in the life cycle of enveloped viruses.
Initially, the genetic material of the virus is separated
from the cell cytoplasm by two membranes: the viral
and the cell. As a result of the fusion of these mem-
branes, the cell cytoplasm and the internal space of the
virion containing the viral genetic material are com-
bined. Some enveloped viruses fuse directly with the
plasma membrane, while others enter the cell through
endocytosis.

Membrane fusion is an important part of the cell
life activity, mediating many vital processes. The most
representative example of such a process is the synap-
EMBRANE AND CELL BIOLOGY  Vol. 16  No. 4  2022
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Fig. 1. Structure of enveloped viruses. (a) Coronavirus SARS-CoV-2; (b) influenza A virus; (c) Newcastle disease virus;
(d) Human immunodeficiency virus. Abbreviations: HA, hemagglutinin; NA, neuraminidase; RNP, ribonucleoprotein;
M1, M1 protein; M2, M2 proton channel.
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tic transmission, during which synaptic vesicles con-
taining neurotransmitters fuse with the presynaptic
plasma membrane [23]. In addition, organelles also
merge during cell fusion, for example, in the processes
of fertilization, carcinogenesis, etc. [24–27]. Certain
fusion proteins are involved in these processes
[28, 29]. For example, during hormone and neu-
rotransmitter secretion, the SNARE protein complex
catalyzes membrane fusion [9, 10]. Intercellular fusion
is also provided by specific proteins, which, however,
are detected only in some cases, but for most remain
unknown [30]. Fusion proteins are responsible for the
deformation of interacting membranes, followed by
their fusion and mixing of initially separated aqueous
volumes. The function of these proteins in the fusion
process in each case determines their structure, num-
ber, presence of auxiliary proteins, etc. As usual, viral
membrane fusion is performed by one or two proteins;
in particular, the influenza A virus has only one fusion
protein—hemagglutinin [31]. Membrane fusion, as
any other membrane topological rearrangements,
requires energy for the mechanical deformations of the
lipid matrix. Thus, protein–lipid interactions deter-
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mine the energy of viral-induced membrane fusion
and, therefore, regulate this stage of the infection pro-
cess. Theoretical estimates show that the characteristic
height of the fusion energy barriers is several tens to
hundreds of kBT, and such barriers cannot be over-
come only by thermal f luctuations [32]. The mechan-
ical energy reserved in the fusion proteins covers the
energy costs.

Many experimental data show that membrane
fusion can occur spontaneously if substances connect-
ing the two interacting membranes (e.g., Ca2+) or
dehydrating their contact (e.g., polyethylene glycol)
have been added between the fusing membranes
[33, 34]. These data suggest that bringing two mem-
branes into a close contact and overcoming hydration
repulsion are the most energy-consuming phases of
fusion, which cannot occur spontaneously due to the
energy of thermal f luctuations of lipids. As further
fusion in such model systems occurs without the pres-
ence of any proteins, it can be concluded that the
energy barriers on the rest of the fusion trajectory
should not be measurably affected. Thus, the function
of fusion proteins is largely similar to enzymes: they
EMBRANE AND CELL BIOLOGY  Vol. 16  No. 4  2022
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Fig. 2. Examples of life cycles of enveloped viruses. (a) Influenza A virus; (b) Newcastle disease virus; (c) Human immunodefi-
ciency virus.
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can reduce the basic energy activation barrier for
fusion and possibly accelerate the rate constant of the
reaction.

Type I viral fusion proteins (e.g., influenza A virus
HA and HIV Env gp120/gp41 protein) are the most
well studied [21]. At the beginning of the infection
viral fusion proteins bind specific receptor molecules
on the cell surface. Immediately thereafter (or when
the pH inside the endosome changes), the fusion pro-
tein attacks the cell membrane with a fusion peptide,
which is a specific N-terminus consisting of about
20 amino acids [35]. The fusion peptide releases from
the hydrophobic pocket of the ectodomain of HA and
then incorporates into the lipid bilayer of the target
membrane as an effective anchor. In the process of
ongoing conformational rearrangements, the fusion
protein is refolded, attaching the target cell membrane
with the embedded fusion peptide to the viral mem-
brane [36]. These membranes come into close con-
tact, merge, and form a fusion pore, through which
the viral genome can be released into the cytoplasm.
At this stage, the fusion protein folds into a “post-
fusion” conformation when its transmembrane
domain contacts the fusion peptide [31]. If the fusion
peptide does not attain the target membrane, it can
integrate into the viral membrane next to the trans-
membrane domain of the fusion protein, also bringing
it into the post-fusion conformation. The height of the
fusion protein in this state is about 10 nm [37].

Fusion peptides of viral proteins are generally
amphipathic [38, 39]. They can partially integrate into
the cell membrane, providing both an anchor and a
lever for the forces and moments, as well as deform the
target membrane locally. The depth of the fusion pep-
tide integration regulates its fusion activity [39]. How-
ever, replacement of the transmembrane domain of
the fusion protein with a lipid anchor prevents the
extension of the fusion pore [40, 41]. Hence, both the
fusion peptide and the transmembrane domain of the
respective protein are necessary for the efficient
fusion. In fact, fusion proteins form protrusions on the
viral and the cell contact membranes. The intense
hydration repulsion acting on the tops of these protru-
sions leads to the lateral shift of the polar lipid heads
from the region of a tight contact [42–44]. With a cer-
tain probability, these local protrusions of the opposite
membranes can touch, forming a stalk [44].

A number of theoretical models have shown that
the main energy barrier for the interaction of mem-
brane protrusions induced by fusion proteins strongly
depends on the distance between these membranes
[32, 45]. This distance is defined by the thickness of
the layer of fusion proteins in the post-fusion confor-
mation, whose fusion peptides have not reached the
target cell membrane. For hemagglutinin, this thick-
ness is about 10 nm, as shown by electron microscopy
[37]. Thus, fusion proteins must locally overcome this
distance for bringing the fusion membranes closer
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over a small contact area, providing a relatively low
energy barrier for hemifusion. According to various
estimates, the energy required for such membrane
rearrangement is on the order of several tens of kBT
[32, 45, 46]. For comparison, the energy stored in a
single hemagglutinin trimer is about 60 kBT, i.e.,

20 kBT per hemagglutinin monomer [47]. Roughly,

the same energy estimation is also obtained for the
HIV gp41 trimer [48]. This indicates that effective
membrane fusion requires the cooperative action of
several fusion proteins that form the fusion rosette. In
the case of influenza A virus, the required number of
HA trimers in the fusion rosette is estimated to be
between 3 and 9 [49, 50]. However, in the case of HIV,
it is known that one trimer of the gp41 protein may be
sufficient for the fusion process [50].

A specific feature of type I fusion proteins is the
intensive deformation of the target membrane. The
viral membrane is deformed less due to the presence of
a capsid protein envelope in contact with it [37]. The
deformation of the target membrane is caused by the
integration of fusion peptides into it. Such interactions
have been considered in numerous theoretical works
[51–53]. In particular, it is shown that the study of the
cooperative fusion rosette formation should consider
the dependence of the elastic energy on the mutual
orientation of fusion peptides rather than on the dis-
tance between them, as positions of viral fusion pro-
teins are rather strictly fixed because of their trans-
membrane domains that interact with the viral capsid.
The fusion peptides released by viral fusion proteins
are also anchors, through which fusion proteins can
exert mechanical forces and moments on the target
membrane [11, 54]. Thus, lipid matrix protrusions
required for membrane fusion can be formed either by
elastic deformations of embedded fusion peptides or
by direct application of forces of fusion proteins,
which tighten the two fusing membranes [55, 56].

The shallow integration of amphipathic fusion
peptides into the target membrane is similar to the for-
mation of positive spontaneous curvature, which is
induced, for example, by lysolipids, and leads to pore
formation [57], but not to stalk. Thus, the physico-
chemical mechanism of amphipathic peptide func-
tioning for fusion proteins cannot be based only on the
modification of the target membrane’s contact mono-
layer. Apparently, it necessarily requires the applica-
tion of constricting forces to the two membranes. To
decrease the energy barrier of stalk formation, fusion
peptides must effectively induce negative spontaneous
curvature [57]. For this purpose, their insertion depth
into the contact monolayer of the target membrane
should be increased. Calculations made in [58, 59],
which explicitly take into account the depth of fusion
peptide insertion, fully support this view. Moreover,
there is an experimental evidence for the HIV fusion
protein peptide that its depth of integration into the
EMBRANE AND CELL BIOLOGY  Vol. 16  No. 4  2022
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contact monolayer of the target membrane increases

the probability of fusion [39].

In the case of HIV, fusion can be catalyzed by sev-

eral Env proteins down to a single protein trimer [50].

The key difference is that in addition to fusion, the

Env proteins are also responsible for the virus recep-

tion, i.e., its binding to the cellular plasma membrane

[60]. The gp120 protein recognizes the CD4 receptor

and the coreceptor CXCR4 or CCR5, which are large

transmembrane proteins. Binding to the receptor trig-

gers a conformational rearrangement of the Env glyco-

protein. This type of viral fusion trigger additionally

limits the number of simultaneously activated

gp120/gp41 trimers due to the relatively low surface

density of CD4 molecules in the plasma membrane of

T-lymphocytes. This differs from the case of influenza

A virus, whose hemagglutinin activation is caused by a

decrease of the pH in the late endosome, i.e., all virion

hemagglutinin trimers are activated almost simultane-

ously.

Two possible mechanisms of action of fusion pro-

teins have been commonly proposed. The first one is

based on the assumption that integrated fusion pep-

tides modify the elastic properties of the target mem-

brane, especially its spontaneous curvature [61]. It is

assumed that the modified spontaneous curvature in

the ring zone of the fusion rosette may be the trigger

for the formation of a protrusion in the target mem-

brane. The membranes come into close contact at the

top of the protrusion, which significantly facilitates

the fusion. According to the second mechanism,

rather than modifying the target membrane, fusion

proteins induce bending moments, resulting in the

formation of protrusions. Proteins also generate forces

by directly and mechanically bringing two tightly

attached membranes into close contact [31]. The anal-

ysis in [62] showed that it is the second mechanism

that provides the formation of a highly symmetric

fusion rosette by organizing the cooperativity of the

mechanical efforts of several fusion proteins. In con-

trast, the first mechanism uses rosette symmetry to

explain protrusions on the fusion membranes but can-

not explain the nature of such symmetry. Therefore,

the directed mechanical activity of fusion proteins

controls the entire fusion process. This activity may be

the result of the cooperative effect of various fusion

protein subunits, including those sites involved in the

interaction with the receptor. This may explain the

observed difference in the cooperative action of influ-

enza A virus and HIV fusion proteins. Therefore, the

development of elastic models of the membrane fusion

has provided answers to many questions about the

mechanisms of viral-induced membrane fusion, in

particular, about possible triggers of the cooperative

effects of viral fusion proteins.
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CAPSID PROTEINS 
OF ENVELOPED VIRUSES 

AND FORMATION OF PROGENY VIRIONS

Under the outer lipid membrane of enveloped
viruses, there is a capsid of matrix proteins. Interacting
with the viral genome and surface glycoproteins, they
play an important role in the assembly of viral particles
and the production of progeny virions in the infected
cell [14–16]. Matrix proteins are multifunctional at
different stages of the virus life cycle. On the one hand,
they maintain virion integrity and architecture; on the
other hand, they perform a controlled disintegration
of the capsid to release viral genetic material into the
cytoplasm; on the third—organize the assembly of
progeny virions. In all these processes, matrix proteins
interact with the lipid membranes of the virus or cell.
This interaction is a determinant in the virus life activ-
ity, although the molecular mechanisms are still
unknown. The nature of such protein–lipid interac-
tions, as well as their relation to the capsid self-assem-
bly, is debated [63–67].

Despite the diversity of envelope viruses, their
matrix proteins are organized in a similar way: they are
either helical structures (as in the case of influenza A
virus [14, 68, 69], vesicular stomatitis virus [15] and
measles virus [16]) or two-dimensional lattices form-
ing perispherical particles (for example, Newcastle
disease virus [70] or HIV [71]). Evolutionarily and
structurally matrix proteins of different virus families
are very similar, such as the polyprotein Gag of the
HIV and the M1 protein of the influenza A virus [72].
Such proximity should also indicate common mecha-
nisms of capsid formation and virion budding from the
surface of the infected cell.

The relationship between the three-dimensional
structure and functional properties of a protein is one
of the most important basic concepts in biochemistry.
To perform a particular function, a protein should
have a specific amino acid sequence and be folded in a
certain way [15]. This idea, however, has been recon-
sidered about two decades ago when many proteins
with a partially or completely disordered structure
have been found. These proteins, called intrinsically
disordered proteins, exist as dynamic ensembles of
conformations that do not have a stable folded struc-
ture, but nevertheless perform their (often very vari-
able) biological functions [73]. Disordered domains of
proteins can promote the rapid response of viruses to
changing environmental conditions and, conse-
quently, their survival and development by imple-
menting mechanisms of adaptation and protection
[74]. Disorder in protein folding prevents antibody
binding that reduces the immune response. This is the
key to the extraordinary ability of HIV to evade the
immune response, with main contribution of the viral
capsid structural features [74].

The process of viral budding is generally similar to
the cellular exocytosis in the way of formation a curved
EMBRANE AND CELL BIOLOGY  Vol. 16  No. 4  2022
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structure from the cell membrane. A minimal set of
proteins in the viral envelope reduces possible ways the
virus can affect the membrane. There are three possi-
ble ways of such effect, which are occurring in differ-
ent viruses separately or in complex combinations.
The first mechanism consists in the formation of a
virion due to the certain molecular geometry of matrix
proteins. It allows proteins to bind the lipid bilayer and
form a two-dimensional lattice on the lipid surface. X-
ray analysis demonstrates the existence of such mech-
anism for the Newcastle disease virus [70] and Salmo-
nella infectious anemia virus [75]. In both cases, pro-
tein monomers bind in a capsid structure with a cer-
tain angle to each other, forming hemispherical viral
particles. A nucleation of such particles occurs by the
formation of circle protein–lipid domains [76] fol-
lowed by curving of the lipid membrane. The liquid
state of the lipid bilayer implies that transfer of the cur-
vature to the lipid membrane requires the layer of
matrix proteins to minimize lipid redistribution in the
areas of protein–lipid contacts. Apparently, this
should be achieved by hydrophobic interactions,
which is the case of the Newcastle disease virus [77].
This mechanism of interaction has been suggested in
the early studies of the interaction of the influenza A
virus matrix protein with the lipid bilayer [78–81].
However, it has not been proved in later studies [63],
which show neither partial integration of the M1 pro-
tein into the lipid bilayer, nor its ability to force a cer-
tain curvature on the membrane. These studies sug-
gest the predominant electrostatic nature of the inter-
action of matrix protein M1 with the membrane.

The second possible mechanism is the condensa-
tion of lipids under the protein layer due to electro-
static interactions. Such condensation on the inner
monolayer of the plasma membrane creates a local
imbalance of the membrane monolayer area, leading
to the membrane bending and the formation of various
outgrowths to relief the excess area [82]. In particular,
a formation of filamentous structures close in diame-
ter to viral particles is shown in experiments on nega-
tively charged giant unilamellar vesicles during the
adsorption of the influenza C virus matrix protein
[83]. Electrostatic interactions with anionic lipids are
common to matrix proteins of viruses such as influ-
enza virus [63, 84], Ebola virus [85, 86], and vesicular
stomatitis virus [87]. For all these viruses it has been
shown that their matrix proteins are able to form virus-
like particles [87–90]. At the same time, additional
factors contributing to the change in membrane cur-
vature play role in this mechanism of the viral bud-
ding. For example, it has been shown that a palmitoy-
lation of the HA of the influenza A virus, that pro-
motes the formation of the correct curvature of the
viral particle, enhances the adsorption of protein M1
at the lipid membrane and facilitates the formation of
virus-like particles [91].

For some enveloped viruses it was shown that their
membrane is more resistant to detergents than the cell
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plasma membrane [92–96], as it has a raft structure
[97]. The presence of lipid rafts in the viral membrane
provides another mechanism of vesicle formation and
budding: by increasing the linear tension of the raft
boundary with their following release from the mem-
brane surface [98]. However, the mechanism of this
process has not yet been demonstrated for any envel-
oped virus. It is supposed that lipid domains can be
formed by condensation of negatively charged lipids
with fully saturated hydrocarbon chains on the inner
monolayer of the plasma membrane, followed by the
formation of a sphingomyelin-enriched lipid domain
on the outer part of the membrane [99].

Enveloped viruses of different families have differ-
ent pathways in the cell and differ in the primary
sequence of structural proteins, but nevertheless use a
number of common physico-chemical mechanisms at
different stages of cell infection. The evolutional simi-
larity of the matrix and capsid proteins of different
enveloped viruses, as well as the common elements in
their tertiary structure, also indicate possible general
mechanisms of the capsid self-assembly and disinte-
gration. Viral fusion proteins are able to create a small
fusion pore; however, blocking the dissociation of the
protein envelope prevents the release of the viral
genome into the cell cytoplasm [13, 41]. It is still
unclear whether matrix and capsid proteins are active
participants in the expansion of the fusion pore or
whether they only dissociate from the lipid envelope of
the virion. The multifunctionality of viral proteins
indicates that matrix proteins can also perform several
functions. The effect of these proteins on the cellular
transport of viral genetic material has been determined
[100–102], but no effect on the release of the viral
genome has been demonstrated.

These proteins must also self-assemble to form a
viral particle and release it from the infected cell. The
formation and budding of the viral particle require
extensive topological rearrangements of the cell mem-
branes. This leads to the question of how and which
viral proteins can do this. The focus is on matrix pro-
teins, since their amount is the highest for enveloped
virus proteins, and they are the ones that establish and
support the viral architecture. Therefore, in the pro-
cess of self-organization, capsid proteins should pro-
vide deformations of cell membranes and conditions
for the budding or release of virions. Limitations of
membrane structure modification strategies imply
general functional mechanisms that can be described
within the framework of physico-chemical models,
but this area is currently less well developed than the
issues of virus-induced membrane fusion.

CORONAVIRUSES: A NEW CHALLENGE 
FOR PHYSICO-CHEMICAL MODELS

Coronaviruses have attracted a great attention as
triggers of outbreaks of human respiratory syndromes
such as severe acute respiratory syndrome (SARS),
EMBRANE AND CELL BIOLOGY  Vol. 16  No. 4  2022
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Middle East respiratory syndrome (MERS) and new
coronavirus infection (COVID-19). These respiratory
diseases have arisen from zoonotic transmission from
animals to humans, resulting in virus strains that have
not been previously circulated in the human popula-
tion. The SARS-CoV-2 coronavirus, the causative
agent of COVID-19, has shown rapid global spread
and has led to a pandemic.

Coronaviruses, like the viruses discussed above,
belong to the class of enveloped viruses. The coronavi-
rus genome contains four main structural proteins:
spike (S), membrane protein (M), envelope protein
(E), and nucleocapsid protein (N), which are coded at
the 3'-end of the genome [103]. The S protein medi-
ates the viral binding to the surface receptors of the
host cell, which leads to the fusion and subsequent
entry of the virus. The M protein is the most repre-
sented and determines the shape of the viral envelope.
The E protein has the lowest amount of the major
structural proteins and is involved in viral assembly
and budding. The N protein is the only one that binds
to the RNA genome and also participates in the
assembly and budding. It should be noted that, com-
pared to other enveloped viruses, almost all structural
proteins of coronaviruses have transmembrane
domains.

Despite their complexity and range of functions
[104, 105], structural proteins of coronaviruses cover
only about one-third of the genome’s coding part. A
larger site of the genome, about two-thirds, located at
the 5'-end and codes two long open reading frames 1a
and 1b of the viral nonstructural proteins. Each
sequence is primarily translated as a polyprotein pre-
cursor, pp1a and pp1ab. Polyproteins include several
viral proteases that transform pp1a and pp1ab into
16 nonstructural proteins (nsp 1–16) needed at differ-
ent stages of the viral replication cycle. These proteins
are the most conservative proteins of coronaviruses
[103]. Many nonstructural proteins interact with
membranes as coronavirus replication occurs in dedi-
cated cellular compartments. These are created by
viral proteins that modify cell membranes to create
sites of viral replication hidden from cell innate immu-
nity [106]. The combination of multiple membrane
interacting factors makes coronaviruses one of the
most complex models.

Replication of RNA viruses with positive RNA
chain, as well as DNA viruses in plant and animal cells
causes the formation of a subcellular microenviron-
ment—a replication network—viral factories, or viro-
plasma [107]. Although the purpose of such mem-
brane formations in the viral life cycle is not entirely
known, it is assumed to facilitate the stage of the viral
RNA synthesis [108, 109]. The formation of such
“mini-organelles” requires a deformation of the host
cell membranes and cytoskeleton, causing a cyto-
pathic effect, that has been used as a marker of viral
infection to test the potential efficacy of drugs [110].
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All positive-chain RNA viruses (+RNA viruses) that
infect eukaryotic cells are supposed to form mem-
brane-bound organelles [111]. One of the most com-
mon membrane modifications induced by +RNA
viruses is the formation of double membranes, two
closely spaced lipid bilayers that give a structure for
double-membrane vesicles [108]. The widespread of
such structures in the replication of +RNA viruses
suggests that this is an effective strategy to produce
new virions, and that membrane pairing can enhance
the competitiveness of these viruses.

The coronavirus family has a highly complex repli-
cation membrane network that originates from the
endoplasmic reticulum [106], in a similar manner to
the Dengue virus [112] and reovirus [113]. Its structure
includes many curved membranes and double-mem-
brane vesicles. All of them are interconnected in a
continual network with each other and with the endo-
plasmic reticulum by lipid nanotubes [114]. This
restructuring of host cell membranes is considered to
be a viral strategy for replication by localizing and con-
centrating the essential factors and providing protec-
tion against the immune response [115]. This hypoth-
esis is proved by the fact that the total level of viral
RNA correlates with the number of double-membrane
vesicles in the cell [106, 116, 117]. However, there are
data that do not confirm the relationship between
double-membrane vesicles in the endoplasmic reticu-
lum and viral RNA synthesis in the infected cell [118].
It has been shown that mutations in the viral nonstruc-
tural proteins, which prevent them from forming dou-
ble-membrane vesicles, do not lead to a complete ces-
sation of the viral RNA synthesis. However, in this
case the viral replication rate drops considerably.

The mechanism of double-membrane vesicle for-
mation is still unclear. An analysis of the physico-
chemical mechanisms of the formation of the double-
membrane vesicle from a double-membrane disk is
performed in [119]. In this work, the bending energies
of the membranes of the double-membrane vesicle
and the double-membrane disk are calculated and
compared within the framework of the Helfrich elas-
ticity theory [120]. The bending energy of the spherical
double-membrane vesicle is independent of its radius,
while the bending energy of the double-membrane
disk increases linearly as the disk radius increases. At
some disc radius, these two energies are compared,
and the double-membrane disc can transform into the
double-membrane vesicle. This work has not consid-
ered the processes of the double-membrane disk for-
mation from a f lat membrane or the formation of the
double-membrane vesicle from the double-mem-
brane spherical segment. Also, the shape of the mem-
branes is postulated rather than found by elastic energy
optimization, and the proteins involved have not been
described.

Thus, it is still an open question whether viral rep-
licases are capable to induce membrane curvature on
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the target organelle. This implies that these proteins
must be capable of generating lattice-like structures.
Also, they should have lipid specificity since there is
no information on other types of specific targeting of
these replicases in the endoplasmic reticulum. In hep-
atitis C, which also forms membrane replication com-
partments from the endoplasmic reticulum, the NS5A
protein stimulates phosphatidylinositol-4-kinase-III
activity. This facilitates phosphatidylinositol-4-phos-
phate production on the cytoplasmic side of the endo-
plasmic reticulum and hypothetically facilitates RNA
polymerase accumulation [121]. It has been shown
that enrichment with phosphatidylinositol-4-phos-
phate is important for the replication of enterovirus
and flavivirus RNA.

The fact that the nonstructural proteins of corona-
viruses can form scaffolds that contribute to cell mem-
brane deformations makes them similar to the matrix
proteins of other enveloped viruses. This suggests the
possibility of common mechanisms of protein–lipid
and protein–protein interactions. Such double-mem-
brane structures are not found in uninfected cells
(except for autophagosomes), indicating that sponta-
neous “shrinkage” of the endoplasmic reticulum can-
not be the driving force of the formation of double-
membrane structures. Understanding this formation
mechanism is critically important for clarifying the
principles of organization of the viral replication com-
partments.

Another proposed mechanism of double-mem-
brane vesicle formation involves cellular autophagy
[122, 123]. It is assumed that the DFCP1 protein
(double protein 1 containing the FYVE domain) binds
phosphatidylinositol phosphate, thus forming curved
regions of the endoplasmic reticulum called omegas-
omes [124]. Based on the data obtained by some coro-
naviruses, it has been suggested that their nsp 6 pro-
teins generate autophagosomes [125].

The envelope E proteins of coronavirus play multi-
ple roles during infection, including viral morphogen-
esis. They are small (74–109 amino acids) hydropho-
bic viroporins [126]. E proteins consist of two separate
structural domains: a hydrophobic domain longer
than the thickness of the lipid bilayer and a charged
cytoplasmic tail. The role of E proteins in assembly
and release is not completely understood. The neces-
sity for them during virus morphogenesis depends on
the viral type. Removal of E proteins from transmissi-
ble gastroenteritis virus (TGEV) leads to replication of
competent but proliferation-deficient viruses [127], as
in the case of MERS virus [128]. SARS-CoV demon-
strated a 200-fold reduction in virus release in the
absence of E protein, which depended on the cell type
used for infection [129]. Hence, although the mem-
brane-active proteins of coronaviruses, such as nsp 3,
4, and 6 and E protein, are highly conservative and
critical for viral replication, the mechanisms of their
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
functioning and interaction with cell membranes and
with each other are still unclear.

The S protein is a glycosylated type I membrane
fusion protein that consists of two subunits, S1 and S2.
The N-terminal S1 subunit contains a receptor-bind-
ing domain (RBD) that mediates binding to the host
cell receptor, namely angiotensin converting enzyme 2
(ACE2), for both SARS-CoV and SARS-CoV-2
[130, 131]. Biophysical structural and functional stud-
ies of the S protein fusion peptide of SARS-CoV-2
viruses [132], SARS [133], and MERS [134] provided
important insights into the functional significance of
specific domains of the fusion peptide, such as the
large number of conserved amino acid residues in two
consecutive fusion peptide fragments named FP1 and
FP2 (residues 816–835 and 835–854, respectively, in
SARS-CoV-2). These studies showed that collectively
the F1 and F2 fragments form a platform of bilateral
interactions between membranes, and the amino acid
residues in both FP1 and FP2 contribute to membrane

binding through their interaction with Ca2+ ions.

These data on the functional role of Ca2+ are sup-
ported by the results obtained for fusion peptides from
other related viruses, such as MERS [134] and Ebola
virus [135]. In fact, in the MERS virus fusion peptide,
one of these amino acid residues, E891 in the N-ter-
minal (FP1) part (corresponding to E819 in the
SARS-CoV-2 fusion peptide numeration), is proved to

be crucial for interactions with Ca2+ and providing
fusion-related cell membrane deformations [136]. In
addition, it is shown that disruption of the lipid bilayer

by Ca2+-dependent interactions of the fusion peptide
with the membrane affects the organization of the
lipid polar groups at the interaction site, but not the
central hydrophobic region of the membrane [136].

Nevertheless, the Ca2+ binding sites with the fusion
peptide and their role in any specific (but unknown)
modes of interaction of the fusion peptide with the
membrane remain uncertain. This makes difficult to
explain any measurable effects of viral interactions
with the membrane and, therefore, any approaches for
decreasing infectivity by targeting this important
region of the S protein.

As mentioned above, different activation mecha-
nisms of fusion proteins and the depth of the fusion
peptide incorporation into the lipid matrix of cell
membranes regulate the cooperative action of fusion
proteins through deformations of the target cell lipid
bilayer rather than through direct protein–protein
interactions [62]. A molecular model of the action of
influenza A virus and human immunodeficiency virus
fusion peptides makes it possible to clarify the role of
receptor structure in the cooperativity of the virus
fusion proteins. The fact that the initial stages of
SARS-CoV-2 coronavirus entry are close to those of
HIV (binding to the receptor on the cell surface fol-
lowed by fusion with the plasma membrane), and the
SARS-CoV-2 protein, as the HIV gp41/gp120 protein,
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refers to type I fusion proteins, suggests that the
assumptions of this model are valid for describing the
function of the fusion peptide and S protein of
the coronavirus.

CONCLUSIONS

The life cycle of all enveloped viruses is a complex
multistage process that begins with virus entry into the
cell and ends with the release of newly formed virions
from its membrane. It involves a precisely determined
interaction between the components of the virus and
the cell. Disruption of any stage of the virion life cycle
prevents the formation of infectiously competent viri-
ons and limits the spread of infection.

A key feature of enveloped viruses is the presence of
not only the protein shell that protects the viral
genome, but also the lipid membrane, which interacts
with it and contains the main structural proteins of the
virion. Therefore, protein–lipid interactions play one
of the defining roles in the processes of viral infection,
replication, and release of new viral particles. Such
interactions in most cases do not involve the formation
of covalent chemical bonds, but are based on electro-
static, hydrophobic, and Van der Waals interactions.
Hence, various physico-chemical mechanisms play an
important role in the processes of cell infection by
enveloped viruses.

Despite the common nature of the described pro-
cesses for most enveloped viruses, there are still many
open questions about the molecular mechanisms of
certain stages, about the forces that determine the
functioning and interaction of the various viral com-
ponents and the infected cell. It is obvious that the
search for new effective antiviral drugs should be based
on the fundamental mechanisms regulating the func-
tioning of viral proteins and determining various stages
of viral infection in the cell. Models of physico-chem-
ical mechanisms of viral fusion processes, formation
of progeny virions, as well as new challenges related to
the replication features of coronaviruses can become
the basis for such search. The creation and analysis of
such models, initiated by Yu.A. Chizmadzhev and his
colleagues in the 1980s, has been successfully devel-
oped to this day thanks to his unique scientific school.
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