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The emergence of SARS-CoV-2 caused an urgent need to investigate the molecular mechanisms of its 
reproduction. However, the detailed step-by-step mechanism of SARS-CoV-2 virion assembly has not been 
described yet. In the present review the data on the role  of structural proteins in  the efficient assembly of 
betacoronavirus particles are analyzed.
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B etacoronavirus is one of four known gene­
ra of the subfamily of Orthocoronavirinae, 
family of Coronaviridae, order of Nidovi-

rales. These are small enveloped RNA viruses, the 
diameter of which usually does not exceed 100 nm. 
Members of the genus Betacoronavirus contain a 
positive single-stranded RNA, which consists of an 
average of 30 kb. Betacoronaviruses are of zoonotic 
origin and some of them can infect humans. The 
most dangerous member of the genus Betacorona-
virus is the severe acute respiratory syndrome coro­
navirus 2 (SARS-CoV-2), which appeared in 2019 
and caused a global pandemic of COVID-19. During 
several years of active study of this betacoronavirus, 
the main efforts of scientists were directed mainly 
to the study of peculiarities of its penetration into 
the host cell, in particular, the peculiarities of the 
interaction of the spike protein with a specific hu­
man receptor called angiotensin-converting enzyme 
2 (ACE2) [1].

Along with the mentioned aspect, a clear under­
standing of the mechanisms of assembly of mature 
virions is crucial for finding alternative ways to fight 
off betacoronaviruses. Experimental works devoted 
to this topic contain mostly fragmentary, sometimes 
contradictory data and purely hypothetical conclu­
sions. Therefore, generalization and systematization 

of existing information on the mechanisms of assem­
bly of betacoronavirus virions is an urgent problem 
today.

It is clearly that various members of the genus 
Betacoronavirus can be characterized by individual 
peculiarities of self-reproduction. However, it is 
worth mentioning that the currently most studied 
SARS-CoV-2 has an extremely high level of genomic 
similarity with other betacoronaviruses: it is 70% 
identical to the Middle East respiratory syndrome 
virus MERS-CoV [2], and this reaches 83% in the 
case of SARS- CoV-1 [3]. Comparisons of purely 
structural proteins show up to 50% and 85% simi­
larity of SARS-CoV-2 with MERS-CoV and SARS-
CoV-1, respectively [4-5]. It is interesting that one of 
the most studied members of the genus Betacorona-
virus, the murine hepatitis virus (MHV), turned out 
to be quite similar to SARS-CoV-2 [6]. Therefore, 
given this high similarity, it is quite possible to ex­
trapolate the basic principles of functioning of one 
type of betacoronavirus to other members of this ge­
nus. The presented work contains information about 
the effect of structural N, E, M and S proteins on 
the most studied final phases of viral reproduction, 
the result of which is assembly of new SARS-CoV-1, 
SARS-CoV-2 and MHV virions.
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I. RNA replication site of betacoronaviruses

A number of studies [5, 7, 8] showed that the 
intermediate “double-stranded” step in the synthesis 
of betacoronavirus RNA occurs directly in double-
membrane vesicles (DMV). These structures are 
formed on the nuclear periphery and are modified 
membranes of the host cell separated from other 
organelles, although the possibility of their connec­
tion with the endoplasmic reticulum is not rejected 
[9, 10]. Single membrane vesicles and convoluted 
membranes are also considered alternative sites for 
the synthesis of viral RNA, however, despite the 
presence of these organelles in the studied cells, no 
signs of replication were found in them. Thus, DMV 
is currently the only established site of synthesis of 
full-length RNA and fragments of subgenomic RNA 
of coronaviruses in the host cell [8].

There have been attempts to create a unified 
model of coronavirus reproduction [10, 11]; howev­
er, obtained modern data do not allow establishing 
a detailed mechanism of DMV formation. The re­
sults of SARS-CoV-1 studies carried out in 2013 [12] 
showed that the leading role in the induction of these 
organelles is played by non-structural proteins 3, 4 
and 6: the non-structural protein 3 is the “switch” of 
induction, while proteins 4 and 6 function as regula­
tors of this process. However, the vesicles produced 
under transfection conditions, although being struc­
turally similar to their counterparts in infected cells, 
were characterized by significantly smaller sizes. 
According to the authors [12], such a result indicates 
that DMV formation is affected by a significant num­
ber of factors including auxiliary proteins and the 
presence of RNA. Similar conclusions about the ef­
fect of non-specific proteins were also proposed in a 
research paper [13] based on the results of the study 
on murine hepatitis virus. It is interesting that the 
authors indicated the existence of a certain structural 
variability of double-membrane vesicles induced by 
murine hepatitis virus and the discrete nature of 
RNA synthesis occurring in them. The described 
phenomena may be the result of different durations 
of coronavirus adaptations to a specific host cell.

The most studied DMVs in which viral RNA 
synthesis occurs are SARS-CoV-2 vesicles. These 
organelles are the result of modification of cell mem­
branes: the layers of such structures are separated by 
18 nm. The diameter of the inner membrane reaches 
340 nm, which on average is similar to the size of the 
vesicle membranes in SARS-CoV-1 [14]. In [15] it 
was shown that the auxiliary protein Orf3a has a sig­

nificant effect on increasing the number of double-
membrane organelles for SARS-CoV-2 replication.

The peculiarities of the location for viral RNA 
synthesis (in a double-membrane vesicle, which, 
in turn, is surrounded by tortuous structures) can 
be probably an evolutionarily acquired adaptation 
aimed at avoiding the recognition of the coronavirus 
by the host’s immune system [8, 10, 12].

II. Viral RNA release from 
double-membrane vesicles

Newly synthesized RNA is released from the 
inner DMV membrane and forms a complex with 
nucleocapsid (N) protein in the cytosol. This mech­
anism of RNA transport from double-membrane 
vesicles is practically the same for MHV and SARS-
CoV-2 betacoronaviruses. In the paper [7], the au­
thors indicate that DMVs contain specific pores 
with a diameter of up to 3 nm located between two 
membranes, which with a high probability ensure 
the release of mRNA into the cytoplasm for further 
translation. It is important to note that the number 
of such structures in DMV formed during MHV in­
fection significantly exceeds that for SARS-CoV-2: 
the extrapolated average values were 8 and 0.5 pores 
per one vesicle, respectively. Obviously, such a small 
number of DMV “portals” in SARS-CoV-2 may in­
dicate the presence of yet unknown alternative ways 
of RNA transport.

DMV pore structures formed by MHV are 
known to have a hexagonal symmetrical shape and 
in their cytoplasmic part consists mainly of non-
structural protein 3. The rest of the pore is probably 
built by non-structural proteins 4 and 6 with trans­
membrane domains in the structure, which are the 
probable key to the induction of the same double-
membrane vesicles [12]. As it is assumed, it is the 
non-structural protein 3 that directs the synthesized 
viral RNA to the pore structure through an unknown 
mechanism during infection with both MHV and 
SARS-CoV-2 [11, 13].

III. The role of nucleocapsid (N) protein 
in betacoronavirus RNA packaging 

As is known, the structural N protein of coro­
naviruses is associated with genomic viral RNA 
and another structural M protein, which probably 
controls the processes of RNA packing and genome 
encapsulation [16]. The structure of N protein is 
provided in Fig. 1. In SARS-CoV-2, it is a cytosolic 
protein with a weight of 46 kDa consisting of 419 
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amino acids, which is approximately 85% identical 
to the general structure of the N-protein of SARS-
CoV-1 [17, 5].

The N protein can be divided into five domains: 
an N-terminal, an intrinsically disordered region that 
probably contacts with the RNA packing signal, an 
RNA-binding domain that accompanies RNA, which 
was released from vesicles into the cytosol, and a 
disordered linker region, which is rich in arginine 
and serine, a dimerization domain and a disordered 
carboxylated C-terminal region, which is involved 
in the interaction of N and M proteins [16, 18]. The 
paper [19] suggests that all 5 mentioned domains are 
suitable for binding to RNA and forming a nucle­
ocapsid. Taking into account the parallel contribu­
tion of the dimerization domain to the formation of 
specific stoichiometric domains, it is possible to pre­
dict the process of RNA-independent oligomeriza­
tion of a higher order [20].

In the paper [16], the N-terminal domain is 
considered to be the location that ensures the forma­
tion of a complex of N protein with SARS-CoV-2 
RNA, since it is characterized by a high affinity for 
binding to the viral RNA. Previous studies of the 
SARS-CoV-1 nucleocapsid protein also concluded 
that the N-region is necessary for RNA packaging 
[21].

The studies of the assembly processes of 
virions of murine hepatitis virus show that N protein 
is localized near the exit from the pore, i.e. the RNA 
transported through the channel from the double-
membrane vesicle can, with a high probability, bind 

to N protein [22]. Given a high level of structural 
similarity, the formation of the “RNA-N protein” 
complex was also considered for SARS-CoV-2 at 
the first stages of its study, according to the same 
scheme. However, quite soon a question arose for 
this betacoronavirus about the possibility of forming 
such a complex not only with full-length RNA, 
which contains 30 kb, but also with subgenomic var­
iants, which, according to [13], compose the majority 
of newly synthesized RNAs.

The formation of the RNA-N protein complex 
in SARS-CoV-1 and MHV betacoronaviruses is pre­
ceded by special packing of the newly synthesized 
ribonucleic acid molecule. The study [17] established 
the presence of a signal region of MHV genomic 
RNA, which “switches on” the process of its packa­
ging: it is a substructure of 69 nucleotides, which 
is part of a 190-nucleotide segment located approxi­
mately 20 kb away below the 5′-terminus of the 
genome. It is obvious that a similar packing step is 
inherent in the similar complex formation of SARS-
CoV-2. The study [23] proposed the following model 
of packing initiation for this betacoronavirus: N pro­
tein undergoes “liquid-liquid” phase separation with 
the viral genome. At the same time, the nucleocap­
sid protein condenses with specific RNA sequences 
in the first 100 nucleotides of the 5′-terminus. The 
formed protein condensates exclude unpackaged 
RNA sequences from the composition. Thus, the 
authors hypothetically propose the aforementioned 
process of “liquid-liquid” phase separation (LLPS) 
as a signal for SARS-CoV-2 RNA packaging.

Fig. 1. Structural and topological scheme of N protein
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The necessity of the presence of nucleocap­
sid protein for the complete assembly of virions is 
not a definitively established fact. For example, in 
MHV, one cellular mRNA can be incorporated into 
a viral particle by interacting with the structural M 
protein, i.e., the presence of N protein is not neces­
sary for virion formation for this betacoronavirus 
(unlike SARS-CoV-1) [24]. However, the probability 
of “RNA-N protein” complex formation for SARS-
CoV-2 is considered very low, although this mecha­
nism also needs experimental verification with un­
equivocal results.

The questions regarding the processes accom­
panying nucleocapsid penetration into the coro­
navirus cavity still remain largely open. The first 
electron microscopic studies of coronaviruses [25] 
showed the presence of single-chain ribonucleopro­
teins (RNPs) with a diameter of up to 15 nm in the 
“RNA-N protein” complex. Much later, electron cry­
omicroscopy [26] allowed detecting a lattice-like or­
ganization of clusters of viral RNPs in SARS-CoV-1, 
and even the distances between individual molecules 
(4-5 nm) were found. However, similar studies on 
MHV did not show the presence of such RNP lat­
tices [27]. According to recent works [28, 29], the 
structure of the “RNA-N protein” complex for 
SARS-CoV-2 is proposed to be considered as a set 
of so-called sub-complexes of about 12 N proteins 
(their exact number is not established), which con­
sist of about 800 nucleotides forming a RNP. The 
row of such structures is located along a sufficiently 
long RNA and resembles a necklace on a thread. In 
contrast to the number of N proteins, the number of 
RNPs was established quite clearly: 30-35 per virion 
[28, 30]. The further process consists in the self-as­
sembly of N protein with the formation of a tetramer, 
and then, the oligomerization of this protein in the 
presence of RNA [31].

Many works [16, 18, 19] affirm that several 
domains are involved in the processes of N protein 
condensation from viral RNA, however, only the 
central (linker) region has a special affinity. The 
same domain with the regulatory participation of 
the N-terminus is responsible for its phase separa­
tion from the coronavirus RNA from a liquid to a 
gel-like condensate [32], although, the condensate is 
not thickened with excessive phosphorylation of the 
N-domain (observed during cell infection) [16].

The later step is characterized by an interaction 
of the N protein complex with a RNA with the struc­
tural membrane M protein [18]. In SARS-CoV-1, 

such contact occurs directly between N- and M-pro­
teins, probably through their carboxylated terminal 
ends [21, 33]. The specifics of this process for SARS-
CoV-2 have not yet been described.

IV. Functions of M protein in the 
processes of virion assembly 

The transmembrane M glycoprotein as well 
as N protein is a structural protein of betacoronavi­
ruses, which, while interacting with itself and with 
other viral structural proteins, performs leading 
functions in the mechanisms of virion assembly. 
The M protein is formed by 222 amino acids with a 
total weight of 25 kDa. The spatial structure of the 
molecule looks like a triple helix [18, 34], has three 
transmembrane domains with a long C-terminus 
(located in the cytoplasm) and a short N-terminus 
(located outside the virion) [35] (Fig. 2).

Results of cryo-electron microscopy allowed 
describing two conformations of the membrane 
structural protein for MHV and SARS-CoV-1 
viruses: compact (in the form of a conventional el­
lipse) and so-called “long” (2 nm longer than the el­
lipsoid. At the same time, the authors [36] consider 
that the compact form is responsible for the general 
regulation of membrane curvature, while the func­
tion of the elongated one is mainly associated with 
the rigidity and fine regulation of membrane curva­
ture. Since the “long” conformation has an endodo­
main end, it is obviously involved in the formation 
of the M-N protein complex. Similar conformations 
of M protein are quite likely for SARS-CoV-2, given 
its 90% similarity to SARS-CoV-1 [37].

The so-called “M-M” complex (the product of 
M protein binding to itself) is a necessary condition 
for the processes of virion assembly. The mechanism 
of such interaction is best studied for mouse hepatitis 
virus [38-40]. Use of numerous mutated variants of 
M protein showed [41] that these proteins are able 
to selectively exclude “foreign” proteins from the 
membrane in the process of a complex mechanism 
of interaction. As a result, a special structure with 
a clear pattern formed by 1-4 M-proteins is formed 
on the viral envelope. The main function of the C-
terminus of an M-protein molecule is to ensure the 
lateral M-M interaction [41].

The M-M complex in SARS-CoV-1 is formed 
as a result of the interaction of the cytosolic domain 
of M-protein with its dimers [36]. The studies [42] 
show that, unlike MHV, the more important role 
in the formation of virions in SARS-CoV-1 is not 
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Fig. 2. Structural and topological scheme of M protein

played by the transmembrane domains but rather 
by the carboxylated C-terminus of the molecule: 
the authors alternately deleted different domains of 
M-protein and observed the release of vesicles in 
the presence of only a C-segment. Earlier studies 
[33, 36] showed that the interaction of the ends of 
this protein in SARS-CoV-1 occurred by electrostat­
ic way, since their carboxyl groups were hydrophilic 
and had a charge. As a result of this mechanism, the 
virion also includes a nucleocapsid, i.e., a complex 
of N protein with RNA. A similar functional advan­
tage of the C-terminus over the transmembrane seg­
ments of the protein molecule was observed in the 
assembly of SARS-CoV-2 virions [43]. The purpose 
of M protein binding to the nucleocapsid complex 
for this coronavirus is considered in [44]: the authors 
assume that this complex is a certain stabilizer of the 
C-terminus, which, in turn, ensures an increase in 
the number of formed virions.

It is worth noting that the localization of M pro­
tein at each step of this process is also important for 
the assembly and separation of virions. The assem­
bly of coronavirus virions is known to occur in a gap 
between the Golgi apparatus and the endoplasmic 
reticulum. A number of works [39, 45] showed the 
presence of M protein in the Golgi apparatus, the 
accumulation of these molecules and their modifica­
tions. This protein was also found in vesicles located 
along the secretory pathway. For SARS-CoV-2 and 

MHV, the ability of M-protein clustering followed by 
its interaction with its own modified (glycosylated) 
form has been proven. The authors see the reasons 
for this recycling of M protein into the Golgi appa­
ratus for binding to other structural proteins in the 
still unknown functions of the N-terminus domain 
of the molecule.

V. Involvement of E-protein in the 
assembly of betacoronavirus virions

The envelope (E) protein of coronaviruses is a 
relatively small protein of the transmembrane type 
with a weight of 8-12 kDa, which contains 75 ami­
no acids. An E-protein molecule has the following 
structure: a transmembrane (hydrophobic) domain 
formed of 25 amino acids, a luminal N-terminus of 
7-12 amino acids, and a hydrophilic carboxyl C-ter­
minus [18, 46]. Spatially, E protein is oriented with 
its long C-terminus to the cytoplasm, and its short 
N-terminus to the intermediate compartment of the 
edoplasmic reticulum and the Golgi apparatus (ER­
GIC) (Fig. 3).

The study [47] of the E-protein of SARS-CoV-1 
using immunofluorescence microscopy showed that 
its terminuses in the secondary structure of the mole­
cule form a so-called beta-hairpin - a location, the 
secondary structure of which looks like two threads 
combined with amino acids oriented in antiparallel 
directions. The authors suggest that this structure is 

I. Zaloilo, О. Zaloilo, Y. Rud, L. Buchatskyi
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in some way responsible for the spatial orientation of 
E-protein relative to the Golgi apparatus. The loca­
tion of this structural protein of SARS-CoV-2 and 
MHV in the Golgi apparatus was observed in the 
medial and cis-cisterns [48], which does not contra­
dict the proposed concept. The work [49] showed the 
possibility of separate expression of E-protein with 
a labeled carboxyl terminus for SARS-CoV-2. The 
authors [50] affirm that such autonomy may endan­
ger the natural arrangement of the entire molecule, 
because it is known that the envelope (E) protein 
interacts both with other structural proteins of beta­
coronaviruses and with host proteins [46, 51]. The 
question of the structural and functional features 
of post-translational modifications of E protein, in 
particular, and the effect of such transformations on 
virion assembly remains open [51].

The viral E-protein is a viroporin: it oligomerizes 
subsequently forming an ion channel, through which 
virions are released [46, 52]. The question of the 
specificity of such a portal to certain cations and the 
peculiarities of virion release as a result of the for­
mation of an ion flow through the channel remains 
controversial [53, 54]. Thus, a study of the trans­
membrane domain of the E-protein of MHV showed 
that virion release can cause not only the actual flow 
of ions through the pore, but also can cause medi­
ated membrane cleavage [55]. It is worth noting that, 
for SARS-CoV-2, the location of the transmembrane 
domain, which is directly involved in the formation 
of the ion channel, has not been established yet.

Fig. 3. Structural and topological scheme of E protein

The leading role in the formation of vesicles, 
inside which the SARS-CoV-1 and SARS-CoV-2 vi­
ral protein is contained, definitely belongs to E and 
M proteins [56]. For SARS-CoV-2, as it was recently 
shown, the deletion of the carboxyl terminus of E- 
and M-proteins inhibits their potential for interac­
tion, while the attachment of ubiquitin monomers to 
the amino groups of the N-terminus of M protein, 
on the contrary, is a stabilizing factor for similar in­
terprotein interactions [43]. The authors of this work 
also recognize an indirect effect of the consequences 
of M-E protein interactions on the release of vesicles. 
In the work [50], these factors are explained by the 
possible actions of E-protein in membrane rupture 
and steps of the virion assembly mechanism with 
the involvement of membrane structural protein. The 
versatility of M-E protein interaction in coronavi­
ruses was clearly illustrated in the work [57]: the E 
proteins of SARS-CoV-1 and even the avian infec­
tious bronchitis virus demonstrated a high ability to 
interact with the M protein of MHV.

The E protein interacts with nucleocapsid N 
protein through the carboxylated terminus. The 
functional role of such contacts has not been estab­
lished yet, although there is an assumption that the 
inclusion of ribonucleoproteins is enhanced as a re­
sult of the E-N interaction [48]. Despite numerous 
gaps in the current understanding of the effect of E 
protein on virion assembly and release, the impor­
tance of its role in the mentioned processes is beyond 
doubt.
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VI. S-protein in the assembly mechanisms 
of betacoronavirus virions

The spike S-protein of coronaviruses plays a 
major role in the process of virus penetration into 
the host cell. The structural and functional features 
of this structural protein have been studied in depth, 
including for SARS-CoV-2 and its mutated forms, 
since it is the S-protein that can be an effective target 
for targeted vaccines [58, 59]. It is a transmembrane 
glycoprotein assembled in the form of a trimer di­
rectly on the viral membrane. The structure of S-
protein is represented by two subunits: S1 and S2 
(Fig. 4). S1 contains the N-terminus and the recep­
tor-binding domain (RBD), which directly interacts 
with the ACE2 receptor of the host cell for further 
entry of the virion into it. The S2 subunit contains a 
transmembrane domain and the C-terminus, which 
plays a major role in membrane fusion [60].

The functional spectrum of S protein is quite 
broad and is not the subject of this review. Despite 
its absolute importance for viral reproduction, only 
isolated facts of the indirect effect of this protein 
on virion assembly have been described so far. For 
example, the work [44] mentions that E-protein 
causes retention of glycoproteins (including the 
structural S-protein) inside the cell by slowing down 
the secretory pathway of it. The authors hypothesize 
that such a forced concentration of the spike protein 
in the intermediate compartment may indicate a 

certain importance of this protein for virion assem­
bly, but no direct confirmation of this was obtained. 
There is also no information on the interaction of E 
and S proteins. In general, taking into account the 
results of numerous studies in recent years, it is pos­
sible to assume the effect of S-protein on the general 
kinetics of coronavirus assembly or on the stability 
of the processes of its budding on the cell membrane, 
but not on the direct participation of this protein in 
virion separation or in membrane bending.

Summarizing the review of the effect of struc­
tural proteins on virion assembly, it is worth noting 
that the set of necessary proteins varies depending on 
the betacoronavirus type. For example, the presence 
of N, E and M proteins is mandatory for the stable 
production of virus-like particles of SARS-CoV-1 
and SARS-CoV-2, [42, 61]: N and M participate in 
the formation of vesicles, while E protein affects an 
increase in the number of virions and ensures their 
release into the intercellular space (confirmed for 
SARS-CoV-1) [62]. However, earlier studies of virus-
like particles obtained by recombinant expression of 
the main structural proteins showed a dependence 
only on M and E proteins during assembly after in­
fection of insect cells [63]. As for the MHV virus, 
the effect of only M and E proteins on virion assem­
bly was also confirmed [64].

Studies of the minimal set of structural proteins 
for SARS-CoV-2 assembly are still ongoing. The 

Fig. 4. Scheme of the structure and spatial arrangement of S protein
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currently described are fragmentary and sometimes 
show open contradictions. For example, the work 
[61] showed that the condition for the formation of 
vesicles is the presence of a pair of M and E proteins. 
At the same time, the results obtained in the study 
[56] indicate that, in addition to E and M proteins, 
S protein is also required for the production of fully 
functional virions.

VII. Participation of betacoronavirus 
structural proteins in ERGIC 
membrane bending

The presence of main structural proteins in the 
sites of betacoronavirus virion assembly suggests 
their effect on the change in membrane curvature in 
the process of virion formation. The E-protein is lo­
cated in the ERGIC compartment, where virus-like 
particles are assembled. Studies of this MHV pro­
tein showed its ability to form tube-like structures, 
which may well cause bending of the intermediate 
compartment membrane [47]. The dynamic model 
of the E-protein of SARS-CoV-2 also predicts the 
participation of its amphipathic helices of the car­
boxylated C-terminus in the change of membrane 
curvature [65].

The possible participation of M protein in ER­
GIC membrane bending is more indirect: the authors 
[39] believe that interacting with itself, this protein 
makes a purely energetic contribution to the process 
of membrane bending. Thus, it is possible to con­
sider the presence of E and M proteins as one of the 
numerous factors triggering the change in membrane 
curvature.

It is known that during the assembly of SARS-
CoV-1 virions, when M and N proteins interact, a 
switch is made between the ellipsoid and elongated 
conformers of M protein. The authors [36] show that 
only the elongated conformation forms a convex en­
velope rigid enough to significantly affect the mem­
brane curvature. However, this question remains 
open, since the fact of bending as a result of binding 
of the RNA-N protein complex to the terminal do­
main of M protein was not proven, and RNP accu­
mulation can occur under the already curved areas 
of the ERGIC membrane caused by E protein or the 
interaction of E and M proteins.

The presence of the spike protein is not a nece­
ssary condition for virion release into the intercel­
lular space, so the role of this protein in membrane 
bending is unlikely. This concept was confirmed 
experimentally for SARS-CoV-2 [66]: cryo-electron 

tomography in situ did not allow recording ERGIC 
bending in sites where S-proteins accumulated.

Conclusion. The results of the studies presented 
in this review show that different types of betacoro­
naviruses are characterized by individual features 
of virion assembly mechanisms. However, taking 
into account the significant percentage of structural 
and functional similarity of the most studied beta­
coronaviruses such as SARS-CoV-1, SARS-CoV-2 
and MHV, it is possible, with a sufficient degree 
of probability, to extrapolate the proven properties 
of one type of virus to others to obtain a generali­
zed scheme of virion assembly at least for the three 
aforementioned betacoronaviruses.

The synthesis of viral genomic RNA occurs 
inside double-membrane vesicles, while its release 
occurs through membrane pores. RNA release with 
a high probability precedes the creation of its com­
plex with nucleocapsid N-proteins. The resulting 
structure resembles a necklace on a thread, which 
contains 30-35 viral ribonucleoproteins. The existen­
ce of this structure was proven by electron micro­
scopic methods [14], but the ratio of the number of 
N-proteins to individual RNPs remains unknown. 
After the “RNA-N protein” complexes are formed 
in cytosol, liquid phase transitions occur, which are 
probably one of the regulatory mechanisms of RNP 
assembly on membranes of the intermediate ERGIC 
compartment.

According to [44], it is E protein that has the 
ability to create a local concentration of main struc­
tural coronavirus proteins in ERGIC membranes. It 
is believed that release of these glycosylated viral 
proteins from the Golgi apparatus to ERGIC occurs 
synchronously, since their inclusion into the compo­
sition of the forming virion can also take place after 
very short intervals, or even simultaneously. Howe­
ver, the stimulating factors as well as the transport 
mechanism of structural proteins to the intermediate 
compartment remain unknown. Another promising 
direction of studies is establishing the locations of 
structural proteins that participate in their clustering 
in ERGIC.

The next step of virion assembly is numer­
ous interactions of the nucleocapsid (RNA-N pro­
tein) with the membrane structural M-protein. The 
formed complex is part of new virions, which al­
ready contain free E, M, and S proteins [32]. An­
other unique property of the membrane protein is the 
ability of its molecules to interact with each other. 
It is assumed that precisely such interactions cause 
membrane bending, which contributes to the separa­
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Fig. 5. General diagram of the final steps of betacoronavirus virion assembly: 1 – RNA replication in double-
membrane vesicles (DMV). 2 – Translation of subgenomic RNA to locations with structural and auxiliary 
proteins. 3 – Assembly of the “RNA-N protein” complex with other structural proteins (M, E and S) in the 
intermediate compartment between the endoplasmic reticulum and the Golgi apparatus (ERGIC)

I. Zaloilo, О. Zaloilo, Y. Rud, L. Buchatskyi

tion of viral particles inside ERGIC under the par­
allel effect of membrane and nucleocapsid proteins. 
This hypothesis [36] does not contradict the current 
ideas about the betacoronavirus virion assembly, 
has empirical and indirect experimental confirma­
tion, however, without any direct evidences of the 
reality of the mentioned mechanism. There is also 
a question regarding the priority of participation of 
proteins in changing the membrane curvature of the 
intermediate compartment between the endoplas­
mic reticulum and the Golgi apparatus: after all, it is 
known that virions and vesicles can be formed even 
in the complete absence of N-protein, so the critical 
need for E protein to change the ERGIC membrane 
curvature can be overestimated compared to the 
functions of M protein. Further processes associated 
with viral budding obviously occur under the effect 
of membrane structural E protein, the mechanism 
of action of which requires further studies and de­
tailing [46]: it is quite likely that currently unknown 
cellular cofactors can stimulate budding or specific 
lipid inclusions. The scheme describing the steps of 
betacoronavirus virion assembly mentioned in the 
work is shown in Fig. 5.

Thus, despite many years of active research, the 
final steps of the process of betacoronavirus virion 
assembly exist in the understanding of the modern 
scientific community only as a hypothetical general 
scheme supplemented by fragmentary experimen­
tally proven facts. At the same time, the creation of 
clear, holistic ideas about these mechanisms is not 
only interesting from a purely scientific point of 
view, but will be also definitely useful for practical 
purposes, in particular, in the process of creating the 
latest targeted vaccines or other preventive methods 
against coronavirus infections.
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Поява SARS-CoV-2 спричинила нагаль­
ну потребу дослідити молекулярні механізми 
його розмноження. Однак наразі детально­
го покрокового механізму збирання віріону 
SARS-CoV-2 не описано. У представленому 
огляді проаналізовано дані про роль струк­
турних протеїнів у ефективній збірці частинок 
бетакоронавірусу.

К л ю ч о в і  с л о в а: SARS-CoV-2, бета-
коронавірус, структурні протеїни, збирання 
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