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Abstract. This review covers the main features of the severe acquired respiratory syndrome coron-
avirus 2 (SARS-CoV-2) spike protein, its interaction with the main entry receptor, the human an-
giotensin converting enzyme 2 (ACE2), and the subsequent membrane fusion step. The focus is on
the structural organization of these proteins and mechanistic aspects of their interactions that lead
to cytoplasmic release of the viral genome. The most potently neutralizing antibodies against SARS-
CoV-2 were shown to interfere with the spike/ACE2 interaction. I thus also review the location and the
potential impact of mutations in the spike protein observed in the variants of concern that emerged
concomitantly with acquired immunity in the population after one year of virus circulation. Under-
standing how these interactions aVect the spike/ACE2 interactions and the subsequent spike-protein-
induced membrane fusion reaction is important to stay one step ahead of the virus evolution and
develop eYcient countermeasures.

Résumé. Cette revue couvre les principales caractéristiques de la protéine de spicule du coronavirus
2 du syndrome respiratoire acquis sévère (SRAS-CoV-2), son interaction avec le principal récepteur
d’entrée, l’enzyme de conversion de l’angiotensine 2 (ACE2) humaine, et l’étape subséquente de
fusion membranaire. L’accent est mis sur l’organisation structurale de ces protéines et les aspects
mécanistiques de leurs interactions qui conduisent à la libération cytoplasmique du génome viral. Les
anticorps neutralisants les plus puissants contre le SARS-CoV-2 bloquent l’interaction spike / ACE2.
Je passe donc également en revue la localisation et l’impact potentiel des mutations sur le spicule
observées dans les variants préoccupants qui sont apparus en même temps que l’immunité acquise
dans la population après un an de circulation du virus. Comprendre comment ces mutations aVectent
les interactions spicule / ACE2 et la catalyse de la réaction de fusion membranaire est important pour
garder une longueur d’avance sur l’évolution du virus et développer des contre-mesures eYcaces.

Keywords. SARS-CoV-2, Spike protein, ACE2 receptor, Membrane fusion, Neutralization by antibod-
ies, Escape mutations, Variants of concern.
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1. Introduction

As of mid-May 2021, the SARS-CoV-2 pandemic has
caused more than 160 million cases with more than
3.4 million deaths reported to the World Health Or-
ganization (https://covid19.who.int/). At the same
time, over 1.4 million vaccine doses have been ad-
ministered throughout the world, and a race with the
virus has been engaged in which, as more people are
immunized through natural infection or because of
vaccination, new virus variants emerge and take over
the previously dominating strains [1]. These variants
are selected because they are more apt to circulate in
the presence of herd immunity. It remains to under-
stand how far the virus can evolve in the face of the
human immune response while maintaining its fit-
ness, and how eYcient the current vaccines will be in
the long term to stop its dissemination and the eco-
nomic tall imposed on society.

The development of novel and eYcient vaccines
has been made at an unprecedented pace, in part
because the timing was ripe to test novel strategies
such as mRNA vaccines, which had only been tried
as anti-cancer strategies [2, 3]. Or such as the use of
adenovirus vectors, which had been advanced dur-
ing the 2014–2016 Ebola outbreak in West Africa, an
epidemic that had receded before large clinical vac-
cine trials could be deployed [4]. What these success-
ful anti-Covid-19 vaccines have in common is the im-
munogen that they carry, obtained by applying new
concepts of structure-based vaccine design [5]. The
virus spike protein was thus stabilized in an inac-
tive state mimicking its otherwise metastable “pre-
fusion” form present at the surface of infectious virus
particles. Indeed, the spike protein is the sole target
of virus neutralizing antibodies, but is intrinsically
metastable as is must come apart to allow virus en-
try into cells by inducing the fusion of the viral en-
velope with the target cell membrane. Structural bi-
ology played a very important role in devising strate-
gies to cope with its instability by engineering stable
versions that preserve the relevant epitopes to be pre-
sented to the immune system to elicit strongly neu-
tralizing antibodies. Previous studies on other en-
veloped viruses, such as HIV and the respiratory syn-
cytial virus (RSV, responsible for severe bronchiolitis
in infants and the elderly or immunocompromised
individuals), which also display a highly unstable en-

velope protein at their surface, had paved the way for
the coronavirus work [6,7]. For both HIV and RSV, the
situation is more complex as the epitopes targeted by
the most potently and broadly neutralizing antibod-
ies are only present in the intact ectodomain folded
in its pre-fusion form. We now know, however, that
the most potently neutralizing antibodies against the
SARS-like viruses are directed to the receptor binding
domain (RBD). This domain has the advantage that
it can be produced independently of the rest of the
spike, presenting by itself relevant epitopes to the im-
mune system to elicit neutralizing antibodies [8]. Yet
the formulation used in the current vaccines, using
the full-length spike protein stabilized with two in-
ternal proline mutations, has proven remarkably ef-
ficient to stimulate the production of protecting an-
tibodies, especially when administered in an mRNA
form [9, 10].

I provide below a description of the ACE2 recep-
tor and the spike protein together with an analysis
of the conservation of the surfaces of interaction in
both proteins across mammals and across SARS-like
coronaviruses. I also summarize the knowledge gath-
ered over the years on the mechanism of membrane
fusion driven by enveloped viruses and how they ap-
ply to SARS-CoV-2. I end by illustrating that the mu-
tations observed in the variants of concern display a
clear clustering on three regions of the spike. In par-
ticular, in the receptor binding domain, they map to
a rim all around the surface of interaction with ACE2.

2. The sarbecoviruses

The Coronaviridae family is divided into two sub-
families. The classic coronaviruses are grouped
within the sub-family Orthocoronavirinae, which
contains four genera: �-, �-, - and �-coronaviruses.
Only the �- and -�-Coronavirus genera include
human pathogenic viruses. The SARS-like viruses
form a subgenus, termed Sarbecovirus, within the
�-Coronavirus genus. Of the four subgenera in this
genus, only a subset of the sarbecoviruses were found
to use ACE2 as receptor [11]. In this context, it is in-
teresting to note that the human NL63 seasonal coro-
navirus, which belongs to the �-Coronavirus genus
and is therefore quite distant to the sarbecoviruses,
also uses ACE2 as receptor [12], although its receptor
binding domain and its mode of recognition of ACE2
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are unrelated to those of the sarbecoviruses [13], sug-
gesting a convergence in evolution to use the same
receptor. Another �nding worth mentioning is that,
for most coronaviruses the receptor is a membrane
bound peptidase. For instance, amino-peptidase N
(APN) is used by the human seasonal � -coronavirus
229E [14] as well as the porcine � -coronaviruses [15].
APN is a metal-dependent aminopeptidase playing
multiple physiological functions, pain regulation,
blood pressure homeostasis, angiogenesis of tumor
cells, among others [16]. Similarly, the � -coronavirus
Middle-East respiratory syndrome virus (MERS-CoV)
uses dipeptidyl peptidase 4 (DPP4) as receptor [17].
DPP4 is a serine protease cleaving at the N termi-
nus of physiological peptides involved in controlling
apoptosis, immune regulation and signal transduc-
tion [18–20]. The catalytic activity is not required for
virus recognition of any of these peptidase receptors,
and the binding site recognized by the spike protein
is away from the catalytic site. Yet it is intriguing that
various coronaviruses from di Verent genera have
converged to use cell-surface peptidases for entry,
and the potential relations to their pathogenicity
remain an open �eld of investigation [21].

3. The ACE2 receptor

In 2003 Farzan and colleagues identi�ed the
angiotensin-converting enzyme 2 (ACE2) as the
main receptor for the severe acquired respiratory
syndrome coronavirus (SARS-CoV) [22]. The new
coronavirus, SARS-CoV-2, was shown to use the
same receptor [23]. ACE2 is a type I single-pass trans-
membrane protein present at the cell surface of mul-
tiple tissues in various organisms. It is a component
of the renin–angiotensin system (RAS) that con-
trols blood volume and systemic vascular resistance,
playing a crucial role in protection from high blood
pressure and cardiovascular disease [24]. The other
components of this hormone system are the solu-
ble aspartic protease renin and the angiotensinogen
(AGT) precursor, as well as the membrane-bound
angiotensin converting enzyme (ACE) and di Ver-
ent G-protein coupled receptors (GPRs) speci�c
for the various angiotensin peptides derived from
AGT cleavage. Cleavage of AGT by renin is the rate-
limiting step [25] and is tightly regulated to maintain
normal blood pressure, avoiding hypertension and
other cardiovascular diseases. AGT is a 452 amino

acid (aa) long circulating protein belonging to the
serpin family of protease inhibitors [26, 27], albeit
with no inhibitor function. Renin cleaves AGT at its
N-terminus to generate angiotensin I (Ang-I) [28,29],
a decapeptide that is the substrate for ACE, which
converts it to Ang-II (Figure 1). The Ang II octapep-
tide hormone is important for blood pressure home-
ostasis through its interaction with the GPR AP1,
leading to increased blood pressure. The role of the
carboxypeptidase ACE2 is to remove the C-terminal
phenylalanine residue of Ang II to make Ang (1-
7) [30–32], which binds to the GPR Mas [33, 34]. The
Ang (1, 7)/GPR Mas interaction leads to vasodilation
and protection from excessive blood pressure, con-
tributing to vascular pressure homeostasis. Infection
by a virus is known to cause downregulation of the
expression if its entry receptor, as seen for instance
with HIV and its CD4 receptor [35]. The reason is
that low amounts of receptor in infected cells helps
virus propagation away from the site in which the
virus was replicated within an organism to more eas-
ily reach other tissues. SARS-CoV-2 downregulation
of the ACE2 receptor may thus result in an imbal-
ance in the Ang II/Ang(1/7) peptide ratio, potentially
contributing to its pathogenicity.

Human ACE2 was �rst identi�ed in 2000 [30, 31]
as a paralog of the angiotensin-converting enzyme
(ACE), discovered in 1956 [38]. The corresponding
gene, located at position p22.2 in the X chromo-
some, contains 18 exons, and gives rise to several
ACE2 isoforms via alternative splicing. The longest
isoform is 805 amino acids long and is expressed in
a broad range of human tissues, including endothe-
lial cells in blood vessels, enterocytes in the intes-
tine, alveolar cells in the lung, nasal epithelial cells,
all organs that are targeted by SARS-CoV-2. The or-
ganization of this ACE2 isoform is depicted in Fig-
ure 1B. Its ectodomain is composed of two struc-
tural domains [39]: an N-terminal catalytic domain
with zinc metallopeptidase activity exhibiting 42%
amino acid sequence identity with each the two cat-
alytic domains of ACE [40] (Figure 2). The ACE2 pro-
tease domain is followed by a collectrin-like domain,
which associates with the neutral amino acid trans-
porter B 0AT1 (Figure 1C), at least in intestinal ep-
ithelial cells. It has been shown that this association
is required for expression of the transporter on the
luminal surface of intestinal epithelial cells [41, 42].
The collectrin domain of human ACE2 shares 50%
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Figure 1. The renin–angiotensin system and the ACE2 structural organization. (A) ACE2 processing of
the angiotensin peptides. Shown is a partial amino acid sequence (truncated to leave out residues 51 to
481, with the break marked by a wiggly symbol) of angiotensinogen (ATG). The amino-terminus of AGT is
generated co-translationally by signalase cleavage in the ER lumen (grey scissors). Upon environmental
clues, secreted ATG exposes its N-terminal segment for cleavage by renin to generate the decapeptide
angiotensin I (Ang I), highlighted in a yellow background [28, 29]. The renin cleavage site is labeled and
marked by the black scissor to the right. The angiotensin converting enzyme (ACE) then cleaves Ang I at
the site indicated by the left black scissor, to generate Ang II, a highly active peptide that stimulates vaso-
constriction via interaction with its G-protein coupled receptor AP1 present at the plasma membrane of
multiple cells. Unchecked Ang II leads to high blood pressure and vascular disease, and this e Vect is bal-
anced by ACE2 (purple scissors below the sequence), which has a carboxypeptidase activity and cleaves
the C-terminal residues of both, Ang I and Ang II, to generate Ang (1-9) and Ang (1-7), respectively.
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Figure 1. (cont .) ACE2 cleaves the C-terminal residue of Ang II with about 400-fold the e Y ciency of Ang-
1 cleavage to make Ang (1-9). Ang (1-7) induces vasodilation through its interaction with the GPR Mas.
The activity of ACE-2 is therefore critical in the RAS system. Circled in green and red are, respectively,
a glycosylated asparagine and a cysteine that forms a labile disul�de bond with another ATG cysteine
located 120 aa downstream in the aa sequence (not shown). Both residues have been shown to play a
role in recognition and cleavage by renin [29]. (B) Linear diagram of ACE, ACE2 and Collectrin, showing
that ACE2 originated as a chimeric protein with its N-terminal domain derived from ACE and its C-
terminus from collectrin. The domain boundaries are indicated, and vertical arrows point to di Verent
loops in the collectrin domain that are cleaved to release soluble ACE2 to the medium. ADAM17 cleaves
in the loop 652–659, while TMPRSS2 cleaves in the loop 697–716 [36]. (C) Organization of ACE2 on
membranes. The structure of ACE2 was determined by cryo-EM as a binary complex with the multi-
spanning transmembrane amino acid transporter B 0AT1 (left panel, PDB:6M18) and as a ternary complex
with the SARS-CoV-2 spike's receptor-binding domain (RBD) (right panels, PDB:6M17) [37]. The plasma
membrane is indicated in the left panel, as a guide. ACE2 is shown in surface representation whereas
B0AT1 and the RBD are shown as ribbons in blue and purple, respectively. In the left panel, ACE2 is
colored green and yellow according to domains as in the linear diagram, with the two protomers shown
in di Verent shades of green and yellow. Similarly, both protomers of the B 0AT1 transporter are shown in
diVerent blue tints. Note that the transmembrane helices of ACE2 form integral part of the transporter
and contribute to its dimer interface. In the right panel, ACE2 is colored according to its amino acid
sequence conservation from an alignment of 24 ACE2 sequences from various mammals. This alignment
shows that the surface conservation is high within the cleft that carries the active site. The RBD binds
away from this cleft at an exposed surface which is variable across mammalian species.

sequence identity with human collectrin, a type I
single-pass trans-membrane glycoprotein that binds
amino acid transporters of the B 0 type, such as B0A1
and B0A3. These transporters, which belong to the
solute carrier 6 (SLC6) family [43], are only active
when collectrin is bound [44]. The activity of collec-
trin was also proposed to play a role in blood pressure
homeostasis [45].

The spike protein binds at the membrane-
distalmost surface of ACE2, away from the active site
cleft (Figure 1C, right panels). Amino acid sequence
comparisons show that the surface patch recognized
by the RBD is variable across di Verent mammalian
species, contrary to the highly conserved cleft har-
boring the ACE2 catalytic site. The structure also
shows that the two spike-interacting sites present
in the (ACE2/B 0A1) dimer are located such that two
RBDs from the same spike cannot bind simultane-
ously, implying that two di Verent spike trimers bind
to one receptor dimer [37]. This situation has the
potential of clustering the spikes on the virion side
facing the cell membrane, where each spike trimer
may bind up to three ACE2 dimers, each bound to
a second spike and resulting in cluster formation.

No study has so far addressed the stoichiometry of
binding and whether the proposed clustering has a
functional e Vect for virus entry, either in triggering
fusion directly at the plasma membrane or by stim-
ulating endocytosis with subsequent fusion in late
endosomes.

3.1. The coronavirus spike glycoprotein

The sarbecovirus S polypeptide chain is roughly 1300
amino acids long with multiple asparagine-linked
glycans in its ectodomain. It forms a trimer anchored
to the viral membrane via a C-terminal transmem-
brane helix (Figure 2). S is activated by proteolytic
cleavage to generate two subunits: S1 (roughly the N-
terminal half of S), and S2, the membrane-anchored
C-terminal half. SARS-CoV-2 features an insertion
of a polybasic sequence at the S1/S2 cleavage site,
which allows for S processing by furin, a trans-Golgi
network resident protease in the virus producer cells.
Cleavage by furin appears not to take place exten-
sively, and most S trimers were reported to be only
partially cleaved (i.e., cleavage occurring in only one
or two of the three protomers of the trimer) [47]. Such

C. R. Biologies— 2021, 344, nO1, 77-110



82 Félix Rey

Figure 2. Structural organization of the coronavirus spike protein. (A) Linear diagram of the spike protein
indicating the position of the individual subunits S1 and S2, the transmembrane (TM) segments, the
individual domains and the cleavage sites. The amino acid numbers correspond to the SARS-CoV-2
sequence, original Wuhan strain. The “head” and “stalk” regions indicated in B are also labeled. The
fusion peptide is indicated by a white hashed region downstream the S2 0cleavage site. A thin purple box
encompasses a 140 residues long region of S2 (aa 772-912 in SARS-CoV-2 S), encompassing the FP and the
S20cleavage site, that was not resolved in the available cryo-EM structures of coronavirus S2 [46,47] (see
also Figure 3). (B) Ribbon representation of the intact spike protein as modeled by molecular dynamics
(MD) [48] on the viral membrane and based on intermediate resolution cryo-electron tomography
structures of the spike on inactivated intact virus particles [49–51]. The polypeptide chain of the protomer
in the foreground is colored according to domains as in A. The lipids on the MD modeled membrane
and the complete sugar chains of the glycans attached to the protein are shown as sticks color-coded
by atom type (carbon, nitrogen, oxygen and sulfur in light grey, blue, red and yellow, respectively). The
approximate dimensions are provided on the side, with the �exible “stalk” and the more globular dynamic
“head” portions of the trimeric spike labeled. The C-terminus of the TM segment in the intraviral side
of the membrane is labeled in pink. (C, D) Cryo-EM structures of the spike ectodomain, showing only
the head portion, with the front protomer colored according to domains as in A. The trimer is shown
in the closed form with three RBDs in the “down” conformation (C) and with one RBD in the “up”
conformation (D) in a partially open spike. On virions, the spike head displays a dynamic equilibrium
between the closed conformation and partially open forms. Virions also display inactive post-fusion S2
spikes, presumably resulting from spontaneous S1 shedding and premature spike activation [49] (see
Figure 3). The models displayed correspond to PDB:7bnm (C) and 7bnn (D), determined at a resolution
of about 3.5 Å [52].
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