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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of the devastating
global COVID-19 pandemic announced by WHO in March 2020. Through unprecedented scientific
effort, several vaccines, drugs and antibodies have been developed, saving millions of lives, but the fight
against COVID-19 continues as immune escape variants of concern such as Delta and Omicron emerge.
To develop more effective treatments and to elucidate the side effects caused by vaccines and
therapeutic agents, a deeper understanding of the molecular interactions of SARS-CoV-2 with them and
human cells is required. With special interest in computational approaches, we will focus on the
structure of SARS-CoV-2 and the interaction of its spike protein with human angiotensin-converting
Received 3rd April 2023 enzyme-2 (ACE2) as a prime entry point of the virus into host cells. In addition, other possible viral
receptors will be considered. The fusion of viral and human membranes and the interaction of the spike
protein with antibodies and nanobodies will be discussed, as well as the effect of SARS-CoV-2 on
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1. Introduction

In November 2019 the first case of COVID-19 disease (corona-
virus disease 2019) was detected in Wuhan, China." The
disease has been spreading very quickly around the world,
and due to a sharp increase in both the number of cases and
deaths, in March 2020 WHO declared COVID-19 a pandemic.
Based on its close association with the severe acute respiratory
syndrome coronavirus (SARS-CoV-1), which caused the SARS
epidemic in 2003, the new virus was named SARS-CoV-2.*

The number of cases and death toll from COVID-19 make it
one of the worst catastrophic infectious diseases in human

“ Institute of Physics, Polish Academy of Sciences, al. Lotnikow 32/46, 02-668
Warsaw, Poland. E-mail: masli@ifpan.edu.pl

b Institute of Fundamental and Applied Sciences, Duy Tan University, Ho Chi Minh
City 700000, Vietnam

¢ Faculty of Environmental and Natural Sciences, Duy Tan University, Da Nang
550000, Vietnam

9 Life Science Lab, Institute for Computational Science and Technology, Quang
Trung Software City, Tan Chanh Hiep Ward, District 12, 729110 Ho Chi Minh
City, Vietnam

¢ Faculty of Physics and Engineering Physics, VNUHCM-University of Science, 227,
Nguyen Van Cu Street, District 5, 749000 Ho Chi Minh City, Vietnam

' Dong Thap University, 783 Pham Huu Lau Street, Ward 6, Cao Lanh City, Dong
Thap, Vietnam

¢ Malopolska Centre of Biotechnology, Jagiellonian University, Krakow, Poland

" Department of Theoretical Biophysics, Max Planck Institute of Biophysics,
Frankfurt am Main, Germany

+ These authors contributed equally.

This journal is © The Royal Society of Chemistry 2023

history. As of February 2023, more than 671 million cases and
more than 6.8 million deaths have been reported globally.
Although the pandemic began over three years ago, the origin
of SARS-CoV-2 is still ambiguous. One of hypotheses suggests a
zoonotic origin for SARS-CoV-2, in which the virus is trans-
mitted to humans from wild animals such as bats.>® A meta-
analysis suggests that the likelihood of a natural disaster that
results in millions of deaths, like COVID-19, is infinitesimal,
while a virus leak from a laboratory accident has a higher
probability,” supporting the hypothesis that the virus is a
product of genetic research. Another possibility is that the virus
emerged through an evolutionary and selective process, with a
human-transmitted variant of the coronavirus circulating in the
population, resulting in a pandemic.®

Since the beginning of the pandemic, the research commu-
nity has made tremendous efforts to find effective treatments
for COVID-19. Despite the great success of current vaccines, in
particular mRNA vaccines,” antibodies'®'" and drugs such as
Remdesivir, Molnupiravir and Paxlovid'>™® the fight against
SARS-CoV-2 continues as more and more variants of concern
such as Omicron emerge. The pandemic has gone through
several waves,'®"” with first, second and third waves caused by
an ancestral strain from Wuhan, Beta, and Delta variants,'®
respectively. The fourth and fifth waves were triggered by the
Omicron variant and its sub-lineages,'””'® which compete with
each other to become the dominant lineage.?® Even individuals
who received the parental mRNA vaccine and bivalent BA.5
booster exhibited weak neutralization against the Omicron
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BA.2.75.2, BQ.1.1 and XBB.1 subvariants,>" which poses new
threats to public health.>>* Such observations urge research-
ers to better understand the interaction of novel variants with
human cells, including the immune escape mechanism and
details of viral replication mechanisms to develop more effec-
tive antibodies and vaccines,> emphasizing the ongoing inter-
est in COVID-19 research.

The number of results for the keyword ‘“COVID-19” is about
958000 and “SARS-CoV-2” is about 517 000 from Google Scho-
lar as of February 2023. In the history of scientific research, we
have never seen such a huge number of articles appear in such
a short period of time as in the last 3 years. Among them are
many review articles on various aspects of COVID-19. The
reviews of Liu et al®® and Hu et al.*® described the structure
and basic virology of SARS-CoV-2, as well as recent advances in
the development of therapeutic agents and vaccines. V’kovski
et al>” summarized the findings that enrich our knowledge of
SARS-CoV-2 infection via the virus life cycle and discussed its
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relationship to our understanding of coronavirus biology. The
structural features of viral proteins, as well as their interaction
with host cell proteins, have been considered, but the mecha-
nism of molecular interaction in many cases remains
ambiguous.”® Minkoff et al. reviewed the immune evasion of
SARS-CoV-2.”° The ongoing spread of COVID-19 is fueling the
emergence of new variants of SARS-CoV-2 that have signifi-
cantly different virus characteristics. Review by Harvey et al.
focuses on variants and the effect of mutations on immune
escape.’® Experimental data on virion structure, and viral
replication were summarized,*" while Jackson et al.**> dis-
cussed the molecular mechanisms of SARS-CoV-2 entry into
human cells. A recent interesting review covers many aspects
of the virus such as structure, variants, pathogenesis and
transmission mechanisms, receptors, and vaccines.** The
ability of the Omicron variant and its lineages to evade the
host cell is discussed in detail from an experimental point of
view.** Similarly, Fan et al. reviewed experimental results on
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infectivity, immune invasion, and antiviral drugs against
Omicron.*”

It should be emphasized that the reviews mentioned above
focus mainly on microbiological aspects, ignoring biophysical, in
particular, computational studies. The benefits of molecular
dynamics simulations in COVID-19 research were highlighted in
Padhi et al.*® Computational methods that are useful for studying
COVID-19 were discussed.>” However, some important issues, such
as fusion of viral and host cell membranes and the effect of SARS-
CoV-2 on protein synthesis, have not been described.

Several antibodies which bind to RBD, NTD, S2 subunit of
spike protein are summarized.*® The experimental features of
nanobodies are review in work of Bhattacharya et al®*® The
emergence of variants, the structural basis of antibodies and
immune escape mutations are discussed in review of Mittal and
co-workers.”® The experimental observations about membrane
attachment and fusion of SARS-CoV-2 are discussed in review of
Negi et al.** However, the detailed comparison between experi-
ment and simulations of virus-host cell interaction, the
membrane fusion, effect of SARS-CoV-2 on protein synthesis,
other receptors of SARS-CoV-2, antibodies and nanobodies have
not yet been reviewed systematically. In this review, we sum-
marize literature on these problems focusing on computational
aspect to fill this gap.

The membrane fusion mechanism of coronaviruses and
their associated drug targets have been described in an excel-
lent review by Tang et al.,** while experimental observations of
membrane attachment and fusion of SARS-CoV-2 have been
discussed in Negi et al,*’ but these reviews did not mention
important computational research. Thus, one of our goals is
not only to fill this gap, but also to present the membrane-
bound intermediate as a new intermediate state between the
pre- and post-fusion states.*

Non-structural proteins (NSPs) formed after the entry of the
coronavirus into host cells have been found to interfere with
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various steps in human protein synthesis,** weakening the
immune system, but this interesting area has not been system-
atically summarized. Here, we discuss how SARS-CoV-2 NSPs
affect RNA splicing, mRNA translation, and protein transport,
focusing on recent experimental and computational studies.

The review is organized as follows. In Section 2 the structure
of SARS-CoV-2 is described in detail and compared with SARS-
CoV-1, and the life circle of the virus is also presented. The
details of binding the spike protein with receptors of human
cells are shown in Section 3. Section 4 focuses on molecular
interactions of SARS-CoV-2 variants of concern with human
ACE2. The possibility of the virus entering human cells by
binding to receptors other than ACE2 is discussed in Section 5.
The main steps in SARS-CoV-2 triggered membrane fusion are
discussed in Section 6. The neutralizing and binding activities of
antibodies and nanobodies are presented in Section 7. Section 8
concentrates on the impact of SARS-CoV-2 non-structural proteins
on major steps in human protein synthesis, including RNA spli-
cing, mRNA translation, and protein trafficking. Some issues of
interest for future work are highlighted in Section 9.

2. Structure of SARS-CoV-2

The Coronaviridae family consists of four genera including
alpha, beta, gamma, and delta-coronaviruses. There are seven
known human coronaviruses of alpha- (HCoV-229E and NL63)
and beta- genera (MERS-CoV, SARS-CoV-1, HCoV-OC43 and
HcoV-HKU1), now including also the SARS-CoV-2. Although
SARS-CoV-2 shares 79% homology with SARS-CoV-1 and 50%
with MERS,* both causes of pandemic breakouts in 2002 and
2012, it is not their direct descendant, but rather is a result of
an animal-human host jump.*®

All of the coronaviruses encode their genes in a positive
sense (5 — 3’ orientation), single stranded RNA, which
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corresponds to mRNA, ie upon successful injection of the
genetic material can be directly translated by the host ribo-
somes to produce viral proteins. Coronaviral genome, with
~26.4-31.7 kbase® is the second largest known RNA genome.
It contains 14 open reading frames (ORFs)*® encoding four
structural proteins involved in genome packing and virion
assembly (M-membrane, E-envelope, N-nucleocapsid, S-spike)
and 16 non-structural proteins (NSP), including components of
the replication-transcription complex (RTC) required for tran-
scription and replication. The main ORFs encompass ORFla
and overlapping with it ORF1b, which takes advantage of the
programmed and tightly controlled*® ribosomal frame shift,
producing either polyprotein 1a (ppala) or polyprotein lab
(ppalab), featuring approximately 2700 additional amino acids.
Polyproteins contain papain-like protease and main protease,
which self-cleave the polyprotein into functional NSPs. NSP 2-16
co-assemble with host factors into RTCs, which are hosted in ER-
derived, interconnected double-membrane vesicles (DMVs)*”*°
enriched in double-stranded RNA.*' RTCs replicate virial positive-
sense RNA into the negative-sense strand, which is then used to
either produce positive-sense RNA for the next generation of
virions, or to transcribe sub-genomic mRNAs, which are translated
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into structural proteins. New virion assembly occurs in ER-Golgi
intermediate compartment (ERGIC),>> where structural proteins co-
cluster with RNA, bud in the vicinity of Golgi.** As other enveloped
viruses, SARS-CoV-2 hijacks host membranes, which most likely
include ERGIC-like lipids,* with composition possibly further altered
to include unusual amounts of phosphatidylserine and phosphati-
dylethanolamine and very little cholesterol.> Finally, virions egress
either via secretory pathway™ or exploiting lysosomal trafficking.*®
The released virions progress the infection by attacking new cells or
being secreted with bodily fluids to infect new individuals.

2.1. SARS-CoV-2 virion and S-protein

Cryo-electron tomography (CryoET) studies of virions both
released®”® or captured during maturation,®’ have revealed
roughly spherical shapes, with a diameter of approximately 60—
100 nm.>””®% As a striking feature and a namesake for the
virus family, virions are decorated with 26-40 elongated S
(spike) proteins anchored in the viral envelope via flexible
stalk,””**%" assembled in a resemblance of a crown (latin
corona) (Fig. 1E). Remaining structural proteins are virtually
inaccessible from the outside: E-protein presents a 16-AA
C-terminal tail®* and M-protein 19-AA N-terminal tail, which

A CTD1 CH MPER
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. N RBD  CTD2  FPPR HRI CD  HR2TMD
N " i ——C
s1 s1/52 52 s2

Fig. 1 Structure and glycosylation of the SARS-CoV-2 spike protein. (A) Sequence of the spike protein (blue rectangle) with domains shown with
different colors, indicating flanking residues. Glycan positions are shown as vertical lines. Peptidase cleavage sites are indicated by scissors over dashed
lines. (B) Spike protein in pre-fusion state embedded in a lipid membrane patch (yellow and gray), modified from.” Two chains in down state are shown as
semitransparent surface, with glycans shown as gray sticks. The remaining chain captured in up state is shown as cartoon, with colors denoting distinct
domains. Glycans are shown as sticks. (C) Visualisation of the surface shielding of the spike protein (gray cartoon) by glycans (blue sticks). For each
glycosylation site, 50 conformations of a complex triantennary glycan are shown (generated by GlycoSHIELD using default settings.”? (D) similar to (B) but
for a post-fusion state with only resolved domains and glycans displayed (PDB ID 7E9T). (E) pre-fusion and post-fusion states (marked with dashed
circles) captured by cryo-electron tomography in situ, from EMPIAR dataset 10453.5°
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is further protected by a glycosylation site. Here, due to its
therapeutic accessibility and availability for the immune sys-
tem, we focus primarily on the structure of the spike protein.
Detailed review of the current knowledge of other structural
and NSPs can be found elsewhere.®

Spike protein is a 1273-amino acid long, trimeric type-I
transmembrane protein distantly related to its Influenza or
HIV counterparts. Spike protein can be further subdivided into
a number of structural domains (Fig. 1A). Prior to infection,
spike proteins are found primarily in the characteristic lollipop-
like prefusion state (see Fig. 1B), with large domain attached to
viral membrane through an elongated and partially flexible
stalk. During the infection, spike protein binds primarily to
ACE2, after which it undergoes massive structural rearrange-
ments into the club-like post-fusion state (Fig. 1D). This drives
fusion of the virion with the host cell,** leading to the release of
the genetic material. Spike protein can be divided into S1 and
S2 structural domains separated through a furin cleavage site
Qs77TNSPRRAR | SVgg,. Unlike other SARS-related corona-
viruses, cleavage in SARS-CoV-2 occurs already during
biogenesis.®® S2 is further processed by cleavage at the S2’ site
K811-PSKR | SFI-818 by TMPRSS2 and catepsin L.°*®” The
cleavage into three distinct polypeptides destabilizes the spike
protein and primes it for a transition into post-fusion state,
enhancing viral entry and pathogenesis.®®® Interestingly,
mutation of the furin cleavage site leads to improved fitness
of the virus in Vero E6 cells, but attenuated replication in
human respiratory cell lines.”®

The main effort of the host of structural studies has been
focused on the spike protein and its variants, which is reflected
in 1265 Protein Data Bank entries (as of 2.1.2023) describing its
distinct parts and interaction partners. The early studies focused on
the recombinant versions of Wuhan-1 strain®”* as well as the
structures of RBD bound to ACE2.*’> These studies used an
altered version of spike protein, where furin cleavage site was
removed and additional strategies employed to stabilize spike
protein in its prefusion trimeric state. The subsequent cryoET
studies revealed very similar structures in situ,””***° providing an
important validation for mRNA vaccines and therapeutic designs
that rely on recombinant proteins.

The majority of structural studies agree on the division of spike
protein into domains (Fig. 1A): S1 is further divided into an N-
terminal signal peptide, N-terminal domain (NTD), receptor bind-
ing domain (RBD) and two minidomains: C-terminal domain 1 and
C-terminal domain 2 (CTD1, CTD2). S2 is typically divided into
fusion peptide (FP) and fusion peptide proximal region (FPPR),
heptad repeat 1 (HR1), central helix (CH), connector domain (CD)
heptad repeat 2 (HR2) which is connected to a transmembrane
domain (TMD) via membrane proximal region, terminating in the
C-terminal unstructured domain. Spike protein, similar to other
viral fusion proteins, is heavily glycosylated, with 22 N-glycosylation
and several O-glycosylation sites.

2.2. S1

Each chain of S1 subunit is beta-strand rich, with a massive N-
terminal domain projected away from the central axis of the

This journal is © The Royal Society of Chemistry 2023
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protein. The three NTDs form characteristic edges of the
triangle when viewing from the top.”® The backbone then
continues in the direction of the stalk, turns up in a V-shape
turn and continues through two minidomains (CTD1, CTD2)
towards the apical RBD domain (Fig. 1). After doubling back
through the minidomains, main chain reaches the furin clea-
vage site, roughly half way through the body of the spike. In an
intact trimer, each NTD contacts the RBD of an adjacent
monomer. All three RBDs are then packed against the central
helical core.

2.2.1 N-terminal domain. The NTD consists of a galectin-
like antiparallel beta sandwich fold, flanked from the top by
two antiparallel beta strands and from the bottom by two beta
sheets and a helix. NTD has extensive unstructured regions:
first N-terminal residues as well as several loops, termed N1-N5
and encompassing residues 14 to 26, 67 to 79, 141 to 156, 177 to
186, and 246 to 260. N1-N5 can only be resolved when bound to
neutralizing antibodies.”” The overall organization is very simi-
lar to that of SARS-CoV-17% and MERS.”® The precise role of the
NTD has not been elucidated to date. Similarity to other viruses
indicates a possibility of glycan (sialic acid) recognition,®®
which would allow the virus to retain partial attachment to
the host cell while searching for ACE2 receptors. NTD is
shielded by 8 glycosylation sites, which however allow for
partial recognition by antibodies within at least two glycan-
free antigenic supersites. Antibody binding involves reorgani-
zation and binding of the unstructured loops and potentially
also glycans.””#"#** Unfortunately, the loops are not well con-
served and seem to act as potent decoys of the immune system.
Indeed, the variants of concern have multiple mutations in the
NTD regions, thus turning this domain into an immune decoy
and leading to an immune escape.®*%

2.2.2 Receptor binding domain. The RBD is a relatively
compact structure, consisting of a 5-stranded antiparallel beta
sheet. It can adopt either an ’'up’ or ’down’ conformational
state. Up state can exist for one, two or three RBDs
simultaneously,®® facilitating binding of up to three ACE2
receptors. In a down state, all three RBDs make extensive
contacts with one another and are tucked against CTD1 of ‘self’
protomers and NTDs of neighboring protomers. Close packing
against the central helical core of S2 together with dense glycan
coverage make RBD shielded from interactions with the
immune system or ACE2. Transition to an up state facilitates
binding of a peptidase domain of the human ACE2 receptor,
particularly via Receptor Binding Motif (RBM) - an extended
loop®” which forms the majority of a binding site. The spike-
ACE2 interface exploits a number of hydrogen bonds and salt
brides stabilizing it and forming two strong flanks that can
resist mechanical pulling.®® In addition to protein contacts, the
interface is flanked by both host and viral glycans. The ACE2
glycosylation at site N322 was suggested to increase the overall
binding strength by binding to the RBD surface.®® The interface
itself was a subject to many mutations in the variants of
concern, leading to increased affinity for ACE2,”® which could
potentially lead to affinity-driven immune escape®® where
receptor binding out-competes interactions with antibodies.
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There are numerous antibody binding sites recognizing multi-
ple epitopes present on the surface of RBD, confirming its
dominant role in the immune response. They can either block
the ACE2 binding,”*°* interfere with essential conformations of
the RBD domains or induce S1 dissociation.’® Interestingly, in
the recent Omicron variant, the proportion of all-RBD-down
conformations is increased,’” hinting to the increased masking
of the RBD epitopes and explaining the immune evasion
mechanism. Interestingly, high speed AFM of spike proteins
deposited on mica revealed that RBDs can adopt very extended
and dynamic conformations in which they can still bind to
ACE2 receptors.®® This dynamic behavior seems to enhance
viral infectivity by allowing spike proteins to efficiently scan the
cell surface for multiple ACE2 receptors. This behavior was
abolished upon the removal of the key glycan, which is respon-
sible for maintaining the RBD in its open conformation
(N234Q).

2.2.3 CTD1 and CTD2. CTDs are beta-rich domains that
form an elongated hinge between S1 and S2. Because of the
direct involvement in the up-down transition, CTDs affect the
dynamic equilibrium between up and down states, and thus
affect balance of infectivity and susceptibility of the virus to the
immune system.’® Indeed, one of the first mutations that
occurred and have been propagated with respect to the original
Wuhan-1 strain was D614G in CTD2, which increases the rate of
processing by furin and promotes the RBD-up state,”” but can
also affect the fusion peptide located in a direct proximity.
Furthermore, CTD2 has been suggested as a regulator of S1-S2
dissociation, thus allowing spike protein to enter post-fusion
state.*” This makes the CTDs essential regulators for ACE2
binding, immune evasion and membrane fusion.

2.2.4 Transition between closed and open states. Since, as
mentioned above, RBD can bind to ACE2 when the spike
protein is in the open state, it is worth considering the transi-
tion between open (up) and closed (down) states in more detail
(Fig. 2). This process is not driven but stochastic. Lu et al.®®
carried out smFRET experiments to understand the flexibility
inherent in the SARS-CoV-2 RBD region and observed at
least four distinct conformational states of the trimeric spike
protein, including a ground state with three RBDs down
(0.5-FRET), the receptor-activated-state with three RBDs up
(0.1-FRET), and the initial receptor-binding conformations with
one/two RBDs up (0.3-FRET). The 0.5-FRET ground state is the
most abundant with about 38% occupancy compared to 22%
for 0.1-FRET and 26% for 0.3-FRET, indicating the down state is
more favorable. The occupancy of the 0.1-FRET up-
conformation increases to 48% and 58%, respectively, in the
presence of monomeric and dimeric ACE2 receptor, which
supports the role of ACE2 as a receptor for virus entry. A
noticeable shift in the conformational landscape of the spike
protein from the ground state to the receptor-bound state was
also confirmed by the Cryo-EM study.”® Spike opening
dynamics can be detected indirectly through a decrease in the
rate of transition between the 0.1-FRET and 0.3-FRET states in
the presence of ACE2.°® The spike protein tends to dwell in
ACE2-accessible RBD-up conformations, reflecting a larger
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Fig. 2 (Upper) Down (close) state (PDB ID: 6XR8), up (open) state (PDB ID:
6VYB), and bound state (PDB ID: 6VYB and 6M0J), in which RBD is bound
to ACE2. RBD can only bind to ACE2 when it is in the open state. The
arrows indicate a reversible transition between different states. (Bottom)
Free energy landscape of the close—open transition, TS refers to the
transition state. The transition from the close state to the open state
requires crossing the free energy barrier AGE _, o which is higher than the
reverse open—close barrier AGh_, c.

population of the up state in the presence of ACE2 as measured
by smFRET. This observation has been employed to explain the
increased binding affinity and increased kinetic stability of the
spike protein interacting with the ACE2 receptor of various
SARS-CoV-2 variants.**

Computationally, the molecular mechanism of RBD opening
has been extensively studied using molecular dynamics (MD)
simulations with enhanced sampling.'®"* In a 0.1 second
simulation, the one-up RBD states was found to be more
favorable than the other open states.'®> The pathway from the
one-up RBD to two-up RBD conformations was explored using
generalized replica exchange MD,'*® which provides an atomis-
tic picture of the conformational flexibility of the spike protein
interacting with ACE2. Steered MD (SMD) in combination with
umbrella sampling simulations was employed to show that
RBD opening can be modulated though interactions in an
allosteric pocket.’® This allosteric pocket is adjacent to a
double-stranded hinge region that links CTD1 and RBD and
allows RBD to move between closed and open geometries.'*®

Using replica-exchange and umbrella sampling simulations,
the minimum energy path connecting the down and up states
was derived from the potential of mean force (PMF),'** and in
agreement with experiment,”® the time of the down-up transi-
tion time is longer than the reverse transition. This means that
the close-open free energy barrier AG;_, o is higher than the
open-close barrier AG§_,¢ (Fig. 2). Combining normal mode
analysis and umbrella sampling MD, the free energy barrier
from ACE2-inaccessible to fully accessible states of SARS-CoV-2
with one RBD up, AG¢_, o was estimated to be ~4.4 kcal mol™?,
which is greater than that of SARS-CoV-1 (x~1.7 kcal mol™),
demonstrating that SARS-CoV-2 is more difficult to be
opened.'”” This conclusion was also confirmed by SMD and
parallel cascade selection molecular dynamics studies.'*®'
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Moreover, free energy landscape analysis showed that in the
active state SARS-CoV-2 is less stable than SARS-CoV-1"*° due to
fewer interdomain salt bridges and hydrogen bonds of RBD
in the up state,'*’ suggesting the transient nature of the active
state before binding to the host cell. This result partially
supports the hypothesis that RBD hidden in the spike protein
is likely to assist SARS-CoV-2 in maintaining efficient cell
invasion while evading immune surveillance."'® Together with
the spike protein preactivation by furin, this property may
contribute to the rapid spread of the virus.

In the closed state, RBD is extensively shielded by glycans,
and it’s only in the open state that the RBD emerges from this
shielding.""" Therefore, glycans play an essential role in the
open-closed transition. Their contributions to the stability of
the spike protein in closed and open conformations and to the
modulation of the opening transition have been thoughtfully
studied both in experiments and in MD simulations. Casalino
et al."™ disclosed the important role of glycans at positions
N165 and N234 of the RBD in its conformational transitions
and ACE2 recognition using all-atom MD simulations. Their
result is supported by the biolayer interferometry experiment
demonstrating that the N165A and N234A mutations that
remove these N-glycans, substantially impaired binding to the
host cell due to the RBD conformational shift towards the
closed state. Contact analysis based on MD modeling showed
that, in the open state, RBD maximizes interaction with neigh-
boring NTD via hydrogen bonding to N165 and N122 glycans,
resulting in increased stability of this state. In the presence of
glycans, the opening barrier will increase by ~7 keal mol™*."%*
There is evidence of a gated role of the N343 glycan, which
enhances RBD opening.'*>'"® The influence of glycans on the
closed-open conformational transition has been examined

experimentally by glycan removing or mutation.'*>"*?

2.3. S2

While S1 subunits are primarily responsible for host cell
binding and protection of the fusion machinery, the alpha-
helical core of the S2 subunits is essential for triggering the
fusion of the viral envelope with the host cell, leading to the
release of the genetic material. In the prefusion state, the FP
directly adjacent to FPPR is perched below the neighbouring
CTD2 and next to ‘self’” CTD1, forming a short helix (Fig. 1B).
The stable core of the spike is formed by the central coiled—coil
region packed together with HR1 region and forming a 9-helix
bundle. The elongated beta-strand section of the CD is tucked
between the helices, subsequently turns into a bulky beta-
strand rich, heavily glycosylated region at the bottom of Spike.
After that, it acquires a unique''* right-handed coiled-coil
structure® (typically the only part of the stalk visible in cryoEM
reconstructions) which continues to the HR2 region. The HR2
portion of the stalk has not been resolved from averaged
cryoEM reconstructions due to the flexibility of the stalk,
however it remains visible at single tomogram level,*°
sionally in a frayed form, suggesting low stability of HR2 which
can be essential for the refolding into the post-fusion state.
HR2 is connected to the TMD via a short and very conserved

occa-
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among coronaviruses'” linker region, which resembles
membrane proximal extended region (MPER) in HIV.''®
Indeed, recent NMR model'"” yield a suggestive tripod-like
structure with an amphipatic helix that could interact with
the membrane. MPER region of HIV is a target of broadly
neutralizing HIV antibodies,'*® making this region of spike
protein particularly interesting from the pan-coronaviral vac-
cine development perspective.'*® Recent preprint reports an
extremely potent antibody targeting a quaternary epitope
between the N1194 glycan and the membrane.'’® The TMD
seems to be important during the initialization of the fusion
process.””*'*! The TMD features a number of conserved
cysteines grouped in four clusters. The post-translational mod-
ification of these sites with palmitylic acid was found to be
essential for the Spike mediated cell fusion.'** The C-terminal
domain remains disordered'*® and seems to be important for
the regulation of infectivity.'**

Binding of ACE2 exposes the S2’ site, allowing for cleavage
and leaving FP as the new N-terminus of the $2'*° and complete
shedding of S1.7° Subsequently, FP is expected, like in the case
of influenza fusion protein, to protrude axially towards host
membrane,**'*” where insertion via two amphipatic helices
and strategically positioned disulfide bridge ensures stable
anchoring."”® Transition to a post-fusion state converts the S2
into an elongated (180 Angstrom long) club-like structure
composed of a HR1 and CH forming one continuous alpha-
helix’® (Fig. 1D). HR2 forms a supplementary helix, which
binds to a groove between monomers within the CH-HR1
junction. Next, S2 refolds into a six-helix bundle via a proposed
‘jack-knife’ mechanism and pulls host membrane towards viral
envelope to initialize fusion.'*”

2.4. Glycosylation

Glycosylation is a post-translational or co-translational covalent
addition of a polysaccharide chain to the protein, and mainly
occurs as N-glycosylation (attached to the nitrogen of an
Asparagine in a Asn-X-Ser/Thr consensus sequence) or O-
glycosylation (attached to an oxygen atom of Serine/Threonine).
Glycosylation occurs mainly in Golgi apparatus and is template-
free, with the final composition of a glycan depending on the
accessibility of a given glycosylation site on protein surface and
availability of glycosyl transferases, leading to macrohetero-
geneity (presence/absence of a glycan) and microheterogeneity
(the variability of a composition of a glycan). Beyond specia-
lized glycan-binding proteins, glycans do not interact strongly
with proteins, which increases the solubility of glycoproteins
and makes glycans commonly used as folding aid and protein
synthesis quality control, which is also true for spike protein.'*°
Glycans decorate the majority of membrane and secreted
proteins, which makes them poor epitopes, generally recog-
nized by the immune system as ‘“self”. Enveloped viruses
exploit this fact and heavily glycosylate their fusion proteins
to evade the immune system, delaying the host immune
response and hampering the development of successful vac-
cines, like e.g. in the case of HIV."”*" Dense glycosylation
restricts the access of the glycotransferases in the ER and Golgi,
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resulting in incomplete glycan processing and oligomannose-
type glycosylation. The presence of such glycans is a strong
indicator of dense glycan shield and thus efficient masking of
the underlying epitopes.’** SARS-CoV-2 spike features 22 con-
served N-glycosylation sites and 17 O-glycosylation sites,'**™*3°
providing nearly uniform coverage of the spike protein with the
exception of RBD and furin cleavage sites (Fig. 1A-C). The furin
cleavage itself seems to be downregulated by the presence of an
O-glycan (T676 and 678)."*® Mutations of neighbouring P681 in
the transmissive alpha and delta variants abrogate these O-
glycosylations and thus increase cleavage by furin.

In solution, glycans remain very flexible, exploring multiple
conformations at a nanosecond time scale. This means, that
despite discrete localization of the glycosylation sites, their
effect on protein-protein interaction (and antibody) shielding
is much broader. Conformational freedom of the glycans can
be limited by the shape of the protein. For example, only
glycans heavily restrained in their motion can be traced in
experimental electron density maps, like in the case of N234,
whose conformational freedom is strongly reduced by its loca-
tion in a narrow cleft.”® On the contrary, if extensive branched
glycan structures can move freely, they are averaged out in the
structural studies. The best example here is the typically large,
4-antennary, sialylated glycan at the position N1194, which
remains poorly visible in cryoET reconstructions.®® The
dynamics of this particular glycan seems to be important in
the context of shielding of epitopes on HR2 and membrane-
proximal regions affect the dynamics of the stalk. Interestingly,
the HR2 glycans retain their shielding role in the post-fusion
state’® and (Fig. 1D). Protein shape and glycan density influ-
ence the accessibility for transferases, influencing the type
of the glycan that can be synthesized at given site and
leading to heterogeneity. This can have critical implications
for vaccine constructs, as they are typically produced in expres-
sion systems, which differ from human tissues, typically pre-
sent truncated variants, where glycosylation site accessibility
can be much higher, resulting in more finely processed
glycans.132’137

Atomistic MD simulations as well as simplified
approaches’® have been used to bridge this gap, revealing that
large swathes of S-protein surface are partially or fully covered
by glycans. This dynamic shield seems to focus the action of the
immune response to a number of unshielded sites”* (Fig. 1C).

The range of expression systems used in the vaccine con-
struct generation as well as computational predictions suggest
that the precise type of the glycan is much less important than
its presence/absence on a site."*>'*° Glycans also affect the
conformational state of the spike: N165, N234 and N343
glycans were shown to modulate the fraction of RBD-up
conformation,'’*'"* with clear dependence on the glycan size.
The recently lost and otherwise highly conserved N370** seems
to be a novel adaptation of the SARS-CoV-2, leading to higher
fraction of the RBD-up state and therefore increased infectivity.
Despite constantly emerging new variants, glycosylation sites in
SARS-CoV-2 have been preserved, with a notable exception of
the delta variant, which lost N17 glycosylation site, and the

60,111,113,138
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gamma variant, which includes two new glycosylation sites:
N20 and N188, potentially contributing to the increased infec-
tivity. Interestingly, these two sites are not completely novel as
they have been observed in other sarbecoviruses.'** Additional
O-glycosylation site was also observed in Omicron at T376. How
these additional or altered sites contribute to the epitope
masking and immune escape remains poorly understood.

Beyond spike protein glycosylation, interaction of the spike
protein with glycocalyx, a dense mesh of extracellular proteo-
glycans remains an area of intense studies. Spike protein
binding to the host cell has been shown to depend on the
formation of a ternary complex with ACE2 and heparan sulfate,
main component of the glycocalyx, a property used by commer-
cially available diagnostic tools. The binding could potentially
occur in many positively charged clefts on the spike protein
surface, on RBD, NTD or furin cleavage site, with binding
affinity increasing in the new variants.

2.5. Comparison with the SARS-CoV-1

Structurally, SARS-CoV-2 is very similar to its predecessor and
cause of the 2002-2004 pandemic-SARS.”>'** The S2 and
related fusion machinery seems to retain a high degree of
similarity, compared to S1 (~90% vs. ~60%),"** with SARS-
CoV-2 using the same receptor to enter the host cells as SARS-
CoV-1,%® although exploiting a set of different amino acid
contacts at the interface."*>'*® This change results in an order
of magnitude higher binding affinity for SARS-CoV-2.”> The
RRAR furin cleavage site at the junction of S1/S2 is absent in
SARS-CoV-1, likely reducing its transmissibility.'*’

The glycosylation pattern of SARS-CoV-2 retains key specifics
of its predecessor. As a general trend in sarbecoviruses,'*?
glycans located on S1 are much more variable. This is reflected
in identical glycosylation pattern within S2, and three glycosy-
lation S1 sites that differ between these two viruses: N30 and
N370 were removed in SARS-CoV-2 and N74 is a novel glycosy-
lation site only present in SARS-CoV-2. The character of the
glycans at corresponding sites is mainly preserved, with a
notable exception of N61 and N165, which shifted from oligo-
mannose type in SARS-CoV-1 to mainly complex in SARS-CoV-2,
indicating local change in protein structure that resulted in an
increased accessibility to transferases in SARS-Cov-2.'*?

2.6. Two distinct SARS-CoV-2 entry pathways and life circle of
the virus

Entry pathways and triggering factors of various enveloped
viruses were summarized in White and Whittaker."*® Generally,
viral entry proteins must undergo structural modification that
generates sufficient energy to overcome the natural repulsion
between the virus and cell membranes. In the case of SARS-
CoV-2, the spike protein converts to a metastable state, which
tends to transformation to a lower energy state, before
membrane fusion. As with other coronaviruses, this transition
undergoes two crucial cleavage steps after binding to ACE2.
These two cleavage steps have been demonstrated to be neces-
sary for membrane fusion.™*® The first of them is enabled at the
S1-S2 boundary, and the second is enabled in the S2’ site in
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subunit S2. For SARS-CoV-1, both sites are cleaved by
proteases of the target cell. However, for SARS-CoV-2, although
target cell proteases are still needed to cleave S2, furin cleaves
the S1-S2 junction. More precisely, the Arg-Arg-Ala-Arg
motif available at this junction is cleaved by furin. A similar
motif has not been observed in SARS-CoV-1,"*° which partially
explains why a furin-like cleavage site is absent in this virus.
After furin cleavage the S1 subunit can be easily shed from the
S2 subunit as they are linked by non-covalent bonds. This is
in contrast to other viruses such as avian influenza and
HIV-1, whose entry glycoproteins are cleaved by furin but not
destabilized.

For both SARS-CoV-1 and SARS-CoV-2, the second step of
proteolytic cleavage, which occurs at S2’ in the S2 subunit,
follows two different pathways depending on the target cell
proteases involved. In the first pathway, the process takes place
in the endosome and is triggered by cathepsin L of the host cell
(Fig. 3). In the second pathway, the TMPRSS2-mediated clea-
vage directly occurs at the plasma membrane, because
TMPRSS2 is present on the cell surface. Thus, after binding
to host cells, coronavirus can enter them either through the
plasma membrane or through endosomes depending on cell
type and protease availability.*>°%'>H 152

After membrane fusion, the viral genome enters the host
cell, triggering viral replication, which includes several pro-
cesses such as RNA translation, RNA replication, and protein
production (Fig. 3). As a result, a new virion is formed and
released from the cell, completing the life cycle of the virus.
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3. Interaction of SARS-CoV-2 spike
protein with human ACE2
3.1. ACE2 structure and its binding interface with RBD

ACE2: structure and function. ACE2 is a receptor for
many corona viruses.">*"*® ACE2 was originally identified in
2003 as the receptor for SARS-CoV-1."%” In particular, the SARS-
CoV-2 virus also uses ACE2 as a receptor for binding to the
host cell membrane, which is the first step in host cell
invasion.®>%”13871% The renin-angiotensin system play an
important role in cardiovascular, renal function and stability
of pulmonary epithelial membranes.'® ACE2 can convert
angiotensin I and angiotensin II to angiotensin 1-9 and angio-
tensin 1-7, respectively."®>'®® The binding of the virus to the
host cell reduces concentration of free ACE2,"** leading to an
increase in the concentration of angiotensin I and angiotensin
II. These elevations have effects on aggravation of respiratory
distress and hypokalemia in COVID-19 patients.'®>*¢°

ACE2 comprises of 805 residues, including a signal peptide
of 17 residues at the N-terminus, a peptidase domain (PD)
(residues 19-615) involving a zinc-binding metalloprotease
motif, a C-terminal collectrin like domain (residues 616-768),
a transmembrane domain of 22 residues and intracellular C-
terminus.'®” The RBD of SARS-CoV-1 and SARS-CoV-2 binds to
ACE2 PD and the structure of the RBD-ACE2 PD (hereinafter
RBD-ACE2) was resolved experimentally’*%”'°® (Fig. 4) and has
been widely used in computational studies. The ACE2-RBD
binding surfaces of SARS-CoV-1 and SARS-CoV-2 are concave
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Fig. 3 Two routes of entry for SARS-CoV-2 and viral life circle. After virus binding to the host cell, in the endosomal pathway, S2 is cleaved by cathepsin
L, while in the cell surface pathway, TMPRSS2 is called to cleave S2. Some parts of this plot were made following ref. 32 and 153.
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Fig. 4 Structures of the complex of ACE2 with SARS-CoV-1RBD (PDB ID:
2AJF) and SARS-CoV-2 RBD (PDBID: 6VW1). Orange and green colors
refer to RBD and ACE2, respectively.

and highly similar.*” More information about ACE2 can be
found in a recent review.'®’

3.2. Experiments on the ACE2-RBD association

3.2.1. AFM experiment and binding free energy landscape.
Nowadays, single molecule force spectroscopy experiments are
widely used to understand the structure and function of
biomolecules and their interactions through their response to

AFM cantilever

A _I Tip

Crosslinker

Spike

w0 C
\mn P

100 4

Force (pN)

View Article Online

Chem Soc Rev

an external force.'”®

Among them, the atomic force microscopy
(AFM) is effective for probing the binding properties of protein-
ligand and protein-protein complexes, because the mechanical
force required for their dissociation is ~100 pN.

The typical AFM setup to study the unbinding of the spike
protein from ACE2 is shown in Fig. 5A. A external force is
applied to the spike protein through the cantilever and the
force experienced by the pulled protein is kdx, where k is the
cantilever stiffness and dx is a cantilever bending detected by
the laser. The stability of the complex can be characterized by
the rupture force, which is the maximum force F.x on the
force-extension/time profile, obtained by AFM with a constant
pulling speed (Fig. 5B)."”" The higher the Fy,,y, the higher the
binding affinity. Based on this hypothesis and the results
obtained for SARS-CoV-2 RBD-ACE2 and SARS-CoV-1 RBD-
ACE2 Cao et al.'”? predicted that SARS-CoV-2 binds to host
cells more strongly than SARS-CoV-1, which is consistent with
surface plasmon resonance data.”® In addition, their AFM
experiment showed that glycans enhance the binding affinity
of coronaviruses.

In AFM experiments with constant pulling speed v
or constant loading rate, Fr,ax ~ In(v)'”” (Fig. 5C). Yang et al.'”
applied constant force-distance based AFM to monitor unbind-
ing events of the RBD-ACE2 complex and observed single
interactions from the distribution of the rupture force. This
allows describing the binding of RBD-ACE2 complex as a two-
state process and constructing the free energy landscape
where the bound state is separated from the unbound state
by a single energy barrier located at a distance x, (Fig. 5D).
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(A) AFM setup to detach the spike protein from an immobilized ACE2 of the human cell. (B) Typical dependence of the force experienced by a

pulled molecule on its displacement from the initial position. (C) The dependence of force on loading rate or pulling speed, which was obtained by Yang
etal'” (D) Free energy landscape, where the bound state is separated from the unbound state by a transition state (TS) and X,, is the distance between the

bound state and TS.
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Using Bell-Evans equation 1~ ' = kog. e™/7%717%176 o fit data
representing the dependence of unbinding time t on the
applied force f, Yang et al.'”® obtained the distance between
the bound and transition states x, = 0.79 £ 0.04 nm. The fit also
yields a kinetic off-rate kg of 0.009 & 0.006 s~ ', which is in
good agreement with the value obtained using the surface
plasmon resonance technique (0.008 s'). A high value of x,
(~ 1.7 nm) was reported by Zhu et al,*® suggesting that the
difference in this distance may be due to different experimental
conditions of different groups. It seems that x,, is not sensitive
to different variants.'”” The single molecule method has
also been used to investigate the binding of SARS-CoV-2 to
C-type lectin receptors, revealing a mechanism different from
ACE2."7®

3.2.2. Other experiments: determination of the dissocia-
tion constant Kp. For experimental study of the stability of
protein-protein complexes, such as ACE2-RBD, surface plas-
mon resonance (SPR), biolayer interferometry (BLI), and
fluorescence flow cytometry (FFC) are used (Table 1). Among
them, SPR and BLI are more common than FFC. These meth-
ods allow for determining the dissociation constant Kp, which
can be used as a measure of binding affinity: the lower the Kp,
the higher the binding affinity or stability of the complex.
Dynamic force spectroscopy (DFS) has also been used to
estimate Kp.1"*

Experimental data from various groups show that the spike
protein of both SARS-CoV-1 and SARS-CoV-2 binds strongly to
human ACE2 with nanomolar (nM) dissociation constant
(Table 1). This strong binding may be responsible for the high
infectivity and rapid spread of these viruses. Using the relation
AGyping = —kgT In(Kp), where Ky, is measured in M, we obtain the
binding free energy of the SARS-CoV-2 RBD-ACE2 complex
AGpina ~ —9 + —12 kcal mol™' at room temperature
(Table 1). For the SARS-CoV-1 AGping ~ —9 + —11 kecal mol ™,
suggesting that the old variant binds to human cells weaker
than the new one. However, since different groups used differ-
ent experimental methods and conditions to compare their
binding affinity, results obtained by the same group should be
compared. Using SPR Wrapp et al.,"*® Kirchdoerfer et al."’® and
Lei et al.'®® demonstrated that SARS-CoV-2 binds to the host
cell more strongly than SARS-CoV-1 (Table 1). The same trend
was observed by Walls et al.®® and Shang et al’* but the
difference in the dissociation constants of the two variants is
less pronounced. The higher binding affinity of SARS-CoV-2 is
associated with more contacts between ACE2 and RBD com-
pared to the case of SARS-CoV-1."®" One of the consequences of
this biophysical effect is that SARS-CoV-2 infects and spreads
faster than SARS-CoV-1.

3.3. Computational methods for estimating binding affinity
of SARS-CoV-2 - ACE2 complex

3.3.1. Steered MD simulations. Computationally, steered
molecular dynamics (SMD) simulation was first designed to
understand AFM experiment on dissociation of the streptavi-
din-biotin complex under the external mechanical force.>** In
the case of RBD-ACE2, a spring with stiffness k is attached to a
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dummy atom on one side and to RBD on the other side®
(Fig. 6A). Then the dummy atom is pulled with a speed v, along
the direction which maximizes the number of hydrogen bonds
between RBD and ACE2. The force acting on the system at
time t is calculated as F = k(Az — vt), where Az and vt are the
displacements of the pulled atom and dummy atom along the
pulling direction, respectively. This equation provides an easy
way to obtain the force profile along the unbinding reaction
pathway and characterize major steps in the rupture process by
measuring Az alone.

In principle, by combining SMD with Jarzynski’s equality,
the absolute binding free energy can be estimated if the pulling
is slow enough and the number of SMD trajectories is suffi-
ciently large to have good sampling. However, for relatively
large complexes, such as RBD-ACE2, this approach is not
computationally feasible due to the limited current computa-
tional facilities. Hence, the rupture force Fy,,yx, or the work done
by a pulled chain, is used to characterize the relative binding
affinity, ie. these quantities are useful in discerning strong
binders from weak ones."®

Using the AMBER-f99SB-ILDN force field, TIP3P water
model and a pulling speed v = 0.5 nm ns~ ', Nguyen et al.'®'
obtained Fn,x & 751 and 588 pN for SARS-CoV-2 RBD-ACE2
and SARS-CoV-1-RBD-ACE2, respectively (Fig. 6B). This result
agrees with surface plasmon resonance’® and AFM'"*"73 experi-
ments, as well as with other SMD simulations,'” according to
which the new virus interacts with host cells more strongly than
the old one.

SMD is useful in predicting the relative binding affinity of
different variants that are relevant to the evolution of the SARS-
CoV-2>% and in providing mechanistic insights into the inter-
actions between antibodies with the virus.?°¢2%

3.3.2. End-point approaches. MM-PBSA/GBSA, linear inter-
action energy (LIE), called end-point methods, are widely used
to study protein—protein interactions because they are reason-
able in terms of trade-off between computational overhead and
efficient prediction of binding affinity. In the LIE method, a
scoring function for calculating the protein-ligand binding free
energy was developed by combining MD simulations and
experimental data.”*® Binding affinity is approximated linearly
as the sum of the Val der Waals (VdW) and electrostatic energy
differences between the intermolecular interactions of ligand
and its environment in the bound state (interact with the
solvated receptor) and in the free state (interact only with
the solvent). Namely, the binding free energy AG bind =
A(ESSPY) — (EEa)) + B(ESRS™) — (EES)) + 7, where Byaw and
E.jec refer to the van der Waals and electrostatic interaction.
Empirical coefficients o, f, y have been trained based on
experimental data depending on different target systems.*'®

To predict the binding affinity between ACE2 and SARS-CoV-
2 variants,”"" empirical parameters were trained using a set of
Kp, values obtained from yeast surface display titration for 43
spike RBD variants.>'®> The relative binding energies AAG
predicted by LIE correlated reasonably with K measured by
surface plasmon resonance for WT, Alpha, Beta, and Gamma,
since the corresponding correlation coefficient R* is 0.88.”"*
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Table1l Experimental data for the dissociation constant Kp of the complex of human ACE2 with RBD of SARS-CoV-1 and SARS-CoV-2. The results were
obtained by various methods shown in the last column. The experimental binding free energy AGying Was extracted from Kp using the relation AGping =
kgT In(Kp), where Kp is measured in M and T = 300 K

Ref. Part of spike protein Kp (nM) AGying (kcal mol ™) Method
SARS-CoV-1 Wildtype
Wrapp et al.'® RBD-SD1 325.8 —8.90 SPR
Kirchdoerfer et al.*”® Ectodomain 185.1 —9.24 SPR
walls et al.®® Ectodomain 5.0 £ 0.1 —11.39 4+ 0.01 BLI
Lei et al.™®® Whole spike 177.1 —9.27 SPR
Shang et al.”* RBD 185 —9.24 SPR
SARS-CoV-2 Wild type
Wrapp et al.*® Ectodomain 14.7 —10.75 SPR
RBD-SD1 34.6 —10.24 SPR
Walls et al.®® Ectodomain 1.2 £ 0.1 —12.25 + 0.05 BLI
Lei et al.*®® Whole spike 11.2 —10.91 SPR
Liu et al.*®* RBD 5.77 —11.31 SPR
Shang et al.”* RBD 44.2 —10.09 SPR
Supasa et al.'®? RBD 75.1 -9.78 BLI
Cameroni et al.*®* RBD 60.0 + 1.4 —9.91 + 0.01 SPR
Zhang et al.'® RBD 13.2 —10.81 SPR
Chan et al.'®® RBD 22 (ACE2 dimer) —10.51 BLI
Dejnirattisai et al.'®’ RBD 7.3 -11.17 SPR
Tian et al.'®® RBD 8.3 £ 0.25 —11.09 + 0.02 SPR
RBD 56.9 + 16.0 —9.95 + 0.17 BLI
Yin et al.*®® RBD 75.5 £ 2.1 —9.78 + 0.02 SPR
Ectodomain 14.7 £+ 4.9 (ACE2 monomer) —10.75 £+ 0.20
2.7 + 1.4 (ACE2 dimer) —11.76 + 0.31
Wang et al.** Whole spike 5.20 -11.37 SPR
Han et al.** RBD 26.34 + 1.10 —10.4 + 0.02 SPR
Zhang et al.'** Whole spike 40.1 £ 3.9 —10.15 + 0.06 BLI
Barton et al.'?® RBD 62.6 + 7.7 —9.89 4 0.07 SPR
74.4 + 4.0 —9.79 + 0.03
Yang et al.'** Whole spike 3.1 —11.68 BLI
Collier et al.*’ RBD 133 —9.44 BLI
Laffeber et al.**® RBD 17 + 0.6 —10.67 + 0.02 SPR
Zhang et al.*®’ Whole spike 19.6 & 2.5 (ACE2 dimer) —10.58 + 0.08 BLI
288.0 £ 5.1 (ACE2 monomer) —8.98 & 0.01
RBD 15.5 + 1.3 (ACE2 dimer) —10.72 4+ 0.05 BLI
256.0 £ 6.4 (ACE2 monomer) —9.05 £ 0.01
McCallum et al.*® RBD 78 4+ 8 —9.76 + 0.06 SPR
147 + 3 —9.38 + 0.01 BLI
Wang et al.'®® Ectodomain 87 —9.64 BLI
Mannar et al.>*° Ectodomain 7.36 —11.11 BLI
Bayarri-Olmos et al.”*! RBD 17 —10.66 BLI
Koehler et al.'”* RBD 134 + 81 —9.43 £ 0.36 Dynamic force
spectroscopy
Cui et al.**? RBD 68.3 —9.83 SPR
SARS-CoV-2 Alpha variant
Dejnirattisai et al.'®” RBD 1.5 -12.11 SPR
Tian et al.'®® RBD 0.5 + 0.01 —12.76 + 0.01 SPR
RBD 13.1 + 3.8 —10.82 + 0.17 FFC, ACE2 on
cell surface
Cao et al.>*? RBD 4.8 —11.42 SPR
Han et al.** RBD 3.64 + 0.13 —11.58 4+ 0.02 SPR
Yang et al.'** Whole spike 1.36 -12.17 BLI
Collier et al.*’ RBD 22 —10.51 BLI
Laffeber et al.**® RBD 2.4+ 0.4 —11.77 4+ 0.10 SPR
McCallum et al.**® RBD 15.0 + 0.4 —10.74 4 0.02 SPR
26 + 4 —10.41 + 0.09 BLI
Mannar et al.?*® Ectodomain 5.01 —11.39 BLI
Bayarri-Olmos et al.”* RBD 2.23 —11.87 BLI
Koehler et al.”* RBD 129 + 81 —9.45 £ 0.37 Dynamic force
spectroscopy
SARS-CoV-2 Beta variant
Dejnirattisai et al.'®” RBD 3.2 —11.66 SPR
Tian et al.*®® RBD 0.5 + 0.01 —12.76 + 0.01 SPR
RBD 45.2 + 13.9 —10.08 + 0.18 FFC, ACE2 on
cell surface
Cao et al.>*? RBD 13.5 —10.80 SPR
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Ref. Part of spike protein Kp (nM) AGping (kcal mol™) Method
Han et al.™! RBD 8.10 + 0.06 —11.10 + 0.01 SPR
Barton et al.'”? RBD 17.4 + 3.1 —10.65 + 0.11- SPR
20.0 £ 0.7 —10.57 £ 0.02
Laffeber et al.'*° RBD 5.8 £ 0.8 —11.30 + 0.08 SPR
Mannar et al.*° Ectodomain 3.9 —11.54 BLI
Koehler et al.'”* RBD 80 + 49 —9.74 £ 0.36 Dynamic force
spectroscopy
SARS-CoV-2 Gamma variant
Dejnirattisai et al.'®’ RBD 2.4 —11.83 SPR
Cao et al.** RBD 16.7 —10.67 SPR
Han et al.™" RBD 5.16 £ 0.04 —11.37 £ 0.01 SPR
Barton et al.'”? RBD 12.2 + 3.4 —10.86 + 0.17 SPR
13.5 £ 0.45 —10.80 =+ 0.02
Zhang et al.*®’ Whole spike 2.4 + 0.3 (ACE2 dimer) —11.83 + 0.07 BLI
14.8 + 0.2 (ACE2 monomer) —10.75 £ 0.01
RBD 8.8 + 0.6 (ACE2 dimer) —11.05 £ 0.04
124 + 2 (ACE2 monomer) —9.48 £ 0.01
Mannar et al.**° Ectodomain 3.58 —11.59 BLI
Koehler et al.'”* RBD 21 + 16 —10.54 + 0.45 Dynamic force
spectroscopy
SARS-CoV-2 Delta variant
Dejnirattisai et al."® RBD 4.9 —11.40 SPR
Cao et al.>* RBD 10.9 —10.93 SPR
Zhang et al.*’ Whole spike 176 + 56 (ACE2 dimer) —9.27 + 0.19 BLI
208 + 6 (ACE2 monomer) —9.17 £ 0.02
RBD 7.7 £ 0.6 (ACE2 dimer) —11.13 £ 0.05 BLI
199 =+ 4.5 (ACE2 monomer) —9.20 £ 0.01
McCallum et al.**® RBD 63 £ 3 —9.88 + 0.03 SPR
180 + 30 —9.26 + 0.10 BLI
Wang et al.™®® Ectodomain 41 —10.14 BLI
SARS-CoV-2 Omicron variant
Dejnirattisai et al.'®’ RBD 7.8 -11.13 SPR
Yin et al.'® RBD 38.9 + 10.5 —10.17 + 0.16 BLI
Ectodomain 2.5 £ 0.6 (ACE2 monomer) —11.80 £ 0.14 BLI
0.3 + 0.2 (ACE2 dimer) —13.07 + 0.40
Wang et al.'®® Whole spike 2.10 (BA.1) ~11.91 SPR
2.21 (BA.2) —11.88
2.36 (BA.2.12.1) —11.84
2.79 (BA.1.1) -11.74
1.66 (BA.4, BA.5) —12.05
Zhang et al.'”* Whole spike 8.3 £ 0.3 (BA.1) —11.09 + 0.02 BLI
Cui et al.** RBD 24.4 (BA.1) —10.45 SPR

Like LIE, the solvated interaction energy (SIE) method also
uses a parameter fitting procedure for energy terms.>'**'*> The
disadvantage of this method is the use of MD simulation with
the AMBER force field to test the performance of optimal
parameters without extending to other force fields.>'* SIE has
been used to study the transmission of SARS-CoV-2 and SARS-
CoV-1 at different ambient temperatures. Consistent with MM-
PBSA results, SIE confirmed a stronger binding of SARS-CoV-2
to ACE2 in a temperature range of 200-350 K compared to
SARS-CoV-1.>"® This result is also consistent with experiment at
room temperature”” (see also Table 1). SIE predicted the bind-
ing affinity of WT SARS-CoV-2 RBD to ACE2 (—13.75 % 0.02 kcal
mol "),*"” in good agreement with experiments (Table 1) and a
reasonably increased binding affinity of ~ 1.3 kcal mol " due to
N501Y mutation. However, it overestimated the impact of other
important mutations, such as E484K, L452R, T478K, and failed
to describe the impact of mutations at residue K417 on the
binding affinity."*"%°

This journal is © The Royal Society of Chemistry 2023

MM-PBSA and MM-GBSA*'®*'® are often used to access
docking pose, structural stability, and predict binding affinities
and hotspots. In addition to deriving the binding energy, the
advantage of MM-PBSA and MM-GBSA is that they allow the
analysis of the contributions of individual residues or energy terms
using free energy decomposition analysis, which gives detailed
residue-specific energy contributions to the binding of the system
and identifies dominant interactions during the binding process
and thereby facilitates the design of systems with the desired
binding affinity. In MM-PB/GBSA, the binding free energy of a
receptor-ligand or protein-protein complex is estimated as the
difference between the free energy of the bound complex and the
free energy of the unbound components.

In practice, MD simulation is carried out only for a bound
complex, and the free binding energy is calculated as follows:

AGbind = AEelec + AEVdW + AGpolar + AGnonpolar — TAS

1)
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Fig. 6 (A) A typical setup for SMD simulation to mimic an AFM experiment: an external force is applied to a dummy atom connected to RBD through a
spring with a spring constant of k, while ACE2 is fixed. (B) Force-time profiles derived from all-atom SMD simulations for SARS-CoV-2 and SARS-CoV-1.
(C) One-dimensional potential of mean force of SARS-CoV-1 (black) and SARS-CoV-2 (red). The distance r, that separates the bound and unbound
regions is used for calculating Kp (egn (3)-(5)). (D) Dependence of Ky on the maximum radius r* corresponding to the volume V(r*) where free monomers

can exist. Kp was obtained at r* = 105 A using egn (3).18!

which is the sum of the electrostatic (AE.j..) and van der Waals
(AE,qw) interaction energies, the solvation energy of the polar
(AGpolar) and nonpolar (AGnonpolar) components, and the
change in conformational entropy (—TAS). The non-polar
energy is estimated by using the formula AGyonpotar = YASASA,
where y = 0.0072 kcal mol™' nm™?, and the solvent-accessible
surface area (SASA) is calculated at a solvent probe radius of
1.4 A?° For polar solvation energy, the Poisson-Boltzmann
(PB) and the generalized Born (GB) implicit solvent models are
widely used. While PB is the more accurate, GB is less compu-
tationally expensive, but both have been used to study large
systems such as SARS-CoV-2-ACE2.

The accuracy of the MM-PB/GBSA method is mainly deter-
mined by the reliability of the determination of the polar
solvation energy. Since the error is proportional to the polarity
of the molecules under consideration,?*! this limits the accu-
racy of estimating the binding free energy of highly polar or
charged molecules, such as SARS-CoV-2 RBD and ACE2. How-
ever, MM-PB/GBSA is still the most widely used in studying
SARS-CoV-2 RBD interaction with ACE2 (Table 2) because more
precise methods such as umbrella sampling and free energy
perturbation are impractical when using all-atom models.

Due to the high charge of the SARS-CoV-2 RBD-ACE2
complex, the electrostatic and polar solvation energies are
inconsistent between different groups, which might depend
on methods use to analyze them. The polar term depends on
the dielectric constant ¢;, and in order to obtain agreement
with experimental data, its high value has been recommended
to reduce the strong electrostatic energy.”'* However, this
seems unclear for the SARS-CoV-2-ACE2 complex, because the

Chem. Soc. Rev.

application of a large ¢;,, reduces the large negative electrostatic
energy, but at the same time reduces the polar energy.>”> For
most of the studies with the details provided, &, = 1, or 2 was
used (Table 2), The free binding energy obtained with &, = 4 is
still largely negative.”*® In general, the predicted binding free
energies are much lower than the experimental results
(Table 1). To solve this problem, Ding et al. suggested to take
into account the screening effect to the electrostatic interaction
between charged biomolecules.>*>

Normal mode (NM) analysis has been used to calculate the
entropy term in eqn (1). However, this method requires large
computational resources and poor convergence for large sys-
tems, such as the RBD-ACE2 complex, where a truncated
structure was used to speed up the calculation.??* One alter-
native approach to NM replacement is the interaction entropy
(IE) method,”® in which the entropy change is estimated
through the protein-protein interaction energy sampled during
MD simulation without extra computational effort. Although IE
does not provide the absolute entropy, it can predict reasonable
relative entropy changes when MM-PBSA is used to analyze the
SARS-CoV-2 RBD-ACE2 complex.”?***® The quasi-harmonic
approximation or more recent model based on weighted sol-
vent accessible surface area is another approach that directly
computes conformational entropy from MD simulations for
SARS-CoV-2 RBD and ACE2.*?”?*® Anharmonicity and high-
order correlations should be considered for flexible or multiple
energy well binding sites®®*>?** if they represent SAR-CoV-2
variants. The predicted binding affinity is in reasonable agree-
ment with experiment data when the entropy term is
included217,222,224,226,227,231 (Table 2)

This journal is © The Royal Society of Chemistry 2023
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Table 2 Theoretical binding free energy AGping Obtained by end-point methods for the complex of WT SARS-CoV-2 RBD and ACE2. AGpjnq is sorted in

descending order

Ref. AGhing (kcal mol ™) Method Notes
Negin?** —9.84 =+ 1.52 (full struct.) MM-GBSA FF: ff14SB
No glycan

—14.65 £ 1.52 (truncated struct.)

Analysis: MMPBSA.py
GBNSR6 model, radii mbondi. (&, = 1)
Entropy: normal mode method

Jawad?*! —12.86 + 0.1 (g, = 1) MM-GBSA FF: ff14SB
No glycan
Ar)algsis: MMPBSA.py
GB°"° model, GB = 2, radii mbondi2. (&, = 1, 5, 10)
Entropy: quasi-harmonic approximation method
Ding*?? -13.3 MM-PBSA FF: ff14SB
No glycan
Analysis: g mmpbsa
Screening effect.
(F'in = 2)
Entropy: interaction entropy (IE) method
Naresh*"” —13.75 £ 0.02 SIE FF: ff14SB
No glycan
. (6in = 2.25)
Zhang® —16.04 £ 0.05 MM-GPSA FF: ff14SB, glycan: GAFF2
Delphi, (e, = 1)
Entropy: WSASA method
Nguyen®>® -18.32 4 1.62 (homoglycan model) MM-PBSA FF: ff19SB
-17.57 =+ 3.12 (heteroglycan model) Glycan: GLYCAMO6j
-19.88 + 3.27 (no glycan) Delphi, (&, = 1)
Entropy: interaction entropy (IE) method
Jafary**> —31.58 + 2.44 MM-PBSA FF: ff14SB
No glycan
wu23? —33.13 + 3.26 MM-GBSA FF: ff14SB
. No glycan )
Nguyen —41 (No glycan) MM-PBSA FF: CHARMM36m for protein, CHARMMS36 for glycans
—35 (Man9)
—45 (FA2)
de Andrade*** —48.97 + 7.79 MM-GBSA FF: AMBERO3
—25.22 + 18.77 LIE No glycan
Ma**® —54.03 £ 7.50 MM-GBSA FF: ff14SB
No glycan, ¢, = 1
Piplani***® —57.6 £ 0.25 MM-PBSA FF: ff99SB-ILDN
. No glycan
Khan™ —62.43 MM-GBSA FF: ff18SB
Vs No glycan
Wang™ —62.49 £ 7.65 MM-GBSA FF: ff14SB
No glycan
Ali'*® —126.25 MM-GBSA FF: OPLS
No glycan
Lupala®*’ —143.83 MM-PBSA FF: CHARMM36
No glycan
Mandal**® —244.37 & 36.02 MM-PBSA FF: CHARMM36
o No glycan
Zhou —259.00 MM-PBSA FF: CHARMM36
No glycan, ¢, = 2
Istifli**> —287.25 + 2.10 MM-PBSA FF: AMBERO3
No Glycan, &y = 2
Guo**? —309.7 + 5.63 MM-PBSA FF: OPLS-AA
. No glycan
Shah* —590.73 & 42.84 MM-PBSA FF: CHARMMS36

Role of glycans in RBD-ACE2 stability. The role of glycans in
the RBD-ACE2 stability remains unclear. Using ff19SB for
proteins, GLYCAMO06j for glycans, and MM-PBSA, Nguyen
et al*®® obtained AGpyq = —19.88 + 3.27 kcal mol™! for
the WT without glycans, which is close to —18.32 + 1.62 to
—17.57 4 3.12 keal mol ™" in the presence of homogeneous and
heterogeneous glycans, respectively. The same conclusion was

This journal is © The Royal Society of Chemistry 2023

No glycan, ¢;, = 4

reached by Nguyen et al.>*® Therefore, glycans have little effect
on the stability of RBD-ACE2 complex, which is consistent with
experimental data reported by Allen et al. showing that glycans
play a minor role in SARS-CoV-2 recognition by ACE2.>** How-
ever, computational studies of Zhao et al.,"** Mehdipour and
Hummer,®® Barros et al.>*> and Rahnama et al.**® showed that
glycans surrounding ACE2 are important for RBD binding.
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The difference between different groups may be due to
different force fields used and system settings. Barros et al.>*’
and Nguyen et al.>?° investigated the same RBD-ACE2 complex
without membranes. However, Mehdipour and Hummer®®
studied BOAT1-ACE2-RBD in the presence of a viral membrane,
whereas Zhao et al."** examined the interaction between the
RBD dimer and the membrane-embedded ACE2 homodimer.
Thus, further computational and experimental work is needed
to fully understand the effect of glycans on the stability of the
RBD-ACE2 complex.

3.3.3. Coarse-grained umbrella sampling
While all-atom models are used to estimate binding affinity,
the coarse-grained (CG) models are often used to investigate the
structures and dynamics of macromolecular complexes on
large time scales. Multi-microsecond simulations were carried
out to study the mechanism of SARS-CoV-2 RBD binding to full-
length ACE2 in the presence of the BOAT1 transporter and the
POPC membrane, indicating an important role of BOAT1 in
preventing viral invasion.>”” The CG model developed by the
Warshel group**®?*° successfully predicted the effect of single
mutations on the change in free binding energy.>*%>>!

Combining the CG model*** and replica-exchange umbrella
simulations, the dissociation constant Kj of the RBD-ACE2
complex was extracted from the potential of mean force
(PMF)."®" In this Co CG model the interaction energy between
amino acids is given by the following equation:

E :Zkb(i»,- - ro)2+z ka-,-<l + cos [(p[j - 54)
+Zexp[

simulation.

(0= 0,)?] + exp| vk (0: - 0p)°]

10
|: :| § SNC |:13( l]) lg(clj)
Ip ije{NC} Tij

12
L)

jH{NC) i

Z qqu
41taoa,1,]
o 6
~()
Tij
(2)

The energy in eqn (2) is the sum, respectively, of C,-C,, virtual
bonds, dihedral angles, bond angles, electrostatic interactions,
Lennard-Jones-like native interactions, and repulsive non-
native interactions. Charges g = +1e and —1e respectively are
assigned to the positively charged and negatively charged
residues, and the remaining residues have g = 0. The electro-
statics interaction is described by the Debye-Hiickel theory
with a Debye screening length, Iy, of 10 A and a dielectric
constant of 78.5. The Lennard-Jones-like interactions are
described by the 12-10-6 potential.>>®

The dissociation constant Ky of the RBD-ACE2 complex can
be expressed as a function of the probability of bound (Py) and
unbound (P,) states and the free monomer concentration of
protein [Protein]:*®*

Kp = &[Protein]. (3)
Py
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Here P, = 1 — Py, and [Protein] which represents either free
monomer concentration of ACE2 or RBD is given by

[Protein] =

Py
V(r*)C()A (4)

Coefficient C, = 1660 is constant of proportionality. V(r*) is the
simulation volume in which free monomers can be found. P is
calculated by numerical integrating PMF as:

[ 4nr?e PO dr

Pb = ;
Jo 4mrZe= PO (dr

(5)

where G;p(r) is the 1-dimensional PMF, calculated using the
histogram-free formulation of the WHAM equations. r;, which
separates bound and unbound states is defined as corres-
ponding to the peak of the 1D-PMF (Fig. 6C).

Using eqn (3)-(5), Nguyen et al.'®! obtained Kp = 6.7 and
2.7 nM for SARS-CoV-1 and SARS-CoV-2, respectively (Fig. 6D).
Since the higher the K, the stronger the binding, this result is
consistent with experiments®”? and other computational stu-
dies showing that SARS-CoV-2 binds more strongly to ACE2
than SARS-CoV-1. In addition, CG models in combination with
enhanced sampling methods are likely to provide a reasonable
estimate of the dissociation constant of protein-protein com-
plexes, and research in this direction is encouraging, since the
corresponding simulations are less time consuming compared
to the all-atom simulations. Another advantage of CG umbrella
sampling is that it calculates Kp, that can be directly compared
with experiment, while other methods such as end-point meth-
ods provide AGpinq that cannot be directly measured
experimentally.

4. Interaction of SARS-CoV-2 variants
of concern with ACE2

Since the outbreak of SARS-CoV-2, the virus has accumulated
mutations in its gene. A number of mutations are determined
to change the fitness of virulence and transmissibility of virus.
In consequence, multiple variants have emerged that have
different characteristics compared to wild type. According to
WHO, there were five COVID-19 variants of concern (VOC)
including Alpha (B.1.1.7), Beta (B.1.35), Gamma (P.1), Delta
(B.1.617.2) and Omicron (B.1.1.529),>****" as well as two var-
iants of interest (VOI), Lambda and Mu.”® VOCs appear to
exhibit enhanced transmissibility and resistance to therapeutic
agents, leading to high rates of hospitalization and
mortality.”>>**” Each variant can be classified into several
sublineages. For example, Omicron has at least 5 sublineages
BA.1, BA.2, BA.3, BA.4 and BA.5.%°® In this review, we will focus
on the variants of concern and their sublineages and mutations
are shown in Fig. 7.

4.1. Alpha variant

The alpha variant has a higher transmissibility, viral load and
longer time in the respiratory tract than WT.>**7?®* Mutations
in this variant are shown in Fig. 7. An in vitro study indicated

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Mutations in the spike protein of variants of concern (Alpha, Beta, Gamma, Delta and Omicron) designated by WHO. The corresponding lineage is
shown in parentheses.

that the A69-70 mutation does not contribute to antibody
resistance.>®* However, this mutation enhances the fusion of
host cell and virion membranes. The presence of the P681H
mutation improves furin-mediated spike cleavage by approxi-
mately 2-fold compared to WT.”*® However, the work of
Lubinski et al. indicates little effect of P681H on furin cleavage
and membrane fusion.>®®

The effective transmissibility of the Alpha variant may be
due to tighter binding to ACE2 than WT'°®*°° (Table 1).
Measurement of the binding affinity of Alpha RBD to ACE2
on the cell surface using fluorescence flow cytometry indicates
that the N501Y mutation in the RBD region enhances the
interaction of these two proteins, since K for WT and Alpha
is 47.2 £ 7.4 nM and 13.1 + 3.8 nM,"'®® respectively, which is
consistent with other studies'****®*°! (Table 1). The n-n stack-
ing interaction between the Alpha Y501 residue and ACE2 Y41
is responsible for the enhanced stability of the complex. In line

This journal is © The Royal Society of Chemistry 2023

S2 Omicron (BA.5S)
'sp2 "Ml FP HRI HRZOE 1273

with the studies above, using bio-layer interferometry Collier
et al.'® obtained Kp ~ 133 and 22 nM for WT and Alpha,
respectively. This result is consistent with the surface plasmon
resonance data reported by Barton et al.'®® (Table 1) that N501Y
mutation in the Alpha variant increases the RBD binding to
ACE2 by reducing Kp, from 62.6 + 7.7 (WT) to 5.5 + 2.4 nM
(Alpha).

The atomic force microscopy experiment showed that the
unbinding force of Alpha RBD (57 + 18 pN) is slightly higher
than WT (49 & 11 pN)."®® Steered molecular dynamics (SMD)
simulation suggests that the Alpha Y501 residue has a n-n
interaction with ACE2 Y41 and a m-cation interaction with ACE2
K353, while WT N501 does not have such an interaction, which
agrees with experiment.'®® Using MM/PBSA method, the
AMBER14SB force field and TIP3P water, it was shown that
the binding energies are equivalent for the WT and Alpha
variant.*®”
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Using the Binding Free Energy Estimator 2 [100] with
CHARMM36, ZAFF and water TIP3P force fields, Coderc
et al.?*® obtained very good agreement with the experimental
data on the binding free energy for RBD of Alpha, Beta, Delta
and Omicron BA.2 to ACE2. A simulation using umbrella
sampling shows that the N501Y mutation increases the binding
free energy by about 4 kcal mol™" compared to the WT,>*’
which is due to the fact that compared to WT, the Alpha Y501
residue has two contacts more, including one hydrogen bond
with K353 and one m-n contact with Y42 of ACE2. Increased
binding affinity due to N501Y was also observed using the MM/
GBSA method.””®

4.2. Beta variant

The Beta variant contains mutations K417N, E484K, and N501Y
in the RBD region (Fig. 7), which increases the ACE2 affinity
(Kp =5.01 nM) in compared to the WT (Kp, = 7.36 nM), as shown
in the bio-layer interferometry experiment®>*® (Table 1). An
experiment by Tian et al. indicates that the N501Y mutation
dramatically changes the binding affinity of RBD and human
ACE2."®® K417N weakens the RBD-ACE2 stability while E484K
boosts it a bit. The combination of these three mutations
leads to increased stability of this complex.'®® Barton et al.
showed that the Beta variant binds to ACE2 weaker than Alpha,
although these two variants have the same N501Y mutation,"*
consistent with Laffeber et al.'®® (Table 1). The K417N mutation
reduces the binding affinity of RBD to ACE2 to a greater extent
than the increasement effect by E484K.'%*"%°

In the absence of ACE2, the RBD of the Beta variant is more
flexible than the WT and Alpha in the area that will form an
interface with ACE2.>”! In complex with ACE2 the Beta RBD
becomes less flexible because it has more contacts with ACE2
than WT and Alpha variant. The K484 residue forms a salt
bridge with ACE2, but the salt bridge between the mutation
K417N and ACE2, which is responsible for the impact of these
mutations on the binding with the host cell, is broken.>”*

4.3. Gamma variant

The Gamma variant has the mutations K417T, E484K, and
N501Y in the RBD region (Fig. 7). These mutations have little
effect on the RBD structure,’’ but they increase the RBD
binding to ACE2 compared to WT."**'972°° For example, using
surface plasmon resonance, Barton et al."® obtained Ky, = 62.6
and 12.2 nM for WT and Gamma, respectively. Like other
variants in which K417 is replaced by a neutral residue, the
K417T mutation reduces the affinity of RBD binding to ACE2,
while E484K, N501Y increase it.'??

4.4. Delta variant

The Delta variant caused a devastating pandemic wave in
many countries. This variant has a higher replication rate and
intercellular fusion than WT, Alpha, Beta, and Gamma
variants.'®”?”>*73 Compared to WT, the Delta spike protein
has a higher propensity for an open RBD configuration, which
facilitates interaction with host cells."®® Delta RBD has only two
mutations L452R and T478K (Fig. 7) which do not cause the
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RBD structural rearrangement,"®” but lead to its stronger bind-
ing to ACE2 compared to WT.*>'9%*"* Liu et al.>’* reported K, =
75 nM and 57 nM for WT and Delta, respectively and these
values are close to Wang et al.,"*® who showed that the T478K
mutation significantly stabilizes the RBD-ACE2 complex. Using
biolayer interferometry, Zhang et al. demonstrated that both
the entire Delta spike protein and the Delta RBD bind to the
ACE2 dimer more strongly to the ACE2 monomer'®” (Table 1).

McCallum et al. showed that the Delta variant has no
improvement in the binding affinity of RBD to ACE2'®
(Table 1). The discrepancy between different groups may be
due to different experimental conditions. High levels of Delta
infection may be associated with mild dissociation of S1, but
not with tighter ACE2 binding."”” In addition, the P681R
mutation in Delta makes furin cleavage and cell fusion more
efficient than WT and Alpha,®**?”® making Delta more
infectious.

Modeling using the MM/GBSA method with the AMBER14SB
force field and TIP3P water model reveals that the Delta variant
(AGping = —42.76 + 2.38 kcal mol ') has a lower binding free
energy than Omicron (—29.43 4 3.01 kcal mol™') and WT
(—33.13 £ 3.26 kcal mol").””” Although residue 452 is outside
the binding surface with ACE2, the replacement of the neutral
amino acid (Leu) with a positive charge Arg increases the
interaction between RBD and ACE2.2%%*7® A simulation study
using the pyDockEneRes tool>”” showed that the mutations
L452R and T478K in the Delta variant increase the strength of
ACE2 binding.>”®

4.5. Omicron variant

Omicron is a prevalent variant with a faster spread than
Delta.>”® The number of mutations in the Omicron RBD region
is higher than in other variants (Fig. 7). New sub-lineages of
Omicron have emerged and have replaced over its original BA.1
lineage.”®® Various Kp, values of Omicron binding to human
ACE2 are shown in Table 1. Dejnirattisai et al. showed that
Omicron RBD binds to ACE2 with a Kp equivalent to WT and
higher than other variants,'®” but another study provided a
similar value of Ky for Omicron and Delta.?®* Gobeil et al.
reported that Omicron binds to ACE2 more strongly than WT
but weaker than Delta.”> The trend that the Omicron variant
has a lower K, than WT is supported by other studies (Table 1).

RBD-RBD interface in the down state of 3 RBDs is densely
packed in sub-lineages BA.1 and BA.2.°>?%” Stabilization of the
closed state of spike protein can occlude the binding with
antibodies and receptors such as ACE2. However, this is
compensated by rearrangement of the linker connecting NTD
and RBD, which increases the propensity of BA.1 RBD to open
state.”> Moreover, the fusion peptide of Omicron is more easily
exposed than the WT and Delta variant. The K417N mutation
attenuates the interaction between the viral spike and ACE2,
while Q493R, G496S, and Q498R stabilize this complex. The
N501Y mutation promotes the n-stacking interaction with Y41
of ACE2.”®" The BA.1 Omicron variant needs a higher level of
ACE2 expression for efficient membrane fusion compared to
WT, Alpha, Beta, and Delta variants.***
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Furin cleavage in the Omicron variant is inefficient, which
may be due to the presence of two mutations N679K and
P681H."** Since these two mutations also occur in the Omicron
BA.2, BA.3, BA.4 and BA.5 sub-lineages, the molecular mecha-
nism of this effect is intriguing to shed light on the viral
infectivity of this variant. The development of pandemic is
accompanied by combinations and mutations of Omicron
sub-lineages. The sub-lineage BA.2.75 emerges from BA.2,
which enhances infection ability and binding affinity to ACE2
compared to sub-lineages BA.2 and BA.5.® In particular,
mutations N460K and D339H of BA.2.75 increase the binding
energy with ACE2. Since the end of 2022 the Omicron sub-
lineages XBB, XBB.1, XBB.1.5, CH.1.1, BQ.1.1 have become the
prevalent lineages (https://www.nature.com/articles/s41467-
023-38435-3). According to yeast surface display assay, the
RBD binding affinity of the XBB variant to human ACE2 is
higher than that of the BA.2 variant, as Kp = 1.00 £+ 0.07 and
1.49 + 0.05 nM for XBB and BA.2, respectively.”®® The increase
in binding affinity is likely due to substitutions R346T, L3681
and N460K. The SPR experiment indicates that the full spike
proteins of XBB and XBB.1 have a weaker binding affinity to
human ACE2 than BA.2.>”> XBB.1.5, one of newest sub-lineage,
exhibits a stronger association with ACE2 (Kp = 3.4 nM) than
XBB.1 (Kp = 19.0 nM) and BQ.1.1 (Kp = 8.1 nM).”® Derived from
variant BA.5, RBD of BQ.1.1 has lower dissociation constant
with ACE2 (Kp = 0.66 £+ 0.11 nM) than BA.5 (Kp = 108 =+
0.16 nM) using yeast surface display assay.?*® However, the full
spike proteins of BA.5 (0.61 nM), BQ.1 (0.62 nM), and BQ.1.1
(0.56 nM) have equivalent binding affinities.>* Subvariant
BQ.1.1 has mutations R346T and N460K that improve binding
to human ACE2 compared to BA.5. An experiment by Cao
et al.>® showed that BQ.1.1, XBB, and BA.2 have the same
IC5, while BA.5 IC5, is lower than BA.2, but ICs5, of CH.1.1 is
higher than BA.2.

The change in charge caused by mutations in Omicron
enhances the binding energy with host cells.*®*2° A deep
learning approach predicted that variants Alpha, Beta, Gamma,
Delta, Kappa, Lambda, Omicron BA.1, BA.2, BA.3 bind to ACE2
more strongly than WT*°" and mutations N440K, T478K, and
N501Y play a key role. Using MD simulation with the
CHARMM36m force field and TIP3P water model, Lupala
et al. determined that the Omicron variant RBD increases
interaction with ACE2 by changing the electrostatic potential
and stabilizing hydrogen bonds at the binding surface due to
mutations.>*® Nguyen et al.*®® also found that the electrostatic
interaction between Omicron RBD and ACE2 PD is stronger
than WT RBD and ACE2 PD, due to an increase in RBD charge
from +3e in WT to +6e in Omicron. Using MM/PBSA with
AMBER19SB, GLYCAMO6j force fields and OPC water model,
they obtained the free energy of WT and BA.1 Omicron
RBD binding to ACE2 PD of ~—18 and —29 kcal mol
respectively.?®® The contribution of glycan molecules to the
binding free energy of is insignificant, which is consistent with
Khan et al.***> who obtained AGp;g = —18.72 and —27.27 keal
mol " for WT and Omicron BA.1, respectively, using the same
model as Nguyen et al., but without glycans.
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The MM/GBSA method combined with AMBER14SB force
field and TIP3P water gave a binding free energy of —12.86 +
0.1 keal mol™" and -14.53 £ 0.1 kcal mol™" for WT and BA.1
Omicron, respectively, which is closer to the experimental data
compared to MM/PBSA.?®® A joint study of experimental and
simulation methods showed that BA.1 Omicron binds to ACE2
more strongly than WT, since Kp = 6.342 £ 2.190 for WT
and 2.418 + 1.166 nM for Omicron.”**> The binding
energies obtained from MM/GBSA without entropy contribu-
tion using the AMBER19SB force field and TIP3P water for
WT and Omicron with ACE2 are —26.66 + 9.78 and —42.19 +
6.61 kcal mol ', respectively. In addition, mutations Q493R,
G496S, Q498R, N501Y and Y505H in the Omicron RBD interact
stronger with ACE2 than WT.

A computational study using the CHARM36 forcefield for
complexes of ACE2 PD and RBD of Omicron BA.1 and BA.2
lineages shows that both lineages have a stronger binding
affinity than WT.?* The increase in the number of salt bridges
is responsible for their tighter binding. Using MM/PBSA
method and neglecting the entropy contribution different
groups®?>?°® obtained the large negative binding energies,
but the main trend remains the same: Omicron binds to host
cells more strongly than WT.

Pitsillou et al.?>”® showed that Omicron BA.1 displays higher
binding affinity for ACE2 than Delta and WT when using
pyDockEneRes with CHARM36 force field and TIP3P water.
The fragment molecular orbital method revealed mutations
S371L, S375F, N440K, T478K, E484A, Q493K, and Q498R signifi-
cantly enhance interaction with ACE2.>*” DFT simulations gave
AGping = —109.77, —154.04, and —271.42 kcal mol™' for WT,
Delta, and Omicron BA.1, respectively.**® Although this result
qualitatively agrees with other in silico and in vitro studies, the
absolute binding free energy is are far from experimental data.
In general, different Omicron sub-lineages have a slight differ-
ence in binding affinity to ACE2?°° indicating their similar
ability to enter host cells.

4.6. Machine learning and alchemical free energy method for
predicting binding affinity of SARS-CoV-2 variants

As can be seen from the discussions above, when using
methods based on MD modeling, the binding affinity of SAR-
CoV-2 variants to ACE2 reported by various groups is incon-
sistent and often lower than experimental results. In this case,
machine learning can play an important role as it has advan-
tages in choosing features for efficient training of neural net-
works. The predictive power of this approach depends on the
available experimental data, and it is expected that the gener-
ated neural network models will be applied to effectively predict
not only the absolute binding affinity, but also the change in
binding affinity caused by specific mutations. Chen et al.>*° run
MD simulations for selected 108 single RBD mutations in
complex with ACE2 and used 18 decomposed MM-GBSA energy
terms as input features and experimental dissociation constant
ratios between variants and wild-type®°" to train a neural net-
work regression model. Compared to MD-based methods, their
model improved ACE2 binding affinity for most circulating
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SAR-CoV-2 strains, although the predicted values do not show
significant differences between the different variants, as experi-
mentally demonstrated. More precise methods such as free
energy perturbation have been employed to quantify the effect
of specific mutants during neural network model training.**>
Topology-based network tree (TopNetTree), a method based on
a deep learning algorithm, has been applied to predict the
change in binding free energy of thousands of possible RBD
mutations and predicted several potential residues in the RBM
region that have high mutation probability for the emergence
of more contagious trains.**?

Williams and Zhan®***% have also developed a machine
learning approach, but based on very limited simulation and
experimental data on binding affinity. They proposed a simple
semi-empirical formula that makes it possible to reasonably
predict Kp of various variants using the binding free energy
calculated by the MM-PB/GBSA method.

Machine learning based models are useful for studying the
binding of RBD variants not only to ACE2, but also to a wide range
of antibodies and nanobodies.****°” They can speed up and reduce
the cost of finding candidates with high neutralizing ability.

Alchemical free energy methods such as free energy pertur-
bation (FEP) and thermodynamic integration (TI) are the most
accurate because they are exact. However, they require efficient
sampling and are therefore often impractical for evaluating the
absolute binding free energy of large systems such as protein-
protein complexes,?*' mainly due to low convergence.**® How-
ever, the alchemical methods are successfully predict the
change in the binding free energy caused by mutations of
various variants of SARS-CoV-2 with ACE2.>*” Note that alchem-
ical free energy calculations can be combined with advanced
sampling methods**® or QM/MM calculations®'® to efficiently
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investigate the interaction of small ligand compounds with
SARS-CoV-2 drug targets.’™"

Finally, it is worth emphasizing that mutations in ACE2 can
change the affinity for the viral RBD. However, this problem is
beyond the scope of our review, and the reader can find relevant

information in the recent review*'” and original papers.'%'93313315

5. Virus entry into human cells by
binding to neuropilin-1 and other
receptors

ACE2 is widely recognized as the host cell receptor for SARS-
CoV-2.°° Although the transmission of SARS-CoV-2 via respira-
tory tract,>'® several studies suggest that the expression of
human ACE2 is significant in heart, kidney, and testis,"®” but
low in respiratory and olfactory epithelial cells,>'” which sug-
gests that other proteins may support viral entry into cells with
low ACE2 levels.

5.1. Neuropilin-1

Recent experiments have found that neuropilin-1 (NRP1) is one
of the proteins that facilitates the entry of the SARS-CoV-2, as
co-expression of NRP1 with ACE2 and TMPRSS2 greatly
enhances viral infection.’'® NRP1 is a transmembrane glyco-
protein that is expressed in all vertebrates and plays an impor-
tant role in a wide range of physiological processes such as
axonal guidance, angiogenesis, regulation of vascular perme-
ability, and immunity.>'*?*°® NRP1 comprises of approximately
900 amino acids, including 850 extracellular, 24 transmem-
brane, and 40 cytoplasmic residues. The NRP1 ectodomain is
divided into five modules a1, a2, b1, b2 and c (Fig. 8). Domains
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Fig. 8 Schematic of SARS-CoV-2 receptors and their binding region in Spike protein of SARS-CoV-2. The PDB id for AXL is 2C5D, CD209 is 2XR5,
extracellular domains of NRP1 are 4GZ9 for al, a2, bl and b2 while c is 5L73, CD147 is 6LYY, KREMEN1 is 5FWS, ACE2 is 1R42, ASGR1is 1DV8, VIM is 3KLT.

COVID-19. NRP1 binds to CendR motif (682-RRAR-685).
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al, a2, b1 and b2 can serve as binding sites for ligands and
proteins while c is responsible for NRP-1 oligomerization.**!

A structure called CendR (C-end rule) binds and activates
NRP1 and NRP2 at the cell surface.*** This CendR structure is
formed by the C-terminal sequence RXXR (R is arginine, X is
any amino acid; R can be substituted by lysine (K)). Interest-
ingly, the SARS-CoV-2 spike protein has a furin-cleavage site at
the junction of the S1 and S2 subunits, while this site is absent
in SARS-CoV-1."° This process cleaves the SARS-CoV-2 spike
protein into S1 and S2 polypeptides, which are linked to each
other by non-bonded interactions. The cleavage by furin at
residue 685 of SARS-CoV-2 spike protein generates the short
fragment 679-NSPRRAR-685 at the C-terminus of S1 which
contains the CendR motif (682-RRAR-685).

The crystal structure of the SARS-CoV-2 spike protein has the
S1-S2 junction exposed to solvent, making this region acces-
sible for binding to receptor proteins.”® It was experimentally
found that after furin cleavage the b1 domain of human NRP1
directly binds to the spike protein at CendR of S1 next to
§2318323 (Fig. 8). When NRP1 is depleted, the SARS-CoV-2
infection is lower than normal cells,*** suggesting that NRP1
increases SARS-CoV-2 infection. Blocking the interaction of the
C-terminal fragment of S1 with NRP1 by small molecules or
monoclonal antibodies reduces the effectiveness of viral infec-
tion. Also, isothermal titration calorimetry (ITC) showed®*® that
the binding affinity of CendR with NRP1 depends on pH with
Kp = 20.3 pM and 13.0 uM at pH 7.5 and 5.5, respectively.
However, the mechanism of CendR binding to NRP1 remains
unclear, which requires further computational studies.

At present, it is not entirely clear whether SARS-CoV-2
virions are internalized via NRP1 by endocytosis or direct
fusion with the host cell membrane. NRP1 can mediate endo-
cytosis of CendR peptides, but this mechanism differs from
known endocytic pathway.*** This experimental result supports
the NRP1 mediated endocytosis pathway of virions. A computa-
tional study showed that NRP1 stimulates the separation of the
S1 and S2 subunits of the SARS-CoV-2 spike protein,*** followed
by TMPRSS2 cleavage at the S2’ position to expose a fusion
peptide. Since dissociation of S1 and S2 induces conforma-
tional change in S2 that initiates membrane fusion, NRP1 may
play an important role in two pathways for SARS-CoV-2 entry
into the host cell: fusion with the host cell plasma membrane
or internalization into the endosome.

One of possible strategies to combat COVID-19 is to
block NRP1 activity by different inhibitors. Valproic acid was
shown to reduce ACE2 and NRP1 expression in cells leading
to inhibit SARS-CoV-2 infection.**® Peptides that are similar
to C-end rule peptides,****?”3?% bicyclic peptides®*® and small
compounds®*"*** are potent inhibitors of NRP1. Out of more
than 0.5 million compounds, two compounds have been iden-
tified that are able to target NRP1 and prevent SARS-CoV-2 from
entering the host cell.’*® Blocking NRP1 can affect other
normal processes,”** 3¢ and in some cases it results in embryo-
nic lethality and multiple cardiovascular defects,**” warning
that this strategy should be used with caution in the treatment
of COVID-19.
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5.2. Other possible receptors

In addition to ACE2 and NRP1, it is suggested that CD147 may
be a receptor for the SARS-CoV-2 spike protein. CD147 is a cell
surface protein of the IgG super family, the transmembrane
and extracellular domains of Ig1-Ig2 are shown in Fig. 8. The
experiment found that CD147 binds to the RBD of the spike
protein with an affinity constant of 0.19 uM,***?*® which facil-
itates entry of the virus into the host cell via endocytosis.
Meplazeumab which is an antibody against CD147 blocks the
entry of the SARS-CoV-2 virus.**® Furthermore, it was hypothe-
sized that severe cases of cytokine storm-associated COVID-19
are induced by an interaction between the spike protein and
CD147. Viral infection through CD147 can trigger the mitogen-
activated protein kinase pathway and promote the development
of a cytokine storm, suggesting an important role of CD147 in
COVID-19.%*° However, other experiments show that the SARS-
CoV-2 spike protein does not interact with CD147,**%**! casting
doubt on the role of the CD147 as a cofactor for virus entry into
the host cell.

Kringle containing transmembrane protein 1 (KREMENT1)
and asialoglycoprotein receptor 1 (ASGR1) have been identified
as co-receptors for SARS-CoV-2.>*> KREMENT1 is a type I trans-
membrane protein with an ectodomain and a cytoplasmic tail,
the ectodomain is shown in Fig. 8. ASGR1 is also a transmem-
brane protein consisting of a cytosolic domain, a transmem-
brane domain, a stalk and a carbohydrate recognition domain
(CRD) (Fig. 8). SARS-CoV-2 can infect cells without ACE2
expression, but have KREMEN1 or ASGR1. The combination
of ACE2, KREMEN1 and ASGR1 expression levels correlates
better with SARS-CoV-2 susceptibility than their individual
expression level.**?

While ACE2 binds to RBD of the spike protein, KREMEN1
binds to the NTD, RBD and S2, and ASGR1 binds to the NTD
and RBD. Both KREMEN1 and ASGR1 bind to RBD with higher
affinity than other regions with Ky of 19.3 nM and 94.8 nM,
respectively. Since Kp, of the ACE2-RBD complex is 12.4 nM,**?
the binding affinity of these three proteins to RBD is compar-
able, implying the complexity of the molecular mechanism of
SARS-CoV-2 entry into host cells.

ACE2 expression is low in the lung and trachea,*** motivat-
ing the search for other receptor candidates. Using tandem
affinity purification (TAP)-mass spectrometry (MS), Wang et al.
found that the extracellular Ig-like domains of the tyrosine-
protein kinase receptor UFO (AXL) binds to the NTD of SARS-
CoV-2 Spike protein (Fig. 8) with a Kp of 882 nM.**? AXL is
expresses at a higher level in human lung tissue than ACE2 and
promotes SARS-CoV-2 infection in human cells, which explains
why potent antibodies predominantly bind to the NTD of the
spike protein.””8344

SARS-CoV-2 is expected to enter the central nervous system
as it has been found in the brain of patients with COVID-19.%*>
A similar situation was observed for SARS-CoV-1 and MERS-
CoVv."»*3163%7 gince the ACE2 concentration in the brain is
very low, with the exception of the thalamus and choroid
plexuses,®*® these observations suggest that there is another
receptor for SARS-CoV-2 to bind before invading the central
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nervous system. Using confocal microscopy and cell-based cryo-
CLEM and cryo-ET, Pepe et al. showed that neuronal cells can
be infected when co-cultured with infected epithelial cells.?*°
They also found that SARS-CoV-2 uses tunneling nanotubes,
which are membrane channels, to infect cells lacking receptors,
since the nanotubes allow direct transport of cargo between
distant cells.

Tunneling nanotubes facilitate the SARS-CoV-2 transmis-
sion between cells containing the ACE2 protein. Virions are
observed inside the tunneling nanotube, but the mechanism of
their binding and the virion release from the tunneling nano-
tube into uninfected cells remains unclear. However, these
results suggest that tunneling nanotubes are a new cofactor
for virus propagation in cells with very low ACE2 concentra-
tions. Further research is required to shed light on the mecha-
nism of SARS-CoV-2 propagation due to tunneling nanotubes.

Using microscale thermophoresis, Wei et al.>*° found that
the S1 subunit of the SARS-CoV-2 spike protein binds to
cholesterol molecules with an ICs, of 195.7 + 49.1 nM. There
are four putative cholesterol binding regions in S1, three in
NTD and one in RBD. NTD possibly interacts with high-density
lipoprotein (HDL) via the binding or transfer of material from
HDL to S1, which contribute to the virus infectivity. This
increase in infection is mediated by the scavenger receptor B
type 1 (SR-B1) protein, which is a cell membrane receptor
involved in HDL and cholesterol endocytosis. Interestingly,
the effect of HDL on SARS-CoV-2 engagement with host cells
is strongest when SR-B1 is co-expressed with ACE2, suggesting
that SR-B1 attracts the virion to ACE2 when it interacts with
HDL. These observations suggest that SR-B1 may be a host
factor for SARS-CoV-2 entry.

Cluster of differentiation 209 (CD209) and related protein
CD209L which are also known as dendritic cell-specific inter-
cellular adhesion molecule-3-grabbing non-integrin (DC-SIGN)
and liver/lymph node-specific intracellular adhesion molecules-3
grabbing non-integrin (L-SIGN) are transmembrane proteins from
the C-lectin superfamily. Lectins are receptors for cell surface
oligosaccharides and biological fluid glycoproteins. CD209 and
CD209L have a transmembrane and a carbohydrate-recognition
domains,*" the latter is shown in Fig. 8. CD209L is expressed in
alveolar and pulmonary endothelial cells®® while CD209 is
expressed in dendritic cells.*®® The CD209L/L-SIGN and CD209/
DC-SIGN proteins facilitate SARS-CoV-2 infection through inter-
action with the RBD region.*®**> K, characterizing binding
affinity of the spike protein to CD209L/CD209 is 1.18 £ 0.12,
1.66 + 0.12 pM and 11.90 £ 4.6, 4.33 £+ 0.7 uM for CD209L and
CD209, respectively.*®> Removal of the high mannose glycan
surrounded by CD209L N92 increases the binding propensity of
RBD and CD209L. CD209L and ACE2 can form a heterodimer,
suggesting that CD209L mediates infection in both an ACE2-
dependent and an ACE2-independent manner.

The interleukin-12 receptor subunit beta-1 (IL12RB1), the
interleukin-1 receptor accessory protein-like 1 (IL1RAPL2), as
well as the nerve cell surface adhesion protein contactin-1
(CNTN1) have been experimentally found to bind RBD of the
SARS-CoV-2 spike protein.**® In particular, in the presence of
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ACE2 and TMPRSS2, CNTN1 expression enhances infection,
suggesting a role for CNTN1 in low ACE2 levels.

Heparan sulfate (linear polysaccharide) on the surface of the
host cell plays the role of a co-receptor for SARS-CoV-2 infec-
tion. RBD binds to heparan sulfate with Kp, of ~150 nM.**” The
spike protein trimer associates with heparan sulfate more
strongly than with RBD because the corresponding Ky, is lower
(~3.8 nM). Although both heparan sulfate and ACE2 bind to
RBD, their binding regions are different. In addition, heparan
sulfate increases the likelihood of an open configuration of
RBD, leading to enhancement of the RBD binding to ACE2.

Experimental studies have shown that vimentin (VIM),
which is a type III intermediate filament protein, is a co-
receptor of SARS-CoV-2.2*%3%% VIM occurs at the extracellular
surface and binds to RBD of the spike protein. However, the
VIM binding region in RBD is different from that of ACE2,**® as
evidenced by the fact that the CR3022 antibody attenuates VIM
binding to RBD, but not ACE2 to RBD. This also suggests that
VIM and CR3022 clash each other in order to associate with
RBD. Interestingly, association of VIM with RBD enhances the
binding of ACE2 to RBD,**® and inhibition of VIM activity
reduces infection without abolishing replication.**® All of these
results point to a co-receptor role of VIM for SARS-CoV-2.

Thus, ACE2 is known as the main receptor for SARS-CoV-2
infection, but other receptors have been also reported by
several groups. The presence of multiple receptors may be
responsible not only for the rapid infectivity of the new virus,
but also for the complexity of its invasion mechanism. Since the
cell types used in the experiment are limited and there are only
few computational studies, further studies are needed to fully
understand the molecular mechanism of the interaction of
SARS-CoV-2 with host receptors.

6. Fusion of virus and human
membranes

Fusion of virus and human membranes initiates with the
separation of the S1 subunit followed by the virus anchoring
to the host cell through binding of the fusion peptide (FP),
which is located at the N-terminus of the S2 subunit (Fig. 9A), to
the host membrane. The reorganization of S2 between the virus
and the host would then cause the two membranes to fuse
together, allowing the virus to deliver its genome into the cell
for eventual production of new virions.*®® Since merging the
membranes together requires crossing sufficiently high energy
barriers,**" membrane fusion is not a diffusive or spontaneous
process. In this case, the viral fusion protein plays the role of a
catalyst for this reaction, satisfying the energy requirement.

6.1. Fusion proteins

Enveloped viruses differ in the number of different types of
glycoproteins protruding from their membranes. For example,
coronaviruses have a single transmembrane glycoprotein (spike
protein), while influenza viruses have two: neuraminidase and
hemagglutinin (HA). Other viruses have more than two surface
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proteins. However, for all known enveloped viruses only one
glycoprotein is the fusion protein that actually merges the
cellular and viral membranes.

Fusion proteins are divided into three classes, I, II and III.
Class I fusion proteins are largely made up of helices, while
proteins from class II are composed of beta strands and beta
sheets. Both helical and beta structures occur in class III fusion
proteins. Fusion proteins of class II and III possess fusion loops
at the tip of a B-sheet domain.**>*%* In the case of class II,
fusion proteins are dimers in the pre-fusion state, but they
transform into trimers once their fusion loops are anchored in
the target membrane.*®>*%* It is worth noting that despite their
different structures before and after fusion, all viral fusion
proteins share a common trimer-of-hairpins structure in their
post-fusion forms.**

For coronaviruses, including SARS-CoV-2, the spike protein
is a fusion protein belonging to class I with the trimeric
structure.”® Its subunit S$2, which directly involved in
membrane fusion, contains fusion peptide (FP), heptad repeat
1 (HR1), heptad repeat 2 (HR2); TM: transmembrane (TM)
domain and cytoplasmic (CP) tail region (Fig. 9A). Their role
in the membrane fusion pathways will be discussed in detail.
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6.2. Fusion peptides and fusion loops

Fusion protein segments that directly engage the target
membrane are called “fusion peptides” if they are at the N-
terminus of the fusion subunit, and “fusion loops” if they are
inside the polypeptide chain. Class II and III fusion proteins
have fusion loops at the tips of B-sheet domains. Most class I
fusion proteins contain fusion peptides, but filovirus and avian
sarcoma leukemia virus proteins contain a fusion loop. Rena-
virus glycoproteins (GPs) may contain both a fusion loop and a
fusion peptide.>*® For coronaviruses the situation is not entirely
clear, although it is widely accepted that a peptide fusion is
involved in membrane fusion®*”7*%® and not a fusion loop.
The fusion domain of the spike proteins is strongly persists
between B-coronaviruses.’” The exact “FP” has not yet been
definitively identified and is the subject of debate,®°>"?
but there is consensus that potential FPs typically compose of
15-40 residues.®®#93673737376 gequence alignment analysis
revealed that the SARS-CoV-1 FP sequence spanning residues
798-815 is highly conserved within the Coronavirus
family.>*>*®” This region, located at the N-terminus of S2
following the S2’ cleavage site (Fig. 9A), is prone to penetrating
the cell membrane.’”” Fragment 798-823 was considered a
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Fig. 9 (A) FP is adjacent to S2' followed by an internal FP (IFP). SARS-CoV-1 FP has 41 residues between S798 and F838, while SARS-CoV-2 FP has 40
residues between S816 and F855. (B) Experimental structure of SARS-CoV-2 FP on a dodecylphosphocholine membrane that has a helix-turn-helix motif
(5816-G838) and a loop (D839-F855)%¢° (Reproduced from ref. 365 with permission from American Chemical Society, copyright 2021). (C) FP structure
obtained by MD simulation in solution without membrane.?® It contains an N-terminal amphipathic helix (NTH), a second amphipathic helix (AH2), and a
C-terminal helix (CTH). (D) Postfusion structure of SARS-CoV-2 trimeric S2 (PDB ID: 6XRA) including HR1, the central helix (CH), the connector domain

(CD) and HR2.
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good FP candidate.’”® Bosch et al. showed that region 858-886
in the S2 subunit of SARS-CoV-1 can effectively promote
membrane fusion.?”® Two segments 770-788 and 864-886 have
been identified as potential FPs of SARS-CoV-1,>”* while Guillén
et al. disclosed that segment 873-888 shows a high binding
affinity to negatively charged phospholipids.*””

As with SARS-CoV-1, several potential FPs have been proposed
for SARS-CoV-2. Among them, the most popular is FP containing 40
amino acids in the region 816-855 (Fig. 9A).*>*® Fragment 816-841
was computationally identified as a possible FP.>”® Since a FP is
expected to be short (about 20 residues), hydrophobic, with a
possible canonical fusion tripeptide (FXG or YFG) together with
the central proline residue,*”* several putative FPs at or near the $2/
N-terminus have been suggested: FP1 (816-SFIEDLLFNKVT-
LADAGFIKQY-837), FP2 (835-KQYGDCLGDIAARDLICAQKFN-856),
and FP3 (854-KFNGLTVLPPLLTDEMIAQYT-874). In addition to FPs
located at the N-terminal of S2, internal FPs (IFPs) that are located
between FP and HR1 (Fig. 9A) has been considered.”"*”**”® One
example of IFPs is fragment 885-GWTFGAGAALQIPFAMQ-
MAYRFNGI-909.*”

6.3. Main steps in fusion process

The main steps in the fusion of virus and host cell membranes
are shown in Fig. 10.
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6.3.1. Prefusion state and viral attachment. The prefusion
state is characterized by binding of the virus to host cells
(Fig. 10A). In this state, SARS-CoV-2 RBD samples either a
“three down” or a “one up” conformation, followed by a viral
attachment (Fig. 10B) step where only RBD in the “up” con-
formation can bind human ACE2 SARS-CoV-2 binding to the
host cell has been intensively studied experimentally and
theoretically and the main results are reviewed in chapter 3.

6.3.2. Prehairpin intermediate. In the pre-fusion state after
ACE2 recognition, protease cleavage at the S1/S2 and S2’ sites
results in the dissociation of S1 from S2, leading to a conforma-
tional change in S2 to form the prehairpin intermediate
(PHI).**8%3%1 1n this state, the heptad repeat-1 (HR1) domain
adopts a three-helix bundle (3HB) structure that facilitate the
FP attachment to the host cell membrane, and the distal
transmembrane (TM) segment inserts into the viral membrane
(Fig. 10Q).

Two major events including the dissociation of the S1
subunit and the entry of FP into the host cell membrane have
been extensively investigated for the SARS-CoV-2 case. SARS-
CoV-2 S1 dissociation was found to occur due to proteolytic
cleavage at one or both of the S1/S2 (S704-V705) and S2’
(R815-S816) sites. This conclusion is based on the mechanisms
of the related viruses SARS-CoV-1*° and MERS-CoV,**? as well

C. Prehairpin intermediate
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Fig. 10 Main steps in the fusion process. (A) Prefusion state in which the spike protein stochastically switches between RBD down and RBD up
conformations. The structure of protein S in this state has been resolved experimentally. (B) Attachment of the virus to host cells via binding of open RBD
to ACE2. (C) Prehairpin (or fusion) intermediate state: S1 detaches from S2 and FP penetrates into the host cell membrane. (D) Membrane-bound
intermediate: HR1 lies on the host cell membrane, while HR2 is found on the viral membrane, (E) Hemifusion: Apposed outer leaflets of the viral and host
cell membranes merge, but the inner leaflets remain intact. (F) Postfusion: Both the outer and inner leaflets fuse to form a pore that allows the viral gene
to enter the host cell. In the postfusion state, the structure of the S2 trimer was determined experimentally.
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as recent experimental findings for SARS-CoV-2,°**%*® which
showed that the cellular protease furin cleaves the spike
protein. Furin binding poses in the S1/S2 region were identified
by using docking and molecular dynamics simulation.**

To shed mechanistic insights into S1 dissociation upon
S1/S2 cleavage, based on cryo-electron tomography data
Pak et al.*® developed a coarse-grained model to study the
interaction between membrane-bound spike trimers and
membrane-bound ACE2 dimers. They found that ACE2-
induced S2 core exposure is more sensitive to the extent of
S1/S2 cleavage and conformational state populations than the
ACE2 binding affinity. These interesting simulations have
demonstrated the importance of a concerted interaction
between spike trimers and ACE2 dimers that primes the virus
entry and membrane fusion, but a coarse-grained model can-
not fully reveal the molecular mechanism of S1 dissociation.
This problem can be solved with QM-MM simulation, which is
probably forbidden by current computing resources.

Penetration of PF into the membrane. The thrust of HR1
unfolding triggers insertion of FP into the host-cell
membrane™’?®® (Fig. 9B). Given the important role of this
step in membrane fusion, various experimental®® and
computational®®128:37%:378:3877389 g1 djes have been performed
to shed light on the mechanism of membrane-FP interaction.

Combining various experimental techniques including
NMR, paramagnetic relaxation enhancement (PRE) and circular
dichroism (CD) the interaction of 40 amino acid FP(816-855)°
with a membrane was studied.*®> Upon association with the
membrane, FP was found to form a helix-turn-helix motif
(Fig. 9B) and the entropy gained during the transition from a
random coil to this conformation is likely the driving force for
membrane insertion below the phospholipid head groups. The
loop region (D839-F855) weakly interacts with the membrane
and lies on the lipid surface of the membrane.**

Using an enhanced sampling scheme and a Markov state
model Remington et al.*®” considered the FP opening of the
SARS-CoV-2 spike protein and disclosed that that the proteoly-
tic cleavage state of the spike protein is associated with the
structural flexibility observed in the upper dynamic region of FP
in the S2 subunit. This result suggests that after cleavage of the
S2’ site, FP opening occurs on a sub-us time scale. Using all-
atom MD simulation the Hummer group'®® studied the FP
structure in aqueous solution and found two short amphi-
pathic helices, important for membrane fusion, formed at the
N-terminus and in the middle, and the third helix was observed
at the N-terminus (Fig. 9C). By placing FP in close proximity to
the host endosome and plasma membrane and running eight
conventional MD simulations of 10 us, they demonstrated
that FP can spontaneously associate with both membranes,
and such binding occurs primarily by incorporation of two
short helices into the membrane interface. The importance
of the LLF hydrophobic motif (L821/L822/F823) from the
N-terminal region for fusion activity, which was observed
from mutagenesis studies,*>*”*””** has been confirmed by MD
simulations.”*® A loop observed experimentally on the
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surface®®*® has not been
128

membrane recognized in
simulations™*® and this may be due to the fact that in the
experiment the FP interacts with one membrane, while the
simulation is carried out in the region near two membranes.
Stability of the membrane-FP complex was probed by pulling FP
from the membrane using SMD."*® With the pulling speed of
0.03 m s~ " the bound FP can withstand a force of about 250 pN
before being separated from the membrane. This force is about
10 times greater than the force required to pull the host cell
membrane and the viral membrane together to fuse. Although
this high pulling force is due to fast stretching and the presence
of a disulfide bond between C840 and C851 in FP, it clearly
shows the high mechanical stability of FP embedded in the
membrane.

The highly mobile membrane mimetic model was used to
study the insertion of a truncated FP of 26 residues (816-
841).>* As in the case of full length,"?® residues 1821, L822,
and F823 penetrate deeper into the membrane than other
residues in all MD runs. However, the truncated FP adopted a
binding mode that was not observed for the 40 residue FP."*® In
this mode, the entire peptide acquires helix structure and
incorporates on the top of the membrane.*®® It remains unclear
whether the absence of such a mode is a real effect or a
consequence of a short MD simulation.

Various oligomeric units of SARS-CoV-2 have been investi-
gated as putative FP candidates using MD modeling, where the
peptides are located between two membranes.*®® Of all the
tested systems, a trimer of 816-855 fragments has the best
ability to trigger the initial stage of membrane fusion. Associa-
tion of this trimer with double membranes lead to lipid
migration from the lower leaflet of the upper bilayer to the
upper leaflet of the lower bilayer, creating a structure resem-
bling a fusion bridge.>®® This result suggests that spike residues
816-855 represent a true SARS-CoV-2 FP and that computa-
tional methods are an efficient way for identification of FPs in
viral glycoproteins.

Shen et al.*’® performed all-atom MD simulations to com-
pare the binding affinity of the SARS-CoV-1 FP (798-823) and
SARS-CoV-2 FP (816-841) to a POPC/POPE/cholesterol bilayer
membrane. These FPs are of the same length and are highly
conserved with only two mutant residues M816/1834 and E821/
D839, but cryoEM analysis revealed a significant difference in
their structures.”®®>*°" Namely, the SARS-CoV-2 FP helix
(~1.1 nm) is shorter than that of SARS-CoV-1 FP (~1.9 nm).
The difference in helix length resulted in a higher binding
affinity of SARS-CoV-2 FP compared to SARS-CoV-1 FP,*”® which
agrees with the experimental result of Lai et al®° The
membrane-entering residues Phe, Ile, and Leu have been found
to interact strongly with membrane cholesterol, implying that
these hydrophobic residues are critical for membrane
binding of FP.

6.3.3. Membrane-bound intermediate. The existence of a
membrane-bound intermediate (Fig. 10D) is debated because
high-solution structures are not yet available.*> Most fusion
models show FP and TM domains of fusion proteins as the
membrane-embedded regions, with HR1 and HR2 (residues
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1171 to 1207) generally considered as linear extended trimers in
this intermediate states.’®> However, a growing body of evi-
dence indicates that the HR1 and HR2 regions of influenza
hemagglutinin®®® and HIV-1 gp41°°**® can interact with mem-
branes and play an essential role in the fusion process. In the
micelle-bound state they adopt monomeric o-helices and NMR
(nuclear magnetic resonance) measurements demonstrated the
absence of HR1-HR2 interactions and that these helices reside
at the water-lipid interface.**® Using POPC and POPC/POPG
bilayers and solid-state NMR, Aisenbrey et al. also found that
HR1 and HR2 are parallel to the membrane surface.**” Thus,
for HIV, both solid-state and solution NMR experiments con-
firm the existence of a membrane-bound intermediate state
with HR1 and HR2 helices embedded at the lipid-water inter-
face of the host cell and virus membranes, respectively.

To test whether a similar membrane-bound intermediate
scenario applies to class I fusion proteins, Chiliveri et al
performed biophysical measurements to characterize the
membrane-binding properties of HR1 and HR2 of the SARS-
COV-2 spike protein.*’ In aqueous environment, isolated HR1
and HR2 fragments can adopt either monomeric or tetrameric
structures in equilibrium. This observation is consistent with
tetramer formation of HR1 and HR2 derived from SARS-CoV-1,
HIV and HIV-1.%%%2% Circular dichroism (CD), NMR spectro-
scopy, and analytical ultracentrifugation (AUC) measurements
showed that in the presence of small unilamellar vesicles
(SUVs) or phospholipid isotropic bicelles, HR fragments have
a monomeric o-helical structure.*> 15N backbone relaxation
and hydrogen exchange (HX) measurements revealed that large
internal motions of the dynamic HR1 a-helix occur on a sub-ns
time scale. Using residual the dipolar couplings (RDCs)
method, a solution structure can be obtained, which shows
that the HR1 helical structure has a dynamic kink, while
residues exposed to the phospholipid bilayer and to solvent
can be identified by paramagnetic relaxation.

As in the HIV case,*®” in the membrane-bound intermediate
of SARS-CoV-2, HR1 lies on the host cell membrane, adopting a
helix structure, while HR2 lies on the virus membrane.** HR2
binds with low affinity with lipid bilayers as a dissociation
constant, Kp ~ 100 mM."® Despite this low binding affinity
HR2 can interact with the viral membrane most of the time due
to the fact that it directly anchors the TM helix (Fig. 10D).

6.3.4. Hemifusion. The addition of HR2, originally
anchored to the viral membrane by the TM fragment, recruits
HR1 from the surface of the bilayer to form a C3-symmetrical
6HB structure, pointing to the mechanism by which 6HB
formation is associated with membrane fusion. However,
before reaching this postfusion state, hemifusion represents
another obligatory intermediate step.*®® In this intermediate
state, the two inner leafts of the bilayers come very close to each
other, while the apposed proximal outer leaflets fuse (Fig. 10E).
The hemifusion step is a transient and can either proceed to
pore formation or dissociate and form two separate vesicles.**°
As with the membrane-bound intermediate, the highly-solution
structure of S2 in the hemi-fusion state has not been resolved
either experimentally or computationally.
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Using fluorescence-based methodologies, Pattnaik et al.*”*
found that the internal fusion peptide 1 (IFP1, GAALQIPFAMQ-
MAYREF) of SARS-CoV-2 is far more efficient than its N-terminal
counterpart (IYKTPTLKDFGGFNFSQIL) in inducing hemifusion
between small unilamellar vesicles. The higher fusogenicity
of IFP1 may be due to its higher hydrophobicity compared to
N-terminal FP.

6.3.5. Postfusion. After hemifusion, when the outer leaflets
of the virus and host membrane fuse, in postfusion the inner
leaflets fuse, resulting in fusion core formation (Fig. 10F) and
facilitating virus entry. This step occurs mainly due to folding
back of HR2 and the formation of long central three helical
strands.”® Since the postfusion state is stable, the structure of
the S2 trimer in this state was resolved by cryo-electron micro-
scopy and cryo-electron tomography (Fig. 9D). The postfusion
structure contains the unusually long central three-stranded
coiled coil formed by HR1 and CH, making it a highly rigid
structure.

Together with the connector domain, the 718-729 segment
from the S1/S2-S2’ fragment forms a three-stranded B-sheet
invariant between post- and pre-fusion structures. In the post-
fusion state, the 1127-1135 residues bind to the connector
B-sheet, extending it to four strands, with HR2 projecting
toward the viral membrane. Residues 737-769 of the S1/S2-
S2’ fragment form three helical regions connected by two
disulfide bonds that are stacked against the CH groove of the
spiral coil, forming a bundle of six spirals (6HB-1 in Fig. 9D).
The N-terminal region of HR2 has a single-turn helical shape
and also fits against the groove of the helical coil HR1. The C-
terminal region of HR2 constitutes a longer helix forming a
second six-helix bundle structure with part of HR1 (6HB-2 in
Fig. 9D). The post-fusion structure of S2 with glycans is dis-
played in Fig. 1D.

6.4. Effect of cholesterol on membrane fusion

Membrane fusion depends on the lipid composition of the host
and viral membranes.*®! Due to an inverted cone-like structure,
cholesterol can generate negative curvature to the membrane
promoting the formation of fusion intermediates. Cholesterol
might promote membrane fusion by modulating penetration
depth,*®* peptide conformation,®® and membrane stiffness.***
According to the “lipid rafts” scenario, in both viral and host
membranes, cholesterol and sphingolipid molecules tend to
clump together and form microdomains called “lipid rafts”
floating in a “sea” of phospholipids."® The high ordering of
the lipid tail in rafts influences the distribution of proteins and
other lipids.*°® It has been shown that viral transmembrane
receptors can be concentrated within rafts serving as ‘“hot
spots” for virus entry, and cholesterol in rafts promotes fusion
by reducing the energy required to form fusion intermediates.

Several attempts have been made to understand the inter-
action of SARS-CoV-1 with lipid rafts, but the location of its
ACE2 receptor in rafts remains controversial. Earlier studies
demonstrated that ACE2 was found in non-raft fractions in
Vero E6 cells endogenously expressing it and in Chinese
hamster ovary (CHO) cells transiently expressing it.**”*°® Other
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studies have shown that ACE2 co-localizes with the raft proteins
flotilin-2, ganglioside GM1, and -caveolin-1 in Vero E6
cells,’*>*1° with discrepancies between these results explaining
different experimental techniques.*®® By examining the role of
cholesterol in SARS-CoV-1 infectivity these studies have sup-
ported the notion that ACE2 is a raft protein. By disrupting raft
formation with the cholesterol-chelating drug methyl-p-
cyclodextrin (mBCD), ACE2 is no longer concentrated in rafts,
reducing receptor availability and therefore SARS-CoV-1 bind-
ing efficiency.*' Thus, these results confirm that lipid rafts can
serve as an entry port for SARS-CoV-1.

An in vitro study of the molecular mechanism of spike/ACE2-
driven membrane fusion by Sanders et al*'' revealed that
cholesterol is essential for SARS-CoV-2 to enter the host cell,
but not via a raft-dependent mechanism, suggesting that,
unlike in the case of SARS-CoV-1, ACE2 is not a raft protein.
However, Li et al.*'* showed that the cholesterol-rich lipid raft
is a platform for SARS-CoV-2 entry after engagement with ACE2.
Formation of lipid rafts is also relevant for SARS-CoV-2 entry via
other non-ACE2 receptors like HDL-scavenger receptor B type 1
(SR-B1) and CD-147.""® Infection with SARS-CoV-2 was found to
depend on membrane cholesterol of the virus, but not the host
cell.*™ 1t would be interesting to test whether this observation
holds true for SARS-CoV-1 and other coronaviruses.

Pattnaik et al.>”" explore the effect of cholesterol on the
ability of IFP1 and the N-terminal FP (IYKTPTLKDFGGFNFS-
QIL) to modulate hemifusion of SARS-CoV-2. Namely, the
ability of IFP1 to induce the formation of hemifusion state
sharply increases with growing content of cholesterol in the
membrane. Interestingly, IFP1 is able to induce semi-fusion but
fails to open the pore.’”! It was demonstrated that the inter-
action of the fusion peptide with the transmembrane domain
of the fusion protein is important for pore opening.*'* There-
fore, the limited ability of fusion peptides to open up the pore
observed by Pattnaik et al.*”" further supports the hypothesis of
an interaction between transmembrane domain and fusion
peptide to open the fusion pore.

6.5. Effect of Ca®>* on membrane fusion

Since metal ions affect the membrane ordering, they have been
shown to be important for membrane fusion process such as
synaptic vesicle fusion.’®' Experimental studies discovered that
the rubella virus*"®> and Ebola virus*'®*'” fusion machinery
coordinates with Ca®" for proper orientation and insertion into
the host membrane.

The functional role of Ca®" in activity of FPs was studied
for other closely related viruses, such as MERS-CoV,*'® Ebola
virus*’® and SARS-CoV-1.*”7 For example, Ca**-induced
enhancement of MERS-CoV fusion with host cells increases
infectivity as reported by Straus et al.*'® Here we briefly discuss
the SARS-CoV-2 case, which has been intensively studied
experimentally’’*?”® and computationally.*’® MD simulations
with a POPC/POPG/Cholesterol membrane revealed that Ca**
ions prefer to bind to the E819/D820 and D830/D839 residue
pairs (Fig. 11A).*'° Remarkably, FP insertion proceeds predo-
minantly in the presence of these two Ca** binding poses. Thus,
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Fig. 11 (A) The most populated conformation of FP interacting with a
membrane; Ca®" ions (lemon yellow) bind to E819/D820 and D830/D839.
(B) Ca®* at E819/D820 and L822 and F823 of the LLF motif are embedded
in the membrane. The results were obtained by all-atom MD
simulations.**® Reproduced from ref. 419 with permission from Elsevier,
copyright 2021.

FP inserts the hydrophobic residues L822 and F823 of the LLF
motif into the hydrophobic part of the membrane (Fig. 11B),
and this predominant mode is stabilized by several factors,
including the electrostatic interaction of E819/D820-bound
Ca®" with lipid head groups. This theoretical conclusion is
consistent with the experiment®’°?”? showing that Ca®" ions
can enhance the interaction of the membrane with FP and
stabilize its insertion.

6.6. Effect of mutations on membrane fusion

SARS-CoV-2 D614G variant was recognized shortly after the
emergence of COVID-19 in China and D614G is found in all
variant of concern such as Alpha, Beta, Gamma, Delta and
Omicron (Fig. 7). D614G is one of the most important muta-
tions that increase the infectivity of SARS-CoVv-2**%*>! has been
extensively studied.*** Here, we briefly discuss its role in virus-
host membrane fusion, although it may alter viral activity
through other mechanisms, including promoting an open
conformation favorable for RBD-ACE2 interaction,***™*** and
stabilizing the prefusion spike trimer complex and amplifying
spike protein incorporation into the virion.*”® The D614G
mutation in the SARS-CoV-2 spike protein has a dual effect
on the stability of the spike protein trimer, depending on ACE2
involvement.**” Namely, this mutation promoted S-trimer sta-
bility in the absence of ACE2, but increased spike protein
trimer dissociation upon engagement with ACE2 exposing the
S2 subunit. The increased S2 production by the D614G mutant
enhanced membrane fusion and high contagiousness. To test
whether high Delta S transmissibility is associated with more
efficient fusion, Zhang et al.*®” performed a time-course experi-
ment with a cell-cell fusion assay and found that at high
transfection levels of S and ACE2, differences in fusion activity
between Alpha, Beta, Delta, Gamma, G614 and Kappa are not
significant. However, at low levels of ACE2, the Delta spike
protein can fuse membranes more efficiently than the other
five variants, possibly explaining its increased transmissibility.

Two cleavage sites, S1/S2 (WT spike residues: 675-690) and
S2’ (809-821), have been shown to promote host-virus
membrane fusion. Cleavage at the S1/S2 site leads to shedding
of the S1 unit and induces structural rearrangement that
subsequently allows the S2’ site to become accessible to host
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proteases.'*>**® Therefore, together with D614G, mutations at
these cleavage sites may be critical for membrane fusion. The
P681R mutation may boost membrane fusion of Delta by
facilitating cleavage of the precursor protein S to the active
S$1/S2 conformation.”*® An important role of the P681R mutation
in increased pathogenicity and fusogenicity in hamsters was also
demonstrated by Saito et al.**® Using bioinformatics tools, Beau-
doin et al."*' demonstrated that variants of concern and variants
of interest display different membrane fusion capacity. Mutations
at or near cleavage sites can alter interaction with host proteases
and thus fusion potential. All mutations found at the S1/S2 site
were predicted to increase affinity for furin protease but not for
TMPRSS2."*" This interesting prediction needs further verification
in in vitro and in vivo experiments.

Mutations in HR1 and HR2 are expected to be critical for
membrane fusion, as their refolding generates the energy
needed to complete this process, allowing viral RNA to enter
the host cell. Yang et al*** selected eight mutations (five
mutations D936Y, L938F, S940F, A942S, V1176F from the
SARS-CoV-2 variant and three mutations Q954H, N969K,
L981F from the Omicron varian), in the postfusion HR1HR2
bundle for structural and functional studies. As shown by
single particle cryoEM, these mutations have little effect on
bundle structure but reduce fusion activity, with the exception
of A942S, which increases fusion activity approximately three-
fold. For the D936Y and S940F mutants, the decrease in fusion
activity is associated with disruption of the D936-R1185 salt
bridge, while the A942S mutation results in the formation of
one additional hydrogen bond between the HR1 residue S942
and the HR2 residue N1187, along with an increase in fusion
activity.*** The fusion activity of the Omicron triple mutant
(Q954H-N969K-L981F) in HR1 is ~80% of that of WT.

Mutations do not occur in the SARS-CoV-2 FP (S816-F855) of
the variants of concern (Fig. 7), but for Omicron BA.1, the N8§56K
mutation®** should affect the fusion process at it is adjacent to the
FP. However, this effect has not been investigated.

7. Interaction of spike protein with
antibodies and nanobodies

An antibody (Ab) in the immune systems, is produced and
secreted by B cells, usually differentiated B cells, including
plasma cells and memory B cells. Ab consists of a pair of
polypeptide chains forming a flexible Y-shape (Fig. 12A). The
Y-shape stem is made up of the ends of two identical heavy
chains, and each arm is made up of the remainder of the heavy
chain plus a smaller protein called a light chain. Within certain
ADb classes, the stem and the bottom of the arms are quite
similar and referred to as the constant region. The tips of the
arms vary greatly in sequence and can bind antigens.****** In
detail, each antibody has two fragments, including a fragment
of the antigen-binding site (Fab), one at the end of each arm,
which allows the immune system to recognize an equally wide
variety of antigens, and a fragment of the crystallizable region
(Fc), composing of two heavy chains (Fig. 124).**°
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Monoclonal antibody (mAb) is a type of protein that is made
in a laboratory and can bind to certain targets in the body, for
example, antigens on the surface of cancer cells. It has been
discovered and developed using hybridoma technology, known
as the first reliable source of Ab therapy.**”**® The therapeutic
and prophylactic efficacy of mAbs against cancer, neurological
disorders, and infectious viruses (HIV, Ebola, MERS, SARS-CoV,
SARS-CoV-2, etc.) has already been established.***"**> However,
they cause some side effects, mostly related to immunomodu-
lation and therapeutic Abs, such as Ab-dependent enhance-
ment and cytokine storm, which may be associated with
infection.**3™**

Nanobody (Nb) is an antigen-specific, single-domain and
variable camelid heavy chain-only segment Abs that are pro-
duced recombinantly. This type of Ab exhibits a wide range of
strong physical and chemical properties such as high solubility,
and stability. Nb is a relatively new type of recombinant Ab
derived from members of the Camelidae such as camels, llamas
and alpacas (Fig. 12B).***"**® Although Nb lacks a light chain,
resulting in disadvantages in terms of antigen binding, it has
intriguing properties including higher solubility, smaller size,
greater resistance to denaturation under some special condi-
tions, higher thermal stability and chemical stability than Ab. It
can be administered with an inhaler directly into the most
common site of SARS-CoV-2 infection, the respiratory
tract.*****® For example, a camelid antibody of only heavy
chain called VHH could offer a cheap and easy way to produce
antiviral agents for passive immunization. Moreover, tissue
penetration and extravasation of Nb are better classical Ab,
which explains it greater therapeutic value.**'*>>

As mentioned in the previous section, the S protein consists
of two functional subunits: S1 is responsible for adherence to
the host cell and S2 promotes fusion of virus and host
membranes.'>”*>* Both Ab and Nb target S1 (RBD and NTD)
and S2 (FP), but most Ab and Nb target RBD (Fig. 12C and
D).82'127’454

In summary, Ab has been demonstrated to be a promising
class of therapeutics against SARS-CoV-2 infection.>®*°%>~*%°
Since the convalescent plasma from recovered patients con-
tains Abs elicited by the adaptive immune response, it may
improve survival rate, but this issue is still under debate.**°™4¢2
In addition, the large-scale production of plasma-based thera-
pies presents significant challenges due to high costs. As a
result, seeking potent Abs on an industrial scale is becoming
one of the most feasible strategies to combat COVID-19.
Another promising way is the use of Nb, which is small but
very stable and easy to manufacture, and targets only RBD as
therapeutic agents.'®®*®* We will discuss the most representa-
tive therapeutic Abs and Nbs and their interaction with the host
cell. A discussion of antibodies generated by the host immune
system is beyond the scope of this review.

7.1. Neutralizing Abs targeting RBD

RBD is the target of a variety Abs and Nbs (Fig. 12D), which
inhibit SARS-CoV-2 infection by disrupting the interaction
between the spike protein and ACE2 (Fig. 12C). SARS-CoV-2 is

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (A) An antibody structure contains antigen binding sites (Fab) and crystallization region fragments (Fc), which include VH (heavy chain variable
domain), VL (light chain variable domain), CH (heavy chain constant region), and CL (light chain constant region). (B) Nanobody isolated from the heavy
chain of antibodies that are extracted from the Camelidae members. (C) SARS-CoV-2 binds to ACE2 to infect a human cell; Ab and Nb bind to the spike
protein to prevent SARS-CoV-2 from entering the human cell. (D) The spike protein structure includes S1 and S2 domains; ACE2, Ab and Nb bind to RBD

while Ab also binds to NTD and FP.

an asymmetric trimer and its RBD can sample open and closed
conformations. Neutralizing Ab can bind to RBD in the closed,
open or closed-open states,"***®* but SARS-CoV-2 cannot recog-
nize host cell ACE2 in the down state. Therefore, Ab binding to
the inactive RBD conformation is not important for further
discussion. RBD is composed of a core and RBM, the latter is
responsible for binding to the SARS-CoV-2 receptor,®” but Abs
can bind to both of them. In this review, we only discuss some
important Abs such as REGN-CoV (combination of REGN10933
and REGN10987), S309, LY-CoV555, LY-CoV016, AZD7442
(combination of AZD8895 and AZD1061), CT-P59, LY-
CoV1404, and P2C-1F11 (Fig. 13), which have an emergency
use authorization (EUA) as a therapeutic Ab targeting RBD.
Table 3 lists their neutralization and binding characteristics.
Here, neutralizing activity is characterized by either ICsq or
ECs, of antibody, while binding activity is measured by the Kp
of the RBD-Ab complex in the absence of ACE2.

This journal is © The Royal Society of Chemistry 2023

7.1.1. REGEN-CoV (Casirivimab/Imdevimab). REGEN-CoV
is a mAb cocktail that is a combination of REGN10933 and
REGN10987 (also known as casirivimab and imdevimab) that
reduces viral load and the number of patients with COVID-19.
REGEN-CoV is active in vitro against SARS-CoV-2 variants of
concern. The REGN-COV2 is a combination of the antibodies
REGN10933 and REGN10987, derived from humanized Velo-
cImmune®™ mice in addition to blood samples from patients
who have recovered from COVID-19.%*

The market name of REGEN-CoV is Casirivimab/Imdevimab,
which was produced by the American biotechnology firm
Regeneron Pharmaceuticals for the treatment of SARS-CoV-2.
The drug replaced two monoclonal drugs, casirivimab
(REGN10933) and imdevimab (REGN10987). On November 21,
2020, the U.S. Food and Drug Administration (FDA) issued an
Emergency Use Authorization (EUA) for the use of casirivimab/
imdevimab in the treatment of mild to moderate COVID-19

Chem. Soc. Rev.


https://doi.org/10.1039/D1CS01170G

Published on 31 August 2023. Downloaded by Polska Akademia Nauk Instytut Fizyki on 8/31/2023 4:05:23 PM.

Review Article

A. Antibody targeting RBD

o,

REGN10933 ¥ \

B. Antibody targeting NTD
o5
an8 ‘*gi‘-:

¥ nTD

C. Antibody targeting FP

Fig. 13 3D structure of some antibodies targeting (A) RBD, (B) NTD and (C)

cases in adults and children aged min 12 years (https://www.
fda.gov/news-events/press-announcements/coronavirus-covid-
19-update-fda-authorizes-monoclonal-antibodies-treatment-
covid-19).

REGN10933 and REGN10987 are attached to the top and
side of RBD, respectively (Fig. 13A). The binding domain of
REGN10933 to RBD overlaps to a large extent with the binding
site of ACE2, while the binding region of REGN10987 overlap
slightly with the binding site between RBD and ACE2. Thus,
after binding to the spike protein, REGN10933 and REGN10987
occupy the RBD-ACE2 interaction interface, completely block-
ing the ACE2-S interaction.®® The Kp values of REGN10933 and
REGN10987 are about 3.37 nM and 45.2 nM as estimated by
experiment,”® while they are about 1.73 and 16.38 nM as
determined from MD simulations by Nguyen et al*°® Thus
both experiment and simulation ascertain that, in the absence
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of ACE2, REGN10933 binds to RBD more strongly than
REGN10987. Despite the difference in binding activity, the
neutralizing activity of REGN10933 (5.6 ng mL™ ') and
REGN10987 (6.3 ng mL ") is almost the same,’® implying the
binding affinity alone does not determine neutralizing activity.

Recent reports have indicated that REGN10933 and
REGN10987 can treat most escape mutants because they are a
non-competing Ab cocktail. Beta and Gamma variants are fully
resistant to REGN10933 and weakly resistant to REGN10987 in
neutralization*®” while Alpha and Omicron are not refractory to
the neutralizing activity of REGN-CoV."®® The combination of
REGN10933 and REGN10987 shows prophylactic and therapeu-
tic efficacy against SARS-CoV-2 variants including Alpha, Beta,
and Gamma but not against Omicron.*®”*¢®

For the Delta variant, although REGN10987 exhibits reduced
neutralizing ability, REGN10933 and REGN10933 + REGN10987

This journal is © The Royal Society of Chemistry 2023
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Table 3 The list of antibodies targeting RBD, NTD and S2. Neutralizing activity is measured by either ICsq or ECsq of antibody, while binding activity is
characterized by dissociation constant Kp of the RBD-Antibody complex in the absence of ACE2. The methods used to obtain these characteristics are
shown in the last column. BLI refers to biolayer interferometry, and SPR-surface plasmon resonance

Antibody PDB ID Neutralizing activity (ICs, or ECsg) Binding activity (Kp) Method

S1 RBD REGN10933 6XDG 5.6 ng mL~ % 3.37 nM*? BLI, SPR
REGN10987 6.3 ng mL~ 4% 45.2 nM*? BLI, SPR
$309 7R6X 79.0 ng mL %7 0.001 nM*” BLI
LY-CoV555 7KMG 20 or 49 ng mL '8 N/A SPR
LY-CoV016 7C01 0.036 pg mL~'*7° 2.49 nMm*”° BLI
AZD8895 7L7E 47.7 ng mL 1% 0.003 nM*%* BLI
AZD1061 79.6 ng mL, '8 0.01 nM*#3 BLI
CT-P59 7CM4 8.4 ng mL 4 0.03 nM*#* SPR, BLI
P2C-1F11 7CDI 0.03 pg mL~*%8 2.12 nM*®® SPR
LY-CoV1404 7MMO 0.01 pug mL~**? 0.07 nM**? SPR

NTD 4A8 7C2L 0.61 pug mL~ % 92.7 nM* BLI

FCO05 7CWU NA NA SPR
DH1050.1 7LCN 0.04 pg mL %% NA SPR
5-7 7RW2 NA NA SPR

FP of S2 COV91-27 8D6Z NA 0.49 nM>”* SPR
COV44-62 8D36 9.8 pg mL~ > 0.95 nM>”* SPR
C13B8 7009 NA NA NA
VNO1H1 7SKZ NA NA NA

can still efficiently block spike protein entry into the host
cell.**® Verkhivker et al*’® studied functional residues of the
spike protein by targeting novel mutational variants and REGN-
CoV escaping mutations. Using mutational sensitivity analysis
and alanine scanning, they showed that residues K417, E484, and
N501 correspond to key interacting centers with a significant
degree of structural and energetic plasticity, allowing mutations at
these positions to improve binding affinity for ACE2. Moreover,
the functional centers in the spike protein can be exploited to
manipulate the conformational landscape of the spike proteins,
design allosteric modulators, and potential engineering, which
could be useful for tailoring novel therapeutic interventions to
combat potential antibody escaping resistance.

Using MD modeling Nguyen et al.*®® also showed that a
cocktail of REGN10933 and REGN10987 binds to RBD more
tightly than its components. The association of REGN10987
with RBD is driven by van der Waals interactions, whereas in
the case of REGN10933 and the cocktail, electrostatic interac-
tions predominate. They also demonstrated that Omicron
reduced significantly the neutralizing activity of monoclonal
antibodies REGN10933, REGN10987, and their combination,
while Delta altered their activity slightly. This decrease in
potency is mainly caused by the Q498R, L484A, N440K and
K417N mutations in RBD.

7.1.2. S309 (VIR-7831, Sotrovimab). S309 is a mAb
designed to prevent the progression of COVID-19 in patients
at high risk in the early stages of the disease. It was first
identified from the memory B cells of a person infected with
SARS-CoV-1 in 2003 and was later found to be able to cross-
neutralize SARS-CoV-2.*”! Cryo-EM analysis shows that S309
can attach to the open and closed states of the RBD in the spike
trimer (Fig. 13A), with the neutralizing activity of 79.0 ng
mL~'*"? (Table 3).

Neutralization by S309 may be associated with the induction
of spike trimer cross-linking, preventing RBD from interacting

This journal is © The Royal Society of Chemistry 2023

with ACE2 due to steric hindrance or causing virion
aggregation.””® $309 exhibited potent antibody-dependent cel-
lular cytotoxicity and effector functions of antibody-dependent
cellular phagocytosis.*”> The in vitro studies showed that S309
retains activity against circulating variants, including Gamma,
Epsilon, Iota, and Delta®**”*7* while it has lower neutralizing
activity against Omicron than against the ancestral strain and
other variants of concern.””*™*7® Using accelerated MD simula-
tion Marti et al.*”” showed that S309 binds to the spike protein
more strongly than ACE2, which is consistent with the
experiment*”? (Table 3).

7.1.3. LY-CoV555 and LY-CoV016 (Bamlanivimab and Ete-
sevimab). LY-CoV555 and LY-CoV016 are RBD-targeting human
IgG1 detected by high throughput microfluidic screen of
antigen-specific B cells from a convalescent patient (Fig. 13A).
A clinical trial for LY-CoV555 was conducted on hospitalized
patients with COVID-19 in May 2020, with the neutralizing
activity of 20 ng mL~".*’”® This Ab then became the world’s
first SARS-CoV-2 specific Ab to be used for COVID-19 therapy.
The activity of LY-CoV555 does not affect the Alpha variant,
while its protective efficacy is lost against the Beta and Gamma
variants by the E484-mutation point.***®” A complete loss of
neutralizing activity against the Omicron variant has also been
reported.*¢®

According to X-ray crystallography data, the epitope LY-
CoV016 on RBD largely overlaps with ACE2 binding residues.
LY-CoV016 can neutralize SARS-CoV-2 with a neutralizing activ-
ity of 36 ng mL ™ ".*”° Importantly, the combination of LY-
CoV555 and LY-CoV016 more significantly reduces hospitaliza-
tion and morality in high-risk patients compared to LY-CoV555
and LY-CoV016 alone.*®® The combination of LY-CoV555 and
LY-CoV016 can neutralize Alpha, but does not protect Beta,
Gamma, Delta and Omicron variants,**%”*% leading to their
trials being paused by the US Department of Health and
Human Services.
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However, some contributions were made to a clear under-
standing of the interaction of this Ab with SARS-CoV-2. Liu
et al.*®" reported that the E484Q/L452R mutations significantly
reduced the binding affinity between Kappa and LY-CoV555.
LY-CoV555 completely lost its neutralizing activity against Delta
and Lambda variants due to the presence of L452R and L452Q
mutations. Laurini et al*®*” predicted that E484A/G/K/Q/R/V,
Q493K/L/R, S494A/P/R, L452R and F490S reduce the neutraliz-
ing capacity of LY-CoV555. Similarly, the K417E/N/T, D420A/G/
N, N4601I/K/S/T, T415P, and Y489C/S mutations confer the virus
the advantage of escaping LY-CoV016. These findings provided
essential structural information for the development of next-
generation vaccines more resilient to viral evolution.

7.1.4. AZD7442 (Tixagevimab and Cilgavimab). AZD7442 is
a combination of two mAbs, AZD8895 (Tixagevimab) and
AZD1061 (Cilgavimab) isolated from convalescent patients after
SARS-CoV-2 infection and later engineered as long acting IgG
molecules. Both AZD8895 and AZD1061 bind to two distinct
non-overlapping epitopes on the SARS-CoV-2 RBD in an up
conformation®® (Fig. 13A). The dissociation constant of
AZD8895 and AZD1061 and AZD7442 is Kp = 2.8, 13 and
13.7 pM, respectively (Table 3). The neutralizing ability is
ICso = 47.7, 79.6 and 65.0 ng mL™* for AZD8895, AZD1061
and AZD7442, respectively. AZD7442 is known as a potential
candidate to neutralize most SARS-CoV-2 variants.**?

7.1.5. CT-P59 (Regdanvimab). CT-P59 is a monoclonal anti-
body being considered by the European Medicines Agency in
October 2021 for marketing authorization for the treatment of
patients with COVID-19 who do not require supplemental
oxygen therapy and who are at high risk of developing severe
COVID-19. CT-P59 can inhibit SARS-CoV-2 by blocking the
interaction between RBD and ACE2 (Fig. 13A) at a dissociation
constant Kp = 0.027 nM and a neutralizing activity of 8.4 ng
mL %% (Table 3). It is effective against the Alpha, Beta,
Gamma, Delta, Epsilon and Kappa variants,**>*%¢ but has
reduced inhibitory activity against the Omicron variant.*®®

Using FoldX, Mutabind2, mMCS-PPI2 and DS methods,
Fung et al.*®” predicted the binding free energy for various
variants targeting this convalescent antibody. RBD residues
F456, F486, F490, G485, L452, L455, L1492, Q493, S494, Y449,
and Y453 have been identified as possible immune-escaping
hotspots that are unfavorable for the virus binding to the CT-
P59 post-mutation.

7.1.6. P2C-1F11 (Amubarvimab). P2C-1F11 is a mAb that
exhibits the most potent neutralizing activity in vitro and
confers strong protection against SARS-CoV-2 infection. It
occupies a large binding surface area with RBD (Fig. 13A),
resulting in strong neutralizing activity against SARS-CoV-2
(ICso = 0.03 pg mL™'), and high binding affinity for RBD
(Kp = 2.12 nM)*® (Table 3). Amubarvimab can maintain neutraliza-
tion of Alpha, Beta, Gamma, and Delta variants, but its binding
activity is completely reduced by the Omicron variant.*$%!

7.1.7. LY-CoV1404 (Bebtelovimab). LY-CoV1404 can effec-
tively neutralize WT and all known variants, such as D614G,
Alpha, Beta, Gamma, Delta, Omicrons. Bebtelovimab exhibits
strong neutralizing activity (ICs, = 0.011 pg mL™ %), and high
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binding affinity (Kp = 0.0745 nM) for SARS-CoV-2.*°> LY-
CoV1404 binds to a region spanning the ACE2-interacting site
of the spike protein, which is accessible in up’ and down RBD
conformations (Fig. 13A). Interestingly, the epitope of LY-
Cov1404 is similar to REGN10987. LY-CoV1404 and
REGN10987 share 92% amino acid sequence identity in the
variable regions of their heavy and light chains. Both engage
equally RBD through their heavy and light chains, but
REGN10987 has a more divergent sequence, and almost all of
its interactions with RBD are through its heavy chain. LY-
CoV1404 received an emergency use authorization on February
11, 2022.%9?

7.1.8. Efficacy of therapeutic antibodies against new Omi-
cron subvariants. Omicron subvariants appear to evade neu-
tralization of REGN-10933, LY-CoV016, LY-CoV555, AZD8895,
and P2C-1F11. Although these Abs have shown reduced activity
against most of the Omicron subvariants, they still exhibit
competitive efficacy against the BA.1 and BA.2 subvariants.
REGN-10987, AZD1061, and LY-CoV1404 can neutralize BA.2,
BA.4 and BA.5. BA.2 sublineage greatly reduced the effective-
ness of S309, while BA.2, BA.3, BA.4 and BA.5 escaped neutra-
lization of P2C-1F11. Especially, LY-CoV14044 demonstrated
high activity against all Omicron subvariants.?**%

7.2. Abs targeting NTD

In addition to RBD, NTD from S1 of the spike protein of SARS-
CoV-2 is also a target for Abs. The role of NTD is not fully
understood, but it may recognize specific sugar moieties during
initial attachment, helping the spike protein to transform from
a pre-fusion state to a post-fusion state. Certain antibodies that
bind to specific epitopes on the NTD can block SARS-CoV-2
infection.®"** However, some NTD-directed antibodies may
actually increase viral infectivity and are found in patients with
severe COVID-19.*** Although NTD-targeting antibodies cannot
prevent the virus from binding to ACE2, their ability to neu-
tralize SARS-CoV-2 is of considerable interest for hindering viral
entry and confirming the spike protein as a primary target for
SARS-CoV-2 vaccine and drug development.

Antibodies targeting the NTD are mapped to their recogni-
tion at three sites on the NTD.?" Several typical Abs of this class
are shown in Fig. 13B. Most Abs with neutralizing activity are
directly bound to a single site, namely the site-1 supersite, while
other Abs are attached to another single site, coinciding with
the site-1 supersite®"**> and outside the site-1 supersite. For
example, Abs 4A8, FC05, DH1050.1 bind to the site-1
supersite,****°® while Abs 5-7, DH1052 etc. bind to another
single site and outside the site-1 supersite (Fig. 13B).**” Chi
et al.®*> determined the structure of 4A8 in complex with spike
protein, revealing that its epitope is located in the NTD with
Kp = 92.7 nM and moderate neutralizing activity ICs, =
0.61 ug mL~" (Table 3). Although 4A8 does not inhibit ACE2
interaction with the spike protein, it significantly neutralizes
both pseudotyped and authentic SARS-CoV-2 in vitro. DH1050.1
has a higher neutralizing activity (IC5, = 0.04 pug mL™'*%)
compared to 4A8.

This journal is © The Royal Society of Chemistry 2023
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In general, the site-1 supersite is the only NTD mitigation
site that is under high selection pressure for virus escape.
However, Abs targeting the site-1 supersite appear to be parti-
cularly vulnerable to escape, with many losing all activity
against the SARS-CoV-2 variants.’®” Although there are many
Abs targeting NTD to prevent SARS-CoV-2 activity, they seem to
be easily breached by certain mutations in the NTD, and the
immune escape site has little to do with the RBD.?%7*°

7.3. Antibodies targeting FP

Abs can bind to FP from S2 (Fig. 13C), which is more conserved
among coronaviruses than S1 because it elicits more cross-
reactivity than S1. Cross-reactive anti-S2 Abs are more likely to
preexist in populations due to previous exposure to SARS-CoV-
2. S2 retention may be a potential target for vaccine develop-
ment. Vaccines that include a FP site in their immunogens can
induce the production of more widely active Abs, combat other
beta coronaviruses, elicit a stronger and longer memory
response, and reduce the likelihood of sequence-altering muta-
tions that render the vaccine ineffective. Furthermore, since S2
is more structurally conserved, it is less prone to non-
synonymous mutations, making FP-targeting Abs less sensitive
to different SARS-CoV-2 variants.">”>%°

The neutralizing activity of Abs targeting S2 is weaker than
that of Abs targeting S1 (Table 3). For example, while COV91-27,
COV44-62, VNO01H1, C13B8, etc. targeting FP are able to neu-
tralize WT, Alpha, Beta, Gamma, Delta, Omicron (BA.2 and
BA.4/5) variants, their neutralizing activity is limited in com-
parison with Abs targeting RBD and NTD. However, targeting-
S2 Abs may provide some evidence for understanding immune
defenses and identifying targets for vaccine development based
on the conserved S2 subunit, and S2-specific Abs may be useful
in inhibiting conformational changes necessary for membrane
fusion to occur. FP is also known as a candidate epitope for the
development of next-generation coronavirus vaccines.’**%

Although Abs and ACE2 bind to the spike protein with
binding affinities in the same nM range, their molecular
binding mechanisms are different. In contrast to the case of
ACE2, where the stability of RBD-ACE2 is controlled by electro-
static interactions, the stability of RBD-Ab is determined by
either electrostatic interactions or vdW interactions depending
on the type of Ab. ACE2 binds only to RBD (Fig. 14A), while
Abs can bind not only to RBD, but also to NTD and FP in the S2
subunit (Fig. 14B-D). ACE2 recognizes RBD in the active state,
but Abs can interact with both RBD-up and RBD-down
(Fig. 14B).

7.4. Interaction between nanobodies and spike protein

Nanobody (Nb) therapy has emerged as a promising tool for the
COVID-19 treatment.*”® Nbs target RBD blocking the inter-
action between the spike protein and ACE2 and inhibiting
the entry of the virus into host cells.””>*7%% SARS-CoV-2 is
neutralized with high affinity by Nb, making RBD an attractive
target for vaccine development.’® Nbs are either naive or
synthetic. Naive NBs are extracted from camelids (llamas,
alpacas, camels and dromedaries).’®> Synthetic Nbs are
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A. ACE2 targeting only RBD up B. Antibody and nanobody targeting
ACE2 RBD up and RBD down

Nanow'(

RBE up An.ﬁbody

D. Antibody targeting FP

Fig. 14 (A) ACE2 only binds to RBD up. (B) Antibodies and nanobodies can
bind to both open and closed RBD. (C) Antibodies target NTD. (D)
Antibodies target FP.

produced by different methods and can be found in various
libraries®*® such as humanized synthetic Nb library and the
yeast surface display of synthetic Nb.>*”->%8

Although synthetic Nbs exhibit high affinity for pre-fusion S
glycoprotein and strong neutralizing activities,”*® they have
limitations in meeting therapeutic needs. Nbs are able to bind
to two RBD domains, including a binding epitope overlapping
with the ACE2 binding region and a non-overlapping binding
epitope with no overlap with ACE2 binding region. Moreover,
Nb offers a faster way to exploit avidity to improve affinity and
efficacy in the treatment of COVID-19.'>*!" Since SARS-CoV-2
is prone to rapid mutations that elude most potential Abs, Nbs
may be good candidates for the treatment of dangerous
variants.”’*>'* Nb in combination with another Nb or Ab can
increase the neutralizing activity.>*®*°® Here we discuss impor-
tant Nbs that can be used in COVID-19 therapy in the near
future (Fig. 15 and Table 4).

7.4.1. H11-H4, H11-D4, and Ty1. H11-H4, H11-D4 and Ty1
are VHH Nbs identified as targeting RBD and disrupting its
interaction with ACE2 (Fig. 15). These Nbs have been reported
to be promising therapeutic agents to neutralize SARS-CoV-2
infection. Tyl binding region overlaps with ACE2 binding
region with binding activity Kp = 5-10 nM and neutralizing
activity ICso = 54 nM°°®" (Table 4). Because Tyl and ACE2
binding sites overlap on RBD, Tyl prevents RBD from binding
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Fig. 15 3D structure of some important nanobodies targeting RBD. Their name and PDB ID are shown next to the image.

Table 4 Neutralizing and binding activity of nanobodies targeting RBD. The results were obtained experimentally

Nanobody PDB ID Neutralizing activity (nM) Binding activity, K, (nM) Method Library

H11-H4 6ZBP NA 12°08 SPR Naive llama single-domain antibody
H11-D4 6YZ5 NA 39°%8 SPR Naive llama single-domain antibody
TY1 6ZXN 54°15 5-10°"° BLI Immunized phage display

VHH-E 7B14 60°>° 1.86°%° SPR Immunized phage display

VHH-U 7KN5 185°2° 21.4%%° SPR Immunized phage display

VHH-V 7KN6 142°%° 8.92%%° SPR Immunized phage display

VHH-W 7KN7 81°%° 22.2°%° SPR Immunized phage display

Sb14 7MFU 178.3°%2 0.145%3 SPR Camelid-inspired synthetic

Sb16 7KGK 1250°%* 0.41°* SPR Camelid-inspired synthetic

Sb45 7KGJ 910°%? 0.47°% SPR Camelid-inspired synthetic

Sb6s 7KLW 137.7°%2 0.63°% SPR Camelid-inspired synthetic

to ACE2 through steric exclusion. H11-H4 and H11-D4 bind to
RBD with Kp, = 12 and 39 nM, respectively.>’®°*®

H11-H4 and H11-D4 do not share a common binding
region in RBD with ACE2. However, upon binding to RBD,
H11-H4 can dislodge ACE2 from its RBD binding site due to
repulsive electrostatic interaction because H11-H4 and ACE2
have similar-sign charged residues in close proximity when
bound to RBD. H11-D4 was able to abolish ACE2 binding to a
lesser extent. In short, both H11-H4 and Tyl abrogate ACE2
binding through different mechanisms, while H11-D4 is per-
haps the least effective inhibitor for RBD,>%%>1>7>18

For SARS-CoV-2 variants, the effect of H11-H4 on abrogating
ACE2 binding was reduced by the N501Y and N501Y/E484K/

Chem. Soc. Rev.

K417N mutations on RBD for Alpha and Beta variants, while
H11-D4 was much less effective in abolishing ACE2 binding to
RBD with triple mutants. A significant decrease in binding
strength of H11-H4 and H11-D4 to RBD was observed for
mutations N501Y/E484K/K417N on RBD. Tyl binds to the Beta
variant twice as strongly as ACE2, meaning that Tyl can
neutralize this variant by sterically blocking ACE2 binding.
For the Delta variant, because the L452R mutation is located
at the binding interface of H11-H4, H11-D4, and Ty1, this may
reduce their binding affinity.>'®

Using Martini coarse-grained umbrella sampling Nguyen
et al®®® obtained a binding affinity between H11-H4
and RBD, AGpina = —19.8 kcal mol™, which is higher than
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AGping = —21.4 kcal mol~" for the CR3022-RBD complex. This
in silico result is consistent with in vitro data®*®°'® showing that
the CR3022 antibody binds to RBD weaker than H11-H4.
Importantly, if H11-H4 and CR3022 concurrently bind to
RBD, their binding affinity is higher than when they each bind
individually.>°® This indicates that their combination improves
the SARS-CoV-2 neutralization, providing a promising approach
in the treatment of COVID-19. SMD simulations®*® showed that
H11-H4 yields a high ability to neutralize Alpha, Kappa, and
dangerous Delta, while at the same time reducing the activity
against Beta, Gamma, Lambda, and Mu variants.

7.4.2. VHH-E, VHH-U, VHH-V, and VHH-W. This is a set of
rationally engineered Nbs with effective neutralizing capacity
and resilience to mutational escape, including llama-derived
Nb VHH-E (ICso = 60 nM, Kp, = 1.86 nM), three alpaca-derived
Nb VHH-U (ICs, = 185 nM, Kp, = 21.4 nM), VHH-V (ICs, = 142 nM,
Kp = 8.92 nM) and VHH-W (IC5, = 81 nM, K, = 22.2 nM) (Table 4).
VHH-E binds to the ACE2 binding area, while the rest bind
to a non-overlapping with ACE2 binding site (Fig. 15). Clearly,
VHH-E binds to RBD more strongly than VHH-U, VHH-V, and
VHH-W. VHH-E can bind to all RBDs in the three-up conforma-
tion, while VHH-V binds to the two-up conformation. These
Nbs were found to be able to prevent infection through a
synergistic effect,”*°

Various combinations of Nbs have been developed to
improve the neutralization efficiency. While the neutralizing
capacity of combinations of Nbs targeting different RBD epi-
topes (VHH-E and VHH-V, VHH-E and VHH-U, VHH-E and
VHH-W) was increased, the combination of VHH-E and VHH-
U, VHH-E and VHH-V, and VHH-E and VHH-W were not
effective against mutants resistant to both Nbs alone.’*! The
experiment showed that VHH-EEE (three VHH-E bind to RBD)
most effectively suppressed infection without activation of viral
fusion and can inactivate the virion by inhibiting its interaction
with the receptor. VHH-VE (VHH-V and VHH-E) targets two
independent epitopes simultaneously, preventing persistent
escape mutants from appearing in evolution experiments.>>°

7.4.3. Sb14, Sb16, Sb45, and Sb68. This is a set of four
synthetic Nbs that bind to RBD. Sb14, Sb16, and Sb45 competi-
tively and directly block the ACE2 binding site, while Sb68
binding is non-competitive. Both Sb16 and Sb45 can associate
with RBD in the up and down positions (Fig. 15), but the others
cannot. In particular, Sb14 exhibits the highest binding affinity
with K of 0.14 nM, because for Sb16, Sb45, and Sb68 K, = 0.41,
0.47, and 0.63 nM, respectively.”>® Neutralizing capacity was
also measured and ICs, = 178.3, 1250, 910, and 137.7 nM for
Sb14, Sb16, Sb45, and Sb68, respectively®>> (Table 4). Thus,
Sb14 can suppress SARS-CoV-2 activity better than others. Sb68
can be combined with either Sb14 or Sb45 to increase the
neutralizing activity.>**

Alpha, Beta, and Gamma variants contain mutations in RBD
that result in increased binding affinity for ACE2 and may
reduce vaccine efficacy.®**** sb14 binding was most affected
by K417N, while this mutation did not influence the Sb16
binding. Both Sb14 and Sb16 showed reduced N501Y recogni-
tion and did not interact with E484K. Like Sb16, Sb45 also
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cannot bind to E484K and displayed reduced recognition of
N501Y and K417N compared to WT. Because the Sb68 binding
site is outside of the ACE2 binding region on the RBD, its
binding affinity was not significantly affected by the three
variants Alpha, Beta, and Gamma compared to WT.>**

To date, Nbs that bind to RBD have been detected, but
perhaps in the future Nbs capable of binding to other regions of
the spike protein will be discovered. Like Abs, Nbs can target
both open and closed RBDs (Fig. 14B). One of multiple benefits
of Nbs is their small size (~15 KDa), which allows them most
likely recognize more epitopes for neutralizing SARS-CoV-2
than conventional Abs. For example, glycans at sites N165,
N234, and N343 of the spike protein shield RBD from conven-
tional Abs, in particular, when RBD is in the down
conformation,"*® but they leave sufficient space to accommo-
date small Nbs such as Ty1.>'® Additional advantages of Nbs
over Abs are discussed in a recent review.>>>

8. Impact of SARS-CoV-2 on protein
synthesis

SARS-CoV-2 contains a positive sense and single-stranded RNA
composed of 50 UTR, two large overlapping open reading
frames ORFla and ORF1b, structural and accessory protein
genes, and a 30-polyadenylated tail.>>® It can suppress the
innate immune response of the host cell through an unspeci-
fied effect of non-structural proteins (NSPs), NSP1 to NSP16, on
the protein synthesis process of the host cell.’*”**® Upon
entering host cells, ORFla and ORF1b are translated and
proteolytically processed by virus-encoded proteinases to form
functional NSPs, which play an essential roles in viral infection
and RNA genome replication.”®® NSPs encode many crucial
enzymes for RNA processing and viral replication.’*>>*' mRNA
splicing, mRNA translation, and protein trafficking are the
three main steps in protein production, and understanding
how SARS-CoV-2 NSPs affect these steps is important in finding
different solutions in the treatment of COVID-19.**>3%->31

8.1. NSP16 binds mRNA recognition domains of U1/U2
snRNAs and disrupts mRNA splicing

After transcription in the nucleus, the nascent pre-mRNAs are
spliced to form mature mRNAs that are translated into protein
(Fig. 16A). Splicing of pre-mRNA occurs on the spliceosome,
which is composed of five snRNAs (U1, U2, U4, U5, and U6) and
numerous proteins. snRNAs form small nuclear ribonucleopro-
tein complexes (snRNPs) by combining with specific proteins,
and they work with pre-mRNA in the step-by-step process of
spliceosome assembly. Assembly begins with U1 binding to the
5" splice site and Msl5-Mud2 to the branch site, forming a
commit complex.>***** Msl5 binding is then replaced by U2,
forming a pre-spliceosome.’** U5 is then added, resulting in a
new base pairing between U2 and U6, and between U6 and the
5’ splicing site, and the release of Ul and U4. Other protein
factors join the spliceosome to stabilize the interaction of U5
and U6 with pre-mRNA during the formation of an active
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Fig. 16 (A) NSP16 binds to U1/U2 snRNAs to disrupts mRNA splicing, (B) NSP1 binds to the mRNA entry channel of the 40S ribosome to disrupt the
protein translation, and (C) How NSP8 and NSP9 bind the signal recognition particle and disrupt protein trafficking. SRP54 and SRP19 are the domains of

SRP.

spliceosome, which catalyzes the splicing process through two
transesterification reactions.”** >’

However, upon entry into the host cell, SARS-CoV-2
NSP16 binds to U1/U2 snRNAs and disrupts mRNA splicing,
resulting in decrease of host protein and mRNA levels by
triggering nonsense-mediated decay of improperly spliced
mRNAs (Fig. 16A).>*® NSP16 binds to the 5’ splice site recogni-
tion sequence of U1 and the branchpoint recognition site of U2
(Fig. 17A).** These binding sites are uniquely specific for
NSP16 compared to all other viral and human proteins. Here,
NSP16 is an essential component of the coronavirus replication
process as it helps the virus evade the immune system.**®>*
It includes 2’-O-methyltransferase (2’-O-MTase), which is
part of the replication-transcription complex and resembles
the human protein Cap-specific mRNA (nucleoside-2’-O-)-
methyltransferase (CMTr1).>*" In particular, NSP16 is

Chem. Soc. Rev.

responsible for transferring a methyl group from its cofactor,
S-adenosylmethionine (SAM), to viral mRNA, increasing the
efficiency of translation and hiding it from detection by cellular
pathogen recognition receptors.>*'>** Furthermore, although
NSP16 is primarily known as an enzyme that adds 2’-O-methyl
modifications to viral RNAs, it also plays the role of a host
virulence factor.

Thus, mRNA plays a key role in carrying protein information
from DNA in the cell nucleus to the cell cytoplasm, where the
protein-making machinery reads the mRNA sequence and
translates each three-base codon into the corresponding amino
acid in a growing protein chain.”** The disruption of mRNA
splicing is consistent with the significant drop in steady-state
mRNA levels observed during SARS-CoV-2 infection. The result
of this effect is to reduce the host cell innate immune response
to virus recognition.

This journal is © The Royal Society of Chemistry 2023
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ES27 segment of 28S

Fig. 17 (A) Left: NSP16 binding site (marine) relative to U1 (dark grey) and mRNA (red). Right: NSP16 binding site relative to U2 (grey) and mRNA. This
shows how NSP16 binding can disrupt mRNA splicing. (B) The C-terminus of NSP1 (green) binds to the mRNA exit channel (red) in the 40S ribosome
(olive). This describes how NSP1 binding can block mRNA entry. (C) Binding sites of NSP8 (green cyan) and NSP9 (citric) to the7SL RNA (dark olive) of SRP,
ES27 segment of 28S (marine), and 60S rRNA (dark gray) complex. Upon binding of NSP8 and NSP9, SRP19 and SRP54 are displaced, disrupting protein

trafficking.

8.2. NSP1 binds to the mRNA entry channel of the 40S
ribosome to disrupt protein translation

The 40S subunit is responsible for the interaction between
mMRNA codons and transfer RNA (tRNA) anti-codons, which
transfer amino acids to form polypeptides.>*®> In the absence
of NSP1, mRNA translation occurs normally and proteins are
synthesized (Fig. 16B). Upon NSP1 binding to the mRNA entry
channel of the 40S ribosome, the interaction of about 30
codons at the 5’ terminus of the mRNA sequence and NSP1
results in blocking of human mRNA translation.>””>*%*%” This
means that NSP1 can block protein production and all mechan-
isms of cellular antiviral defense that depend on the expression
of host factors. Turning off important parts of the innate
immune system can facilitate viral replication and effective
immune evasion. NSP1 plays a critical role in weakening the
antiviral immune response, making it a promising therapeutic
target.

SARS-CoV-2 NSP1 consists of 180 amino acids with three
domains, including an N-terminal domain, a linker domain,
and a C-terminal domain. The C-terminal binds to the 40S
subunit of the human ribosome (Fig. 17B), which leads to the
inhibition of the translation of mRNA, including IFN proteins
in vitro and in the cell.’*® The N-terminal and linker regions of
NSP1 are not docked to the 40S mRNA entry channel, however,
they stabilize its association with the ribosome and mRNA.>*
Drugs targeting either the C-terminal or the N-terminal of NSP1

This journal is © The Royal Society of Chemistry 2023

may be good for antiviral therapy. A recent study demonstrated
that montelukast sodium hydrate, an FDA-approved drug,
binds to the C-terminal domain reducing the inhibitory effect
of host protein synthesis. It shows an antiviral effect against
SARS-CoV-2 by interfering with virus replication in HEK cells
that express Vero-E6 cells and ACE2, which means that mon-
telukast sodium hydrate can be used as an inhibitor to combat
SARS-CoV-2 infection.>”® Using fragment-based X-ray screening
Ma et al.>®" identified potential inhibitors that can bind to two
binding sites of the NSP1 N-terminal, reducing the possibility
of generating new virions.

Several mutations in NSP1 can change its structural and
functional characteristics with respect to SARS-CoV-2. The
double mutant K164A/H165A in the C-terminal domain elim-
inates the ability to bind to the 40S ribosome.>***>> Mutations
Y154A/F157A and R171E/R175E also abolished ribosome
binding.>*® R124A/K124A mutations in the linker domain
impaired the mRNA endonucleolytic cleavage guided by
NSP1. The R99A mutation, located in the N-terminal domain,
abolishes not only NSP1 evasion but also NSP1-guided mRNA
cleavage.®*® Furthermore, a small deletion of the essential
amino acids of NSP1 is also sufficient to eliminate NSP1
evasion,>**?%

Using MD simulations, Borisek et a investigated the
interaction of SARS-CoV/SARS-CoV-2 NSP1 with the 40S ribo-
some. They found that SARS-CoV-2 NSP1 hijacks the ribosome
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more efficiently than SARS-CoV-1 NSP1 due to a critical switch
of Q/E158 and E/Q159 residues that occurred during virus
evolution. This switch predominantly alters the interaction of
NSP1 with neighboring ribosomal proteins uS3 and uS5, as well
as with helix 18 of rRNA lining the exit tunnel. Although this
finding provides a clear picture of the role of SARS-CoV-2 in
human cell invasion and diversion, the effect of NSP1 binding
to the 40S ribosome on mRNA translation has not been
theoretically studied. To solve this problem, Nguyen et al.>*°
used SMD in conjunction with alchemical free energy calcula-
tions. NSP1 binding was found to significantly increase the
mRNA binding affinity to the 40S ribosome, consistent with the
experimental fact that in the presence of NSP1, the mRNA
translation is completely halted after entering host cells.
NSP1 residues Asnl162, Trpl61l, Asn160, Glul59, GIn158,
Phe157, and Asp156 located at the border with mRNA are most
important for triggering translational blockade of the host
immune system. In addition, the mRNA translation process is
controlled by electrostatic interactions between mRNA and the
40S ribosome.

8.3. NSP8 and NSP9 bind to the signal recognition particle
and disrupt protein trafficking

To start mRNA translation, the 60S subunit binds the 40S
subunit forming the 80S ribosome. Then, a signal recognition
particle (SRP), known as the universally conserved complex,
binds to the 80S ribosome and co-translationally scans the
nascent peptide to identify hydrophobic signal peptides pre-
sent in integral membrane proteins and proteins secreted from
the plasma membrane (Fig. 16C, left).**

SRP is a ribonucleoprotein complex with dual functions. It
co-translationally targets proteins with a signal sequence to the
endoplasmic reticulum (ER) and protects their mRNA from
degradation. When SRP is unable to recognize the signal
sequence or is depleted, regulation of aberrant protein produc-
tion (RAPP) is triggered, resulting in the loss of secretory
protein mRNA. If SRP can identify the substrates but fails to
direct them to the ER, they may end up in the wrong location or
be destroyed. All of these events lead to dramatic consequences
for protein biogenesis, activating protein quality control path-
ways, and creating pressure on cell physiology, and may lead to
disease pathogenesis.>””

In general, the co-translational translocation of nascent
peptides/proteins into the ER lumen for protein folding is
initiated by the binding of SRP to a signal sequence (SS), which
is a short 16-30 amino acid peptide predominantly present at
the N-terminus of newly synthesized proteins destined toward
the secretory pathway. SRP contains SRP54, a protein respon-
sible for signal peptide recognition, SRP-receptor binding, and
translocation through ribosomes, and 7SL RNA, which is a RNA
component of SRP.>*® The interaction of SRP with SS on the
nascent peptide stops translational elongation on ribosomes
and the peptide associated with the SRP complex enters the ER
lumen through the translocation, followed by removal of the
SRP complex. Signal peptidases then cleave SS and the nascent
peptides in the ER lumen undergo folding and enter the
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secretory pathway destined for secretion or targeting a different
location in cells. SRP triggers the ribosome translocation to the
ER to ensure proper folding and trafficking of these proteins to
the cell membrane.”’

However, this standard scenario may change in the presence
of coronaviruses, as the SARS-CoV-2 NSP8 and NSP9 proteins
have been found to bind to SRP (Fig. 16C, right).** NSP8
interacts with the 7SL RNA of SRP in the region bound by
SRP54, while NSP9 binds 7SL in the region associated with the
SRP19 protein (Fig. 17C), interfering with protein trafficking to
the cell membrane upon viral infection.**

NSP8 includes an N-terminal positively charged o-helix
optimized for RNA binding, followed by another o-helix linked
by a long loop with half a -barrel-like domain consisting of five
antiparallel B-strands.”®® NSP8 plays a critical role in expanding
the template RNA-binding surface. The disordered N-terminal
regions are hypothesized to act as molecular handles for the
recruiting additional viral factors and organizing the viral
replication complex.”® NSP9 consists of a central core of a
six-stranded barrel surrounded by a C-terminal helix and an N-
terminal extension. The function of RNA binding is achieved
through the B-barrel loop structure, while dimerization and
interaction with other proteins are likely preserved by the C-
terminal B-hairpin and helix across different coronaviruses.”®>
NSP9 is believed to play a role in creating viral RNA. It is
dimeric and forms a solitary structure, a nucleic acid-binding
site for efficient virus replication.’®® Binding of both NSP8 and
NSP9 to SRP leads to failure of translocation of the nascent
peptide to the ER lumen, causing protein mislocalization and
degradation of the protein in the cytoplasm, and, ultimately,
protein secretion.

Another interesting problem with protein production is that
SARS-CoV-2, like other coronaviruses, uses a programmed
ribosome —1 frameshift (—1 PRF) mechanism to directly
synthesize its replicase proteins.***®* Therefore, —1 PRF may
be therapeutically targeted to arrest virus replication.**>** The
molecular mechanism of the critical switch in the SARS-CoV-2
replication program and the development of appropriate inhi-
bitors are interesting issues, but are beyond the scope of this
review.

9. Conclusions and perspectives

Our detailed analysis showed that the binding free energy of the
RBD-ACE2 complex predicted by the MM-P/GBSA method is
well below the experimental values. One possible reason is that
this method does not work well for complexes with a large
number of charged residues at the interface, such as RBD-
ACE2, which makes improving the MM-P/GBSA method in this
area a difficult task for future research. The machine learning
approach provides reasonable agreement with experiment, but
cannot provide insight into the mechanism of molecular inter-
actions due to the large number of parameters used. Coarse-
grained models combined with replica exchange and umbrella
sampling provide a reasonable estimate of the dissociation
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constant, but it is not clear whether this approach works
for different variants, as coarse-graining may be insensitive
to mutations. It is worth trying the same approach, but with
all-atom models, which requires significant computational
resources. Single molecule force spectroscopy has been success-
fully used to decipher the free energy landscape of virus-host
complexes, but a corresponding theoretical description is still
lacking, which motivates new work in this direction.

It has been recognized that inhibition of the farnesoid X
receptor (FXR) can resist SARS-CoV-2 infection by reducing
ACE2.”® Thus, it would be interesting to investigate the bind-
ing affinity of FXR with ACE2. So far it was generally believed
that the activity of various SARS-CoV-2 variants is driven by
mutations in the spike protein, in particular, in the receptor
binding region. However, the pathogenicity of Omicron appears
to be controlled not only by mutations within the spike protein,
but also by mutations in NSP6,”°® prompting additional studies
to better understand the role of mutations outside the spike
protein.

Experiments have identified many co-receptors for SARS-
CoV-2 such as NRP1, but the mechanism of their interaction
with the virus is poorly understood, especially compared to the
ACE2 case. In addition, to the best of our best knowledge, the
binding affinity and neutralizing activity of antibodies with
respect to these receptors has not been explored. Since the
presence of co-receptors may be essential for viral infection and
antibody effectiveness it is important to study their molecular
interaction mechanism experimentally and theoretically.

It has been almost 3 years since the COVID-19 outbreak in
Wuhan we have been through four infective waves and are now
entering our fifth with fast-spreading Omicron subvariants.
Vaccines, especially RNA vaccines, have been beneficial, saving
millions of lives, but due to immune escape we still need to
consider new complementary approaches including large-scale
antibody/nanobody development. In particular, nanobodies are
an attractive option due to their advantages over traditional
antibodies, including smaller size, higher stability, easier
administration etc. The binding affinity of antibodies to the
virus has been thoroughly investigated both in experiment and
in simulations. However, their neutralizing activity has been
extensively studied experimentally, but not theoretically. One of
possible reasons is that quantifying the neutralizing capacity,
which can be characterized by the binding free energy of host
cell to a virus in the presence of an antibody, is not a trivial
task, since one has to deal with a three-body problem instead of
the standard two-body problem. Appropriate methods need to
be developed to calculate the binding free energy in a three-
body system, but a simple way to characterize neutralizing
activity based on the distances between an antibody and its
two antigens can be tried. In other words, the reach of an
antibody can be used to describe its ability to neutralize its
antigen, which is a valuable means of predicting antibody
effectiveness.

Stable prefusion and postfusion SARS-CoV-2 S structures
have been obtained by cryo-EM and cryo-ET, but due to
transient nature the fusion intermediates have not been
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resolved. Marcink et al.>®” have used an antiviral lipopeptide
entry inhibitor to arrest spike protein refolding and thus
capture intermediates along the fusion pathway as spike pro-
teins interact with fusion-activating proteases and ACE2. It
remains unclear to what extent the inhibitor used affects the
intermediate structure identified by this method, leaving the
problem of determining the structure of fusion intermediates a
major challenge for experiments and modeling. Estimation of
the free energy barriers between prefusion, intermediate and
postfusion states using experiment and simulation would be of
great interest.

Since lung cells express TMPRSS2, it is believed that the
surface pathway of entry of the virus into host cells is more
clinically relevant than the endosomal pathway. Therefore,
additional in vivo experiments are needed to test whether other
proteases, such as cathepsin L, can activate the virus, and that
the endosomal route may be of clinical relevance. From this
point of view, identification of the elusive cathepsin L cleavage
sites should provide further insight into additional fusion-
related domains in the spike protein.

The emergence of SARS-CoV-2 variants that evade the
immune response necessitates the development of new vaccine
constructs. Rational design of vaccines based on the spike
protein structure could address this challenge by designing
non-overlapping, variant-aware epitopes that are harder for the
virus to evade.”” Significant efforts have been invested in
generating such constructs for SARS-CoV-2 spike protein using
bioinformatic tools, MD simulations and machine learning to
predict and optimize epitopes.’®®*”" While glycan shielding
emerges as key obstacle in triggering immune response, glycan-
aware methods are only beginning to emerge,>’* either treating
glycosylation as static “shielding spots”,*”* or including full
glycoprotein dynamics.’”* Variant mutations are located mainly
within such predicted epitopes, which corroborates these find-
ings and sets glycan dynamics as a key factor in predicting B-
cell epitopes on highly glycosylated fusion proteins like spike. It
will be interesting to see how faithful representation of glycans
surrounding the epitopes will aid epitope predictions, possibly
allowing for rational glycoengineering of glycan shields in the
vaccine constructs in the future.

Recent studies shed light on the complex mechanisms
employed by SARS-CoV-2 to evade the host’s immune response.
The virus utilizes a multi-pronged strategy to suppress essential
cellular functions, including global mRNA splicing, mRNA transla-
tion, and protein trafficking. While the termination of mRNA
translation due to binding of NSP1 to the 40S ribosome has been
studied both experimentally and by simulation, the effect of other
NSPs on mRNA splicing and protein transport has not been
theoretically considered. Thus, it would be important to perform
molecular modeling of the NSP16 binding to the mRNA recognition
domains of U1 and U2 splicing RNAs, and the association of NSP8
and NSP9 with 7SL RNA, which leads to disruption of the relevant
processes. This will provide invaluable information for the devel-
opment of effective therapies and vaccines to combat COVID-19.
Another potentially interesting line of research is investigating the
role of other SARS-CoV-2 NSPs in the production of host proteins.
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One of limitations of this review is that we did not discussed
molecular analyses that provide a basis for predicting novel
variants that would be of concern. A discussion of this impor-
tant problem can be found elsewhere.

In summary, our review provides valuable information that
will facilitate more effective anti-viral drug design, vaccine and
antibody/nanobody development. Understanding complex pro-
cesses such as membrane fusion, RNA splicing, mRNA transla-
tion, and protein trafficking in the presence of nonstructured
proteins in the ribosome requires the development of several
innovative biophysical methods and accurate models, ranging
from all-atom to coarse-grained representations. The field of
research of COVID-19 is rapidly expanding and raises issues in
the full spectrum of academic disciplines ranging from bio-
chemistry, biophysics, chemistry, physics, theory, simulations,
biology, and genetics to medicine and therapeutics. Thus, our
review will be useful to people working in these areas.
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