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Abstract
The recent severe acute respiratory syndrome, known as Coronavirus Disease 2019 (COVID-19) has spread so much rapidly 
and severely to induce World Health Organization (WHO) to declare a state of emergency over the new coronavirus SARS-
CoV-2 pandemic. While several countries have chosen the almost complete lock-down for slowing down SARS-CoV-2 
spread, the scientific community is called to respond to the devastating outbreak by identifying new tools for diagnosis and 
treatment of the dangerous COVID-19. With this aim, we performed an in silico comparative modeling analysis, which allows 
gaining new insights into the main conformational changes occurring in the SARS-CoV-2 spike protein, at the level of the 
receptor-binding domain (RBD), along interactions with human cells angiotensin-converting enzyme 2 (ACE2) receptor, 
that favor human cell invasion. Furthermore, our analysis provides (1) an ideal pipeline to identify already characterized 
antibodies that might target SARS-CoV-2 spike RBD, aiming to prevent interactions with the human ACE2, and (2) instruc-
tions for building new possible neutralizing antibodies, according to chemical/physical space restraints and complementary 
determining regions (CDR) mutagenesis of the identified existing antibodies. The proposed antibodies show in silico high 
affinity for SARS-CoV-2 spike RBD and can be used as reference antibodies also for building new high-affinity antibodies 
against present and future coronaviruses able to invade human cells through interactions of their spike proteins with the 
human ACE2. More in general, our analysis provides indications for the set-up of the right biological molecular context 
for investigating spike RBD–ACE2 interactions for the development of new vaccines, diagnostic kits, and other treatments 
based on the targeting of SARS-CoV-2 spike protein.

Keywords  SARS-CoV-2 · COVID-19 · n-CoV19 · Coronavirus · Spike · Receptor binding domain · Neutralizing 
antibodies · Spike post-fusion conformation · ACE2 and ACE inhibitors · Fold recognition tools · Comparative modeling

Abbreviations
SARS	� Severe acute respiratory syndrome
CoV	� Coronavirus
RBD	� Receptor binding domain
ACE2	� Angiotensin-converting enzyme 2
FAB	� Fragment antigen binding
WHO	� Word Health Organization
CDR	� Complementary-determining regions
SPDBV	� SwissPDBViewer

Introduction

The scientific community is called to respond to a pan-
demic of respiratory disease that has spread with impres-
sive rate among people of all the world. The new coro-
navirus has been called SARS-CoV-2 and the related 
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disease indicated as COVID-19. WHO reports that 
positive patients in the world increased from 1,353,361, 
with 79,235 ascertained deaths (9 April 2020) to 
10,021,401, with 499,913 confirmed deaths (29 June 2020) 
in less than 3 months, due to COVID-19 complications. It 
also appears that these numbers might be a smaller number 
of real cases due to our inability in quantifying rescued or 
asymptomatic people.

To limit death rate and SARS-CoV-2 spread, it needs to 
develop a vaccine and to identify new small molecules able 
to prevent or treat COVID-19 complications, as well as to 
prepare new quick diagnosis kits, able to quantify the real 
number of people exposed to SARS-CoV-2. Among the 
main actors of SARS-CoV-2 infection, SARS-CoV-2 spike 
proteins, RNA-dependent RNA polymerases, and proteases 
deserve to be mentioned. Indeed, RNA-dependent RNA pol-
ymerase has become one of the main targets of a nucleoside 
analog antiviral drug, the remdesivir, already used for reduc-
ing complications due to Ebola, Dengue, and MERS-CoV 
infections [1–7]. At the same time, viral protease inhibitors 
[8–12] are under investigation for their ability in prevent-
ing virus protein cleavage (with specific reference to spike 
protein cleavage) [13] leading to the fusion of virus proteins 
with host cell membranes. Also, anti-inflammatory antibod-
ies/drugs in combination with anticoagulant molecules are 
under investigation for limiting coagulopathies [14–18] and 
cytokine signaling impressively triggered by SARS-CoV-2 
infection [19–23]. Finally, the same SARS-CoV-2 spike 
protein has become the most investigated target due to its 
ability in forming interactions with the human ACE2 recep-
tor, causing fusion events that make possible for the virus to 
penetrate host human cells [24–27].

The crucial role played by the spike protein is also due to 
the possibility to use the recombinant SARS-CoV-2 spike 
protein for triggering an immune response, working as a 
vaccine, that may help in preventing and treating COVID-19, 
similarly to what recently proposed [28–34].

For clarifying SARS-CoV-2 infection mechanisms, sev-
eral research groups have recently solved the structure of 
the entire SARS-CoV-2 spike protein (6vsb.pdb [24]; 6vxx.
pdb and 6vyb.pdb [25]), in pre-fusion conformation, and/
or SARS-CoV-2 spike RBD domain in complex with the 
human ACE2 (6vw1.pdb; 6lzg.pdb).

In light of the available cited crystallized/cryo-em solved 
structures, here we propose a strategy for identifying/draw-
ing new SARS-CoV-2 therapeutic  antibodies directed 
against the RBD of SARS-CoV-2 spike protein that could 
be used for contrasting SARS-CoV-2 infection, aiming to 
prevent pre-/post-fusion spike conformation interconversion, 
responsible for virus invasion, and to provide a molecular 
structural context for studying new diagnosis kits based on 
the interactions between our engineered antibodies and the 
human SARS-CoV-2 spike RBD.

Materials and methods

Crystal structure sampling via folding recognition 
and multiple sequence alignments (MSA)

CoV-Spike and ACE2 homologous protein-crystallized 
structures were searched using the folding recognition 
methods implemented in pGenThreader and i-Tasser. With 
this aim, the amino acid sequence of the SARS-CoV-2 
spike protein monomer (fasta sequence of the monomer 
taken from 6vsb.pdb, chain A) and of the ACE2 (fasta 
sequence of the monomer taken from 6m18.pdb, chain B) 
were used as query sequences for running pGenThreader 
(http://bioin​f.cs.ucl.ac.uk/psipr​ed/) and i-Tasser (https​://
zhang​lab.ccmb.med.umich​.edu/I-TASSE​R/) to screen the 
PDB, searching for the most similar deposited crystallized 
structures [35–38].

The sequences of the retrieved 48 crystallized struc-
tures (with reference to those crystallized structures indi-
cated with “Certain” or “High” confidence level in the 
pGenThreader output) were aligned using ClustalW [39] 
implemented in the Jalview package [40]. The 3D coor-
dinates from the 48 crystallized structures were superim-
posed using the “super” command available in PyMOL 
[41]. The “super” command allows aligning the selected 
proteins under investigation for performing a compara-
tive structural analysis, due to its ability in providing a 
sequence-independent structure-based pairwise alignment. 
Notably, the “super” command is more robust than the 
“align” command because it successfully performs also 
superimposition of proteins with a lower sequence simi-
larity [37, 42].

Protein–protein and protein–ligand binding regions 
were highlighted by selecting residues within 4 Å at the 
protein–protein interface or from the investigated ligands, 
in the superimposed structures.

All the generated 3D all-atom models were energeti-
cally minimized using the Yasara Minimization server 
[43] or the Rosetta “relax” application within the Rosetta 
“scoring and prep” tools (https​://www.roset​tacom​mons.
org/demos​/lates​t/tutor​ials/scori​ng_and_prep/scori​ng_and_
prep) [57–59], independently.

3D atomic models preparation of SARS‑CoV‑2 
spike protein in post‑fusion conformation 
and SARS‑CoV‑2 spike‑ACE2 interactions 
in pre‑fusion conformations

The 3D comparative model of SARS-CoV-2 spike trimer 
in post-fusion conformation was built by multi-template 
modeling using Modeller [44]. More in detail, the human 
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SARS-CoV-2 spike protein sequence was aligned to the 
sequences of the available entire post-fusion conformation 
of the murine coronavirus spike protein (6b3o.pdb, [45]) 
and the remaining available crystallized subdomains of 
other coronavirus spike proteins in post-fusion conforma-
tions (5yl9.pdb [46]; 1wyy.pdb [47] and 1wdf.pdb [48]). 
Sequences of the cited crystallized structure fragments 
were used as query sequences for sampling the corre-
sponding entire spike monomer sequences, by reciprocal-
blastp, to be aligned with sequences of the investigated 
structures for comparative purposes. The obtained MSA 
was used for driving the multi-template modeling.

Then, a complex 3D model representing the pre-fusion 
spike trimer interacting with three ACE2 functional recep-
tor units was built by superimposing the recently solved 
cryo-EM prefusion structure of SARS-CoV-2 spike trimer 
complex (6vsb.pdb, [24]; 6vyb.pdb and 6vxx.pdb [25]), 
the SARS-CoV-2 spike RBD crystallized in complex with 
the human ACE2 (6vw1.pdb; 6lzg.pdb) the SARS-CoV-1 
spike trimer interacting with one ACE2 functional receptor 
(conformations 1–3, 6acg.pdb, 6acj.pdb, 6ack.pdb, [49] and 
6cs2.pdb, [50]), the SARS-CoV-1 spike-RBD crystallized in 
complex with the human ACE2 (2ajf.pdb, [51]).

For investigating pre-/post-fusion conformation inter-
conversion, we superimposed the pre-fusion available 
crystallized structures of SARS-CoV2 spike proteins and 
the generated 3D models about the pre-fusion conforma-
tion of the spike trimer in complex with three ACE2 units, 
to the obtained 3D model of the post-fusion conformation. 
All the generated 3D all-atom models were energetically 
minimized using the Yasara Minimization server [43] or the 
Rosetta “relax” application within the Rosetta “scoring and 
prep” tools (https​://www.roset​tacom​mons.org/demos​/lates​
t/tutor​ials/scori​ng_and_prep/scori​ng_and_prep) [57–59], 
independently.

Antibody 3D modeling and mutagenesis

Starting from the 3D atomic coordinates of the crystallized 
neutralizing antibodies m396 (2dd8.pdb [52]) and S230 
(6nb7.pdb, [53]), both complexed with the SARS-CoV-1 
spike RBD domain, we modelled the interactions of m396 
and S230 (6nb7.pdb, [53]) with SARS-CoV-2 spike RBD 
domain, by superimposing the fragment antigen-based 
(FAB) portions of m396 (2dd8.pdb [52]) and S230 (6nb7.
pdb, [53]) with the SARS-CoV-2 spike RBD domain, com-
plexed with ACE2 (6vw1.pdb), using PyMOL.

For creating a more specific antibody directed against 
SARS-CoV-2 spike RBD, we replaced residues of the CDR 
regions of the m396 crystallized FAB portion with residues 
that may complement and fulfill better the SARS-CoV-2 
RBD surface, also based on interactions observed in the 

crystallized structures of SARS-CoV-2-RBD-ACE2 pro-
tein complex. Mutagenesis analyses and modeling of the 
incomplete residues within the crystallized structures were 
performed using SPDBV [54] and/or PyMOL [55].

The proposed complete IgG chimeric antibodies were 
obtained by superimposing the above-cited m396 and the 
resulting engineered FAB portions, in complex with SARS-
CoV-1/2 RBD, to the 3D atomic model of a crystallized 
IgG, available on the PDB (1igt.pdb, [56]) using SPDBV 
and PyMOL. More in detail, m396, and the engineered FAB 
portions were superimposed, through the PyMOL “super” 
command, to the FAB portions of the crystallized structure 
of an IgG (1igt.pdb) starting from the structural alignment 
of their backbones. Then, it was possible to model missing 
residues located at the FAB–Fc interface, solving clashes 
and breaks in the backbone [37, 38, 42] by using SPDBV.

Each glycosylation ladder coming from the crystal struc-
tures here investigated (1igt.pdb; 2dd8.pdb; 6nb7.pdb) was 
alternatively retained within the generated structural models.

After superimposition operations, allowing backbone 
connections, we renumbered all the atoms and the residues 
present in the resulting final pdb file, using an in-house 
developed Perl script. All the generated 3D all-atom models 
were energetically minimized using the Yasara Minimiza-
tion server [43] or the Rosetta “relax” application within the 
Rosetta “scoring and prep” tools (https​://www.roset​tacom​
mons.org/demos​/lates​t/tutor​ials/scori​ng_and_prep/scori​ng_
and_prep) [57–59], independently. The obtained final mod-
els were examined in VMD, PyMOL, and SPDBV by visual 
inspection searching for putative unsolved clashes [38, 42].

FoldX energy calculations

The FoldX AnalyseComplex assay was performed to deter-
mine the interaction energy between the four generated 
antibodies and the RBD domains of SARS-CoV-1/2 spike 
proteins, but also for determining the interaction energy 
between ACE2 and the interacting spike RBDs for com-
parative purposes.

The way the FoldX AnalyseComplex operates is by 
unfolding the selected targets and determining the stability 
of the remaining molecules and then subtracting the sum of 
the individual energies from global energy. More negative 
energies indicate a better binding. Positive energies indicate 
no binding [60, 61]. The energy calculated for the crystal-
lized m396-SARS-CoV-1 RBD protein complex was used 
as a reference value.

Rosetta energy calculations

Rosetta applications combine several tools to model and 
analyze macromolecular structures (https​://www.roset​
tacom​mons.org/docs/lates​t/Home). We chose to use the 
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“residue_energy_breakdown” and the “InterfaceAnalyzer” 
applications (https​://www.roset​tacom​mons.org/demos​/
lates​t/tutor​ials/scori​ng_and_prep/scori​ng_and_prep) from 
Rosetta “scoring and prep” tools for analyzing SARS-CoV-2 
spike RBD–ACE2 interface interactions. The Rosetta “resi-
due_energy_breakdown” application was used to examine 
the contribution of each protein residue to the score for the 
lowest energy backbone relaxed structures, whereas the 
Rosetta “InterfaceAnalyzer” application was used for eval-
uating interactions across the antibody–receptor interface 
[57, 62–64].

Results

Modelling of the SARS‑CoV‑2 spike protein 
in post‑fusion conformation

The main event that allows virus envelop fusion with the 
host human cell plasma membrane concerns a conforma-
tional change occurring at the SARS-CoV-2 spike protein 
that converts from pre-fusion conformation to post-fusion 
conformation after interactions with ACE2 and spike protein 
cleavage. While SARS-CoV-2 spike protein trimer has been 
resolved by cryo-em (6vsb.pdb [24]; 6vxx.pdb and 6vyb.
pdb [25]), the post-fusion conformation is not available yet. 
According to [13] Coutard et al., protein cleavage at site 
S1/S2 and S2′ produces the division of the spike protein in 
two subdomains, i.e. the N-ter S-I ectodomain (containing 
the RBD interacting with ACE2) and the C-ter S-II mem-
brane-anchored subdomain, that will form the SARS-CoV-2 
spike protein in post-fusion conformation, able to trigger the 
fusion of the viral envelope with host cell plasma membrane 
determining host cell invasion.

For modelling 3D post-fusion conformation of SARS-
CoV-2 spike protein, we searched for SARS-CoV-2 spike 
protein homologous structures and found that 48 crystal-
lized structures that included poses of the whole SARS-
CoV-2 spike proteins or about protein domains of SARS-
CoV-2 spike proteins in complex with protein interactors 
(i.e. ACE2), several pre-fusion conformations of other 
coronavirus spike proteins, one spike protein in post-fusion 
conformation and three further protein subdomains about 
spike proteins in post-fusion conformation (Supplementary 
Table 1).

Thus, we built an MSA by aligning the sequence of the 
human SARS-CoV-2 spike protein, the sequence of the 
available whole post-fusion conformation of a spike protein 
(6b3o.pdb, [45]), sequences of the remaining crystallized 
subdomains of other virus spike proteins in post-fusion 
conformations (5yl9.pdb [46]; 1wyy.pdb [47] and 1wdf.pdb 
[48]), together with their complete counterpart sequences 
sampled by reciprocal-blastp (Fig. 1).

In the provided MSA (Fig. 1), it is possible to observe the 
conserved S1/S2 and S2′ cleavage sites, according to [13] 
and the sequence of the C-terminal domain resulting from 
the cleavage. Furthermore, it is also possible to observe sev-
eral clusters of conserved residues (Fig. 1) that were used as 
anchor points of the proposed SARS-CoV-2 spike sequence/
multi-template-structure alignment for building the 3D 
model of a monomer of SARS-CoV-2 spike protein in post-
fusion conformation (Fig. 2). Among those conserved pro-
tein regions, six clusters of residues host conserved cysteine 
residues (Fig. 2) forming disulfide bridges crucial for stabi-
lizing both pre-fusion and post-fusion SARS-CoV-2 spike 
protein conformation [45]. The modelled SARS-CoV-2 spike 
post-fusion conformation consists of residues 704–771 and 
922–1147, YP_009724390.1 residues numbering, resulting 
from protein cleavage [13]. Those protein fragments are the 
main constituents of the post-fusion conformation, and also 
the only fragments which can be modelled using as a pro-
tein template the unique/greatest existing solved post-fusion 
conformation structure of a sequence/structure related spike 
protein (6b3o.pdb, amino acids 741–807 and 972–1248, 
NP_045300.1/6b3o.pdb residues numbering) [45].

The trimer of the SARS-CoV-2 spike protein in post-
fusion conformation was obtained by duplicating two times 
the obtained monomer and superimposing the resulting three 
SARS-CoV-2 spike protein monomers on the three spike 
protein monomers reported in 6b3o.pdb (Fig. 2). The rele-
axed 3D comparative model of SARS-CoV-2 spike protein 
trimer built by multi-template comparative modeling showed 
an RMSD lower than 0.5 Å with the available spike protein 
in post-fusion conformation (6b3o.pdb). The resulting model 
(Fig. 2) appeared elongated and narrow (with respect to the 
pre-fusion conformation), according to what observed in 
fragments of the spike proteins crystallized in post-fusion 
conformations, whose sequences are reported in Fig. 1 and 
whose PDB_IDs are listed in Supplementary Table 1.

The resulting SARS-CoV-2 spike post-fusion spike 
conformation was obtained following  the loss of the 
cited N-terminal domain (residues 1–703, black cartoon, 
YP_009724390.1 residues numbering Fig. 3) and of a mid-
dle protein portion (residues 772–921, black cartoon). The 
resulting post-fusion structure shows regions that under-
went few conformational changes, with respect to the pre-
fusion structure [i.e. see residues 715–771 (yellow cartoon), 
983–1028 (red cartoon), 1029–1126 (magenta cartoon), 
YP_009724390.1 residues numbering, Fig.  3], whereas 
other regions show important conformational changes [i.e. 
see residues 704–715 (yellow cartoon), 922–979 (green 
cartoon), 1127–1146 (orange cartoon), YP_009724390.1 
residues numbering, Fig. 3]. Notably, regions showing few 
conformational changes are those hosting conserved cysteine 
residues involved in disulfide bridges in both pre-fusion and 
post-fusion structures (Figs. 1, 3).
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On the other hand, the important conformational changes 
observed at regions 704–715 and 1127–1146 appears to 
be related to the loss of the N-terminal portion (residues 

1–703, black cartoon), which causes the reorientation of 
the 704–715 peptide, involved in the perturbation of the 
1127–1146 protein region that can re-orient itself in the 

Fig. 1   Extract of the MSA of SARS-CoV-2 spike protein monomer 
with the sequences of the crystallized structures of the spike whole 
protein or protein fragments observed in the post-fusion conformation 
from other coronaviruses, resulting from sequence cleavage. a Grey 
boxes indicate protein regions involved in cleavage events, whereas 
black boxes indicate the position of the proposed cleavage sites. a, b 
Cyan boxes indicate the cluster of residues conserved in the sampled 

sequences and maintained in the post-fusion conformation, consid-
ered as anchor points for preparing the 6b3o.pdb based SARS-CoV-2 
spike sequence-structure alignment, used for building the 3D compar-
ative model of SARS-CoV-2 spike protein in post-fusion conforma-
tion (amino acids S704-A771, see a; amino acids L922-S1147, see b; 
YP_009724390.1 residues numbering)
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free space, due to the N-terminal missing residues. Simi-
larly, the important conformational changes observed at the 
922–982 protein region (Fig. 3) appears to be due to the loss 
of the middle protein region (residues 772–921, black car-
toon Fig. 3), whose removal causes the reorientation and the 
relaxation of the 922–982 amino acid protein region (green 
cartoon, Fig. 3), that may occupy the space previously occu-
pied by the cleaved N-terminal region (1–703 residues, black 
cartoon).

Notably, a further stabilization of the post-fusion con-
formation depends on the re-orientation of the C-terminal 
1121–1196 protein region (orange and cyan cartoon, Fig. 4). 
Indeed, the C-terminal portion (with specific reference to 
residues 1179–1196) of each monomer is deeply involved in 
intermonomer hydrophilic and ionic interactions with resi-
dues of the 922–982 re-oriented amino acid protein region 
(with specific reference to residues 926–949), of the close 
monomers. Notably, the 1147–1196 protein region was not 
solved in the pre-fusion structure (Fig. 4), but the previ-
ous protein segment, i.e. residues 1121–1146, showed a 
completely different orientation in the available pre-fusion 
structures.

Modelling of the interactions 
between the SARS‑CoV‑2 spike protein 
and the human ACE2 along pre‑/post‑fusion 
conformation interconversion

Among the sampled crystallized structures, it was possible 
to observe three PDB_IDs about the entire SARS-CoV-2 
spike proteins and two about SARS-CoV-2 spike RBD 
protein interacting with the human ACE2 (Supplementary 
Table 1). Furthermore, it was possible to highlight several 
crystallized structures about SARS-CoV-1 and MERS-
CoV spike proteins as single proteins or in complex with 
their receptors or dedicated antibodies (Supplementary 
Table 1). Notably, among the sampled structures, also the 
four entries used for building the 3D comparative model 
of the post-fusion conformation, were considered (Sup-
plementary Table 1).

For modeling main interactions occurring between 
SARS-CoV-2 spike proteins and ACE2, thanks to the high 
percentage of identical residues shared by spike RBD from 
several CoV strains (Fig. 5), it was possible to structur-
ally align three objects consisting of the human ACE2-
SARS-CoV-1 spike-RBD protein complex (2ajf.pdb) to the 
human ACE2-SARS-CoV-2 spike-RBD protein complex 
(6vw1.pdb, 6lzg.pdb) and the SARS-CoV-2 spike protein 
trimer (6vsb.pdb; 6vxx.pdb; 6vyb.pdb). More in detail, the 
superimposition performed using PyMol was led by the 
structural alignment of the RBD of ACE2-SARS-CoV1 
(2ajf.pdb) and ACE-2-SARS-CoV-2 (6vw1.pdb, 6lzg.pdb) 
spike proteins (Fig. 6), followed by the structure align-
ment with SARS-CoV-2 spike protein trimer (6vsb.pdb; 
6vxx.pdb; 6vyb.pdb). Notably, we obtained an efficient 
superimposition of the two RBD domains (RMSD lower 
than 0.5 Å) of the human SARS-CoV-1 and SARS-CoV-2 
spike proteins also due to their high percentage of identical 
residues (> 75%).

It was possible to superimpose the crystallized SARS-
CoV-2 spike protein in pre-fusion conformation and the 
modelled SARS-CoV-2 spike protein trimers in post-fusion 
conformation for showing the deep conformational changes 
occurring along conformation interconversion (Fig.  6). 
Indeed, it is known that RBD subunits are further mobile 
being able to exhibit multiple conformational states that 
modulate the accessibility of RBDs, triggering interactions 
with receptor proteins of the host cell plasma membranes 
[53]. In the proposed conformational changes reported in the 
scheme of Fig. 6, the SARS-CoV-2 spike protein goes from 
a closed state in which RBD residues interacting with ACE2 
are not accessible (Fig. 6a, g), to a partially open state with 
one (Fig. 6b, h) or two (Fig. 6c, i) RBD accessible subunits, 
till a final open state in which RBD residues interacting with 
ACE2 at each RBD subunits are accessible and ready to 
establish interactions with ACE2 (Fig. 6d, j). The established 

Fig. 2   SARS-CoV-2 spike protein (S-II domain) 3D model in post-
fusion conformation. Lateral view (a), top view (b) and bottom view 
(c) of the SARS-CoV-2 spike protein trimer 3D comparative model, 
reported in cartoon colored representation
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RBD–ACE2 interactions are the first step of the fusion of 
plasma membrane with the viral protein envelop, followed 
by cleavage events and conformational changes that deter-
mine the set-up of the post-fusion conformation (Fig. 6e, 
f, k, l). The resulting post-fusion conformation appears to 
be elongated (about 180 Å long) and narrower (Figs. 3, 4, 
6f, l) than the pre-fusion conformation (about 88 Å long, a 
structural comparison is viewable in Figs. 3, 4, 6e, k). The 
top portion of the post-fusion conformation extends beyond 

ACE2 receptors (Fig. 6e, k), known for being anchored to 
the plasma membrane and involved in internalization events 
[8, 49, 52, 53, 65].

SARS‑CoV‑1 and SARS‑CoV‑2 spike RBD residues 
involved in direct interactions with ACE2

From the available crystallized structures and from the 
obtained 3D structure models, it was possible to highlight 
SARS-CoV-1 spike RBD (2ajf.pdb) and SARS-CoV-2 spike 
RBD residues (6) involved in the binding of the human 

Fig. 3   SARS-CoV-2 spike protein regions involved in the pre/post-
fusion conformational transitions. Topology panel: schematic of 
the SARS-CoV-2 spike protein organization according to the below 
reported 3D model protein regions. Colors and residues numbering 
reflect the localization in the SARS-CoV-2 spike protein sequence of 
the below reported protein domain 3D structures (YP_009724390.1 
residues numbering). UH upstream helix; FP the region hosting the 
fusion peptide; HR1 heptad repeat 1; CH central helix; BH β-hairpin 
region; CD connector domain; HR2 heptad repeat 2, according to 
[45]. a, f Lateral views of the SARS-CoV-2 spike protein trimer in 
pre-/post-fusion conformation, respectively, are reported in colored 
cartoon representation. b, g Lateral views of the SARS-CoV-2 
spike monomer in pre-/post-fusion conformation, respectively, are 
reported in colored cartoons. c, h Indicate the zoomed views of the 
Q926-K1028 protein region (green/red cartoon representation). d, 
i Indicate the zoomed views of the M1029-D1146 protein region 
(magenta/orange cartoon representation). e, j Indicate the zoomed 

views of the S704-I771 protein region (yellow cartoon representa-
tion). Yellow sticks in d, e, i, j indicate disulfide bridges. Residue 
labels indicate residues to be used as a reference for identifying 
quickly the cited protein region terminal portions or cysteine residues 
involved in disulfide bridges. Notably, yellow, magenta and red car-
toon indicate the monomer regions involved in few conformational 
changes, whereas green and orange cartoon indicate regions involved 
in large conformational changes. Black cartoon portions in b indi-
cate protein regions lost after cleavage events and/or not available in 
the crystallized structures. Cyan cartoon portion in g indicates the 
1146–1197 protein region and was obtained by comparative modeling 
using as a protein template the only available SARS-CoV-1 spike pro-
tein with a solved structure for the corresponding protein region in 
the post-fusion conformation, as observed in 6b3o.pdb. Notably, the 
corresponding protein region was solved in none of the investigated 
crystallized spike proteins in pre-fusion conformations (Supplemen-
tary Table 1)
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ACE2 (Fig. 7 and Supplementary Table 1). Notably, ion-
pair interactions observed between SARS-CoV-1 spike 
RBD and the human ACE2 are also observed between 
SARS-CoV-2 spike RBD and the human ACE2. The 
reported data represent an updated/integrated analysis of a 
similar one reported in [66], in light of the recently depos-
ited SARS-CoV-2 spike RBD in complex with the human 
ACE2 (6vw1.pdb).

Comparative analysis of existing SARS‑CoV‑1 spike 
RBD directed neutralizing antibodies and predicted 
interactions with SARS‑CoV‑2 spike RBD

RBD from SARS-CoV-1 was crystallized in complex with 
the FAB domain of two different antibodies, namely m396 
(2dd8.pdb, [52]) and S230 (6nb7.pdb, [53]). Both of them 
show high affinity for SARS-CoV-1 spike RBD [52, 53]. 
Nevertheless, they show different peculiarities in their mech-
anism of action.

Indeed, S230 after binding RBD, similarly to ACE2, can 
trigger the SARS-CoV spike transition to the post-fusion 
conformation and it is not clarified yet, if virus–cell fusion 
may be triggered by S230 also when S230-RBD interac-
tions occur close to the surface of the host cell plasma mem-
brane protein targets of the SARS-CoV-1 [53]. At variance 
with S230, the m396 antibody appears to be able to prevent 
SARS-CoV-1 spike-ACE2 interactions and SARS-CoV-1 
spike pre-/post-fusion conformation transition, neutralizing 
virus attack [52].

Thanks to the high percentage of identical residues 
(> 75%) between SARS-CoV-1 and SARS-CoV-2 spike 
RBD domains and to their highly similar tertiary structure, 
as observed from the RMSD of 0.5 Å between the coor-
dinates of RBDs from SARS-CoV-1 (6nb7.pdb, [53] and 
2dd8.pdb, [52]) and SARS-CoV-2 (6vw1.pdb [67] and 6vsb.
pdb, [24]) spike proteins, it was possible to evaluate interac-
tions between m396 and SARS-CoV-2 spike RBD and to 
propose a sequence/structure of an ideal FAB m396-based 

Fig. 4   SARS-CoV-2 spike 
protein regions involved in 
the pre/post-fusion molecular 
packing. a, g Lateral views 
of the spike protein trimer in 
post/pre-fusion conformation, 
respectively. Colored regions 
indicate the main protein 
portions responsible for the 
different molecular packing of 
the spike protein in the post/
pre-fusion conformations. b, 
h Lateral zoomed views of the 
spike protein trimer core (red–
green–orange cartoon) in the 
post/pre-fusion conformations. 
c, e Top and bottom views of 
the spike protein trimer in post-
fusion conformation reported in 
a. d, f Top and bottom views of 
the spike protein trimer colored 
regions in post-fusion confor-
mation reported in b. i, k Top 
and bottom views of the spike 
protein trimer in pre-fusion con-
formation reported in g. j, l Top 
and bottom views of the spike 
protein trimer colored regions 
in post-fusion conformation 
reported in h. The reported 
colors indicate the same regions 
described in Fig. 3
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chimeric antibody for targeting SARS-CoV-2 spike RBD 
domain, preventing fusion events with ACE2 and thus the 
following infection.

With this aim, we first highlighted the different RBD 
portions bound to the known antibodies. Then, we super-
imposed SARS-CoV-1 RBD to SARS-CoV-2 RBD for high-
lighting differences in residues involved in direct interac-
tions with m396 CDR regions and with S230 CDR regions 
(Fig. 8 and Table 1).

SARS‑CoV‑2 spike RBD‑directed neutralizing 
antibody engineering

Due to the uncertain data concerning fusion events and 
mechanism of action of S230 antibody, we built a new 
SARS-CoV-1/2 RBD-directed antibody focusing and start-
ing from the analysis of monomer–monomer interface inter-
actions observed between the m396 antibody crystallized 
in complex with SARS-CoV-1 RBD [52], superimposed to 

Fig. 5   Multiple sequence alignment of RBDs from 11 SARS-CoV and 3 MERS-CoV strains. The reported residues numbering refers to the indi-
cated sequences sampled by blastp or to the indicated crystallized structure sequences

Fig. 6   Side view (a–f) and top view (g–l) of the human   SARS-
CoV-2 spike protein interacting with 3 units of the human ACE2 
N-terminal domain (a–e; g–k). SARS-CoV-2 spike protein trimer 
(6vsb.pdb) is reported in white cartoon representation with the 3 
spike  RBDs reported in red (in the closed pre-fusion state) or green 
(in the open pre-fusion state) cartoon. The open pre-fusion state 

allows establishing pre-invasion interactions with the ACE2 N-ter-
minal domain. SARS-CoV-2 spike protein trimer C-terminal domain, 
resulting from protein cleavage that triggers the post-fusion confor-
mation, is reported in black cartoon representation in f (lateral view) 
and l (top view)
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SARS-CoV-1 spike RBD/ACE2 complex (2ajf.pdb), and by 
comparing them with monomer–monomer interface inter-
actions observed between the modelled m396 antibody in 
complex with SARS-CoV-2 RBD, superimposed to SARS-
CoV-2 RBD/ACE2 (6vw1.pdb; 6lzg.pdb) protein complex 
(Fig. 9).

Then, we highlighted m396 CDR residues (Table  2) 
for replacing them aiming to increase m392 affinity ver-
sus SARS-CoV-1/2 spike RBDs. Residues to be mutated/
replaced were chosen according to space-restraints and 
chemical needs for better complementing SARS-CoV-1/2 
spike RBD surface, based on the available SARS-CoV-1/2 
RBD structures in complex with ACE2, aiming to produce 
something that resembled ACE2 surface (Tables  1, 2). 
Some of the proposed mutated residues (Table 3) are surely 
allowed because already observed at the corresponding sites 
of other known antibodies, according to Chotia/Kabat rules 
(http://www.bioin​f.org.uk/abs/choth​ia.html; [68]). 

Residue replacement was directly performed in the newly 
generated 3D model hosting the interacting m396-SARS-
CoV-2 spike RBD. Similarly, a complex of the modified 
m396 antibody interacting with SARS-CoV-1 RBD was also 
created. All m396 CDR mutated residues are reported in 
Table 3. Furthermore, mutated residues within m396 CDR 
interacting with SARS-CoV-2 spike RBD residues can be 
observed in Fig. 10.

The engineered FAB portions were, thus, aligned and 
superimposed on the FAB portion of a crystallized IgG (1igt.
pdb, [56]). The sequence of the chimeric antibodies can be 

observed in Supplementary Fig. 1, whereas their complete 
structure can be observed in Supplementary Fig. 2.

FoldX‑free energy calculation

The interaction energies calculated between the SARS-
CoV-2 spike RBD domain and m396 native antibody FAB 
portion give a negative value (Table 4), confirming that there 
might be a binding interaction between m396 native anti-
body FAB portion and SARS-CoV-2 spike RBD. This result 
is encouraging, also due to the indirect validation obtained 
by getting similar interaction energies for the crystallized 
SARS-CoV-1 RBD in complex with m396 (2d88.pdb) and 
for SARS-CoV-1 and SARS-CoV-2 spike RBD domains 
crystallized in complex with ACE2 (2ajf.pdb and 6vw1.
pdb, respectively) (Table 4). Furthermore, a strong interac-
tion (in terms of interaction energies calculated by FoldX 
Analyse complex assay) is also predicted between SARS-
CoV-2 spike RBD (but also SARS-CoV-1 spike RBD) 
and the modified m396 antibody (see Table 4), suggesting 
that the engineered m396 might be more efficient than the 
native m396 in binding the SARS-CoV-2 (more than SARS-
CoV-1) spike RBD.

Rosetta energy calculations

The Rosetta “relax” application was used for relaxing ener-
getically the investigated crystallized structures and 3D 
models in the Rosetta force field and for each relaxation run 

Fig. 7   SARS-CoV-1 and 
SARS-CoV-2 RBD residues 
involved in direct interactions 
with ACE2. H. sapiens ACE2 is 
reported in white cartoon rep-
resentation. SARS-CoV-1 RBD 
is reported in magenta cartoon 
representation, whereas SARS-
CoV-2 RBD is reported in 
yellow cartoon representation. 
a, c Residues involved in polar 
interactions between SARS-
CoV-1 RBD (magenta sticks) 
and ACE2 (white sticks). b, d 
Residues involved in polar inter-
actions between SARS-CoV-2 
RBD (yellow sticks) and ACE2 
(black sticks). Polar interactions 
are represented by black dashed 
lines in the exploded views 
reported in c and d 
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the script provided a new PDB file, whose structural energy 
features are reported in Table 5. The “residue_energy_break-
down” tool confirmed that the m396/SARS-CoV-2 spike 
RBD complex might have a number of interchain interac-
tions comparable to those observed at the interface of the 
crystallized m396/SARS-CoV-1 spike RBD complex (Sup-
plementary Tables 2 and 3). Furthermore, the proposed 

mutations favor new interactions at the interface of the 
m396-based mutated antibody and SARS-CoV-1/2 spike 
RBDs, at the level of the proposed ten mutations and in 
their neighborhoods (Supplementary Tables 2–5).

Then, the investigated crystallized structures and 3D 
models were analysed with the Rosetta “InterfaceAnalyzer” 
application, for estimating interchain binding energies. The 

Fig. 8   SARS-CoV-1 spike and SARS-CoV-2 spike monomers in 
pre-fusion conformation interacting with SARS-CoV-1 spike RBD 
selective antibodies S230 (6nb7.pdb) and m396 (2dd8.pdb). a Super-
imposition of the tertiary structure of SARS-CoV-1 (6nb7.pdb) and 
SARS-CoV-2 (6vsb.pdb) spike protein monomers reported in pink 
cartoon representation. SARS-CoV-1 and SARS-CoV-2 RBDs are 
reported in grey cartoon representation. S230 FAB ab portion (6nb7.
pdb) is reported in yellow (light chain) and pink (heavy chain) car-
toon representation. m396 FAB ab portion (2dd8.pdb) is reported in 
orange (light chain) and blue (heavy chain) cartoon representation. 
b Zoomed view of the superimposition of SARS-CoV-1 Spike and 
SARS-CoV-2 Spike RBD domains interacting with S230 and m396 

FAB antibodies (see a for colors). c, d Super zoomed and rotated 
views of the crystallized SARS-CoV-1 Spike RBD residues inter-
acting with S230 ab. e, f Super zoomed and rotated views of SARS-
CoV-2 Spike RBD predicted residues interacting with S230 ab. g, 
h Super zoomed and rotated views of the crystallized SARS-CoV-1 
Spike RBD residues interacting with m396 ab. i, j Super zoomed and 
rotated views of SARS-CoV-2 Spike RBD predicted residues inter-
acting with m396 ab. c–j Residues at the RBD–ab interface in the 
3.5–4  Å distance range are reported in sticks representation. White 
sticks indicate RBD residues; orange and blue sticks indicate m396 
ab residues, yellow and pink sticks indicate S230 ab residues
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analyses provided negative binding energies (see dG_sepa-
rated parameter, Table 5) for all the investigated structures, 
indicating a binding interaction between m396 native anti-
body FAB portion and SARS-CoV-2 spike RBD, compara-
ble in terms of binding energy, to the ones calculated for the 
crystallized SARS-CoV-1 spike RBD/m396 protein com-
plex. Notably, the resulting binding energies obtained for the 
3D models hosting the investigated m396 and m396-based 
modified antibodies in complex with SARS-CoV-1/2 spike 
RBD domains were comparable (see dG_separated param-
eter, Table 5) to the binding energies calculated for the 3D 
models hosting the crystallized SARS-CoV-1/2 spike RBD 
domains in complex with ACE2 (2ajf.pdb and 6vw1.pdb, 
respectively) (Table 5; Supplementary Tables 2–7).

Discussion

The indicated pipeline has allowed to set up a molecular 
framework hosting SARS-CoV-2 spike protein, ACE2 recep-
tor, and different antibodies in the same pdb session that 
could be handled with different molecular visualizers. In this 
molecular framework, it is possible to study and predict, at 
molecular level, interactions between the different “pieces” 
of the framework that may help in understanding virus inva-
sion mechanisms, developing new vaccines or antibodies, 
identifying small molecules with high affinity for viral pro-
teins and establishing quick/safe diagnosis selective/specific 
kits. Indeed, the scientific community is now focused in the 
development of new weapons for containing SARS-CoV-2 
spread and COVID-19 complications as it could be observed 
in the enormous effort in developing new vaccines based 
on a virus protein/nucleic acid portion able to induce an 
efficient and specific immunogenic response [69–73], or in 
developing a neutralizing therapeutic antibody highly spe-
cific for SARS-CoV-2 spike RBD [29, 30, 74–77], maybe 
starting from antibodies isolated from hyperimmune plasma 
from convalescent patients [78], or in identifying chemicals 
with high affinity for SARS-CoV-2 crucial proteins [1–3, 
79–82], maybe chosen also among repositories of inhibitors 
of proteases or RNA-dependent polymerases [83–85]. Nota-
bly, it needs to develop trustable titer serologic assay kits, for 

Table 1   List of SARS-CoV-1 and SARS-CoV-2 spike RBD residues 
interacting with the reported ACE2 residues

Bold black residues delimited by borders indicate a pair or a cluster 
of residues involved in polar inter-protein interactions. Normal black 
residues indicate residues at the Spike-RBD.vs.ACE2 protein inter-
face distant less than 4  Å. The longest chains were chosen within 
those crystallized structures with multiple chains, for highlighting the 
listed interacting residues

ACE2.interacting.residues.with 
SARS-CoV-1.RBD (2ajf.pd)b

ACE2.interacting.residues.with 
SARS-CoV-2.RBD (6vw1.pdb)

ACE2 (chain A) SARS-CoV-1.
RBD (chain E)

ACE2 (Chain B) SARS-CoV-2.
RBD (Chain 
F)

S19 A475
Q24 N473 Q24 N487
Y83 Y475 Y83 Y489

E37 Y505
D38 Y436 D38 Y449
Q42
Y41 T486 Y41 T500
N330 N501
K353 T487 K353 G496

G354 G502
E329 R426
T27 L45 T27 K403
F28 Y83 F28 R439
K31 Y440 K31 L455
H34 Y442 H34 F456
E37 L443 E35 F486
L45 L472 Q42 S494
L79 N479 L45 Y495
M82 G482 N330 Q498
Q325 Y484 D355 G504
N330 G488 R357 Q506
G354 I489
D355 Y491
R357

Fig. 9   Molecular framework of the investigated proteins hosting 
SARS-CoV-spike RBDs, light and heavy chain of the m396 antibody 
and the human ACE2, simultaneously. The shown spike RBD, ACE2, 
and m396 protein portions are those in a reciprocal distance range of 
4  Å. Upper panel: superimposition of the crystallized SARS-CoV-1 
spike RBD (white cartoon representation) in complex with m396 
antibody (2d88.pdb, orange, and blue cartoon) and ACE2 (2ajf.pdb, 
cyan cartoon). Bottom panel: superimposition of SARS-CoV-2 spike 
RBDs (from 6vw1.pdb, white cartoon representation), ACE2 from 
6vw1.pdb (cyan cartoon) and m396 from 2d88.pdb (orange and blue 
cartoon)
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establishing the level of the antibodies in different biological 
samples. Indeed, the most important question, i.e. the ones 
about the real number of people exposed to the virus, has 
not a clear answer, yet [77, 86–88].

Within the presented molecular framework, we have high-
lighted a set of possible efficient interactions between the 
crystallized m396 antibody and SARS-CoV-2 spike RBD, 
raising the question about the possibility to test directly 

m396 on cultured cells exposed to the virus and then, hope-
fully, on patients.

Starting from that observation, we have also proposed 
a set of modifications of m396 CDR residues resulting in 
a higher specific antibody, to be expressed and tested on 
cultured cells. Along the development of our antibody engi-
neering modeling session, an important paper was published 
and another is under revision in support of the hypothesis 

Table 2   List of SARS-CoV-1/2 RBD residues within 4 Å from S230/m396 antibody residues

Bold residues indicate SARS-CoV-1 residues interacting alternatively with both ACE2 and/or m396/S230 in the crystallized available structures. 
Distance range below 4 Å. Bold underlined residues indicate SARS-CoV-2 residues interacting with ACE2 and predicted to interact with m396 
in a distance range below 4 Å

SARS-CoV-1.
RBD (6nb7.
pdb) crystal-
lized residues 
within 4 Å from 
S230 (6nb7a.
pdb)

S230ab (6nb7a.
pdb) residues-
within 4 Å from 
SARS-CoV-1.
RBD (6nb7.
pdb)

SARS-CoV-2.
RBD (6vw1.
pdb) predicted 
residues within 
4 Å from S230 
(6nb7a.pdb)

S230ab (6nb7a.
pdb) predicted 
residues within 
4 Å from 
SARS-CoV-2.
RBD (6vw1.
pdb)

SARS-CoV-1.
RBD (2d88.
pdb) crystal-
lized residues 
within 4 Å from 
md396

m396.ab (2d88.
pdb) residues 
within 4 Å 
SARS-CoV-1.
RBD (6nb7.
pdb)

SARS-CoV-2.
RBD (6vw1.
pdb) predicted 
residues within 
4 Å from m396 
(2d88.pdb)

m396.ab (2d88.
pdb) residues 
within 4 Å 
SARS-CoV-2.
RBD (6vw1.pdb)

T402 T415 T359 N27.L T372 G29.L
G403 Y31.L V417 Y31.L I28.L F374 S30.L
D407 S32.L D420 S32.L S362 K31.L S375
Y408 Y421 T363 S32.L T376 W91.L

K365 H34.L S93.L
R441 K390 K403 D95A.L
Y442 L455 G391 N66.L G404 Y96.L
L443 F456 D392 G68.L D405
R444 R457 R395 Q89.L R408 S31.H
H445 W99.L K458 W99.L R426 V90.L R439 Y32.H
G446 P100.L S459 P100.L Y436 D92.L T33.H
K447 N460 G482 S95.L G496

Y484 Y96.L Q498 T52.H
F460 R56.H Y473 T485 V97.L P499 I53.H
S461 N57.H Q474 N57.H T486 T500 L54.H
P462 K58.H A475 K58.H T487 S30.H N501 I56.H
D463 F59.H G476 F59.H G488 I34.H G502 A57.H
G464 Y60.H S477 Y60.H I489 S35.H V503 N58.H
K465 K65.H G490 W47.H G504 V97.H
L472 R104.H F486 G66.H Y491 G49.H Y505 G99.H
N473 Y106.H N487 Q492 P52A.H Q506
Y475 F107.H Y489 R104.H Y494 G55.H Y508

P108.H Y106.H Y59.H
H109.H F107.H I69.H
F111.H T70.H

H109.H T71.H
A93.H
R94.H
T96.H
M98.H
G100.H
M100A.H
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that m396 may be able to bind SARS-CoV-2 spike protein 
[74, 75].

FoldX and Rosetta analyses employed independently 
for monitoring binding energies at the antibody receptor 
interface, provided coherent results, strengthening the 

hypothesis that the original m396 antibody might have 
high affinity also against SARS-CoV-2 spike protein, as 
indicated by the calculated negative binding energy (see 
the Foldx interaction energy parameter or the Rosetta 
dG_separated parameter). Furthermore, the employed 

Table 3   List of CDR L/H residues detectable in the m396 antibody according to Chotia/Kabat classification

Residues numbering among brackets refer to the 3D protein model residues numbering
The investigated (a) built variants (column “Mutations based on space restraints needs”) and (b) known mutations (column “Allowed variants”) 
according to Chotia/Kabat rules are also reported for comparative purposes

Mutations based on 
space restraints needsa

Allowed variantsb Mutations based on 
space restraints needsa

Allowed variantsb

CDR-L1 CDR-H1
24-GGNNIG-

SKSVH-34
S30R; K31R G25A; N26S; I28N/S/

D/E; G29I/V; S32Y
26-GGTFSSYTIS-35 S31K; T33E

CDR-L2 CDR-H2
50-DDSDRPS-56 D51A/T/G/V 50-GITPILGIAN-

YAQKFQG-66
L55D; I57Y (I56Y) T52D/L/N/S/Y; 

I54A/G/Y/S/K/T/N; 
L55N/S/T/K/D/G; 
I57Y/R/E/D/G/V/
S/A

CDR-L3 CDR-H3
89-QVWDSSS-

DYV-98
S94E (S93E); S95R 

(S94R)
V90Q; D92S; Y97I; 

V98T
99-DTVMG-

GMDV-17
V101K (V97K); 

G103L (G99L)

Fig. 10   m396 neutralizing antibody, native and engineered, in com-
plex with SARS-CoV-2 spike RBD. a, b Exploded view and per-
spective view of native m396 neutralizing antibody (in orange blue 
cartoon) in complex with SARS-CoV-2 spike RBD (in white cartoon 
representation). Residues at the m396/RBD interface in a distance 
range within 4 Å are indicated by white sticks (RBD), orange sticks 
(m396 CDR-H residues), and blue sticks (m396 CDR-L residues). c, 

d Exploded view and perspective view of the engineered m396 pre-
dicted neutralizing antibody (in orange blue cartoon) in complex with 
SARS-CoV-2 spike RBD (in white cartoon representation). Residues 
at the engineered m396/RBD interface in a distance range within 4 Å 
are indicated by white sticks (RBD), orange sticks (engineered m396 
CDR-H residues), and blue sticks (engineered m396 CDR-L residues)
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tools indicate a local break down in structural energy in 
correspondence of the proposed mutated sites at the anti-
body–receptor complex interfaces, reflecting an increased 
affinity (in terms of newly established interactions) among 
the investigated m396-based mutated antibodies and 
SARS-CoV-1/2 spike RBDs.

Although the calculated binding energies cannot be con-
sidered an absolute estimation of the real affinity between 
the investigated proteins, the binding energies obtained 
for the analysed crystallized structures and 3D engineered 

models, were of the same order of magnitude suggesting that 
the original m396 and the m396-based modified antibody 
might be very efficient in binding the SARS-CoV-2 (as well 
as SARS-CoV-1) spike RBD.

It was also possible to pose in the proposed molecular 
framework the recent proposed SARS-CoV-2 spike RBD 
directed CR3022 FAB antibody (6yla.pdb; 6w41.pdb, [75]), 
showing that it binds a different site of RBD that protrudes 
towards the central cavity of the spike protein trimer (data 
not shown). It appears that the RBD-antibody interaction 

Table 4   Energy calculations on crystallized structures or 3D comparative models of the investigated protein complexes

The “PDB.Chain” indicates the chain of the PDB used within the indicated analyses on the cited crystallized structures or models obtained by 
superimposition with the indicated chains. The longest chains were chosen for the “interaction energy” analyses for those crystallized structures 
with multiple chains. Chain E, F, and S indicate the RBD chain within the investigated PDB_IDs. Chain A and B indicate the ACE2 chain 
within the investigated PDB_IDs. Chain H, L indicate the heavy and light chain of the investigated antibody (wild type and engineered variants), 
according to the indicated PDB_ID. PreMin and PostMin refer to models prior and after energy minimization performed on the Yasara minimi-
zation server. Bold numbers indicate interdomain interaction energies of energetically relaxed complexes

Interaction energies 
(FoldX AnalyseCom-
plex)

Crystal-
lized 
structures

Crystal-
lized 
structures

Crystal-
lized 
structures

PreMin 3D 
model

PostMin 
3D model

PreMin 3D 
model

PostMin 
3D model

PreMin 3D 
model

PostMin 3D 
model

Evaluated parameters ACE2.
RBD1 
(2ajf)

ACE2.
RBD2 
(6vw1)

m396.orig.
RBD1 
(2dd8)

m396.orig.
RBD2

m396.orig.
RBD2

m396.
mod.
RBD1

m396.mod.
RBD1

m396.
mod.
RBD2

m396.mod.
RBD2

Group1 (RBD.PDB.
Chain)

E F S F F S S F F

Group2 (PDB.Chain) A B HL HL HL HL HL HL HL
IntraclashesGroup1 152.996 34.6023 60.6311 34.7844 10.4901 60.5936 12.6289 34.7081 5.43578
IntraclashesGroup2 42.6681 76.8707 115.607 115.618 26.1664 121.985 26.2721 121.981 22.2216
InteractionEnergy(Kcal/

mol)
− 8.27337 − 4.99501 − 6.38302 29.781 − 5.94391 83.0763 − 5.79798 97.994 − 6.11027

BackboneHbond − 1.64493 − 2.58671 − 2.02004 − 1.47563 − 3.14458 − 1.55689 − 2.61412 − 1.35295 − 6.45205
SidechainHbond − 3.65689 − 7.82596 − 6.8445 − 2.22654 − 5.14948 − 6.16783 − 7.27162 − 1.85715 − 9.05615
VanderWaals − 12.8528 − 14.6465 − 14.78 − 13.706 − 14.2857 − 19.8527 − 18.3596 − 18.7798 − 16.7473
Electrostatics − 2.00537 − 1.93968 − 1.6167 0.20407 − 1.08109 − 0.52361 − 2.43496 2.03709 − 1.31515
SolvationPolar 17.7702 21.7478 21.1444 21.1689 22.456 36.6253 30.306 36.1728 27.9908
SolvationHydrophobic − 15.8938 − 17.5192 − 17.9431 − 16.3451 − 16.1214 − 21.4908 − 20.5409 − 20.0436 − 18.7147
VanderWaalsclashes 0.69758 3.79372 1.7873 30.14 0.31265 77.1691 2.78909 84.7845 1.41123
entropysidechain 6.82574 10.471 7.77305 5.79006 6.60429 10.7898 8.94401 9.47957 10.5625
entropymainchain 2.41072 3.66437 5.4694 5.11092 4.52485 7.82553 3.29406 7.0708 6.50957
torsionalclash 0.28695 0.06411 0.94515 1.03191 0.23954 0.41360 0.39516 0.20175 0.06424
backboneclash 3.76599 2.06447 3.27454 4.84797 3.33646 4.73668 3.86164 6.32E+00 3.70501
helixdipole − 0.0515 − 0.00195 0 0.0584 − 0.01726 0 − 0.01829 1.40E−01 − 0.29465
electrostatickon − 0.19844 − 0.27087 − 0.29802 0.03001 − 0.28173 − 0.15522 − 0.28670 0.14051 − 0.06865
energyIonisation 0.03919 0.05490 0 0 0 0 0 0 0
EntropyComplex 2.384 2.384 2.384 2.384 2.384 2.384 2.384 2.384 2.384
NumberofResidues 778 794 625 630 630 625 625 630 630
InterfaceResidues 42 44 41 41 44 49 49 49 49
InterfaceResiduesClash-

ing
0 0 0 7 0 11 0 16 0

InterfaceResiduesVdW-
Clashing

0 0 0 7 0 11 0 16 0

InterfaceResidues-
BBClashing

0 0 0 1 0 0 0 1 0
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Table 5   Energy calculations on crystallized structures or 3D comparative models of the investigated protein complexes

The PDB.Chains used in the analyses with Rosetta were the same indicated in Table  4. A list of the energy terms taken from https​://www.
roset​tacom​mons.org/docs/lates​t/roset​ta_basic​s/scori​ng/score​-types​; and https​://www.roset​tacom​mons.org/docs/lates​t/appli​catio​n_docum​entat​ion/
analy​sis/inter​face-analy​zer follows. Energy terms obtained from Relax/Score_jd2 app: dslf_fa13 indicates disulfide geometry potential; fa_atr 
indicates Lennard-Jones attractive between atoms in different residues; fa_dun indicates the internal energy of sidechain rotamers; fa_elec indi-
cates coulombic electrostatic potential with a distance-dependent dielectric; fa_intra_rep indicates Lennard-Jones repulsive between atoms in 
the same residue; fa_rep indicates Lennard-Jones repulsive between atoms in different residues; fa_sol indicates Lazaridis-Karplus solvation 
energy; hbond_bb_sc indicates sidechain-backbone hydrogen bond energy; hbond_lr_bb indicates backbone–backbone hbonds distant in pri-
mary sequence; hbond_sc indicates sidechain–sidechain hydrogen bond energy; hbond_sr_bb indicates backbone–backbone hbonds close in pri-
mary sequence; pro_close indicates Proline ring closure energy and energy of psi angle of preceding residue; rama indicates Ramachandran pref-
erences; ref indicates reference energy for each amino acid. Energy terms obtained from InterfaceAnalyzer app: complex_normalized indicates 
the average energy of a residue in the entire complex; dG_separated, reported in bold characters, indicates the change in Rosetta energy when 
the interface forming chains are separated (binding energy), versus when they are complexed. dSASA_int, indicates the solvent accessible area 
buried at the interface, in square Angstroms. dG_separated/dSASAx100, separated binding energy per unit interface area × 100 to make units fit 
in score file. Scaling by dSASA controls for large interfaces having more energy; delta_unsatHbonds indicates the number of buried, unsatis-
fied hydrogen bonds at the interface; hbond_E_fraction indicates the amount of interface energy (dG_separated) accounted for by cross inter-
face H-bonds; hbonds_int indicates the total cross-interface hydrogen bonds found; nres_all indicates the total number of residues in the entire 
complex; nres_int indicates the number of residues at the interface; per_residue_energy_int; indicates the average energy of each residue at the 
interface; side1_score indicates the energy of one side of the interface; side2_score indicates the energy of the other side of the interface; side1_
normalized indicates the average per-residue energy on one side of the interface; side2_normalized indicates the average per-residue energy on 
the other side of the interface. Rosetta energy terms are expressed in Rosetta Energy Units (REU) according to https​://www.roset​tacom​mons.org/
docs/lates​t/roset​ta_basic​s/Units​-in-Roset​ta

RELAX&SCORE_JD2 APP ACE2.RBD1 (2ajf) ACE2.RBD2 (6vw1) m396.orig.
RBD1 (2dd8)

m396.orig.RBD2 m396.mod.RBD1 m396.mod.RBD2

total_score − 2165.541 − 2361.266 − 1908.18 − 1972.179 − 1979.468 − 1916.183
dslf_fa13 − 3.161 − 6.823 − 8.66 − 8.612 − 6.356 − 6.393
fa_atr − 4860.678 − 4974.024 − 3451.741 − 3474.252 − 3469.543 − 3450.834
fa_dun 1003.102 1003.945 617.102 622.188 637.915 630.826
fa_elec − 1419.543 − 1415.014 − 1023.499 − 1014.076 − 1051.794 − 1006.724
fa_intra_rep 9.082 8.956 6.308 5.773 5.832 5.876
fa_rep 602.374 587.15 467.462 404.988 417.207 417.482
fa_sol 2937.062 2956.897 1911.634 1923.489 1932.307 1906.491
hbond_bb_sc − 159.432 − 175.067 − 131.901 − 148.312 − 139.457 − 125.784
hbond_lr_bb − 86.95 − 100.365 − 260.796 − 258.261 − 263.738 − 258.109
hbond_sc − 127.64 − 119.994 − 106.124 − 99.687 − 117.567 − 97.099
hbond_sr_bb − 340.763 − 353.893 − 87.819 − 78.895 − 85.011 − 88.023
pro_close 4.871 3.316 5.086 2.865 3.188 3.853
rama_prepro 88.142 29.509 3.576 − 3.979 5.1 − 1.395
Ref 191.518 203.786 245.588 242,194 231.839 228.445
INTERFACEANALYZER 

APP
 complex_normalized − 2.752 − 2.95 − 3.058 − 3.15 − 3.172 − 3.061
 dG_separated − 55.261 − 46.3 − 44.134 − 51.509 − 48.18 − 49.076

dSASA_int 1963.785 1701.975 1593.566 1889.531 2157.797 1977.113
 dG_separated/dSASAx100 − 2.814 − 2.72 − 2.77 − 2.726 − 2.233 − 2.482
 dSASA_hphobic 1010.284 933.613 826.238 905.553 992.294 836.67
 dSASA_polar 953.501 768.362 767.328 983.978 1165.503 1140.443
 delta_unsatHbonds 7 4 12 20 12 19
 hbond_E_fraction 0.27 0.25 0.227 0.248 0.296 0.287
 hbonds_int 12 11 9 12 14 13
 nres_all 771 790 624 626 624 626
 nres_int 73 68 72 86 71 71
 per_residue_energy_int − 2.767 − 2.88 − 2.745 − 2.78 − 2.357 − 2.324
 side1_normalized − 2.265 − 2.228 − 2.718 − 2.9 − 2.174 − 2.191
 side1_score − 79.28 − 73.539 − 92.412 − 121.783 − 67.399 − 74.511
 side2_normalized − 3.229 − 3.494 − 2.768 − 2.665 − 2.498 − 2.446
 side2_score − 122.695 − 122.273 − 105.198 − 117.281 − 99.917 − 90.506
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is possible only if at least two RBDs on the trimeric spike 
protein are in the “open” state of the prefusion conformation 
and slightly rotated, in a site distant from ACE2 receptor-
binding region, according to what proposed by the authors 
[75]. Dedicated studies are necessary for understanding if 
steric hindering problems might arise using the whole anti-
body, and deepening the comprehension of the not competi-
tive mechanism that would be observed between CR3022 
and RBD in presence of ACE2 receptor.

Studying all the cited interactions in the same pdb-molec-
ular session has allowed highlighting the most crucial ACE2 
portions involved in direct interactions with SARS-CoV-2 
RBD, suggesting that the administration of the recombinant 
RBD, a spike monomer or the entire spike trimer, if correctly 
folded, might result in the efficient triggering of antibody 
production from our plasma b-cells, reducing COVID-19 
complications (supporting what has been recently proposed 
[69–73]).

At the same time, the ACE2–RBD interaction estimated 
in our molecular framework has strengthened the hypothesis 
to use the recombinant ACE2 for limiting COVID-19 infec-
tion complications (according to what recently proposed [89, 
90]).

A molecular framework like the ones here proposed 
will also help in studying the putative role of ACE inhibi-
tors in perturbing ACE2–RBD interactions. Indeed, it was 
recently proposed that patients treated with ACE inhibitors 
might be more exposed to SARS-CoV-2 infection [91]. 
Although ACE1 (refseq accession number: NP_068576.1, 
representing the main target of ACE inhibitors) and ACE2 
(NP_690043.1, testis isoform or NP_000780, somatic iso-
form, among the most studied isoforms) share the 40% of 
identical residues, few uncertain data about ACE inhibitors 
and a possible greater selectivity for ACE1 versus ACE2, or 
on their effect on ACE1/2 expression regulation are available 
in the literature [91, 92]. From a structural comparison, it 
is observed that the RMSD of the crystallized native ACE2 
coordinates (1r42.pdb, [93]) and ACE1 coordinates (1o8a.
pdb, [94]) is lower than 2.5 Å.

Notably, the presence of ACE inhibitors captopril and 
enalaprilat (1uze.pdb [95], 4c2p.pdb, [96]) and lisinopril 
(1o86.pdb, [94]) produces an RMSD lower than 0.3 Å in 
the atomic coordinates of the cited crystallized structures 
with reference to the native ACE2 (1r42.pdb, [93]).

Conversely, we cannot establish if the slightly higher 
RMSD observed between the native ACE2 (1r42.pdb) and 
ACE2 complexed with SARS-CoV-1 spike RBD (0.41 Å, 
2ajf.pdb) and SARS-CoV-2 spike RBD (1.2 Å, 6vw1.pdb) 
can be attributed exclusively to interactions with SARS-
CoV-1/2 spike RBDs because the observed RMSDs are of 
the same order of magnitude of the experimental resolution 
of the investigated crystallized structures.

However, also admitting that ACE1 inhibitors at the 
employed dosage would target ACE2, with the same effi-
ciency observed versus ACE1, the presence of those inhibi-
tors in ACE2 binding cavity should not be able to induce 
an important conformational change in ACE2, which might 
favor a greater affinity of ACE2 versus SARS-CoV-2 spike 
RBD.

Thus, the only mechanism for which, patients treated with 
ACE inhibitors would be more exposed to SARS-CoV-2, 
would rely on a positive feedback induced by ACE inhibi-
tors in ACE2 expression. Nevertheless, pieces of evidence 
in support of this hypothesis need to be deepened [92, 97]. 
Along with manuscript revisions, a couple of interesting 
papers have been published on this concern showing that 
patients treated with ACE inhibitors show a slightly less 
severe set of complications due to COVID-19 than patients 
that do not use ACE inhibitors [98, 99].

In conclusion, the presented analysis highlights the 
importance to use fold recognition tools along the approach 
to a drug design problem according to a rational protocol 
(similar to what previously reported [37, 38, 42]), like 
the ones presented. Indeed, in this case, fold recognition 
tools have helped us in identifying crystallized structures 
of ACE2 and SARS-CoV spike proteins similar to those 
under investigation in just 2 days. Furthermore, performing 
structural comparative analysis has allowed us to identify 
a possible good starting point, like the ones represented by 
m396, already crystallized in complex with SARS-CoV-1 
spike RBD, for building the proposed antibodies in just few 
weeks. The same strategy might be promptly applied also 
for future infections by those researchers involved in draw-
ing new antibodies and/or developing new vaccines, i.e. for 
dealing with future coronaviruses outbreaks.

To the best of our knowledge, the reported SARS-CoV-2 
spike protein trimer 3D model is the first model describ-
ing a possible conformational change leading to a reliable 
SARS-CoV-2 spike protein in post-fusion conformation. The 
proposed model, based on the only available spike protein 
(6b3o.pdb) crystallized in post-fusion conformation, will 
help in understanding the mechanism allowing the virus 
envelop fusion with host cell plasma membranes, through 
and following interactions with ACE2. Notably, it was pos-
sible to propose a 3D model for the main states reached by 
the SARS-CoV-2 spike protein through the cited confor-
mational changes, leading to the post-fusion conformation, 
because a closed state in which RBD residues interacting 
with ACE2 are not accessible, a partially open state with 
one or two RBD accessible subunits, a final open state, in 
which RBD residues interacting with ACE2 at each RBD 
subunits are accessible and ready to establish interactions 
with ACE2, and a post-fusion conformation, were already 
described for MERS-CoV (6nb3.pdb; 6nb4.pdb) and SARS-
CoV-1 (6nb6.pdb; 6nb7.pdb; 6b3o.pdb) spike proteins [45, 
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53]. Considering that ACE2 works as a dimer and the spike 
protein consists of a trimer, it might be even speculated that 
a fusion complete mechanism might involve three ACE2 
dimers and two spike trimers, simultaneously.

Notably, since 27 May 2020, three crystallized struc-
tures of SARS-CoV-2 spike protein in the closed conforma-
tion (with not accessible RBD subunits) or in the partially 
open conformations (with one or two accessible RBD subu-
nits, without ACE2 interacting subunits) have been depos-
ited (6x2a.pdb, 6x2b.pdb, and 6x2c.pdb) and are coher-
ent with our proposed corresponding models. Indeed, the 
RMSD between the coordinates of the crystallized (6x2c.
pdb) closed state and our starting crystallized structures 
(6vsb.pdb; 6vxx.pdb) depicting a possible closed state of 
SARS-CoV-2 spike protein is lower than 1.3 Å. Further-
more, the RMSD between the coordinates of the crystal-
lized partially open states of SARS-CoV-2 spike protein 
(6x2b.pdb, showing two accessible RBDs and 6x2a.pdb, 
showing one accessible RBD) and our corresponding 3D 
models, showing two or one accessible RBDs, is lower than 
1.4 Å, in both cases.

Our analysis through the provided 3D model in post-
fusion conformation, coherently to the crystallized 3D 
structure of SARS-CoV-2 spike protein in pre-fusion con-
formation, further confirms the presence and stability of a 
sort of channel at the interface of the three monomers that 
could represent a good target site for a virtual screening of a 
chemical/drug library, aiming to identify a small molecule/
peptide with high affinity for the central region of the spike 
protein trimer, which should be able to block conforma-
tional changes leading to post-fusion conformation. Indeed, 
it was recently observed that a peptide named EK1 (5zvm.
pdb, [100]), showing high affinity for the 920–935 protein 
region (YP_009724390.1 residues numbering), was able to 
prevent conformational changes and post-fusion conforma-
tion stabilization. The screening of a drug/peptide library 
would help in identifying an already approved drug/pep-
tide, maybe structurally related to EK1, with high affinity 
for the spike trimer central channel, that might be imme-
diately translated to the patient bed-side, after successful 
in silico analyses, in the context of the drug-repositioning 
approaches [101, 102].

Notably, the provided molecular framework for investi-
gating/drawing new antibodies, based on space-restraints 
needs, would be used for the set-up of new antibodies based 
on the available tissue-specific immunoglobulin structures, 
as the proposed IgG2A (1igt.pdb, [56]) or other specialized 
antibodies, already optimized for targeting specific cells or 
receptors (i.e.1hzh.pdb, [103]), also among those that may 
successfully target the respiratory tract (1r70.pdb, [104] or 
2qtj.pdb [105] or 6ue7.pdb [106]), that might be adminis-
tered even by aerosol [107, 108].

At the same time, already at the preclinical level, the 
administered vaccines based on the administration of 
the entire SARS-CoV-2 spike protein ([69–71] or on the 
administration of the single SARS-CoV-2 spike RBD, will 
induce the production of specific antibodies that might be 
sequenced and modelled in silico. On this concern, the pro-
vided molecular network will help in quantifying interac-
tions between SARS-CoV-2 spike RBD (also in cases of 
different RBD variants [109]) and the newly investigated 
antibodies, i.e. lower the calculated binding energy in the 
modelled complex, higher the likelihood to obtain strong 
RBD-antibody interactions, that would result in more effi-
cient treatments.

The discovered antibodies with the highest affinity for 
the spike RBD might also be implemented in an antibody 
titer serologic kit for diagnosis, aiming to the early identi-
fication and quantification of SARS-CoV-2 in sera, also in 
asymptomatic people.

Conversely, a new diagnosis kit could also be based on 
the native RBD or a modified synthetic RBD, with greater 
affinity for the detected human antibodies directed against 
SARS-CoV-2 spike RBD protein, for determining the real 
number of healthy people already exposed to the virus in 
the population, by quantifying anti-SARS-CoV-2 antibod-
ies in sera/plasma of rescued patients and/or asymptomatic 
peoples.

The lacking knowledge about the real number of people 
exposed to the virus (including asymptomatic people, people 
with mild symptoms and rescued people that never needed 
hospitalization or quarantine) is the only important data that 
we still miss. Without data about the real number of people, 
exposed to the virus, in the population, coming back to nor-
mal life will be extremely slow.
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