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A B S T R A C T

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an RNA virus identified as the cause of the
coronavirus outbreak in December 2019 (COVID-19). Like all the RNA viruses, SARS-CoV-2 constantly evolves
through mutations in its genome, accumulating 1–2 nucleotide changes every month, giving the virus a selective
advantage through enhanced transmissibility, greater pathogenicity, and the possibility of circumventing im-
munity previously acquired by an individual either by natural infection or by vaccination. Several SARS-CoV-2
variants of concern (VoC) have been identified, among which we find Alpha (Lineage B.1.1.7), Beta (Lineage
B.1.351), and Gamma (Lineage P.1) variants. Most of the mutations occur in the spike (S) protein, a surface
glycoprotein that plays a crucial role in viral infection; the S protein binds the host cell receptor, the angiotensin-
converting enzyme of type 2 (ACE2) via the receptor binding domain (RBD) and catalyzes the fusion of the viral
membrane with the host cell. In this work, we present the development of a simplified system that would afford to
study the change in the SARS-CoV-2 S RBD/ACE2 binding related to the frequent mutations. In particular, we
synthesized and studied the structure of short amino acid sequences, mimicking the two proteins’ critical por-
tions. Variations in the residues were easily managed through the one-point alteration of the sequences. Nuclear
magnetic resonance (NMR) and circular dichroism (CD) spectroscopies provide insights into ACE2 and SARS-CoV-
2 S RBD structure with its related three variants (Alpha, Beta, and Gamma). Spectroscopy data supported by
molecular dynamics lead to the description of an ACE2/RBD binding model in which the effect of a single amino
acid mutation in changing the binding of S protein to the ACE2 receptor is predictable.
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was
identified as the cause of the coronavirus outbreak in December 2019
(COVID-19), when a group of atypical pneumonia cases was reported in
Wuhan, China [1]. Molecular epidemiology and viral phylogeny studies
suggested a zoonotic origin of the infection and proved that SARS-CoV-2
was already circulating from October to November 2019 [2,3]. The high
transmissibility of the pathogen, combined with collective unconscious-
ness, led to record an ever-increasing number of infections worldwide,
September 2022; Accepted 7 Oc
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for which the World Health Organization (WHO) declared a pandemic in
March of 2020.

A plethora of evidence has shown that SARS-CoV-2 infects lung cells
through the surface viral glycoprotein spike (S), which binds the human
angiotensin-converting enzyme 2 (hACE2), expressed in type II pneu-
mocytes, myocardial cells, cholangiocytes, enterocytes, and oral mucosal
epithelium [4, 5, 6]. S is a trimeric protein where each monomer is
composed of S1 and S2 subunits. S1 contains a receptor binding domain
(RBD) responsible for ACE2 recognition, while S2 mediates the virus and
host cell membrane fusion via a conformational modification.
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Since the pandemic outbreaks, enormous efforts have focused on
developing new efficacious antiviral drugs, vaccines, and diagnostic tools
to cope with health emergencies. As a result, several vaccines have been
approved and are currently commercially available to immunize the
worldwide population. However, despite these extraordinary results, a
threat of the COVID-19 pandemic remains due to the rise and diffusion of
mutated SARS-CoV-2 lineages, for which the newly developed vaccines,
therapeutics, and diagnostic tools may become potentially inefficacious.
Indeed SARS-CoV-2, like all RNA viruses, constantly evolves through
mutations in its genome, accumulating 1–2 nucleotide changes every
month [7]. While most mutations may be irrelevant, some may induce in
Figure 1. Workflow followed for the identificati
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the virus greater transmissibility, pathogenicity, and the ability to
circumvent immunity previously acquired by natural infection or vacci-
nation. Therefore, these virus variants have become a public health
concern and must be monitored closely [8].

Five variants of concern (VoC) and numerous variants of interest
(VoI) have been identified to date (https://www.who.int/en/activities/
tracking-SARS-CoV-2-variants/). Among the VoC defined by WHO and
European Center for Disease Prevention and Control (ECDC), Lineage
B.1.1.7 (Alpha variant, e.d.s in UK), proved to have higher trans-
missibility [9]; Lineage B.1.351 (Beta variant, e.d.s. in South Africa,
2020) and Lineage P.1 (Gamma variant, e.d.s. in Brazil, 2021) showed a
on of ACE2 and S RBD mimicking peptides.

https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
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propensity for reinfection [10, 11, 12]. More recently, two additional
VoC, Lineage B.1.617 (Delta variant, e.d.s in India, 2021) and Lineage
B.1.1.529 (Omicron variant, e.d.s. in multiple countries, 2021), demon-
strated a combination of immune evasion and increased transmissibility
[13] that seem to escape most of the known neutralizing antibodies [14,
15, 16]. However, studies are still underway to confirm the efficacy of
vaccines on the market against these variants. Meanwhile, their spread is
faster than the production and distribution of ad hoc diagnostics, vac-
cines, and therapeutics, allowing variants to escalate ongoing COVID-19
outbreaks [17]. Therefore, it is necessary to design therapeutic strategies
that are effective toward the original strain and its variants to slow down
the spread of the virus and avoid the development of new lineages.

Among the targets considered to design anti-COVID-19 drugs and
vaccines, the macromolecular complex composed of S and ACE2 proteins
received great attention thanks to the available structural information [6,
18]. However, the design of drugs and vaccines goes hand in hand with
the need to update the structural information of the S protein due to the
high occurrence of point mutations in critical domains of the protein. In
this context, we propose to study an S/ACE2 interaction model consisting
of peptides mimicking their binding site. The ability of peptides to mimic
larger protein domains has been extensively explored and proposed as a
valuable tool in structural biology. Short peptides indeed can be syn-
thesized as precise replicas of protein moieties and easily modified in
their sequences using non-standard residues, allowing a broader inter-
pretation of the function of a specific domain, and empowering the
analysis at the level of individual amino acids [19, 20, 21, 22]. This
strategy presents limitations, mainly when the binding pocket is buried
inside the protein and is composed of amino acids deriving from different
chains or subunits; however, it can be a helpful strategy when the binding
site is composed of consecutive amino acids and is located at the interface
between the two macromolecules [23], like in S/ACE2 complex.

On this basis, starting from the analysis of the SARS-CoV-2 S RBD/
ACE2 crystallographic complex, we selected a 22-residues long sequence
deriving from the N-terminus of ACE2 (ACE21–42) and three 25-residues
sequences corresponding to the S protein 482G–Q506 residues of original
SARS-CoV-2 S (SMIMICOR), Lineage B.1.1.7 S (SMIMICα), Lineage
B.1.351 S (SMIMICβ) and Lineage P.1 S (SMIMICγ).

The sequences were synthesized, and their structures were studied by
CD and NMR spectroscopies. The interaction of each sequence with the
cognate ligand was examined by molecular dynamics (MD) simulations:
ACE21–42 was tested in complex with the RBDs of SARS-CoV-2 S protein
and the three variants aforementioned, whereas SMIMICOR, SMIMICα,
Figure 2. Ribbon representation of the complex SARS-CoV-2 S RBD (red)/ACE2 (gree
shown in stick representation. H-bonds and salt bridge interactions are represented
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and SMIMICβγ were tested in complex with the crystal model of hACE2
protein (Figure 1).

Our data show that punctiform mutations induce structural pertur-
bation extending throughout the binding site. This may have a dramatic
effect on the SARS-CoV-2 S-ACE2 interaction at the origin of SARS-CoV-2
infection, thus providing a structural explanation of the critical change in
the pathological profile of the VoCs.

1.1. Identification of ACE2 mimicking peptide and RBM mimicking peptide

1.1.1. Analysis of structural data
Analyzing the crystal structure of SARS-CoV-2 S RBD/ACE2 complex

(PDB ID: 6M0J) [18], it appears that the interaction of ACE2 with S
protein involves, on one side, the ACE2 N-terminal helix – residues 24Q,
30D, 37E, 42Q – and on the other side the SARS-CoV-2 S receptor binding
motif (RBM 437–508) which is transiently exposed when S protein passes
from a “down” to an “up” conformation while interacting with ACE2
(Figure 2) [6].

In particular, the stability of the S/ACE2 complex is due to a high
number of negatively charged and hydrophobic residues interacting with
the ACE2 N-terminus [24, 25, 26].

Based on this evidence, we first identified the sequences, including
ACE2 N-terminus 21I–Q42 (ACE21–42) and RBM 437G–Q508 (SMIMIC), as
ACE2 and S binding domain mimicking peptides, respectively.

On the other hand, when the variants of concern began to spread out,
in silico approaches were applied to understand if and how the one-point
alterations in the S sequence might influence the binding with ACE2. In
particular, the N501Y mutation in the RBD, present in the Alpha, Beta,
and Gamma variants, has been found to enhance the binding affinity with
ACE2 by affecting the electrostatic interactions and decreasing the re-
pulsions between many other residues in the neighborhood [27].
Furthermore, the E484K mutation showed increased contact with ACE2,
in particular with the 75E residue; moreover, the two E484K and N501Y
mutations together have been found to change the conformation of the
binding loop compared to the wild-type sequence and thus stabilize an
electrostatic interaction between E484K and 75E sidechain [28].

Based on all these observations, we decided to focus on four peptide
sequences and study them by combining spectroscopic and in silico data.
The four selected sequences are:

� 21IEEQAKTFLDKFNHEAEDLFYQ42 deriving from N-terminus of
hACE2, named ACE21–42;
n) (PDB ID: 6M0J) [18]. The residues involved in the interaction are labeled and
as yellow and pink dashed lines, respectively.
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� 482GVEGFNCYFPLQSYGFQPTNGVGYQ506 deriving from S RBM of
the original lineage, named SMIMICOR;

� 482GVEGFNCYFPLQSYGFQPTYGVGYQ506 containing the N501Y
mutation typical of the B.1.1.7 lineage (Alpha) S RBM, named
SMIMICα;

� 482GVKGFNCYFPLQSYGFQPTYGVGYQ506 containing the E484K and
N501Y mutations typical of B.1.351 and P.1 lineages (Beta and
Gamma) S RBMs, named SMIMICβγ.

The four peptides were synthesized and subjected to conformational
analysis in hexafluoisopropanol (HFIP)/water 50/50 v/v using CD and
NMR spectroscopies. Mixtures of water and organic fluorinated solvents
are compatible with CD and NMR conformational analyses to stabilize
secondary structures in peptides without affecting the intrinsic confor-
mational attitude induced by the amino acid sequence [29, 30]. Finally,
the complexes composed of peptides with the cognate macromolecules
were subjected to MD simulations to evaluate the significance of the
structural predictions.

2. Results

2.1. CD and NMR analysis of ACE21–42

ACE21–42 peptide was synthesized following the standard procedure
of solid-phase peptide synthesis (SPPS) [31]. The secondary structure of
the ACE21–42 peptide was studied by CD and NMR techniques in a solu-
tion mixture of HFIP/water 50/50 v/v [32]. Taking advantage of the
physical-chemical properties of the fluorinated solvents, HFIP/water
mixtures have been extensively used to study the conformation of
partially hydrophobic peptides [29, 33, 34, 35, 36].

Quantitative estimation of ACE21–42 CD curve (DICHROWEB website,
CONTIN algorithm) in HFIP/water 50/50 v/v (Figure S1) [37] indicates
that the peptide assumes 56.1% α-helix, 8.9% β-sheet, 15% turn, and
20% random coil conformations.

NMR structure of ACE21–42 was determined by collecting 2D TOCSY,
NOESY, and 1H–13C HSQC spectra (Figure S2) in HFIP/water mixture
50/50 v/v (500 MHz Bruker Avance III at 298 K). 1H and 13C chemical
shift assignments (Table S1) were carried out according to the Wüthrich
procedure [38] by iteratively analyzing 2D spectra using SPARKY soft-
ware [39].
Figure 3. (A) An overview of the sequential and medium-range nuclear Overhause
ribbon visualization of the representative structures of the calculated ensemble.
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Analysis of NOE connectivities reported in Figure 3A indicates
sequential and medium-range correlations typical of regular secondary
structures. NOE data were translated into interprotonic distances using
the CALIBA routine of CYANA 2.1 software [40] and used as restraints in
the structure calculations. Figure 3B shows the NMR structure bundle of
ACE21–42 as derived from the CYANA and TALOSþ [41] calculations
based on 292 sequential and short-range NOE distances and 84 backbone
dihedral angle restraints (Table S2). PROMOTIF analysis of dihedral
angles using Kabsh and Sanders parameters indicates ACE21–42 assuming
an α-helix encompassing the residues 22E–Q24 and 30D–D38 and a 310
helix in the residues 25A–L29 [42]. The structure was deposited on Protein
Data Bank (http://www.wwpdb.org/) with the PDB ID: 7P55.

2.2. CD and NMR analysis of SMIMIC peptides

SMIMIC peptides were synthesized by SPPS and studied by CD and
NMR in HFIP/water solution 50/50 v/v.

CD spectra of SMIMICOR, SMIMICα, and SMIMICβγ in HFIP/water, 50/
50 v/v are shown in Figure S3A. Evaluation of CD curves indicates that all
SMIMIC peptides assume incipient helix conformations, with a signifi-
cant content of random coil conformations in SMIMICα and SMIMICβγ
(Figure S3B).

SMIMICs were studied by NMR in HFIP/water mixture 50/50 v/v.
The chemical shift assignment was carried out as previously described
(Figures S4–S6, Tables S3–S5). Figure 4 shows sequential and medium-
range NOE effects collected in the NOESY experiments and used for
structure calculation. SMIMICOR, SMIMICα and SMIMICβγ assume type II
turn in the 482G–G485 and 310 helix on the 491P–Q498 segments, respec-
tively. The small region connecting these two segments is unordered,
while the C-terminal 499P–N501/499P–Y501 and 502G–G504 assume specific
conformations in each of the three peptides (Figure 4).

Figure 4 shows NMR structure bundles of SMIMIC peptides. Each
bundle includes up to 50 structures calculated using CYANA software
based on NOE restraints [40] and selected according to the lowest values
of the target function. The structures are superimposed on the backbone
heavy atoms of the residues 491P–P499 and filtered for RMSD values <0.8
Å. Statistics for the final NMR ensembles are reported in Table S6.

PROMOTIF analysis of the bundles confirms the presence of the 310
helix in the 492L–Y495 portion. N- and C-terminal extremities assume
different conformations in the correspondence of the punctiform
r enhancements (NOEs) used to calculate the ACE21-42 structure ensemble; (B)

http://www.wwpdb.org/


Figure 4. Sequential and medium-range interprotonic connectivities collected in the NOESY spectra of SMIMICOR, SMIMICα, and SMIMICβγ in HFIP/water 50/50 v/v.
The NMR structure bundle is shown for each SMIMIC peptide on the right.
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mutations. Interestingly, these data show that the mutation causes a
conformational effect on the whole amino acid sequence rather than the
mutation site. SMIMIC NMR structures were deposited on Protein Data
Bank (http://www.wwpdb.org/) with the PDB IDs: 7P5G (SMIMICOR),
7P5Q (SMIMICα), and 7P5S (SMIMICβγ).

2.3. MD simulations

To understand if the selected sequences are useful for the construction
of a model reproducing the main interactions in the S RBD/ACE2 binding
site, two sets of MD simulations were carried out:

� ACE21–42 in complex with the full-length RBDs of SARS-CoV-2 S and
the Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1) lineages;

� SMIMICOR, SMIMICα, SMIMICβγ in complex with the hACE2 protein.
5

2.3.1. Simulation of ACE21–42 with SARS-CoV-2 S RBD and its variants
As previously reported, the interaction of S protein with ACE2 con-

sists of a dense hydrogen bonding network, including 446G/42Q,
487N/24Q–83Y, 496G–502G/353K, 505Y/37E, and 417K/30D [24, 25, 26].

The structural model of S protein in Alpha (B.1.1.7), Beta (B.1.351),
and Gamma (P.1) lineages of SARS-CoV-2 variants were calculated using
homology modeling (ExPASy SWISS-MODEL) [43, 44] (Figure S7).
SARS-CoV-2 S RBD structural coordinates were used (residues 319–541) as
templates (Table S7). The models were energy minimized and subjected to
2 nsMD simulation in water to stabilize the system; the PDB coordinates of
the three RBDs were saved from the last frame of the trajectories and then
used to build the complexes with the ACE2 crystal structure.

MDsimulationswerecarriedoutusingGROMACS/2020.6[45,46].A10
nsMDsimulation (CHARMM36forcefield [47,48])wascarriedout inwater
usingSARS-CoV-2SRBDcrystalstructure(PDBID:6M0J)[18],andtheRBDs

http://www.wwpdb.org/


Table 1. Critical residues in SARS-CoV-2 original lineage, B.1.1.7, B.1.351 and P.1 S RBDs/ACE21–42 interaction resulting from 10 ns MD simulations.

SARS-CoV-2
S RBD

Interaction ACE21–42 B.1.1.7 S
RBD

Interaction ACE21–42 B.1.351 S
RBD

Interaction ACE21–42 P.1 S
RBD

Interaction ACE21–42

K417 H-Bond, salt
bridge

E35 F456 π–π stacking F32 Y489 π–π stacking F40 K484 H-bond, salt
bridge

E23

E484 H-bond, salt
bridge

K31 K458 H-bond, salt
bridge

E35 Q493 H-bond F40 Q493 H-bond, salt
bridge

E22, E23,
Q24

Y489 H-bond H34 Y473 H-bond F28, E35 K484 H-bond, salt
bridge

E37

Q493 H-bond Q24 F490 H-bond Q24
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of B.1.1.7, B.1.351 and P.1 variants, previously calculated by homology
modeling.RMSDplotsshowthat thesystemsreachequilibriumafter2nsand
are stable during the simulation (Figures S5-8A). Table 1 reports the critical
interactions stabilizing the four complexes during the simulations. As
demonstratedbythetrajectoryanalysis,thestabilityofthecomplexismainly
based on electrostatic interactions involving the side chains of several Lys in
RBD and Glu in ACE21–42. Moreover, an extended network of H-bonds is
evidentwithanadditionalcontributionofπ–πstackinginteractions.Adetailed
listofinteractionsisreportedintheSupplementarymaterial(TablesS8–S11).

Figure 5 shows the interaction of SARS-CoV-2 S and its variants with
ACE21–42 peptide derived from theMD simulations’ last frames. In addition,
the model of SARS-CoV-2 S and hACE2 protein interaction model is also
shown for reference. Analysis of the complexes indicates that ACE21–42 is
oriented as in the corresponding region of hACE2 protein when in complex
with SARS-CoV-2 S or with SARS-CoV-2 S B.1.1.7: the charged residues are
exposed to the solvent and the interaction is driven by H-bonds and hy-
drophobic contacts. However, ACE21–42 orientation changes in binding P.1
and B.1.351 S RBDs as the negatively charged residues of ACE21–42 peptide
are directed against the positively charged 484K (Figure 6).

2.3.2. Simulations of SMIMICs with hACE2
SMIMICs NMR structures in complex with the crystal structure of

hACE2 (PDB ID: 6M0J [18]) were subjected to 10 ns MD simulation as
previously described. In the preparation of the system, SMIMIC peptides
were positioned in proximity of the hACE2 moiety including the residues
Figure 5. Ribbon representation of ACE21–42 poses taken from the last frames in the M
B.1.351 S RBD (orange) and P.1 S RBD (pink) and superimposed with hACE2 (yello
ribbon, with the 482–506 residues colored in red.
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21–42. RMSD plot indicates that the systems reach equilibrium after 2 ns
and are stable during all the simulations (Figures S12–S14A). Furthermore,
the trajectory analysis indicates that several bonds stabilize the SMI-
MICs/ACE2 complexes throughout the simulation (Table 2). By comparing
the critical interactions, it is possible to note that as SMIMICOR and
SMIMICβγ steadily interact with hACE2 throughout the entire simulations
especially with their residues in the N-terminus, SMIMICα establishes a
heterogeneous set of networks with its whole sequence, managing also to
reach residues in hACE2 that are not included in the examined 21–42
region. The detailed list of interactions for all the time steps is reported in
the Supplementary material (Figures S12–S14, Tables S12–S14).

Figure 7 shows the binding surfaces for each SMIMIC with hACE2. As
evident, negatively charged residues on SMIMICOR and SMIMICα are
exposed to engage electrostatic interactions with the Lys positively
charged side chains. Noticeably several Lys residues in ACE2 N-terminus
take part in the interaction with SARS-CoV-2 S.

When the E484K mutation occurs in the SMIMICβγ sequence, the
peptide points to the negatively charged portion of ACE2. Nevertheless,
the stability of the complex is preserved thanks to a tight network of H-
bonds and hydrophobic contacts.

3. Discussion

Despite the numerous therapies and vaccines developed in record
time to manage the SARS-CoV-2 outbreak, the COVID-19 pandemic
D simulations in complex with SARS-CoV-2 S RBD (green), B.1.1.7 S RBD (blue),
w ribbons, residues 21–42 are highlighted). Reference RBD is shown as a grey



Figure 6. Visualization of the binding surfaces from the last frame of 10 ns MD simulations between ACE21–42 (light blue ribbon and surface) and (A) SARS-CoV-2, (B)
B.1.1.7, (C) P.1, and (D) B.1.351 S RBDs (green ribbons and surfaces). Positively and negatively charged residues are reported as blue and red meshes, respectively.

Table 2. Critical residues in SMIMICOR, SMIMICα and SMIMICβγ/hACE2 interaction resulting from 10 ns MD simulations.

SMIMICOR Interaction hACE2 SMIMICα Interaction hACE2 SMIMICβγ Interaction hACE2

G482 H-bond, salt bridge E23 G482 H-bond, salt bridge D30 Y489 H-bond Q24

E484 H-bond, salt bridge S19 Y501 H-bond D30, E37 S494 H-bond D30

V483 H-bond T27 Y501 π–π stacking H34 Q493 H-bond H34

T500 H-bond E37 L492 H-bond T27

F497, Q498 H-bond L351

G496 H-bond R357

Y495 H-bond D355
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cannot yet be considered an ended chapter. SARS-CoV-2 is a coronavirus
that tends to replicate and mutate quickly, as demonstrated by several
variants that have been identified to date. Therefore, it is necessary to
design therapeutic strategies that are effective toward the original strain
and its variants to slow down the spread of the virus and avoid the
development of new lineages.

One of the most studied targets for drug or COVID-19 vaccine design
is the membrane spike glycoprotein (S). To design S protein targeting
7

drugs and vaccines, it is strategic to have information on its structure
when interacting with the ACE2 receptor.

Indeed, SARS-CoV-2 S protein has been extensively studied, and
several structural models derived from crystallographic and electron
microscopy data are currently deposited on online databases [6, 18].
However, determining the structural coordinates of a macromolecular
complex consisting of two proteins, as in the case of ACE2 and
SARS-CoV-2 S, is extremely expensive and time-consuming, while on the



Figure 7. Visualization of the binding surfaces from the last frame of 10 ns MD simulations between (A) SMIMICOR, (B) SMIMICα and (C) SMIMICβγ (green ribbons and
surfaces) and hACE2 (light blue ribbon and surface). Positively and negatively charged residues are reported as blue and red meshes, respectively.
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other hand, SARS-CoV-2 tends to mutate S protein sequence with
extreme rapidity.

We propose simplified models consisting of peptide mimics of the S
RBD/ACE2 binding domain to acquire valuable structural information
focusing on sequences composed of consecutive amino acids, whose
critical role was previously established [18, 24, 25, 26, 27, 28]. The role
of peptides in mimicking larger domains has been extensively investi-
gated. Moreover, given their chemical nature and ease in manipulating
their sequence, peptides are considered suitable for the reproduction of
protein-binding sites, especially for those concerning large
protein-protein interfaces [19, 20, 21, 22]. To test the validity of this
model, we identified four peptides deriving from ACE2 and SARS-CoV-2
RBM (residues 437–508), studied their structures, and simulated by
molecular dynamics (MD) the reliability in reproducing
ACE2/SARS-CoV-2.

Specifically, we identified four peptides mimicking the binding sites
of ACE2/SARS-CoV-2: (i) ACE21–42 as mimicking of ACE2 protein, (ii)
SMIMICOR, mimicking SARS-CoV-2 S RBM, corresponding to 482G–Q506

of S protein, (iii) SMIMICα mimicking the Alpha (B.1.1.7) variant of
SARS-CoV-2 S RBM, corresponding to 482G–Q506 of S protein and
including N501Y mutation, (iv) SMIMICβγ mimicking the Beta (B.1.351)
and Gamma (P.1) variants of SARS-CoV-2 S RBM and including both
E484K and N501Y mutations [18, 26].

CD and NMR conformational data show that, while ACE21–42 assumes
a helix conformation similar to the one in the corresponding region of the
parent macromolecule, the SMIMICs include two conserved secondary
structure motifs only in the N-terminal (β turn), and the central part (310
8

helices). The segment connecting these two motifs is different and rep-
resents an area of structural flexibility due to the presence of glycine
residues and the E484K mutation in SMIMICβγ. The region downstream
of the 310 helix also assumes variable secondary structures or is disor-
dered. E484K and N501Ymutations induce changes in conformation that
are not localized to the mutation sites but propagate throughout the
sequence giving each peptide peculiar molecular shapes.

To test the stability of the complex and to explore the local neigh-
bourhood around the interaction sites we performed 10 ns MD simula-
tions. The peptides, sampled from the NMR conformations, were
simulated in complex with the respective molecular target, in particular,
(i) ACE21–42 with RBDs of SARS-CoV-2, B.1.1.7, P.1, and B.1.351 and (ii)
SMIMICOR, SMIMICα, and SMIMICβγ in complex with hACE2 protein
structure. The N-terminal α-helix 21–42 of the ACE2 protein is primarily
involved in the interaction with RBD of SARS-CoV-2. Conformational and
MD data show that the helix structure is reproduced in the ACE21–42
peptide and is highly stable, as shown by the MD data. The binding poses
of ACE21–42 with SARS-CoV-2 S and B.1.1.7 S RBD is superimposable
with the corresponding fragment in the crystal structure of the whole
ACE2 protein. Conversely, E484K mutation in B.1.351 and P.1 S RBD
alters the orientation of ACE21–42, favoring electrostatic interactions with
the positively charged side chain of 484K (Figure 5). Moreover, E484K
and N501Y mutations change the chemical-physical properties of the
binding surface; in the absence of E484K mutation, as in ACE21–42
interacting with SARS-CoV-2 or the Alpha variant S RBDs, binding occurs
predominantly through H-bonds and hydrophobic interactions, while the
charged residues are exposed to the solvent. On the other hand, when
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E484Kmutation is present as in the interaction of ACE21–42 with Beta and
Gamma variants RBDs, the charged residues, i.e. 484K, are engaged in
electrostatic interactions, whereby the binding interface is mainly un-
charged (Figure 6).

MD simulations show that the three SMIMIC peptides have confor-
mational flexibility to fit the hACE2 binding site. Analysis of SMIMICs
binding poses derived from the last frame of MD indicates that the pep-
tides interact with the hACE2 N-terminal α-helix through a tight network
of H-bonds; moreover, the binding involves 357R, 353K, and 355D, residues
that lie outside the N-terminal helix (Table 2). Even MD simulation
confirms that E484K mutation is determinant in orienting SMIMICβγ
peptide to a negatively charged area in proximity of the N-terminus and
in changing the polarity of the binding surface (Figure 7).

4. Conclusions

In this work, we identified, synthesized, and characterized a peptide
derived from the residues 21–42 of hACE2 (ACE21–42) and three peptides,
each derived from the RBM of S protein and three of its variants (SMI-
MICOR, SMIMICα, and SMIMICβγ). CD and NMR data show that ACE21–42
assumes a helix conformation superimposable to the corresponding re-
gion in the full-length hACE2 protein. This structure preserves stability
when subjected to MD in water, in the presence of the cognate wild-type
S RBD receptor. E484K mutation in the S RBD receptor induces a change
in ACE21–42 helix orientation to engage contacts with negatively charged
receptor sites.

On the other hand, according to NMR conformational analysis, S
mimicking peptides – SMIMICOR, SMIMICα, and SMIMICβγ – assume 310
helix conformation in the conserved residues but are flexible in the
neighbors of the mutation sites. MD simulations show that this flexibility
affects the binding with ACE2 and is functional for the peptide to reach
charged residues on the receptor. Specifically, SMIMICOR and SMIMICα
bind ACE21–42 through H-bonds and hydrophobic interactions, while
SMIMICβγ through electrostatic interactions. Consequently, a change in
the characteristics of the contact surface occurs as the E484K mutated
protein points its charged residues to the binding pocket, while SMIMI-
COR and SMIMICα point the charged residues to the solvent.

In conclusion, we can state that the strategy proposed might offer the
opportunity to reproduce large macromolecule patterns and focus on the
contribution of each residue in the binding site, in the case of interacting
residues at the interface, using a combination of spectroscopy and
computational data. We believe that these findings define a valuable
strategy in the perspective of building a model for the rapid development
of molecules targeting SARS-CoV-2 S and its variants. This model is
helpful in a preliminary step for optimizing new lead compounds or
peptide sequences capable of interacting with SARS-CoV-2 S RBD with
high affinity and specificity, applicable in versatile devices for diagnostic
and therapeutic use.

5. Material and methods

5.1. Peptides synthesis

ACE21–42, SMIMICOR, SMIMICα and SMIMICβγ were manually syn-
thesized using Fmoc/tBu solid-phase peptide synthesis (SPPS) following
the standard Merrifield strategy [31]. Fmoc-protected amino acids were
coupled using 1-hydroxybenzotriazole and O-(benzotriazol-1-yl)-1,1,3,
3-tetramethyluronium hexafluorophosphate (four-fold excess) as
coupling reagents. A six-fold excess of N, N-diisopropylethylamine was
added to the solution as a scavenger. Wang resin was used for peptide
synthesis. Cleavage and side chain deprotection were carried out using a
90% trifluoroacetic acid (TFA), 5% water, and 5% triisopropylsilane
(TIS) solution for 3 h. After the cleavage step, the functionalized resin
was filtered using a cold diethyl ether solution to precipitate the peptide.
Raw peptides were purified by reversed-phase chromatography (HPLC)
using the Phenomenex C18 column. Peptides were characterized on a
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Finningan L.C.Q. Deca ion trap instrument equipped with an electrospray
source (LCQ Deca Finnigan, San Jos�e. CA, USA). The samples were
directly infused in the ESI source using a syringe pump at a 5.0 mL/min
flow rate. The data were analyzed using the Xcalibur software. The
sample purity was >98%.

5.2. CD experiments

The CD spectra were obtained using a JASCO J-810 spec-
tropolarimeter, with a 1 mm long quartz cell and working at a temper-
ature of 25 �C. The CD spectra were obtained by an average of 4 scans, in
a measuring range 260-190 nm, at a bandwidth of 1 nm, and a scanning
speed of 10 nm/min. Each spectrum was processed by subtracting the
solvent spectrum. The analysis of the CD curves was performed using the
CONTIN algorithm of the online platform DICHROWEB [37, 49]. All CD
spectra were acquired with a concentration of 0.15 mM of peptide. The
solvent system used was HFIP/water 50/50 v/v. Each spectrum was
processed by subtracting the solvent spectrum.

5.3. NMR data recording and processing

All NMR spectra were acquired at 298 K on Bruker AVANCE III 500
MHz spectrometer. ACE21–42, SMIMICOR, SMIMICα, and SMIMICβγ pep-
tides (2.5 mM) were dissolved in a mixture of HFIP/water 50/50 v/v. All
NMR samples were added of 10% (v/v) D2O. 2D 1H–1H homonuclear
TOCSY and NOESY and 1H–13C heteronuclear HSQC experiments were
transformed and visualized in TopSpin 3.5 (Bruker Biospin). The water
signal was suppressed [50]. TOCSY and NOESY experiments were ac-
quired using 80 and 200 ms mixing times, respectively. Chemical shifts
assignment was obtained using the standard approach described by
Wüthrich [38]. 2D TOCSY, NOESY, and HSQC spectra were analyzed
using SPARKY software [39]. The acquisition of 2D NOESY experiments
made possible to collect intramolecular distance restraints derived from
Nuclear Overhauser Enhancements (NOEs). The assigned chemical shift
values of backbone 15N, 13Cα, and 13Cβ were used as input for the
TALOSþ software [41] to predict backbone dihedral angles.

5.4. Structure calculations

Assigned peaks of NMR spectra were integrated using the Gaussian fit
integration method of SPARKY software. Peak volumes deriving from the
assignment were translated into upper distance bounds with the CALIBA
routine from the CYANA 2.1 software package [40]. Redundant and
duplicate constraints were discarded for each sample, and the final list of
constraints was used to generate a set of 50 structures using the CYANA
protocol of simulated annealing in torsion angle space (50000 steps).
Entries presenting the lowest target function value (2–12) and irrelevant
residual violation (maximum violation ¼ 0.71 Å) were analyzed using
Schr€odinger's Maestro 12.5.139 [51].

5.5. Molecular dynamics

MD simulations were performed with GROMACS/2020.6 [45,46]
using the High-Performance Computer Marconi100, whose access was
kindly provided by CINECA, within the “COVID-19 Fast access to HPC
supercomputing facilities” Call for Proposals organized by Associazione
Big Data. The topology files were generated using CHARMM36 all-atom
force field [47, 48]. The complexes were solvated in cubic boxes with the
TIP4P water model. Naþ and Cl� ions were added to neutralize the
charge of the system. After these steps, the energy minimization of the
system was performed using the steepest descent integrator, and then the
system was equilibrated using NVT and NpT runs. The system's temper-
ature and pressure were kept constant at 300 K and 1.01325 bar using the
Berendsen weak coupling method [52]. The results were used for an MD
simulation using Particle Mesh Ewald for long-range electrostatics under
NpT conditions. Coordinates were saved every 100 ps. Trajectory files
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containing the coordinates of the receptor-ligand complex at different
time steps (from 100 ps to 1 ns) were fitted in the box and converted in
PDB coordinates by using trjconv tool of GROMACS package. The struc-
tures were visualized with Maestro 12.5.139 [51]. Analyses of RMSD and
the number of bonds were carried out for the MD simulations of each
system using rms and hbond tools of GROMACS package.

5.6. Homology model

Homology models were built using ExPASy SWISS-MODEL [43, 44].
B.1.1.7, B.1.351 and P.1 S RBD protein templates were chosen according
to three parameters: (i) sequence similarity; (ii) global model quality
estimate (GMQE) value, a quality estimation combining properties from
the target–template alignment, and the template search method. It is
expressed as a number between 0 and 1, reflecting the accuracy of the
model (the higher the value, the higher the reliability); (iii) qualitative
model energy analysis (QMEAN) value [53, 54] a composite estimator
based on different geometrical properties which provide global and local
absolute quality estimates based on one single model. The PDB models
generated were prepared by adding hydrogen atoms and removing the
N-Acetylglucosamine (NAG) residues and used for the MD calculation.
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