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Abstract
The pandemic of COVID-19 severe acute respiratory syndrome, which was fatal for millions of people worldwide, triggered 
the race to understand in detail the molecular mechanisms of this disease. In this work, the differences of interactions between 
the SARS-CoV/SARS-CoV-2 Receptor binding domain (RBD) and the human Angiotensin Converting Enzyme 2 (ACE2) 
receptor were studied using in silico tools. Our results show that SARS-CoV-2 RBD is more stable and forms more interac-
tions with ACE2 than SARS-CoV. At its interface, three stable binding patterns are observed and named red-K31, green-
K353 and blue-M82 according to the central ACE2 binding residue. In SARS-CoV instead, only the first two binding patches 
are persistently formed during the MD simulation. Our MM/GBSA calculations indicate the binding free energy difference 
of about 2.5 kcal/mol between SARS-CoV-2 and SARS-CoV which is compatible with the experiments. The binding free 
energy decomposition points out that SARS-CoV-2 RBD–ACE2 interactions of the red-K31 ( −23.5 ± 0.2 kcal∕mol ) and 
blue-M82 ( −9.1 ± 0.1 kcal∕mol ) patterns contribute more to the binding affinity than in SARS-CoV ( −1.8 ± 0.02 kcal∕mol 
for red-K31), while the contribution of the green-K353 pattern is very similar in the two strains ( −17.8 ± 0.2 kcal∕mol 
and −22.7 ± 0.1 kcal∕mol for SARS-CoV-2 and SARS-CoV, respectively). Five groups of mutations draw our attention 
at the RBD–ACE2 binding interface, among them, the mutation –PPA469-471/GVEG482-485 has the most important and 
favorable impact on SARS-CoV-2 binding to the ACE2 receptor. These results, highlighting the molecular differences in the 
binding between the two viruses, contribute to the common knowledge about the new corona virus and to the development 
of appropriate antiviral treatments, addressing the necessity of ongoing pandemics.
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Introduction

The COVID-19 disease that has rapidly spread from the 
Chinese Wuhan city to the rest of the world is caused by 
the 2019 novel coronavirus (2019-nCoV) named also the 
severe acute respiratory syndrome corona virus 2 (SARS-
CoV-2) [1]. The sequencing of its genome revealed that 
it is closely related to other coronaviruses, such as severe 
acute respiratory syndrome coronavirus (SARS-CoV) and 
Middle East respiratory syndrome coronavirus (MERS-
CoV), which have killed hundreds of people in the last 
two decades [2, 3].

Coronaviruses are enveloped, positive sense, single-
stranded RNA viruses that carry on their surface spike-
like projections giving it a crown-like appearance under 
the electron microscope; hence the name coronavirus 
[4]. These spikes (S) enable the fusion between viral and 
host membranes and are essential for the beginning of 
the enveloped virus infection [5, 6]. They are composed 
of a large ectodomain, a trans-membrane anchor and a 
short intracellular tail (Fig. 1). The ectodomain consists 
of a receptor-binding subunit S1 and a membrane-fusion 
subunit S2 which are crucial for binding of the virus to 
the host cell surface and for entry of the viral genomes 
into the target cell, respectively [7–11]. The S1 subunit 
bears the Receptor Binding Domain (RBD) that recognizes 
and binds to the host protein receptor. The cellular entry 
receptor for SARS-CoV and SARS-CoV-2 is Angiotensin 
Converting Enzyme 2 (ACE2) [2, 12–16].

The viral RBD represents one of the main possible 
targets for the development of antiviral drugs, therefore, 
understanding the binding between the viral RBD and 
ACE2 is useful for rational drug design. The SARS-CoV 
and SARS-CoV-2 are closely related, nevertheless, signifi-
cant differences were reported for their protein structures. 
Notably, the mutations in the SARS-CoV-2 RBD domain 
with respect to the SARS-CoV that can impact the binding 
affinity for the host receptor [14, 17, 18].

The aim of this study is to compare the structural and 
energetic differences in the binding of the RBDs of SARS-
CoV-2 and SARS-CoV to the ACE2 receptor by Molecu-
lar Dynamics (MD) simulations and Molecular mechanics 
with generalized Born and surface area solvation (MM/
GBSA) free energy calculations. Three different systems 
of ACE2 in complex with the SARS-CoV/SARS-CoV-2 
RBDs were studied: (i) SARS-CoV RBD in complex with 
ACE2, Protein Data Bank (PDB) code: 2AJF [19] (ii) 
SARS-CoV-2 RBD in complex with ACE2, PDB code: 
6M0J [20] (iii) a chimeric SARS-CoV-2 RBD in complex 
with ACE2, PDB code: 6VW1 [18].

The primary structures of the above systems were com-
pared and five groups of mutations draw our attention. By 

means of MD simulations the most persistent interactions 
at the RBD-ACE2 interface were identified and conse-
quently grouped into three binding hot-spots. Binding free 
energies for the RBD-ACE2 complexes were calculated 
by means of MM/GBSA method and then decomposed in 
order to calculate the contribution (i) of each RBD-ACE2 
interaction persistent for at least 90% of the MD simula-
tion time and (ii) of each mutation in the five mutation 
groups.

Our study contributes to better understanding of the bind-
ing characteristics between the old and the new coronavi-
rus strains, assisting the process to provide a treatment for 
SARS-CoV-2 and help to control the pandemic.

Methods

The RBD - ACE2 complexes were obtained from the RCSB 
PDB database with IDs: 6M0J [20] for the new SARS-
CoV-2 virus, 6VW1 [18] for its chimera, and 2AJF [19] for 
the SARS-CoV virus. For easy identification, these systems 

Fig. 1  A schematic view of the coronavirus spike protein. The spike 
protein bears a large ectodomain that is composed of a subunit S1 
which has at the top the Receptor Binding Domain (RBD) and the 
subunit S2. It further features the trans-membrane anchor (TM 
anchor) and the intracellular tail (IC tail). ACE2 is the human Angio-
tensin Converting Enzyme 2, the main host entry receptor for SARS-
CoV and SARS-CoV-2
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were named 6VW1, 6M0J and 2AJF throughout the arti-
cle, respectively. The 6VW1 and 2AJF systems contain two 
complexes of the ACE2 receptor (chains A and B) and the 
viral RBD domain (chains E and F). While the 6M0J con-
tains only one complex of the ACE2 receptor (chain A) and 
the viral RBD domain (chain E). In our studies, we kept for 
each system only one complex of ACE2 (chain A) and the 
viral RBD (chain E) in order to better compare them to one 
another. Another reason we decided to continue only with 
chains A and E is that the complex of chains B and F is 
about 180◦ rotation symmetry of the complex of chains A 
and E. This is an artifact of protein crystallization, not actual 
arrangement of the complexes in real biological system.

There are some notable structural elements in these com-
plexes that need special care when setting up the simulation 
systems such as the disulfide bonds between various pairs 
of cysteine residues; the N−linked glycosylations of various 
asparagine residues; and the Zn-Glu

2
-His

2
 zinc–finger–like 

(ZF-like) motif (Supplementary Information file, Table S1). 
In addition, the experimental structures of ACE2 and RBD 
have some missing residues in their central parts (D615 for 
ACE2 and A522 for RBD). These residues were added using 
homology modeling method MODELLER [21–23].

Sequence alignment and the choice of mutations

The primary sequences of RBDs from 2AJF, 6VW1 and 6M0J 
were aligned by means of ClustalW web-server [24] using 
BLOSUM matrix [25] and then visually analyzed in order to 
find naturally occurring mutations between the SARS-CoV 
and SARS-CoV-2 using criteria described in details in the 
Results Section, Sequence and structural analyses.

Molecular dynamics (MD) simulation

The initial 2AJF, 6VW1 and 6M0J systems, composed of 
the chain A (human ACE2) and the chain E (viral RBD), 
were prepared for MD simulations using CHARMM-GUI 
web-server [26], and then modified manually to properly 
describe some particular structural elements (Supplemen-
tary Information file, Table S1). The MD simulations [27] 
were performed by GROMACS/2018.6 software package 
[28]. Proteins and ions were described by Charmm-36 force-
field [29] and glycans by GLYCAM06 force-field [30]. The 
TIP3P [31] model was used for water molecules. The three 
systems were solvated, sodium and chlorine ions were added 
to the system to neutralize the total charges and to set physi-
ological electrolyte concentration of solution at 150 mM 
NaCl. The simulation box size was chosen so that the pro-
teins in the neighbor periodic box are at least 3 nm apart 
from each other. Since the electrostatic screening length at 
150 mM NaCl concentration is about 7Å, this 3 nm distance 
is more than enough to eliminate the finite size effect due 

to the long-range electrostatic interactions among proteins 
in neighboring simulation boxes. In addition, the box size 
remains small enough that we can have results from MD 
simulation in a reasonable time regarding our current com-
putational resources. The total numbers of molecules, resi-
dues and atoms for the three simulated systems are listed in 
Supplementary Information file, Table S2.

The geometry of all three studied systems was optimized 
by steepest descent minimization performed for 5,000 steps 
with a maximum force constant value of 1000 kJ/mol/nm. 
After the geometrical optimization, the systems were equili-
brated in NPT ensemble for 1 ns at a timestep of 2 fs. The 
temperature of 310 K and the pressure of 1 atm were main-
tained by the Berendsen thermostat and barostat [28]. The 
Particle Mesh Ewald (PME) method [32] was used to treat 
the long-range electrostatic interaction with a real space cut-
off of 1.2 nm. The van der Waals interactions were also cut 
off at 1.2 nm, with the appropriate cutoff corrections added 
to pressure and energy. All hydrogen bonds were constrained 
by the LINCS method [33].

After the equilibration, 2 � s MD production run at a 
timestep of 2 fs was performed for statistics. MD simula-
tion parameters were the same as in the NPT equilibration 
run but the thermostat was changed to the Nose-Hoover ther-
mostat [34–36] and the barostat to the Parrinello-Rahman 
barostat [37, 38].

Analyses

The structural stability/flexibility was determined by cal-
culating the Root Mean Square Deviation (RMSD) of the 
backbone and the Root Mean Square Fluctuations (RMSF) 
of the C � atoms for each residue. The center of mass (COM) 
distances were calculated between the two RBD segments 
and their counterpart ACE2 residues L79–Y83. The two 
RDB segments are as follows: (i) residues T470–C480, 
which include  VPF2AJF and  PD2AJF mutation groups, and (ii) 
residues F486–Y489 that represent the SARS-CoV-2 blue 
binding pattern. These calculations were performed using 
GROMACS scripts [28].

The buried surface area (BSA) at the ACE2–RBD inter-
face was calculated as follows, where the solvent accessible 
surface area (SASA) values were obtained by GROMACS 
scripts [28]:

Frequencies of the RBD interactions with the ACE2 
receptor were calculated using in-house made TCL and 
AWK scripts (reported in the Supplementary Information 
file). The RBD residues found within 5 Å of any residue 
belonging to ACE2 were counted as interacting with each 
other. Only contacts between heavy atoms were taken into 

(1)
���interface = (����ACE2 + ����RBD) − ����ACE2−RBD
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account. The frequency of binding was calculated as the 
number of frames the two residues interact divided by the 
total number of frames (2001 frames). Residues interact-
ing for at least 90% of the simulation time are presented in 
Table 1. The type of interactions (van der Waals, electro-
static, hydrophobic or �-cation interactions) was defined by 
visual inspection in VMD [39].

The hydrogen bonds: Possible Hbond pairs identified 
by the above-mentioned TCL and AWK scripts were then 
analyzed by the g_hbond tool in the Gromacs package [28] 
in order to define their persistence in time. The Hbonds 
were determined by geometric criteria, namely the distance 
between the donor and acceptor atoms was at most 3.5 Å, 
and the angle of the three atoms making up the hydrogen 
bond was less than 30◦ . The Hbond persistence in time was 
calculated as the number of frames the two residues interact 

through the Hbond divided by the total number of frames 
(2001 frames) (Table 1 and Supplementary Information file, 
Table S3).

The binding free energy was calculated for the three 
RBD-ACE2 complexes, 2AJF, 6M0J and 6VW1, in order 
to compare the binding affinity of viral RBD for the human 
ACE2 receptor.

The Molecular mechanics with generalized Born and 
surface area solvation (MM/GBSA) method was employed 
using the mmpbsa.py script (Eqs 2 & 3) [40, 41]. The result-
ing binding free energies were scaled down using the scaling 
factor of 2.45 as proposed for the MM/GBSA method by 
DasGupta et al. [42].

The binding free energies were calculated based on the 
MD trajectories of 2 � s, employing 2001 frames sequenced 
by a time interval of 1 ns (we checked that this is large 

Table 1  ACE2-RBD 
interactions persistent for more 
than 90% of the 2 � s simulation 
time

Systems: SARS-1 – SARS-CoV (2AJF); SARS-2 – SARS-CoV-2 (6M0J & 6VW1). Type of interactions: 
vdW – van der Waals, Hbond – hydrogen bond, hydrophobic – hydrophobic contacts/interactions, �-cation 
interactions. Only Hbonds with persistence of at least 40% of the simulation time are shown. More Hbonds 
with lower probability are shown in Table S3. Residues in the same line occupy the same position in the 
sequence alignment (see Fig. 2). Residues in red/green/blue colors belong to the red-K31, green-K353 and 
blue-M82 binding patterns, respectively. See also Fig. 5
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enough to assure that the energies are non-correlated). The 
correlation time for our systems was defined by plotting the 
auto-correlation function of the total energy from the MD 
simulation code (Supplementary Information file, Fig. S3). 
The solute dielectric constant was set to 1.0 and the solvent 
dielectric constant to 80.0. The salt concentration was kept 
the same as in the MD simulation, notably 0.15M.

In addition, per-residue and per-interaction (i.e. pairwise) 
binding free energies (Eq. 3) were calculated using the same 
method. The per-residue binding free energy was calculated 
for each residue in the five chosen groups of mutations, and 
it represents a sum of binding free energies for all interac-
tions the single residue forms with the counterpart ACE2 
residues and with its neighbor residues in the viral RBD. 
In contrast, per-interaction binding free energies were cal-
culated for a single interaction between a chosen residue in 
RBD and its corresponding residue in ACE2.

In the equation Eq. 2, the total energy value of each part is 
a sum of van der Waals (EvdW ), Electrostatic (EElec ), Polar 
(GPolar ) and non-Polar (GNon−polar ) energies of this part 
(Eq. 3). Here, vdW and electrostatic energies were calcu-
lated in vacuum, while the last two terms are the free ener-
gies of solvation. The G Polar is the reduction of electrostatic 
energy when charges are transferred from vacuum into the 
solution. Since the electric field is reduced by an averaged 
factor of 8-10 in solution compared to vacuum, E Elec and 

(2)ΔGbinding = Gcomplex − (GACE2 + GRBD)

(3)G = EvdW + EElec + GPolar + Gnon−Polar

G Polar nearly cancel each other. For the G non−polar term, 
the SASA model is used, where it is calculated as the sol-
ute−solvent surface area multiplied by a surface tension fac-
tor. This surface tension is semi-empirical and set by default 
to 0.0227 kJ/mol/Å2 . There is a constant Ebonded energy of 
bonded interaction, which cancels out when taking the free 
energy differences.

The Visual Molecular Dynamics (VMD) program [39] 
was used for visualization, spatial inspection, surface analy-
ses and for making figures.

Results

Sequence and structural analyses

The three RBD structures used in our study in complex with 
ACE2 are from SARS-CoV (PDB code: 2AJF [19]), and two 
SARS-CoV-2 viruses (PDB codes: 6VW1 [18] and 6M0J 
[20]). Residues numbering throughout the manuscript cor-
responds to SARS-CoV-2 RBD. When SARS-CoV RBD or 
ACE2 numbering is used, their names are added in the sub-
script, 2AJF for SARS-CoV RBD and ACE2 for the receptor, 
respectively. The sequences of the human ACE2 receptor 
are clearly identical in all three studied complexes, there 
are some small variations in glycosylation (Supplementary 
Information file, Table S1).

Unlike the human ACE2 receptor, the sequences of 
coronavirus RBDs differ to varying degrees (Fig.  2). 
The RBD sequence identity between the SARS-CoV-2 

Fig. 2  Sequence alignment of viral RBDs structures of SARS-CoV-2 
(6M0J), its chimera (6VW1) and SARS-CoV (2AJF). The orange box 
delineates the Receptor Binding Motif (RBM) in all three systems. 
Within RBM the chimera 6VW1 residues are the same as in 6M0J 
sequence, while outside RBM they correspond to 2AJF. Five groups 
of mutations that draw our interest at the RBD-ACE2 interface are 

highlighted in yellow. RBD-ACE2 interface residues that interact 
with each other for at least 90% of the simulation time are shown in 
red, green and blue, corresponding to red-K31, green-K353 and blue-
M82 binding patterns, respectively. The grayed−out residues are 
those missing in the PDB crystal structures
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coronavirus (PDB ID: 6M0J) and its chimeric sequence 
(PDB ID: 6VW1) is 86%, while the sequence identities 
between SARS-CoV (2AJF) and the two SARS-CoV-2 
proteins (6M0J and 6VW1) are 71% and 83%, respectively. 
Chimera is composed of the SARS-CoV RBD sequence but 
its Receptor Binding Motif (RBM) sequence (Fig. 2, orange 
box) is copied from SARS-CoV-2. The C �-RMSD between 
the three structures after the minimization and before the 
MD simulations are as follows: 2AJF in comparison to 6M0J 
has the RMSD value of 4.6 Å and in comparison to 6VW1 
of 4.2 Å, while the SARS-CoV-2 and its chimera structures 
differ for 4.9 Å.

We included the chimeric structure in our study in order 
to understand whether RBM plays the major role causing 
the difference in ACE2-binding of SARS-CoV-2 or it is the 
entire RBD. If chimera behaves as SARS-CoV-2 then RBM 
plays a major role in causing the difference in ACE2-binding 
with respect to the old strain. If not then the remaining RBD 
sequence also plays a crucial role.

Since we were interested in major differences in bind-
ing between SARS-CoV and SARS-CoV-2, we considered 
amino acids in the RBM region that are the same in the two 
SARS-CoV-2 sequences but are not-conserved in SARS-
CoV. Among these amino acids, we selected groups of muta-
tions based on the following criteria:

The first group of mutations that draw our attention was:

• –PPA469-471/GVEG482-485: Two consecutive pro-
lines introduce a certain rigidity into the protein back-
bone, while the insertion of glycines and the substitu-
tions of the two prolines can lead to higher flexibility 
of this segment. We hypothesize that GVEG sequence 
allows to this segment to move closer to the ACE2 
receptor with respect to the SARS-CoV and to enable 
the negatively charged E484 residue to form electro-
static interaction with the positively charged residue 
K31 of the human ACE2 receptor. We focused then 
on other SARS-CoV proline mutations found in the 
RBM sequence alignment and we formed groups of 
mutations, including one mutation preceding and/or 
succeeding the proline residues if they introduce an 
important physico-chemical change. Based on this cri-
teria we ended up with other two groups of mutations 
including proline residues:

• VPF458-460/EIY471-473: This triplet of residues is 
placed near the interface with the ACE2 receptor, but 
only the last residue physically interacts with the recep-
tor. The polar and charged glutamic acid instead of 
hydrophobic valine is favorable in this position since 
this position is solvent exposed. The rigid proline is 
exchanged with isoleucine. We hypothesize that this 
will introduce better flexibility of the protein backbone 
of this small segment in the new viral structure. Finally, 

the hydroxyl group of Y473 leads to the possibility for 
the Hbond interaction with the T27 in ACE2 receptor.

• PD462-463/AG475-476: The rigid and bulky, charged 
amino acids of SARS-CoV (P462 and D463, respec-
tively) are mutated to the smaller and hydrophobic resi-
dues (A475 and G476) in the SARS-CoV-2. This change 
can cause higher flexibility of the loop facilitating that 
this loop moves closer to the ACE2 receptor and is more 
prone for binding. The mutation preceding the proline in 
this group is S461/Q474 (see Fig. 2). We did not include 
it in the group, since these are both polar residues, very 
similar in size and do not introduce an important physico-
chemical change. Another mutation that draws our atten-
tion is mutation YL442-443/LF455-456 for a reason that 
bulky amino acids are changed for small ones in a reverse 
order. To this group we added then another SARS-CoV 
tyrosine mutation of Y484/Q498, for the same reason, 
bulky polar amino acid is exchanged for polar residue 
but smaller one:

• YL442-443/LF455-456: The first mutation leads to the 
loss of the aromatic ring and especially of the hydroxyl 
group of tyrosine, removing the possibility for hydro-
gen bond with the receptor counterpart residues K31 
or E35. In addition, it introduces smaller amino acid 
in the position of bulkier one. The second mutation is 
reversed, it exchanges a small hydrophobic amino acid 
for a bulkier one.

• Y484/Q498: this mutation turns the T-stacking hydro-
phobic interaction between the two tyrosines at the 
SARS-CoV RBD-ACE2 interface into the electrostatic 
interaction of SARS-CoV-2 glutamine with the opposing 
Q42 residue in the ACE2 receptor.

In summary, based on these sequence analyses using the 
above-mentioned criteria we selected five groups of muta-
tions that may cause the increased backbone flexibility 
in the RBM motif (when prolines are mutated into other 
residues) and that introduce physico-chemical changes. We 
hypothesize that higher backbone flexibility of the part of 
the SARS-CoV-2 RBM would allow it to adapt better to the 
receptor binding interface, increasing the number of con-
tacts between the two proteins. The selected five mutation 
groups, which are located at the RBD-ACE2 binding inter-
face or in its proximity, were studied by MD simulations and 
Binding free energy calculations. It was out of the scope of 
this paper to study all mutations found in the SARS-CoV/-2 
RBM sequences.

Structural stability between SARS‑CoV‑2 
and SARS‑CoV from MD simulations

Thermal-dynamical movements of the ACE2-RBD com-
plexes in all three studied systems were investigated by 
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means of molecular dynamics (MD) simulation. The three 
RBD domains differ in length, therefore we included in 
the analyzes only the so-called core RBD region that 
encompasses residues from 335-CPFGE to VVLSFE-516 
(see Fig. 2).

The human ACE2 protein shows similar behavior in all 
three systems and it is stable with RMSD variations of less 
than 4 Å with respect to its experimental X-ray structure 
(Supplementary Information file, Fig. S1). The SARS-
CoV-2 RBDs are more stable than SARS-CoV RBD. They 
deviate from their minimized structures for about 1.5 Å  
while SARS-CoV RBD varies for about 3.5 Å (Fig. 4(a)). 
As a result of these RMSD analyses, in all subsequent equi-
librium statistical analyses for the RBD, the first 100 ns of 
the MD trajectories will be dropped. We calculated as well 
RMSF for the viral RBDs (Fig. 4(b)). The SARS-CoV-2 
RBD domains behave very similarly to each other and are 
more stable, with less thermal fluctuations, than the SARS-
CoV RBD. We describe the most notable differences of the 
RMSD and RMSF values of the three systems here below.

Based on our observations, the higher RMSD value for the 
2AJF system is caused by: (i) less compact RBD structure with 
respect to SARS-CoV-2 due to the shorter central �-strands 
composing anti-parallel �-sheet core of RBD. Higher fluctua-
tions of these parts of SARS-CoV RBD are visible also in the 
RMSF graph corresponding to the area around SARS-CoV 
residue positions 327 and 342 (these positions correspond to 
indices 340 and 355 in the graph, respectively) (Fig. 4(b)); 
(ii) the missing S-S bridge C378

2AJF–C511
2AJF ; experimen-

tally resolved 2AJF sequence is shorter than the native one 
meaning that the C511

2AJF was not resolved in the structure. 
The corresponding S–S bridge in SARS-CoV-2 (C391–C525) 
connects the C-terminal with the core body of RBD rendering 
it more stable. Since this interaction is missing in SARS-CoV 
structure that we used in our MD simulations, its RBD residues 
367-387 fluctuate more than in the new viral strain (Fig. 4(b)), 
indices 380-400 in the graph); (iii) the lower RBM stability in 
SARS-CoV than in SARS-CoV-2 (Supplementary Informa-
tion file, Fig. S2). We suggest that this is due to the proline 
residues present in the RBM section N457–Y4752AJF (Figs. 2 
and 3, mutation groups VPF458-4602AJF, PD462-4632AJF and 
–PPA469-4712AJF). Prolines render this section of 2AJF more 
rigid, i.e. less prone to adopt different conformations, therefore, 
it adapts less well to the binding surface of the ACE2 recep-
tor forming with it less stabilizing interactions (Table 1, and 
the next subsection) than the RBM of SARS-CoV-2 where 
these prolines are mutated to other residues (Figs. 2 and 3, 
and subsection Mutations at the RBD-ACE2 interface). Con-
sequently, this part in 2AJF has higher thermal fluctuations for 
the residues in the VPF458-460/EIY471-473 and –PPA469-
471/GVEG482-485 mutation groups (Fig. 4(b), 2 nd and 4 th yel-
low bars). Instead, the thermal fluctuations of residues in the 

PD462-463/AG475-476 mutation group have similar values 
in 2AJF and 6VW1, which are higher than in 6M0J (Fig. 4(b), 
3 rd yellow bar). Furthermore, we observed that this RBM part 
in 2AJF detaches from the ACE2 receptor for about 600 ns 
(from 400 ns to 1000 ns) contributing to the higher RMSD 
values of SARS-CoV with respect to SARS-CoV-2 (subsec-
tion Mutations at the RBD-ACE2 interface and Supplementary 
Information file, Fig. S2).

Finally, the thermal fluctuations of the 2AJF residues in 
the first mutation group YL442-443/LF455-456 are higher 
in comparison to the new viral strains, while the residues 
in the last mutation group Y484/Q498 show very similar 
fluctuation values (Fig. 4(b), 1 st and 5 th yellow bars). The 
impact of these mutations on stability of binding inter-
actions is discussed in subsection Mutations at the RBD-
ACE2 interface.

The RMSF graph shows as well an increase of the RMSF 
values for 6VW1 around residues 440-460 (Fig. 4(b)). The 
6VW1 region including this sequence is composed of a long 
loop, residues A443-Y451. This loop is located just before 
RBM and does not have direct and stable interactions with 
ACE2 (its sequence equals to the 2AJF sequence). In the 
beginning of the MD simulations this loop has the hairpin-
like conformation in all three studied systems and is stabi-
lized through five backbone Hbond interactions: D442-O 
– N448-NH, T444-O – T446-NH, T444-O – G447-NH, 
T444-NH – F497-O and N448-O – F497-NH. After the 
first 80 ns of the 6VW1 MD simulations the hairpin-like 
conformation of this loop changes to a more extended one 
due to the progressive loss of the Hbonds keeping together 
the two hairpin sides. In contrast, in the other two systems 
(2AJF and 6M0J) the Hbonds persist in time and the loop 
remains in its initial hairpin-like conformation during the 
full length of the MD simulations. We investigated what 
could be the possible effect of these changes on 6VW1 
RBD. One possible effect we thought about was that there 
is a well-conserved Y449 located at the C-terminus side of 
this loop that forms very stable interaction with ACE2 in 
the 2AJF system, but not in the chimera nor in the 6M0J 
system. If the loss of interactions between Y449 and ACE2 
was a consequence of the changed loop conformation in chi-
mera, then this interaction should be preserved in the 6M0J 
system since its loop remains stable in the same conforma-
tion as in the 2AJF system. But in 6M0J this interaction 
is not stable either. Different loop conformation in 6VW1 
also did not importantly impact the whole RBD, since the 
conformational change happens at around 80 ns, while the 
RBD RMSD is very stable throughout MD simulation. We 
carefully visually inspected the possible effects on 6VW1 
RBD due to the loop conformation alteration but we could 
not identify any well visible effect despite higher local flex-
ibility of this loop.
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The interaction patterns between RBD and ACE2

Analyses were done to define the type of interactions which 
maintain the RBD-ACE2 complex and their persistence in 
simulation time was calculated (Table 1 and Supplementary 
Information file, Table S3). Only the interactions found for 
at least 90% of the MD simulation time at the RBD-ACE2 

distance of less than or equal to 5 Å were taken into account. 
From Table 1, it is clear that at this criteria, the new coro-
navirus RBDs form about twice as much interactions with 
the ACE2 receptor as the SARS-CoV RBD. Hbond analyses 
were then done more in detail using standard Hbond crite-
ria for the distance and angle values. We found that SARS-
CoV-2 has higher probability to form Hbonds. Nevertheless, 

Fig. 3  Five groups of mutations 
at the RBD-ACE2 interface 
investigated in this study. 
Annotations are SARS-CoV/
SARS-CoV-2. SARS-CoV 
(PDB ID: 2AJF) and ACE2 are 
represented in black coil and 
black cartoon, respectively. 
SARS-CoV-2 RBD (PDB ID: 
6M0J) is depicted in orange 
cartoon. The receptor binding 
motif (RBM) of the viral Spike 
protein is shown in red color. 
C �–green, C–cyan, O–red and 
N–blue atoms of SARS-CoV 
residues; the corresponding 
SARS-CoV-2 amino acids are 
shown in orange balls and sticks

Fig. 4  Structural stability of viral SARS-CoV/-2 RBDs throughout 2 
� s of MD simulations. (a) The root-mean-square deviation (RMSD) 
was calculated for the backbone. Both systems of SARS-CoV-2 are 
represented in green and cyan curves, and SARS-CoV system is 
shown in red curve. (b) The root-mean-square fluctuations (RMSF) 
were calculated for C � atoms. The yellow vertical lines highlight 

the fluctuations of the residues present in the five mutation groups. 
The residue indices of 2AJF were shifted and aligned according to 
the alignment table shown in Fig. 2, so that the corresponding amino 
acids of the three viruses are superimposed. Residues indices corre-
spond to SARS-CoV-2 numbering, to obtain the SARS-CoV residue 
numbers subtract 13
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two Hbonds in each strain have their lifetime longer than 
70% of the simulation time, while others show much lower 
persistence (Supplementary Information file, Table S3). The 
bigger number of interactions in SARS-CoV-2 RBD could 
be associated with its higher binding affinity.

Two binding patterns were identified that are common 
to both, SARS-CoV and SARS-CoV-2 viruses, while one 
binding hot-spot was found to be inherent to SARS-CoV-2.

The first pattern, which we named red-K31 (Table 1 and 
Fig. 5, red balls), includes residues at the very beginning of 
the ACE2 N-terminus, notably  Q24ACE2,  E35ACE2,  K31ACE2 
and  H34ACE2. These four residues interact with RBDs in all 
three systems, while other residues in this pattern interact 
constantly only with SARS-CoV-2 RBDs.  K31ACE2 forms �
-cation interactions with  Y4422AJF and with Y489 in SARS-
CoV-2. In the latter it interacts also with L455, Q493 and 
F456.  H34ACE2 forms vdW interactions with  Y4402AJF and 
with L455 and Q493 in the new strain.

The second pattern, which we named green-K353 
(Table 1 and Fig. 5, green balls), consists of ACE2 resi-
dues  Y41ACE2,  N330ACE2,  K353ACE2,  G354ACE2,  D355ACE2 
and  R357ACE2. They bind with RBD counterpart residues, 

forming vdW, Hbond, hydrophobic and also �-cation inter-
actions (Table 1). The latter is formed between  K353ACE2 
and  Y4912AJF or Y505 in the new virus strain, respectively.

While these two patterns are found in old and new virus 
strains alike, the third interaction patch, named blue-M82, 
(Table 1 and Fig. 5(a), blue balls) was observed almost 
exclusively in the SARS-CoV-2. It is formed between the 
ACE2 residues  L79ACE2,  M82ACE2 and  Y83ACE2 and their 
correlative residues in RBD. The first two residues form 
hydrophobic interactions with the F486, while the last one 
makes vdW interactions with N487 and Y489 in addi-
tion to the parallel-displaced �-stacking interaction with 
F486. In the 2AJF system, only one interaction appears 
in this pattern  (Y4752AJF–Y83ACE2) that persists for 70% 
of the simulation time not reaching our criteria of persis-
tence of at least 90%. We observed indeed, as already said 
above, that 2AJF RBD detaches from the ACE2 during 
the MD simulation (between around 400 ns and 1000 ns, 
Supplementary Information file, Fig. S2) and we see here 
that it detaches exactly at the location of the third bind-
ing pattern. We discuss this fact more in detail in the next 
subsection.

Fig. 5  Residues composing the 
binding patterns at the ACE2 - 
RBD interface in (a) SARS-2 
(SARS-CoV-2; 6M0J & 6VW1) 
and (b) SARS-1 (SARS-CoV; 
2AJF) systems. Red and green 
balls represent the red-K31 and 
the green-K353 binding pat-
terns that are common to both 
SARS-1 and SARS-2 corona-
virus. The blue balls depict the 
blue-M82 binding pattern that 
is constantly formed in our MD 
simulations only in SARS-2. 
Green lines represent Hydrogen 
bonds persistent for at least 40% 
of the MD simulation time. For 
more details about the interac-
tion pairs and types of interac-
tion see Table 1
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Mutations at the RBD‑ACE2 interface

We identified and focused our analyses on five groups of 
mutations: YL442-443/LF455-456, VPF458-460/EIY471-
473, PD462-463/AG475-476, –PPA469-471/GVEG482-
485, Y484/Q498 (Fig. 2). In the first mutation group YL442-
443/LF455-456,  Y4422AJF, L455 and F456 interact steadily 
with the ACE2 receptor (Table 1). The number of vdW and 
hydrophobic interactions in SARS-CoV-2 compensates well 
for the loss of �-cation interaction present in SARS-CoV 
between  Y4422AJF and  K31ACE2. We have not observed sta-
ble Hbonds between  Y4422AJF and  K31ACE2 or  E35ACE2.

The constant interactions were observed between ACE2 
and the SARS-CoV-2 residues in the second, the third and 
the fourth set of mutations, while they are absent in SARS-
CoV (Table 1).

These three sets of mutations are located in the RBM sec-
tion, residues T470 – Y489. We calculated the center of mass 
(COM) distance of the two segments of this RBM part with 
respect to its ACE2 counterpart (Fig. 6). The first segment 
includes residues T470 – C480, and VPF458-460/EIY471-
473, PD462-463/AG475-476 mutation groups (Fig. 2). In the 
new viral strains the center of mass of this segment shows 
throughout the MD simulation small and steady fluctuations 
around the average distance of 10.7 Å from ACE2. In contrast, 
the same segment in SARS-CoV fluctuates more and at around 
the average distance value of 12.1 Å (Fig. 6(a)).

The second segment, residues G482 – Y489, for which 
we calculated the COM distances includes –PPA469-471/
GVEG482-485 mutation group (Fig. 2). In SARS-CoV-2 this 
segment fluctuates steadily around the average distance value 
of 6.1 Å  while it fluctuates much more in the old strain and 
around higher average distance value of 9.6 Å (Fig. 6(b)).

We observe that the three mutation groups including pro-
line residues in the RBM section T470 – Y489, cause the 
difference in binding between the two viruses. As we and oth-
ers [18] suggested, the substitution of rigid prolines for other 
residues makes the backbone more flexible, i.e. more prone to 

adopt different conformations and consequently to adapt bet-
ter to the ACE2 binding surface. In turn, more residues in this 
section can form stable interactions with ACE2 rendering it 
more stable in time what reflects through more stable RMSD, 
RMSF and COM values with respect to the SARS-CoV strain.

Indeed, mutations in the first segment lead to the regular 
interactions between Y473, A475 and G476 residues and 
ACE2 (Table 1), while the interactions of the same SARS-
CoV segment with ACE2 are less constant (their persistence 
in time is less than 90%).

The –PPA469-471/GVEG482-485 mutation in the second 
segment has even stronger impact on SARS-CoV-2 bind-
ing to ACE2. While residues in this group do not directly 
interact with ACE2, residues following them — F486, N487 
and Y489 — are brought closer to the ACE2 receptor and 
new interactions, very stable in time are established. Very 
interestingly, residues F486, N487 and Y489, form the third 
binding pattern, unique to the SARS-CoV-2, that we named 
blue-M82 (subsection The interaction patterns between RBD 
and ACE2, Table 1, Fig. 5, blue color).

As already mentioned above, the presence of a group of 
prolines that are located very close to one another in this 
SARS-CoV section of RBM (residues Y440- E502) leads to 
less flexible backbone and consequently to less conforma-
tional freedom. As seen from our results, this leads to less 
persistent contacts between this SARS-CoV RBM section 
and ACE2 provoking a well visible detachment of this part 
of RBD from the receptor for about 600 ns during the MD 
simulation (from 400 ns to 1000 ns) (Fig. 6 and Supplemen-
tary Information file, Fig. S2(b)).

Finally, in the fifth mutation group, Y484/Q498, both res-
idues constantly interact with the ACE2 receptor (Table 1).

Based on the results from these qualitative analyses, we 
extended our study with binding free energy calculations: 
(i) to evaluate the binding affinity between the two SARS 
strains; (ii) to calculate binding free energy contributions of 
RBD-ACE2 interactions defined in Table 1 and (iii) to assess 
the impact of mutations on RBD-ACE2 binding.

Fig. 6  The center of mass (COM) distance between SARS-CoV-2 
T470–C480 (N457–C467 in SARS-CoV) loop (a) or G482–Y489 
loop (P469–Y475 in SARS-CoV) (b) and their counterpart ACE2 res-

idues L79–Y83 belonging to the blue pattern during the 2 � s simula-
tion time. The green and blue lines are for 6VW1 and 6M0J systems, 
respectively, and the red line is for the 2AJF system
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Binding free energy calculations

Binding free energies were calculated for the three RBD-
ACE2 complexes using the Molecular mechanics with 
generalized Born and surface area solvation (MM/GBSA) 
method [40] (see Methods, equations 2 and 3). We per-
formed a number of tests employing Molecular mechanics/
Poisson-Boltzmann Surface Area (MM/PBSA) and Molecu-
lar mechanics/generalized Born Surface Area (MM/GBSA) 
methods, applying different solute dielectric constants (1.0, 
2.0 and 4.0) and salt concentrations of 0.0 M and 0.15 M 
(results not shown). We found out that for our systems the 
MM/GBSA method, with solute dielectric constant of 1.0 
results in binding free energies that are the most compatible 
with the experiments [18, 43, 44]. Salt concentrations did not 
have important impact on the resulting binding free energies, 
therefore 0.15 M was used as in the MD simulation. It is well 
known that MM/PBSA and MM/GBSA usually overestimate 
the absolute binding free energy, therefore the resulting bind-
ing free energies were scaled down using the scaling factor of 
2.45 as proposed for the MM/GBSA method by DasGupta et 
al. [42]. So obtained binding free energy results were used to 
estimate the qualitative differences between the two COVID 
viruses, not the absolute values of the binding free energies.

Based on our calculations (Supplementary Information 
file, Table S4) the electrostatic, vdW and hydrophobic inter-
actions are in favor of SARS-CoV-2. The MM/GBSA calcu-
lated and scaled down binding free energy for SARS-CoV-2 
is of −13.50 ± 0.09 kcal/mol. The binding free energy was 
similar for the chimeric structure, but a little less favorable 
for the SARS-CoV complex ( −12.56 ± 0.07 kcal∕mol , 
−10.96 ± 0.13 kcal∕mol , respectively). Our result that 
SARS-CoV-2 binds for about 2.5 kcal/mol more strongly to 
the ACE2 receptor than SARS-CoV is much more compati-
ble with the experiments [18, 43, 44] than the binding affinity 
differences, as high as 20 − 30 kcal∕mol , reported previously 
by other similar computational studies [45–47].

We suppose that the major differences between the 
two viruses lie in the specific types of interactions 
among the individual amino acids which we analyze in 
detail here below, with particular focus on mutations 
of our interest.

Pairwise decomposition of binding free energy

We decomposed SARS-CoV and SARS-CoV-2 binding free 
energies into a per-interaction (i.e. per-wise) binding free 
energy in order to identify interactions reported in Table 1 
that contribute the most to the virus-receptor binding. The 
binding free energies reported here were calculated for a 
single interaction between the residue in RBD and the cor-
responding residue in ACE2 (Table 2).

In the red-K31 pattern, SARS-CoV has two stable 
interactions,  K31ACE2–Y4422AJF and  H34ACE2–Y4402AJF, 
but only the first one has a strong binding free energy 
contribution. The �-cation interaction was expected 
between  K31ACE2–Y4422AJF, though the binding free 
energy value is not as high as in other similar interac-
tions. A possible explanation could be non-optimal spa-
tial position of the two residues for the formation of a 
strong �-cation interaction. SARS-CoV-2 system instead 
has five residues that strongly interact with  K31ACE2 
and  H34ACE2. In addition, other stable, strong interac-
tions are formed between SARS-CoV-2 RBM and ACE2 
receptor in this pattern, notably with  Q24ACE2,  T27ACE2, 
 F28ACE2,  D30ACE2 and  E35ACE2 (Table 2). The strong-
est interactions observed in this pattern in SARS-CoV-2 
are Hbonds between  Q24ACE2–N487,  E35ACE2–Q493 and 
 K31ACE2–Q493. The Hbond of Q493 was identified as 
intermittent between  K31ACE2 and  E35ACE2 during the 
MD simulation.

Table 2  Binding free energy (in kcal/mol) per-interaction for all 
RBD-ACE2 interactions persisting for at least 90% of the simulation 
time

ACE2 residues highlighted in red/green/blue background colors and 
the SARS-1/2 residues listed in the same lines belong to the red-K31, 
green-K353 and blue-M82 binding patterns, respectively. The total 
binding free energy and the standard errors of the mean are reported 
for each residue and each pattern; values “> -0.9” were excluded; 
SARS-1, SARS-CoV; SARS-2, SARS-CoV-2
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The total binding free energy contribution of the 
red-K31 pattern is much bigger in SARS-CoV-2 
(  −23.45 ± 0.24 kcal∕mol  )  t h a n  i n  SA R S - C o V 
( −1.78 ± 0.02 kcal∕mol ) (Table 2), giving to SARS-CoV-2 
an important advantage for binding to the human receptor, 
with respect to the old virus.

In the green-K353 pattern, the old and the new virus have 
very similar number of stable interactions, as well as the 
values of binding energies between these interactions. This 
may indicate the great importance of this binding pattern 
for the SARS virus entry into the human host regardless of 
the strain. SARS-CoV has few more constant interactions 
in this pattern than SARS-CoV-2 (Table 1). The strong-
est interactions within this pattern are �-stacking between 
 Y41ACE2–Y4842AJF, Hbond between  K353ACE2–T4872AJF/
N501, �-cation interactions between  K353ACE2–Y4912AJF/
Y505 and Hbond between  D355ACE2–T4862AJF/T500. The 
green-K31 pattern total binding free energy is a little in favor 
of SARS-CoV ( −22.74 ± 0.13 kcal∕mol ) in comparison to 
the new virus ( −17.77 ± 0.23 kcal∕mol ) (Table 2).

As already said above, these two patterns were found in 
both, old and new SARS viruses. The third binding pattern, 
blue-M82, with the interactions persistent for more than 
90% of the simulation time, was instead observed only in 
SARS-CoV-2. This pattern gives an important additional 
contribution of −9.08 ± 0.06 kcal∕mol (Table 2) to the 
total binding free energy between SARS-CoV-2 and its host 
receptor. Interactions within this pattern are mostly hydro-
phobic and an Hbond with 81% of persistence in simulation 
time is formed between  Y83ACE2 and N487.

The total pairwise binding free energy contribution of 
the three binding patterns is of −50.30 ± 0.53 kcal∕mol in 
SARS-CoV-2 and of −24.52 ± 0.15 kcal∕mol in SARS-
CoV (Table 2).

Effect of mutations on RBD‑ACE2 binding free energy

The binding free energies for SARS-CoV-2 and SARS-COV 
were decomposed into a per-residue based binding free energy 
for the five groups of mutations to evaluate the effect that sin-
gle RBM mutation has on viral binding (Table 3). They were 
calculated as a sum of binding free energies for all interactions 
a single residue in this group forms with counterpart ACE2 
residues and with its neighboring residues in the viral RBM.

In the first group, YL442-443/LF455-456, the exchange 
of bulky  Y4422AJF side chain with the polar-OH group, for 
smaller and hydrophobic L455 does not have an important 
effect on binding free energy since the original hydropho-
bic interaction is preserved. In contrast, exchanging small 
 L4432AJF for bigger F456 induces a ΔGbinding increase 
for about 1 kcal/mol (Table 3). Indeed,  L4432AJF inter-
acts few with ACE2. But, F456 – due to its bulkier side 
chain – becomes stably sandwiched between  T27ACE2-CH3 
group and the  K31ACE2 side chain -CH2- groups forming 
hydrophobic interactions.

The second, the third and the fourth groups of studied 
mutations do not form strong interactions with the ACE2 
receptor as it can be seen from their negligible ΔGbinding , 
except P462/A475. Both residues form hydrophobic inter-
actions with -CH2-groups of  Q24ACE2 and  T27ACE2. Resi-
dues Y473, A475 and G476 form weak hydrophobic and 
vdW interactions with ACE2 and exhibit similar ΔGbinding 
as the corresponding residues in SARS-CoV, but they con-
stantly interact with ACE2 for more than 90% of the simu-
lation time, while the old strain residues do not.

The fourth group of mutations, –PPA469-471/GVEG482-
485, makes the backbone of this segment in SARS-CoV-2 
more flexible, since rigid proline residues were exchanged 
with small and flexible glycines. As already suggested 

Table 3  Per-residue binding 
free energy (in kcal/mol) for 
each residue in the mutation 
group of interest

The five mutation groups are highlighted in yellow; errors represent standard errors of the mean; SARS-1, 
SARS-CoV; SARS-2, SARS-CoV-2
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above, due to the higher flexibility this segment comes closer 
to ACE2 and remains in its vicinity throughout the MD 
simulation time (Fig. 6(b)) enabling residues F486, N487 
and Y489, which follow immediately the GVEG motif, to 
constitute the blue-M82 binding pattern with strong bind-
ing affinity for the ACE2 receptor (Table 3). In contrast, the 
same 2AJF segment fluctuates much more and remains more 
distant from ACE2 during almost all MD simulation time 
(Fig. 6(b)). Among the three residues, F486 and N487 have 
bigger contribution to the ΔGbinding than the same residues 
in SARS-CoV with the values of −3.53 ± 0.02 kcal∕mol 
and −1.56 ± 0.02 kcal∕mol , respectively. They form hydro-
phobic, �-stacking and vdW interactions with  L79ACE2, 
 M82ACE2 and  Y83ACE2. The ΔGbinding of the correspond-
ing residues in SARS-CoV is negligible, pointing to the 
importance of these residues for SARS-CoV-2 binding. 
Indeed, F486 that corresponds to  L4722AJF with its bulkier 
side chain fits like a tenon in mortise composed of  L79ACE2, 
 M82ACE2 and  Y83ACE2. The third residue in this group is 
Y489 ( −1.17 ± 0.01 kcal∕mol ) and its corresponding resi-
due in SARS-CoV is  Y4752AJF, which has more favorable 
binding affinity ( −2.04 ± 0.04 kcal∕mol ). However, during 
our MD simulations it has lower frequency of interactions 
with the receptor than Y489 (70.1% vs 97.8%, respectively). 
In addition, the total contribution of binding affinity of 
these three SARS-CoV-2 residues in the blue-M82 pattern 
is greater than in SARS-CoV ( −6.26 ± 0.05 kcal∕mol vs 
−2.74 ± 0.08 kcal∕mol , respectively; Table 3) adding an 
important binding spot in favor of the new virus strains.

In the fifth group, the mutation Y484/Q498 is less 
favorable for binding ( −3.04 ± 0.04 kcal/mol vs 
−1.25 ± 0.03 kcal∕mol , respectively). Indeed,  Y4842AJF 
forms parallel �-stacking interactions with  Y41ACE2 and 
intermittent Hbond with  Q42ACE2, while Q498 interacts only 
through weaker vdW interactions with  Y41ACE2.

Our results are in line with those reported by Spinello et 
al. [45]. We all found by means of MM/GBSA per-residue 
decomposition the favorable ACE2 binding free energy for 
same SARS-CoV-2 residues that we report in Table 3. And 
we all found that  P4622AJF has favorable binding for about 
0.4 kcal/mol with respect to its counterpart SARS-CoV-2 
residue A475. However, P462 does not interact constantly 
with ACE2 receptor while A475 it does. In contrast, they 
report about much stronger binding free energy for Q498 
while we observed more favorable binding free energy for 
SARS-CoV residue  Y4842AJF.

Discussion

Within a short time, a novel SARS-CoV-2 virus spread 
around the Earth, affecting health care, social and economic 
life in more than 250 countries. It immediately caught a great 

scientific interest, and different studies focused on binding of 
SARS-CoV and SARS-CoV-2 to the human ACE2 receptor, 
found to be a major entry for the novel virus into humans 
[13, 14, 18].

We have run MD simulation of 2 � s for the three 
complexes: SARS-CoV (2AJF)–ACE2, SARS-CoV-2 
(6M0J)–ACE2 and for the chimeric SARS-CoV-2 
(6VW1)–ACE2 in order to compare binding between the 
old and the new coronavirus. We studied as well different 
groups of mutations existent at the RBD-ACE2 interface.

By means of the MM/GBSA method [40, 41] we esti-
mated about 2.5 kcal/mol stronger binding affinity of SARS-
CoV-2 with respect to the old strain. Our results are thus 
compatible with the very small experimental binding free 
energy difference (calculated from the experimentally 
reported  KD values [18, 43, 44]) of 0.8 − 1.4 kcal∕mol in 
favor of the SARS-CoV-2. On the contrary, previous compu-
tational studies based on MM/PBSA– or MM/GBSA–tech-
niques estimated that the binding of the new virus would be 
as much as 20 − 30 kcal∕mol stronger with respect to the old 
one [45–47], incompatibly with experiments.

Regarding the stability, we observed the most nota-
ble difference in the RBM motif, which is much more 
stable in SARS-CoV-2 than in SARS-CoV. We further-
more observed that the long loop connecting � 5 and � 6 
in SARS-CoV RBD  (P4592AJF–Y4752AJF, corresponding 
to � 7 and � 8 in SARS-CoV-2), which interacts with the 
N-terminal part of ACE2, detaches from the receptor for 
about 600 ns (from 400 ns to 1000 ns). The loop then 
approaches again back to ACE2. Intermittent detachment 
of this SARS-CoV loop from the ACE2 receptor was 
reported also by Pavlova et al. [48].

According to our observations, the partial detachment 
in SARS-CoV is caused because of the rather rigid RBM 
segment N457 –  4752AJF that includes four proline residues 
while the corresponding SARS-CoV-2 segment T470 — 
Y489 has only one. It is known that mutations may have 
not only direct but also indirect effects on binding. In our 
case the three mutation groups in this segment, VPF458-
460/EIY471-473, PD462-463/AG475-476 and –PPA469-
471/GVEG482-485 have indirect impact on SARS-CoV-2 
binding through alteration of this segment conformation. 
The non-proline residues allow for better flexibility of this 
SARS-CoV-2 RBM section, leading to more conformational 
freedom thus this segment can adapt better to the ACE2 
binding interface. While VPF458-4602AJF and PD462-
4632AJF scarcely interact with ACE2, the corresponding 
SARS-CoV-2 residues Y473, A475 and G476 form con-
stant interactions with ACE2. Even stronger indirect effect 
on binding has –PPA469-471/GVEG482-485 mutation.

As already suggested in Shang et al. [18], the GVEG482-
485 sequence enables �7–� 8 loop in SARS-CoV-2 RBD to 
move closer and to adapt better to the surface of the ACE2 
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receptor thus allowing to the surrounding residues to form 
more stable interactions. Notably, residues that follow 
the GVEG482-485 motif strongly and persistently inter-
act with the blue-M82 binding pattern (five interactions, 
stable for 99% of the simulation time in SARS-CoV-2 vs 
one interaction persistent for 70% of the simulation time 
in SARS-CoV). Our calculations show that the interactions 
within the blue-M82 hot-spot (residues  L79ACE2,  M82ACE2 
and  Y83ACE2) contribute to the ΔGbinding in SARS-CoV-2 
−9.08 ± 0.06 kcal∕mol.

In addition to the blue-M82 hot-spot, the red-K31 binding 
pattern contributes strongly to the ΔGbinding in SARS-CoV-2 
with respect to SARS-CoV strain. This pattern, observed in 
SARS-CoV and SARS-CoV-2 alike, includes ACE2 residues 
Q24, T27, F28, D30, K31, H34, and E35. We found that 
SARS-CoV-2 has eight persistent interactions within this 
patch, while SARS-CoV has only two. This difference is 
partially a consequence of the detachment in the SARS-CoV 
that we described above. Therefore, there is a notable differ-
ence in the contribution of the red-K31 binding pattern to 
the ΔGbinding that is of −23.45 ± 0.24 kcal∕mol for SARS-
CoV-2 and of −1.78 ± 0.02 kcal∕mol for SARS-CoV.

The third, green-K353 binding patch, comprises ACE2 
residues Y41, Q42, N330, K353, G354, D355 and R357 
and is placed at the opposite site of the blue-M82 patch. 
This binding pattern is equally stable in both strains, having 
the same number of interactions and similar total ΔGbinding 
contribution ( −17.77 ± 0.23 kcal∕mol for SARS-CoV-2 
and −22.74 ± 0.13 kcal∕mol for SARS-CoV).

Jafary et. al. identified four hot-spot ACE2 residues 
(Q24–D38, Y41-Q42, M82–Y83 and N330–R357) playing 
important role in interactions of SARS-CoV and SARS-
CoV-2 [46]. Our results are in line with theirs, but we 
grouped the hot-spot residues, according to their spatial 
arrangement into three groups, as described above. Our 
results are in line also with the findings of other groups 
that worked on identification and on comparison of critical 
interactions between the old and the new coronaviruses, 
though they do not necessarily group the ACE2 residues 
into the binding patterns [47–50].

Five groups of mutations (YL442-443/LF455-456, 
VPF458-460/EIY471-473, PD462-463/AG475-476, 
–PPA469-471/GVEG482-485 and Y484/Q498) were stud-
ied, in order to see how do they impact binding to ACE2. 
The mutation YL/LF, especially exchanging  L4432AJF 
to F456 has a favorable impact on the binding affinity. 
 L4432AJF, being small does not exhibit steady interactions 
with the ACE2 receptor, while bulkier F456 interacts with 
three counterpart residues  T27ACE2,  D30ACE2 and  K31ACE2. 
Mutations in the second and the third groups, VPF458-
460/EIY471-473 and PD462-463/AG475-476, do not 
exhibit any changes for the binding affinity between SARS 
RBD and ACE2.

The most important mutation is –PPA469-471/
GVEG482-485, which increases the flexibility of SARS-
CoV-2 RBD �7–� 8 loop as already said above. Conse-
quently, residues F486, N486, and Y489 come closer 
to the ACE2 receptor and constantly interact with the 
blue-M82 binding pattern. Within these residues the 
most favorable mutation for binding is L472/F486 
(  −0.52 ± 0.02 kcal∕mol  vs  −3.53 ± 0.02 kcal∕mol  , 
respectively). The F486 residue is enveloped by the hydro-
phobic counterpart residues from the blue-M82 binding 
patch,  L79ACE2,  M82ACE2 and its bulky aromatic side chain 
is forming stable �-stacking interactions with  Y83ACE2. 
Our observations confirms scenario, which was suggested 
by Chen et al. [51].

And the last mutation Y484/Q498 is less favora-
ble with −3.04 ± 0.04 kcal∕mol  in SARS-CoV vs 
−1.25 ± 0.03 kcal∕mol in SARS-CoV-2. Indeed,  Y4842AJF 
is making favorable parallel �-stacking interaction with 
 Y41ACE2 and intermittent Hbond with  Q42ACE2. While the 
interactions of Q498 are limited to the weaker, vdW inter-
actions with  Y41ACE2. In our MD simulations Hbond with 
 Y41ACE2 is formed very rarely. Experiments also demon-
strated that at this position tyrosine is more adapted and 
exhibits favorable binding affinity with respect to the glu-
tamine [52].

Our observations are in line with other computational 
studies focusing on advantages/disadvantages of mutations 
at the binding interface between the ACE2 receptor and the 
old and new coronaviruses [45, 48].

Finally, our results point out that chimera behaves very 
similar to SARS-CoV-2 indicating that RBM plays a major 
role in causing the difference in ACE2-binding between the 
old and the new strain and that the body of the RBD has little 
influence on RBM. There are rather mutations in RBM that 
impact binding affinity of the virus for the ACE2 receptor.

Conclusion

In light of many previous studies of RBD-ACE2 complexes 
and difference from that of SARS-CoV virus, we would like 
to stress that our work is a comprehensive extension of our 
preliminary results published in bioRxiv preprint (https:// 
www. biorx iv. org/ conte nt/ 10. 1101/ 2020. 04. 21. 05300 9v1), 
when the experimental structure of SARS-CoV-2 RBD 
(PDB code: 6M0J) was just published (in April 2020).

From that time, several other works appeared investi-
gating similar systems, but they focus mostly on the bio-
chemical aspect of the interactions, specifically on the 
electrostatics and hydrogen bond formation or comparing 
the binding free energy contribution changes of a single 
mutation/interaction. Our manuscript differs from this line 
of thinking by studying the biophysical aspect of the five 
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main groups of mutations and of each binding pattern at the 
RBD-ACE2 interface. In our study we show that –PPA469-
471/GVEG482-485 mutation triggers an important struc-
tural consequence: the substitution of prolines in SARS-CoV 
by glycines in SARS-CoV-2 makes the SARS-CoV-2 RBD 
backbone in this region more flexible, allowing it to adapt 
better to the receptor interface and resulting in formation of 
the additional persistent binding pattern (blue-M82). This 
result is in accordance with the experiments [18]. In addi-
tion, MD simulations and free energy calculations permit 
the evaluation and comparison of the impact this mutation 
has on the stability and on the strength of the interactions 
between SARS-CoV-2 and ACE2. We calculated that the 
pattern formed due to this mutation contributes importantly, 
about 9 kcal/mol to the binding free energy between SARS-
CoV-2 RBD and ACE2.

Three binding patterns persistent in simulation time 
were found in SARS-CoV-2 (red-K31, green-K353 and 
blue-M82), but only two of them in SARS-CoV (red-
K31, green-K353). The binding free energy difference 
that we observed between SARS-CoV-2 and SARS-CoV 
is of about 2.5 kcal/mol, a result compatible with the 
experiments.

Our results elucidate relevant information about the RBD-
ACE2 binding interface and can assist in design of potential 
compounds/antibodies for inhibition of viral activities, con-
tributing to provide viral therapy for COVID-19.
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