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Abstract—The Coronavirus Disease 2019 (COVID-19) has become an international public health emergency, posing a serious threat

to human health and safety around the world. The 2019-nCoV coronavirus spike protein was confirmed to be highly susceptible to

various mutations, which can trigger apparent changes of virus transmission capacity and the pathogenic mechanism. In this article,

the binding interface was obtained by analyzing the interaction modes between 2019-nCoV coronavirus and the human ACE2. Based

on the “SIFT server” and the “bubble” identification mechanism, 9 amino acid sites were selected as potential mutation-sites from the

2019-nCoV-S1-ACE2 binding interface. Subsequently, a total number of 171 mutant systems for 9 mutation-sites were optimized for

binding-pattern comparsion analysis, and 14 mutations that may improve the binding capacity of 2019-nCoV-S1 to ACE2 were

selected. The Molecular Dynamic Simulations were conducted to calculate the binding free energies of all the 14 mutant systems.

Finally, we found that most of the 14 mutations on the 2019-nCoV-S1 protein could enhance the binding ability between 2019-nCoV

coronavirus and human ACE2. Among which, the binding capacities for G446R, Y449R and F486Y mutations could be increased by

20 percent, and that for S494R mutant increased even by 38.98 percent. We hope this research could provide significant help for the

future epidemic detection, drug and vaccine development.

Index Terms—General, control structures and microprogramming, simulation, optimization

Ç

1 INTRODUCTION

SINCE the first case of CoronavirusDisease 2019 (COVID-19)
was officially reported by the Chinese government on

December 8, 2019, update to November 24, 2020, confirmed
and dead cases have reached about 59.5 million and 1398
thousand, respectively. Now, COVID-19 has become a pub-
lic health emergency triggering international concern. In
reported cases, patients exhibited severe symptoms such as
pneumonia, respiratory failure, acute respiratory distress
syndrome (ARDS) and heart damage, which were all fatal
complications of COVID-19, posing a vital threat to global
health [1].

Various researches have been conducted for clarifying the
pathogenesis of the COVID-19. The structures of coronavirus
main protein (3CLpro), papain like protein (PLpro) andRNA
dependent polymerase (RdRp) which were necessary for the
translation and replication of RNA virus have been resolved
[2], [3]. Based on these data, comprehensively in silico virtual
screening and enzymologicla testing methods have been
conducted, and the results indicated that drugs including
Indinavir and lopinavir might be effective for COVID-19 [4],

[5]. In addition, Remdesivir, an RNA-dependent polymerase
inhibitor, which can inhibit the synthesis of viral nucleic
acids and fight against virus showed certain potential in the
treatment of the first novel coronavirus patient in the United
States [6], [7]. In addition, on March 21, 2020, the American
Food and Drug administration (FDA) speeded up the
approval process of Remdesivir and Hydroxychloroquine
Sulfate [8], [9], [10] as new treatment drugs for COVID-19.
However, few effective vaccines have been developped for
COVID-19 as current treatment methods including monitor-
ing andmaintaining patient function and providing effective
oxygen therapy were just in a basic manner, focusing on
treating symptoms, treating underlying diseases, preventing
complications and secondary infections [11], [12], [13], [14].

Mutations were characterized with randomness, low fre-
quency and reversibility in both eukaryotes and prokar-
yotes [15]. For many proteins, pathogenic mutations tend to
occur in important structural and functional regions, and
most polymorphisms are located in these functional areas.
After 2019-nCoV enters into the human body, the viral spike
glycoproteins (Spike proteins) on the host cell surface bind
to the angiotensin-converting enzyme 2 (ACE2), and then
the viral RNA invades into healthy human cells [16], [17], as
shown in Fig. 1. Thus, the Spike proteins on cornoavirus
play vital roles in virus replications [18]. In this article, the
structural region of 2019-nCoV-S1 on Spike proteins which
directly participate in the interactions with ACE2 were
picked out for further analysis.

Viruses mutate very quickly, and mutations accumulate
during the process of transmission from one individual to
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another. On March 3, 2020, it has been reported that 149
mutations were found in the new 2019-novel coronavirus
(2019-nCoV), among which the S-type mutation site is the
most infectious [19]. Until March 21, 2020, one patient from
Iceland was detected with two co-existing mutated types of
coronaviruses, one of them was the novel mutated 2019-
nCoV [20]. One study suggested that 2019-nCoV could
increase its infectivity through the receptor binding domain
recombination and a cleavage site insertion [21]. Intraper-
sonal variations and 6 different mutations in the spike glyco-
protein (S protein) were observed from 11 patient-derived
viral isolates which showed significant variation in cyto-
pathic effects and viral load, up to 270-fold differences, when
infecting Vero-E6 cells [22]. Therefore, the protein 2019-
nCoV-S1 possesses mutation characteristics which can sig-
nificantly affect the biological functions of the coronavirus.
Thus, a comprehensive analysis of the coronavirus mutation

characteristics will help for both understanding the binding
and pathogenic mechanism and providing insights for sub-
sequent vaccine research and development.

In this research, we first obtained the binding modes bet-
ween the 2019-nCoV-S1 region and angiotensin-converting
enzyme 2(ACE2) based on the 2019-nCoV-ACE2 crystal
structure [23]. The binding interface between the corona-
virus RBD-S1 region and the human ACE2 was obtained
by analyzing existing crystal structure. Subsequently, toler-
able mutations of all amino acid sites forming the binding
interface between 2019-nCoV-S1 and human ACE2 were
predicted, and 9 amino acids were found to be more sus-
ceptible to mutations. Finally, 171 single-point mutations
were obtained by site-directed mutagenesis in the 9 amino
acid sites. From qualitative analysis of the physical and
chemical properties of the regions around the mutation
sites, 14 mutations were found out for subsequent molecu-
lar dynamics simulations. Through comparative analysis of
the binding free energies between each mutant and the
wild-type complex, 4 mutations on 2019-nCoV-S1 region
that may significantly improve the binding capacity of coro-
navirus to human ACE2 and finally trigger the stronger
pathogenic.

2 RESULTS

2.1 2019-nCoV-S1/ACE2 Complex Structure
and Binding Pattern

Here, we used the crystal structure with high resolution (2.45
A
�
) from the RCSB PDB crystal database (PDB ID: 6M17)

https://www3.rcsb.org/structure/6M17. When ACE2 binds
with 2019-nCoV-S1, as shown in Figs. 2A and 2B, a total of
5 regions onACE2 are involved and directly forming the inter-
face: S19-T52, S77-Y83, M323-S331, G352-I358 and A386-R393.

Fig. 1. Schematic diagramof 2019-nCoV virus binding to the human body.

Fig. 2. Binding modes analysis between ACE2 and 2019-nCoV-S1. (A) Binding interface. The 2019-nCoV-S1 protein was shown as white surface.
The ACE2 protein was colored by green, and binding interface regions were in different colors (S19�T52: blue; S77�Y83: brown; M323�S331:
maroon; G352�I358: yellow and A386�R393: red); (B) Key regions of the binding interface; (C) Binding modes of residues on S77�Y83 region with
ACE2; (D) Binding modes of residues on S19�T52 region with ACE2; (E) Binding modes of residues on regions S77�Y83, M323-S331, G352-I358,
and A386-R393 with ACE2.
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In this complex system, there are a total of 16 amino acids in
the 2019-nCoV-S1 region that directly act on ACE2: K417,
G446, Y449, Y453, L455, F456, F486, N487, Y489, Q493, G496,
Q498, T500, N501, G502 and Y505. However, a total of 19
amino acids are involved in the direct interactions with ACE2:
Q24, T27, F28, D30, K31, H34, E35, E37, D38, Y41, Q42, L79,
M82, Y83,N330, K353, D355, R357 andR393.

A dense interaction system is formed between the 2019-
nCoV-S1 region and ACE2, as shown in Fig. 2B. Out of all
the interactions, polar amino acids contribute the most of
the energy through salt bridging and hydrogen bonding.
Among the amino acids, K417 and adjacent D30 form a
strong salt bridge. H34 forms a salt bridge with the nearest
amino acid, D30 (Fig. 2D). A strong hydrogen bond network
is formed between the 2019-nCoV-S1 region and ACE2,
among which the typical amino acid is Q493, which could
simultaneously form hydrogen bonds with K31 and E35
(as shown in Fig. 2D). N487 forms hydrogen bonds with
surrounding amino acids Y83 and Q24 (Fig. 2C). For T450,
although the side chain is short, the hydroxy-OH group at
the end of the side chain provides a potential polar interac-
tion with the adjacent amino acids R357, D355 and Y41,
enabling T450 to form hydrogen bonds with all three amino
acids. Consequently, the local binding structure is relatively
tight (as shown in Fig. 2E).

In addition to the above polar effects, the proteins are
equipped with good hydrophobic interactions. Among
them, the typical representative was F486, which forms an
excellent p-p aromatic stacking effect between the benzene
ring of the amino acid side chain and the benzene ring of
Y83 (as shown in Fig. 2C), stabilizing the microenvironment
in this region to achieve a stable structural configuration. In
addition, D30 (side chain carbon and backbone hydropho-
bic fragment), H34 (side chain flat ring) and K31 (side chain
and backbone hydrophobic) on ACE2 form a local hydro-
phobic binding pocket which made hydrophobic effects
with F456 on 2019-nCoV-S1 (Fig. 2D).

2.2 Prediction of Mutations in 2019-nCoV-S1

Site-directed mutations of specific amino acids in proteins
are always accompanied with changes in biological func-
tions. First, the mutation for 2019-nCoV-S1 protein was pre-
dicted by utilizing the online server Sorting Intolerant From
Tolerant [24]. According to the prediction results (as shown
in Table 1), 87 amino acids in the region of S438�G527 on

the 2019-nCoV-S1 with potential mutation possibilities were
picked for further analysis. Among these mutations, 21
amino acids, distributing within V445�Y449, V473�C480
and V483�F490 regions, with SIFT score less than 0.2 indi-
cating a relatively higher mutation possibility. Coinciden-
tally, 5 of these 21 amino acids (G446, Y449, F486, N487 and
Y489) are key amino sites that directly interact with human
ACE2, as shown in Fig. 3.

In addition, the good binding modes were observed at
the interface when 2019-nCoV-S1 bound to human ACE2,
as shown in Fig. 3B, which may directly explain the strong
binding affinity of the coronavirus to the human body. In
addition, one “bubble” area was found within the binding
interface, indicating an extra geometric space for resiudes
filling for binding affinity enhancement. If one mutation on
2019-nCoV-S1 protein occured to fill the gap in the “bubble”
region, significant improvement of binding affinity might

TABLE 1
RMSD Value Difference of Heavy Atoms on Resiudes Within 3.5A

�
From Mutated-Site Compared with Crystal Structure

Positive Negative Pollar uncharged Hydrophobic short sidechain Hydrophobic long sidechain

Mutations R H K D E S T N Q C G P A V I L M F Y W

G0446 0.201 0.147 0.197 0.141 0.171 0.170 0.134 0.198 0.206 0.146 - 0.148 0.136 0.151 0.169 0.134 0.152 0.216 0.157 0.165
Y449 0.532 0.518 0.578 0.561 0.566 0.567 0.569 0.561 0.557 0.569 0.571 0.573 0.568 0.566 0.570 0.561 0.576 0.588 - 0.529
F486 0.703 0.703 0.716 0.695 0.709 0.697 0.674 0.688 0.789 0.733 0.680 0.700 0.744 0718 0.657 0.680 0.662 - 0.653 0.635
N487 0.638 0.613 0.631 0.601 0.635 0.577 0.511 - 0.559 0.599 0.612 0.592 0.610 0.631 0.603 0.626 0.660 0.637 0597 0.627
Y489 0.534 0.528 0.535 0.519 0.534 0.512 0.519 0.529 0.519 0.525 0.522 0.527 0.514 0.509 0.510 0.531 0.520 0.533 - 0.506
Q493 0.655 0.637 0.651 0.635 0.637 0.632 0.646 0.631 - 0.639 0.614 0.633 0.633 0.639 0.634 0.639 0.637 0.619 0.633 0.628
S494 0.420 0.497 0.444 0.388 0.332 - 0.381 0.336 0.321 0.394 0.320 0.332 0.365 0.387 0.335 0.325 0.358 0.378 0.300 0.380
Y495 0.527 0.536 0.551 0.543 0.553 0.513 0.517 0.516 0.519 0.512 0.519 0.519 0.526 0.520 0.509 0.537 0.540 0.538 - 0.522
G496 0.666 0.629 0.660 0.666 0.662 0.619 0.618 0.636 0.644 0.633 - 0.611 0.612 0.619 0.636 0.629 0.617 0.627 0.625 0.625

Fig. 3. Amino acdis predicted by SIFT and cavity visualization methods.
(A) Amino acids substitution predicted by webserver SIFT (score < 0.5)
that affects the protein function. Residues (G446, Y449, F486, N487
and Y489) co-participated in forming binding interface were marked.
(B) 3D diagram of 2019-nCoV-S1-ACE2 complex. Residues forming
binding interface were shown as sticks. Cavity between 2019-nCoV-S1
and ACE2 providing opportunity for other amino acids (Q493, S494,
Y495 and G496) insertion were shown as white surface.
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be detected. After careful comparasion, 4 crucial amino
acids Q493, S494, Y495 and G496 adjacent to the “bubbles”
in the 2019-nCoV-S1 were picked out.

As mentioned above, 5 amino acids (G446, Y449, F486,
N487 and Y489) were predicted by the Sorting Intolerant
From Tolerant server and 4 residues (Q493, S494, Y495 and
G496) that compose the “bubble” within 2019-nCoV-S1-
ACE2 binding interface were selected for subsequent muta-
tion analysis.

2.3 Construction of Mutant Systems

In this study, we performed site-directed mutation of the 9
amino acid sites (G446, Y449, F486, N487, Y489, Q493, S494,
Y495 and G496) based on the crystal structure by applying
Pymol software [25] and obtained a total of 171 mutants.

2.4 MD Simulation Refinement of Mutant Systems

Subsequently, we optimized the structure of eachmutant sys-
tem with the software Amber16 [26]. In the process of molec-
ular dynamics, we applied a 1500kcal/mol position limiting
force to all of the heavy atoms of the protein, and the optimi-
zation time of each system was at least 1ns. Based on the 1ns
molecular dynamics optimization results, the average com-
plex structure on the 1ns trajectory was taken, and the struc-
tural changes before and after themutationwere analyzed.

When comparing the structural changes, the changes in
the root mean square deviation (RMSD) [27] for the whole
structure of the protein, especially the RMSD of all heavy
atoms of amino acids within 5 A

�
of the mutation site, were

primarily analyzed. The formula of RMSD was shown as in
following formula (1):

RMSDðv; wÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

vi � wik k2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1
ððvix � wixÞ2Þ þ ðviy � wiyÞ2 þ ðviz � wizÞ2Þ

r
:

(1)

A large value of RMSD indicated that it will be put into
further screening and analysis. For the amino acid sites con-
forming to the “mutation principle”, molecular dynamics
optimization simulation was carried out with an optimiza-
tion time at least 6ns, and the average structure was used
for in-depth analysis.

It can be seen from Table 1 that among the 171 mutant
systems of selected 9 mutable sites on the 2019-nCoV-S1
protein, 54 percent of the mutant systems could cause
regional structural changes near the mutation sites. Next,
we analyze the 171 mutation sites one by one to find novel
mutation system that may cause greater binding capacity of
2019-nCoV-S1 to the human body.

2.5 Comparative Analysis of 171 Mutants

2.5.1 Comparative Analysis of G446 Mutants

As shown in Fig. 4, the mutation site G446 is located in the
peripheral region of the 2019-nCoV-S1/ACE2 binding inter-
face, thus tiny conformational differences were observed for
all complexes. Among 19 mutant systems, the RMSD values
of amino acids within 5A

�
from the mutation site were less

than 0.216. 3 systems (G446F, G446Q and G446R) presenting
greater difference (>0.200) compared with the wild-type
protein were selected for detailed analysis.

For mutant G446F, the sidechain on residue F446 forms
hydrophobic interactions with surrounding residues includ-
ing V445 (Fig. 4A). One new hydrogen bond is formed
between K444 and N446 in mutant system G446Q (Fig. 4B).
However, both the conformations present slight perturba-
tions as the binding patterns between 2019-nCoV-S1 and
ACE2 is not affected.

Regional structure is disturbed after mutation, as the
mutated amino acid R446 form a new type of hydrogen
bond with Q42, which is stronger than that of the wild-type
weak hydrogen bond interaction between G446 and Q42
(Fig. 4C).

2.5.2 Comparative Analysis of the Y449 Mutants

This mutation site is located in the core region of the bind-
ing interface, and corresponding mutations are more likely
to experience structural perturbations in terms of protein
structure. Amino acid Y449 of 2019-nCoV-S1 forms good
hydrogen bonds with neighboring Q42 and D38 on ACE2
(Fig. 5A). Thus the structural stability of mutants would be
significantly affected by residues Q42 and D38.

The hydrophobic residues CGPAVILMF (Fig. 5B/C), non-
charged polar amino acids STNQ and negatively charged res-
idues DE (Fig. 5D) all could not compensate for the polarities
of the hydrogen bonds between Y449 and Q42/D38. As a
result, with the disappearance ofwild-type polar interactions,

Fig. 4. Binding patterns comparison of G446 series mutant systems. 2019-nCoV-S1: white, sticks; ACE2 protein: green, sticks, underlined. The Q42
amino acid was located on the ACE2 protein, and other residues were located on the 2019-nCoV-S1 protein.
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the conformation of each mutant and corresponding RMSD
value had experienced obvious variation.

The positive charged amino acids HKR are unable to
form hydrogen bonds between Y449-Q42/D38, but could
form new salt-bridge interactions with residue D38 on
ACE2. In particular, mutated residues K and R could induce
the positional deflection of Q42, and then the new polar con-
tacts network (H-bonds and salt-bridges) are formed
(Figs. 5E, 5F, 5G). These 3 mutants (Y449R/K/H) were
selected for subsequent analysis.

2.5.3 Comparative Analysis of the F486 Mutants

For 19 mutants, the RMSD values fluctuated significantly
from 0.635 to 0.789 as the mutation sites located at the core
region of protein-protein binding interface. The physico-
chemical properties surrounding the mutated site F486
were analyzed as follows (Fig. 6A):

1) The upper part surrounded by amino acids L79,
M82, Y83, P84, I88, I21, A25, etc. formed one hydro-
phobic binding region.

2) The bottom region contains polar amino acids N487
and Q24. However, one reasonable non-charged
plane was formed between N487/Q24 themselves
and Y83/Y489 residues, and no extra electric charge
could be provided outwards to generate polarity
with other residues.

Considering the binding characteristics of this regional
pocket: structure of amino acids with opposite charge char-
acteristics (positively charged RHK, negatively charged DE
and polar non-charged STNQ) had experienced significantly
swings as they could not match the original physical and
chemical characteristics in wild-type complex(Fig. 6B).

In addition, due to the shorter sidechains of hydrophobic
amino acids (CGPAVILM) compared with that of F486, the

original geometric configuration of the wild-type system
could not be complemented, which lead to the collapse of
this binding region. All these elements results in the signifi-
cant structural changes and weakening of the binding affin-
ity (Fig. 6C).

Hydrophobic amino acids (W486 and Y486) with longer
sidechains not only can partially fill the cavity excavated by
the wild-type amino acid F486, but also induce newly physi-
cal and chemical properties with surrounding residues
(Fig. 6D). Therefore, mutants F486W and F486Y were picked
out for subsequent analysis.

2.5.4 Comparative Analysis of the Q493 Mutants

The amino acid Q493 of 2019-nCoV-S1 could form directly
hydrogen bonds with residues E35 and K31 on ACE2 pro-
tein (Fig. 7A). Therefore, mutations could trigger local envi-
ronmental changes and significant fluctuations of RMSD
values which were greater than 0.6.

The side chains of the amino acids ACGILNPV after
mutations are shorter; therefore, they could not make up for
the polarity effects existing in wild system (Fig. 7A).

The hydrophobic amino acids FMWY, with long side
chains, were conflicted with the hydrophilic residues E35 and
K31, and the original interactionmodes disappeared (Fig. 7B).

Mutations of Q493T and Q493S, both the hydroxyl group
-OH on the two amino acids could form hydrogen bonds
with E35 and K31 (Fig. 7C).

The amino acids D493/E493 could pull residue K31 from
ACE2 closer to form new salt-bridging interactions (Fig. 7D),
and the same situations were also found in mutants Q493K,
Q493H and Q493R (Figs. 7E, and 7F). However, in terms of
strong salt-bridging effects, the mutants Q493R, Q493H,
Q493K, Q493E and Q493D were considered for subsequent
binding energy analysis.

Fig. 5. Binding pattern comparisons of Y449 series mutants. (A) Interaction modes between Y449 and surrounding amino acids; (B) Binding modes
comparsions between Y449 mutants (Y449C/G/P/A/V/I) and wild-type protein; (C) Binding interactions of Y449 mutant series (Y449L/M/F) and wild-
type complex; (D) Binding interactions of the wild-type and Y449 mutants (Y449D/E/N/Q/S/T); (E) Interaction pattern of the wild-type and mutant
Y449H; (F) Interaction pattern of the wild-type and mutant Y449K; (G) Binding modes of the wild-type and mutant Y449R.
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In addition to the above results, comparative analysis of
other 5 mutant systems (N487, Y489, S494, Y495 and G496)
were presented in Supporting Information, and more infor-
mation can be found on our website: http://bioinformatics.
csu.edu.cn/mutation/.

2.6 Comparative Analysis of 171 Mutants

For the 9 amino acid sites, the corresponding 171 mutants of
protein 2019-nCoV-S1 with potential mutagenic properties
were conducted for detailed binding pattern variations anal-
ysis. Out of the 171 mutants, 14 (G446R, Y449R, Y449H,
Y449K, F486Y, F486W, Q493R, Q493H, Q493K, Q493D,
Q493E, S494R, S494K and Y495E) that may improve the bind-
ing capacity of 2019-nCoV-S1 to ACE2 were selected for sub-
sequent “protein-protein” binding free energy analysis. The

binding affinity between each 2019-nCoV-S1 mutant and
human ACE2 protein was compared with that of the wild-
type complex.

Molecular dynamic simulations of 14 novel mutants and
wild-type systems were executed by the software Amber16
[26]. In order to maintain the global structural stability of
each system, the complexes were restrained with a har-
monic potential of the form k (Dx)2 in which the force con-
stant was equal to 1500 kcal/mol-1A

� -2. Based on simulation
trajectories, RMSD values for each complex system were
extracted to detect the binding stability. Binding free ener-
gies of all 2019-nCoV-S1/ACE2 complexes were calculated
by using the MMPBSA module in software Amber16 and
AmberTools17.

The RMSD values for all complex systemswere extracted,
as shown in Fig. 8. It can be seen that the MD simulations
had reached equilibrium state within 1.5ns for all complex
systems, as well as the overall structure fluctuation was less
than 1.2 A

�
. These results indicated good combination stabil-

ity of coronavirus 2019-nCoV-S1 to the target protein ACE2,
which can facilitate the infecting process. Based on the MDs
simulations, 4000 snapshots were extracted from the last 4ns
trajectory for the final average structure of complex.

The binding free energy of wild-type coronavirus 2019-
nCoV-S1/ACE2 complex system is -55.0790 kcal/mol
(Table II). This binding free energy is not significantly dif-
ferent from the first reported docking result -50.6 kcal/mol
on January 21, 2020 [28], which demonstrated the reliability
of our calculating results.

In addition, “protein-protein” binding affinities in 11
mutants (G446R, Y449K, Y449R, Y449H, F486W, F486Y,
Q493R, Q493K, Q493E, S494R and Y495E) have improved
comparing with that of the wild-type complex system.
Among them, the binding free energies for mutant systems
G446R, Y449R, F486Y and S494R had improved signifi-
cantly. It is note worthing that the binding affinity for S494R
is -76.5487 kcal/mol, which is 38.98 percent higher than that
of the wild-type system. All these results indicate that

Fig. 6. Binding modes comparison of wild type and F486 series mutants.
(A) Surface map of hydrophilic and hydrophobic properties around the
F486 site (white: hydrophobic); (B) Selected residues: positive R486,
negative E486 and uncharged polar Q486, compared with F486;
(C) Hydrophobic short sidechain residues M486 and I486, compared
with F486; (D) Hydrophobic long sidechain residues W486 and Y486,
compared with F486.

Fig. 7. Comparison analysis of the complex structures between wild-type
and mutant systems.

Fig. 8. Comparisons of RMSD values for mutated and the wild-type com-
plex systems. The MD simulations reached equilibrium state within
1.5ns for all complex systems, and the overall structure fluctuation was
less than 1.2 A

�
, indicating the excellent binding stability of 2019-nCoV-

S1/ACE2 complex, which can be extremely harmful to the human body.
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mutations on the 2019-nCoV-S1 can significantly enhance
the binding strength between the 2019-nCoV and the
human ACE2, which may have a more profound impact in
this epidemic situation.

Among 19 mutants, 4 mutants including G446R, Y449R,
F486Y and S494R with apparent higher binding affiniry
comparing with corresponding wild-type were selected for
futher analysis.

G446R. Regional conformation fluctutation for muta-
tion G446R is detected, as shown in Fig. 9A. After muta-
tion, the sidechain of residue R446 formed new polar
interactions with Q42 on ACE2, resulting in the enhance-
ment of protein-protein binding between 2019-nCoV-S1
and ACE2.

Y449R. As shown in Fig. 9B, local structure close to
Y449R is significantly influenced. One new salt-bridge con-
tact is formed between amino acids R449 on 2019-nCoV-S1
and E35 on ACE2, resulting in the increased binding capac-
ity of the mutant system.

F486Y. In wild-type system, amino acids N487/Y489 from
protein 2019-nCoV-S1 form hydrogen bonds with Y83/Q24
on ACE2, which weakens the hydrophobicity interactions
between F486 and Y83/M82. After mutation, the chemical
group -OH from the sidechain of residue Y486 form one
weak polar interaction with the backbone -C ¼ O on M82,
which narrows the distance between F486 and Y83/M82 and
enhances the binding ability of mutants (Fig. 9C).

S494R. Detailed analysis indicated that one new salt-
bridge polar interactions is formed between residues R494
(2019-nCoV-S1) and E35 (human ACE2) in the mutant sys-
tem, and this resulted in a sharp increase of the binding
affinity by almost 40 percent between the mutated 2019-
nCoV-S1 and ACE2 (Fig. 9D).

3 METHODS

3.1 Mutation Sites Selection Principle

We adopted the following mutation principles when 2019-
nCoV-S1 was mutated:

1) The basic conformation of the existing 2019-nCoV-S1
protein and ACE2 protein stayed unchanged, and

the disturbance of structure near the mutation site
were relatively distinct.

2) The current interaction pattern between amino acids
in the “interaction interface” of the 2019-nCoV-S1-
ACE2 protein complex was kept unchanged, and
any mutation interfering with the existing interaction
network system was not taken into considerations.

3) The binding affinity between 2019-nCoV-S1 and
ACE2 could be enhanced.

3.2 Molecular Dynamics Simulation

The molecular dynamics simulation was carried out by
Amber16 [26] using AMBER ff99sb force field for the com-
plex. Hydrogen atoms were added to the initial 2019-nCoV-
S1/ACE2 complex model using the leap module, setting
ionizable residues as their default protonation states at a

TABLE 2
Binding Free Energies Between 2019-nCoV-S1 and Human ACE2 in Mutated and Wild Complexes

Protein System Complex (Kcal/mol) Receptor (Kcal/mol) Ligand (Keal/mol) Total energy (Kcal/mol) Imprive ratio

Wild -73798.6202 -57139.9827 -16603.5585 -55.0790 -
G446R -73758.5674 -57131.1416 -16560.9479 -66.4779 20.69%
Y449H -73893.7173 -57175.3231 -16659.3992 -58.9950 7.11%
Y449K -73834.5795 -57111.6168 -16661.8861 -61.0766 10.89%
Y449R -73713.9782 -57124.3552 -16521.1992 -68.4238 24.23%
F486W -73835.5647 -57115.2384 -16658.3607 -61.9657 12.50%
F486Y -73801-4948 –57112.2393 -16621.9603 -67.2952 22.18%
Q493D -73828.9582 -57054.2444 -16737.6009 -37,1129 -32.62%
Q493E -73989.4812 -57184.4241 -16747.0621 -57.9949 5.29%
Q493H -73875.4598 -57132.7830 -16691.7430 -50.9337 -7.52%
Q493K -73906.2710 -57120.0036 -16729.5708 -56.6966 2.94%
Q493R -73688.8159 -57110.2987 -16522.6746 -55.8427 1.39%
S494K -73863.0269 -57117.1872 -16693.2454 -52.5943 -4.51%
S494R -73789.9642 -57117.5904 -16595-8251 -76.5487 38.98%
Y495E -73820.0100 -16666.5830 -16666.5830 -56,3820 2.37%

Fig. 9. Comparative analysis of protein structure binding patterns near
mutant sites in mutant and wild proteins. Green: ACE2 protein; White:
2019-nCoV-S1 protein; Amino acid: sticks mode display; Wild amino
acids: labeled as W, polar interactions between amino acids are marked
with black and dashed lines; Mutated amino acids: labeled as M, polar
interactions between amino acids are marked with red and dashed lines.
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neutral PH value. The complex was solvated in a 10A
�
cubic

periodic box of explicit TIP3P water model. The topology
and coordinate structures were saved, and then simulation
was performed. The simulation was proceeded as follows:

Energy minimization: first, the complex structure was
restricted and the solvent water molecules were minimized.
After that, protein structures were released to minimize the
binding free energy of the entire system. The water mole-
cules and counter ions were optimized using the steepest
descent method of 2500 steps, followed by the conjugate
gradient method for 2500 steps.

System balance: The entire system of 2019-nCoV-S1/
ACE2 complex was optimized without any position con-
straint, followed by annealing simulation with a weak
restraint (k ¼ 100kcal/mol-1A

� -2) for the complex. The entire
2019-nCoV-S1/ACE2 complex was then heated gradually
in the NVT ensemble from 0 to 298K over 500ps.

Dynamic simulation: The > 6ns MD simulation was
performed under constant temperature at 298K with the
NPT ensemble. Constant temperature was maintained
using the Langevin thermostat with a collision frequency
of 2ps-1. The cutoff distance between the Van der Waals
energy and short-range electrostatic energy was 10A

�
. The

PME method was used to calculate long-range electrostatic
energy.

4 CONCLUSION

The binding interface between 2019-nCoV coronavirus and
the human ACE2, plays a remarkable role in the mechanism
of virus infection. The 2019-nCoV coronavirus protein was
confirmed to be highly susceptible to various mutations,
especially the mutations forming the 2019-nCoV-S1/ACE2
interface, would trigger apparent changes of virus transmis-
sion capacity and even the pathogenic mechanism. Predic-
tions of mutations on 2019-nCoV-S1/ACE2 interface and
how they might influence the binding modes remains
unclear.

In this study, we analyzed and obtained the direct inter-
action interface between the coronavirus 2019-nCoV-RBD-
S1 region and the human ACE2. Subsequently, all the
amino acids involved in the “protein-protein” binding in
the S1 region of the 2019-nCoV [29] were predicted with
tolerable mutations, and ultimately, 9 amino acids with
potential mutation sites and 171 single-point mutants
were obtained. 14 mutants were selected for subsequent
molecular dynamics simulation including the optimization
of the biological computation structure and the differentia-
tion of the physicochemical properties of the mutation
sites. Through the comparative analysis of binding free
energies between the 2019-nCoV-ACE2 mutant and the
2019-nCoV-ACE2 wild-type protein system, it was pre-
dicted that there are 8 amino acid mutation sites on the
2019-nCoV that may significantly improve the binding
capacity of coronavirus to human ACE2, resulting in a
stronger pathogenic characteristics.

Up to now, NCBI [30] has reported all the found muta-
tions. There are 1538 mutations in total occurred on the
2019-nCoV-Spike protein and 13 mutations (K417N, G446S,
G446V, Y449F, Y453F, L455F, F456L, F456Y, F486I, Y489H,
Q493K, Q493L) located on the binding interface between

2019-nCoV-Spike and ACE2 proteins. Among the 13 muta-
tions, the mutation effects on binding affinity of 8 mutations
(K417N, G446V, Y449F, Y453F, L455F, F456L, F456Y, Y489H)
are moderate, which indicate little difference of the toxicity
between wild-type and mutants. Only the Q493K has high
effects, which can increase of binding affinity with ACE2
[31], which is consistent with our prediction result.

In the global race for produceing novel coronavirus vac-
cine, these results are helpful to the study of the pathogene-
sis and infection mechanism of COVID-19, construction of
animal models, new mutation detection kits and the devel-
opment of new vaccines.
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