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ABSTRACT: COVID-19 has emerged as the most serious international pandemic in early
2020 and the lack of comprehensive knowledge in the recognition and transmission
mechanisms of this virus hinders the development of suitable therapeutic strategies. The
specific recognition during the binding of the spike glycoprotein (S protein) of coronavirus
to the angiotensin-converting enzyme 2 (ACE2) in the host cell is widely considered the
first step of infection. However, detailed insights on the underlying mechanism of dynamic
recognition and binding of these two proteins remain unknown. In this work, molecular
dynamics simulation and binding free energy calculation were carried out to systematically
compare and analyze the receptor-binding domain (RBD) of six coronavirus’ S proteins. We
found that affinity and stability of the RBD from SARS-CoV-2 under the binding state with
ACE2 are stronger than those of other coronaviruses. The solvent-accessible surface area
(SASA) and binding free energy of different RBD subunits indicate an “anchor-locker”
recognition mechanism involved in the binding of the S protein to ACE2. Loop 2 (Y473-
F490) acts as an anchor for ACE2 recognition, and Loop 3 (G496-V503) locks ACE2 at the other nonanchoring end. Then, the
charged or long-chain residues in the f-sheet 1 (N450-F456) region reinforce this binding. The proposed binding mechanism was
supported by umbrella sampling simulation of the dissociation process. The current computational study provides important
theoretical insights for the development of new vaccines against SARS-CoV-2.
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Figure 1. (A) Phylogenetic tree of S proteins from different coronaviruses, classified into four clades; clade 1: SARS-CoV-2, RatG13, and pangolin-
P4L; clade 2: SL-CoVZC45 and SL-CoVZXC21; clade 3: SARS-CoV (Tor2 and GZ02) and SARS-like CoV (RsSHCO014, Rs3367, and WIV6); and
clade 4: Bat-HKU3, Bat-BM48-31, and Bat-BM9904. (B) Structure alignment of the S proteins from SARS-CoV-2 and other clades. The loops are
colored in blue (Loop 1), cyan (Loop 2), and magenta (Loop 3). (C) Sequence alignment of the S proteins in the different clades.

are significantly different.”>”'>"* To gain a better under-

standing of the S protein-ACE2 binding, the structures of the
full-length ACE2, S proteins, and that of RBD binding to the
peptidase domain (PD) in ACE2 for both SARS-CoV-2 and
SARS-CoV have been reported.'“"*' Both the S proteins of
SARS-CoV-2 and SARS-CoV were trimeric and shared the same
structure (1.2 A root-mean-square deviation (RMSD) similarity
for the Ca atoms) and binding mode with ACE2."%" However,
most of the antibodies against SARS-CoV were found to be
ineffectual against SARS-CoV-2,** and the Ky value of ACE2
binding with the SARS-CoV-2 S protein was appreciably lower
than those with SARS-CoV.'” By analyzing the structures of
ACE2 and RBDs, these differences were suggested to originate
from the residue-level differences in the RBM and the strength of
their hydrophilic interactions."®'® However, the holistic
contributions of the RBM subunits like loops or f-sheets in
the recognition of ACE2 remain unclear. In addition, there is no
consensus on the mechanism of recognition and binding of the
RBD to ACE2, which has severely limited further studies related
to pharmaceutical and therapeutic applications.

Wrapp et al.” found experimentally that the SARS-CoV-2 S
protein binds ACE2 with higher affinity than the SARS-CoV S
protein. However, Xu et al.* calculated a lower binding affinity
of the SARS-CoV-2 S protein toward ACE2, utilizing the

structures obtained from the homology modeling method. The
inconsistency in the experiment and calculation could be
explained by the fact that the authors in the latter study” used a
single frame of the homology modeled structure. At the same
time, the error of the free energy calculation method is also the
cause of the result. Therefore, the mechanistic basis of the strong
affinity of ACE2 and the SARS-CoV-2 S protein needs to be
further investigated. In this work, molecular dynamics (MD)
simulation was used to explore the mechanism of recognition
and binding of the S protein to ACE2. The binding free energy,
including enthalpy and entropy, was used to estimate the
binding affinity. Enthalpy calculation was performed with the
widely used molecular mechanics/generalized Born surface area
(MM/GBSA) method;**"*° and entropy was calculated with
the interaction entropy (IE) method”” developed by our
research group.zg_33 In addition, the alanine scanning method®*
was used to calculate the contribution of individual residues to
the binding aﬂ‘inity.35

2. RESULTS AND DISCUSSION

2.1. Structural and Sequence-Level Differences in S
proteins from Different Coronaviruses. The entry of the
coronavirus into human cells has been proven to be mediated by
the binding of the S protein and human ACE2. Here, the binding
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mode of the S protein with ACE2 is outlined, based on the
published structures of SARS-CoV-2 (Figure S1).'"°™*" The S
protein is trimeric and comprises two highly conserved subunits
S1 and S2."**° The RBD in one of the three monomers of the
trimeric S protein can undergo a hinge-like movement to
transition between “up” and “down” configurations. ACE2 can
only bind to RBD with the “up” configuration (Figure S1a), and
the “down” conformation is inaccessible to ACE2.** Moreira el
al. found that the high-frequency contacts between the NTD
(N-terminal domain) and RBD are responsible for the local
conformational stability, and they play an important role in
transition of the configurations.”® The diversity of the residue
composition in RBM (Figure S1c) has been proposed to lead to
the significant differences in the affinity of S proteins from
SARS-CoV and SARS-CoV-2 toward ACE2.*

To study the difference in residues of the RBD region, based
on classification rules reported by Letko et al,'* the S proteins
from different coronaviruses were further classified into four
clades, as shown in Figure 1. The S proteins from SARS-CoV-2
and SARS-CoV share a 50% similarity in the RBM region, with a
high frequency of random mutagenesis (Figure 1C) and they
were clustered into clade 1 and 3 (Figure 1A), respectively. The
sequences of RBMs in clades 2 and 4 were markedly different,
with Loops 1 and 2 absent in clade 2, and Loop 1 absent in clade
4. Letko et al."* have earlier shown that the S protein from SL-
CoVZ(C45,SL-CoVZXC21 (clade 2), and Bat-BM48—31 (clade
4) could be endowed with the ability to infect cells by
introducing the whole RBM of SARS-CoV, not the correspond-
ing 14 residues that were involved in contacting, demonstrating
the importance of the conformation of the RBM in the infection.
To systematically investigate the binding mode of different S
proteins and ACE2 and the influence of conformational
differences in the RBM to the ACE2 recognition, six RBDs
from the four clades were further studied, as shown in Table 1.

Table 1. Features and Binding Free Energy (kcal/mol) of Six
RBDs of the S Protein from Different Coronaviruses

source clade loop absence AGping
SARS-CoV-2 1 No —25.27
RatG13 1 No —22.11
Pangolin-P4L 1 No —16.04
Bat-SLZXC21 2 Loop 1/2 —4.53
SARS-CoV 3 No —-20.14
Bat-BB9904 4 Loop 1 —13.47

The absence of Loop 1 (6 residues) and Loop 2 (18 residues) in
clades 2 and 4 made their corresponding RBMs shorter, with
lesser flexibility at the binding interface (Figure 1B). In addition,
the topology of the Loop 2 region varies in most S proteins,
suggesting a contribution of flexibility during the ACE2
recognition and binding. Therefore, the topology or sequence
of RBM subunits might determine the ACE2-S protein binding,
thereby influencing the infection abilities of these viruses.

2.2. Binding Free Energy and Hot-Spot Residues. The
binding free energy of ACE2 to the RBDs (from SARS-CoV-2,
RatG13, Pangolin-P4L, Bat-SLZXC21, SARS-CoV, and Bat-
BB9904) were calculated to explore the infection ability of
different S proteins (Table 1). Among them, the RBD from
SARS-CoV-2 has the highest binding affinity with ACE2, Bat-
SLZXC21 without Loop 1/2 and Bat-BB9904 without Loop 1
have the lowest affinity. Especially for Bat-SLZXC21, the
absence of the loop leads to a significant decrease in binding

affinity. This indicates that Loop 2 can significantly affect the
binding of ACE2 and the S protein. Wrapp et al.”’ have
experimentally found that the SARS-CoV-2 S protein binds to
ACE2 with higher affinity than the SARS-CoV § protein. Our
calculation result is consistent with this experimental observa-
tion, which verifies the validity of the calculation method.

To provide more detailed and microlevel information about
the binding mode, the binding free energy of residues within § A
of the binding interface is listed in Figure 2.”” Hot-spot residues
contributing more than —2 kcal/mol are filled in red.>*™*! The
RBD of RatG13 has the most, seven hot-spot residues, while that
of Pangolin-P4L, Bat-SLZXC21, and Bat-BB9904 have the least,
three hot-spot residues. In addition, most of these hot-spot
residues are long-chain amino acids that are charged or contain
benzene rings. Therefore, the salt bridges and Pi—Pi interaction
can be considered in the development of the corresponding
antibodies and inhibitors to improve affinity. For SARS-CoV-2
seen in Figure 2A, there are five hot-spot residues (R403, L4SS,
F486, Y489, and YS0S) with binding free energy greater than —2
kcal/mol. For SARS-CoV seen in Figure 2E, it is the residues of
K390, Y442, Y475, N479, Y484, and Y491 that contribute
significantly. Although the number of hot-spot residues on
SARS-CoV-2 is slightly less than that of SARS-CoV, the binding
free energy of most hot-spot residues on SARS-CoV-2 is
stronger than that of SARS-CoV, which is an important reason
that caused higher affinity of SARS-CoV-2. Particularly, some
studies*”*’ that ignore the entropy effect have found that N501
of SARS-CoV-2 is a hot-spot residue. In our calculation, without
the entropy change, the enthalpy change of the N501 residue is
—2.49 keal/mol (Table S1), which can be regarded as a hot-spot
residue. However, after considering the contribution of entropy
(—0.67 kcal/mol), the binding free energy of NS01 becomes
—1.81 kcal/mol, which can only be regarded as a warm-spot
residue. This explains to a certain extent the phenomenon that
the well-known NS01 mutation will lead to stronger affinity."*

Besides, the binding free energy and hot-spot residues of
ACE2 are also listed in Figure 3. Similarly, almost all of the hot-
spot residues of ACE2 are long-chain amino acids that are
charged or contain benzene rings. While for the same ACE2
protein to binding with different RBDs, the hot-spot residues are
different, which indicates that the diversity of RBD causes
differences of hot-spot residues in ACE2. For the SARS-CoV-2
system shown in Figure 3A, there are five hot-spot residues
(Y41, K353, H34, Y83, and Q84) with the binding free energy
greater than —2 kcal/mol. Among them, the Y41 always plays an
important role as the hot-spot residue in those six systems.

2.3. Structural Stability Analysis. Considering that there
are four RBD structures from homology modeling, the RMSDs
of the whole protein backbone and binding interface protein
backbone of ACE2 and RBD are calculated separately (Figures
S2 and S3) to verify the structural stability of simulation. After
about 40 ns, RMSD basically remained stable, which indicates
that the simulation has reached convergence. In particular, the
RMSD fluctuation of the binding interface is significantly
smaller compared to that of the whole protein, which indicates
the stability of the binding.

The average native contact of heavy atoms in the RBD during
the last 50 ns simulation was calculated as a function of time to
measure the stability of the entire RBD (Figure 4A). A contact of
residues was defined if the distance of heavy atoms is less than §
A. The stability of the contact in these six systems shows the
convergence of the simulation. Interestingly, the native contact
of the three systems (SARS-CoV-2, RatG13, and Pangolin-P4L)

https://doi.org/10.1021/acs.jcim.1c00241
J. Chem. Inf. Model. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c00241/suppl_file/ci1c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c00241/suppl_file/ci1c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c00241/suppl_file/ci1c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c00241/suppl_file/ci1c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c00241/suppl_file/ci1c00241_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c00241/suppl_file/ci1c00241_si_001.pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c00241?rel=cite-as&ref=PDF&jav=VoR

Journal of Chemical Information and Modeling

i |

pubs.acs.org/jcim

(A) SARS-CoV-2

(o=

Energy (kcal/mol)
e & b N o N &
T
1

Energy (kcal/mol)

©) . ‘Pangolin-P4L

BT |

?‘ 0 iy ll

| e

:;3.2— HE . -

5 ;

=

= .4 H i

-6 e T oW A N S =aIn Mme o~

w:mggﬁ\ll‘0@%'0“0&235:@—3“03\
QIASQQQQQ SVV!P?? ‘lh:rsr alnv
PRI FUP QLB AR L QU P 92Y

NoWw

(D) Bat-SLZXC21

eanfl]

-
1

Energy (kcal/mol)
N o= =
=
 En—
=]
=
O
0
L1

X =WV USRS DD T DS
22253 CIZREESEEELREEL
I INENE FIIFITFTITTIT TSI
o ML e MR, N DA

Energy (kcal/mol)

=
O | 1 ANRRD
?-2 : : i
=
= 5l : i
-4
",3 3&53% RURETIEEIEZR
= r:.._rx..ng M m A LW D

Figure 2. Binding free energy of residues within S A of the binding interface in the different RBDs. (A) RBD from SARS-CoV-2; (B) RBD from
RatG13; (C) RBD from Pangolin-P4L; (D) RBD from Bat-SLZXC21; (E) RBD from SARS-CoV; and (F) RBD from Bat-BB9904. Hot-spot residues
contributing more than —2 kcal/mol are filled in red. The detailed results are shown in Tables S1—-S6.

of clade 1 is significantly higher than those of other clades (Bat-
SLZXC21, SARS-CoV, and Bat-BB9904). Among them, that of
SARS-CoV-2 is the highest and those of Bat-SLZXC21 and Bat-
BB9904 are the least due to the absence of Loop 1/2. In
addition, the native contact map of each residue pair in RBD is
plotted in Figure S, and the overall native contact maps of the six
RBDs are similar. There is always the native contact between f-
sheet 1 and f-sheet 2 at the binding interface, which is conducive
to the stability of the binding interface. However, the Loop 2
regions of the six RBDs are different. Then, the average native
contact of heavy atoms in the Loop 2 is calculated in Figure 4B.
Similarly, the native contact of clade 1 in the Loop 2 region is
significantly higher than those of other clades, and that of
RSARS-CoV-2 is also the highest, and that of Bat-SLZXC21 is
almost zero due to the absence of Loop 2. Considering that the
calculation of the native contact depends on the selection of the
cutoff criterion, the different cutoffs (5, 6, and 7 A) are used to
verify the reliability of the calculation. The native contacts with
cutoffs of 6 and 7 A are shown in Figures S4 and SS, respectively.
The results are consistent with the cutoff of S A shown in Figure
4, and the native contact of SARS-CoV-2 is always more than
those of other sources under different cutoff criteria. Overall, the
more contact in SARS-CoV-2 means greater stability than those
of other sources, among them, the diversity of Loop 2 is an
important factor affecting stability.

To further compare and analyze the stability of different
RBDs, the isotropic temperature factor (B-factor) of the protein
backbone was calculated and shown in Figure 6. The
experimental B-factors of SARS-CoV-2 and SARS-CoV are
presented in Figure 6A,E, respectively, and the other systems are

from homology modeling structures without experimental
values. The calculated values and the experimental values
fluctuate basically the same, which show the reliability of our
simulation. Particularly, D376-N381 residues of SARS-CoV
shown in Figure 6E are not resolved due to too much fluctuation
and the calculated B-factor in this region is also very large. The
hot-spot residues are marked by blue triangles and their B-factor
are all relatively small, which indicates that these hot-spot
residues can bind to ACE2 stably. Besides, the B-factor of RBD
from SARS-CoV-2 is overall smaller than those of other RBDs.
This indicates that the RBD from SARS-CoV-2 is more stable in
structure than those from other sources, which is consistent with
the contact analysis.

In particular, the B-factor between SARS-CoV and SARS-
CoV-2 is further compared and analyzed in Figure 7A. For most
residues, the B-factor was very similar, while that of the Loop 2
region showed a large difference, with a lower value for SARS-
CoV-2 compared to SARS-CoV. This indicates that this region
is more stable in SARS-CoV-2. Loop 2 is one of the regions in
the RBD closest to ACE2 and plays an essential role in the
binding of RBD and ACE2. The flexibility of the loop structure is
relatively strong compared to those of other structures. In the
evolution of S proteins, the rigidity of the Loop 2 region has
increased, resulting in more stable structures of RBD, which, in
turn, leads to the higher binding affinity of RBD and ACE2.

The sequence alignments of RBD between SARS-CoV and
SARS-CoV-2 (Figure 7A) suggested that the residues’ difference
of Loop 2 is mainly reflected on N480-N487, which is located
between a disulfide bond. To further validate the above
conclusions, we exchanged the T467-N473 stretch of SARS-
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CoV and the N480-N487 stretch of SARS-CoV-2 on the two
RBDs. The two structures generated by this exchange were
named SARS-CoV_exchange and SARS-CoV-2 exchange,
respectively. Then, MD simulations based on the exchanged
structure were rerun with the same parameters. After the

exchange, the relative strength of the B-factor in the Loop 2
region (Figure 7B) has also been exchanged, showing that the
Loop 2 region of SARS-CoV-2 indeed provides a stable
structure. The difference in the Loop 2 region between SARS-
CoV and SARS-CoV-2 is an important factor in determining the
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strength of the binding affinity. Too high flexibility of the Loop 2

region would hinder the stable binding of RBD to ACE2,

while

too high rigidity would not be conducive to the specific
recognition of ACE2 by RBD. Therefore, the evolution of S
proteins appears to be seeking a balance of flexibility and rigidity

of the Loop 2 region.

Barros el al.*> found that ACE2’s intrinsic flexibility could
promote a large swinging motion of the ACE2-S1 complex,
providing a mechanical force for the approximation of the two
membranes and shedding of S1 toward fusion of the S2 domains
into the receptor cell. Besides, stability of the binding interface
guarantees the high affinity of ACE2 and RBD. Therefore, the B-
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factor of the ACE2 protein is further calculated (Figure 8) to In particular, the binding interface is magnified, and the residues
explore the role of structural flexibility in binding RBD. The within S A of the RBD are marked. The B-factor of the binding
overall trends of the B-factor of these six systems are very similar. interface is indeed relatively small, which indicates the stability
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of the binding interface. Further, the B-factor of binding
interface residues from SARS-CoV-2 is smaller than those of
other coronaviruses. The high stability of the binding interface is
conducive to providing higher affinity, which is consistent with

the calculation of the native contact and binding free energy.

2.4. “Anchor-Locker” Binding Mechanism of the RBD
to ACE2. To further investigate the functions of RBD subunits
involved in establishing direct contacts with ACE2, the
contributions of Loop 1, Loop 2, Loop 3, f-sheet 1, and j-
sheet 2 regions toward binding free energy were calculated. For
SARS-CoV-2, as shown in Figure 9A, Loop 2 (cyan, Y473-F490)
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Table 2. Contribution of the Five Subunits in the Six RBDs from Different Coronaviruses toward Binding Free Energy”

source clade loop absence Loop 1
SARS-CoV-2 1 No 1.10
RatG13 1 No 0.14
Pangolin-P4L 1 No -0.14
Bat-SLZXC21 2 Loop 1/2 N/A
SARS-CoV 3 No —0.02
Bat-BB9904 4 Loop 1 N/A

“All values are in kcal/mol.

Loop 2 Loop 3 [-sheet 1 [-sheet 2
—6.00 —4.07 —5.58 1.62
—6.51 —0.61 —4.98 —5.34
—6.21 —4.85 —4.10 —2.24
N/A 1.64 —1.55 1.98
—1.67 —4.77 -3.93 —2.52
—4.56 —0.67 —4.03 —0.47

Native Contact

—— P-sheet 1
B-sheet 2
,\/-/V’-/\
0 : M\'N\ : : :
50 55 60 65 70 75

Reaction Coordinate (A)

Figure 10. Average native contact between ACE2 and the five subunits (Loop 1: blue, Loop 2: cyan, Loop 3: magenta, -sheet 1: red, and f-sheet 2:
yellow) as the function of the reaction coordinate in each window of the umbrella sampling simulation. The upper structure comes from the
conformation corresponding to the reaction coordinate during the umbrella sampling simulation.

and Loop 3 (magenta, G496-V503) exhibited considerable
binding free energies (—6.00 and —4.07 kcal/mol, respectively),
demonstrating their significant involvement in ACE2 binding. In
contrast, Loop 1 (blue, K444-Y449, 1.10 kcal/mol) and f3-sheet
2 (yellow, P491-Y495, 1.62 kcal/mol) regions do not seem to
contribute to the binding. Interestingly, though the B-sheet 1
(red, N450-F456, —5.58 kcal/mol) was slightly away from
ACE2, long-chain residues in this f-sheet 1 (NYLYRLF)
exhibited extremely significant affinity. As a result, the f-sheet 1
region also plays an important role in stabilizing the middle
portion of the RBD. The strong binding free energy of Loop 2,
Loop 3, and fB-sheet 1 demonstrated their important roles in the
recognition and binding of ACE2.

To study the exact contributions of the five subunits, the
solvent-accessible surface area (SASA) analysis was also
conducted, as shown in Figure 9A. The SASA of the f-sheets
1 and 2 (150.25 and 228.39 A?, respectively) was significantly
lower than those of the Loops 1, 2, and 3 (504.55, 1409.61, and
466.05 A2, respectively), suggesting that the middle portion of
the RBD (f3-sheet parts) is difficult to bind to ACE2 first. The f3-
sheet 1 region may, therefore, be responsible for the reinforce-
ment of the binding, following the recognition of Loops 2 and 3
to ACE2. In addition, at the two ends of the RBD, Loop 2
exhibited higher binding affinity and SASA (—6.00 kcal/mol and
1409.61 A%, respectively) compared to Loop 3 (—4.07 kcal/mol
and 466.05 A?, respectively), demonstrating a greater
importance of Loop 2 in ACE2 recognition. Considering that
the binding free energy and SASA depend on the number of

residues, the average contribution of residues is also calculated
on Figure 9A. The average binding free energy of residues in
Loop 2, Loop 3, and fB-sheet 1 are all significant, and the average
SASA of the residue in f-sheet 1 is obviously smaller than that of
Loop 2 and Loop 3. Simultaneously, the SASA of per-residue is
shown in Figure S6, and the SASA of the -sheet 1 regions is also
obviously smaller than those of Loop 2 and Loop 3. Based on the
structural flexibility, binding free energy, and SASA, Loop 2 was
proposed to act as an “anchor” in recognition and binding of
ACE2 and Loop 3 was proposed to be a “locker”, stabilizing the
other end of the RBD. The f-sheet 1 region is responsible for
enhancing the binding after the recognition at Loops 2 and 3 on
the two sides.

In short, the recognition and binding of ACE2 by the SARS-
CoV-2 S protein was proposed to occur by an anchor-locker
mechanism catalyzed by Loop 2, Loop 3, and the f-sheet 1
regions (Figure 9B). Loop 2 acts as an anchor in ACE2
recognition in the first step, providing the greatest SASA and
binding free energy. Loop 3 works as the locker to lock the other
end of the RBD, thus completing the primary stabilization of the
S protein adjacent to ACE2. Once binding at the two ends of the
RBD was stabilized, the charged or long-chain residues in the -
sheet 1 regions were pulled closer to the a-helices of ACE2 and
reinforced the binding.

To verify the reproducibility of results, simulations were
repeated twice again under the same parametric settings. The
binding free energies of the five subunits and the whole RBD in
the three simulations are shown in Table S13. The results of the
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three simulations are very similar in the acceptable variations,
and Loop 2, Loop 3, and f-sheet 1 always play an important
contribution toward the binding of ACE2 and RBD, which
demonstrates the reliability of the anchor-locker mechanism.

Besides, the contributions of the five subunits in the six
different RBDs toward binding free energy are shown in Table 2.
For Bat-BB9904, despite the absence of Loop 1, the contribution
of these subunits toward binding free energy is basically
consistent with that of SARS-CoV-2. For RatG13, Pangolin-
P4L, and SARS-CoV, the difference from SARS-CoV-2 is that
the f-sheet 2 subunit also provides a significant contribution
toward binding free energy, which does not make the binding
mode change essentially. The anchor-locker mechanism is still
applicable to the above four coronaviruses, while it does not
apply to Bat-SLZXC21 due to the absence of Loop 2 (anchor).
This leads to the conclusion that the affinity of RBD in Bat-
SLZXC21 and ACE2 is much lower than those of other
coronaviruses.

2.5. Dissociation of the RBD of the SARS-CoV-2/ACE2
Complex. To further validate the anchor-locker binding
mechanism proposed here, the unbinding process of RBD of
SARS-CoV-2 and ACE2 was tracked through umbrella sampling
simulations. As the reverse of the binding process, the unbinding
process can largely reflect the dynamics of the binding process.
The average native contact between ACE2 and the five subunits
is shown as a function of the reaction coordinate (r), as shown in
Figure 10. In the initial binding state, the native contact of Loops
2 and 3 was the strongest and that of Loop 1 and f-sheet 2 was
the weakest, which is basically consistent with the order of
binding free energies shown in Figure 9A. As the dissociation
progresses, the native contact of the Loop 3 region was disrupted
first, which means that the Loop 3 region on one end of the RBD
unbinds from ACE2. Subsequently, the -sheets 1 and 2 in the
middle were unbound from ACE2. Finally, the Loop 2 region on
the other end dissociated from ACE2, and the native contact of
Loop 1 remained low throughout the dissociation process. To
visualize the dissociation process clearly, snapshots from all
sampling windows were combined to generate an animation,
which is showed in Video S1. The unbinding process shown in
the animation is in complete agreement with our analysis of
native contacts, which strongly supports the anchor-locker
binding mechanism proposed here.

3. CONCLUSIONS

In conclusion, MD simulation was employed to systematically
compare and analyze the dynamics of the binding process
between ACE2 and RBDs of six coronavirus S proteins, with the
overall aim of unraveling the theoretical framework underlying
the binding pattern of the two. The simulation found that there
is always the native contact between f-sheet 1 and f-sheet 2 at
the binding interface, which is conducive to the stability of the
binding interface, and the native contact of SARS-CoV-2 is
significantly higher than those of other coronaviruses. The more
contact of SARS-CoV-2 means greater stability, which is verified
by B-factor analysis, and in turn leads to the higher binding
affinity of RBD and ACE2. The diversity of Loop 2 is an
important factor affecting stability and binding affinity.
Besides, Loop 2, along with Loop 3, on opposite ends of the S
protein RBD was found to play an important role in the
recognition and binding of S proteins to human ACE2,
analogous to an anchor and a locker, respectively. Based on
these insights, we propose the anchor-locker binding mecha-
nism, which is strongly supported by the unbinding process

observed under umbrella sampling simulations. The importance
of the RBD subunits in ACE2 recognition was in agreement with
existing experimental observations, showing that missing of
subunit or residue-level differences in the RBD could
significantly impact the infection abilities of coronaviruses.'**’
This work would provide important theoretical guidance for an
in-depth research in coronavirus S proteins and would be crucial
in the development of vaccines and prevention of pneumonia.

4. METHODS

4.1. Sequence and Structure Analysis. For a detailed
analysis of the S proteins, especially the RBD domain, from
different coronaviruses, the sequence alignment and phyloge-
netic analysis of several S proteins was conducted with
CLUSTALW (https://www.genome.jp/tools—bin/clustalw).
The analysis included three SARS-CoV-2 S proteins (WH-
CoV/YP-009724390.1, HKU-S2-002a/QHN7379S.1, and
HKU-SZ-005b/QHN73810.1), two from SARS-CoV (SARS-
CoVGZ02/AAS00003.1 and SARS-CoVGZ02-AAS00003.1),
and those from other coronaviruses (Pangolin-P4L/EPI-ISL-
410538, SL-CoV-RatG13/QHR63300.2, Bat-SL-CoVZXC21/
AVP78042.1, Bat-SL-CoVZC45/AVP78031.1, SL-CoV-
RsSHC014/AGZ48806.1, Bat-CoV/Rs4231/AT098156.1,
Bat-WIV16/ALK02457.1, SL-CoVRs3367/AGZ48818.1,
RatBM48-31/YP-003858584.1, Bat-BB9904/ALJ94036.1, Bat-
CP/AGC74176.1, Bat-CoV/AVP78042.1, and Bat-HKU3/
APO40579.1). Structures of four RBDs from RatGl3,
Pangolin-P4L, Bat-SLZXC21, and Bat-BB9904 were homology
modeled with the crystal structures of RBD from SARS-CoV or
SARS-CoV-2 as the template. The homology models were
created using Discovery Studio 2016. The obtained structures
were optimized for subsequent alignments using the CHARMM
force field.** The analysis and graphic processing were
conducted with Pymol software.””

4.2. MD Simulations. The initial structures of the four
complexes from different coronaviruses (RatG13, Pangolin-
P4L, Bat-SLZXC21, and Bat-BB9904) were obtained by
homology modeling, as described above. The two initial crystal
structures of RBDs from SARS-CoV and SARS-CoV-2 bound
with ACE2 were reported by Li et al.'® (PDB id: 2AJF) and Lan
etal.'” (PDB id: 6MO0]J), respectively. There is one glycosylation
site (Asn343) on RBD of SARS-CoV-2 and three glycosylation
sites (Asn90, Asn322, and AsnS3) on PD of ACE2. They are all
far away from the binding surface and do not affect the binding
of ACE2 and RBD."® Therefore, the glycosylation of the RBD
and ACE2 were not considered.

Parallel MD simulations were performed to study the binding
mechanism of ACE2 and S proteins. All water molecules and
metal ions (away from the binding pocket) were removed from
the crystal structure. The prime module*® of Schrodinger 2015-
1°% and the leap module of AMBER18>" were used to fill in the
missing residues and atoms, respectively. The AMBERI14SB
force field was used to generate the protein parameters. The
TIP3P water box with a 12 A buffer was chosen as the solvent,
then sodium ions were added to ensure charge neutralization in
the system. The steepest descent and conjugate gradient
methods were used to optimize the structure of solvents and
solutes and for subsequent energy minimization. Then, the
whole system was heated to 300 K, and the protein was
subjected to a constraint of 10 kcal/(mol-A%). The SHAKE
algorithm®” was employed to impose constraints on chemical
bonds involving hydrogen atoms. Finally, simulations were
performed for 100 ns without any restrictions in the NPT
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ensemble. The last 50 ns trajectory was used for the calculation
of binding free energy. The MM/GBSA method extracted
averagely 100 frames of snapshots for calculation of enthalpy,
and the IE method extracted averagely 50000 frames of
snapshots for calculation of entropy to achieve energy
convergence.

4.3. MM/GBSA Method for Enthalpy Calculation. The
binding free energy was calculated by the following equation

AG,;,q = G(complex) — (G(ACE2) + G(S)) (1)

During the calculation, the AGy;,q was divided into two parts
corresponding to changes in enthalpy and entropy

AGy,q = AH — TAS )

where AH and —TAS represent the contribution of enthalpy
and entropy, respectively, to the binding process. These terms
were calculated using the MM/GBSA and IE methods,
respectively. In the MM/GBSA method, the AH term was
calculated by the following equation

AH = AEele + AEVdW + AGGB + AGHP (3)

where AE,,, AE 4y, AGgp, and AG,, represent the electrostatic
interaction, van der Waals (vdW) interaction, electrostatic
solvation free energy, and nonpolar solvation free energy,
respectively. The AGgp was estimated by the GB model*>*
with “igb = 2%, and AG,, was estimated using the following
formula

Aan =y X SASA (4)

where y is constant with value of 0.005 kcal/(mol-A?). The
SASA represents the solvent-accessible surface area, which was
calculated using the MSMS program.”

4.4. IE Method for Entropy Calculation. The gas-phase
free energy was calculated by the following equation

AGy, = (Ep) + KT In(e*Fm) (s)
where /3 represents 1/KT and Ejy represents the interaction
energy of protein—protein binding, which includes both
electrostatic and vdW interactions. In addition, the gas phase
free energy can be expressed as

_ int
AGy, = (E) - TAS ©)
therefore,
~TAS = KT In(e/*F») )

4.5, Estimating Contributions of Individual Residues.
The alanine scanning method introduced mutations at a specific
residue (x) by replacing it with alanine (a). Considering that the
alanine side chain is composed of a simple alkyl group, which is
assumed not to have a measurable contribution toward binding
free energy values. Therefore, the contribution of the individual
residue (x) could be calculated from the difference of the
binding free energy before and after the alanine mutation

AAG@;du = AG{JCind - AGl‘:ind (8)

where, AGy;,q and AG{; 4 represent the binding free energy of
the alanine mutant and wild-type protein, respectively. The
dielectric constants in the MM/GBSA method were set to 1, 3,
and 10 for nonpolar, polar, and charged residues, respectively,”
before introducing the mutation. Equation 8 is also applicable

for the calculation of enthalpy change, entropy change, and each
energy term. In our work, all residues on the S protein withina §
A distance cutoff of the binding interface were individually
subjected to alanine scanning. Assuming that the residues farther
than S A interact weakly with the ACE2 protein, the total
binding free energy was obtained by adding the contributions of
all of the residues within S A of binding interface

AGpy,g = Z AAGhy ©
x 9

4.6. Umbrella Sampling Calculation. Umbrella sam-
pling®” is one of the most commonly used methods for
calculating pathway free energy. This method keeps the system
under study in a high potential energy state by adding an
artificial constraint, to achieve the purposes of biased sampling.
In this work, umbrella sampling simulations were performed
through a series of windows along the reaction coordinates to
explore the unbinding pathway of ACE2 and RBDg s cov-o- The
reaction coordinate was defined as the distance between the
centroids of the ACE2 protein and the RBDgxgs.cov.» backbone,
and the values ranged from 46.6 to 79.6 A with 0.5 A intervals
and 67 windows. The 500 ps equilibration and 1 ns sampling
runs were performed with a weak force constant of 10 kcal/
(mol-A?) for all windows. The last snapshot of each window was
used as the initial structure for the next window.
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