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Abstract: Since 2020, the receptor-binding domain (RBD) of the spike protein of the novel severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been constantly mutating, producing
most of the notable missense mutations in the context of “variants of concern”, probably in response
to the vaccine-driven alteration of immune profiles of the human population. The Delta variant, in
particular, has become the most prevalent variant of the epidemic, and it is spreading in countries
with the highest vaccination rates, causing the world to face the risk of a new wave of the contagion.
Understanding the physical mechanism responsible for the mutation-induced changes in the RBD’s
binding affinity, its transmissibility, and its capacity to escape vaccine-induced immunity is the
“urgent challenge” in the development of preventive measures, vaccines, and therapeutic antibodies
against the coronavirus disease 2019 (COVID-19) pandemic. In this study, entropy—enthalpy compen-
sation and the Gibbs free energy change were used to analyze the impact of the RBD mutations on the
binding affinity of SARS-CoV-2 variants with the receptor angiotensin converting enzyme 2 (ACE2)
and existing antibodies. Through the analysis, we found that the existing mutations have already
covered almost all possible detrimental mutations that could result in an increase of transmissibility,
and that a possible mutation in amino-acid position 498 of the RBD can potentially enhance its
binding affinity. A new calculation method for the binding energies of protein-protein complexes is
proposed based on the entropy—enthalpy compensation rule. All known structures of RBD-antibody
complexes and the RBD-ACE2 complex comply with the entropy—enthalpy compensation rule in
providing the driving force behind the spontaneous protein—protein docking. The variant-induced
risk of breakthrough infections in vaccinated people is attributed to the L452R mutation’s reduction
of the binding affinity of many antibodies. Mutations reversing the hydrophobic or hydrophilic
performance of residues in the spike RBD potentially cause breakthrough infections of coronaviruses
due to the changes in geometric complementarity in the entropy—enthalpy compensations between
antibodies and the virus at the binding sites.
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1. Introduction

The coronavirus disease 2019 (COVID-19) has spread worldwide, with more than
230 million confirmed cases, and has led to an ongoing pandemic. In response to this
once-in-a-century, sustained, worldwide pandemic, unprecedented amounts of funds and
manpower have been invested to develop vaccines against the disease by governments,
corporations, university research groups, and international health organizations [1]. Thanks
to the rapid development of vaccine technology in recent years [1], six vaccines approved by
the World Health Organization (WHO) for emergency use have been massively employed
in global vaccination programs to immunize the population against COVID-19 infection,
while dozens of other vaccine candidates are being prepared for Phase III trials. By
September 2020, about 20 countries had vaccinated over 70% of their populations, and the
best vaccination rates in the world are not only dominated by small countries. Almost all
existing vaccines have been developed based on the initial SARS-CoV-2 strain that was
originally identified in China, or on the genetic sequence data that enable vaccine-induced
antibodies to stop the original SARS-CoV-2 strain from spreading in a fully vaccinated
population. Indeed, the original SARS-CoV-2 strain is disappearing in countries with the
best vaccination rates. However, the SARS-CoV-2 variants have almost replaced the initial
SARS-CoV-2 strain and are spreading in these countries, according to GISAID data [2—4].
At present, in Japan, the proportion of cases infected with the Delta variant is close to 65%,
and it is constantly increasing; in Singapore, infection by the Delta strain has accounted for
about 95% of all infections in the region; in Israel, about 90% of new infections are likely
caused by the Delta variant; in the United States, the Delta virus infection rate has reached
83% among the newly infected people tested; in the United Kingdom, the proportion of
Delta infection samples in the last four weeks before the writing of this paper was as high
as 99%.

Four Variants of Concern (VOCs) and five Variants of Interest (VOlIs) are recognized by
the WHO. The increased transmissibility and breakthrough infections caused by the VOCs
are believed to be due to mutations in the structure of the spike (S) proteins [5]. There have
been a number of missense mutations observed in the receptor-binding domain (RBD) of
the SARS-CoV-2 S protein, which have presented in one or more of the VOCs, including the
N440K, G446V, L452R, Y453F, E484Q), F490S, N501Y, N501S, E484K, and K417N [5-8], most
of which are located at the RBD-ACE2 interface. Understanding the physical mechanism
responsible for the mutation-induced changes in the RBD’s binding affinity with the
receptor angiotensin converting enzyme 2 (ACE2) and antibodies is the “urgent challenge”
in the development of preventive measures, vaccines, and therapeutic antibodies against
the COVID-19 pandemic [8-15]. A key question is whether existing COVID-19 vaccine-
induced antibodies can protect against the infection or diseases from these SARS-CoV-2
variants. Most vaccine-induced antibodies neutralize the SARS-CoV-2 variants via the
protein—protein docking between the CoV S RBD and the antibodies [1]. The key to
vaccine-induced immunity is the ability of the induced antibodies to specifically bind to the
SARS-CoV-2 with a strong binding affinity. The complex structures of the antibodies bound
to the SARS-CoV-2 S RBD have been experimentally determined by using cryo-electron
microscopy (cryo-EM) and X-ray diffraction [12,16-28]. In the intracellular environment
and in an extracellular medium, protein—protein docking is usually a spontaneous contact
of high specificity established between two or more specific protein molecules; erroneous
protein—protein docking rarely occurs [29]. The specific binding affinity of protein—protein
docking is therefore considered one of the miracles of nature [30,31].

As a typical spontaneous reaction, protein—protein docking (i.e., protein-ligand bind-
ing) must release Gibbs free energy as it proceeds, namely, the change of Gibbs free energy
AGy;, during the binding process must be negative. The Gibbs free energy is defined as
follows:

G=H-TS

where T is the temperature, S is the entropy, and H is the enthalpy. The Gibbs free
energy equation can describe the spontaneity of a reaction, and changing the values of
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enthalpy and entropy affect the spontaneity [32]. When using the change of Gibbs free
energy to assess the spontaneity of protein—protein docking, it is important to emphasize
that the definition of enthalpy and entropy apply to the whole system of proteins and
the surrounding water molecules [32]. Water molecules (i.e., hydration shell) are able to
saturate the hydrogen (H)-bond formations of the hydrophilic groups on the protein surface
before protein—protein docking [33-35] because water molecules have strong hydrogen
bonding interactions [35-43]. The hydration shell (i.e., hydration layer) around a protein
has been experimentally found to possess dynamics that is distinct from the bulk water at
a distance of 1 nm, and water molecules slow down greatly when they enter the hydration
shell of a protein [33,44]. The hydrophilic groups of the protein surface are normally
hydrogen bonded with the surrounding water molecules, thereby preventing the surface
H-bond donors of a protein from randomly hydrogen-bonding with the H-bond acceptors
of another protein; namely, the erroneous protein—protein docking in unsaturated aqueous
solutions is prevented [33-35,45]. Thus, protein—protein docking starts from the long-range
attraction between the hydration shells of proteins.

Using biophysical assays, Wrapp et al. found that the binding affinity of SARS-CoV-2
S RBD to ACE2 is more than 10-fold higher than that of the corresponding spike protein of
SARS-CoV to the host cell receptor [11]. The hydrophobic interaction between SARS-CoV-2
S and the ACE2 protein is found to be significantly greater than that between SARS-CoV
S and ACE2 [46], revealing the resource of the outstanding SARS-CoV-2-S-ACE2 binding
affinity to some extent [11]. The binding affinity between two proteins can be attributed
to the long-range hydrophobic effect among the hydrophobic surface areas of the two
proteins at the binding sites, which enable the hydrophobic surface areas to fully collapse
together in between the two proteins of the complex (see Figure 1a) [46—-49]. Moreover, the
assembling process of tertiary structures into a quaternary structure is essentially the same
as that of protein—protein docking. The folding of protein quaternary structures is found to
be guided by the entropy—enthalpy compensations between the binding sites of protein
subunits, according to the Gibbs free energy equation that is verified by the bioinformatic
analyses of a dozen structures of dimers [50]. More specifically, entropy increments caused
by hydrophobic surface areas collapse in between protein subunits, thus compensating for
the increment of enthalpy caused by H-bond formation between the protein subunits [50].

b . . ACE2

Hydrophobic-hydrophobic interaction Hydrophobic-hydrophilic interaction 9

(ADD) (RDD)

Figure 1. Four types of surface interactions between SARS-CoV-2 S RBD and ACE?2 at the interface of
the complex. (a) The hydrophobic-hydrophobic (Ho-Ho) interactions at the RBD-ACE2 complex
interface. (b) The hydrophobic-hydrophilic (Ho-Hi) interactions at the RBD-ACE2 complex interface.
(c) The attractive dipole-dipole (ADD) interactions at the interface of the RBD-ACE2 complex.
(d) The repulsive dipole-dipole (RDD) interactions at the interface of the RBD-ACE2 complex. The
hydrophobic surface areas are highlighted in green and yellow, the hydrophilic surface areas are
highlighted in red and blue.
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At the interface of a protein—protein complex, interactions among the surface areas of
proteins can be classified into four types: hydrophobic-hydrophobic (Ho-Ho) interaction,
hydrophobic-hydrophilic (Ho-Hi) interaction, attractive dipole—dipole (ADD) interaction,
and repulsive dipole-dipole (RDD) interaction. The four types of surface interactions
between the SARS-CoV-2 S RBD and the ACE2 are illustrated in Figure 1 and in the
Supplementary Figure S1. As a direct result of a protein—protein docking, the networks
of ordered water molecules (i.e., hydration shell) that once covered the protein’s binding
site are removed from each protein by the docking action, which changes the entropy.
Moreover, at the binding sites, the H-bonds that once connected the water molecules and
hydrophilic groups of protein are broken due to the docking. Thereby, all the four types
of surface interactions between proteins change the enthalpy and entropy values of the
system. Entropy—enthalpy compensation should thus be considered a key mechanism that
governs protein—protein docking processes. Note that the hydrophilicity of proteins at
the binding site is normally expressed by CO or NH groups at the ends of hydrophilic
side chains or the main chain [50]. Therefore, the attractive dipole-dipole interaction
can be considered the hydrogen bonding between the CO groups and NH groups of the
protein chains (see Figure 1c). The repulsive dipole-dipole interaction can be considered
the electrostatic repulsion between negative carbonyl oxygen atoms (see Figure 1d) or
between positive amide hydrogen atoms.

At the interface of the RBD-ACE2 complex, because of the repulsion between the
hydrophobic groups and the hydrophilic groups in water, when a local hydrophobic surface
area of the RBD attaches to another hydrophilic surface area of the ACE2, the interactions
play a role in decreasing the binding affinity between the two proteins. At the interface,
seven cases of the Ho-Hi surface interactions are identified at the amino-acid positions L452,
K417, Y453, E484, N501, F490, and Q498 of the RBD, as illustrated in Figure 2. Surprisingly,
the mutations of L452R, K417N, Y453F, E484K N501Y, and F490S transform the Ho-Hi
interactions into Ho-Ho or ADD interactions at these positions, thus increasing the binding
affinity with ACE2. This would lead the RBD-ACE2 binding affinity of the Alpha variant
and the Delta variant with ACE2 to be obviously bigger than that of the original SARS-
CoV-2. Although the RBD mutation at amino-acid position 498 is not a missense mutation
that presented in one or more of the VOCs, the RBD mutation such as Q498A has also been
reported [51-53].
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Figure 2. Binding surfaces of the RBD and the ACE2. (a) The RBD-ACE2 complex (PDBID: 6LZG).
(b) The distribution of hydrophobic (green and yellow areas) and hydrophilic (red and blue areas)
surface areas at the amino-acid positions L452, K417, Y453, E484, N501, F490, and Q498 of the RBD.
(c) Ho-Hi surface area interactions in the complex. (d) Seven cases of Ho-Hi surface interactions
identified at amino-acid positions 1452, K417, Y453, E484, N501, F490, and Q498 of the RBD in the
RBD-ACE2 complex. (e) Transformation from the Ho-Hi surface interactions into Ho-Ho or ADD
interactions due to the mutations L452R, K417N, Y453F, E484K N501Y, and F490S.
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2. Results
2.1. Theory of the Spontaneous Nature of Protein—Protein Docking

Entropy—enthalpy compensation and the Gibbs free energy change can be used to
analyze the spontaneous nature of protein—protein docking. The change of Gibbs free
energy AGy;, must be negative for a spontaneous protein—protein docking process in aque-
ous solutions. If the binding energies of the Ho-Ho, Ho-Hi, ADD, and RDD interactions
among surface areas can be separately calculated, the binging energies of protein—protein
complexes can be easily calculated based on the entropy—enthalpy compensation rule.

2.2. Docking between Hydrophobic Surface Areas

A characteristic of hydration shell water molecules is that their hydrogen bonding
network is much more ordered than that of free liquid water molecules; that is, their entropy
is lower (less entropy in the system) [54-57]. The ordered water molecules are fixed in
these water cages surrounding the hydrophobic areas that drive the hydrophobic collapse
of the hydrophobic surface areas between proteins, thereby rearranging the ordered water
molecules into free liquid water molecules. Experimental results show that water molecules
slow down greatly when they encounter the hydrophobic areas of a protein, and the speed
is reduced by 99% [33]. Thus, the standard molar entropy of water within the ordered
cages around the nonpolar surface (i.e., hydration shells) is approximately equal to the
standard molar entropy of solid water, and that is about 41 J/mol/K. The standard molar
entropy of liquid water is about 70 J/mol/K [58,59]. Therefore, moving an ordered water
molecule to free liquid results in an entropy difference AS of about 29 J/mol/K. At the
human body temperature of T = 309K, increment entropy is TAS = 8961 J/mol for one
removed hydration shell water molecule. The surface density of ordered water molecules
surrounding the hydrophobic surfaces areas is about 2 water molecules per 10 A2 [33]. At
the human body temperature, the docking-induced hydrophobic interaction between two
10 A2 hydrophobic surfaces areas can expel approximately 4 ordered water molecules from
the hydration shell of the hydrophobic regions into a liquid water solvent; the entropy
increment for the Ho-Ho binding is about 35,800 J/mol, that is, the AGgZ'HO is about
—35,800 J/mol.

2.3. Docking between the Hydrophobic Surface Area and the Hydrophilic Surface Area

In the case of a hydrophobic surface area attaching to a hydrophilic surface area at the
interface of a protein—protein complex, the hydrophobic surface area loses its hydration
shell (i.e., ordered water molecules) due to the docking, whereas the hydrophilic surface
area loses its hydrogen-bonded water molecules due to the docking. The hydrophilicity of
hydrophilic side chains or main chain is normally expressed by CO or NH groups at their
ends. These hydrophilic CO and NH groups are hydrogen-bonded with the surrounding
water molecules in a hydration shell before the docking. The binding energy of the H-bond
between the NH group and a water molecule is about —7.65 kcal/mol (32,000 J/mol), and
the binding bond energy of the H-bond between the CO group and a water molecule is
about —4.66 kcal/mol (19,479 J/mol) [38-42]. Note that after a water molecule loses its
hydrogen bonding with the hydrophilic group of a protein, other water molecules are able
to saturate the H-bond formations of the water molecule in an aqueous solution as part of
the compensation for the enthalpy change, taking the average as about AH = 12,000 J/mol
per removed hydrogen-bonded water molecule (i.e., an H-bond) from a hydrophilic surface
area. The surface density of hydrogen bonds between water molecules and the hydrophilic
groups is about 2 hydrogen bonds per 10 A2, Thus, the docking-induced attachment
between a 10 A2 hydrophobic surface area and a 10 A2 hydrophilic surface area can expel
approximately 2 ordered water molecules from the hydration shell, and break 2 H-bonds
between the protein surface hydrophilic groups and the water molecules. The entropy
increment is about 17,900 J/mol and the enthalpy increment is about 24,000 J/mol. As a
result, the AGHHi is about 6100 J/mol.

bin



Int. . Mol. Sci. 2021, 22, 12114

6 of 14

2.4. Docking-Induced Attractive Dipole-Dipole Interaction

Intermolecular H-bonds in protein—protein complexes are normally the dipole-dipole
attractions between the CO groups and NH groups of the protein chains, acting as
the pairing of the H-bond donors and acceptors [60]. The binding energy (H-bond en-
ergy) of an intermolecular H-bond between the NH group and the CO group is about
—3.47 kcal/mol = 14,518 J/mol [38,61]. A protein’s hydrophilic CO or NH groups are nor-
mally hydrogen-bonded with the surrounding water molecules in a hydration shell. When
an H-bonded water molecule is removed from the CO group or the NH group, the H-bond
between them is broken. After a water molecule loses the hydrogen bonding with the
hydrophilic group of a protein, other water molecules are able to saturate the H-bond
formations of the water molecule. The binding energy of the H-bond between the NH
group and a water molecule is about —7.65 kcal/mol, and the binding bond energy of
the H-bond between the CO group and a water molecule is about —4.66 kcal /mol [38-42].
Similarly, the average of about AH = 12,000 J/mol per removed hydrogen-bonded water
molecule is taken from a hydrophilic surface area. In order to form an intarmolecular
H-bond between an H-bond donor and an acceptor in the protein—protein docking, two
H-bonds between water molecules and the protein’s hydrophilic groups need to break first.
The surface density of an intramolecular H-bond on a hydrophilic surfaces area is about
2 intramolecular H-bond per 10 A2, Thus, for the docking-induced attractive dipole-dipole
interaction between two 10 A2 hydrophilic surface areas, the Gibbs free energy change is
AG{DPP =2 x (2 x 12,000 — 14,518.5H) ] /mol = 19,000 ] /mol.

2.5. Docking-Induced Repulsive Dipole—Dipole Interaction

Taking the average as about AH = 12,000 J/mol per removed hydrogen-bonded water
molecule from a hydrophilic surface area, the surface density of H-bonds linking water
molecules and proteins on hydrophilic surface areas is about 2 H-bonds per 10 A2, Thus, in
the case of the docking of the repulsive dipole-dipole between two 10 A2 hydrophilic sur-
face areas, the change in Gibbs free energy is AGEIE D —4x 12,000 J/mol = 48,000 J/mol.
3. Discussion
3.1. Verification of the Docking Theory

Experimentally determined structures of RBD-antibody complexes and the RBD-
ACE2 complex are stored in the protein data bank (PDB) archives. The corresponding
total area for the Ho-Ho, Ho-Hi, ADD, and RDD interactions at the interface of these
protein—protein complexes can be easily measured by using these PDB files, denoted as
SHo-Ho, SHo-Hi» SADD, and Sgpp. Among the four types of interactions between surface
areas during the protein—protein docking, only the Ho-Ho interaction causes the AGy;,
to decrease, whereas the Ho-Hi, the ADD, and the RDD interactions cause the AGy;,, to
increase. Thus, the docking-induced Gibbs free energy change can be calculated as follows:

AGyi, = AGHOHO 5 Sy + AGHOH! 5 Sy i + AGAPP xSapp + AGRPP x Sgpp

bin bin
= —35,800 X Sto-Ho+6100 X Spyo-pri+ 19,000 X Sapp + 48,000 X Srpp @

It should be noted that Equation (1) does not possess an ab initio physico-mathematical
derivation. Equation (1) is more appropriate for binding affinity estimation when proteins
are in close contact with each other in the complex. For the cases where proteins are not in
close contact with each other in the complex, the equation simply cannot be used.

To realize the spontaneity of protein—protein binding, the total area of the Ho-Ho
interaction should normally be larger than that of the three other types of interactions.
For example, 22 structures of the RBD-antibody complexes demonstrate the characteristic
that the hydrophobic surface areas fully collapsing together in between the proteins of
the complexes (see Figures 3 and 4, and the Supplementary Figure S1). Protein—protein
docking should be guided by the changing of Gibbs free energy and the entropy—enthalpy
compensations at the binding sites according to the Gibbs free energy equation. We
calculated the corresponding total Syo-Ho, SHo-Hi, SADD, and Srpp areas at the interface of
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the RBD-ACE2 and RBD-antibody protein—protein complexes. The proportions of Stio-to,
SHo-Hi, SapD, and Srpp at the interface of the complexes are calculated and illustrated in
Figure 4.

PDBID:7CYH

PDBID:7CHO

PDBID:7DEU

PDBID:7DK0

Figure 3. Strong hydrophobic-hydrophobic interactions at the interfaces of 8 RBD-antibody com-
plexes. The distribution of hydrophobic surface areas are highlighted in green and yellow.

The results show that all known structures of the RBD-antibody complexes, the RBD-
ACE2 complex (PDBID:7KMB), and the SARS-COV-5-RBD-ACE2 complex (PDBID:3D0H)
confirm the entropy—enthalpy compensation rule for providing the driving force behind
the spontaneous protein—protein docking, namely, all the calculated values of the AGy,;,, are
obviously negative (see Figure 4 and the Supplementary Figure S2). The docking-induced
Gibbs free energy change AGy;, can be considered the binding affinity. The calculated
binding affinity of the SARS-CoV-2-RBD-ACE2 complex is obviously bigger than that of
the SARS-CoV-RBD-ACE2 complex (see Figure 4 and the Supplementary Figure S2); it is
thus not surprising that SARS-CoV-2 has higher transmissibility than the SARS-CoV [11,46].
In the SARS-CoV-2-RBD-ACE2 complex, it is worth noting the hydrophilic-hydrophobic
repulsion between the E35 and L452 located at the edge of the complex interface (see
Figure 2d). This means that the distance between the E35 and the L452 is not short enough
to destroy the network of ordered water molecules surrounding the L452; that is, the
interaction between the E35 and the L452 may not increase entropy, but it does increase
enthalpy. However, the change from Leucine (L) to arginine (R) at the amino-acid position
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452 due to the mutation L452R introduces two hydrogen bond (i.e., the ADD) interactions
between E35 and R452 (see Figure 2d,e). It is worth noting that the arginine (R) residue is
the most hydrophilic one among the 20 standard amino acids. The side chain of E is also
very hydrophilic, according to the hydrophobicity scales [62]. Both the R and E have strong
hydrogen bonding interactions, even in comparison to water molecules, as the charge of
their charged side chains is almost equal to that of a water molecule [34,36]. Thereby, the
AGy;, caused by the R-E ADD interaction may be negligible. The mutation L452R thus
increases the binding affinity between the RBD and the ACE2. A recent molecular dynamic
study also revealed that hydrophobic interactions are critical to the enhancement of receptor
binding and the ability to escape antibody recognition by the RBD of SARS-CoV-2 [60].

Ho-Ho
I Ho-Hi
I ADD
. RDD
RBD-CV07-270 RBD-C1A-B12 RBD CT-P59 RBD-HB27
ID:6XKP 56% 7  ID:7CM 5.5 ID7CYH 62. 1%
N . . . .
15.4% 2.7% 1,181 6%
RBD-scFv RED-MWoS RBD-P2C-1F11 RBD-CR3022
ID:7DEU ID:7DK0 «, 1D:7E8M s.9¢ ID:7INS 51. 1%
44.6% . . o
30. 7 10. 1%
B 2. 9% 27.5% T .2% T1s ™
RBD-C102 RBD-S2E12 RBD-2-15 RBD-CV2-75
ID:7K8M s IDTKAS 63.9% ID:7L5B .6 1DTM3 62. 1%
- .
20.7%
11.2% 1.9
249 1% 7.6 Py 7.7%
RBD-47D1 RBD-B1-182.1 RBD- LY-CoV1404 RBD-P17
ID:7MF1 1D:TMLZ 12.8% ID:TMMO ID:TCWO  T9.1%
412, 9%
39.5%
16. 9% 52 5 2%
6.7y o8 LH 6.6% 17.2% 14%
RBD-P5A-102 RBD-CV30 RBD—CA521 \D:7eAM RED-7D6
ID:7CHO O ID:6XE1 23% ID:TE23 5
32.4%
30.1%
33.3% 2. 4% 345 39.4% 14. 7% 6. 6
-
RBD-BD-236 RBD-Ab4 I SARS-CoV-2- RBD ACE2 SARS-CoV-RBD-ACE2 i ;
.

2

ID:7CHB ID:7E39 i ID.7KMB 6%
:

. | ‘D 3DOH.
s 275 . i gy, 101%
i

i
12 amad

Figure 4. The calculated proportions of SHo-Ho, SHo-Hi, SADD, and SRDD at the interface of
RBD-antibody complexes, the RBD-ACE2 complex, and the SARS-CoV-5-RBD-ACE2 complex. The
PDBIDs are added in the figure. The results of RBD-ACE2 complex, and the SARS-CoV-S-RBD-ACE2
complex are highlighted with a red dash line.

3.2. Variations of the Binding Affinities of SARS-CoV-2 Due to Mutations

When a mutation reverses the hydrophobic or hydrophilic performance of a residue
in the RBD, it potentially changes the type of surface interactions in the complexes at this
amino acid position. This means that a mutation can change the binding affinity of the
RBD with ACE2 or antibodies due to the changes in geometric complementariness for
the entropy—enthalpy compensations between proteins. For each variant, the AGy;,, of the
variant’s RBD-ACE2 complex can be calculated by our proposed method (i.e., Equation (1)),
which would enable us to compare the binding affinities of the RBD-ACE2 before and after
the mutations. The mutation-induced change in the RBD-ACE2 binding affinity can be
evaluated from the difference between the calculated AGy;,, before and after the mutations.
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We calculated the mutation-induced AGy;, difference for all the VOCs in the binding with
ACE2 as compared to the original SARS-CoV-2 (see Figure 5). The calculation results show
that the Alpha, Beta, Gamma, and Delta variants have increased binding affinity with
ACE2 as compared to the original coronavirus.

200

150

100 +

1 [P T 1
WIYTIN |

-100

~150 - -

Mutations—induced AGbin difference (KJ/mol)

ACEZ CV30 BD-236 P17  Ab4 PHA-1D2I1IB27 MW05 CCl2.1 B3B8
TEMB  6XE1 7CHB 7CW0 7E39 7CHO 7CYH 7DKO 6XCZ2 7BZ2
Antibody

Figure 5. Mutation-induced AGy;,, difference of the VOCs in the binding with ACE2 as compared to
the original SARS-CoV-2, and mutation-induced AGy;,, difference of the VOCs in the binding with
antibodies as compared to the original SARS-COV-2. The corresponding PDB IDs are added in the
figure.

Using the same method, we evaluated the impact of these mutations on the RBD-
antibodies binding affinities. We analyzed the mutation-induced surface hydrophobic and
hydrophilic area changes at the binding sites of the complexes of the SARS-CoV-2 variants
and 22 existing antibodies [19,62-66], as shown in Figure 5. Surprisingly, the Delta variant
can selectively decrease the binding affinity of the antibodies DB-236, CV30, AB4, P17,
P5A-1D2, HB27, MWO05, CC12.1, and B38, which matches the findings on the Delta variant
spreads in the most vaccinated countries (see Figure 5 and Supplementary Figure S2).
Through this analysis, we found that the existing mutations have already covered almost
all possible detrimental mutations that could result in an increase in transmissibility, and
a possible mutation at amino-acid position 498 of the RBD can potentially enhance the
binding affinity. In the case of the Alpha variant, the original hydrophilic asparagine ()
at amino-acid position 501 of the RBD was facing a hydrophobic group in the ACE2 at
the binding site. The change from asparagine (N) to tyrosine (Y) at amino-acid position
501 increased the hydrophobic attraction and decreased the hydrophilic-hydrophobic
repulsion between the two proteins (see Figure 2). Therefore, the change from asparagine
(N) to tyrosine (Y) at amino-acid position 501 of the RBD can change the original repulsing
relationship between the RBD and ACE2 to an attractive relation between them at amino-
acid position 501. Main-chain structures of the SARS-CoV-2 RBD are almost the same as
that of the SARS-CoV RBD; this indicates that the spike RBD is of good mechanical stability,
promising a stable binding affinity of SARS-CoV-2 S RBD to ACE2 [67,68].



Int. . Mol. Sci. 2021, 22, 12114

10 of 14

4. Materials and Methods
4.1. Protein Structures

In this study, many experimentally determined native structures of proteins are used
to study the mechanism triggering the docking of SARS-CoV-2 variants to ACE2 and the
antibodies. All the three-dimensional (3D) structure data of protein molecules were sourced
from the PDB database, including the experimentally determined RBD of SARS-CoV-2 S,
ACE2, antibodies, and their complexes. The IDs of these proteins, according to the PDB
database, are marked in all the figures. In order to show the distribution of the hydrophobic
areas on the surface of the SARS-CoV-2 RBD, ACE2, antibodies, and their complexes at the
binding sites in these figures, we used the structural biology visualization software PyMOL
to display the protein hydrophobic surface areas. The distribution of the hydrophobic
surface areas is highlighted in green (carbon) and yellow (sulfur). The distribution of
the hydrophilic surface areas is highlighted in red (oxygen) and blue (nitrogen) since the
hydrophilicity of the protein at the binding site is normally expressed by the CO or NH
groups at the ends of the hydrophilic side chains or the main chain.

4.2. Calculation of Hydrophobic or Hydrophilic Surface Area

According to Equation (1), the binding affinity of RBD and ACE2/antibodies can be
characterized by calculating the size of the hydrophobic and hydrophilic contact area in
the complex structures. We used the molecular 3D structure display software PyMOL to
draw the hydrophobic and hydrophilic surface areas at the binding sites of these complex
structures. We calculated the hydrophobic attraction surface areas and the hydrophobic
repulsion surface areas involved in the docking among the RBD, ACE2, and antibodies
in this study by using integration. With regard to the calculation of Syo-Ho, SHo-Hi, SADD,
and Sgrpp in the structures of the protein complexes, we sketched the interfaces between
the proteins in the complexes as the basis for the calculations of Sgyo-Ho, SHo-Hi, SaDD, and

SrRDD-

4.3. The Parameters of the Equation (1)

Experimental results show that water molecules slow down greatly when they en-
counter the hydrophobic areas of a protein, and the speed is reduced by 99% [33]. Therefore,
the standard molar entropy of solid water can be used to approximate the standard mo-
lar entropy of water within the ordered cages around the protein nonpolar surface (i.e.,
hydration shells). The hydration shell (i.e., hydration layer) around a protein has been
experimentally found to possess dynamics that is distinct from that of bulk water at a
distance of 1 nm [33]. Thus, the surface density of ordered water molecules surrounding
the hydrophobic surfaces areas (i.e., 2 water molecules per 10 A2) is a conservative estimate.
At the human body temperature, the docking-induced hydrophobic interaction between
two 10 A2 hydrophobic surface areas may expel approximately more than 4 ordered water
molecules from the hydration shell of hydrophobic regions into a liquid water solvent,
while the entropy increment for the Ho-Ho binding may be larger than 35,800 J/mol. The
surface density of hydrogen bonds between water molecules and the hydrophilic groups
(i-e., about 2 hydrogen bonds per 10 A?) was estimated from a survey of the PDB file
(PDBID: 6LZG).

5. Conclusions

Based on the entropy—enthalpy compensation rule, a simple measurement calcula-
tion of the binding energies of protein—protein complexes was developed. As a typical
spontaneous reaction, the RBD-ACE2 docking or the RBD-antibody docking must release
Gibbs free energy according the second law of thermodynamics. All the four types of
interactions between the surface areas of the docking proteins changed the values of en-
tropy and enthalpy of the system, and affected the spontaneity of protein—protein docking.
The entropy—enthalpy compensation involved in the surface area interactions during the
docking can be approximately calculated through a survey of these hydrophobic and



Int. ]. Mol. Sci. 2021, 22, 12114 110f 14

hydrophilic surface areas, thus enabling the calculation of the binding energy. With these
calculations, we showed that all known structures of the RBD-antibody and RBD-ACE2
complexes have strong binding affinities, and enable the hydrophobic surface areas to fully
collapse together in between the proteins of the complexes. By means of this analysis, we
found that the existing mutations have already covered almost all possible detrimental
mutations that could result from the increase in the RBD-ACE2 binding affinity, and a
possible mutation at amino-acid position 498 of the RBD can potentially enhance the bind-
ing affinity. Variant-induced risk of breakthrough infections among vaccinated people
was attributed to the L452R mutations, decreasing the binding affinity of many antibodies.
Mutations reversing the hydrophobic or hydrophilic performance of residues in the RBD
of coronaviruses potentially cause breakthrough infections due to the changes in geometric
complementariness of the entropy-enthalpy compensations between antibodies and the
virus at the binding sites. Even though the stronger binding affinity could promote faster
entry kinetics for the virus entering the host, this may not equate to the faster spread of
the virus in the population; the calculation results match the findings on the Delta variant
being more transmissible and spreading more easily in the most vaccinated countries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222212114/s1.

Author Contributions: L.Y. (Lin Yang), L.Y. (Lin Ye) and X.H. formulated the study. L.Y. (Lin Yang),
JL, S.G, CL, LS., XM, SJ., B.Z. and Y.F collected and analyzed the PDB data. C.H. and
L.Y. (Lin Yang) wrote the programs. L.Y. (Lin Yang), L.Y. (Lin Ye), Y.F. (Yi Fang) and X.H. wrote
the paper, and all authors contributed to revising it. All authors discussed the results and theoretical
interpretations. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the financial support from the National Natural Science Founda-
tion of China (Grant 21601054), Shenzhen Science and Technology Program (Grant No. KQTD201611
2814303055), the Science Foundation of the National Key Laboratory of Science and Technology
on Advanced Composites in Special Environments, the National Natural Science Foundation of
Heilongjiang Province (LH2019F107), and the University Nursing Program for Young Scholars with
Creative Talents in Heilongjiang Province of China (Grants UNPYSCT-2017126).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: Lin Yang is indebted to Daniel Wagner from the Weizmann Institute of Science
and Liyong Tong from the University of Sydney for their guidance. Lin Yang is grateful for his re-
search experience at the Weizmann Institute of Science for the inspiration. The authors acknowledge
the financial support from the National Natural Science Foundation of China (Grant 21601054), Shen-
zhen Science and Technology Program (Grant No. KQTD2016112814303055), the Science Foundation
of the National Key Laboratory of Science and Technology on Advanced Composites in Special
Environments, the National Natural Science Foundation of Heilongjiang Province (LH2019F107), and
the University Nursing Program for Young Scholars with Creative Talents in Heilongjiang Province
of China (Grants UNPYSCT-2017126). The authors thank Zhehua Liu for editing this paper.

Conflicts of Interest: The authors declare no competing financial interest.

References

1. Le, T.T,; Cramer, J.P; Chen, R.; Mayhew, S. Evolution of the COVID-19 vaccine development landscape. Nat. Rev. Drug Discov.
2020, 19, 667-668. [CrossRef]

2. Wibmer, CK,; Ayres, F; Hermanus, T.; Madzivhandila, M.; Kgagudi, P; Lambson, B.E.; Vermeulen, M.; van den Berg, K,;
Rossouw, T.; Boswell, M.; et al. SARS-CoV-2 501Y.V2 escapes neutralization by South African COVID-19 donor plasma. Nat. Med.
2021, 27, 622-625. [CrossRef]

3. Jon, C. South Africa suspends use of AstraZeneca’s COVID-19 vaccine after it fails to clearly stop virus variant. Science 2021, 1-7.

4. Meredith Wadman, J.C. Novavax vaccine delivers 89% efficacy against COVID-19 in U.K.—But is less potent in South Africa.
Science 2021. [CrossRef]

5. Tao, K.; Tzou, PL.; Nouhin, J.; Gupta, R.K.; de Oliveira, T.; Kosakovsky Pond, S.L.; Fera, D.; Shafer, RW. The biological and

clinical significance of emerging SARS-CoV-2 variants. Nat. Rev. Genet. 2021, 1-17.


https://www.mdpi.com/article/10.3390/ijms222212114/s1
https://www.mdpi.com/article/10.3390/ijms222212114/s1
http://doi.org/10.1038/d41573-020-00151-8
http://doi.org/10.1038/s41591-021-01285-x
http://doi.org/10.1126/science.abg8101

Int. ]. Mol. Sci. 2021, 22, 12114 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Wang, R.; Chen, J.; Gao, K.; Wei, G.-W. Vaccine-escape and fast-growing mutations in the United Kingdom, the United States,
Singapore, Spain, India, and other COVID-19-devastated countries. Genomics 2021, 113, 2158-2170. [CrossRef] [PubMed]

Volz, E.; Mishra, S.; Chand, M.; Barrett, ].C.; Johnson, R.; Geidelberg, L.; Hinsley, W.R.; Laydon, D.J.; Dabrera, G.; O"Toole, A etal.
Transmission of SARS-CoV-2 Lineage B.1.1.7 in England: Insights from linking epidemiological and genetic data. medRxiv 2021.
[CrossRef]

Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi, N.;
et al. Emergence and rapid spread of a new severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) lineage with
multiple spike mutations in South Africa. medRxiv 2020. [CrossRef]

Henderson, R.; Edwards, R.J.; Mansouri, K.; Janowska, K.; Stalls, V.; Gobeil, S.; Kopp, M.; Hsu, A.; Borgnia, M.; Parks, R.; et al.
Controlling the SARS-CoV-2 spike glycoprotein conformation. Nat. Struct. Mol. Biol. 2020, 27, 925-933. [CrossRef] [PubMed]
Walls, A.C,; Park, Y.-J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281. [CrossRef]

Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.-L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260-1263. [CrossRef] [PubMed]

Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215-220. [CrossRef] [PubMed]

Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A ; Li, F. Structural basis of receptor recognition by
SARS-CoV-2. Nature 2020, 581, 221-224. [CrossRef] [PubMed]

Wang, Q.; Wang, Q.; Zhou, H.; Yan, J.; Qi, J. Structural and functional basis of SARS-CoV-2 entry by using human ACE2. Cell
2020, 181, 894-904.899. [CrossRef] [PubMed]

Yan, R; Zhang, Y.; Li, Y;; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367, 1444. [CrossRef] [PubMed]

Barnes, C.O.; Jette, C.A.; Abernathy, M.E.; Dam, K.-M.A.; Esswein, S.R.; Gristick, H.B.; Malyutin, A.G.; Sharaf, N.G.;
Huey-Tubman, K.E; Lee, Y.E.; et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature 2020, 588,
682-687. [CrossRef] [PubMed]

Tortorici, M.A.; Beltramello, M.; Lempp, F.A.; Pinto, D.; Veesler, D.J.S. Ultrapotent human antibodies protect against SARS-CoV-2
challenge via multiple mechanisms. Science 2020, 370, 950-957. [CrossRef]

Du, S.; Cao, Y.; Zhu, Q.; Yu, P; Qi, E; Wang, G.; Du, X,; Bao, L.; Deng, W.; Zhu, H.; et al. Structurally resolved SARS-CoV-2
Antibody shows high efficacy in severely infected hamsters and provides a potent cocktail pairing strategy. Cell 2020, 183,
1013-1023. [CrossRef]

Hurlburt, N.K; Seydoux, E.; Wan, Y.H.; Edara, V.V,; Stuart, A.B.; Feng, J.; Suthar, M.S.; McGuire, A.T.; Stamatatos, L.; Pancera, M.
Structural basis for potent neutralization of SARS-CoV-2 and role of antibody affinity maturation. Nat. Commun. 2020, 11, 5413.
[CrossRef]

Kreye, J.; Reincke, M.; Korn Au, H.C.; Sanchez-Sendin, E.; Cell, H.PJ. A therapeutic non-self-reactive SARS-CoV-2 antibody
protects from lung pathology in a COVID-19 hamster model. Cell 2020, 183, 1058-1069. [CrossRef]

Kim, C.; Ryu, D.K;; Lee, J.; Kim, Y.I; Lee, S.Y.J.N.C. A therapeutic neutralizing antibody targeting receptor binding domain of
SARS-CoV-2 spike protein. Nat. Commun. 2021, 12, 1-10.

Yao, H.; Sun, Y; Deng, Y.-Q.; Wang, N.; Tan, Y.; Zhang, N.-N.; Li, X.-F,; Kong, C.; Xu, Y.-P,; Chen, Q.; et al. Rational development
of a human antibody cocktail that deploys multiple functions to confer Pan-SARS-CoVs protection. from the Chinese Academy
of Medical Sciences. Cell Res. 2021, 31, 25-36. [CrossRef] [PubMed]

Nie, J.; Xie, J.; Liu, S.; Wu, J.; Liu, C.; Li, J.; Liu, Y.; Wang, M.; Zhao, H.; Zhang, Y.; et al. Three epitope-distinct human antibodies
from RenMab mice neutralize SARS-CoV-2 and cooperatively minimize the escape of mutants. Cell Discov. 2021, 7, 1-11.
[CrossRef]

Jennewein, M.; Maccamey, A.; Akins, N.; Feng, J.; Stamatatos, L.J.5.E.]J. Isolation and characterization of cross-neutralizing
coronavirus antibodies from COVID-19+ subjects. Cell Rep. 2021, 109353. [CrossRef]

Zhou, X.; Ma, F; Xie, J.; Yuan, M.; Li, Y.; Shaabani, N.; Zhao, F; Huang, D.; Wu, N.C,; Lee, C.-C.D,; et al. Diverse immunoglobulin
gene usage and convergent epitope targeting in neutralizing antibody responses to SARS-CoV-2. Cell Rep. 2021, 35, 109109.
[CrossRef] [PubMed]

Rapp, M,; Guo, Y.; Reddem, E.R;; Liu, L.; Sheng, Z.].C.R. Modular basis for potent SARS-CoV-2 neutralization by a prevalent
VHI1-2-derived antibody class. Cell Rep. 2021, 35, 108950. [CrossRef] [PubMed]

Fu, D.; Zhang, G.; Wang, Y.; Zhang, Z.; Guo, Y.J.P.B. Structural basis for SARS-CoV-2 neutralizing antibodies with novel binding
epitopes. PLoS Biol. 2021, 19, e3001209. [CrossRef] [PubMed]

Wu, N.C,; Yuan, M.; Bangaru, S.; Huang, D.; Wilson, I.A.J.P.P. A natural mutation between SARS-CoV-2 and SARS-CoV determines
neutralization by a cross-reactive antibody. PLoS Pathog. 2020, 16, €1009089. [CrossRef]

Du, X; Li, Y,; Xia, Y.-L.; Ai, S.-M,; Liang, J.; Sang, P,; Ji, X.-L.; Liu, S.-Q. Insights into protein-ligand interactions: Mechanisms,
models, and methods. Int. J. Mol. Sci. 2016, 17, 144. [CrossRef]

Vakser, Y.A. Protein-protein docking: From interaction to interactome. Biophys. ]. 2014, 107, 1785-1793. [CrossRef]

American Association for the Advancement of Science. So much more to know ... . Science 2005, 309, 78.

Wang, L.-S. Entropy Growth Is the Manifestation of Spontaneity. J. Thermodyn. 2014, 2014, 387698. [CrossRef]


http://doi.org/10.1016/j.ygeno.2021.05.006
http://www.ncbi.nlm.nih.gov/pubmed/34004284
http://doi.org/10.1101/2020.12.30.20249034
http://doi.org/10.1101/2020.12.21.20248640
http://doi.org/10.1038/s41594-020-0479-4
http://www.ncbi.nlm.nih.gov/pubmed/32699321
http://doi.org/10.1016/j.cell.2020.02.058
http://doi.org/10.1126/science.abb2507
http://www.ncbi.nlm.nih.gov/pubmed/32075877
http://doi.org/10.1038/s41586-020-2180-5
http://www.ncbi.nlm.nih.gov/pubmed/32225176
http://doi.org/10.1038/s41586-020-2179-y
http://www.ncbi.nlm.nih.gov/pubmed/32225175
http://doi.org/10.1016/j.cell.2020.03.045
http://www.ncbi.nlm.nih.gov/pubmed/32275855
http://doi.org/10.1126/science.abb2762
http://www.ncbi.nlm.nih.gov/pubmed/32132184
http://doi.org/10.1038/s41586-020-2852-1
http://www.ncbi.nlm.nih.gov/pubmed/33045718
http://doi.org/10.1126/science.abe3354
http://doi.org/10.1016/j.cell.2020.09.035
http://doi.org/10.1038/s41467-020-19231-9
http://doi.org/10.1016/j.cell.2020.09.049
http://doi.org/10.1038/s41422-020-00444-y
http://www.ncbi.nlm.nih.gov/pubmed/33262452
http://doi.org/10.1038/s41421-021-00292-z
http://doi.org/10.1016/j.celrep.2021.109353
http://doi.org/10.1016/j.celrep.2021.109109
http://www.ncbi.nlm.nih.gov/pubmed/33932326
http://doi.org/10.1016/j.celrep.2021.108950
http://www.ncbi.nlm.nih.gov/pubmed/33794145
http://doi.org/10.1371/journal.pbio.3001209
http://www.ncbi.nlm.nih.gov/pubmed/33961621
http://doi.org/10.1371/journal.ppat.1009089
http://doi.org/10.3390/ijms17020144
http://doi.org/10.1016/j.bpj.2014.08.033
http://doi.org/10.1155/2014/387698

Int. ]. Mol. Sci. 2021, 22, 12114 13 of 14

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

Zhang, L.; Wang, L.; Kao, Y.-T.; Qiu, W,; Yang, Y.; Okobiah, O.; Zhong, D. Mapping hydration dynamics around a protein surface.
Proc. Natl. Acad. Sci. USA 2007, 104, 18461-18466. [CrossRef]

Lin, Y,; Shuai, G.; Xiao-liang, M.; Cheng-yu, H.; Li-ping, S.; Jia-cheng, L.; Xiao-dong, H. Universal initial thermodynamic
metastable state of unfolded proteins. Prog. Biochem. Biophys. 2019, 46, 8.

Qiao, B.; ]iménez—Angeles, F.; Nguyen, T.D.; Olvera de la Cruz, M. Water follows polar and nonpolar protein surface domains.
Proc. Natl. Acad. Sci. USA 2019, 116, 19274-19281. [CrossRef] [PubMed]

Brooks, B.R.; Brooks, C.L.; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch, S.;
et al. CHARMM: The biomolecular simulation program. . Comput. Chem. 2009, 30, 1545-1614. [CrossRef]

Yang, L.; et al. Structure relaxation via long trajectories made stable. Phys. Chem. Chem. Phys. 2017, 19, 24478-24484. [CrossRef]
Emamian, S.; Lu, T.; Kruse, H.; Emamian, H. Exploring nature and predicting strength of hydrogen bonds: A correlation analysis
between atoms-in-molecules descriptors, binding energies, and energy components of symmetry-adapted perturbation theory.
J. Comput. Chem. 2019, 40, 2868-2881. [CrossRef]

Lewis, D.EV. Hydrogen bonding in human p450-substrate interactions: A major contribution to binding affinity. Sci. World ].
2004, 4, 1074-1082. [CrossRef]

Grabowski, S.J. Hydrogen bonding strength—Measures based on geometric and topological parameters. J. Phys. Organic Chem.
2004, 17, 18-31. [CrossRef]

Grabowski, S.J. A new measure of hydrogen bonding strength—Ab initio and atoms in molecules studies. Chem. Phys. Lett. 2001,
338, 361-366. [CrossRef]

Urban, J.J.; Tillman, B.G.; Cronin, W.A. Fluoroolefins as peptide mimetics: A computational study of structure, charge distribution,
hydration, and hydrogen bonding. J. Phys. Chem. A 2006, 110, 11120-11129. [CrossRef]

Chen, D.; Oezguen, N.; Urvil, P.; Ferguson, C.; Dann, S.M.; Savidge, T.C. Regulation of protein-ligand binding affinity by
hydrogen bond pairing. Sci. Adv. 2016, 2, €1501240. [CrossRef] [PubMed]

Soares, C.M.; Teixeira, V.H.; Baptista, A.M. Protein structure and dynamics in nonaqueous solvents: Insights from molecular
dynamics simulation studies. Biophys. |. 2003, 84, 1628-1641. [CrossRef]

McPherson, A.; Gavira, J.A. Introduction to protein crystallization. Acta Crystallogr. F Struct. Biol. Commun. 2014, 70, 2-20.
[CrossRef] [PubMed]

Li, J.; Ma, X.; Guo, S.; Hou, C.; Shi, L.; Zhang, H.; Zheng, B.; Liao, C.; Yang, L.; Ye, L.; He, X. A hydrophobic-interaction-based
mechanism triggers docking between the SARS-CoV-2 spike and angiotensin-converting enzyme 2. Glob. Chall. 2020, 4, 2000067 .
[CrossRef] [PubMed]

Berchanski, A.; Shapira, B.; Eisenstein, M. Hydrophobic complementarity in protein-protein docking. Proteins 2004, 56, 130-142.
[CrossRef]

Meyer, E.E.; Rosenberg, K.J.; Israelachvili, J. Recent progress in understanding hydrophobic interactions. Proc. Natl. Acad. Sci.
USA 2006, 103, 15739-15746. [CrossRef]

Chothia, C.; Janin, J. Principles of protein-protein recognition. Nature 1975, 256, 705-708. [CrossRef]

Li, J.; Hou, C.; Ma, X,; Guo, S.; Zhang, H.; Shi, L.; Liao, C.; Zheng, B.; Ye, L.; Yang, L.; et al. Entropy-enthalpy compensations fold
proteins in precise ways. Int. . Mol. Sci. 2021, 22, 9653. [CrossRef]

Du, Y,; Wang, H.; Chen, L.; Fang, Q.; Zhang, B.; Jiang, L.; Wu, Z; Yang, Y.; Zhou, Y.; Chen, B.; et al. Non-RBM mutations impaired
SARS-CoV-2 spike protein regulated to the ACE2 receptor based on molecular dynamic simulation. Front. Mol. Biosci. 2021, 8,
1-5. [CrossRef] [PubMed]

Xu, C.; Wang, Y,; Liu, C.; Zhang, C.; Han, W.; Hong, X.; Wang, Y.; Hong, Q.; Wang, S.; Zhao, Q.; et al. Conformational dynamics
of SARS-CoV-2 trimeric spike glycoprotein in complex with receptor ACE2 revealed by cryo-EM. Sci. Adv. 2021, 7, eabe5575.
[CrossRef] [PubMed]

Guruprasad, L. Human SARS CoV-2 spike protein mutations. Proteins Struct. Funct. Bioinform. 2021, 89, 569-576. [CrossRef]
Cui, D; Ou, S,; Patel, S. Protein-spanning water networks and implications for prediction of protein-protein interactions mediated
through hydrophobic effects. Proteins Struct. Funct. Bioinform. 2014, 82, 3312-3326. [CrossRef] [PubMed]

Wang, Q.; Smith, C. Molecular biology genes to proteins, 3rd edition by B.E. Tropp. Biochem. Mol. Biol. Educ. 2008, 36, 318-319.
[CrossRef]

Grdadolnik, J.; Merzel, E; Avbelj, F. Origin of hydrophobicity and enhanced water hydrogen bond strength near purely
hydrophobic solutes. Proc. Natl. Acad. Sci. USA 2017, 114, 322-327. [CrossRef]

Sun, Q. The physical origin of hydrophobic effects. Chem. Phys. Lett. 2017, 672, 21-25. [CrossRef]

Wagman, D.; Evans, W.; Parker, V.; Schumm, R.; Nuttall, R.J. The NBS Tables of Chemical Thermodynamic Properties. J. Phys.
Chem. Ref. Data. USA 1982, 18, 1807-1812.

Wang, Y.; Liu, M.; Gao, J. Enhanced receptor binding of SARS-CoV-2 through networks of hydrogen-bonding and hydrophobic
interactions. Proc. Natl. Acad. Sci. USA 2020, 117, 13967-13974. [CrossRef]

Newberry, R.W.; Raines, R.T. A prevalent intraresidue hydrogen bond stabilizes proteins. Nat. Chem. Biol. 2016, 12, 1084-1088.
[CrossRef]

Kyte, J.; Doolittle, R.F. A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 1982, 157, 105-132.
[CrossRef]

Yuan, M; et al. Structural basis of a shared antibody response to SARS-CoV-2. Science 2020, 369, 1119-1123. [CrossRef]


http://doi.org/10.1073/pnas.0707647104
http://doi.org/10.1073/pnas.1910225116
http://www.ncbi.nlm.nih.gov/pubmed/31501317
http://doi.org/10.1002/jcc.21287
http://doi.org/10.1039/C7CP04838F
http://doi.org/10.1002/jcc.26068
http://doi.org/10.1100/tsw.2004.210
http://doi.org/10.1002/poc.685
http://doi.org/10.1016/S0009-2614(01)00265-2
http://doi.org/10.1021/jp062881n
http://doi.org/10.1126/sciadv.1501240
http://www.ncbi.nlm.nih.gov/pubmed/27051863
http://doi.org/10.1016/S0006-3495(03)74972-8
http://doi.org/10.1107/S2053230X13033141
http://www.ncbi.nlm.nih.gov/pubmed/24419610
http://doi.org/10.1002/gch2.202000067
http://www.ncbi.nlm.nih.gov/pubmed/33173592
http://doi.org/10.1002/prot.20145
http://doi.org/10.1073/pnas.0606422103
http://doi.org/10.1038/256705a0
http://doi.org/10.3390/ijms22179653
http://doi.org/10.3389/fmolb.2021.614443
http://www.ncbi.nlm.nih.gov/pubmed/34386518
http://doi.org/10.1126/sciadv.abe5575
http://www.ncbi.nlm.nih.gov/pubmed/33277323
http://doi.org/10.1002/prot.26042
http://doi.org/10.1002/prot.24683
http://www.ncbi.nlm.nih.gov/pubmed/25204743
http://doi.org/10.1002/bmb.20196
http://doi.org/10.1073/pnas.1612480114
http://doi.org/10.1016/j.cplett.2017.01.057
http://doi.org/10.1073/pnas.2008209117
http://doi.org/10.1038/nchembio.2206
http://doi.org/10.1016/0022-2836(82)90515-0
http://doi.org/10.1126/science.abd2321

Int. ]. Mol. Sci. 2021, 22, 12114 14 of 14

63.

64.

65.

66.

67.

68.

Ju, B.; Zhang, Q.; Ge, ].; Wang, R.; Sun, J.; Ge, X.; Yu, J.; Shan, S.; Zhou, B.; Song, S.; et al. Human neutralizing antibodies elicited
by SARS-CoV-2 infection. Nature 2020, 584, 115-119. [CrossRef] [PubMed]

Wu, Y;; Wang, E; Shen, C.; Peng, W.; Li, D.; Zhao, C.; Li, Z.; Li, S.; Bi, Y; Yang, Y.; et al. A noncompeting pair of human neutralizing
antibodies block COVID-19 virus binding to its receptor ACE2. Science 2020, 368, 1274-1278. [CrossRef] [PubMed]

Shi, R.; Shan, C.; Duan, X.; Chen, Z; Liu, P; Song, J.; Song, T.; Bi, X.; Han, C.; Wu, L.; et al. A human neutralizing antibody targets
the receptor binding site of SARS-CoV-2. Nature 2020, 584, 120-124. [CrossRef] [PubMed]

Wu, N.C; Yuan, M; Liu, H.; Lee, C.-C.D.; Zhu, X.; Bangaru, S.; Torres, J.L.; Caniels, T.G.; Brouwer, PJ.M.; van Gils, M.].; et al.
An alternative binding mode of IGHV3-53 antibodies to the SARS-CoV-2 receptor binding domain. Cell Rep. 2020, 33, 108274.
[CrossRef]

Moreira, R.A.; Chwastyk, M.; Baker, J.L.; Guzman, H.V,; Poma, A.B. Quantitative determination of mechanical stability in the
novel coronavirus spike protein. Nanoscale 2020, 12, 16409-16413. [CrossRef]

Moreira, R.A.; Guzman, H.V.; Boopathi, S.; Baker, J.L.; Poma, A.B. Characterization of structural and energetic differences between
conformations of the SARS-CoV-2 spike. Protein 2020, 13, 5362.


http://doi.org/10.1038/s41586-020-2380-z
http://www.ncbi.nlm.nih.gov/pubmed/32454513
http://doi.org/10.1126/science.abc2241
http://www.ncbi.nlm.nih.gov/pubmed/32404477
http://doi.org/10.1038/s41586-020-2381-y
http://www.ncbi.nlm.nih.gov/pubmed/32454512
http://doi.org/10.1016/j.celrep.2020.108274
http://doi.org/10.1039/D0NR03969A

	Introduction 
	Results 
	Theory of the Spontaneous Nature of Protein–Protein Docking 
	Docking between Hydrophobic Surface Areas 
	Docking between the Hydrophobic Surface Area and the Hydrophilic Surface Area 
	Docking-Induced Attractive Dipole–Dipole Interaction 
	Docking-Induced Repulsive Dipole–Dipole Interaction 

	Discussion 
	Verification of the Docking Theory 
	Variations of the Binding Affinities of SARS-CoV-2 Due to Mutations 

	Materials and Methods 
	Protein Structures 
	Calculation of Hydrophobic or Hydrophilic Surface Area 
	The Parameters of the Equation (1) 

	Conclusions 
	References

