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The recent outbreak of Coronavirus Disease 2019 (COVID-19) calls for rapid mobilization of scientists to probe and
explore solutions to this deadly disease. A limited understanding of the high transmissibility of SARS-CoV-2 (Severe
acute respiratory syndrome coronavirus 2) relative to other coronavirus strains guides a deeper investigation into
the virus/receptor interactions. The cutting-edge studies in thermodynamic and kinetic properties of interactions
such as protein-protein interplays have been reviewed in many modeling and analysis studies. Highlighting the
thermodynamic assessments of biological interactions and emphasizing the boosted transmissibility of SARS-CoV-2
despite its high similarity in structure and sequence with other coronavirus strains is an important and highly
valuable investigation that can lead scientists to discover analytical and fundamental approaches in studying virus's
interactions. Accordingly, we have attempted to describe the crucial factors such as conformational changes and
hydrophobicity particularities that influence on thermodynamic potentials in the SARS-COV-2 S-protein adsorption
process. Discussing the thermodynamic potentials and the kinetics of the SARS-CoV-2 S-protein in its interaction
with the ACE2 receptors of the host cell is a fundamental approach that would be extremely valuable in designing
candidate pharmaceutical agents or exploring alternative treatments.
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Introduction

Coronaviruses like SARS-CoV-2 enters and infect human
cells through spike (S) glycoprotein binding to the cell
membrane protein angiotensin-converting enzyme 2
(ACE2) [1, 2]. The ectodomain of S-protein comprises
two functional subunits. An N-terminal subunit named S1
is responsible for binding to the host cell receptor and a
C-terminal subunit named S2 that is responsible for the
fusion of the virus with lipid membrane [3]. S1 subunit
contains two subdomains: an N-terminal domain and the
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C-terminal domain, which is known as a receptor-binding
domain (RBD) [4]. SARS-CoV-2 uses its RBD to directly
bind to the peptidase domain (PD) of ACE2 [5]. More re-
cently, scientists have used cryogenic electron microscopy
(cryo-EM) to study the structure of the S-protein and
ACE2 when it is bond to one of its typical ligands in the
viral fusion [6]. S-protein is cleaved by host proteases at
S1/S2 boundary and the called S2" site located closely up-
stream of the S2. This cleavage facilitates membrane fu-
sion via wide irreversible conformational changes. In
SARS-CoV-2, the presence of a furin cleavage site at the
S1/S2 boundary has identified [7]. By abrogation of this
cleavage motif, the SARS-CoV-2 S-mediated entry into
cells was affected [8]. Thus, different features of the cleav-
age site at SARS-CoV-2 can be considered as one of the
factors influencing the high rate of the viral spreading and
pathogenesis [9]. Kirchdoerfer et al. [10] studied the
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influence of stabilizing mutations of SARS-CoV S-protein
on the conformational transitions of S-protein. They indi-
cated that ACE2-binding or tyrosine cleavage at the S1/S2
boundary could not induce large conformation change in
stabilizing mutation of SARS-CoV S-protein. Thus, a
study on the furin-like cleavage that has not identified in
other SARS-like CoVs would be the focus of studies to de-
velop efficient anti-viral drugs [11]. For instance, a dock-
ing study suggested that heparan sulfate enhance the open
conformation of the RBD so enhance the binding to
ACE2 [12]. The structural studies showed that S-protein
is also heavily glycosylated, possibly affecting the receptor
binding kinetics. The structural dynamics of the S-protein
is an intrinsic property and its features are strongly influ-
enced by the overall chemical, physical and electrical
charge of these carbohydrates [13].

The detailed aspects of the thermodynamics govern-
ing the relationship between the structure and func-
tion of macromolecules are often swamped in the
molecular and biochemical events and crucial infor-
mation on mechanisms of interactions are lost. The
need for a clarification of thermodynamic events in
biologic interactions has been recognized for a long
time since the pioneering studies on the protein
structures [14]. For many years, our understanding of
thermodynamic events and kinetics of these interac-
tions in biological systems have remained limited to
macroscopic quantities accessible by experimental
measurements [15, 16]. Recent advances in the
visualization of nanoscale and dynamic molecular
simulation have made it possible to access informa-
tion at the atomic level and describe crucial events in
individual binding sites, amino acid interactions, and
protein folding [17, 18]. It is worth mentioning that
CoV (coronavirus)-receptor interaction is a complex
process unlikely to be regulated only by the binding
energy of the S-protein with ACE2. Our goal is to
characterize the thermodynamic potentials and kinet-
ics of the SARS-CoV-2S-protein in its interaction
with ACE2 receptors of the host cell. In this regard,
we focus on the structural and conformational differ-
ences between SARS-CoV (Severe acute respiratory
syndrome coronavirus) and SARS-CoV-2S-protein
RBDs to discuss binding energy changes of S-protein
and following thermodynamic potentials changing in
the process of S-protein adsorption into ACE2. These
assessments would be tremendously valuable in the
design of candidate pharmaceutical agents exploring
effective intervention in viral infection [19]. In the
following sections, we will discuss about the basic
thermodynamic parameters about virus-cell interac-
tions, influential factors on binding thermodynamic
potentials, various forms of entropy involved in bind-
ing free energy, effects of glycosylation sites of S-
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protein on thermodynamic principals, as well as the
role of electrostatic interactions in virus-cell inter-
action enthalpy-entropy compensation in the virus-
cell interactions.

S-protein structure and its interaction with ACE2

The S-protein interactions with ACE2 receptors me-
diate viral entry whose binding affinity is related to
structural parameters like number of hydrogen
bonds, interface residues, electrostatic interactions,
fraction of polar and nonpolar surface-seeking amino
acids, Van der Waals interactions, allosteric effects,
and conformational changes [20]. Boosted binding
affinity between S-protein and ACE2 was suggested
to correlate with increased virus transmissibility and
disease severity in humans compared to SARS-CoV
[21]. To elucidate why SARS-CoV-2 and SARS-CoV
transmissibility is different, first studies have focused
on the genome sequence analysis. Studying on full-
length genome sequences of SARS-CoV-2 at an early
stage of the outbreak confirmed the 79.6% sequence
identity to SARS-CoV. ACE2 was recognized as a
cellular entry receptor for SARS-CoV-2 like SARS-
CoV [22]. Jaimes et al. [23] showed the overall pro-
tein sequence identity of the S1 RBD in SARS-CoV-
2 and the SARS-CoV was 64%. Interestingly, in the
region of S1 containing residues that were shown to
directly contact the ACE2 receptor, the common
identity between SARS-CoV-2 and SARS-CoV drops
to 50%. Despite these differences at the amino acid
level, the S-proteins shared a similar folding pattern
in both viruses. As expected, at the RBD regions,
with most of the amino acid variations, the folding
patterns were different. The role of this flexible loop
at the RBD region in SARS-CoV-2 would most likely
influence on S-protein/ACE2 affinity that results in
different viral spreading and pathogenesis. The RBD
of SARS-CoV S-protein, located between 318 and
510 residues, binds ACE2 with nanomolar affinity
and the receptor-binding motif (RBM) contains four
residues (Leu 472, ASn 479, and Thr 482) that are
in direct contact with ACE2 located at 424—-494 [24,
25] while the RBD of SARS-CoV-2 S-protein, located
between 331 and 524 residues and the RBM contains
F486, Y489, Q493, G496, T500, and N501 hot spots
interacted with ACE2 [26]. In Fig. 1, the RBD/ACE2
interactions were illustrated through PDB code:
6VXX (Closed SARS-CoV-2S-protein), and PDB
code: 1R42 (human ACE2) [27]. Based on surface
plasmon resonance (SPR) measurements, the binding
affinity between RBD region in SARS-CoV-2 and
ACE2 is higher than the SARS-CoV and ACE2 bind-
ing affinity [8]. The difference between affinities is
related to the different structural features that
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Fig. 1 Cartoon representation of the interaction between SARS-CoV-2 S-protein RBD and ACE2. Positions and names of the hot spot residues of
the SARS-CoV-2 S-protein RBD/ACE2 are shown. The hydrogen bonds between intra-protein residues are shown by yellow dotted line. The
Protein Data Bank (PDB) code for SARS-CoV-2 S-protein is 6VXX, PDB code for RBD region is 7C01 and PDB code for ACE2 is 1R42
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change type of bonds between RBD and ACE2 [19].
Shang et al. [21] described two main structural dif-
ferences between SARS-CoV-2 and SARS-CoV inter-
face with ACE2. First, changes in chemical binding
because of residues differences: at the RBD and
ACE2-binding interface, the salt bridge strength be-
tween Lys31 and Glu35 in ACE2 is diminished by
distancing and each of the residues forms a hydro-
gen bond with nearby GIn493 residues from RBD.
Replacing Leu472 with Phe486 (with hydrophobic
side chain) in SARS-CoV-2, result in stronger con-
tact with the hydrophobic pocket at ACE2. Second,
the conformational changes include Gly482, Val483,
Glu484, and Gly485 in the RBM of SARS-CoV-2
unite a ridge to become more compact and through
this structure connect to the N-terminal helix of
ACE2.

Necessity of thermodynamic assessment in virus-
cell interactions

Thermodynamic studies in the biological environment
have become progressively important in understanding
the principles governing physiological function in the
living  organism.  Protein-protein,  protein-ligand,
antibody-antigen, protein-nucleic acid, protein-drug in-
teractions, and protein folding/unfolding are part of
these physiological functions [28]. According to the na-
ture of the coronavirus surface glycoproteins and cell re-
ceptor, to be dissected in more detail in the next
sections, thermodynamics of protein-protein interactions
can be generalized about virus-cell interactions. If the
glycoprotein is taken as a system, each conformational
state in the way to absorb to the cell receptor can be
considered as a distinct energy state. In this paper, we
consider our system composed of the glycoprotein and
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the surrounded aqueous media with a constant
temperature heat and pressure. In this regard, the ad-
sorption on receptors is a well-defined and time-
dependent occurring in microseconds and longer time-
frames [29].

Specificity and binding affinity are two main determin-
ing factors that regulate virus-cell recognition and fusion
[30, 31]. Specificity is defined as the ability of a virus to
bind a specific receptor. Anchor residues or hot spots
contribute significantly to virus-receptor recognition.
Since there is a linear relationship between the change
in enthalpy and entropy, the favorable changes in en-
tropy are rewarded by the unfavorable change in en-
thalpy or vice-versa. The virus-cell interactions can be
viewed as a reversible process whose strength is defined
as binding affinity [32]. The physico-chemical thermo-
dynamic term of binding affinity is translated into the
dissociation constant (K4q) and the physical thermo-
dynamic term of it is translated into the Gibbs free en-
ergy of dissociation (AGg) [33]. Influencing the
specificity and binding affinity is the key to influence the
virus-cell interactions. Specificity has been the focus of
the pharmaceutics studies and subject of the structure-
based drug designed [34]. On the other hand, the inter-
action of the virus with the receptor can be driven by af-
finity, and changes in enthalpy and entropy.

The nature of this interactions includes electrostatic
and non-covalent binding. The non-covalent bonds like
hydrogen bonds, salt bridge, and hydrophobic interac-
tions advance recognition and adsorption processes of
the virus through enthalpic and entropic changes [35].
Binding free energy, which is composed of enthalpic and
entropic terms, can be the subject of investigations to
impact molecular recognition and interactions. There-
fore, discussion about thermodynamic potentials and
kinetics of the SARS-CoV-2 S-protein in its interactions
with the ACE2 receptors of the host cell would be ex-
tremely valuable for a better understanding of virus
virulence.

Thermodynamic of S-protein adsorption to ACE2
It is generally believed that kinetics and thermodynamics
influence the virus interactions with receptors of the
host cells. Kinetics controls the rate that a virus comes
close to the host cell while thermodynamics potentials
can describe how a virus adsorbs into a host receptor
[36]. Intermolecular forces, ionic or electrostatic interac-
tions, surface energy, and hydrophobicity are the key pa-
rameters in virus adsorption [19, 37]. The fundamental
principles of the thermodynamics in all interactions ori-
ginate from the energy level of the reactants. This sec-
tion will present an overview of the thermodynamic
driving forces that influence the way that S-protein of
SARS-COV-2 adsorbs to ACE2 of the host cell.
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It assumes that basic thermodynamic potentials like
enthalpy and entropy properties of the SARS-CoV-2 S-
protein affect the Gibbs free energy of virus-cell inter-
action and cause the virus protein adsorption. The struc-
tural configuration of S1 protein and the types of
biochemical and biophysical interactions among its
amino acid residues stabilize the protein’s native struc-
ture [38]. In other words, the type of amino acids and
their chemical characteristic (polar, nonpolar, or ionic
charge) by the structure of side chain (R-group) besides
intra-protein interactions determine the thermodynamic
potentials [14]. These parameters can be influenced by
chemical, physical, structural and conformational
changes of S protein in adsorption procedure. According
to the thermodynamics, S-protein spontaneously adsorb
to the ACE2 receptor if the process results in a decrease
in the Gibbs free energy of the overall system. The
change in the Gibbs free energy is expressed as:

AG = AH - TAS (1)

where AG is the change in Gibbs free energy of the
process under constant temperature and pressure, AH is
the change in enthalpy, T is the absolute temperature
and AS is the change in entropy [39]. The amino acid se-
quence of the S-protein controls its potential energy
content base on the structural binding energy. For pro-
cesses under constant pressure, change in enthalpy is
equal to the change in internal energy (AU) of the sys-
tem, bond energy in this specific situation, plus the
pressure-volume work (pAV) done by the system on its
surrounding. The change in enthalpy is expressed as:

AH = AU + pAV (2)

where AU is the change in bond energy, p is the abso-
lute pressure, and AV is the change in volume. In the
in vivo environment macromolecules are considered as
an open, isothermal system at constant pressure and the
change in volume for S-protein during adsorption can
be considered insignificant; thus, change in enthalpy em-
bodies the change in overall bond energy that occurs
during protein adsorption [40]. In the process of S-
protein adsorption to the ACE2 receptor, change in
bond energy and entropy synchronizes to determine the
overall change in the Gibbs free energy. The overall
change in the S-protein adsorption enthalpy represents
the sum of the changes in bond energy within the S-
protein. These changes induced by configuration
changes of the S-protein result in changing in biophys-
ical and biochemical interactions in S-protein and subse-
quently changing in biophysical and biochemical
interactions with ACE2 [41]. Similarly, the overall
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change in entropy (AS) represents not only the configur-
ation changes of S-protein as it adsorbs, but also changes
in the structure of the receptor protein as well as the
other components of the solution. The factors that in-
fluence AG, AH, and AS in S-protein binding to the
ACE2 receptor are complex and are dependent on
several variables such as the amino acids biophysical
and biochemical interactions and structural dynamic
in surrounding environment. Despite these complex-
ities, basic thermodynamic potentials are relatively
straightforward and can be applied to provide a gen-
eral understanding of making change in binding free
energy of the virus-cell system [42].

Binding of the S-protein to ACE2 needs a certain level
of affinity. As mentioned earlier, binding affinity are re-
lated to structural-based parameters like number of
hydrogen bonds, interface residues, electrostatic interac-
tions, fraction of polar and nonpolar surface amino
acids, Van der Waals interactions, and conformational
changes [43]. These characteristics directly influence the
thermodynamics potentials like dissociation constant,
binding free energy, and enthalpy. Binding energy of
RBD from SARS-CoV-2 interacting with ACE2 is con-
verted to dissociation constant (K4), which has been
measured by the SPR for RBD binding to ACE2. Accord-
ing to Wrapp et al. [6], the SPR sensorgram technique
showed the SARS-CoV-2 bound ACE2 with around 15
nM affinity which is 10-to-20 fold higher than SARS-
CoV binding to ACE2. For the binding of RBD into
ACE2 in the body environment, the binding affinity pre-
sented as molar Gibbs free energy and relate to the Kq4
via Eq. (3). Furthermore, free-energy of dissociation
(AGq) describes all the chemical and physical energetic
factors involved in dissociations reaction and in the
physical term, binding affinity can be translated into the
AGyq and free-energy of association (AG,) through Egs.
(4) and (5) [33]:

Kd
AG; = -RT In— 3
d n Ce ( )
AGq = AHy - TAS4 (4)
AGq = - AG, (5)

where R is the ideal gas constant, T is the temperature,
the ¢® =1 mol/L is the standard reference concentration.
Since RBD binging to ACE2 involves several separating
and combining different biophysical and biochemical in-
teractions, we can hypothesis that if the spontaneous reac-
tion is favorable exchanging of the charges in these
interactions should not be equal to result in the overall
change in binding free energy (AG <0). In addition, S-
proteins like other active functional proteins fold into
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specific three-dimensional structures; thus, its native state
is metastable. Accordingly, the large kinetic barriers exist
between the folded functional states and steady-state
which prevent transition into a more stable state. As the
virus approaches the host cell, binding free energy of the
process of S-protein binding to ACE2 must overcome this
kinetic barrier. On the other hand, this metastability facili-
tates adhesion of the virus into the receptor and conform-
ational changes to a steady-state. Equation (4) indicates
that AG4 upon binding has two components including
enthalpic and entropic changes. It also demonstrated that
upon binding a favorable enthalpic change should be com-
pensated by an entropic penalty. Predicting the changes in
enthalpy and heat capacities along with adhesion of the
virus into the receptor is too complicated [44]. Electro-
static interactions, van der Waals interactions, hydrogen
bonding, and salt bridge interactions within binding in-
corporate into enthalpic changes. Hot spots residues in
the RBD region have the potential to generate substantial
binding energy and a substantially concave topology that
cradles the N-terminal helix of ACE2. Residues F486,
Y489, Q493, G496, T500, and N501 form the hot spots of
the interface with ACE2 protein [26]. Through Fig. 2, the
enthalpic changes were explained. H1 represents the en-
ergy level of the hot spot residues in the SARS-CoV-2 S-
protein RBD region (E1) and energy level of counter resi-
dues at ACE2 (E2). H2 represents the predicted total resi-
due binding energy by adding the binding energy of
interacting residues at RBD and ACE2 (el +e2+...= ).
The negative values of AH indicate the higher potential
binding energy level of reacting amino acids (H1 > H2).

We have attempted to address these main potentials
in the following sections by addressing some of the
primary factors that influence AH and AS in the
SARS-COV-2 S-protein adsorption procedure. Several
attempts have been made to describe in more details
the biophysical and biochemical characteristics of S-
protein and ACE2. We used these details to discuss
the energy level of S-protein and the following energy
level changes in the process of S-protein adsorption
into ACE2.

Role of conformational changes

When the S-protein binds to ACE2, water molecules
that were previously present at the binding site must be
displaced. Nonpolar amino acids like Tyr, Phe, and Trp
on the surface of the ACE2 are not able to make hydro-
gen bond effectively with solvent [45]. When the RBD
region with its hydrophobic surface interfaces with aro-
matic residues of these amino acids, the water molecules
are released [46]. This hydrophobic effect increases the
entropy of the system which called desolvation entropy
(ASso1y). The role of protein conformational entropy on
binding free energy can be described:
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.. =2e). Negative values of AH indicate the

AGpind = AHpind — T(Asprotein + ASreceptor =+ ASsolv)
(6)
(7)

and translational entropy (AS,,) [47, 48]. According to
the empirical measurement of total entropy changes in
protein-ligand interaction by Wand et al. [49], conform-

ASprotein = AScont + ASy ¢ at%onal entropy changes have a significant effect on pro-

where AS,,oein is the entropic influence of the S-
protein that includes changes in its internal conform-

ational entropy (ASc.n) and changes in the rotational

tein function and energetics changes. The significant
structural difference between SARS-CoV-2 and SARS-
CoV RBMs ridge loop is the presence of four-residue
motif Glu-Val-Glu-Gly in SARS-CoV-2 instead of three
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residue motif Pro-Pro-Ala in SARS-CoV [21]. The lim-
ited conformational range of proline residues lowers the
conformational entropy of the S-protein in SARS-CoV
relative to SARS-CoV-2. The RBD employs conform-
ational entropy in progressing toward the optimum free
energy of binding [49]. Lan et al. [50] used X-ray crystal-
lography to determine the structure of the SARS-CoV-2
S-protein RBD-ACE2 complex. The SARS-CoV-2 S-pro-
tein RBD core has a five stranded anti-parallel -sheet
and the extended loop has a two short-stranded -sheet.
The extended loop, aka RBM, presents a gently concave
surface that cradles the N-terminal helix of ACE2. The
overall structure of SARS-CoV-2 S-protein RBD is highly
similar to SARS-CoV S-protein RBD; although, an obvi-
ous conformational difference has been reported. In an-
other study, it was revealed that RBD in both SARS-
CoV-2 and SARS-CoV can adopt either an up or a down
conformations. But, the up conformation characteristic
of the RBD in SARS-CoV-2 and SARS-CoV are different
[9]. These subtle differences between SARS-CoV-2 and
SARS-CoV conformational dynamic may contribute to
their difference in free-binding energy. On the other
hand, the structural studies of S-protein revealed the
conformational transitions from receptor-inaccessible
state to receptor-accessible state in the receptor binding
process [6]. Overcoming the energy barrier for the con-
formational transition of SARS-CoV-2 S-protein facili-
tates the adhesion of SARS-CoV-2 to ACE2 and the
following entry pathway. The significant variation in
free-binding energy of SARS-CoV-2 may have a change
in virus binding capacity into the ACE2 receptors and
following pathogenicity. Further experiments should
clarify the role of thermodynamics of these conform-
ational changes in virus adhesion and membrane fusion.

Role of glycosylation

Glycosylation is a post-translational modification by
which a glycan group covalently attached to a target
amino acid residue. This modification strongly influences
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dynamic conformation, stability, and function of the
glycoproteins. Because of the great diversity in monosac-
charide building blocks, glycans are highly varied in struc-
ture and composition [51]. The CoV S-protein is a heavily
N-linked glycosylated, which can be predicted by the
sequon Asn-X-Ser/Thr where X is any amino acids except
the proline [52]. According to Kumar et al. [53], SARS-
CoV-2 interacts with ACE2 receptor using novel glycosyl-
ation sites relative to SARS-CoV. They have suggested
that different glycosylation sites may result in different
viral fusion and associated viral spreading and pathogen-
esis. 13 out of the 22 N-linked glycosylation sites in SARS-
CoV-2 S-protein are in the S2 subunit and 9 of them are
located in S1 subunit. According to site-specific mass
spectroscopy analysis, there is a large population of
complex-type glycans displayed on SARS-CoV-2S proto-
mer relative to oligomannose-type and hybrid-type gly-
cans which results in less densely glycosylated protein in
comparison with S-protein in HIV-1 Env which contains
about 60% oligomannose-type glycans. Oligomannose-
type glycans are protected by the protein component
while complex-type glycans are located on the extended
loop structure [13]. Table 1 summarizes the averaged
compositions across all glycosylation sites of the SARS-
CoV-2 S-protein and their schematic structures.

Effect of glycosylation on biophysical characteristics of
the proteins like structure, folding, solubility, enzyme re-
sistance, thermal and kinetic stability, and aggregation
has been reported in some studies [54] . However, role
of glycosylation in thermodynamic stability is controver-
sial. In vitro loss of stability of proteins reported upon
glycosylation in various studies may be correlated to
conformational distortions to their native state caused
by interactions between sugar and the protein surface
[55]. Gavrilov et al. [55] studied the effect of glycosyla-
tion on the stability of native state of the MM1 protein.
They claimed that the attached glycans may intensely
interact with the protein surface, which results in chan-
ging the intra-protein energy interactions but the

Table 1 Averaged compositions across all glycosylation sites of the SARS-CoV-2 S-protein and their schematic structures

Type of glycan | Common type II;/ilr?;fng Sitzgomment Percentage | Chemical structures
Oligomannose | Man5GIcNAc2 | N709 32% o > e
rd
Complex Fucosylated N74, N149 62% —o—m—a
biantennary )
structures, -

B N-acetylglucosamine, 4p Sialic acid, @ Mannose, © Galactose

Note:

Hybrid type of glycan has about 7% of the glycan and its most prominent binding site is N657
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Table 2 List of the predicted glycosylation sequences and the potential N-glycosylated sites in vivo were colored purple. GenBank
accession numbers QHR63250.1 (SARS-CoV-2 S), AY278488.2 (SARS-CoV S)

SARS-CoV SARS-CoV-2
position  Sites Potential Jury N-glyc Position Sites Potential Jury N-glyc
agreement  result agreement  result
318 NITN 0.7652 9/9 +++ - - - - -
322 NLCP 0.2377 9/9 -- - - - - -
331 NATK 0.6639 9/9 ++ 331 NITN 0.7652 9/9 +++
348 NCVA 0.7377 9/9 ++ 334 NLCP 0.2377 9/9 ---
358 NSTF 0.6114 8/9 4 343 NATR 0.6317 8/9
366 NDLC 0.6050 7/9 354 NRKR 0.6391 8/9 +
374 NVYA 0.6127 7/9 + 360 NCVA  0.6916 9/9 ++
400 NYKL 0.6798 8/9 370 NSAS 0.7027 8/9 +
415 NTRT 0.6663 9/9 ++ 388 NDLC 0.6394 7/9
425 NYNY 0.6963 9/9 ++ 394 NVYA 0.6090 7/9
427 NYKY 0.7804 9/9 +4++ 422 NYKL 0.6788 8/9 +
447 NVPF 0.5938 7/9 + 437 NLDS 0.7568 9/9 +++
463 NCYW  0.6401 7/9 + 445 NYNY 0.6236 9/9 ++
469 NDYG 0.6294 7/9 + 447 NYLY 0.7822 9/9 +++
495 NAPA 0.5712 7/9 + 457 NLKP 0.1942 9/9 ---
479 NGVG  0.4707 5/9 -
485 NCYF 0.3950 5/9 -
499 NGVG  0.6438 9/9 ++
destabilization in the folded state is not the result of los-  [53]. Differences in glycosylation sites between

ing these interactions. They assumed that glycosylation
may change the enthalpy of the unfolded state by shift-
ing the balance between the short-range and long-range
glycan-protein interactions. Protein dynamics is another
feature that is affected by glycosylation. Lee et al. [56]
measured the fluctuations of each residue during glyco-
sylation through atomic molecular dynamics simulation.
The results showed that the impact of glycosylation is
not restricted to the residues near the glycosylated sites
and can be propagated to other regions of the protein;
as a result, the potential entropy loss would be mini-
mized. They also claimed that glycosylation decreases
protein dynamics and stabilize the protein structure. In
contrast, it has been also reported that glycosylation
might reduce the thermodynamic stability of the tyrosin-
ase family protein [57].

For comparison between glycosylation sites of RBD
region of SARS-CoV-2 and SARS-CoV, we used the
S-protein sequence of SARS-CoV-2 from GenBank
accession numbers QHR63250.1 and AY278488.2 for
SARS-CoV. The predicted glycosylation sequences
were determined by NetNGlyc 1.0 software (http://
www.cbs.dtu.dk/services/NetNGlyc/) [58]. In Table 2,
predicted glycosylation sequences were listed and as-
paragines within ASn-X-Ser/Thr sequons were col-
ored purple with potential of N-glycosylation in vivo

SARS-CoV-2 and SARS-CoV result from sequence
variation. Earlier, it was proved that the degree and
location of glycosylation influence on biophysical
properties of proteins [54]. Glycosylation sites are
the place of new interactions between glycans and
amino acids that have a stabilization effect. The
enthalpic or entropic origin of this effect is contro-
versial. More glycans attached to the protein lead to
a decrease in the entropy and higher free-energy
barrier. In SARS-CoV-2 S-protein, the overall glyco-
sylation sites are less than SARS-CoV with fewer
glycosylation sites in the RBD region (Table 2). We
can hypothesize that SARS-CoV-2S-protein has a
lower entropy and stabilization, therefore; it shows a
lower free-energy barrier. Furthermore, carbohydrate
hydroxyls at glaycans replace several of the protein
surface water interactions so reduces the tendency
for aggregation and increased solubility. On the
other hand, the presence of glycans poses a steric
hindrance to viral attachment to the receptors [59].
As a result, a smaller number of glycosylation sites
at the RBD regions could ensure high-affinity bind-
ing. Through Table 2, the predicted glycosylation
sites were compared between SARS-CoV and SARS-
CoV-2 in which predicted glycosylation sites are
lower in SARS-CoV-2.
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318 NITNLCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCV 414
415 | AWNTRTDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTT LNCYWP---emeemev LNDYGFYTTTGIGYQPYRVVVLSFELLNAPAT V- >0
-0.466
GRAVY
SARS-CoV 318 510
-C
SARS-CoV-2 331 524
+++ +
331 NITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVI 426
427 AWNLDSKVGGNYNYLYRLFRKSNLKPFEERDISTEIYQAGSTPCN FNCYFPN--eeeeeev LOSYGFQPTNGVGYQPYRVVVLSFELLHAPAT—--Voeen 227
-0.025
GRAVY
Fig. 3 Compering the sequence differences between SARS-CoV-2 and SARS-CoV S-protein RBD regions. Red sequon represented the potential
in vivo glycosylation sites, green residues represented the place of hydrogen bonds, and blue residues participating in the salt-bridge. The two
important sequon were colored in orange with their GRAVY number. GenBank accession numbers QHR63250.1 (SARS-CoV-2 S), AY278488.2
(SARS-CoV S)

Role of polarity and hydrophobicity

The physiological dielectric constant is one of the im-
portant parameters influencing virus adsorption to host
cells due to its effect on intermolecular forces [60]. The
dielectric constant of the bulk water is about 80 units
and the actual value of the dielectric constant of proteins
are still a continuing argument, but it is considered to
be much lower than bulk water [61]. The strength of the
electrical double layer formed around the virus and the
cell receptors depends on the dielectric constant of their
residues. Polar, nonpolar, and charged residues have a
different dielectric constant in the physiological solution.
Generally, hydrophilic polar and charged residues be-
sides glycosylation sites forming the outer surface of the
protein support water solubility while hydrophobic resi-
dues present at the outer surface participate in the
hydrophobic interactions of virus/receptor adsorption
[62]. The virus near the host cells can be considered as
an independent heterogeneous particle consisting of seg-
ments with various biochemical properties, and the virus
adsorption can only occur when the energy gain of
virus/receptor outweighs the receptor/solvent interac-
tions. Prabakaran et al. [59] analyzed the ACE2 struc-
ture 3D model showed at the top of the ACE2 there was
a negatively-charged ridge surrounded by the hydropho-
bic patches. This deep channel complements the positive
charges of the RBD loop and the hydrophobic patches at
the ACE2 interact with hydrophobic residues of the

RBD loop. Besides, networks of hydrophilic interactions
were identified at the RBD/ACE2 interface. Lan et al.
[50] indicated 13 hydrogen bonds and 2 salt bridges at
SARS-CoV-2 RBD/ACE?2 interface. In Fig. 3, the residues
participating in hydrogen bonds in the salt-bridge were
shown. Residues participating in these hydrophilic
networks are different in SARS-CoV-2 and SARS-CoV
S-protein RBD regions. The diversity of the residues par-
ticipating in SARS-CoV-2 was more than SARS-CoV.
Studying the structural and dynamical differences
among the coronavirus could explain the boosted trans-
missibility of SARS-CoV-2. Li et al. [25] showed a key
factor determining severity and human-to-human trans-
missibility of SARS-CoV relative to civet viral strains is
the presence of a y—methyl group on Thr487 side chain.
Generally, nonpolar residues cause disruption of highly
dynamic hydrogen bonding network between water mol-
ecules; thus, the mobility of the residues and water mol-
ecules are strongly limited. In terms of thermodynamics,
this mobility restriction causes significant losses in trans-
lational and rotational entropy of residues and water
molecules which is unfavorable in terms of free-energy
of the system. In some studies, potential residues in-
volved in the RBD and ACE2 interactions were identified
through computer modeling and X-ray crystallography
[63]. In SARS-CoV-2, Asp with polar amine group is re-
placed with Thr. Asp hydropathy index is - 3.5 while the
Thr hydropathy index is -0.7, indicating increased
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hydrophobicity. In another example, Leud86 with hy-
dropathy of 3.8 in SARS-CoV is replaced by Phe with
2.8 hydropathy in SARS-CoV-2. These changes in
hydrophobicity of the residues result in reducing transla-
tional and rotational entropy. On one hand, the presence
of four-residue motif Glu-Val-Glu-Gly in SARS-CoV-2
instead of three-residue motif Pro-Pro-Ala in SARS-CoV
has a significant effect on the grand average hydrophobi-
city (GRAVY). GRAVY calculates the sum of the hy-
dropathy values of the selected region and divided by
the selected sequence length (Kyte and Doolittle
method) [64]. The GRAVY of Glu-Val-Glu-Gly in
SARS-CoV-2 is - 0.025 and it is more positive than the
GRAVY in SARS-CoV which is - 0.466 (more hydropho-
bic). The hydrophobic effect can also be described as the
positive free-energy change of the residue and decom-
posed into enthalpic and entropic charities. These find-
ings reveal that even one or a few amino acid residue
variations in viral RBDs can change binding free-energy
through hydrophobic contribution. On the other hand,
lysine hotspots (Lys31 and Lys353) on ACE2 are critical
for coronavirus RBDs binding because the positively-
charged and hydrophobic residues of Lys need to be
neutralized [65]. It can be hypothesized that SARS-CoV-
2 with more positive GRAVY in the RBD region recog-
nizes ACE2 better that SARS-CoV S-protein RBD. Al-
though, GRAVY calculation of RBD loop at SARS-CoV
and SARS-CoV-2 revealed that their GRAVY is in a
similar rang (- 0.202 in SARS-CoV-2 in comparison with
-.0236 in SARS-CoV).

Concluding remarks and perspectives

The nature and structure of the SARS-CoV-2 S-protein
and its interactions with the ACE2 have been the subject
of many studies. It is worth expanding thermodynamic
analysis to these interactions. Thermodynamic studies in
the biological environment have become progressively
important in understanding the principles governing
physiological functions. Generally, understanding and
regulating virus/cell recognition and interactions are part
of the pharmaceutics studies. Therefore, these assess-
ments would be tremendously valuable in the design of
candidate pharmaceutical agents or alternative solutions.
This study has probed the interaction between SARS-
CoV-2 and host cell receptors by emphasizing the gov-
erning kinetic and thermodynamic rules. In the process
of developing an in-depth understanding of entropy and
enthalpy changes in the context of this interaction, we
addressed some of the crucial factors related to viral and
receptors structures that are the principal of this adsorp-
tion procedure. The spontaneous adsorption (AG < 0) of
the S-protein in SARS-CoV-2 indicates that the adsorp-
tion process must be driven by a decrease in enthalpy
(H1>H2) and an increase in entropy (S1 < S2). Unlike
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AH which is based on molecular contacts at the binding
interface, AS involves changes in structure and mobility.
S-protein of SARS-CoV-2 needs conformational and ro-
tational changes to expose the engaging “up” positions
of its RBD at reacting site that is interpreted to conform-
ational entropy which is part of the total entropy
changes. Given these findings, displacing any existing
molecules at the binding site decreases the energy level
of S-protein (H1) and can lead AG to positive values. On
the other hand, physical inhibitors that force more dy-
namic configurations on S-protein alter the energy level
of the S-protein and make AS<0 or AG>0. Another
important issue to underline is that the presence of the
glycosylation sites that serve as a barrier to viral attach-
ment to ACE2. In SARS-CoV-2 S-protein, the overall
glycosylation sites are less than SARS-CoV which results
in lower entropy and stabilization of SARS-CoV-2 with a
lower free energy barrier to binding. On the other hand,
the hydrophobic effect can also be described as the posi-
tive free-energy change of the residues and decomposed
into enthalpic and entropic characters. These findings
reveal that even one or a few amino acid residues in viral
RBDs can change binding free energy through hydro-
phobic contribution. Polar, nonpolar, and charged resi-
dues have a different dielectric constant in physiological
milieu. Generally, hydrophilic polar and charged residues
beside glycosylation sites form the outer surface of the
protein to provide water solubility, while hydrophobic
residues present at the outer surface participate in the
hydrophobic interactions of virus/receptor adsorption.
Binding free-energy change is related to several
structure-based factors, such as conformational features,
hot spots, and number of hydrogen bonds. In this re-
gard, any stimulation in surrounding molecular bonds
alters the electron clouds around the amino acid atoms
might alter the thermodynamic balance and stops the
spontaneous interactions between the S-protein and the
cell. Accordingly, physical inhibitors might have the po-
tential to hinder the interaction between SARS-CoV-2
virus and host cell receptors. Ultimately, the fact that in-
creasing the temperature deducts the bound sites is an
essential step toward considering kinetic parameters like
pH and temperature at the reacting point like other
thermodynamic inhibiting parameters to stop the viral
diffusion.
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