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The rapid evolution and global impact of coronaviruses, notably SARS-CoV-1 and SARS-CoV-
2, underscore the importance of understanding their molecular mechanisms in detail. This study
focuses on the receptor-binding motif (RBM) within the Spike protein of these viruses, a critical
element for viral entry through interaction with the ACE2 receptor. We investigate the sequence
variations in the RBM across SARS-CoV-1, SARS-CoV-2 and its early variants of concern (VOCs).
Utilizing multicanonical simulations and microcanonical analysis, we examine how these variations

influence the folding dynamics, thermostability, and solubility of the RBMs.

Our methodology

includes calculating the density of states (DoS) to identify structural phase transitions and assess
thermodynamic properties. Furthermore, we solve the Poisson-Boltzmann equation to model the sol-
ubility of the RBMs in aqueous environments. This methodology is expected to elucidate structural
and functional differences in viral evolution and pathogenicity, likely improving targeted treatments

and vaccines.

I. INTRODUCTION

The recent emergence and rapid dissemination of coro-
naviruses [Il 2], particularly SARS-CoV-1 and SARS-
CoV-2, have profoundly impacted global health, empha-
sizing the urgent need for a detailed understanding of
their molecular mechanisms, especially those involved in
viral entry and infection [8H5]. Both SARS-CoV-1, re-
sponsible for the Severe Acute Respiratory Syndrome
(SARS) outbreak in 2002-2003, and SARS-CoV-2, which
triggered the COVID-19 pandemic starting in late 2019,
belong to the Coronaviridae family. These viruses share
a large, enveloped, positive-sense single-stranded RNA
genome, and their origins are closely linked to zoonotic
spillovers, likely from bats to intermediate hosts before
reaching humans [6]. Despite their similarities, the evo-
lutionary paths of these viruses have led to significant
differences in their biological behavior and impact on hu-
man health, making the study of their Spike (S) protein
critical for understanding their pathogenicity and trans-
missibility [7].

The Spike protein is a trimeric transmembrane glyco-
protein that mediates the attachment of the virus to the
host cell surface and the subsequent fusion of the viral
and cellular membranes, which is critical for viral entry.
The receptor-binding domain (RBD) of the Spike protein
is the region that directly interacts with the angiotensin-
converting enzyme 2 (ACE2) receptor on host cells, de-
termining the virus’s ability to infect [8, @]. Within the
RBD lies receptor-binding motif (RBM), a key subdo-
main responsible for the direct interaction with ACE2.
This motif is highly conserved in coronaviruses but ex-
hibits subtle variations between different strains and vari-
ants, influencing the binding affinity and, consequently,
the virus’s transmissibility and pathogenicity [10].

SARS-CoV-1 and SARS-CoV-2 share a common an-
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cestry but differ significantly in the structural features
of their Spike proteins, particularly in the RBM. SARS-
CoV-1’s RBM binds to ACE2 with high affinity, which
correlates with its ability to cause severe respiratory ill-
ness [111 12]. In contrast, SARS-CoV-2’s RBM, although
it shares structural similarities with SARS-CoV-1, has
evolved to enhance binding affinity to ACE2, contribut-
ing to its higher transmissibility [3, [7} [I3] [14]. Notably,
early variants of concern of SARS-CoV-2, such as the
Beta (P.1) and Gamma (B.1.351) variants, exhibit muta-
tions within the RBM that alter key residues involved in
ACE2 binding. These mutations, including the N501Y
and E484K, not only enhance the binding affinity to
ACE2 [15][16] but also confer the ability to evade neutral-
izing antibodies generated by natural infection or vacci-
nation [I7] [18].

Moreover, the impact of these mutations extends be-
yond immune evasion [I9, 20]. They also influence the
Spike protein’s biophysical properties, such as charge dis-
tribution, solubility, and structural stability [2I]. For in-
stance, the E484K mutation, found in both the Beta ()
and Gamma () variants, introduces a positive charge
in the RBM, which can disrupt local electrostatic in-
teractions and modify the overall stability of the pro-
tein [22] 23]. Similarly, mutations like N501Y enhance
the Spike protein’s structural stability, which may con-
tribute to more efficient viral entry [2I]. Therefore, the
structural and functional differences in the RBM of those
SARS-CoVs underscore the complex relationship be-
tween viral evolution, protein dynamics, and pathogenic-
ity.

From a physical perspective the folding behavior of
RBMs, crucial for their thermostability and Spike inter-
action potential, can be rigorously analyzed using multi-
canonical simulations [24H27], which enable precise cal-
culations of the density of states (DoS). This approach,
rooted in D.H.E. Gross’s theoretical framework [2§], fa-
cilitates microcanonical analyzes that uncovers critical
phenomena such as phase transitions [29], often missed
in simulations using the canonical ensemble [30]. RBMs,


mailto:frigori@utfpr.edu.br

as protein motifs, qualify as “small systems” under this
scenario, where the small number of particles such as the
limited amino acid residues in RBMs allows surface ef-
fects and fluctuations to significantly impact their behav-
ior [3I]. Small systems, such as atomic nucleai [32, B3],
nanoscale materials [34H36], and proteins [311, 37, B8] as
the Spike RBM motifs, exhibit unique thermostatisti-
cal properties, including energy-dependent equilibrium
states in the microcanonical ensemble that lack direct
counterparts in the canonical ensemble due to the non-
concavity of the entropy function [30} 3T, 34]. This non-
concavity can lead to phenomena like negative heat ca-
pacity and metastable or unstable states, which canonical
methods often overlook [28]. Thus, microcanonical anal-
ysis is crucial for accurately capturing these states and
understanding the detailed thermostatistics and func-
tional behavior of RBMs.

In addition to folding dynamics, the solubility of pro-
teins in an aqueous environment plays a crucial role in
their biological function [39]. The solubility of these
peptides can be described using the Poisson-Boltzmann
equation (PBE) [40], which accounts for the electrostatic
interactions between the protein and the surrounding sol-
vent. By solving the PBE [41] [42] for each RBM variant,
we can gain insights into how changes in the amino acid
sequence influence these protein’s domains electrostatic
potential, and consequently, its solubility [43]. These mu-
tations are also expected to influence the propensity of
Spike to form aggregates or interact with other molecules
[44] [45], with potential consequences for viral infectivity
and immune recognition [10} [46].

The combination of multicanonical simulations [27,
A7), microcanonical analysis [28, BI], and electrostatic
modeling [40, [48] provides a powerful methodology for
understanding the molecular mechanisms that underlie
the differences between SARS-CoV-1 and various SARS-
CoV-2 variants. By delving into the detailed thermo-
statistics and solubility properties of the RBM, we aim
to uncover the fundamental principles governing the fold-
ing, stability, and function of these critical viral motifs.
This knowledge is essential not only for understanding
the molecular basis of viral evolution and pathogenicity
but also for informing the development of therapeutic
strategies and vaccines aimed at combating current and
future coronavirus outbreaks.

The article is organized as follows. In Sections 2 and
3, we describe the setup for multicanonical simulations
used to investigate the folding dynamics of SARS-CoV
RBMs and the microcanonical analysis framework em-
ployed to reveal structural phase transitions in folding,
often missed by canonical ensembles. In Section 4, we
present our results, focusing on the structural phase tran-
sitions identified through density of states calculations
and the application of the Poisson-Boltzmann equation
to model RBM solubility. We also discuss the broader
implications of these findings, particularly how RBM mu-
tations influence viral evolution, pathogenicity, and po-
tential therapeutic strategies. Finally, in Section 5, we

conclude by summarizing our key insights and proposing
directions for future research.

II. MODELING AND COMPUTATIONAL
SETUP

We perform massive parallel Monte Carlo simulations
[49] within a computational setup previously employed
on modeling Amylin, Insulin, and Amyloid-3 interac-
tions [43, 48] [50]. Here, the focus is on simulating the
receptor-binding motifs (RBMs) of different SARS-CoVs
to explore their folding dynamics and thermodynamic
properties. The simulations employ the ECEPP/3 force
field and the implicit solvation model SCH2, as imple-
mented in the SMMP 3.0 package [47], which provides
an effective balance between accuracy and computational
efficiency, consistent with Molecular Dynamics predic-
tions [43] 51, 52]. While the absence of explicit solva-
tion is known to introduce phase transitions at signifi-
cantly elevated temperatures, this is a minor drawback
that must be accepted as a tradeoff for the high-statistics
data achieved. This approach involves up to 36 million
molecular sweeps across 300 multicanonical (MUCA) re-
cursions, enabling a robust microcanonical analysis.

It shall be noted that RBMs of SARS-CoV-1 and
SARS-CoV-2 has not been experimentally character-
ized in isolation, as available structural data pertain to
the RBM embedded within the receptor-binding domain
(RBD) of the Spike protein. The absence of experi-
mental data on the isolated RBM poses a challenge, as
its structural and dynamic properties may differ signifi-
cantly from those observed in the native Spike context.
This implies the need of computational modeling to gen-
erate initial structures suitable for simulation studies.

To begin the simulations, the RBMs for SARS-CoV-
1, SARS-CoV-2 and its VOCs must first be encoded in
the one-letter FASTA format, shown in (Table [[). Note-
worthy, the 8/ VOCs share the same RBM, whose mu-
tations E484K and N501Y are prone to immunity eva-
siveness [19] 53]. Then, these sequences need to be con-
verted into three-dimensional input structures (Figure|]),
for instance using the I-TASSER (Iterative Threading
ASSEmbly Refinement) software for homology modeling
[54H56]. I-TASSER is a robust tool for protein structure
and function prediction. It operates by initially thread-
ing the query sequence through a database of known pro-
tein structures to identify appropriate templates. The
software then constructs full-length models via iterative
fragment assembly simulations. This process not only
predicts the 3D structure of the proteins but also offers
potential insights into their biological functions, binding
sites, and interactions.

The Multicanonical simulations are carried out in a
rigid cubic box with 200A sides, and the Boltzmann con-
stant is set to kg = 1.987 x 1073 kcal/mol/K. Although
initial molecular configurations are required to start the
simulations, after thermalization, thermodynamic prop-



’ Virus ‘

RBM Sequence (FASTA)

SARS-1

TRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQPY

SARS-2 (WT) |SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY

SARS-2 (3/~) |SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVKGFNCYFPLQSYGFQPTYGVGYQPY

TABLE I. FASTA Sequences of RBMs of the studied SARS-CoVs

FIG. 1. RBMs modeled using I-TASSER serve as initial
structures for SARS-1 (Blue), SARS-2 WT (Purple), SARS-2
B/~ (Brown) variants.

erties become independent of these initial conditions, as
observed in ergodic Monte Carlo simulations. This allows
for a comprehensive analysis of the folding dynamics and
solubility of the RBMs across a wide temperature range,
spanning from the homogeneous nucleation of ice crystals
at 224.8 K to the critical point of water at 647 K.

III. MICROCANONICAL ANALYSIS AND
SOLUBILITY MODELING

Canonical Monte Carlo (MC) simulations are limited
in their ability to explore the full energy landscape of
complex systems due to their reliance on the Boltzmann
weight [27], [30], which is defined at a fixed temperature.
This constraint often restricts the utility of re-weighting
techniques for extrapolating thermodynamic quantities
across different temperatures [57]. In contrast, Multi-
canonical (MUCA) simulations [24H27] offer a more ver-
satile approach by employing generalized weights that
allow the system to sample a wide range of energy states
uniformly. The MUCA weight is given by
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where 2(FE) denotes the density of states (DoS), S(FE) is
the microcanonical entropy, 3(F) is the microcanonical
inverse temperature, and @(F) is a dimensionless free
energy term.

The MUCA method comprises two key steps: (1) de-
termining the appropriate multicanonical weights, usu-
ally through an iterative process that involves his-
togramming the internal energy, and (2) performing a
Markov Chain Monte Carlo (MCMC) simulation using
the weights from the first step, followed by reweighting
to the Gibbs ensemble. In this study, we focus on mi-
crocanonical thermostatistics to analyze the folding and
solubility of the RBM from different SARS-CoV variants.
Thus, our objective is to concentrate on step 1, specifi-
cally on computing the multicanonical entropy

Sm’u,ca(Ek) = ﬂk:Ek - O, (2)

where {f, ay} are piecewise functions representing the
MUCA parameters, which approximate the microcanon-
ical entropy.

The calculation is implemented through an iterative
process [25] 27] where initial MUCA weights are set to
w,(,%m = 1, and the system undergoes a conventional
Metropolis simulation. Data collected during this simu-
lation is used to construct histograms of the energy distri-
bution, H(E), which are then used to update the MUCA
weights. The iterative refinement of these weights follows
the relation

(n)
S (B) = SR = o menlD) )
H’mﬁ?ma (E)

where ¢ is a normalization constant ensuring that
Sgﬁfcb)(E) correctly represents the microcanonical en-
tropy. Traditionally, iterations aim for histogram flat-
ness; here, we instead monitor for stabilization of
Smuca(E) X E in the whole energetic range, as described
in [48], which takes O (5M) sweeps.

After convergence, the microcanonical thermodynam-
ics [28] of the RBMs folding is automatically analyzed
using the PHAST package [58]. The temperature T'(E)
as a function of energy is derived from the microcanonical
inverse temperature
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where kg is the Boltzmann constant. The microcanonical
specific heat ¢y is then defined as

== (). ®)

Finally, the Helmholtz free energy F'(FE) can be obtained
via a Legendre transform at a fixed temperature T, (E)

P =p-sm) (2) ©)

B=B~(T.)

We thoroughly investigate for potential first-order
structural phase transitions involved in the folding of
SARS-CoVs RBMs. In such cases, microcanonical caloric
curves B(E)* x E often exhibit backbends, or S-bends,
which reveal metastable states that remain hidden in
canonical ensemble simulations [28], [3T], [34]. The pseudo-
critical inverse temperatures T, (E) associated with these
transitions are determined using the Maxwell construc-
tion across the energy range AL = Efo1q—Eynfold, Where
AL represents the latent heat of the folding transition,
and Efq1q and Ey, ro1q4 correspond to the internal energies
of the folded and unfolded states, respectively [31].

Furthermore, the solubility of RBMs in water, which is
critical for their biological function, is analyzed using the
Poisson-Boltzmann equation [40] 48], [52]. The solvation
free energy AGs,p, is decomposed into nonpolar (AG,,,)
and electrostatic (AGejec) contributions

AC:solv - Aan + AGelec- (7)

The nonpolar contribution, associated with the forma-
tion energy of the molecular cavity, is often calculated
using the solvent accessible surface area (SASA) model
which is approximated as AG,, = vSASA, where v rep-
resents the surface tension, typically treated as an atom-
independent parameter [59]. The electrostatic contribu-
tion is given by

AGelec = Z C]kAS%s (Tk)7 (8)
k

where ¢ denotes the charge of atom k, and Ap,,(ry)
represents the electrostatic potential difference between
vacuum and solvent environments at the position of atom
k. Accurately solving the Poisson-Boltzmann equation
(PBEQ) to obtain these potentials is computationally
demanding but necessary for precise estimation of the
RBMs solvation free energy. In this study, we use the
PBEQ-Solver [40H42] for these calculations, with the di-
electric constants set to e, = 78.5 for the solvent and
ep = 2.0 for the protein, and the salt concentration set
to 150 mM, as in Ref. [4§].

IV. RESULTS AND DISCUSSION

Parallel simulations were performed to determine the
MUCA parameters {fk,ax}, which were then utilized
as input for the PHAST package [58]. These parame-
ters enabled the derivation of the microcanonical ther-
mostatistics governing the folding structural phase tran-
sitions of the RBMs in SARS-CoV-1, SARS-CoV-2 WT,
and its early VOCs (/v. Thermostatistical results
are summarized in extensive physical units in (Table
, they provide insights into the folding temperatures
(T'fo1a), solvation energies (AGsorw.), latent heats (AE)
and free energy barriers (AF) that dictate the struc-
tural stability and phase transition behavior of these mo-
tifs. The caloric curves and intensive energetic barriers
(Af = AF/residues) of the Helmholtz free energy at the
(pseudo) critical inverse temperature (8%) are depicted in
(Figure M) as functions of the internal energy per residue
(e = E/residues). These plots highlight the existence of
regions with canonical metastabilities during the RBMs
folding transitions, where using Maxwell’s constructions
we identified the critical 8} and the associated intensive
latent heats (AL = AL/residues) for the SARS-CoV-1
and SARS-CoV-2 WT RBMs. In contrast, the /v vari-
ants exhibit a second-order phase transition, marked by
the absence of latent heat and Helmholtz free energy bar-
riers, indicative of a smooth, continuous folding process
similar to that observed in intrinsically disordered pro-
teins such as Amylin and Amyloid-g [43, [48] [50]. The
critical 8} (e.) of folding for B/~ variant is detected by
locating the peak of its ¢, (¢) x € (Eq. |5) — not shown.
Furthermore, (Fig. |3) presents the isoelectric surfaces of
representative RBM configurations for the viruses, sam-
pled at physiological temperatures (~ 310 K), which were
used as input for computing the solvation energies via the
PBEQ solver.

The correlation between thermostatistical outcomes
and thermo-structural features during RBM folding
transitions is crucial, especially in the absence of ex-
perimentally resolved RBM structures. Our MUCA
simulations, quantifying residues in a-helical and (-
sheet conformations, illustrate how simulations might
provide valuable guidance for future experimental de-
sign. Figure [ shows the isocontours of internal en-
ergy per residue (¢) as a function of residues in
these configurations. Residue classification follows the
SMMP framework [47], using dihedral angles (¢,1)
with ranges of [—70° 4+ 30°,—37° £ 30°] for helices and
[—150° £ 30°, —150° + 30°] for sheets. This figure high-
lights two notable findings: SARS-CoV-2 is more
a—helix-prone than SARS-CoV-1, and the E484K and
N501Y substitutions not only shift the folding phase
transition to second order but also significantly enhance
the aw—helical content in the 8/ variants’ ground state
compared to the WT. This trend, reminiscent of amy-
loidogenic Amylin isoforms studied using similar methods
51l 52, 58], can be related to the increased pathogenic-
ity of these variants, as the Spike protein domains are



‘ Virus ‘Tfold (K)‘AGSOW (kcal/mol)‘AE (kcal/mol)‘AF (kcal/mol)‘
SARS-1 402 -462 20.6 0.994

SARS-2 (WT) 541 -419 15.1 0.345

SARS-2 (8/~)| 513 -465 — —

TABLE II. Thermodynamic results for RBMs of SARS-1, SARS-2 WT and its 3/ VOCs
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FIG. 2. Microcanonical caloric curve for RBM motifs of SARS-CoVs. The black square denotes 310K, the bordered square
denotes critical transition temperatures (when existing), AL is the intensive lattent heat of folding obtained by Maxwell’s
equal-area constructions. The inserts show the respective intensive Helmholtz free energy A f evaluated at the pseudo- critical

temperature Tfo1q. Energy units in e, Af, and AL are normalized to kcal/mol/residues and the physical temperatures to
503- 371 K.

FIG. 3. Isoelectric surface solutions of PBEQ associated to representative configurations of RBMs molecular motifs of SARS-1
(A), SARS-2 WT (B) and SARS-2 3/v (C).

known to induce protein aggregation under suitable bio-

logical conditions [44], 60} 61].

SARS-1: High Solubility and Structural Rigidity as
Evolutionary Constraints

The RBM of SARS-CoV-1 exhibits a pronounced first-
order folding transition, as indicated by a distinct back-
bend in its caloric curve, presenting the largest latent
heat (AL = 20.6 kcal/mol), and also highest Helmholtz

Next, we delve into the specific thermostatistical and
solvation properties of each RBM, providing a detailed
analysis and discussion.



free energy barrier among the RBMs studied (AF =
0.994 kcal/mol). This strong first-order transition points
to a stable folded state, further reinforced by the high
folding temperature (T'fo1q = 402 K). The significant sol-
vation energy of —462 kcal/mol reflects robust interac-
tions with the solvent, resulting in appreciable solubility.

These thermodynamic characteristics suggest that
SARS-CoV-1 RBM is structurally rigid and resistant to
mutations. The rigidity and high structural stability of
the RBM limit its ability to undergo significant conforma-
tional changes without compromising its stability, which
likely contributed to the virus’s slower evolutionary diver-
sification. The stringent structural constraints imposed
by the RBMs thermodynamic profile may have hindered
the virus’s ability to rapidly adapt, leading to a lower mu-
tation rate compared to SARS-CoV-2. While this rigid-
ity ensures stable binding to the ACE2 receptor, it also
likely reduces the virus’s capacity to evade the host im-
mune system, as the RBM structure is less flexible in
altering epitopes for immune escape.

SARS-2 (WT): Structural Flexibility Facilitates
Evolutionary Adaptation

The RBM of SARS-CoV-2 (RBM-WT) displays a
weaker first-order phase transition compared to SARS-
CoV-1, as evidenced by the absence of backbends in its
caloric curve, which displays a latent heat (AL = 15.1
kcal/mol), and a smaller Helmholtz free energy bar-
rier (AF = 0.345 kcal/mol). The folding temperature
(Ttota = 541 K), derived from the flat plateau of the
caloric curve, reflects a less distinct transition. This
weaker phase transition implies greater structural flex-
ibility of this RBM, allowing it to adapt to a broader
range of structural perturbations.

Despite this increased flexibility, the solvation energy
of the RBM-WT (—419 kcal/mol) suggests lower solubil-
ity compared to SARS-CoV-1, potentially driving evolu-
tionary pressure for variants with enhanced RBM solu-
bility. The structural flexibility of the RBM-WT is crit-
ical for the viruses evolutionary adaptability, enabling it
to tolerate mutations while maintaining effective ACE2
binding. This adaptability promotes rapid mutation and
evolution, which are vital for immune evasion and sus-
tained transmission. Additionally, the RBM-WT’s lower
solubility indicates a potential for further mutations that
could enhance solubility while allowing structural mod-
ifications that alter antibody recognition sites, thereby
improving immune evasion without significantly compro-
mising ACE2 binding.

SARS-2 VOCs: Enhanced Pathogenicity and
Immune Evasion

The RBM of 3/~ variants, characterized by the E484K
and N501Y mutations, present a particular thermody-

namic profile, undergoing a second-order phase transi-
tion. Unlike the first-order transitions observed in the
RBMs of SARS-CoV-1 and SARS-CoV-2 WT, these vari-
ants do not exhibit latent heat of folding or Helmholtz
free energy barriers, features typically also observed in
fast folders as Intrinsically Disordered Proteins (IDPs)
such as Amylin and Amyloid-g [43, 48]. The absence of
these thermodynamic signatures indicates smoother, con-
tinuous transitions between conformational states, en-
hancing the flexibility and adaptability of the RBM.
The increased solvation energy of —465 kcal/mol sug-
gests that these variants have a higher solubility pro-
file, similar to SARS-CoV-1, which might have emerged
by evolutionary pressure as a mechanism to improve im-
mune evasion of WT antibodies. The E484K mutation
introduces a positively charged lysine at a key binding
interface, altering electrostatic interactions and facili-
tating immune evasion [I7, I8, 62]. The N501Y mu-
tation replaces asparagine with tyrosine, which intro-
duces a bulkier, hydrophobic side chain capable of form-
ing stronger m-stacking interactions with ACE2 residues,
particularly Y41 and K353 [63]. This enhances the affin-
ity for ACE2 binding, stabilizing the RBM-ACE2 inter-
face and further contributing to immune escape by pro-
moting tighter receptor engagement. Together, these mu-
tations synergistically exploit structural flexibility and
solvent interactions. Therefore, our data confirm exper-
imental findings in which such mutations boost immune
evasion and ACE2 binding in these variants [I7HI9] 53],
highlighting the underlying role of thermodynamic prin-
ciples guiding viral evolution.

V. CONCLUSION

This study provides a detailed microcanonical anal-
ysis of the RBMs in SARS-CoV-1, SARS-CoV-2 WT,
and the /v VOCs, offering critical insights into how
thermodynamic properties influence viral evolution and
pathogenicity. By utilizing the ECEPP /3 force field with
implicit solvation, the analysis effectively balances com-
putational efficiency with molecular accuracy, enabling
robust data collection despite trade-offs such as elevated
structural transition temperatures. The results high-
light distinct thermodynamic and structural differences
across these RBMs: SARS-CoV-1’s RBM, with a strong
first-order phase transition and high solvation energy, ex-
hibits structural rigidity that limits mutational flexibil-
ity and impedes immune evasion, reducing transmissi-
bility. In contrast, the SARS-CoV-2 WT RBM shows
greater thermodynamic flexibility, marked by a weaker
first-order phase transition and reduced solvation energy,
which promotes a broader mutational spectrum, facili-
tating the emergence of variants with enhanced immune
evasion and transmissibility under selective pressures.
The 8/v VOCs, including the E484K and N501Y muta-
tions, illustrate these evolutionary dynamics, increasing
RBM solvation energy and shifting folding transitions to



second-order, similar to intrinsically disordered proteins.
This structural adaptation supports improved immune
evasion and enhanced ACE2 receptor binding. Further-
more, the analysis reveals that SARS-CoV-2 RBMs ex-
hibit a stronger propensity for a-helix formation com-
pared to SARS-CoV-1, with the §/v variants showing
significant increases in a-helical content in their ground
states. This trend, reminiscent of amyloidogenic proteins
like Amylin, may be linked to the increased pathogenicity
of these variants, as the Spike protein domains are known
to promote aggregation under certain biological condi-
tions. These findings underscore the importance of on-
going surveillance and targeted interventions to mitigate
the risks posed by emerging variants, as these thermo-
dynamic properties suggest continued potential for viral

evolution under selective pressures.
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FIG. 4. Isocontours of the intensive internal energy e
(kcal/mol/residue) expressed in terms of the number of
residues in a—helical and S—sheet molecular configurations
sampled for RBMs of SARS-1, SARS-2 WT and SARS-2 /7.
The star (x) shows structural prevalence for I-TASSER initial
RBM models.
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