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ABSTRACT: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is evolving
with mutations in the spike protein, especially in the receptor-binding domain (RBD). The
failure of public health measures in some countries to contain the spread of the disease has
given rise to novel viral variants with increased transmissibility. However, key questions
about how quickly the variants can spread remain unclear. Herein, we performed a
structural investigation using molecular dynamics simulations and determined dissociation
constant (Kp) values using surface plasmon resonance assays of three fast-spreading SARS-
CoV-2 variants, alpha, beta, and gamma, as well as genetic factors in host cells that may be
related to the viral infection. Our results suggest that the SARS-CoV-2 variants facilitate
their entry into the host cell by moderately increased binding affinities to the human ACE2
receptor, different torsions in hACE2 mediated by RBD variants, and an increased spike
exposure time to proteolytic enzymes. We also found that other host cell aspects, such as
gene and isoform expression of key genes for the infection (ACE2, FURIN, and TMPRSS2),
may have few contributions to the SARS-CoV-2 variant infectivity. In summary, we
concluded that a combination of viral and host cell factors allows SARS-CoV-2 variants to increase their abilities to spread faster than

the wild type.
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Bl INTRODUCTION

We are facing an unprecedented pandemic situation caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2),"” responsible for the death of almost 6.3 million people
and infected more than 524 million people worldwide, as on
May 20, 2022.° The first outbreak of SARS-CoV-2 was
reported in December 2019 at Wuhan, China, causing a severe
respiratory syndrome known as Coronavirus Disease 2019
(COVID-19).” The virus surface glycoprotein spike (S) is
composed of two subunits, S1 and S2. S1 has the receptor-
binding domain (RBD) that interacts with the human
angiotensin-converting enzyme 2 (hACE2)," while S2
mediates the viral and host cellular membrane fusion.”® The
process of virus invasion occurs only after the cleavage of two
proteolytic sites in the S protein, S1/S2, processed by a furin-
like protein convertase (FURIN), and S2’, processed by a
transmembrane protease surface serine 2 (TMPRSS2).”~ " A
third protease, lysosomal cysteine protease cathepsin L
(CTSL), also enhances virus entry.'” These proteolytic
processes cleave the S1 subunit and induce drastic conforma-
tional changes in the S2 subunit, allowing the membrane fusion
and release of virus genetic information inside the host cell.

Actually, the world has already gone through three waves,
and others are plausible with the emergence of novel SARS-
CoV-2 variants. According to World Health Organization
criteria, a variant of concern (VOC) is defined mainly based on
its increased transmissibility, higher virulence, or altered
clinical characteristics of the disease.'' The first VOC was
reported in the United Kingdom, also called B.1.1.7 (alpha
variant; September 2020), which quickly became prevalent in
the British population.12 Now, there are three more worldwide
spread variants: (i) B.1.351, which originated in South Africa
(beta variant; May 2020); (ii) P.1, which originated in Brazil
(gamma variant; November 2020); (iii) and B.1.617.2, which
originated in India (delta variant; October 2020)."° Tt is
evident that these variants have already affected the trajectory
of the pandemic in countries where they originated. The
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Figure 1. Illustration of mutations in the S protein gene in different variants of SARS-CoV-2. (a) The RBD (residues 333—526) and the furin
cleavage site (S1/S2) (residues 682—685) are colored in light green and salmon boxes, respectively. All mutations are represented by black lines
and typed in red. Mutations that are found to be mutated for different residues are colored in blue and green. The green line shows different
mutations in the same location. All SARS-CoV-2 variants shown in the figure have D614G, an advantage mutation for SARS-CoV-2. D614G has
enhanced spike stability and transmission but does not significantly increase the binding affinity for hRACE2 at 37 °C.>”7* VOC: variant of concern.
(b) Cartoon representation of the RBD/hACE?2 interface complex (PDB ID: 6M0J4). RDB presents two different regions, E1 (residues 417, 455—
456, and 470—490) and E2 (444—454 and 493—505). The residues mutated in RBD of SARS-CoV-2 variants are K417, E484 (does not make part
of the interface), and N501. RBD®!'7 (alpha variant) has the mutation N501Y; RBD®'*! (beta variant) has K417N, E484K, and N501Y
mutations; and RBD™' (gamma variant) has K417T, E484K, and N501Y mutations.

SARS-CoV-2 population seems to be still adapting to its
human host because an accumulation of multiple mutations in
the S protein is being observed in new variants (Figure la).
Some virus variants have been reported to increase trans-
missibility and lethality and to be associated with decreased
effectiveness of neutralizing antibodies (Tables S1 and $2)."*"

spreading SARS-CoV-2 variants, the alpha, beta and gamma
ones, and their cellular entrance, the hACE2. We thus discuss
the possible implications of our molecular interaction results
for the higher spread and infectivity of the variants.

B MATERIALS AND METHODS

Herein, we performed computational and experimental assays
to investigate the changes in the binding affinity of three fast-

30701

The initial coordinates for the RBD/hACE2 complex were
obtained from the Protein Data Bank (PDB ID 6MO0J), and
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Figure 2. Structural aspects obtained by molecular dynamics simulations of different SARS-CoV-2 RBD variants while interacting with hACE2.
Backbone RMSD probability distributions are shown for (a) hACE2 and (b) RBD. Backbone RMSF are shown for (c) hACE2 and (d) RBD. The
Panels (e—g) show different conformational changes of each RBD™#/hACE2 complex in relation to the RBDWT/hACE2 complex. Note that the
main structural differences are localized in the loop 474—488 caused by the N501Y mutation in RBD®'7 (e) that is partially recovered in RBD"!
(f) and RBDP'3%! (g). Residues 469—490 are colored in red in the RBD""/hACE2 complex. The structure models of RBD"'/hACE2, RBD®!7/
hACE2, RBD*!/hACE2 and RBD®!?%!/hACE2 were taken from a snapshot at 40 ns, 19 ns, 61 ns, and 42 ns, respectively, from each MD
simulation trajectory. We observed in another independent calculation simulated for 300 ns for hACE2 in complex with RBD"”, RBD®*!7, and

RBD", showing the same structural behavior (Figures S15—S17).

RBD mutations were obtained from a site-directed mutation in
wild-type RBD. From the ACE2/RBD complex structures,
protonation states of ionizable residues were computed in an
implicitly aqueous environment at pH 7.0 (more details are in
the Supporting Information). The systems were explicitly
solvated with TIP3P water models in a triclinic box and
neutralized keeping the NaCl concentration at 150 mM. The
systems were consecutively equilibrated in isothermal—
isochoric (NVT) ensemble, relaxed during a S000 ps annealing,
and equilibrated in isothermal—isobaric (1 bar; NpT)
ensembles at 310 K for 1000 ps. MD simulations in the NpT
ensemble were carried out for 100 ns in a periodic box, in
which the Zn®* position was restricted throughout the
simulations. In order to confirm the convergence of the
simulation between hACE2 and RBD of the alpha (B.1.1.7)
and gamma (P.1) variants and the wild type (WT), we
simulated 300 ns of these complexes, using the same
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conditions used in the simulations of 100 ns. All details
about computational analyses and the binding free energy
calculation methods are provided in the Supporting
Information. Experimental equilibrium dissociation constants
(Kp’s) calculated for RBD and its variants in the complex with
dimeric hACE2 protein were obtained by surface plasmon
resonance (SPR) assays using a Biacore 8K system (GE
Healthcare), as described in more detail in the Supporting
Information. To investigate the expression profiles of ACE2,
FURIN, and TMPRSS2, we gathered transcripts per million
(TPM) normalized gene expression data of 16,705 samples
from 32 healthy tissues directly at the GTEx (genotype-tissue
expression) portal (https://gtexportal.org/), where gender and
age information were also collected. We downloaded RNA
sequencing data sets to investigate isoform-based expression
levels of ACE2 at ENA projects; more information about the
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Figure 3. Correlation matrix obtained by MD trajectories of RBD and its variants interacting with hACE2. Painels (a—d) show heat maps
representing the correlation matrix of the interface residues. Anti-correlated and correlated pairs are colored in red and blue, respectively. Note that
correlated and anti-correlated pairs are affected in E1 and E2 regions of RBD variants, mostly in RBD™!!”7. Heat maps of RBD®'**! and RBD"!

have similar patterns to that of RBD"".

genes and splicing isoforms expression analyses are provided in
the Supporting Information.

B RESULTS AND DISCUSSION

In order to evaluate the potential impact of fast-spreading
variants B.1.1.7 (RBD®'!7), B.1.351 (RBD®!?*'), and P.1
(RBD"') on their interaction with hACE2, we performed
molecular dynamic (MD) simulations for 100 ns using RBD
(residues 333—526) and hACE2 (residues 19—615) (Figures 2
and S1). SARS-CoV-2 RDB binds to hACE2 through two
different regions, E1 (residues 417, 455—456, and 470—490)
and E2 (residues 444—454 and 493—505) (Figure 1b).'°
While El1 mediates more hydrophobic interactions, E2
mediates mostly polar interactions with hACE2. RBD"! has
mutations in K417T, E484K, and NS01Y; RBD™'**! has
mutations in K417N, E484K, and N501Y; and RBD®!17 has
only the N501Y mutation. K417 and N501 are in the protein
complex interface, whereas E484 is located in a mobile loop
distant from the interface (Figure 1b). From ref 17, we verified
that mutations in the protein interface cause a hydrophobicity
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gain (NSO1Y of +2.2 kcal/mol, K417T of +4.6 kcal/mol, and
K417N of +0.4 kcal/mol) that may result in an enhancement
of complex stability.

MD simulation analysis showed that hACE2 presented
different backbone root-mean-square deviation (RMSD) and
backbone root-mean-square fluctuation (RMSF) profiles in the
presence of different RBD variants: RBD®''7, RBD®!*!| and
RBD"! (Figures 2 and S2). Consistent with our previous
study,'® hACE2 sampled in two major conformational states
(state 1 of RMSD of ~2.4 A and state 2 of ~3.2 A RMSD,
Figure 2a), characterized by a significant motion of residues
129—142 located distantly from the interface (Figure 2¢). In its
interaction with RBD"" and RBD™!'7, hACE2 presented
RMSDYT values of ~2.2 and ~3.1 A and RMSD®"!7 values of
~2.0 and ~3.8 A, both sampling two conformational states. We
verified that this conformational change is also related to the
closing of the hACE2 enzymatic cavity caused by RBD. In
contrast, in the interaction with RBD™!, hACE2 sampled three
states, presenting RMSD values of ~1.8, ~2.8, and ~4.0 A
(Figure 2a). While interacting with RBD®'3%!, hACE2 visits
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Figure 4. MD trajectories obtained by principal component analysis. Principal component analysis using MD trajectories of hACE2 in complex
with (a) RBD"T, (b) RBD®!*7, (c) RBD®'*!, and (d) RBD"". Each panel has 100 snapshots corresponding to MD trajectories obtained from the
first component. The movements of the RBD variants induce different torsions in the hACE2 (Supporting Information, Movies S1 and S2).

one major state (closed enzymatic cavity) (Figure 2a).
Probability distributions of the backbone RMSD along the
MD trajectory showed that RBD mutants sampled a broader
conformational ensemble in comparison to RBDY' (Figure
2b). Interestingly, hACE2 presents significant changes in the
solvent-accessible surface area (SASA) in complex with
different RBD variants, while RBDs share similar values
(Figure S4). This observation suggests that RBDs induce
different conformational states of hACE2.

Curiously, the RMSF profile is slightly different for the
RBD®'!”/hACE2 complex in relation to the others: while
RBDP!!7 decreases its RMSF values for residues 350—400
(distance of the interface), hACE2 increases its RMSF values
for residues 19—140, which are located in the interface (Figure
2c—d). The K417 mutation does not significantly affect its
RMSF values, yet mutation in NSO1Y slightly increases its
flexibility in RBD™' and RBD®'!7, and it is restored in
RBD"!**!. Intriguingly, the N501Y mutation in RBD®'!7
causes a loss of flexibility in residues 480—486, which is
restored by the E484K mutation in RBD"! and RBD®'3!
(Figure 2d—g). Based on the analysis of the snapshots of
RBD/hACE2 complexes, it is evident that the mutation of
NSO01Y in RBD®"!7 causes a significant folding in the loop

containing residues 474—488 (the more mobile region of the
RBD), favoring the formation of a hydrogen bonding between
E484™®° and K31"C*2 (Figure 2e and Table S$3). In
agreement, a similar folding is also observed in the cryo-
electron microscopy of the trimeric spike structure of the
B.1.1.7 variant (Figure S$3)."® Our analyses of hydrogen
bonding occupancies revealed the absence of hydrogen-
bonding interaction between E484™*" and K31" in the
other complexes (Figure 2f,g; Table S3). Additionally, RBD"!
and RBD"'3! have an E484K mutation, causing a charge-
repelling impact with K31 CF2 These variants also present the
mutations K417T and K417N, respectively. K417 and E484
mutations seem to reverse the effect of the NS01Y mutation in
the loop of residues 474—488, restoring a more original
conformational state (Figures 2c—g and S2a,b).

We also calculated the correlation matrix of the spatial
displacements of C, atoms to study internal motions of the
hACE2/RBD"" complex and compared them with different
SARS-CoV-2 RBD mutants (Figures 3 and SS; Tables S4 and
S5). The sets of intermolecular and intramolecular correlation
pairs changed between different SARS-CoV-2 RBD mutants
and RBDWT (Tables S4 and S5). Both correlated and
anticorrelated pairs were affected in E1 and E2 regions of
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RBD variants, mostly in RBDB1!7, whereas the other two
mutants tend to show similar patterns to RBD"" (Figure 3).
We also calculated the principal components using MD
trajectories to provide the main structural insights into the
RBD/hACE2 complexes from eigenvalues and orthogonal
eigenvectors (Figures 4 and S6). These orthogonal eigenvec-
tors are associated with the maximum correlation between
residue pairs. Thus, we observed 100 snapshots corresponding
to MD trajectories obtained by the first eigenvalue of the
RBD"'/hACE2 and RBD"***/hACE2 complexes (Figure 4).
The movement of the RBD and hACE is different in each
analyzed complex, demonstrating that RBD induces different
torsions in hACE2 (Figure 4 and Supporting Information,
Movies S1 and S2). In this regard, we hypothesized that
observed torsions in hACE2 may be important for efficiently
mediating the structural transition of the spike protein from
the prefusion to the intermediate fusion state," facilitating the
virus entry into the host cell. Therefore, the different
conformational changes in RBD"™™* interacting with hACE2
could facilitate the transition process from prefusion to
postfusion state.

We then investigated the contributions of RBD"™™™ in the
hACE2 complex formation by calculating the binding free
energy using molecular mechanics combined with Poisson-
Boltzmann surface area (MM-PBSA). The binding free energy
ratio between RBDWT/hACE2 and RBD"™*"/hACE2 com-
plexes presented values ranging from ~1.0-fold to ~1.4-fold
(Table S6 and Figure S6). Most contributions for slight
increase in the binding affinity for RBD'*™**/hACE2
complexes are localized on the interaction of interface residues
(Figure S7). We also performed SPR assays to measure the
dissociation constant (Kp) values using hACE2 and different
constructions of trimeric spike and RBD variants (Tables 1 and

Table 1. Kinetic Parameters Obtained from SPR Assays”

variant k, (10 M s7h) kg (1074 s7Y) Kp (nM)I7
RBDWT 6.6 + 2.0 93.4 + 1.7 15.0 + 4.1
RBD 17 (alpha) 9.0 + 3.0 15.5 + 0.1 1.8 £05
RBD?1351 (bet) 9.0 + 2.7 409 + 1.3 48 + 1.4
RBD™! (gemma) 9.0 + 3.4 27.8 + 0.9 33+ 1.0
spike trimerV" 0.7 +£ 0.2 4.8 + 0.8 6.7 +13
spike trimer® 17 (@lpha) 0.8 + 0.2 L5 + 0.1 19 + 02
spike trimer®1351 (bew) 1.6 + 0.9 2.1+ 07 14 +03
spike trimer®! (gmma) 12 + 05 24 +05 21 +03

“Equilibrium dissociation constants (Kp’s) calculated for RBD and its
variants in complex with the dimeric hACE2 protein. Experimental Ky,
values were also measured using a trimeric spike protein and its
variants for interacting with the dimeric form of hACE2 (residues
18—740) fused with a human IgGl Fc tag at the C-terminus. The
mutations in each spike constructions are shown in parentheses:
RBDP!!7 (N501Y); RBD®'3! (K417N, E484K, and NS501Y);
RBD"™! (K417T, E484K, and NSO1Y); spike trimer®"!” (HG9-
V70del, Y144del, N501Y, A570D, D614G, P681H, T716I, S9824A,
and D1118H); spike trimer®3%! (L18F, D80A, D215G, L242-A243-
L244del, R246], K417N, E484K, N501Y, D614G, and A701V); spike
trimer™ (L18F, T20N, P26S, D138Y, R190S, K417T, E484K,
NS01Y, D614G, H6SSY, T10271, and V1176F). In spike trimer
constructions, the proline substitutions (F817P, A892P, A899P,
A942P, K986P, and V987P) were introduced to stabilize the trimeric
prefusion state of the SARS-CoV-2 spike protein, and alanine
substitutions (R683A and R68SA) were introduced to abolish the
furin cleavage site. More details are shown in Table S7. The SPR
assays were performed in three biological replicates. bKp = ky/k,

S7; Figures S8 and S9). RBD"*"* bind hACE2 with Kp, values
ranging from 1.8 + 0.5 to 4.8 + 1.4 nM, showing that they
have higher binding affinity for hACE2 than RBDY' (K, =
15.0 =+ 4.1 nM). Trimeric spike variants also increased their
binding affinities for hACE2, ranging from 1.4 + 0.3 to 2.1 +
0.3 nM, when compared to trimeric spike"" (K, = 6.9 + 1.3
nM). Our data are consistent with those of other studies
showing that variants of the SARS-CoV-2 spike protein have
greater affinity for hACE2 than wild type (Table $8).*°~**
Although there are only slight differences in the Ky, values,
significant differences in k, and k4 rates point to altered binding
kinetics (Tables 1 and S7). Decreases in the k4 rates of hACE2
binding by these variants indicate a longer permanence of the
spike/hACE2 complex when compared to the wild type, which
is necessary for the successful cleavage of the spike protein and
cell invasion by the virus. Decreased k4 rates agree with an
enhanced goodness of fit for virus—ACE2 protein interactions.

Taken together, even a small gain in the binding affinity of
the mutants may enhance infection, facilitating hACE2/spike
complex formation, necessary for membrane fusion and virus
entry.”” It is also possible that actions of allosteric domains in
the spike protein, priming spike/hACE2 binding,***” benefit
from the mutations in the SARS-CoV-2 variants. It is relevant
to mention that spike/hACE2 interactions and the binding
affinity for complex formation also depend on the micro-
environment. For instance, the presence of heparin or heparan
sulfate,®*’ among others, so far not well-studied, positively or
negatively acting allosteric factors that might provide an
explanation for the differences between Ky values from our
experimental kinetic data and other studies. In addition to any
favoring of the spike/hACE2 complex formation, mutants may
facilitate FURIN binding and promote cleavage, as shown for
the SARS-CoV-2 spike mutant protein D614G.”* Further
biological factors are probably associated with the increased
infectivity of SARS-CoV-2 variants. It has been reported that
D614G mutation can increase the density of spike on the
surface of the virion due to a decrease in the premature loss of
the S1 subunit.’ It is known that P.1, B.1.1.7, and B.1.351
variants have lower affinity for neutralizing antibodies, which
may be a way for the virus to escape the immune system of an
infected individual.>"**™3* Additionally, factors related to the
expression of key genes and their variants for SARS-CoV-2
infections may be critical.

We investigated whether expression profiles of three genes
essential for the viral entrance into the human cells, ACE2,
TMPRSS2, and FURIN, may be determinative for infection
rates. We downloaded and analyzed approximately 23,000
samples (~1,000 individuals) from 32 healthy tissues from the
genotype-tissue expression database (GTEx), and to gain more
insights into their expression patterns, we also sectioned them
in gender, donors’ age (young < 40; old > 60 years old), and
ACE2 splicing isoforms (Figure S). ACE2 has a high or middle
expression in organs of the respiratory tract (lung),
cardiovascular (heart), digestive (colon and small intestine),
endocrine (testis, thyroid), adipose tissue, breasts, and kidneys
(Figure Sa). TMPRSS2 has a similar expression pattern.
Notably, both genes are low expressed in the brain (Figures Sa
and S10). Conversely, FURIN is highly expressed in almost all
human tissues (Figure S11). Altogether, some of these tissues
presenting a high expression of ACE2 plus TMPRSS2 or
FURIN are already known to be critical organs for the disease
(e.g, lung and heart). Additionally, a new ACE2 splicing
isoform was recently reported,g’s’36 which lacks the S1 RBD
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Figure 5. ACE2 is expressed in critical tissues for the disease, its splicing isoforms are less expressed than its full-length sequence, and there is no
significant expression difference between gender or age for this gene. (a) ACE2 gene expression profile in 32 human healthy tissues. (b) Expression
profile of ACE2 splicing isoforms. (c) ACE2 expression profile segmented by age (young < 40 years of age; old > 60 years of age) and gender. (d)
Expression correlation (Rho = Spearman’s correlation coefficient) between ACE2 and FURIN or ACE2 and TMPRSS2.

interaction region, is induced by interferons, but has no
metallopeptidase activity. Then, we investigated the expression
of this isoform (dACE2) as well as the full-length (fACE2) and
other ACE2 alternative isoforms (pACE2) (Figure S12). Figure
Sb shows that the full-length isoform, which contains receptor
regions that interact with RBD, is majorly expressed in all
human tissues. Next, we also investigated the expression of
these three genes by gender and age (young < 40; old > 60
years old). We did not find any significant differential
expression by age or gender for ACE2 (Figure Sc), TMPRSS2
(Figure S13), or FURIN (Figure S14). Finally, we found a high
expression correlation between ACE2 and the proteases,
FURIN and TMPRSS2, suggesting a functional synergy in
organs usually affected by the SARS-CoV-2 (Figure 5d). In
summary, we confirmed that ACE2 and either proteases,
FURIN or TMPRSS2, are co-expressed in organs already
described as affected by SARS-CoV-2, such as the respiratory,
cardiovascular, digestive, and some endocrine organs. Using
these expression data (Materials and Methods in the

30706

Supporting Information), no significant expression differences
were found for these genes in terms of gender, age, and ACE2
splicing isoforms. These results were not expected because the
severity of the disease is associated with age and gender.
Therefore, these results support the hypothesis that only the
presence of ACE2 and proteases do not explain the
relationships between infectivity and lethality with age and
gender.

Opverall, our computational and experimental data show that
the SARS-CoV-2 variants moderately increase their binding
affinities to hACE2, which is not enough to explain the
increase of transmission and lethality caused by the virus. We
therefore suggest that the decrease of k4 rate values could
positively influence the trimeric spike cleavage, by increasing
the exposure time of its cleavage site to proteolytic enzymes.
Furthermore, SARS-CoV-2 variants modulate different tor-
sions in hACE2, which may efficiently mediate the structural
transition of the spike protein from the pre-fusion to the
intermediate fusion state'’, facilitating the virus entry into the
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host cell. The individual genetic background, such as ACE2,
FURIN, and TMPRSS2 polymorphisms and expression
patterns, among other factors, together with circulating and
upcoming SARS-CoV-2 variants will determine the course and
duration of the pandemic. Therefore, combining all these
components allows SARS-CoV-2 variants to increase their
abilities to spread faster than the WT.
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