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Abstract

The omicron variant of severe acute respiratory syndrome coronavirus 2 (SARS-Cov'-2)
characterized by 30 mutations in its spike protein, has rapidly spread worldwide since
Movember 2021, significantly exacerbating the ongoing COVID-19 pandemic. In order
to investigate the relationship between these mutations and the variant's high trans-
missibility, we conducted a systematic analysis of the mutational effect on spike-angio-
tensin-converting enzyme-2 (ACE2) interactions and explored the structural/energy
correlation of key mutations, utilizing a reliable coarse-grained model. Our study
extended beyond the receptor-binding domain (RBD) of spike trimer through compre-
hensive modeling of the fulldength spike trimer rather than just the RBD. Our free-
energy caculation revealed that the enhanced binding affinity between the spike pro-
tein and the ACEZ2 receptor is comrelated with the increased structural stability of the
isolated spike protein, thus explaining the omicron variant's heightened transmissibility.
The condusion was supported by our experimental analyses involving the expression
and purification of the full-length spike trimer. Furthermore, the energy decom position
aralysis established those electrostatic interactions make major contributions to this
effect. We categorized the mutations into four groups and established an analytical
framework that can be employed in studying future mutations. Additionally, our caleu-
lations rationalized the reduced affinity of the omicron variant towards most avaiable
therapeutic neutralizing antibodies, when compared with the wild type. By providing
concrete experimental data and offering a solid explanation, this study contributes to a
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1 | INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
virus caused the global COVID-19 pandemic and killed 7 million peo-
ple in past several years. The virus has been confinsously evolved and
gave rise to many variants with enhanced virulence, which exacer-
bated the epidemic and were defined as VOC {vardant of concern),!
such as alpha (B.1.17), beta (B.1.351), gamma (P.1), delta (B.1.617 2},
and omicron (B.1.1.52%). Mumerous experimental studies have already
explored the connections between mutations and their impact on
transmissibility, infectivity, and evasion of immune responses. For
instance, the alpha variant, with an N501Y substitution in its 5 pro-
tein, demonstrates higher transmissibility compared with the original
SARS-CoV-2.2 The beta and gamma variants, which carry the E484K
substitution, show strong resistance to neutralizing antibodies pro-
duced by vaccination and natural SARS-CoV-2 infection.”* Mutations
in the furin cleavage site region (PA81H, HA55Y, NA67FK) reduce
51/52 cleavage, fusogenicity, and syncytia formation associated with
pathogenesis.” Research by Escalera et al.® indicates that the 655Y
spike polymorphism, present in the gamma and omicron variants,
plays a crucial role in SARS-CoV-2 infection and transmission.

The omicran variant (B.1.1.52%) emerged in 11th 2020 with three
to six times transmission speed than the wild type and spread to five
continents in 1 month.*'° Since Movember 2021, omicren replaced
other VOCs as the dominant strain, brought another blow to the pan-
demic response and added more uncertainties*** This variant
showed fast spreading speed and resistance to many neutralizing
antibodies™ ™ but exhibited lower risk of severe liness or fatality
than other VOCs!” In order to understand the reasons behind the
spread of the COVID-1% pandemic, it is important to explore the ori-
gin of the high omicron’s transmissibility to provide clues to possible
transmissible variants in the future.'®

The omicron variant carries the largest number of mutations
(a total of &0 mutations) compared with previous VOCs, including sev-
eral well-known mutations such as E4B4K, N501Y, and N47BK. Some
mutations appeared for the first time. More than half of mutations
happens on the spike protein, the requisite functional factor for virus
entrﬁ.r.l"'r The spike protein interacts with the hurman host cell surface
receptor angiotensin-converting enzyme-2 (ACEZ) through its
receptor-binding domain (RBD).2® Mutations of this protein result in
30 amino acid substitutions with 15 located on RBD. According to the
relevant crystal structure data, despite so many mutations, the RED
conformation of omicron does not change s.]f,n?flf_'.:alrl'li!_.l'.21 The binding
affinity of spike protein and ACE2 correlates with the spreading
speed,”? the infectivity,”” and the population of the variants.®* There-
fore, the effect of mutations on RED may be reflected in the

better understanding of the relationship between theories and observations and lays
the foundation for future investigations.

computational biclogy, omicron, SARS-CoV-2, spike protein

RED-ACEZ2 binding free energy, but it is not clear what is the relation-
ship between the spreading efficiency and the binding affinity of the
omicron variant and the receptor.

In addition to the RBD of spike, numerous mutations outside of
this domain have been found to impact the transmissibility of the
virus, These mutations not only influence the interaction between the
spike protein and ACE2 receptor, but also affect the owverall structural
stability, the cleavage efficiency, and the immunogenicity of the spike
trimer. One notable example i the DA14G mutation located in the
S5D1/2 region, which has been shown to significanfly enhance the
fusogenicity and infectivity of the virus in SARS-CoV-2 VoCs such as
alpha, beta, and omicron.™ This enhancement may be attributed to an
increased spike-ACE2 binding affinity potentially resulting from local
spatial flexibility induced by the D614G mutation®® However, it is
worth noting that mamy current studies on spike protein mutations
have primarily focused on the RBD region.”™* Thus, there is a press-
ing need for systematic investigations into the full-length spike trimer
of the SARS-CoV-2 virus.

¥in et al,*! McCallum et al,>¥ ZHANG et al.,*” and Hong et al*?
solved structures of the spike protein of the omicron variant by cryo-
eectron microscopy (Cryo-EM). They all agreed on the proposal that
the omicron variant has a stronger binding affinity to ACE2, and ana-
lyzed the structural basis for the binding enhancement. Howewver,
these studies have not provided a way to obtain the mutational-
induced changes in the binding free energies. At any rate, it i essen-
tial to elucidate the rmutational effects on the omicron binding.

Some approaches have been reported for imvestigating the
effects of different mutations on the virus, such as long molecular
dynamics simulation,*2~* machine leaming** ¥ engineered ACE2
receptor design,***2 and structural analysis, **~*% and so forth. Most
studies analyzed the structural differences of the mutants, but did not
relate such structural changes to binding energies. It is also important
to mention that some experimental studies detected the conforma-
tional d'!p"ﬂ&'ﬂ]ﬁ‘m and the mutational effects on the conformational
stability™ of the SARS-CoV-2 spike protein. However, these studies
still have not provided a way to obtain reliable mutational-induced
changes in binding free energies that can be used for fast screening of
key mutational sites.

In previous works, we imestigated the binding patterns and
mutational effects of the SARS-CoV-2 spike protein in an energic
view. Cur early work™? explored the structure/energy basis of the
binding enemy of spike/ACE2 wusing our coarse-grained
{CG) model** ™™ and Monte Carlo proton transfer (MCPT) method,**
this study predicted that specific mutations at 0493, Q498, and N501
of spike protein might lead to stronger binding of ACE2, ahead of the
appearance of the alpha wariant a1 Lksing the same methods, we
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systemically investigate the structure/energy basis of the alpha, beta,
and delta variants.™ The results explained the mutational effect of
0493 and Q498 predicted in*! and the results were supported by
exper]mmixﬂ Subsequently, these two mutations occurred in the
omicron variant These works provided a proof of principle and con-
firmed the validity of our methods

This study presents a comprehensive evaluation of energy calcula-
tions and structural analyses pertaining to the omicron variant's single and
combined mutational sites. To overcome the computafional challenges,
we employed a CG model,™ ™ which replaces the all-atom (A8) model,
erabling us to effectively model the full-length spike trimer. The CG
models of the mutated proteins were constructed based on the cryo-EM
structure of the wild-type spike/ACE2 complex. Our energy caloulation
confimeed a stronger binding affinity between the spike protein of the
armicron variant and the ACE? receptor when compared with the delta
varant Motably, the structural stability of the spike protein in the omicron
vanant exhibited significant enhancement, distinguishing it from other
WOCs These computational trends were further validated though an
experimental study that involved the expression and purfication of the
full-length spike trimer. By analyzing the energy contribution, we identi-
fied key residues that play crucial moles in the enhanced binding affinity
and structural stability. Furthemnore, we categorized the mutations into
four groups, establishing an analytical framework to guide future studies.
In addfion, we predicted potential rutation sites that have yet to be
explored in exisfing studies. Remarkably, our calculatiors revealed
decreased binding affinities between the spike protein of the omicron var-
iant to several SARS-CoV-2 therapeutic antibodies, when cormpared with
the wild type. This finding suggests the possibility that reduced antibody
binding may coniribute to the high transmission of the omicron variant,
posing challenges to curent waccination and treatment strategies
Through providing an energy-based explanation for the helghtened trans-
missibility of the omicron variant and enhancing our understanding of the
underlyiing mechanisms driving these mutations, our research stands as a
pioneering work. It not only offers valuable expermental data but also
provides a solid theoretical foundation in elucidating the relationship
between theoretical predictions and observed phenomena. Ultimatety,
this collection of empincal evidence and corresponding theoretical insights
will serve as a guiding force for future investigations.

2 | RESULTS

21 | The omicron variant has stronger binding
affinity than the delta variant

In order to determine whether omicron vardant has a stronger binding
affinity with ACE2 than the delta variant, we calculated the relative
binding energy change (AAG). This AAG is the difference in the bind-
ing free energy to ACE2, between the mutated {AGsngng_ ) and the
wild-type (AGunding,, ) spike protein (446G =AGuindng, ., — A Grinding,, -
A larger negative AAG sugpests a stronger binding affinity. Previous
studies have found that the delta variant showed an enhancement of
the binding affinity compared with wild type,** thus here we also calou-

lated the AAG of the delta variant as control The calculation gave for

omicron a AAG of —164 keal/mol whereas the corresponding value for
delta is —10.5kcal/mol This suggests omicron has a stronger bindng
affinity than delta (Figure 1 and Table 51). This may explain the fact that
the omicron variant has six imes higher transmissibility than delta.?2°

Mext, we investigated the effect of specific single mutations on the
stronger affinity. We calculated AAG of each individual mutation of the
omicron variants spike protein. OF the 33 mutations (including 3 dele-
fions and 30 amino acid subsfitufions), 7 located in the M-terminal
dormain (MTD), 15 were in the RED, and 11 were in the regions in which
other VOCs show few mutations, including the SD1/2, HR1, and other
umamed regions (Figure 112 Many important antigens distributed in
spike's NTD,* which may alter the antigenic surface of omicron and
account for the loss of binding and neutralization hym'ﬂbndlemeHs
is also consistent with the cbservation that the omicron vardant can
infect people who have been immune to other variants #2145

Mutations of the RBD show significant contribution to spike’s
enhanced binding affinity. Figure 1 shows the binding free energy
change following individual or combined mutational sites of omicron
variant. Most of these mutations exhibit a favorable trend for binding
to ACE? with a negative AAG, except for HA55Y {0.65 keal /mol) and
K417M (0.98 keal/moll H&S5Y, who locates in the SD1/2 region
and alko present in the gamma variant, does not significantly change
the complex structure, but change the interaction between H&55 and
F&43 and result in destabilization of the protein structure * K417MN is
also found in other variants and locates at the RED/ACEZ interface.
This mutation reduces the ACE2 affinity by destroying the ionic inter-
actions with ACE2Z.®“** Most mutations in RBD show enhanced
binding affinity than in other regions (Figure 1 and Table 51). TA7EK,
which also occurred in delta, demonstrates the largest binding affinity
enhancement with AAG = —4.96 kcal/mol. Other mutations, which
first occurred in the omicron variant, such as M440K (—3.93 keal /mal),
C4%3R (—32.01 kcal/mal), O498BR (-142 kcal/mol), and Y505H
(—2.05 kealfmol), also show significant increase in binding.

These individual mutations show a synergistic trend in affecting
the spike protein. When they combined, the AAG values of the omi-
cron variant is not simply a linear combination of each individual con-
tribution, but higher than the sum (—16.48 vs —30.87 kcal/mol).
Howewver, omicron's AAG is much more negative than that of any indi-
vidual mutation (Figure 1). These results imply the epistasis of these
mutations.** Considering these, it is worth to explore the mechanism
of the structural/energetic basis of the stronger binding effect of omi-
cron variant's mutations at a molecular level

22 | Both structural stability and binding affinity
of the omicron variant's spike were enhanced

By decomposing AAG, we found that the omicron spike/ACE2 com-
plex and the isolated omicron spike protein are stabilized with
AG; = —30.34 and AG, = 13.B6 kecal/mol, respectively (Table 52, see
Section 4, AG;, AGs are defined in Equation 3] The energy amplitude
of the complex stabilization is much larger than the isolated spike pro-
tein stabilization. The extra portion is contributed by the enhanced
spike/ACE2 binding affinity.
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FIGURE 1 The binding free energy change of each mutation of omicron or combinations of all sites of the omicron and delta variant. The

square and line represent the statistics of 15 data points (see Section 4); the diamond designates the average value of each square line (Table S1);
the points designate the outliers of the data; the color designates in which region the mutated site is located: M-terminal Domain (blue), Receptor
Binding Domain (red), Subdomain 1/2 (green), other unnamed regions (cyan), Heptad Repeat 1 (purple). The text under the x-axis represents the
name of mutations or variants, where the red text indicates the mutations with the largest magnitude of AAG.

Further, we decomposed AG; and AGs into individual terms
(Table 52) and found that the electrostatic term (G.) is mainhy domi-
nated for free-energy change. This finding highlights the dorminant
role of eectrostatic interactions in determining the free energy profile
of biophysical systems.™***? Ag we have emphasized before, in
order to analyze the effect of electrostatic interaction change around
a mutated site, we should take into account the overall electrostatic
field change and not just discuss interactions between the mutated
site and its nearby residues.®® The hydrophobic term also plays a role
in determining the stabilization of the system, but its contribution is
about 1/3 of that of electrostatic term (Table 5Z).

We also calculated the free energy of other variants. The results
show that other wvariants' spike proteins are led to destabilization
(beta: AGs, = —3.53; gamma: AG; = 343 delta: AG; = —BB),
except for the alpha variant (AGs = 0.4). This indicates the substantial
enhancement of spike’s structural stability may be one of the charac-
teristics that distinguishes omicron from other variants.

23 | Analyzing individual electrostatic
contributions

To identify key residues contributing to binding affinity and structural
stability, we evaluated the electrostatic energy change (AG,) between
each charged residue of omicron and wild-type spike/ACEZ2

LAAG
zn
1.5
1.0
08
o

Mc-isn:llamd f_kCE”m D”

=3 -2 =1 0 1 2 3
AGe complex (keal/mol)

FIGURE 2 The relative magnitude of electrostatic free
energy contribution AGe = Gomicron = Geilidtype 0F each charged
residue in complex or in isolated spike protein. The color of
points designates the difference of energy contribution

(|AAG,| = |AGe-comptes = AGespke|l The shaded region designates
all points that do not meet the two criteria of key residues
defined in the main text. The key residues identified are marked
by texts. R? = 0.7732.
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complexes (AG, congie). 35 well as the AG, contribution for the inter-
actions between the isolated omicron and wild-type spike (AG ;. poaed:
Figure Z). The AG, values reflect a major part of the energy contribu-
tion of each residue to the overall folding free energy. Its absolute dif-
ference between the isolated and complex states (|AAG,|) indicates
the importance of the residue in spike/ACE2 binding. We used two
arbitrary criteria to identify key residues: (1) the energy contributions
in both isolated and complex are large enough (AG, comgie-
< —L0kcal/mol and AG_ < —10kcal/mol); or (2) the absolute
energy difference between isolated and complex i large enough
(|AAG,| = 1.0 keal/mol). According to the criteria, all key residues fall
in the unshaded region in Figure 2. These key residues are divided
into four groups.

231 | Mutations that decrease the spike's
structural stability and weaken the spike/ACE2 binding
affinity

K417M has been found in the beta, gamma, and delta variants, which
reduced spike/ACEZ binding affinity by 3-fold**™* by destroying
ionic interactions.***** K417 locates at the spike/ACE2 interface
andis surrounded by several charged residues of both ACE2 and spike
(Figure 3A). These charged residues from ACEZ2 include both positive
(K26, K31, H34) and negative (D30, E37, E3B) resdues but forming a
local electronegative region. Our calculations confirmed a strong posi-
tive electrostatic contribution in  spike/ACE2 complex with

(A)

(D)

M o 4 3A
— - 4
73T
). R7ES 1 ‘ g NEoo

) ‘ \‘; . .- 3

- Chain A - Chain B

s P .
il ’ <
[ . ke KO64 - (
. \ FHI:I{:ID‘ ‘-‘r ‘_.--—.
A r.

AG, = 292 kcal/mol K417 may have intramolecular electrostatic
interactions with spike’s E406. The mutation may destroy it and result
in the destabilization of spike.

232 | Mutations that increase the structural
stability of the isolated spike

The five mutations to Lysine (TS47K, MNETIK, N764K, MBSEK,
MP&FK]) give large negative AG, contributions of in both the spike/
ACEZ complex and the isolated spike (Figure 7). Because these nesi-
dues are located outside the RBD, these mutations affect the stability
of the isolated spike protein itself rather than the spike/ACE2 com-
plex binding pattern. Our calculations indicate that these five ruta-
tions result in the largest value of AGs among all individual mutations
(Table 51), which s consistent with the conclusion from the energy
contribution analyzation (Figure Z). We also checked the electrostatic
environment around these sites and found there was at least one neg-
ative residue interacting with Lysine nearby each site (Figure 3). The
five mutations may enhance these interactions occur either within a
single chain (Figure 3C,D) or between multichains of the spilke protein
(Figure 3B.EF). These interactions may help spike trimer's subunits
bind tightly. For example, two positive residues (R995 and R1000)
near M%69 interact with corresponding negative residues (D427 and
D428 Figure 3F). The M4 mutation may introduce a new interac-
tion between K949 and D428 (Figure 3F). For validation, we removed
these interactions frorm the omicron wariant by mutating the

MNETS :‘\H \ J'\‘

I e 4
DETT . ' D574 -

FIGURE 3 Structural representation of the position and the electrical environment of (A) K417M, (B) T547K, (C) NATFK, (D) N7 64K,
(E) MES54K, and (F) MP4FK. The magenta lines and texts indicate the distances of key interactions.
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FIGURE 4 The experimental results of isolated spike structural stability. (A-F) The thermal stability of spike protein wild type (WT) and
mutants using the nanoDSF method. All spike proteins were in the PBS buffer and the test concentrations were 0.2 mg/mL. The test temperature
starts at 20°C and rises 1 degree per minute until it reaches 95°C. the peaks of the first derivative represent the proteinstarted unfolding. (G) The
onset temperature of protein unfolding (Temperature_onset) of the isolated wild-type spike protein and mutants. The bar represents the onset
temperatures, which were measured by using the nanoD5F method. The data are shown as mean £ SEM based on three experiments. The points

and line in blue represent the AG2 of each mutant in our calculations.

corresponding charged residues to alanine. The result showed that
the spike protein's structural stability decreased (AG: = —2.97 keal/
mol). We also performed thermal stability detecting experiments to
verify the mutational effects (Figure 44-F). The results showed that
the mutated spike proteins started unfolding at a higher termperature.
Temperature_onset represents the temperature that a testing protein
starts to unfold, which reflects the thermal stability of the testing

protein. The experimental results show that all onset tem peratures of
protein with the five mutafions is higher than that of wild-type splke
protein, indicating the structural stabilities of rmutated spike increased
{Figure 4G and Table 55). The proteins used for thermal stability
detecting were verified by SDS-PAGE electrophoresis. (Figure 54).
The experimental results also have a similar trend with the calculation
of AGs (defined in Equation 3), which confirm the accuracy of our
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caloulations. Both the calculated and expermental results confirmed
the five mutations to lysine indeed enhance the binding by introduc-
ing new electrostatic interactions to increase the owverall protein struc-
tural stability.

233 | Potential mutation sites that reduce the
structural stability of the spike

There are two residues, ESB3 and D663, which alko give negative
contribute to the spike's structural stability with AG, = —1.11 and
—1.28 kcal/mal, respectively. But they never mutated in any major
variant of SARS-CoV-2. The ESB3D mutations only cccurred in some
Indian variants with low freq.lenq.r."? The D663 has been reported for
having electrostatic interaction with the cleavage residue R6BS to
strongly stabilize the R&6B5's position and facilitating the recognition
by the |'.'|n|'-_':lte.a_f.:e.ML In this work, we mutated these two sites into ala-
nine and calculated their binding free energy change. It was found
that AGy 5 —2.03 and —3.9 kcal/mol for ESB3A's and D663A',
respectively. This suggests that substituted by alanine indeed destabi-
lize the spike protein. These two residues may be potential mutational
sites for nowvel viral mutants in the future.

234 | Mutations that enhance the spike/ACE2
binding affinity

The four mutations (M440K, TA7EK, O493R, and Q49ER) are al
located at the receptor binding motif of RED, which are directly
imeohved in the binding with ACE2. They also show remarkable bind-
ing energy change with AAG = —393 kcal/mol for MNA40K,
AAG = —4.96 kcal/mol  for T47BK, AAG = —3.01 kcal/mol  for
Q493R, and AAG = —142 keal/mol for Q498R (Figure 1 and
Table 51). The AG, of these mutations show a large negative contri-
bution of AG, in spike/ACEZ complex (—158, —147, —0.6 and
—0.9 kecal/mol) but not in the isolated spike protein (—029, —0.21,
1.19, and 0.56 kcal/mol), implying that these mutations destabilized
spike's structural stability but enhance the interactions between ACE2
and the spike.

The four mutations in omicron were all mutated to positively
charged residues that facilitate the interaction with nearby negative
charged residues of ACEZ. We calculated the surface potential distri-
butions of omicron and wild-type RBD and plotted their electrostatic
potential surfaces by using APBS tool® (Figure 54). The RED/ACEZ
interface is composed by two components with opposite potentials
the negative ACEZ surface (Figure 51) and the positive RED surface
of spike (Figure 54). The positive potential of the amicron RBD sur-
face towards ACE2 is significanthy stronger than that of the wild type
(Figure 5A). There are several charged residues of ACEZ around these
four mutations (Figure 5B). The number of negative residues is much
larger than positive (7 vs. 2), thus a negative potential i= formed on
the ACEZ2 surface.

FIGURE 5 The visualization of spike receptor-binding domain/
angiotensin-converting enzyme-2 (RED/ACEZ) interface and the
experimental binding affinity of RED/ACEZ. (A) The electrostatic
potential surface was calculated by APBS of the omicron variant RED
and the wild-type RED. (B} The locations of M440K, TATEK, Q473R,
and O498R in the RBD and the interacting residues of ACEZ2; Yellow
texts mark the charge residues of ACE2, blue texts mark the residues
of RBD before mutation, and gray texts marks the residues of RBED
after mutation.

We performed biolayer intefferometry (BU) technology experi-
ments to examine the mutational effect on spike/ACE2 binding
(Figure 64-F). The exp erimental results show the K; values of the four
mutated spike protein/ACEZ are significantly lower than wildtype
(Figure 4G). The K4 values of Q493R and ALL have been sufficiently
low, approaching O, with average Kj values of 001 and 0.12, indicat-
ing a tight binding between spike proteins carrying these mutations
and the ACE2 receptor. These results indicated the binding affinities
increase because of these mutations. The proteins used for the BLI
were verified by SD5-PAGE electrop horesis. (Figure 54) A scatter plot
of experimental versus computed AAGe,g values is given in
Figure &6H. The data points are colored based on the mutation and
shaped based on data source (solid squares for simulated results and
hollow squares for experimental ones) The trend of AAGy i, coN-
verted from the experdmental K values agree well with our calcula-
tions (Figure 6H). The K value of the protein with four mutations is
0.12 nM, which is higher than single-site mutant Q493R (0.04 nM)
but lower than M440K (2nM), T478K (0.0BnM), and Q498R
(3.54 nM). This confirmed the epistasis effect of mutations and could
lead us to consider the combined effect of multiple mutations sites
when designing therapeutic antibody for the virus. Apparently, the

T 0P HLs

g wog papucy

1, o0 0 {0 0 ) R o, L R GO ) AR S ) 96 VOO0 | ey o

PP

-

GRSV IAEN Ty G ) o vy g i 0 SN ) RS 0 8 iy T ey o, 0



8 | WILEY _ER2IEINS

AM ET AL

shift inmi)

shifl inmi)

] 500 1000 1500 1500 o 500 1000 1500
Timsais) Timis)
(G) ; H) 4
10- P : -:athlabc NA440K O *
i) o obserye -*- R
B — 05 TATEK lI—T-}"
1 oo 2
ALL 4
a4 © . r i - .
110 nn n -
- =] o
E st E g
- E =15 s
= g -
0.4= = P e
- '.'
0.3 .
nE -2.0 .~
0.2 3 -
0.1 = a e
- 54—
0.0 T T T T T T * = = = —
WT MA40K TATEK Q493R Q498R ALL =20 -15 -10 -5 a

A G paeg (koalmol) calculate

FIGURE & The experimental results of spike/angiotensin-converting enzyme-2 (ACE2) binding affinity. (A-F) The biolayer interferometry
sensorgrams display the binding between ACEZ and spike protein (WT and different mutants). The data are shown as blue lines, and the best fit
of the data to a 1:1 binding model is shown in red.(G) K values of Spike protein WT and mutants. Equilibrium dissociation constants (K were
obtained from kK, (Table 53). The data are shown as box plots of five repeats (the dots). The center, lower and upper lines in each box
indicate the median, the first quartile, and the third quartile, respectively. The significances of difference between each mutant and wild type
were performed by single-side Wilcox test (H) Scatter plot of experimental and calculated AAGrinding for spike protein mutants. Different
mutants are represented by different colors. The solid squares “calculate™ designates the computational results, whereas the hollow squares

“observe” represent the experimental results. Error bars show the SEM.

caloulated binding affinities overestimate the corresponding observed
values in a major way. This overestimation is dmilar to what was
found in our previous smdr.“ This reflects insufficient dielectric com-
pensation for the formation of an ionized side chain of lysine inside
the prntdn.x' because the Lysin residues find a way to increase their
solvation by going to water. In our caloulation, this dielectic compen-
sation s adjusted by changing the dielectric constant in Equation (4]
We have tested the optimal dielectric constant combination based on
the previously obtained free energy change data of four mutations
(see Section 4). The results also showed that caloulations invebving Lys
mutations were more likely to be overestimated (Figure 53).

It is important to highlight the presence of several significant
mutations, namely G142D, G337D, and D&614G, which do not fail into
the previously mentioned groups. Recent studies have suggested that
G142D0 and G33%D might impact the neutralizing ability of cerain
antibodies, thereby enhancing the omicron variant's immune escape
ability.”*? However, our caleulations indicate that these two muta-
tions do not make a substantial contribution to the structural stability
of the isolated spike protein or the spike/ACE2 complex (G142D:
AGe comgiex = 0.37, AGy jeizted = —048; G339D: AGy compiex = 138,
AGg jooiated = 0.94; Figure Z). This information suppests that their
impact on overall stability is limited. On the other hand, the D614G
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mutation plays a pivotal role in numerous WOCs and is associated with
a selective advantage®®" Previous research has demonstrated that
the D&614G mutation enhances wiral entry efficiency by improving
ACE2 binding affinity through providing conformational flexibility to
the spike trimer's owerall structure.” It s worth nofing that this
enhancement i not directly attributable to increased spike-ACEZ2
interaction, as D&14 is located in the SD1/2 region rather than the
RED region (Figure 1). Rather, it is driven by the heightened structural
stability of the spike/ACE2 complex. Our calculations further confirm
this observation [D614G: AG, comgie: = —0.87, AGgpazted = —073;
Figure 2). In summary, our investigation sheds light on the limited
impact of G142D and G339D on structural stability, while emphasiz-
ing the crucial role of the D&14G mutation in VOCs These findings
contribute to our understanding of the omicron vadant’s behavior and
potential immune escape mechanisms.

24 | Weaker affinities to most antibodies

The omicron variant has five sublineages, BA 1, BAZ, BAZ, BA4, and
BAS. BA1 is the lineage we studied above. BAZ and BAZ share
31 identical rmutations with BA.1 on the spike protein, but have
18 and 11 distinct ones on the spike protein, respectively.” BA.4 and
BAS have the same mutations on spike protein and they share
21 spike mutations with BA. 1 BA 2 has an “increased growth rate™ in
comparison with BA.1."® The AAG of these omicron sublineages to
ACEZ supgested that BA2, BAS, and BA4 do not present higher
ACE2 binding affinity than BA1 (Table 53). Moreover, we calculated
the mutational AAG of these lineages to several antibodies and found
BA.1 shows weaker binding affinity to most antibodies except for
5309, which is consistent with experimental cbservations.”*"* BA2
binds more tightly to most antibodies except for LY-CoW555. The
AAG of BA3 to antibodies CT-P5%, AZD1061, and LY-CoV555 &
mare positive than that of BA.1 (Table 53), indicating greater interfer-
ence with the spikefantibody interacions and possible stronger
immune evasion. BA4 exhibits a stronger spike/antibody affinity
reduction effect than the other three sublineages (Table 53) implying
it may have the strongest immune evasion ability.”” These analyses
suggested that, in addition to gaining strong ACEZ2 affinity, the omi-
cron varant has larger immune evasion ability to further enhance its
transmission ability.

3 | DISCUSSION

Extending our previous studies,*™ we used the same CG model to
overcome the challenge of analyzing the energetics of the omicron/
ACEZ complex. Our results indicated that the omicron wariant
enhances its binding affinity to ACEZ and structural stability of iso-
lated spike. Furthermore, we identified key mutations contributing to
the free energy change by different mechanisms. The enhanced eec-
trostatic interactions of Q493R and C49BR found in our study is con-
sistent with the conclusions in other studies. """ Moreover, our

results alko discovered some key mutations, such as N440K that
enhances the spike/ACEZ2 binding and the five mutations to Lysine
increase the spike protein's structural stability. This important finding
reflects the fact that our evaluation is based on the perspective of
energy and not only on observing structure. The method allowed us
to investigate the effects of mutations on the entire system.

Because our calculations are based on the entire system model of
spik-ACE2, we conducted wet experiments to express and purify full-
length spike trimers, instead of soley focusing on the RBD as in most
studies. ™ Purifying the full-length spike trimer proved challenging
due to its extensive size, with over 3500 residues. After several trial-
and-error attempts, we successfully identified the optimal condition
for purifying this protein, which involved elution with 300 mM imidaz-
ole twice. To assess the binding affinity of the spike protein with the
ACE?Z receptor, similar to previous studies **? we employed the BLI
experiment. The method measures kinetics and biomolecular interac-
tions based on wave interference. Additionally, we utilized Mano DSF,
a reliable technigue commaonly employed to test the protein stability
by utilizing intrinsic tryptophan or tyrosine fluorescence. Many studies
investigating spike protein stability have utilized this approach.®***
Therefore, in line with these methodologies employed in similar arti-
cles, we employed the BLI experiments and ManoDSF technique to
validate our calculations.

Understanding the underlying mechanism of the reduced lethality
of the omicron vardant is a vital q.lEStbrlm A possible explanation is
related to the pathway of virus entry after spike binding to ACE2
receptor. Two possible pathways exist for coronavirus entry into cells:
the TMPRSS2 pathway and the endocytic pathway.*

The TMPRS52 pathway depends on the transmembrane protease,
seringe 2, which colocalizes with ACE2 at the cell membrane and pro-
cesses the SARS-CoV-2 Spike protein to enable virus-host membrane
fudon.”” Eadier SARS-CoV-2 VOCs prefer to the TMPRSS2 pathway,
by which the spike protein is cleaved at the 51/52 sites by TMPRS52
that leads to dissociation of 51 and 52 subunits. Then, the 52 subunit
undergoes a large conformational rearrangerment to bind with the host
cell membrane and viral entry of the host cel ® The energy barrier of
the process may be increased for the omicron variant because the
omicron/ACE2 complex is much more stable, and this results in lower
viral lethality.

Howewer, some researchers suggested the omicron variant aban-
don the TMPRS52 pathway in favor of the endocytic pathway, by
which the virus is swallowed by host cells through endocytosis. ™5
Due to the lower protein level of ACE2 and the higher level of
TMPRS52 in the lungs thanin the upper a‘rways,ﬂ'ﬂ the omicron var-
iant has more difficulties in infecting the lungs than the nose or the
throat. ®** Therefore, the mutated virus cannot fuse individual lung
cells together into larger blobs called syncytia and thus cannot cause
severe illness

To further elaborate on the above issue, we note that the omi-
cron spike protein has activated more slowly.*® In considering this
effect, we noticed that in order to bind to ACE2, the spike must
undergo a conformational transition to an activated conformation.
The conformation comnversion is facilitated by the presence of ACEZ 8
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Zhang et al* found that the omicron variant spike protein requires a
higher level of ACEZ concenfration than other variants. In this case,
even though the binding affinity of ACE2 is enhanced, the omicron
variant is still hard to imade human cells massively and cause severe
symptom, especially in lung cells with low ACE2 e-:r.'nnemh::u'l.""’ljr2

Owr study of the affinity of the omicron lineages to several anti-
bodies is consistent with the greater interference with the spike/
antibody interactions and stronger immune evasion.

It is worth noting that the mutational effects of the SARS-CoV-2
spike protein extend beyond its affinity with ACE2. Recent studies
hawve shown that the spike protein can also interact with hurman
manoaming oxidases (MAD) with affinities that are comparable to
those with the ACEZ2 receptor. MAD enzymes play important roles in
the metabolic clearance and regulation of brain amine levels, such as
the neurotransmitters dopamine and serotonin. The formation of
MACYspike protein complexes modifies MAO affinity for its neuro-
transmitters, which leads to imbalances in their levels and potentially
contributes to neurclogical llinesses following virus infection. More-
owver, it is suggested that more contagious virus variants could cause
larger disturbances of MAD and lead to more severe neurological ill-
nesses.?* These findings underscore the complex and profound muta-
tional effects on the pathogenicity of the SARS-CoVW-2 wvirus in
addition to its interaction with ACEZ. Therefore, it is imperative to
continsously monitor and track emerging mutations and viral variants
to better understand their impact on disease severity and inform pub-
lic health interventions.

Glycosylation of spike proteins and ACEZ2 receptors is essenfial
factor to consider when discussing their interactions. The spike trimer
has been discovered to contain numerous ghycosylation sites, with
~40% of the protein being shielded by gyc.ms.” Since cryo-EM and
x-ray crystallography are unable to accurately determine glycan com-
position, computational simulation has emerged as a vital tool for
studying the glycosylation of spike protein.™*¥ Glycans impact the
spike/ACE2 binding in three primary ways: first, they influence
the down-to-up dynamics of spike conformation®%%; second, they
alter glycan-protein or glycan-glycan interactions'®~'°% and third,
they modify the interface by either shielding binding sites or displa-
cing the binding residues. 231 However, current methods are unable
to fully elucidate the role of glycosylation. For instance, both compu-
tational and experimental studies have demonstrated that the glyco-
sylation of M165, M234, and M343 benefits spike/ACE2 binding.****
Surprisingly, recent experiments have shown that the nature of the
ghycans at N234, N145, and M343 does not affect the binding affinity
of the spike protein to the ACE2.'™ These findings highlight the
importance of glycosyation in understanding spike protein behavior,
but due to its complexity, further optimization of our reseanch tools is
still necessary.

In sumrmary, we suggest that the increased transmissibility and
reduced lethality can be rationalized by our calculations. The reduced
lethality could be originated from the possibility that the wariant
adopts an altemative unigue host cell entry pathway that makes it
harder to infect the lung cells. The increased transmissibility is mainby
accounted for by the enhanced spike/ACE2 binding affinity, improwved

immune evasion, and weaker binding to inhibitor. Studying the molec-
ular mechanisms that enable these approaches may help us find ways
to deal with variant viruses in advance

4 | METHODS

41 | Modeling the complex structures

The wild-type spike/ACE2 complex structure was taken from the
high-resclution crye-EM structure with PDB ID: 7DF4.** Structural
data showed that the RBD of omicron variant's spike has no signifi-
cant conformational change compared with the wild t!_.l'|:|ne.21 We
believe that using the original wild-type structure as the first-order
approximation in predicing mutational effects here is the best option.
One of missing fragments (677 -A5688) in the experimental structure
was repaired by using Modeller,’™” because two mutations (N679K
and P&E1H) locate in the fragment. The mutations were introduced
into wild-type spike protein by using PyMOL. Removing the ACEZ2
receptor from the complex structure, we obtained the isolated spike
protein structure. The structures of antibodies and their interactive
model were extracted from known structures: CT-PS9 (PDEB ID:
FCM4), AZD1061 (PDB ID: 7L7E), LY-CoV555 (PDE ID: TEMG), and
S309(PDB ID: 7THNO; see “Constructing protein models™ in the Sup-
plementary information 51).

42 | Calculating the CG free energy

First, we relax the protein at 50 K 0.1 ns in the all-atomic model. Then
the AA structures were converted into CG representation (Figure 52)
and performed extensive (5000 steps, 0.001 ps step-size) relaxation
under 50 K temperature until the energy of system is converged. Dur-
ing relaxation, one structure was output each 100 steps and finally,
we got a conformational trajectory composed of 50 structures. All
these structures would be used for energy evaluation. The CG model
we used™ 5 focuses on the precise treatment of the electrostatic
and is sensitive to the charge distribution of the protein ionized
groups. In consequence, before energy evaluation, a MCPT method™*
was used to determine the charge states of the residues in each struc-
ture. During MCPT, protons were “jumped” between lonizable resi-
dues, and a standard Metropolis criterion was utilized to calculate the
acceptance probability. The total CG energy was calculated according
to the following formula:

AGgy = AGmgn + AGage + AGnan cige#
—C1IAGEY 420G, + caAGlg + AGEE + AGT (1)

HAGTE 4+ AGEE, L+ AGEY

The terms on the right are the side chain van der Waals energy,
main chain solvation energy, main chain hydrogen bond energy, side
chain electrostatic energy, side chain polar energy, side chain hydro-
phobic energy, main chain/side chain electrostatic energy, and main
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chain/side chain van der Waals energy, respectively. The scaling coef-
ficients ¢1, €2, and £3 are taking values of 0.10, 0.25, and 0.15 in this
work. (See “The energetics of the CG protein model™ in the Supple-
mentary information S1).

Due to the large size of the protein, after 1000 steps, the energy
reached equilibrium but fluctuates. Therefore, the average energy of
the last 15 structures was used as the final energy. All relative caloula-
tions were performed using the Molaris-XG package.1%%1%%

4.3 | Calculating the binding free energy changes
The binding energies for spike/ACE2 are defined as follows.
AGrinding = Gapioemncez — Gace2 — Gopiee (2}

For the mutated binding free energy change of spike/ACE2
complex:

AAGinging = AGkindingame — AGuindingar #
= (Gacen-spie,,.,, — Gupike,,... — Gacen)
— (GagE2 -spimyy — Copitonyr — Gacez)

= (GaCED- spikemen — GACED —spikewr)
+(Gapingr — Gk

= AG; +AGy

(3

44 | Evaluating the electrostatic effect

We implicithy incorporate the effect of the structural change in the
subsequent energy calculation by adjusting the effective dielectric
constant. In previous studies, we noficed that the underestimation of
the dielectric compensation effect led to an overestimation of our free
energy calculations** In our CG model, the dielectric compensation
effect was mainly related to the dielectric constant. The dielectric
constant was calculated by the function:

et =14 £ [1— exp(—ury)] (4}

where £ is a statistical mechanical dielectric constant, ry is the dis-
tance of two jonized groups, and u is a scaling coefficient for the
distance. The magnitude of £ reflects the compensation of the
unscreened interaction by  the protein  and  water
rearganization.t ' Refer to the experimental value of AAG of four
mutafions (E4B4K, F4B6L, OQ493M, Q498Y), we tested the influence
of different effective dielectric constants in the CG model, with £ in
range [20, B0 p in range [0.2,1.2] (Figure 53). The optimal value that
minimized the difference between calculational and experimental
values was obtained with ¢ = B0 and u = 0.6 and used here (see
“Testing the dielectric constant™ in  the Supplementary
information S1).

45 | Cloning and expression of spike, spike
mutants, and ACE2

The mammalian cell codon-opfimized nucleotide sequence coding for
the spike protein of the SARS-CoV-2 and ACE2? of the human was
synthesized commercially (Genewiz, Suzhou, China). The spike protein
in this paper is soluble and only includes the amino acids from 1 to
1213, The soluble version of spike alone with C-terminal thrombin
cleavage site, T4 foldon trimerization domain, and 6= His tag was
cloned into pCAGGS vector. The spike protein sequence was modified
to remove the polybasic cleavage site (RRAR to A), and two stabilizing
mutations were introduced as well (K$86F and VFB7F). The ACEZ,
incleding a C-terminal FC tag was cloned into peDNAZ. 1 vector. The
spike mutants were gotten by overlap polymerase chain reaction that
used wild-type spike as template with specific mutagenic primers
(Table 54). Then these expression vectors were transfected into
HEK 223F cell with polyethylenimine. After 5 days, the target proteins
were purified from the cell culture supernatant.

4.6 | Protein purification

The HEK293F culture supernatant was collected by centrifugation at
2000 rpm for 5 min. Then the supematant was filtered with 0.22 pM
filter and was purified by the Ni-MTA resin affinity chromatography.
First, the Ni chromatography column was balanced by PBS(PH = 7.4).
Then the supernatant is flowed through the Mi column at a speed of
0.5 mL/min. Finally, the Ni column was washed by the 300 mM imid-
arole and the imidazole was collected. The collected imidazole was
dialyzed in PBS at 4°C overnight, so the protein was eluted in the
PBS. All proteins were verified by the SDS-PAGE electrophoresis
(Figure 5A,D).

4.7 | Spike protein thermal stability analysis

The thermal stability of spike protein and spike mutants was detected
by the Prometheus NT.48 (ManoTemper) through the nanoD5F tech-
nology. All of the proteins were adjusted to a same concentration of
0.2 mg/mL with PBS buffer. Aspirate the protein sample for ~10 pL
using a capillary tube. All of the proteins were detected at the same
time. The range of thermal stability testing temperature is 20-95°C.
The onset temperature of protein unfolding (Temperature_onset) of
spike protein and spike mutants were detected as the indicator of pro-
tein thermal stability (Figure SB)L

48 | Spike protein/ACE2 binding

The binding of Spike protein and mutants with ACE? was detected by
the Octet REDP6e System (ForteBio) through BLI technology. The
ACEZ protein with FC tag was immobilized to a protein A sensortip.
Then, the sensortip was dipped into the wild-type spike protein and
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spike mutants to measure the association between ACE2 and spike/
spike mutants (k). After that, the sensortip was dipped into the well
with dilution buffer (1 = PBS, pH 7.4, with 0.1% BSA and 0.02%
Tween-20) to measure the dissociation (k,L The data analysis was
done by the Octet Data Analysis HT software (Figure SE). Equilibrium
dissociation constants (k) were obtained from k'K .
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