Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Studying folding kinetics of omicron to understand
its hijack mechanism in human host cells

Saranya S
Bharathidasan University

Sangavai C
Bharathidasan University
Roja B
Bharathidasan University

Chellapandi P (% pchellapandi@gmail.com)
Bharathidasan University

Research Article

Keywords: SARS-CoV-2, COVID-19, Folding rate, Virus maturation, Hijack mechanism, Mutations
Posted Date: December 22nd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-2392479/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/15


https://doi.org/10.21203/rs.3.rs-2392479/v1
mailto:pchellapandi@gmail.com
https://doi.org/10.21203/rs.3.rs-2392479/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Coronavirus disease (COVID-19) has rapidly expanded into a global pandemic caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Genetic drift in global SARS-CoV-2 isolates and protein
evolution have an impact on their ability to escape from current antiviral therapeutics. Hence, our study
aimed to reveal how mutations in the folding kinetics of assembly and maturation proteins drive the
hijack ability to emerge SARS-CoV-2 variants in humans. In this study, we predicted the folding rate of
these proteins using multiple regression analysis and validated the prediction accuracy using machine
learning algorithms. Hybrid machine learning using linear regression, random forest, and decision tree
was used to evaluate the predicted folding rates compared with other machine learning models. In SARS-
CoV-2 variants, the sequence-structure-function-folding rate link stabilizes or retains the mutated residues,
making stable near-native protein structures. The folding rates of these protein mutants were increased in
their structural classes, particularly B-sheets, which accommodated the hijacking ability of new variants
in human host cells. E484A and L432R were identified as potent mutations that resulted in drastic
changes in the folding pattern of the spike protein. We conclude that receptor-binding specificity,
infectivity, multiplication rate, and hijacking ability are directly associated with an increase in the folding
rate of their protein mutants.

1. Introduction

Coronavirus disease (COVID-19) is a deadly infectious disease caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). The spread rate and infectivity of this virus are continuously
increasing owing to emerging variants, even though several vaccines have been prescribed globally. A
variant is a viral genome that may contain one or more mutations and was designated by Public Health
Organizations as a variant of concern or a variant of interest (Kandeel et al. 2022). Omicron (B.1.1.529) is
currently a circulating variant of concern, which currently has the BA.1, BA.1.1, and BA.2 lineages. It is not
yet clear whether omicron is more transmissible and infectious than other variants. According to the
World Health Organization, there may be an increased risk of reinfection with omicron compared with
other variants.

The SARS-CoV-2 genome assembly consists of 11 open reading frames (ORFs) with frequent mutations.
The spike glycoprotein (S) facilitates attachment to host cell membrane receptors. Human TMPRSS2 has
also been used for viral entry by priming human lung cells. The envelope protein (E) and membrane
protein (M), which act as viroporins, are responsible for morphogenesis and assembly. The nucleocapsid
protein (N) plays a role in viral entry and enhances the efficiency of the subgenomic viral RNA
transcription/replication machinery. Nonstructural proteins (NSP1-16) are essential for viral replication,
nucleic acid metabolism, and capsid formation (Chellapandi and Saranya, 2021). Viruses can cause
many beneficial mutations that facilitate their ability to escape from antivirals and vaccines. Hence,
studies of the mutational impacts on spike, assembly, and morphogenesis proteins are important to
understand the genetic drifts across SARS-CoV-2 variants.
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Protein folding information plays a key role in the therapeutic intervention for many viral diseases
(Broglia et al. 2005). Proper folding is crucial to achieve a unique native functional structure. It also
depends on the physicochemical characteristics of the residues in amino acid sequences and low Gibbs
free energy (Hebert and Molinari, 2007). The amino acid swap in a protein significantly alters its folding,
stability, specificity, and function (Gromiha et al. 2009; Pilipczuk et al. 2017). The deleterious mutation
imposes a fitness penalty depending on the reduced folding rate of the protein (Starr et al. 2020). Protein
evolution is a molecular drive that enhances the adaptation and survival of pathogens to resist new
environmental niches (Seal et al. 2021). Folding landscape and structural integrity are key factors in
protein evolution (Morcos et al. 2014). Information on residue-level co-evolution upon mutations is used
to predict changes in protein folding rates (Mallik et al. 2016). The relationship between the sequence-
structure-function-conformational dynamic space-folding rate has been reported as a molecular
determinant of some virulence proteins in bacterial pathogens (Chellapandi 2014; Chellapandi et al. 2013;
2019;2018; Prathiviraj et al. 2015; Priscilla et al. 2016, 2017; Prathiviraj and Chellapandi, 2020a; 2020b).

The proper folding and assembly of proteins are critical for the infection, multiplication, and hijacking
ability of SARS-CoV-2 in human hosts (Chellapandi and Saranya, 2021). Many theoretical models and
experimental methods have been developed to predict and validate mutations in protein-folding rates
(Raynes et al. 2014). In this study, we predicted and validated the folding rates of assembly and
maturation proteins using multiple regression analysis followed by machine learning algorithms. The
present study aimed to investigate how the folding kinetics of these proteins is influenced by SARS-CoV-2
variants compared with Wuhan-Hu-1. We also propose the hijack mechanism of a recently emerged
variant called omicron, based on the predicted folding kinetics of these protein mutants.

2. Materials And Methods

Dataset

The mutational frequencies of the SARS-CoV-2 proteins were obtained from previous mutant libraries
(Forster et al. 2020; Joshi et al. 2020; Mercatelli and Giorgi, 2020). A total of 2937 mutants were chosen
from the spike, assembly, and morphogenesis proteins of SARS-CoV-2 genomic variants. Wuhan-Hu-1
proteins were used as a reference (wild-type) for this study. The mutated amino acid residue was
introduced to replace the respective residues in the Wuhan-Hu-1 protein. For double mutations, two
residues from the wild-type protein were replaced with mutated residues.

Prediction of folding kinetics
The folding rates of protein mutants were calculated using a FOLD-RATE server-based set of 49 amino

acid properties (Pave) as follows (Gromiha et al. 2006).

N

P (ave) (i) = »
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F(i) is a set of 49 amino acid property values for the jth residue in a protein (N). The predicted folding rate
of each structural class (q, B, a+ B, and a + B/a/B) was correlated with the experimental folding rate Inkf
(i) using multiple regression. The folding kinetic orders of these proteins were computed from their 3D
structures using the K-FOLD server (Capriotti and Casadio, 2007). The predicted folding rates of the
protein mutants were compared to those with the respective wild-type proteins. Furthermore,
discrimination analysis was used to evaluate the influence of mutations on the folding rate of SARS-CoV-
2 proteins.

Validation of predicted data

Machine-learning models were captured using the sci-kit-learn machine-learning library in the Jupyter
notebook. The performances of the resulting models were evaluated by comparing the trained dataset
with the predicted results. Machine learning models were trained using the folding rates of the structural
classes (q, B, a+B, and a+ B/a/B) with 20 rows. These models were used to test 1202 rows of data,
including the folding rates of all the structural classes predicted above. Accuracy, recall, and precision
were used as metrics to evaluate this process (Dhasaradhan et al. 2021).

3. Results

As shown in Fig. 1A, our dataset contains 2937 protein mutations in the SARS-CoV-2 genome, the order of
which was noted to be S >N >NSP4 >NSP6 >M >NSP8 >E >NSP7. D614G, S68F, T175M, RG203KR,
F308Y, L37F, S25L, and M129I are the most prevalent mutations in S, E, M, N, NSP4, NSP6, NSP7, and
NSP8 proteins of SARS-CoV-2 variants, respectively. The folding rate is a determining factor for protein
multiplication, virulence, host specificity, and infectivity of SARS-CoV-2. Herein, the protein folding kinetics
of SARS-CoV-2 variants involved in assembly and morphogenesis have been extensively studied
(Supplementary file). The predicted fold rates ranged from to 20—93 molecules/sec. We scanned the
machine-learning algorithms to calculate the accuracy of the predicted results (Fig. 1B). This shows that
combined algorithms such as linear regression, random forest, and decision tree are required for the
validation of the mutant library compared to other algorithms. These algorithms provided 100% accuracy
for the predicted folding rate of proteins, suggesting that our computational predictions are more robust
and reliable for driving a molecular hypothesis. Some rare mutational events, such as DF1041GL, A36V,
T327N, 1266L, and F15L, showed fast folding rates of S, E, NSP4, NSP6, and NSP8, respectively (Fig. 1C).

The influence of the mutational spectrum on the folding rates of different structural classes of proteins
was analyzed, as shown in Fig. 2. Compared to the wild-type, fast-folding rates were predicted in E, M,
NSP6, and NSP7 mutants, whereas slow folding rates were observed in S and NSP8 mutants. Mutation
events are highly influenced by the B-class of many mutated proteins by increasing their folding rate.
Interestingly, point mutations did not drastically change the folding rate of N but showed different folding
patterns in structural classes in NSP7. The folding rate increased only in NSP7 mutants because of
drastic changes in the a and B classes. Mutational events in amino acid residues involved in the B-class
increase the folding rates of E, M, NSP4, and NSP6 mutants. No significant changes were observed in the
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folding rates of the mixed and unknown structural classes of the assembly and morphogenesis proteins.
Therefore, amino acid swapping can alter the folding kinetics of SARS-CoV-2 proteins during infection.

Generally, the folding rate of most viral proteins is increased by point mutations for accommodation in
the host and escape from therapeutics. We predicted fast-folding rates (34 mol/sec) in € and y variants,
which can increase the multiplication rate of the virus (Fig. 3A). The folding rate of the a-class of proteins
is increased in the a and € variants, whereas the folding rate of the B-class of proteins is increased in y
and k variants. The folding rates of mixed structural classes decreased considerably in SARS-CoV-2
variants compared to the wild type. The Omicron, a, and A variants show a slow folding rate in their
proteins. This indicates low multiplication, assembly, and morphogenesis of virions in the host cells. The
slow folding rate in omicron resulted from radical changes in unknown structural classes.

The folding rate is commonly increased in the most frequent mutations (E484K and L452R) among many
variants. The folding rates of omicron (E484A) and 1 (D253G) variants were higher than those of Wuhan-
Hu-1 proteins (20.02 mol/sec) (Fig. 3B). The predicted folding rates of these variants were 35-39
mol/sec. The fast folding rate of the a-class was observed in y (P681H), B-class in T (D253G), mixed
class in omicron (E484A), and unknown class in A (N452Q) variants compared to the wild-type. It is
important to note that the folding rate of omicron is significantly raised to 39.34 mol/sec when glutamate
is mutated with alanine at the position of 484.

MukF_M, CaM_bind, TRPM_tetra, DUF3418, and MH1 were identified as common motifs in the spike
glycoprotein of the most potent variants, of which four motifs were missing ind, omicron and p
variants(Fig. 3C). MukF_M, CaM_bind, and TRPM_tetra motifs were found in Wuhan-Hu-1 cells. The
DUF3418 and MH1 motifs were also found in aand y variants, respectively. This suggests that the
presence of CaM_bind in 8 and MukF_M in omicron could determine their target specificity and infectivity
in host cells.

The mass of the SARS-CoV-2 virion was 1fg with ~ 1000 nm and a volume of 107. This virion is
enveloped by fully assembled mature proteins during the folding process (Fig. 4). Together with 2000
copies of NSP4 and 20 copies of NSP6, maturation, and envelop proteins, SARS-CoV-2 forms a viral coat
during the infection and incubation processes. This protein assembly initiates the morphogenesis of 100
copies of spike glycoprotein within 10 min. The results of our study suggest that the folding kinetics of
these proteins in newly emerging SARS-CoV-2 variants, particularly omicrons, could contribute to the
replication, assembly, morphogenesis, and infection (attachment) of host cells. To execute this molecular
process, SARS-CoV-2 can increase its genome plasticity and mutability in spike, assembly, and
morphogenesis genes to conquer evolutionary fitness in the new environmental niche.

4. Discussion

Protein thermodynamic fitness accounts for mutational effects in RNA viruses, leading to the
development of antiviral drug resistance and vaccine failure (Miller et al. 2014; Huchting, 2020). Protein

folding is a change in the energetic coupling of amino acid residues to attain the native protein structure
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of SARS-CoV-2 (Prithiviraj et al. 2021). Hence, our study indicates the influence of mutational events on
the folding rates of mutated proteins in SARS-CoV-2 variants. The order of mutation frequency was S >N
>NSP4 >NSP6 >M >NSP8 > E >NSP7, similar to previous studies (Forster et al. 2020; Mercatelli and
Giorgi, 2020; Joshi et al. 2021). D614G, S68F, T175M, RG203KR, F308Y, L37F, S25L, and M129I were the
most prevalent mutations, which may be associated with mild and severe clinical outcomes. This may be
due to drastic changes in the folding dynamics and conformational stability of mutated protein
structures while SARS-CoV-2 infected human lung cells (Ng et al. 2020; Nagy et al. 2020; Prithiviraj et al.
2021; Salpini et al. 2021). Additionally, we predicted fast-folding rates (20—93 molecules/sec) in
DF1041GL, A36V, T327N, 1266L, and F15L mutations. These mutations may have contributed to the
conformational stability and folding kinetics of their structural classes.

Frequent changes and increased mutational rates of S, N, ORF8, and ORF1ab proteins are highly
correlated with enhanced virulence and the spread of viral infection. However, infection rates are
associated with the stabilization of hydrophobic interactions and globular conformation of these
proteins. Mutational changes tend to destabilize folding by decreasing thermodynamic folding stability,
similar to earlier studies (Miller et al. 2014; Prathiviraj et al. 2021; Baek et al. 2022). The folding rates of S
and NSP8 decrease upon point mutation, which could influence viral spread and lethality (Cacore and
Rabitz, 2020). Fast-folding rates were predicted in E, M, NSP6, and NSP7 mutants, suggesting accelerated
assembly and morphogenesis processes to form a virion. In some mutational events, the folding rate was
conferred to show the low stability of their protein structures, as described earlier for NSP6 (Benvenuto et
al. 2020).

Functional innovation is more likely to evolve in proteinfolds that tolerate mutations (Téth-Petréczy and
Tawfik, 2014). Our analysis showed that mutational events brought about radical changes in the folding
rates of unknown structural classes in many SARS-CoV-2 variants. Such changes in NSP7 and NSP8
might have influenced the stabilization of replication/transcription of the complexity, infectivity, and
virulence of SARS-CoV-2, as described in previous studies (Rehman et al. 2020; Reshamwala et al. 2020).
Core mutations drastically change the folding rates of B-sheets in assembly and morphogenesis proteins,
but there are no significant changes in other structural classes. Chemically conserved residue changes in
B-sheets, the establishment of B-strand conformation of the polypeptide chain, and contact orders are
possible reasons for the changes in the folding dynamics of B-sheets (Lorch et al. 1999; Abrusan and
Marsh, 2016). The contact order in a-helices is higher than that in B-sheets; therefore, a-helices can
accumulate more mutations than strands without changing folding rates (Abrusan and Marsh, 2016).

Omicron, and 6 have recently emerged as variants of concern that have accumulated high numbers of
mutations and their ability to evade pre-existing immunity acquired through vaccination. These variants
acquire hijacking ability by reducing the ability of antibodies to compete with receptor-binding domain
(RBD)-receptor interaction and virus neutralization (Khandia et al. 2022). The results of our study
indicated the occurrence of slow folding rates in the omicron, a, and A variants upon mutation. This could
favor the low multiplication, assembly, and morphogenesis of their virions in the host cells by amino
acids adjacent to the predicted mutations. Omicron exhibits a mutation at E484A, which was observed to
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increase the folding rate in RBI. The mutated position may be associated with reduced antibody
recognition and antibody neutralization (Shah and Woo, 2022; Vogt et al. 2022). The D253G, N452Q, and
E484A mutations in the RBD of spike proteins have been found to play a critical role in the stability of the
RBD-ACE2 complex in human cells, similar to an earlier investigation (Nguyen et al. 2022). The omicron
variant exhibited a polybasic cleavage site (P681H) alteration that determined its infectivity rate to be
less than that of the variant. However, its transmissibility was increased by adding positive charges (other
than P681H) to the region, accompanied by an increase in S1/S2 cleavage early in the viral life cycle
(Saxena et al. 2022).

In this study, L452R was identified as a potent omicron mutation. It is associated with immune escape
owing to its immediate proximity to the ACE2 interaction interface of the RBD. It is likely to increase viral
transmissibility and infectivity and rescue fusogenicity (Tchesnokova et al. 2021). Hence, our study
implied that the presence of E484A and L452R mutations could greatly enhance the ability of omicron to
infect lung cells of ACE2 in humans.Protein functions often require the sequence conservation of short
(6-12 nts.) motifs, which may correspond to binding sites. In this study, the MukF_M motif was only
present in the spike protein of omicron and was devoid of other CaM_bind and TRPM_tetra motifs, similar
to Wuhan-Hu-1. The loss of these motifs in omicron can lead to structural rearrangements to attain a
near-native folding pattern that enhances host target specificity and infectivity. Our findings suggest that
the folding rates of understudied proteins in newly emerging SARS-CoV-2 variants, particularly omicron,
contribute to the viral life cycle in human cells. Our study also revealed that genome plasticity and
mutability in spike, assembly, and morphogenesis genes in response to protein folding kinetics increased
to conquer evolutionary fitness in the new environmental niche.

5. Conclusion

The thermodynamic stability of proteins accounts for a large fraction of the observed mutational effects.
Our study shows that destabilizing mutations due to strong immunologic pressure in humans can inflict
a fitness penalty (deleterious to beneficial) proportional to the reduction in the folded proteins of SARS-
CoV-2 variants. It also revealed that the change in folding kinetics plays a vital role in determining the
sequence-structure-function-virulence relationship of the SARS-CoV-2 proteome. The fast folding rates of
their mutated spike, assembly and morphogenesis proteins could allow the virus to escape the responses
of antivirals, vaccines, and host immunity. Consequently, SARS-CoV-2 variants are capable of
accommodating increased virulence, infectivity, transmissibility, and evading immune responses to the
host environment by modulating their protein folding rates in structural classes, particularly B-sheets.
Studying viral genome variants and associated protein mutations can allow us to track evolution and
spread, leading to the development of appropriate intervention strategies. The present study suggests
that the development of protein-folding interdiction drugs based on the folding rates of spike, assembly,
and morphogenesis proteins would likely be possible for COVID-19 caused by newly emerging SARS-CoV-
2 variants.
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Figure 1

Computational validation of predicted folding kinetics of spike, assembly, and maturation proteins in
SARS-CoV-2 variants using machine learning algorithms

(LR: Linear regression, LGR: Logistic regression, RF: Random forest, NB: Naive Bayes, KNN: K-Nearest
Neighbor, SVM: Support vector machine, DT: Decision tree, CNN: Convolutional Neural Network)
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Figure 2

Impact of point mutations on folding kinetics of structural classes in spike, assembly, and maturation
proteins in SARS-CoV-2 variants
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(A) SARS-CoV-2 variants

Classification

First identified

WHO label

Alla Al at+B:a/f

Unknown Fold rate In(kf)

China Wuhan-Hu-1 34 215 -11 6.12 20.02
Variant of Concern India Delta 449 21.5 -5.87 6.44 26.56
South Africa Omicron 2.88 21 -13 0.877 13.757
Variants Being Monitored UK Alpha PEs 199 -157 6.93 15.82
South Africa Beta 431 236 5.8 30.58
Brazil Gamma 4.28 8.9
USA Epsilon 24.1 7.1
Eta 3.59 214 -6.65 4.04 22.38
Tota 3.04 238 -4.33 3.55 26.06
India Kappa 4.35 2551 =11 9.84 28.69
Colombia Mu 419 234  -10.6 ZE) 29.79
Brazil Zeta 4.02 22 -8.88 10.8 27.94
Variant of Interest Peru Lambda 346 17.2 -7.53 6.47 19.6
Philippines Theta 395 246 -4.56 4.66 28.65

(B) Potent mutants

WHO label Variant Mutation All-e All-p o+f:0/p Unknown Fold rate In(kf)
Wuhan-Hu-1 3.4 215 -11 6.12 20.02
Delta B.1.617.2 K417N 383 21.8 -0.549 2.75 27.831

T478K 451 202  -4.96 7.31 27.06

E484K 3.06 17.5  -14.9 6.85 12.51
Omicron B.1.1.529 E4844A 4.45 23.c PSR 1.59 GRS
Alpha B.1.1.7 L452R 471 23.9 8.18 1.21 38
Beta B.1.351 LI18F 451 20  -10.2 11 25.31
Gamma P.1 P681H 404 18.7 8.1 4.82 20.36
Tota B.1.526 D253G 4.65 B8 -0.137 5.89 35.303
Mu B.1.621 R346K 3.27 19.8  -14.2 1.51 10.38

N501Y 432 203  -10.7 -4.23 9.69
Lambda C.37 N452Q 4.8 243  -5.26 106 33.82

(C) Functional motifs
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Figure 3

Impact of the potent mutations on folding kinetics of the SARS-CoV-2 variants classified by the World
Health Organization (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/)
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Figure 4

The proposed hijack mechanism of SARS-CoV-2 in host cells using the folding kinetics of spike,
assembly, and maturation protein mutants.
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