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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has substantially

diversified during the pandemic, resulting in the successive emergence of

variants characterized by various mutations. It has been observed that several

epidemic variants, including those classified as variants of concern, share

mutations at four key residues (L452R, T478K, E484K, and N501Y) within the

receptor bindingmotif (RBM) region of the spike protein. However, the processes

through which these four specific RBM mutations were acquired during the

evolution of SARS-CoV-2, as well as the degree to which they enhance viral

fitness, remain unclear. Moreover, the effect of thesemutations on the properties

of the spike protein is not yet fully understood. In this study, we performed a

comprehensive phylogenetic analysis and showed that the four RBM mutations

have been convergently acquired across various lineages throughout the

evolutionary history of SARS-CoV-2. We also found a specific pattern in the

order of acquisition for some of these mutations. Additionally, our epidemic

dynamic modeling demonstrated that acquiring these mutations leads to an

increase in the effective reproduction number of the virus. Furthermore, we

engineered mutant spike proteins with all feasible combinations of the four
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mutations, and examined their properties to uncover the influence that these

mutations have on viral characteristics. Our results provide insights into the roles

these four mutations play in shaping the viral characteristics, epidemic

proliferation, and evolutionary pathway of SARS-CoV-2.
KEYWORDS

SARS-CoV-2, evolution, receptor binding motif, variants of concerns, epidemic
dynamics modeling
Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) was first identified in China at the end of 2019 and subsequently

spread worldwide, leading to a pandemic (1). Subsequently, various

SARS-CoV-2 variants that acquired mutations and altered viral

properties such as transmissibility, immune evasion capability, and

pathogenicity have emerged one after another. Particularly, variants

of concern (VOCs), such as the Alpha, Beta, Delta, and Omicron

variants, have caused severe epidemic surges around the world (2).

SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE2) as

a viral receptor. When the viral spike (S) protein binds to ACE2, the

viral envelope membrane fuses with the cellular membrane,

resulting in viral entry into the cell. The protein domain of the S

protein essential for interaction with ACE2 is called the receptor

binding domain (RBD; residues 305–534 in the S protein of the

reference strain of Wuhan-Hu-1), and the part specifically critical

for binding to ACE2 is called the receptor binding motif (RBM;

residues 437–508 in the S protein of Wuhan-Hu-1) (3).

Importantly, RBD and RBM are also critical targets for

neutralizing antibodies, which inhibit the binding of the S protein

to ACE2 and block viral infection to cells (4). Therefore, mutations

in RBD and RBM have crucial effects on binding affinity to ACE2

and infectivity, as well as escape ability from neutralizing

antibodies, both of which are strongly associated with viral

fitness (2).

By examining the connection between viral mutations and

phenotypic alterations, we can clarify why certain epidemic

variants have proliferated rapidly, and further forecast potential

epidemic variants based on distinct mutation patterns. The

evolution of the SARS-CoV-2 S protein appears to be following a

pattern where the S protein enhances its ability to evade the host’s

humoral immunity while preserving its capacity to bind to ACE2 (5,

6). Since the RBD or RBM of the S protein plays a vital role in ACE2

binding and escaping humoral immunity, critical mutations are

often observed in these regions (3). Mutations at four key sites in

RBM (L452, T478, E484, and N501) are observed in various

epidemic variants, including VOCs. Particularly, L452R, T478K,

E484K, and N501Y have been observed in multiple lineages. For

instance, L452R is in Delta and Omicron BA.5; T478K is in

Omicron and Delta; E484K is in Beta and Gamma; and N501Y is

in Alpha, Beta, Gamma, and Omicron (2, 3, 7).
02
Previous studies have revealed that these four individual

mutations in RBM enhance functions of the S protein that are

tied to viral fitness, such as infectivity, ACE2 binding ability, and

evasion from neutralizing antibodies (4, 8–14). These findings

imply that the mutations may contribute to the observed increase

in viral fitness. However, the extent of the contribution of these

mutations to the increased viral fitness remains unclear. Also, the

pattern in which these mutations were acquired during SARS-CoV-

2 evolution is not thoroughly understood. Furthermore, while the

impacts of singular mutations on the function of the S proteins have

been studied, the effects of two or more combined mutations have

not been explored in depth. Here, we carried out phylogenetic and

epidemic dynamics analyses using viral genome surveillance data to

investigate how these mutations have facilitated the spread of the

virus. We also engineered mutant S proteins with all possible

combinations of the (L452R, T478K, E484K, and N501Y; 16

mutants, including the wild type) to investigate their properties,

and thereby unravel the effects that these mutations exert on

viral characteristics.
Methods

Ethics statement

All protocols involving specimens from human subjects

recruited at Kyoto University were reviewed and approved by the

Institutional Review Board of Kyoto University (approval ID:

G1309). All human subjects provided written informed consent.

All protocols for the use of human specimens were reviewed and

approved by the Institutional Review Boards of The Institute of

Medical Science, The University of Tokyo (approval IDs: 2021-1-

0416 and 2021-18-0617), Kyoto University (approval ID: G0697)

and Kumamoto University (approval IDs: 2066 and 2074).
Epidemiological data

In this investigation, we utilized genomic epidemiological

survey information, as obtained from GISAID (https://

www.gisaid.org/) (15). The epidemiological survey information

was procured on March 23, 2022, and incorporates information
frontiersin.org
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relating to the virus, such as location, patient, and mutation

information. It is important to note that we solely concentrated

on human hosts in our research.

Moreover, we also utilized two kinds of phylogenetic

information available in GISAID. The first one is a worldwide

phylogenetic tree created by Audacity (https://www.epicov.org/

epi3/frontend#4579b6). The data were developed utilizing all

high-quality sequences enlisted in GISAID. Newly enrolled

sequences were included in the current tree utilizing maximum

parsimony. This data was downloaded on March 17th, 2022. The

second data set depicts the phylogeny of the PANGO lineage, which

has been arranged by grouping together similar lineages. We

obtained this data from CoVizu (16) on January 19th, 2022.
Ancestral state reconstruction

To investigate how 4 mutations in RBM (S:L452R, T478K,

E484K, N501Y) have been acquired in the SARS-CoV-2

phylogeny, we counted how many times the mutations are

acquired by estimating whether each node has mutations with

ancestral state reconstruction. Ancestral state reconstruction was

performed by maximum parsimony with phylogenetic data from

Audacity and epidemiological survey data from GISAID. We

defined the mutation acquisition node as the node which is

estimated to have a mutation and whose parental node is

estimated not to have the mutation. This analysis was performed

using the asr_max_parsimony function provided in the castor (17)

package in R v.2.0.3.
Analysis of mutation coexistence

Based on the result of the ancestral state reconstruction, we

tested whether some of the 4 mutations tend to coexist (i.e. if the

probability of obtaining mutation B changes based on the presence

or absence of mutation A). We classified the acquisition events of

the 4 mutations into 4 groups generated by a 2 × 2 contingency table

based on whether 1) it was after acquiring mutation A and 2)

whether it was a mutation B acquisition. We tested the association

between the two terms by Fisher’s exact test.
Modeling the dynamics of SARS-CoV-
2 lineage

To compare the viral spread rate in the human population of

SARS-CoV-2 subgroups, we estimated the relative effective

reproduction number of each viral lineage according to the

lineage dynamics calculated on the basis of viral genomic

surveillance data.

We compared the relative effective reproduction number

among viruses with and without the mutation at position E484 in

the Alpha variant. The surveillance data contains Alpha variant

which has N501Y mutation registered from March 12th,2020 to
Frontiers in Virology 03
March 14th, 2022. Data collected at quarantine and sequences with

higher than 20 percent undefined bases in their genome were

eliminated. The data regions were limited to where the amount of

Alpha variant sequences harboring a mutation at E484 is more than

50 per mutation. The data for each region were classified according

to the type of amino acid mutation at E484 or the absence of

mutation at E484, and time series data were generated by counting

the number of observed sequences per fixed number of days (bin

size=7 days) for each of the taxonomic groups (cluster). For the

estimation of the relative effective reproduction number of each

cluster, we constructed a Bayesian multinomial logistic model as

described in our previous study (18). The model is:

mt =  b0 +   b1t

q t = softmax(mt)

Nt =  oK
k=1Y tk

Y t  ∼   Multinomial(Nt ,  q t)

r = exp(
g
w
b1)

in which b0, b1, mt, qt and Yt are vectors with K elements, and

the k-th element in the vector represents the value for viral cluster k.

The explanatory variable is time bin t, and the outcome variable Yt

represents the counts of the respective viral clusters at time t. In the

model, the linear estimator mt, consisting of the intercept b0 and the

slope b1 for t, is converted to the simplex qt, which represents

the probability of occurrence of each viral cluster, by the softmax

link function. Yt is generated from qt, and Nt, which represents the

total count of all lineages at t, according to a multinomial

distribution. According to the previous study, the relative effective

reproduction number of each cluster (r, a vector with K elements)

was calculated according to the slope parameter b1 in the model

above with the assumption of a fixed generation time. G is the

average viral generation time (5 days) and w is the time bin size

(7 days). For the parameter estimation, the intercept and slope

parameters of the Alpha variant with no mutation at E484 were

fixed at 0. Consequently, the relative effective reproduction number

of the Alpha variant with no mutation at E484 was fixed at 1, and

those of the respective lineages were estimated relative to them.

Parameter estimation was performed by the framework of

Bayesian statistical inference with Markov chain Monte Carlo

(MCMC) methods implemented in CmdStan v.2.92.2 (https://mc-

stan.org) with cmdstanr v.0.5.2 (https://mc-stan.org/cmdstanr/).

Noninformative priors were set for all parameters. 4 independent

MCMC chains were run with 1,000 steps of each warmup and

sampling iteration. In the MCMC runs, the target average

acceptance probability was set at 0.99, and the maximum tree

depth parameter was set at 20. We confirmed that all estimated

parameters had<1.01 R̂   convergence diagnostic and more than 400

effective sampling size values (ESS), indicating that the MCMC runs

were successfully convergent. The analyses above were performed in

R v.4.1.0 (https://www.r-project.org/).
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Measuring the effect of mutations on
viral transmissibility

To investigate whether the acquisition of the 4 mutations in

RBM (L452R, T478K, E484K, N501Y) alters the transmissibility of

the virus, we used a Bayesian hierarchical multinomial logistic

model, established in our previous study (19). In this model, the

relative Re and the effect of mutations on the Re are estimated based

on the virus dynamics and the mutation patterns. We used the

surveillance data registered in GISAID collected from March

12th,2020 to March 14th, 2022. The data elimination was

conducted in the same condition as the former analysis. The data

were categorized by the profile of the 500 most frequent mutations,

and a group of viral sequences with the same mutation profiles was

designated as the mutant haplotype cluster. Mutations with a

correlation coefficient of the observed mutation pattern higher

than 0.90 were grouped together as one mutation group. Time

series data were generated by counting the number of observed

sequences per fixed number of days (bin size=7 days) for each

mutant haplotype cluster. For the estimation of the relative effective

reproduction number of each cluster, we constructed a Bayesian

hierarchical multinomial logistic model. The model is:

w  ∼   Laplace(0, 1)

s  ∼   Student _ t(4,   0,   1)

b1  ∼   Student _ t(4,  Aw,  s2)

mt =  b0 +   b1t

q t = softmax(mt)

Nt =  oK
k=1Y tk

Y t  ∼   Multinomial(Nt ,  q t)

r = exp(
g
w
b1)

in which b0, b1, mt, qt and Yt are vectors with K elements, and

the k-th element in the vector represents the value for viral cluster k.

The explanatory variable is time bin t, and the outcome variable Yt

represents the counts of the respective viral clusters at time t. The

linear estimator mt, consisting of the intercept b0 and the slope b1 for
t, is converted to the simplex qt, which represents the probability of

occurrence of each viral cluster, by the softmax link function. Yt is

generated from qt, and Nt, which represents the total count of all

lineages at t, according to a multinomial distribution. According to

the previous study, the relative effective reproduction number of

each cluster (r, a vector with K elements) was calculated according

to the slope parameter b1 in the model above with the assumption of

a fixed generation time. G is the average viral generation time

(5 days) and w is the time bin size (3 days). Here we further
Frontiers in Virology 04
expressed the slope b1 as the sum of the effects of the mutations

of the cluster. The b1 is assumed to be a Student’s t distribution with

4 degrees of freedom, mean Aw, and standard deviation s. A is the

profile matrix of mutations (K×D matrix) of each mutation

haplotype cluster, and w is the effect size (vector of length D) of

each mutation/mutation group. D is the total number of mutations/

mutation groups. Thus, Aw represents the linear combination of the

effects of each mutation. As a prior distribution of w, we set a

Laplace distribution with mean 0 and standard deviation 1. As a

prior distribution of s, we set a semi-stochastic t-distribution with 4

degrees of freedom, mean 0 and standard deviation 1.

Noninformative priors were set for the other parameters.

Parameter estimation was performed by the framework of

Bayesian statistical inference with Markov chain Monte Carlo

(MCMC) methods implemented in CmdStan v.2.92.2 (https://mc-

stan.org) with cmdstanr v.0.5.2 (https://mc-stan.org/cmdstanr/).

Four independent MCMC chains were run with 500 and 1,000

steps of warmup and sampling iteration, respectively. In the MCMC

runs, the target average acceptance probability was set at 0.99, and

the maximum tree depth exceeded was set at 15. We confirmed that

all estimated parameters had<1.01 R̂ value).
Cell culture

The Lenti-X 293T cell line (Takara, Cat# 632180), HEK293 cells

(a human embryonic kidney cell line; ATCC, CRL-1573), HEK293T

cells (a human embryonic kidney cell line; ATCC, CRL-3216) and

HOS-ACE2/TMPRSS2 cells (kindly provided by Dr. Kenzo

Tokunaga), a derivative of HOS cells (a human osteosarcoma cell

line; ATCC CRL-1543) stably expressing human ACE2 and

TMPRSS2 (20, 21), were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) (high glucose) (Wako, Cat# 044-29765)

containing 10% fetal bovine serum (Sigma-Aldrich Cat# 172012-

500ML), 100 units penicillin and 100 ug/ml streptomycin (P/S)

(Sigma-Aldrich, Cat# P4333-100ML). Calu-3/DSP1-7 cells (Calu-3

cells stably expressing DSP1-7) (22) were maintained in EMEM

(Wako, Cat# 055-08975) containing 20% FBS and P/S.
Plasmid construction

Plasmids expressing the mutant spike proteins harboring all

combinations of the four RBM mutations (L452R, T478K, E484K,

and N501Y) were generated by site-directed overlap extension PCR

using specific combinations of the primers listed in Table S5. As the

PCR template, the plasmid expressing the codon-optimized SARS-

CoV-2 S protein of B.1.1 (the parental D614G-bearing variant)

[PMID: 33558493] was used. The resulting PCR fragment was

subcloned into the KpnI-NotI site of the pCAGGS vector (23)

using In-Fusion® HD Cloning Kit (Takara, Cat# Z9650N).

Nucleotide sequences were determined by DNA sequencing

services (Eurofins), and the sequence data were analyzed by

Sequencher v5.1 software (Gene Codes Corporation).
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Yeast surface display

The peptidase domain of ACE2 (Q18 – S740) was generated in

Expi293F cells (ThermoFisher). The plasmid pCAGGS-ACE2 was

transfected into the cells using the ExpiFectamine 293 Transfection

Kit (ThermoFisher), following the manufacturer’s protocol. After

72 hours of expression post-transfection, the supernatant was

harvested through centrifugation (1500 rpm, 15 minutes, 4°C),

underwent sterile filtration (0.45 μm Nalgene Rapid-Flow™), and

was then applied to a 5 ml HisTrap Fast Flow column (Cytiva (GE,

USA), cat. 17-5255-01) connected to an ÄKTA pure FPLC system

(Cytiva, USA). The column was subsequently rinsed with 5 column

volumes (CV) of a 25 mM Tris, 200 mM NaCl, 20 mM imidazole

pH 7.2 buffer. Subsequently, the ACE2 protein was eluted with a 2

CV gradient using the same buffer with a gradient ranging from 20

to 1000 nM imidazole. The protein was dialyzed in PBS and

concentrated using Amicon® concentrators (3K MWCO, Merck

Millipore Ltd, cat. UFC900324).

Plasmids carrying either WT or mutated RBDs (L452R, T478K,

E484K, N501Y, or their combinations) were introduced into

electrocompetent EBY100 Saccharomyces cerevisiae as described

in the paper by Benatuil et al. (DOI: 10.1093/protein/gzq002) via

electroporation. The transformed cells were then plated on selective

SD-Trp agar plates and incubated for 48 hours at 30°C.

Subsequently, the colonies were inoculated into 1.0 ml of liquid

SD-CAA media and cultured overnight at 30°C with agitation at

220 rpm. Following the overnight culture, the cells were subjected to

centrifugation (3000 g, 3 minutes), and the supernatant was

discarded. The cell pellets were utilized to inoculate an expression

culture in which they were suspended in a mixture of 1/9 media and

1 nM DMSO-solubilized bilirubin to OD 1. This culture was

maintained at 20°C with agitation at 220 rpm overnight. The

expressed cells were then washed with ice-cold PBSB buffer (PBS

with 1 g/L BSA) and resuspended in the same buffer. Cell aliquots

(100 ul) were incubated in PBSB buffer containing a range of

CF®640R succinimidyl ester-labeled ACE2 concentrations at 4°C.

The timing and volume of the incubation solutions were adjusted to

attain equilibrium and minimize ligand depletion effects. After

incubation, the cells were washed twice with ice-cold PBSB buffer.

The fluorescence characteristics of a minimum of 30,000 cells were

analyzed using a BD Accuri™ C6 Flow Cytometer (BD Biosciences,

USA) and the C6 Plus Analysis Software. The mean CF640

fluorescence signals of the RBD+ cell population were subtracted

from the fluorescence of the RBD- population, and the data were

fitted to the non-cooperative Hill equation using nonlinear least-

squares regression in Python 3.7. The fitting also incorporated the

total concentration of yeast-exposed protein, along with two

additional parameters that described the titration curve.
Pseudovirus infection

Pseudoviruses were prepared as previously described (24).

Briefly, lentivirus (HIV-1)-based, luciferase-expressing reporter

viruses were pseudotyped with the SARS-CoV-2 S protein. One
Frontiers in Virology 05
prior day of transfection, the LentiX-293T cells were seeded at a

density of 5 × 105 cells per well in a 6-well plate. The cells were

cotransfected with 800 ng psPAX2-IN/HiBiT (a packaging plasmid

encoding the HiBiT-tag-fused integrase) (21), 800 ng pWPI-Luc2 (a

reporter plasmid encoding a firefly luciferase gene) (21), and 400 ng

plasmids expressing parental S protein or its derivatives using

TransIT-293 transfection reagent (Mirus, Cat# MIR2704)

according to the manufacturer’s protocol. Two days post

transfection, the culture supernatants were harvested and filtrated.

The amount of produced pseudovirus particles was quantified by

the HiBiT assay using the Nano Glo HiBiT lytic detection system

(Promega, Cat# N3040) as previously described (21).

To measure viral infectivity, the same amount of pseudovirus

normalized with the HIV-1 p24 capsid protein was inoculated into

HOS-ACE2/TMPRSS2 cells. At two days postinfection, the infected

cells were lysed with a britelite plus (PerkinElmer, Cat#6066769),

and the luminescent signal produced by firefly luciferase reaction

was measured using a GloMax explorer multimode microplate

reader 3500 (Promega). The pseudoviruses were stored at –80°C

until use.
Neutralization assay

Neutralization assays were performed as previously described

(24). The SARS-CoV-2 S pseudoviruses (counting ~50,000 relative

light units) were incubated with serially diluted (40-fold to 29,160-

fold dilution at the final concentration) heat-inactivated sera at 37°

C for 1 hour. Pseudoviruses without sera were included as controls.

Then, a 20 ml mixture of pseudovirus and serum was added to HOS-

ACE2/TMPRSS2 cells (10,000 cells/100 ml) in a 96-well white plate.

Two days post infection, the infected cells were lysed with a Bright-

Glo luciferase assay system (Promega, Cat# E2620), and the

luminescent signal was measured using a CentroXS3 LB960

(Berthold Technologies). The assays were performed in triplicate,

and the 50% neutralization titer (NT50) was calculated using Prism

9 (GraphPad Software). The details of the convalescent sera are

summarized in Table S6.
SARS-CoV-2 S-based fusion assay

A SARS-CoV-2 S-based fusion assay with dual split protein

(DSP) encoding Renilla luciferase (RL) and GFP genes was

performed as previously described (25, 26). On day 1, effector

cells (i.e., S-expressing) and target cells (Calu-3/DSP1-7 cells) were

prepared at a density of 0.6-0.8 × 106 cells/well in a 6 well plate. On

day 2, to prepare effector cells, HEK293 cells were cotransfected

with the S expression plasmids (400 ng) and pDSP8-11 (27) (400 ng)

using TransIT-LT1 (Takara, Cat# MIR2306). On day 3 (24 hours

post transfection), effector cells were detached by pipetting and

16,000 effector cells/well were reseeded into a 96-well black plate

(PerKinElmer, Cat# 6005225), and target cells were reseeded at a

density of 1 × 106 cells/2 ml/well in a 6-well plate. On day 4 (48

hours post transfection), the target cells were incubated with
frontiersin.org
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Enduren live cell substrate (Pomega, Cat# E6481) for 3 hours and

then detached, and 32,000 target cells/well were added to a 96 well

plate with effector cells. RL activity was measured at the indicated

time points using a Centro XS3 LB960 (Berthhold Technologies).

To measure the surface expression level of the S protein, effector

cells were stained with rabbit anti-SARS-CoV-2 S S1/S2 polyclonal

antibody (Thermo Fisher Scientific, Cat#PA5-112048, 1:100

dilution). Normal rabbit IgG (SouthernBiotech, Cat# 0111-01,

1:100) was used as a negative control, and APC-conjugated goat

anti-rabbit IgG polyclonal antibody (Jackson immunoresearch,

Cat# 111-136-144, 1:50) was used as a secondary antibody. The

expression level of the surface S proteins was detected by FACS

Canto II (BD Biosciences) and analyzed by FlowJo software v10.7.1

(BD Biosciences). RL activity was normalized to the mean

fluorescence intensity (MFI) of surface S proteins, and the

normalized values are shown as fusion activity.
Statistical analysis for the
experimental data

To compare the values of the results of each experiment, the

value of log2 fold change was determined. The value of the S

without the mutation was used as a reference. For the result of the

resistance to neutralizing antibodies, the average of the two values

obtained with Pfizer and Moderna vaccine sera was used.

To investigate the effect of mutation on the function of the virus,

we performed multiple regression with mutations as variables. The

regression used the lm function from the stat library v.4.0.3 on R

v.4.0.3. To obtain the effect of the mutation alone and the effect of

the combination of mutations respectively, we built two models

without interaction terms and a model with first-order

interaction terms.
Results

Prevalence of the four RBM mutations

We first traced the prevalence of mutations at the four

aforementioned amino acid positions in the RBM (452, 478, 484,

and 501) in the GISAID data (15) (https://gisaid.org/) during the

period from December 2019 to March 2022 (Figures 1A, B). The

L452R mutation, for instance, was observed with the spread of the

Delta variant, while the two separate peaks of the N501Y mutation

were associated with first the Alpha and then the Omicron variant

epidemics (Figure 1B).

We next investigated the prevalence of the four RBM mutations

in each PANGO lineage (Figure 1C; Table S1). We found the

L452R, E478K, E484K, and N501Y mutations in various lineages,

including major epidemic variants such as VOCs. For instance, the

L452R mutation is present not only in the Delta variant but also in

the Epsilon variant (B.1.427 and B.1.429). SARS-CoV-2 is classified

into lineages A and B, currently circulating and extinct lineages,

respectively (28, 29), and these four mutations were present not

only variants in lineage B but also in lineage A. For instance, A.27
Frontiers in Virology 06
had both the L452R and N501Y mutations. These findings suggest

that the four RBM mutations have been independently acquired in

various lineages, including lineages A and B, during SARS-CoV-

2 diversification.

Furthermore, we identified minor types of amino acid

substitutions in the four RBM sites. For example, the L452Q

mutation was detected in certain strains such as the Lambda

variant (C37; Figure 1C). The most diverse amino acid types were

detected at position 484 among the four RBM sites. The E484A

mutation, which is highly conserved in the Omicron variant, was

the most observed amino acid mutation in the dataset. In addition,

the E484K mutation is also prevalent in many PANGO lineages,

including the Beta and Gamma variants. The E484Q mutation is

conserved in the Kappa variant (B.1.617.1). At position 501, the

N501Y mutation was present in numerous lineages including Alpha

and Omicron variants, while the N501T mutation was highly

conserved in some minor lineages, such as B.1.517.
Convergent acquisitions of the four
RBM mutations

Next, we quantified how frequently the four RBM mutations

(L452R, T478K, E484K, and N501Y) were acquired using a

phylogenetic tree of SARS-CoV-2 provided by the Audacity

Global Phylogeny, a phylogenic tree constructed from all high-

quality sequences registered in GISAID as of March 23, 2022

[https://zenodo.org/record/4289383]. We inferred the ancestral

branch where the acquisition of the four RBM mutations

occurred using a maximum parsimony method (see Methods).

We show that these four RBM mutations have been acquired

multiple times in the phylogeny, including VOCs such as the

Alpha and Delta variants (Figure 2A). The E484K mutation was

acquired the most frequently, 31 times, among the four RBM

mutations (Figure 2B). On the other hand, T478K was the least,

acquired only 7 times. L452R and N501Y were acquired 25 and 17

times, respectively. There is also a branch that acquired E484K and

N501Y simultaneously.

Some VOCs are known to have multiple mutations in the RBM.

For example, the Delta variant has two mutations, L452R and

T478K. To investigate the coexistence pattern of the four RBM

mutations, we performed a statistical test to examine whether the

acquisition probability of one mutation depends on the existence of

another mutation using Fisher’s exact test. We detected two

statistically significant pairs, N501Y preceding E484K, and L452R

preceding T478K (Figure 2C). In other words, viruses with N501Y

and T478K tend to acquire E484K and L452R, respectively.

Interestingly, of the 31 acquisition events of E484K, 12 events

occurred after the N501Y acquisition. Of these, eight events

occurred in the Alpha variant, in which N501Y was highly

conserved (Figure 2D). This frequent acquisition pattern of

E484K in N501Y-bearing viruses, such as the Alpha variant,

raises a hypothesis that the acquisition of E484K in N501Y-

bearing viruses may increase viral fitness. To test this hypothesis,

we then estimated the relative effective reproduction number (Re),

representing the viral fitness (18), of the Alpha variant with or
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without mutations at the E484 site. This result showed that the

subpopulation of Alpha variants with E484K or E484Q exhibited a

significantly higher Re than those without E484K in the UK and the

USA, where a certain number of Alpha variant sequences with E484

mutations were observed (Figure 2E; Table S2). Together, we

showed that a mutation at the E484 site has been acquired

repeatedly in the Alpha variant lineage, which harbors N501Y,

and increases viral fitness in this lineage (see Discussion).
Contribution of the four RBM mutations to
the increased Re

To continue investigating whether the acquisition of the four

mutations in RBM (L452R, T478K, E484K, and N501Y) alters the

fitness (i.e., Re) of the virus, we estimated the impact of each

mutation on viral fitness using a Bayesian hierarchical
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multinomial logistic model we previously established (19)

(Figure 3A; Table S1). This model estimates the effect sizes of

individual mutations or mutation groups (groups of strongly

coexisting mutations) on Re, assuming linear relationships among

the mutations (19, 30). Using this model, we analyzed the GISAID

data samples from the USA, the country with the most abundant

viral genome sequence data, collected from November 9, 2020, to

September 4, 2021 (300 days), roughly corresponding to the

epidemic periods from Alpha to Delta variants in the chosen

country. This analysis focused on the pre-Omicron period since

almost all Omicron variants possess the mutations at three out of

the four RBM sites (results for the post-Omicron period are shown

in Figure S1, Table S2). We showed that the four RBM mutations

had a relatively greater impact on Re compared to most of the other

mutations or mutation groups (Figure 3A). Particularly, L452R,

E484K, and N501Y have statistically significant positive effects on

Re. These findings suggest that these mutations contribute to an
B

CA

FIGURE 1

Prevalence of specific mutations at the four RBM sites. (A) Transition in the frequency of major epidemic variants, including VOCs in the GISAID
genome surveillance data spanning December 2019 to March 2022. The X-axis represents the collection date, and the Y-axis indicates the number
of sequences collected per ten-day period. (B) Transition in the frequency of sequences containing specific mutations at the four RBM sites.
(C) Proportion of sequences containing specific mutations at the four RBM sites in each PANGO lineage. The left tree displays the phylogeny of
PANGO lineages from CoVizu (16). The tip color represents the total number of sequences for each PANGO lineage. Tips related to epidemic
variants presented in (A) are highlighted with boxes. In the right bar plots, bar colors denote specific mutation types.
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increase in viral fitness. In addition to the four RBM mutations, we

identified other mutations associated with increased viral fitness

and present in many sequences, such as the A1537S mutation in

NSP3 (see Discussion) (Figure 3B).
The effects of the four RBM mutations on S
protein functions

Next, we evaluated how the functions of the SARS-CoV-2 S

protein are altered by the four RBM mutations and their

combinations. We reconstructed a total of 16 mutants of the S

protein, harboring all possible combinations of the four mutations

(24 = 16 combinations; including the wild type), from the S protein

of B.1.1 (the parental D614G-bearing variant). We subsequently

performed four experiments: ACE2 binding assay, pseudoviral

infection assay, fusion assay, and neutralization assay using sera

from individuals vaccinated with the 2nd dose monovalent mRNA

vaccine for ancestral SARS-CoV-2 (Figures 4A, B).

The L452R enhanced all four evaluated functions of the S

protein (Figure 4A). T478K enhanced infectivity, fusogenicity,
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and the ability to escape neutralization by the sera of vaccinated

individuals. E484K had a particularly high impact on the

neutralization escape ability. The N501Y mutant increased ACE2

binding affinity and fusogenicity. We found that individual

mutations or their combinations generally upregulated the

functions of the S protein we investigated except for the

pseudoviral infectivity (Figure 4B). The S protein mutant with

L452R+T478K+N501Y had the highest effect on infectivity

among all the combinations. The mutant with L452R+T478K had

the second-highest effect on infectivity and these mutations are

highly conserved in the Delta variant. The mutant with E484K

+N501Y, which is a combination observed in the Beta variant, had

the highest effect on ACE2 binding affinity, while this mutant

showed a highly negative effect on pseudoviral infectivity.

To further assess the effects of each mutation on viral function,

we performed multiple regression analyses on the experiment

results. We conducted the analysis using a model with interaction

terms between two mutations (Figures 4C, D). Notably, although

the effects of individual mutations on fusogenicity are significantly

positive, most interaction terms between mutations on fusogenicity

were significantly negative. This result indicates that the buildup of
B

C

D E

A

FIGURE 2

Acquisition frequency of mutations at the four RBM sites during SARS-CoV-2 evolution. (A) Ancestral state reconstruction for the four RBM
mutations. Branches with mutations are colored in orange. A dot marks branches where a mutation was acquired. VOC clades are labeled. The
phylogenetic tree is derived from Audacity Global Phylogeny, downloaded on March 23, 2022 (https://zenodo.org/record/4289383). (B) Count of
inferred mutation acquisition events for the four RBM mutations. (C) The pattern of acquisition order of the four RBM mutations. We assessed if the
likelihood of acquiring one mutation depends on the presence of another mutation, using Fisher’s exact test. The false discovery rate (FDR) was
computed using the Holm method. (D) Tracking the acquisition events of the four RBM mutations throughout the diversification of the Alpha variant.
(E) Relative Re of the Alpha variant subpopulations with or without mutations at the E484 site. Re of the Alpha variant lacking the E484 mutation is
set to one. Error bars represent the 95% Bayesian confidence interval.
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B

C

D

A

FIGURE 4

Effect of the four RBM mutations on S protein’s functions. (A) The impact of each individual mutation on S protein’s functions. The color represents
the log2 fold change value in comparison to the wild type. (B) Phenotypic variations in mutant S proteins containing all possible combinations of the
four RBM mutations (24 = 16 combinations, including the wild type). (C, D) Linear regression analyses to gauge mutation effects on the functions of
each S protein. Results without (C) or with (D) interaction terms between pairs of mutations are displayed. Colors denote standardized effect sizes.
Statistical significance was assessed using the Wald test, followed by FDR calculations using the Holm method. Symbols represent significance levels:
*, FDR<0.1; **, FDR<0.01; ***, FDR<0.001.
BA

FIGURE 3

Epidemic dynamics modeling to determine the influence of mutations on viral fitness (Re). (A) Effect size of each mutation (or mutation group) on
relative Re, determined by a Bayesian hierarchical model. The posterior mean value is shown. Groups of mutations that frequently co-occur are
treated as a single mutation group. Mutations with significant positive effects are highlighted. The viral genome surveillance data in the USA collected
from November 9, 2020 to September 4, 2021 was analyzed. (B) Scatter plot showing the prevalence of mutations and their respective effect sizes
on Re.
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multiple mutations does not linearly enhance fusogenicity. For

example, the S protein with all four mutations had weaker

fusogenicity than that with single mutations (Figure 4B).
Discussion

In this study, we conducted an evolutionary and virological

analysis to determine whether the four RBM mutations contributed

to the increase in viral fitness. First, we demonstrated that these four

mutations were acquired independently multiple times during

SARS-CoV-2 evolution, which is a characteristic of mutations

having a positive effect on viral fitness (19, 31) (Figures 1, 2).

Second, using an epidemic modeling analysis, we showed that these

RBMmutations have a positive effect on viral fitness (Re) (Figure 3).

Finally, we demonstrated that each or combination of these

mutations can modify the S protein functions that are strongly

associated with viral fitness (Figure 4). Particularly, these mutations

enhance the S protein’s ability to evade humoral immunity, which

likely contributes to the reduced effectiveness of vaccinations

observed in VOCs (32). Together, our results suggest that these

four RBM mutations increase viral fitness by altering specific

functions of the S protein.

We showed that the four RBM mutations were acquired

independently multiple times, with E484K being acquired 31

times in total (Figure 2B). Interestingly, 12 out of 31 E484K

acquisition events occurred after the N501Y acquisition

(Figures 2C, D). This acquisition pattern was frequently observed

in the Alpha variant, where N501Y was highly conserved.

Furthermore, we showed that a subpopulation of Alpha harboring

E484K exhibited a higher Re than the original Alpha variant

(Figure 2D). These results suggest that the E484K acquisition

following the N501Y acquisition increases viral fitness. Our

experiments using mutant S proteins showed that N501Y

increases ACE2-binding ability most strongly, and E484K mostly

increased the escape ability from humoral immunity induced by

vaccination, aligning with previous reports (Figure 4) (10–13).

Furthermore, the mutant with both N501Y and E484K exhibited

the highest ACE2 binding ability among all mutants and relatively

higher escape ability from vaccine-induced humoral immunity.

Together, these functional alterations by N501Y and E484K

would contribute to the observed elevation of viral fitness by

these mutations.

We showed that most of the 15 S mutants harboring the

combination of these four mutations increased S protein

functions, suggesting that these mutations contribute to the

elevation of viral fitness (Figures 4A, B). Also, we showed that the

effect that the combination of these mutations has on the S protein

functions is not necessarily additive, suggesting the presence of

epistatic effects between these mutations (Figure 4D). For instance,

each mutation has the capacity to increase the fusogenicity of the S

protein, but the interactions between these mutations reverse this

effect, resulting in the mutant with all mutations displaying the

lowest fusogenicity among the mutants (Figures 4B, D). For future

research, the approach used in this study increased from 16

combinations of 4 mutations to all combinations of mutations of
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between mutations.

Our statistical modeling analysis suggests that all four

mutations in RBM have an effect on increasing viral fitness

(Figure 3B). In addition to these mutations, we found several

mutations and groups of mutations that are associated with

increased viral fitness. A1537S in NSP3 has the second-highest

effect of all mutations or mutation groups. This NSP3 mutation was

particularly observed in the Delta subvariants such as AY.44,

AY.100, and AY.103, suggesting that this mutation is

convergently acquired during the diversification of the Delta

variant. Although most studies on SARS-CoV-2 variants are

focusing on the S protein, mutational effects on non-S proteins

should be elucidated in future studies, and our results provide a clue

to identify critical non-S mutations for viral fitness.

Several limitations are present in this study. First, in our

statistical analysis, it is difficult to separately estimate the effects

between mutations whose presence is highly correlated to each

other (referred to as a mutation group), such as mutations

specifically observed in a certain strain (19). For instance, since

T478K has a strong linkage disequilibrium with a group of

mutations specific to the Delta variant, the estimated confidence

interval of the effect of the T478K mutation on Re was wider than

that of other mutations, leading to a non-significant score

(Figure 3B; Table S3). Additionally, since the effect of a mutation

group is estimated as a sum of the single mutation effects, the

estimated effect size of a mutation group is subject to be higher than

that of single mutations. To identify the causal mutation(s)

increasing viral fitness within a mutation group, a sequence

dataset containing sequences with a more diverse array of

mutation combinations or experiments of viral function focusing

on these mutations are needed. Another limitation relates to the

lentiviral pseudoviral system used in this study. While one might

expect pseudoviral infectivity to correlate with ACE2 binding

affinity, these two viral properties have sometimes shown

inconsistencies (24, 33, 34). For instance, in this study, the virus

with E484K+N501Y mutations had the largest positive effect on the

ACE2 binding affinity but a significant negative effect on

pseudoviral infectivity (Figure 4B). To evaluate the effect of

mutations on the authentic infectivity, experiments using other

systems such as a replication-competent virus harboring specific

mutations would be useful.

In conclusion, we showed that the four RBM mutations studied

here increase viral fitness and impact multiple functionalities of the

S protein, including improved ACE2 receptor binding and

enhanced immune evasion capabilities. Indeed, the Omicron

variant (BA.1) emerged with mutations at three out of the four

RBM sites, and certain Omicron lineages—such as BA.4 and BA.5—

harbor mutations at the four RBM sites (2, 33, 35), supporting the

importance of these mutations. Understanding how RBM

mutations affect viral fitness and S protein functions, as

investigated in our study, can aid in the early identification of

high-risk variants and facilitate more efficient vaccine development.

Through continued analysis of epidemic dynamics and detailed

experimental investigations, it may become possible to unravel the

genotype-phenotype relationship of the virus. In the future, this
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could allow for evaluating the characteristics and risks of newly

emerged variants directly from their sequences.
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SUPPLEMENTARY FIGURE 1

Epidemic analysis including successive Omicron subvariants. (A) Transition in

the frequency of major epidemic variants including VOCs in the GISAID data
from December 2019 to August 2022. (B) Transition in the frequency of

sequences with specific mutations at the four RBM sites. (C) Effect size of
each mutation (or mutation group) on relative Re, determined by a Bayesian

hierarchical model. The posterior mean value is shown. Groups of mutations
that frequently co-occur are treated as a single mutation group. Mutations

with significant positive effects are highlighted.
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