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ABSTRACT Mutations at spike protein L452 are recurrently observed in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern (VOC), including
omicron lineages. It remains elusive how amino acid substitutions at L452 are selected
in VOC. Here, we characterized all 19 possible mutations at this site and revealed that
five mutants expressing the amino acids Q, K, H, M, and R gained greater fusogenicity
and pseudovirus infectivity, whereas other mutants failed to maintain steady-state
expression levels and/or pseudovirus infectivity. Moreover, the five mutants showed
decreased sensitivity toward neutralization by vaccine-induced antisera and conferred
escape from T cell recognition. Contrary to expectations, sequence data retrieved from
the Global Initiative on Sharing All Influenza Data (GISAID) revealed that the naturally
occurring L452 mutations were limited to Q, M, and R, all of which can arise from a
single nucleotide change. Collectively, these findings highlight that the codon base
change mutational barrier is a prerequisite for amino acid substitutions at L452, in
addition to the phenotypic advantages of viral fitness and decreased sensitivity to
host immunity.

IMPORTANCE In a span of less than 3 years since the declaration of the coronavirus
pandemic, numerous SARS-CoV-2 variants of concern have emerged all around the
globe, fueling a surge in the number of cases and deaths that caused severe strain
on the health care system. A major concern is whether viral evolution eventually
promotes greater fitness advantages, transmissibility, and immune escape. In this
study, we addressed the differential effect of amino acid substitutions at a frequent
mutation site, L452 of SARS-CoV-2 spike, on viral antigenic and immunological pro-
files and demonstrated how the virus evolves to select one amino acid over the
others to ensure better viral infectivity and immune evasion. Identifying such virus
mutation signatures could be crucial for the preparedness of future interventions to
control COVID-19.
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in the Wuhan province in China, this fast-evolving virus has acquired a significant num- Address correspondence to Takamasa Ueno,
ber of mutations across its genome. As a result, many variants have surfaced in different lenctakaaiimanototiacipl
parts of the world, such as the D614G variant, which first emerged in Europe during mid- )
2020 (1), and three major variants of concern (VOC) that emerged near the end of 2020, x::::s;zf;;e‘ypfeoﬁerzoy
namely, the UK/alpha variant (B.1.1.7), the South Africa/beta variant (B.1.351), and the Published 10 October 2022
Brazil/gamma variant (P.1) (2-4). In the middle of 2021, the world was plagued with the
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fast-spreading delta variant (B.1.617.2) (5) before it was replaced with the currently circulat-
ing VOC, the omicron variant (B.1.1.529) (6).

The L452R mutation located within the receptor-binding domain (RBD) of the SARS-
CoV-2 spike, first garnered attention during multiple outbreaks in California, United States,
where a sharp rise of sequences harboring L452R was detected from September 2020 to
January 2021 in the genome sequences deposited in the Global Initiative on Sharing All
Influenza Data (GISAID) (7-9). Prior to that, mink-associated L452M variant was found in sev-
eral mink farms in the Netherlands, where few cases of two-way transmission from human
to mink and back to human were reported (10-12). Thereafter, similar L452-associated
mutations, including L452Q-harboring C.37 lineage (lambda variant) (13) and L452R-harbor-
ing B.1.617.1/2 lineage (kappa and delta variants) (14) and A.27 lineage (15) were also
reported. Several reports suggested that L452R contributed to the enhanced infectivity and
reduced susceptibility to antibody neutralization that is observed in these SARS-CoV-2 line-
ages (8, 13, 16-19). In addition, the L452 is located within a 9-mer immunodominant cyto-
toxic T lymphocyte (CTL) epitope presented by HLA-A*24:02 (,,sNYNYLYRLF,s) (20-22),
where L452R mutation confers escape from HLA-A*24:02-restricted CTL recognition (23).

In this study, we devised to clarify why certain amino acids are preferentially
selected over the others in the light of global mutation landscape of the L452 variants.
We constructed a panel of L452 spike mutants substituted with all 19 canonical amino
acids and investigated their phenotypical, functional and immunological impacts. Our
study showed that single nucleotide accessible mutation (SNAM) is the prerequisite
factor for amino acid selection in L452 mutation, which was ultimately shaped by viral
fitness and sensitivity to host immunity.

RESULTS

Recurrent mutations at spike L452 in multiple lineages of SARS-CoV-2. We con-
structed a phylogenetic tree based on major SARS-CoV-2 genotypes (n = 25,796)
extracted from GISAID databases as of 27 April 2022, where 10,113 of them (~39%)
had the spike L452 substituted with either arginine (R), glutamine (Q), or methionine
(M) (Fig. TA). These strains were derived from multiple SARS-CoV-2 lineages isolated
from over 35 countries across all six continents. When we analyzed the timeline of the
emergence of SARS-CoV-2 variants of interest (VOI) or VOC, the L452 mutation was first
reported in VOI Epsilon (L452R) expanded in California (17, 24) from November 2020
but peaked in March 2021 (Fig. 1B). Following that, VOI Lambda (L452Q), which was
first reported in Peru (25) in December 2020, then went on to spread in the South
America countries in the first half of 2021 before declining (Fig. 1B). Meanwhile, VOI
Kappa (L452R) (14), and VOC Delta (L452R) (5) were identified in India in October 2020.
VOC Delta ended up becoming the predominant variant circulating globally from the
second half of 2021 before it was replaced by the omicron variant in November 2021
(Fig. 1B). Very recently, several lineages of omicron acquired additional mutations,
including at position L452. These omicron subvariants have since been assigned by the
World Health Organization (WHO) to the newly added category, termed omicron VOC
lineages under monitoring (VOC-LUMs) (26). We collected the metadata of deposited
sequences from GISAID and depicted the trend of these omicron VOC-LUMs in differ-
ent continents across the globe from January until the end of April 2022 (Fig. 1Q).
During this period, the BA.4 and BA.5 variants (harboring L452R) dominated South
Africa, while the BA.2.12.1 subvariant (harboring L452Q), which was first detected in
New York, outcompeted the BA.2 variant to become the dominant subvariant all over
the United States. Other VOC-LUMs, including BA.2.13 (harboring L452M), BA.2.9.1 (har-
boring L452M), and BA.2.11 (harboring L452R), were showing signs of expansion in
Europe (27) (Fig. 1C). The global emergence of L452 mutations in multiple lineages of
SARS-CoV-2 demonstrated a pattern of convergent evolution, suggesting a common
beneficial trait for the emerging variants.

Codon base change as a genetic barrier in the global occurrences of spike L452
mutation. When we aligned the part of nucleotide sequences encompassing the
region encoding position 452, we noticed that all nonsynonymous mutations at this
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FIG 1 Recurrent mutations at spike L452 in multiple SARS-CoV-2 lineages. (A) Maximum-likelihood phylogenetic tree based on full-length genome
sequences of a total of 25,796 major genotypes of SARS-CoV-2. The sequences were examined for amino acid mutations at spike position 452, and their
numbers are shown in red. (B) Global epidemic dynamics of the L452Q-harboring lambda, as well as the L452R-harboring epsilon, kappa, and delta variants
spanning from October 2020 to April 2022. (C) Recent emergence of the omicron lineages, including L452R-harboring BA.4, BA.5, and BA.2.11, L452Q-
harboring BA2.12.1, and L452M-harboring BA.2.13 and BA.2.9.1 from January to April 2022. All data were retrieved from the GISAID database as of 27 April
2022.

site in epsilon, delta, kappa, lambda, and the omicron VOC-LUMs resulted from a single
nucleotide substitution within the CUG codon of the ancestral Wuhan-Hu-1 strain (Fig.
2A). In light of this, we calculated the probability of occurrences of each canonical
amino acid substitution at this position when leucine encoded by CUG as the
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FIG 2 Preference of SNAMs at spike L452. (A) Alignment of spike sequence showing the single base change at nucleotide numbers 22916/22917 that leads
to nonsynonymous L452 mutation among circulating SARS-CoV-2 variants. (B) Likelihood for each amino acid substitution from leucine (encoded by CUG)
based on a neutral probability estimation model. (C) Likelihood versus actual frequency of L452 amino acid substitutions. Actual global frequency of each
amino acid was analyzed using the Table of Mutation Sites tool (https://cov.lanl.gov/content/sequence/TBLS_MUT_SITES/tbls_mut_sites.html; updated on
27 April 2022). Amino acids characterized by a SNAM are highlighted in red.
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prototype sequence, with the single (P = 0.25), doublet (P = 0.0625), or triplet (P = 0.0156)
substitution required to achieve a nonsynonymous mutation and the number of codons
available for a particular amino acid. We used a neutral model of codon substitution proba-
bility estimation without weighing in on codon preferences or the mutation rate of the virus
because SARS-CoV-2 is known to have a relatively low codon usage bias (28). The analysis
showed that the substitutions with the highest probability of occurrence are L452R
(P = 0.516), followed by L452P and L452V (both P = 0.438), L452Q (P = 0.313), and L452M
(P = 0.25) (Fig. 2B), suggesting that newly arising variants (e.g, Q, M, and R) have a low
genetic barrier toward the codon change at this position. This is in agreement with a prior
global mutational analysis study of SARS-CoV-2, which demonstrated that SNAMs are pres-
ent at much higher frequencies (29). However, some exceptions on the basis of selection
pressure exist, for instance, certain L452 mutations despite having a lower genetic barrier
(e.g., P and V) showed very low global frequency (Fig. 2C), suggesting phenotypic con-
straints in these mutations.

Changes in spike-mediated fusion and pseudovirus entry by L452 mutations.
By constructing a set of spike mutants substituted with 19 different canonical amino
acids at position L452, we first tested the effect on the steady-state expression of the
spike protein in 293T cells after transfection of spike-encoding plasmids. Immunoblot
analyses showed that wild-type (WT) spike was detected both in the full-length
(180 kDa) and the cleaved forms (90 kDa) (Fig. 3A). While 14 of 19 mutants showed
expression levels comparable to that of WT for both the full-length and cleaved forms,
expression of the cleaved form was substantially reduced in L452 mutations to P and C
and moderately reduced in |, N, and D mutations. However, the expression level of the
full-length forms was not reduced in these mutants, suggesting either inefficient cleavage
by a host protease or instability of the cleaved forms following the mutations (Fig. 3A). The
introduction of P and C mutations at position 452 may trigger conformational defect of
the spike protein (30, 31) and may lead to altered protein processing by host proteases
and/or enhanced degradation by host machinery (32).

We then prepared lentiviral particles pseudotyped with the spike mutants. In addi-
tion to the P and C mutations, L452 mutations to |, N, and D showed substantial impair-
ment both in spike incorporation into the nascent virions (Fig. 3A) and in production
of the progeny viral particles (Fig. 3B), most likely reflecting the reduced cleaved form
of the spike protein observed in these mutants. The rest of the mutants showed spike
incorporation to virions and the subsequent production of progeny virions at levels
comparable to WT. Of note, although the L452 mutations to |, P, and C exhibited sub-
stantial impairment in the incorporation of spike into lentiviral particles, | and L are
considered to have relatively similar chemical properties compared to the side chain
moieties of P and C (Fig. 3A).

Next, we tested the effect of the mutations on the infectivity of pseudotyped viral
particles toward 293T target cells transiently expressing human ACE2 receptor and ser-
ine protease TMPRSS2 (33). As expected from these data, the L452 mutations to P, C, |,
and D diminished the infectivity potential of the pseudoviruses to less than 50% of the
WT level (Fig. 3C). The L452 mutations to Q, K, H, M, and R showed a >2-fold increase
in infectivity compared to the WT (Fig. 3C), indicating that not only naturally arising
mutants (i.e.,, Q, M, and R) but also naturally absent mutants (i.e., K and H) can enhance
infectivity. In contrast, compared to WT, the L452 mutationsto A, V,F, W, G, Y, S, T, and
E retained infectivity (within a 2-fold increase) (Fig. 3C). Because L452-M, -Q, and -R
mutations recently appeared in multiple lineages derived from omicron BA.2 (Fig. 1C),
we tested the effect of these naturally arising mutations on pseudovirus infectivity in
the context of the omicron spike backbone. Notably, we observed that introduction of
M, Q, and R mutations to the parental BA.2 spike demonstrated a pronounced effect
on enhancing infectivity (3- to 5-fold) (Fig. 3D), suggesting a common role of L452
mutations in the context of multiple variant lineages.

Fusogenicity between spike and host membranes via its interaction with the ACE2
receptor is known to be important for SARS-CoV-2 infectivity and transmissivity (34).
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FIG 3 Biochemical and virological characterization of spike L452 variants. (A) Immunoblots showing total cellular expression and virion incorporation of
spike L452 mutants in producer cell and virion (left panel). The spike incorporation level was quantified and normalized to p24 Gag levels and is expressed
relative to the WT in three independent replicates (right panel). Statistical significance was determined by one-way ANOVA with multiple-comparison tests
(*, P < 0.05; **, P < 0.01; ***, P < 0.001). (B) Titers (ng/mL) of pseudoviruses collected from the culture supernatant at 48 h posttransfection. (C) Infectivity
of reporter lentiviruses pseudotyped by SARS-CoV-2 spike L452-mutants and WT D614G. The indicated titers of pseudoviruses (1, 3, and 5 ng) were
exposed to 293T cells expressing ACE2 and TMPRSS2. The amount of pseudoviruses successfully infected into target cells was determined from the
luciferase activity, and the relative infectivity is expressed as the percentage normalized to the WT (infection at 5 ng). (D) Infectivity of reporter lentiviruses
pseudotyped with SARS-CoV-2 BA.2 spike and its L452 mutants (infection at 5 ng). (E) Fusion formation between the spike-expressing cells and ACE2-
TMPRSS2-expressing cells was continuously monitored at intervals of 3, 6, 12, 24, and 48 h. The fusion activity was expressed relative to WT at 3 h after
coincubation. (F) Correlation between infectivity of pseudoviruses (infection at 5 ng) and cell-to-cell fusion activity (at 48 h). The statistical significance was
determined by using the Pearson’s correlation coefficient test. (G) Structure of SARS-CoV-2 spike trimer with single RBD up-conformation (PDB 7KRR). Each
protomer is differently colored. The L452 residues are shown as spheres, while glycans are indicated as sticks. In the RBD with the up-conformation, the
L452 residue is exposed (yellow box). In contrast, in the RBD with the down-conformation, the L452 residue is buried at the interface with the NTD of
another protomer (orange box). The data shown are means =+ the SD of triplicate determinations.

We therefore analyzed the spike-mediated cell-to-cell fusion using a dual-split reporter
protein system (DSP) (35). Time course experiments showed that the cell-to-cell fusion
commenced immediately after initiating coculture of spike and ACE2/TMPRSS2-
expressing cells and continued for at least 48 h. The L452 substitutions to amino acid
residues harboring basic side chains (i.e., K, R, and H) exhibited cell-to-cell fusion most
efficiently (Fig. 3E). In contrast, fusogenicity of the L452P mutant was the lowest, most
likely because of impaired cleavage of the spike protein in the cells (Fig. 3A). Of inter-
est, the L452D mutant exhibited only approximately 15% reduction in fusion activity
compared to WT; although it showed much more impairment in the virion incorpora-
tion of the spike protein (Fig. 3A) and in infectivity of the pseudovirus particles (Fig. 3C).
It remains unclear whether incorporation of the L452D spike is similarly abrogated in
authentic SARS-CoV-2. Overall, the fusion activity and the infectivity of pseudoviruses
were well correlated (r = 0.9030, P < 0.0001) (Fig. 3F), confirming the importance of
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TABLE 1 Vaccinated donors in this study

Journal of Virology

Doses . X . pNT50° against:
Donor Age No. of Time since last History of
no. Sex (yrs) doses 1 2 3 shot (days) COVID-19 WT® BA.2¢
1 F 18 2 BNT162b2 BNT162b2 NA 21 No 3685.391 NA
2 F 24 2 BNT162b2 BNT162b2 NA 22 No 858.9506 NA
3 F 25 2 BNT162b2 BNT162b2 NA 23 No 585.8983 NA
4 M 23 2 BNT162b2 BNT162b2 NA 22 No 824.0571 NA
5 M 34 2 BNT162b2 BNT162b2 NA 14 No 779.7973 NA
6 M 55 2 BNT162b2 BNT162b2 NA 14 No 1037.38 NA
7 M 35 2 BNT162b2 BNT162b2 NA 14 No 1821.565 NA
8 M 33 2 BNT162b2 BNT162b2 NA 13 No 506.6158 NA
9 F 57 2 BNT162b2 BNT162b2 NA 10 No 1504.086 NA
10 M 23 3 BNT162b2 BNT162b2 mRNA-1273 44 No NA 525.8267
11 F 29 3 BNT162b2 BNT162b2 mRNA-1273 40 No NA 228.7586
12 F 24 3 BNT162b2 BNT162b2 mRNA-1273 42 No NA 167.915
13 M 22 3 BNT162b2 BNT162b2 mRNA-1273 42 No NA 336.4254
14 F 23 3 BNT162b2 BNT162b2 mRNA-1273 43 No NA 201.9978
15 M 23 3 BNT162b2 BNT162b2 mRNA-1273 44 No NA 155.8458
16 M 56 3 BNT162b2 BNT162b2 mRNA-1273 24 No NA 191.1671
17 M 39 3 BNT162b2 BNT162b2 mRNA-1273 24 No NA 133.8658
18 F 67 3 BNT162b2 BNT162b2 BNT162b2 15 No NA 124.8006

apNT50, pseudovirus 50% neutralization titer (serum dilution).
bWT, wild-type D614G (B.1 lineage).

°BA.2, Omicron BA.2 (B.1.1.529 lineage).

9NA, not applicable.

fusogenicity between spike and host membrane via its interaction with the ACE2 recep-
tor in the viral entry to the target cells.

Previously reported cryo-electron microscopy structure of full-length spike trimer shows
that the L452 amino acid residue in RBD at down conformation is buried at the interface
with the N-terminal domain (NTD) of another protomer (PDB 7KRR) (36) (Fig. 3G). It was
also demonstrated that the delta variant bearing spike L452R has an up-conformation
more frequently than that of D614G variant (37). In parallel, our mutagenesis study dem-
onstrated that amino acids with positive charge (e.g., R, K, and H) and/or long side chain
(e.g., R K, Q and M) at position 452 of SARS-CoV-2 spike have a positive effect on viral
entry. Hence, it is electrostatic repulsion or steric hindrance of the 452nd residue with its
neighboring NTD that may induce RBD up-conformation which is more accessible to ACE2
entry receptor (37).

Changes in immune recognition of spike proteins by L452 mutations. We obtained
a panel of antisera from nine healthy volunteers who had received the two doses of
BNT162b2 (Pfizer-BioNTech) vaccine (Table 1) and tested for neutralizing activity against
the lentiviral reporters pseudotyped with the 14 L452 spike variants that showed expres-
sion and virion incorporation levels comparable to the WT D614G (Fig. 3A). Half of the
L452 variants (7 of 14) maintained the sensitivity to the antisera with <20% difference in
NT50. On the other hand, L452R and L452Q showed a >20% decrease in sensitivity (Fig.
4A), which in good agreement with previous studies demonstrating that L452 mutations
play some roles in escape from neutralizing antibodies in epsilon, delta, and lambda var-
iants (13, 16, 18, 24, 38). Interestingly, we found that the L452T mutant significantly
(>60%) enhanced the sensitivity to neutralization by vaccine-induced antisera (Fig. 4A).

Next, we wanted to test the neutralization sensitivity when the naturally arising L452
mutations were introduced into BA.2 spike. In this assay, we used another panel of anti-
sera from nine healthy volunteers who had received the three doses of BNT162b2
(Pfizer-BioNTech) or mRNA-1273 (Moderna) (Table 1) as BA.2 acquired substantial resist-
ance against vaccinated antisera obtained from a two-dose regimen (39). No difference
was observed in neutralization sensitivity between BA.2 spike and its L452 mutations to
M, Q, and R (Fig. 4B), suggesting that none of the L452 mutations on the omicron BA.2
backbone was selected due to their reduced sensitivity to neutralization.

A nonamer peptide 4,5 NYNYLYRLF 5, (here “NF9”), which spans the spike L452 residue
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FIG 4 Changes in neutralizing sensitivity by L452 spike variants. (A and B) Neutralizing sensitivity
expressed as the pseudovirus neutralizing titer (pNT50) of sera from nine donors receiving two and
three doses of the vaccines (Table 1) against a panel of lentiviruses pseudotyped with L452 spike
mutants in the context of WT D614G (A) and omicron BA.2 (B), respectively. The relative pNT50 (%)
values normalized to their parental pairs are shown. The data shown are means * the SD of triplicate
determinations. Statistical significance was determined by Wilcoxon paired signed rank test (*, P < 0.05;
** P < 0.071).

at its fifth position, is an immunodominant CTL epitope presented by HLA-A*24:02, a preva-
lent HLA allele in Asia (20-22, 40), and the spike L452R mutation confers escape from recog-
nition by the cognate CTLs (23). Three NF9-specific TCR clones were isolated from three
donors (23) and determined their TCR gene usages (Table 2). TCR clonotypes were found to
be very similar. Specifically, in the TCR « chain, the identical V segment was shared by T1
and T3, and the same J segment was shared by T1 and T2. In the TCR B chain, all harbored
the same J segment and only one amino acid difference at the complementary determining
region 3 (CDR3) (Table 2). To analyze their reactivity toward the panel of NF9 and NF9_5X
peptide (where “X” represents any amino acid substitution at the fifth position of the pep-
tide), we used previously established reporter T cell assay (41). The A549 cells expressing
HLA-A*24:02 as target cells were pulsed with a set of the synthetic peptides, followed by co-
culture with Jurkat cells expressing the cognate TCRs as effector cells (Fig. 5A). As expected
from similar TCR clonotypes (Table 2), all three TCRs showed very similar cross-reactivity pro-
files (Fig. 5B). Specifically, all TCRs recognized variant peptides NF9_5V, 5| and 5T compara-
bly to NF9, and peptide NF9_5W to a lesser extent. In contrast, while TCR 1 and TCR 3
showed minimal cross-reactivity to the peptide NF9_ 5N and 5M, TCR 2 showed none. No
TCR could cross-recognize the other 13 variant peptides (Fig. 5B). Furthermore, we exam-
ined the TCR cross-reactivity of L452 variants in the context of the omicron BA.2 spike.
DNAs encoding the omicron BA.2 spike and its L452-M, -Q, and -R mutants were transfected
to HLA-A*24:02-expressing A542 cells and tested for recognition by the same TCRs (Fig. 5A).
The results showed that none of the naturally arising L452 variants (i.e., L452-M, -Q and -R)
retained sensitivity to TCR recognition (Fig. 5C). Of interest, the L452T mutant, which is natu-
rally absent, showed greater sensitivity to neutralization by antisera and TCRs isolated from
vaccine recipients (Fig. 4A and 5B).

TABLE 2 Clonotypes of NF9-specific TCRs

Journal of Virology

TRA“ TRB®
TCR Donor ID Ve ) CDR3¢ Vv J Df CDR3
T1 GV34#3-4 TRAV12-1*01 TRAJ33*01 CVVNLFDSNYQLIW TRBV2*01 TRBJ2-7*01 TRBD1*01 CASSEGAGYEQYF
T2 GV36#16-2 TRAV12-2*02 TRAJ33*01 CAVNGLKDSNYQLIW TRBV6-1*01 TRBJ2-7*01 TRBD2*01 CASSEGGGYEQYF
T3 KKO08#14-1 TRAV12-1*01 TRAJ12*01 CVVNIIMDSSYKLIF TRBV6-4*01 TRBJ2-7*01 TRBD2*02 CASSEGEGYEQYF

aTRA, T cell receptor alpha chain.

bTRB, T cell receptor beta chain.

<V, V segment.

), J segment.

€CDR3, complementary determining region 3.
D, D segment.
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FIG 5 Changes in TCR recognition by L452 spike variants. (A) Schematic diagram of TCR recognition
assay. NFAT-luciferase Jurkat T reporter cells (TCRa37") expressing the defined @8 TCR clonotypes were
used as effector cells. A549 cells expressing human ACE2 receptor and HLA-A*A24:02 (A549/hACE2/HLA-
A*24:02) were loaded with a panel of synthetic peptides or transfected with a panel of genes expressing
spike proteins and used as target cells. (B and C) TCR activation level as measured by luciferase activity.
A549/hACE2/HLA-A*24:02 target cells loaded with a panel of NF9 and the indicated mutant peptides (B)
and transfected by DNAs encoding BA.2 spike and its L452 variants (C) were cocultured with the NFAT-
luciferase Jurkat T reporter cells that had been engineered to stably express the indicated NF9-specific
TCR clones. The data shown are means = the SD of triplicate determinations.

DISCUSSION

In the present study, by employing a systematic and comprehensive analysis of recur-
rent mutations at SARS-CoV-2 spike L452, we demonstrated that the naturally arising
L452 mutations in SARS-CoV-2 VOCs were characterized by (i) SNAM amino acid changes,
(i) amino acid residues that maintain a steady-state expression level and downstream
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intracellular processing, (iii) enhancement of spike fusogenicity, (iv) enhancement of
pseudovirus infectivity, and (v) amino acid mutations associated with less susceptibility to
neutralization and TCR recognition.

Structural analysis shows that amino acids with longer and/or positively charged
side chains at the position 452 tend to demonstrate better viral entry probably due
to a steric clash with neighboring residues that leads to RBD up-conformation,
which is known to be more accessible to the ACE2 receptor (37). Interestingly, glu-
tamic acid (E) which contains a long side chain showed a rather modestly enhanced
entry, probably due to additional restraint in conformation by its negative charge.
Further detailed structural analysis is needed to elucidate the molecular basis of
L452 mutations.

Of additional interest, the L452T mutant, which is naturally absent, showed greater
sensitivity to neutralization by antisera and TCRs isolated from vaccine recipients. One
could infer that the L452 mutation results in forming a classical N-x-S/T motif for
N-linked glycosylation because the amino acid residue at position 450 was asparagine.
The addition of glycan at N450 could influence the RBD conformation and sensitivity
to immune recognition. However, such enhanced immune recognition was observed
in L452T, but not in L452S. Whether the L452T mutant could be more immunogenic
when introduced into vaccine platforms warrants further evaluation.

Our study employed a lentiviral pseudotyping system for the phenotypic analysis. It
is important to note that the mutational effects of spike proteins on the infectivity of
the authentic SARS-CoV-2 may have different profiles. Thus, further studies are needed
to clarify this issue by creating recombinant SARS-CoV-2 particles harboring defined
L452 mutations with reverse genetic technology, as demonstrated in a previous study
(23). Despite this limitation, our findings suggest that the codon base change muta-
tional barrier is a prerequisite for amino acid substitutions at L452, in addition to the
phenotypic advantages of viral fitness and decreased sensitivity to host immunity,
highlighting a convergent evolutional pathway of SARS-CoV-2 spike protein in emerg-
ing variants.

MATERIALS AND METHODS

Phylogenetic analysis. A maximum-likelihood phylogenetic tree of the coding regions (266 to
29,674 nucleotides [nt] in the reference sequence, EPI_ISL_402124) of the representative SARS-CoV-2
genomes was constructed. First, publicly available SARS-CoV-2 genome sequences (approximately 10.5
million) were downloaded from the GISAID EpiCoV database on 27 April 2022 (https://www.gisaid.org/).
Sequences were excluded if (i) they carried any ambiguous bases (i.e., genetic codes other than A, U, G,
and Q) or (ii) they were shorter than 29,000 nt, as previously described (42). Next, the coding region of
each filtered sequence was extracted, and a genotype was estimated by using a set of existing nucleo-
tide mutations for the respective coding sequence, as previously described (42). A total of 25,796 major
genotypes shared among =10 sequences (except recombinant lineages) were selected, and one
sequence for each major genotype was applied for the phylogenetic analysis. Of note, no genotypes
within the BA.4 lineage were shared among =10 sequences at the time of analysis. An approximate
maximum-likelihood phylogenetic tree was constructed using FastTree (v2.1.11) with the GTR+CAT
model (43). The tree was drawn using FigTree (v1.4.4; http://tree.bio.ed.ac.uk/software/figtree/). Selected
sequences were also examined to detect amino acid mutations at spike position 452.

Probability estimation model. The probability of occurrences for each canonical amino acid substi-
tution at position L452 was estimated by the number of nucleotide substitutions required for nonsynon-
ymous mutation, together with the codonicity of each amino acid (i.e., the number of codons available
for a particular amino acid). Substitution of one nucleotide (A/U/G/C) in a codon is computed at a proba-
bility of 0.25, two simultaneous nucleotides change at a probability of 0.25? and three simultaneous nu-
cleotides change at a probability of 0.253. In the event of amino acid substitution of leucine-452 (original
codon CUG, as in ancestral SARS-CoV-2; GenBank MN908947.3) by each of the canonical amino acids,
the final probability of the event was calculated by adding up the nucleotide change probabilities of
each codon coded for that particular amino acid.

Plasmid constructs. The firefly luciferase-expressing lentiviral transfer plasmid pWPI-Luc2, the HiBiT-
tagged lentiviral packaging plasmid psPAX2-IN/HiBiT, the ACE2-expressing plasmid pC-ACE2, the TMPRSS2-
expressing plasmid pC-TMPRSS2, and the SARS-CoV-2 spike D614G-expressing plasmid pC-SARS2-5-D614G
(generous gifts from Kenzo Tokunaga) have previously been described elsewhere (33). The SARS-CoV-2 spike
L452 mutants in which the position L452 was mutated from leucine to other canonical amino acids, includ-
ing alanine (L452A), valine (L452V), isoleucine (L452l), phenylalanine (L452F), tryptophan (L452W), proline
(L452P), glycine (L452G), tyrosine (L452Y), serine (L452S), threonine (L452T), cysteine (L452C), asparagine
(L452N), glutamine (L452Q), lysine (L452K), histidine (L452H), aspartic acid (L452D), glutamic acid (L452E),
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methionine (L452M), and arginine (L452R) were prepared by PCR-based site-directed mutagenesis using pC-
SARS-S-D614G as a template. The BA.2 L452 variants, including pC-SARS-S-BA.2-L452M, pC-SARS-S-BA.2-
L452Q, and pC-SARS-S-BA.2-L452R, were constructed using pC-SARS2-S-BA.2 (39) (a generous gift from Kei
Sato) as a template. The resultant PCR fragment was digested with Kpnl and Notl and inserted into the corre-
sponding site of the pCAGGS mammalian expression vector (44). Nucleotide sequences of the spike were
determined by Genetic Analyzer 3500xL (Applied Biosystems), followed by analysis using GENETYX software
(v12 622; GENETYX Corporation).

Pseudovirus assay. SARS-CoV-2 pseudoviruses were prepared by cotransfecting 1 ug of pWPI-
LUC2, 1 ug of psPAX2-IN/HiBiT, and 400 ng of various spike-encoding plasmids in 293T cells (6 x 10°) by
using a polyethylenimine (PEl) Max transfection system (Polysciences, Inc., catalog no. 24765-1). The
secreted viral particles were harvested from the culture supernatant, clarified by centrifugation at
3,000 x g for 3 min at 4°C, and quantified as assessed by NanoLuc expression that was proportional to
the level of the p24 antigen, as described previously (45). To prepare 293T/ACE2/TMPRSS2-expressing
target cells, equal amounts (500 ng) of pC-ACE2 and pC-TMPRSS2 were cotransfected in 293T cells
(6 x 10°). After 48 h, the cells were split and seeded at 2.2 x 10* per well on a 96-well plate and then
exposed to equal amounts of viral inoculum at titers of 1, 3, and 5 ng of the p24 antigen level. The sin-
gle-round infectivity was determined 48 h later by measuring the luciferase activity with a One-Glo lucif-
erase assay system (Promega, catalog no. E6130) in a Centro XS3 LB960 luminometer (Berthold
Technologies). Data were normalized to WT D614G (5 ng) or parental BA.2 as 100%.

Cell-to-cell fusion assay. The SARS-CoV-2 spike-based fusion assay was performed based on a dual-
split protein (DSP), DSP1-7 and DSP8-11, which together encode a chimera of Renilla luciferase (RL) and
GFP reporter proteins (46, 47). To prepare spike-expressing cells, HEK293T cells (3 x 10°) seeded on a
24-well plate were cotransfected with equal amounts (200 ng) of pDSP1-7 and various spike-expressing
plasmids, as indicated above. To prepare ACE2- and TMPRSS2-expressing target cells, HEK293 cells
(8 x 10°) seeded on a six-well plates were cotransfected with 500 ng of pC-ACE2, 250 ng of pC-TMPRSS2,
and 500 ng of pDSP8-11. At 48 h posttransfection, the ACE2- and TMPRSS2-expressing cells were incu-
bated with EnduRen live cell substrate (Promega, catalog no. E6481) for 3 h. Then, the spike-expressing
cells (1.6 x 10* per well) and ACE2- and TMPRSS2-expressing cells (3.2 x 10* per well) were mixed in a 96-
well black plate (Falcon, catalog no. 353376), and the RL activity was measured at the indicated time points
by using a Centro XS3 LB960 luminometer (Berthold Technologies).

Protein structure. The cryo-electron microscopy structure of a full-length spike trimer (PDB 7KRR)
(36) was drawn using PyMOL v2.3 (https://pymol.org/2/).

Western blotting. The samples for immunoblotting were prepared as described previously (48).
Briefly, transfected cells were lysed directly on ice for 15 min in a buffer (100 mM NaCl, 1 mM TCEP [Tris
(2-carboxyethyl)phosphine hydrochloride], 2 x protease inhibitor, and 10 mM HEPES; pH 7.5) containing
1% n-dodecyl-B-p-maltoside (DDM; Nacalai Tesque, catalog no. 14239-41). For the spike incorporation
study, the virus-containing culture supernatant was clarified by filtering through a 0.45-um-pore-size fil-
ter, layered onto a 20% (wt/vol) sucrose cushion, pelleted by ultracentrifugation at 50,000 rpm for
30 min at 4°C (Beckman Coulter Optima-TLX), and then lysed in 1% DDM buffer. The resultant samples
were resuspended in 1x Laemmli buffer containing 5% B-mercaptoethanol (Bio-Rad, catalog no.
1610710), boiled for 10 min, and subjected to protein separation by SDS-PAGE in 4 to 20% Mini-Protean
TGX precast gels (Bio-Rad, catalog no. 4561096) before transfer to nitrocellulose membranes (Wako, cat-
alog no. 032-22663). The membranes were incubated in a blocking buffer (Nacalai Tesque, catalog no.
03953-95) for 1 h at room temperature and then mixed with primary antibodies, including mouse anti-
SARS-CoV-2 Spike (S2 subunit) monoclonal antibody (1:4,000; GeneTex, catalog no. GTX632604), rabbit
anti-HIV Gag p24 monoclonal antibody (1:5,000; Bioacademia, catalog no. 65-004), and mouse anti-
B-actin monoclonal antibody (1:5,000; Wako, catalog no. 281-98721), followed by staining with the appro-
priate secondary antibodies, horseradish peroxidase-conjugated anti-mouse (1:25,000; GE Healthcare, catalog
no. NA931VS) or anti-rabbit (1:50,000; GE Healthcare, catalog no. NA94VS) IgG antibodies. The membrane
was developed with the ImmunoStar LD enhanced chemiluminescence reagents (Wako, catalog no. 290-
69904) and visualized using ImageQuant LAS 400 (GE Healthcare). Band intensities were analyzed using
ImageJ software (49).

Pseudovirus neutralization assay. Serum samples were collected from nine donors with two doses
of BNT162b2 (Pfizer-BioNTech) and another group of nine donors with three doses of vaccines, including
BNT162b2 or mRNAQ-123 (Moderna) (Table 1). The serum samples were heat inactivated at 56°C for
30 min and stored at —80°C until use. To compare the neutralizing activity against different spike-pseudo-
typed lentiviruses, 2-fold serially diluted sera were mixed with an equal volume of pseudoviruses (5 ng of
p24 level per well) and incubated at 37°C for 1 h. Finally, 2.2 x 10% 293T cells transiently expressing ACE2
and TMPRSS2 were added into each well in a 96-well plate and incubated further for 48 h prior to quantifi-
cation of luciferase expression using a One-Glo luciferase assay system in Centro XS3 LB960 luminometer
(Berthold Technologies). The neutralization level was determined by the percent decrease in luminescence
relative to that obtained in the absence of sera. Neutralization curves were plotted, and 50% pseudovirus
neutralization titer (pNT50) values (in serum dilution factor) were inferred using GraphPad Prism, and
expressed in percentage normalized to parental WT D614G or BA.2. Prepandemic sera isolated from three
donors were simultaneously tested and always yielded negative results for neutralization.

T cell receptor recognition assay. Construction of NF9-specific effector T cells and TCR activation
assays were performed as previously described (23, 41, 50). In brief, TCR clones were reconstituted and
stably expressed in an NFAT-luciferase Jurkat T reporter cell line (TCRa ~/7) that allows detection of T
cell activation. Also, HLA-A*A24:02 was stably transduced in A549-expressing human ACE2 receptor, giv-
ing rise to A549/hACE2/HLA-A*24:02 (23, 50). A549/hACE/HLA-A*24:02 target cells were loaded with no
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peptide or a panel of NF9 and NF9_5X peptides (where “X” represents any amino acid substitution at
the fifth position of the peptide) in a final concentration of 50 nM. Alternatively, the same target cells were
transfected or not with 2 ug of various spike-expressing plasmids, pC-BA.2, pC-BA.2-L452M, pC-BA.2-
L452Q, and pC-BA.2-L452R for 48 h. In both cases, target cells (0.5 x 10° per well) and NFAT-luciferase
Jurkat T reporter cells expressing NF9-specific TCR clones (1 x 10° per well) were cocultured in a 96-well
plate for 8 h. The T cell activation level was measured by detecting the luciferase activity using a Steady-
Glo assay system (Promega, catalog no. E2550) in a Centro XS3 LB960 luminometer.

Statistical analysis. Statistical tests were performed by using GraphPad Prism 6. Standard deviations
(SD) were calculated to estimate the variance. Statistical comparisons were made as described for each
data set and figure. A P value of <0.05 was considered significant.
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