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Structural basis for receptor-binding domain
mobility of the spike in SARS-CoV-2 BA.2.86
and JN.1

Hisano Yajima 1, Yuki Anraku 2, Yu Kaku3, Kanako Terakado Kimura 1,
Arnon Plianchaisuk 3, Kaho Okumura 3,4, Yoshiko Nakada-Nakura 1,
Yusuke Atarashi1,5, Takuya Hemmi 1, Daisuke Kuroda 5,
Yoshimasa Takahashi 5,6, Shunsuke Kita 2, Jiei Sasaki 1, Hiromi Sumita 7,
The Genotype to Phenotype Japan (G2P-Japan) Consortium*, Jumpei Ito3,8,
Katsumi Maenaka 2,6,9,10,11, Kei Sato 3,8,12,13,14,15,16,17 &
Takao Hashiguchi 1,14,18

Since 2019, SARS-CoV-2 has undergone mutations, resulting in pandemic and
epidemicwaves. The SARS-CoV-2 spike protein, crucial for cellular entry, binds
to the ACE2 receptor exclusively when its receptor-binding domain (RBD)
adopts the up-conformation. However, whether ACE2 also interacts with the
RBD in the down-conformation to facilitate the conformational shift to RBD-up
remains unclear. Herein, we present the structures of the BA.2.86 and the JN.1
spike proteins bound to ACE2. Notably, we successfully observed the ACE2-
bound down-RBD, indicating an intermediate structure before the RBD-up
conformation. The wider and mobile angle of RBDs in the up-state provides
space for ACE2 to interact with the down-RBD, facilitating the transition to the
RBD-up state. The K356T, but not N354-linked glycan, contributes to both of
infectivity and neutralizing-antibody evasion in BA.2.86. These structural
insights the spike-protein dynamics would help understand the mechanisms
underlying SARS-CoV-2 infection and its neutralization.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the
causative agent of coronavirus disease 2019 (COVID-19), a respiratory
infectious disease that led to a global pandemic in 2020. According to
data retrieved from Nextstrain (https://nextstrain.org/ncov/gisaid/
global/6m) regarding the global status of SARS-CoV-2 evolution, the
BA.2.86 variant of SARS-CoV-2wasfirst identified in July 2023. Notably,
BA.2.86 acquired over 30 amino acid substitutions in the spike (S)
protein compared to those present in the previously predominant
lineage XBB and its parent BA.2, raising concerns about potential
immune evasion. Acknowledging its heightened mutational load, the
World Health Organization promptly designated BA.2.86 as a variant
undermonitoring onAugust 17, 20231. ByDecember 2023, BA.2.86 had
become globally prevalent, with over 7500 reported sequences on

GISAID. Furthermore, JN.1, a descendant of BA.2.86,with an amino acid
substitution in the S-protein, was also spreading rapidly, and, a month
later wasdesignated as a variant of interest with BA.2.86 by theWHO2,3.
To date, the BA.2.86 lineage, including JN.1, has been detected in over
30 countries. The emergenceof BA.2.86 coincideswith a surge in cases
across several countries. Therefore, studying the structure of the
BA.2.86-S-protein, along with the reported virological characteristics
of BA.2.864–8, may contribute to a better understanding of this virus.

The S-protein of SARS-CoV-2 exists as a trimer with a pivotal role
in viral entry into target cells. During this cellular entry process, the S-
protein—comprising the S1 and S2 subunits—initially binds to recep-
tors such as angiotensin-converting enzyme 2 (ACE2), neuropilin-1,
and TMEM106B9–12. Among these receptors, ACE2 is the most
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established receptor associated with pathophysiology13,14. The ACE2
receptor is also utilized by SARS-CoV, the etiologic pathogen of an
epidemic that primarily impacted Asia in 2003, and coronavirus NL63,
which causes common cold symptoms15. The S1 subunit of the
S-protein contains a receptor-binding domain (RBD), which is the
primary target of neutralizing antibodies. Meanwhile, the S2 subunit
mediates membrane fusion between the viral envelope and the target
cell membrane, facilitating the delivery of the viral genome into the
host cell cytoplasm. To bind to the ACE2 receptor, the RBD of the
S-protein must be in the up conformation16. However, the full-length
structure of the S-protein, including the transmembrane domain,
reportedly adopts an all-down conformation of the RBD17. Structures
of the S-protein of the recent Omicron lineages, predominantly the
ectodomain, also reportedly exhibit the all-down conformational state
of RBDs18–20, suggesting the requirement for a passive trigger to tran-
sition the RBD to the up-conformation. Therefore, the structure of the
SARS-CoV-2-S undergoes sequential conformational transitions, pro-
gressing from an all-RBD down state to one RBD-up, followed by two
RBD-up, and ultimately reaching the three RBD-up states upon ACE2
binding. To activate its fusion ability, the S-protein is cleaved into S1
and S2 subunits by the host protease furin during viral budding21, and
the S2 subunit is further cleaved by host proteases, such as trans-
membrane protease, serine 2 (TMPRSS2), or cathepsin L, during viral
entry22. However, an in-depth exploration of ACE2 binding to both up-
and down-RBD conformations in the SARS-CoV-2 spike protein is
lacking. Consequently, the understanding of critical conformational
shifts essential for cellular entry and neutralizing-antibody evasion,
particularly in the context of the BA.2.86 variant, remains limited.

In thiswork,weperform the single-particle analyses of theBA.2.86
S-protein alone and theBA.2.86 and JN.1 S-proteins in complexwith the
ACE2 receptor using cryo-electronmicroscopy (cryo-EM). The primary
objective is to gain insights into the structural dynamics of ACE2-
receptor recognition and neutralizing-antibody evasion in SARS-CoV-2
variants. Additionally, we monitor interactions between ACE2 and
RBDs to identify any potential intermediate structural conformations.
We believe that our findings can contribute to an enhanced under-
standing of themechanismunderlying SARS-CoV-2 infection and aid in
the development of effective neutralization strategies.

Results
Evolutionary and epidemic features of BA.2.86 lineages
The BA.2.86 lineage, including JN.1, significantly diverged from other
SARS-CoV-2 variants, including XBB (Fig. 1A). The BA.2.86 lineage,
particularly JN.1, demonstrated rapid global spread, effectively out-
competing XBB and establishing itself as the dominant lineage as of
February 2024 (Fig. 1B). These evolutionary and epidemic character-
istics of BA.2.86 highlight the critical need for its detailed character-
ization, including the determination of its S-protein structure.

Structures of the BA.2.86 S-protein
To gain structural insights into the evolution of the BA.2.86 S-protein,
we performed cryo-EM analysis of the BA.2.86 S ectodomain (Fig. 1C,
Supplementary Fig. 1A, B, and Supplementary Table 1). We previously
reported closed-1 and closed-2 conformational states in the S-protein
structures of SARS-CoV-2 variants that emerged after BA.2.75 (BA.2.75,
XBB.1, XBB.1.5, and EG.5.1)18–20,23 (Fig. 1D). Notably, closed-2 typically
has amore open RBD structure than that of closed-1; however, their S2
subunit is relatively identical. However, structural analysis in this study
revealed only the closed-2 state and not the closed-1 state in the
BA.2.86 S-protein. Meanwhile, the S-protein structure of BA.2 has only
been resolved in the closed-1 state24,25, whereas that of BA.2.86 hasonly
been observed in the closed-2 state, resulting in poor overlap of the
main chains of BA.2 and BA.2.86 S-proteins (Fig. 1E). In contrast, the
main chains of the closed-2 states of the S-proteins in the BA.2.75,
XBB.1, XBB.1.5, and EG.5.1 variants overlapped well with that of the

BA.2.86 S-protein (Fig. 1E). One RBD-up state, frequently observed in
the S-protein structures of other SARS-CoV-2 variants, was rarely
observed in the XBB.1 and XBB.1.5 S-proteins. However, the one RBD-
up statewasobserved again in EG.5.1 and inBA.2.86 (Fig. 1D). The spike
protein of BA.2.86 acquired 39 amino acid substitutions (37 in the
S1 subunit, 12 in the RBD, and 2 in the S2 subunit) compared with that
in the amino acid sequence of the XBB.1.5 S-protein (Fig. 1F); however,
the overall structure did not significantly differ from that of the closed-
2 state of the previous variants (Fig. 1E). Hence, the survival strategy of
SARS-CoV-2 involves the gradual modification of its S-protein struc-
ture or conformation, facilitating evolutionary adaptation without
undue stress.

Subsequently, we focused on three specific areas where sig-
nificant structural alterations were observed in BA.2.86 S compared
with those in XBB.1.5, given that both S-proteins can adopt a closed-2
state. First, a consensus sequence of N-linked glycosylation was
obtained by K356T substitution in the RBD, and the presence of an
N-linked glycan structure at N354 was confirmed in this study (Fig. 1G
and Supplementary Fig. 1C). Second, the structure corresponding to
amino acid residues 621–640 surrounding the furin-cleavage site was
observed in the BA.2.86 S-protein (Fig. 1G and Supplementary
Fig. 1C); this region was not visible in S-proteins of other variants,
except for the S-protein of alpha26. This observation is likely attrib-
uted to the influence of P621S, which marks the starting point for
structural visibility. Third, a large EM density was observed above
V445H at the apex of the closed-2 state of the BA.2.86 S-protein,
suggesting an interaction between H445 and this unidentified EM
density (Supplementary Fig. 2). Analysis of raw EM images indicated
that the formation of a dimer-of-trimer with head-to-head orienta-
tion, as reported for the Kappa S-protein27, is unlikely. The dis-
appearance of the unidentified EM density during cryo-EM analysis in
EDTA (1mM)-containing phosphate-buffered saline (PBS) suggests
that His accumulation at the S-protein trimer apex may cause metal
ion coordination, leading to nonspecific interactions with substances
in the solution.

Structures of the ACE2-bound BA.2.86 S-protein
To elucidate the molecular mechanism of ACE2 receptor recognition
by BA.2.86 S-protein, we performed cryo-EM analysis of the BA.2.86
S–ACE2 complex (Fig. 2A, B, Supplementary Fig. 3, and Supplementary
Table 1). In SARS-CoV-2 variants that emerged after Omicron, most
ACE2-bound S-protein structures exhibited one-RBD-up and/or two-
RBD-ups. However, in the BA.2.86 S−ACE2 complex, the presence of
one-RBD-up was not observed, whereas conformations with two- and
three-RBD-ups were evident (Fig. 2A). Notably, the ACE2 receptor was
bound to all three RBDs, including two-RBD-ups and one-RBD-down,
which is an unprecedented observation. This structure may represent
an intermediate state wherein the two-RBD-up transitions to three-
RBD-up. The two-RBD-up and one-RBD-down conformation (two-RBD-
up–one-RBD-downthree-ACE2) were not modeled owing to unclear EM
density during conventional refinement (Fig. 2B and Supplementary
Fig. 3, and Supplementary Table 1).

Consequently, we employed 3D Flexible Refinement
(3DFlex)28 to assess the flexibility of the two up-RBDs, revealing
significant swaying motion (Fig. 2C and Supplementary Fig. 4A–C,
and Supplementary Movie 1). Compared with the two RBD-up
bound to ACE2 (two-RBD-uptwo-ACE2; one RBD is down state and
not bound to ACE2) (Fig. 2C left top), the two up-RBDs in the two-
RBD-up–one-RBD-downthree-ACE2 exhibited increased mobility and
wider angles (Fig. 2C right). The angles formed by the three
points, N164 of the N-terminal domain (NTD) and G476 of two up-
RBDs, were different at 34.2° and 110.9° in the two-RBD-uptwo-ACE2

and two-RBD-up–one-RBD-downthree-ACE2, respectively (Fig. 2C).
This heightened mobility of the two up-RBDs in the two-RBD-
up–one-RBD-downthree-ACE2 enables ACE2 access. Moreover,
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binding to a down-RBD may contribute to the down-to-up tran-
sition of this domain. In contrast, the RBD-down−ACE2 complex
remained stable, allowing for model building. Apart from the
RBD–ACE2 interface in the RBD-down−ACE2 complex, we
observed a weak stacking interaction between the NTD N165-
linked glycan and ACE2 N322-linked glycan, alternated to avoid

steric hindrance, which may contribute to the RBD-down−ACE2
stabilization (Fig. 2D).

For the two-RBD-up–one-RBD-downthree-ACE2 conformation, we
assume that the up-RBDs become very flexible/mobile in exchange for
the stabilization of the down-RBD, and that the balancebetween theup
and down conformations has led to this non-canonical conformation.
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To test this possibility, the BA.2.86 S-ACE2 complex was treated at a
higher temperature of 42 °C and subjected to cryo-EM analysis (Sup-
plementary Fig. 5). The two-RBD-up–one-RBD-downthree-ACE2 con-
formation was observed in BA.2.86 S−ACE2 treated at 37 °C for 1 hour,
but not in that treated at 42 °C for 1 hour. These results may suggest
that an intermediate structure, two-RBD-up–one-RBD-downthree-ACE2,
has been thermally eliminated, which indicates instability as an
S-trimer bound to ACE2. However, the canonical two-RBD-uptwo-ACE2

structure was retained under this condition. Unexpectedly, another
non-canonical conformation of one-highly-open RBD and one-
partially-open RBD was observed in the BA.2.86 S−ACE2 complex
treated at 42 °C, in addition to the canonical two-RBD-uptwo-ACE2

(Supplementary Fig. 5).

Interactions between the BA.2.86 S-protein RBD and ACE2
Notably, we observed a complex with ACE2 bound to the BA.2.86 S
RBD-down conformation. Hence, we compared two structures in
which ACE2 was bound to BA.2.86 S RBD-up or RBD-down. Local
refinement was performed on both the RBD-up–ACE2 and RBD-
down–ACE2 complexes to comprehensively examine the interactions
between ACE2 and RBD-up or RBD-down, and the structures were
reconstructed at resolutions of 3.00Å and 3.05 Å, respectively
(Fig. 3A, B, Supplementary Fig. 3, and Supplementary Table 1). No
significant differences were detected in the overall structures of either
ACE2–RBD; however, slight variations were observed at the interface
between ACE2 and the up- or down-RBD (Fig. 3B and Supplementary
Fig. 4D, E). First, the main chain from F514 to T522 was shifted out-
wardly in the up-RBD compared with that in the down-RBD (Fig. 3B).
The F514 toT522 loop in thedown-RBDwas located close to theNTDof
the adjacent protomer. In contrast, the loop in the up-RBD was
exposed toward the solvent (Fig. 3B and Supplementary Fig. 4D, E).
Second, ACE2 H34 interacted bidirectionally with RBD Y453 and Q493
in the RBD-up–ACE2, whereas ACE2 H34 exhibited a unidirectional
interaction with RBD Y453 in the RBD-down−ACE2.

Subsequently, to comprehend the altered interactions of SARS-
CoV-2 with ACE2 caused by SARS-CoV-2 evolution, we compared the
RBD–ACE2 interface interactions between BA.2 and BA.2.86. A
notable disparity among the variants was primarily observed in the
interaction between RBD R/Q493 and ACE2 H34 (Fig. 3B and Sup-
plementary Fig. 4D). In variants predating Omicron, represented by
the ancestral strain, the amino acid residue 493 of the S-proteins was
Gln. However, the Q493R substitution occurred in the S-proteins of
BA.1 and BA.2, leading to the loss of interaction with ACE2H34 and an
alternative interaction with ACE2 E3529,30 (Fig. 3B). Subsequently, in
BA.4/5 and subsequent variants, it reverted to Q493; although var-
iations exist in the interactions of each variant with ACE2, the sub-
stitution did not occur until BA.2.86 (Fig. 3B). We observed that
V445H, a unique characteristic of the BA.2.86 S structure, formed a
novel stacking intramolecular interaction with P499 in the RBD
(Fig. 3B and Supplementary Fig. 4D). Furthermore, BA.2.86 RBD
R403K formed a novel intramolecular interaction with RBD N405
(Fig. 3B and Supplementary Fig. 4D). R403K reportedly enhances the
membrane fusion ability4, likely owing to the influence of the altered
interaction.

We also compared the binding affinity of ACE2 to the S-RBD of
JN.1, which has recently been observed to be prevalent along with
BA.2.86, with that of BA.2,86. However, similar to a previous report3,
the ACE2-binding affinity of JN. 1 was lower than that of BA.2.86 and
higher than that of XBB.1.5 (Fig. 3C). This suggests that the ACE2-
binding ability of JN.1 did not influence its prevalence.

Structures of the ACE2-bound JN.1 S-protein
To determine the structural basis for the differences in ACE2 recog-
nition between the S-proteins of BA.2.86 and JN.1, we performed cryo-
EM analysis of JN.1-S–ACE2 complex (Fig. 3D, Supplementary Fig. 6,
and Supplementary Table 1). In the BA.2.86 S–ACE2 complex, two- and
three-RBD-ups were observed; however, only the two-RBD-uptwo-ACE2

structure was found in the JN.1-S–ACE2 complex. Notably, the struc-
ture of ACE2 binding to all RBDs in the two-RBD-up–one-RBD-down,
which is a characteristic in the BA.2.86 S–ACE2 complex, was observed
in JN.1 as well. Similar to the twoup-RBDs in the two-RBD-up–one-RBD-
downthree-ACE2 conformation of the BA.2.86 S, those of JN.1 also exhibit
increasedmobility and wider angles (termed highly-open RBDs). ACE2
bound to the highly-openRBDs in the JN.1 Swaspartially observed, like
BA.2.86, owing to theunclear EMdensity. Accordingly, the highly-open
RBDs in the S-proteinsmaybe a shared property in the BA.2.86 lineage,
which includes the JN.1 subvariant.

To gain structural insights into the reduced ACE2-binding affinity
in the JN.1 S, we performed local refinement on the RBD-up–ACE2
complex, and the structure was reconstructed at resolutions of 4.30 Å
(Fig. 3D, Supplementary Fig. 6, and Supplementary Table 1). In the JN.1
S, the L455S substitution occurred, which did not happen in BA.2.86.
Neither L455 in the BA.2.86 S nor S455 in the JN.1 S interacts with ACE2;
however, the adjacent RBD Y453 forms a hydrogen bond with ACE2
H34 in both S-proteins of BA.2.86 and JN.1 (Fig. 3B, E). S455 in the JN.1 S
also forms a hydrogen bondwith the adjacent RBDN417. However, the
interaction around L455S could not explain the reduced ACE2 affinity
in the JN.1 S. Therefore, based on the determined structures, we cal-
culated the shape complementarity (Sc) between RBD and ACE2 in the
BA.2.86 and the JN.1. The Sc (0.42) of JN.1 S-RBD–ACE2 was lower than
that (0.52) of BA.2.86. The binding free energy (dG= –17.88) of JN.1 S-
RBD-ACE2 was increased compared to that (dG= –24.30) of BA.2.86.
These values indicate that JN.1 S is less favorable for binding to ACE2
compared to BA.2.86.

Impact of amino acid substitutions resulting in BA.2.86 on cel-
lular entry and neutralization
Structural analysis revealed that the three amino acid substitutions,
K356T, V445H, and P621S, characteristic of the BA.2.86-S structure,
were especially responsible for the structural alterations compared to
that in XBB.1.5. Therefore, the impact of these amino acid substitutions
on infectivity and neutralization was evaluated in vitro (Fig. 4A–D).
First, we introduced single amino acid substitutions reverting to the
BA.2 type into the pseudotyped virus bearing the BA.2.86-S- protein
and compared its entry efficiency into HOS-ACE2/TMPRSS2 cells.
Viruses bearing BA.2.86-S T356K or S621P exhibited decreased infec-
tivity compared with that bearing BA.2.86-S WT (Fig. 4A). Conversely,
the virus bearing BA.2.86-S H445V showed increased infectivity

Fig. 1 | Evolutionary and epidemic features of BA.2.86 and cryo-EM maps of
BA.2.86-S-protein. A Maximum likelihood tree depicting SARS-CoV-2 evolution.
B Detection frequency plot of XB.1.5, XBB.1.6, EG.5.1, BA.2.86, JN.1, and other var-
iants.CCryo-EMmaps of the BA.2.86-S-protein trimer, closed-2 state (left) and one-
RBD-up state (right); protomers are sky blue, yellow, and dark olive green.D Cryo-
EM maps obtained for each Omicron subvariants. Protomers for BA.2, XBB.1/
XBB.1.5, BA.2.75/EG.5.1, and BA.2.86 are shown in dark green, brown, red, and sky
blue, respectively. Other protomers are shown in dark gray and light gray.
E Superposition of themain-chain structure as protomers of the BA.2.86-S closed-2

state (sky blue), BA.2-S closed-1 state (deep pink), and XBB.1.5-S closed-2 state
(raspberry), respectively. F The position of amino-acid substitutions in the BA.2.86-
S-protein compared to the XBB.1.5-S-protein. The BA.2.86-S protomer structure
(left) and its sequence schematic (right) are shown as the S1 subunit (sky blue), the
S2 subunit (pink), and the RBD (bright yellow). G Structure of BA.2.86-S-protein
trimer (same colors as in C); close-up view presents the N354-linked glycan (left)
and residues 621–640 (right), showing interactions with surrounding residues and
glycosylation sites as sticks (leaf green). Dashed lines represent hydrogen bonds.
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compared with that bearing BA.2.86-S WT (Fig. 4A). These findings
suggest thatK356T and P621S contribute to the increased infectivity of
BA.2.86; however, V445H has a negative impact.

Subsequently, we compared neutralizing-antibody evasion using
the same mutant pseudotyped viruses with XBB.1.5 breakthrough-
infection human sera (Fig. 4C). Only the virus bearing BA.2.86-S T356K
exhibited decreased neutralizing-antibody evasion (Fig. 4C). This
indicates that the K356T substitution acquired in the BA.2.86-S-protein
contributes to enhanced neutralizing-antibody evasion. K356T repre-
sents a novel site for acquired N354-linked glycosylation of the

S-protein of BA.2.86 (Fig. 1G); therefore this glycosylation might con-
tribute to the heightened neutralizing-antibody evasion ability of
BA.2.86. To evaluate the possibility that the novel N354-linked glyco-
sylationmight play an important role in neutralizing-antibody evasion,
we further compared infectivity and neutralizing-antibody evasion in a
similar manner using the pseudotyped virus bearing BA.2.86-S N354Q
(Fig. 4B, D). A substitution to Gln, which exhibits the most similar side
chain structure to Asn, was employed to evaluate only the effect of the
glycosylation defect. Both of infectivity and neutralizing-antibody
evasion by pseudotyped virus bearing BA.2.86-S N354Q were

Fig. 2 | Cryo-EMmapsofBA.2.86-S-protein bound toACE2.A–CCryo-EMmaps of
BA.2.86-S-protein bound to human ACE2 (S; same colors as Fig. 1C, ACE2; dark gray).
A Two-RBD-up state (top), and three-RBD-up state (bottom). B Two-RBD-up−one-
RBD-downthree-ACE2 state. C Comparison of the angles formed by the three residues:

N164 of the NTD and twoG476 of the up-RBD for two-RBD-uptwo-ACE2 (34.2°, left) and
two-RBD-up−one-RBD-downthree-ACE2 (110.9°, right), respectively. D Close-up view of
the two-RBD-up−one-RBD-downthree-ACE2 state. The N165-linked glycan in the NTD
and the N322-linked glycan in ACE2 are situated close to each other.
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comparable to those of BA.2.86-S WT (Fig. 4B, D). Taken together, the
K356T acquired in the BA.2.86 Swould contribute to the enhancement
of infectivity and neutralizing-antibody evasion by itself, rather than
through the effect of glycosylation.

Discussion
During the evolution of SARS-CoV-2, the S-protein has undergone
recurrent amino acid substitutions. Correspondingly, various
S-protein structures have been determined, demonstrating both

Fig. 3 | Structures of RBD-ACE2 complexes in the BA.2.86- and JN.1-S- proteins,
andbinding affinities toACE2 in theXBB.1.5, BA.2.86, and JN.1. ACryo-EMmaps
of the RBD–ACE2 interface in the RBD-up (sky blue)−ACE2 (dark gray), and RBD-
down (orange)−ACE2. B Structure of BA.2.86 S RBD-ACE2 complex (same colors as
in A). Close-up views represent residues involved in the corresponding interaction
of the BA.2.86 RBD-up–ACE2 complex structure, which differs from the BA.2 or
BA.2.86 RBD-down–ACE2 complex structure (BA.2; PDB, 8DM6; BA.2 RBD, deep
pink;ACE2, dark gray, BA.2.86RBD-down; same color asA), are shown.Dashed lines

represent hydrogen bonds. C Sensorgrams of SPR analysis evaluating the binding
affinities of ACE2 for BA.2.86 S-RBD (sky blue), JN.1 S-RBD (blue-green), and XBB.1.5
S- RBD (raspberry). D Cryo-EM maps of JN.1-S-protein bound to human ACE2 (S;
blue-green, raspberry and khaki, ACE2; dark gray). The two-RBD-uptwo-ACE2 state
(left), the RBD-ACE2 interface in the RBD-up−ACE2 (middle), and the two-RBD-
up−one-RBD-downthree-ACE2 state (right). E Close-up view of the JN.1 S–ACE2 inter-
face (JN.1 S; blue-green, ACE2; dark gray). Dashed lines represent hydrogen bonds.
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closed-1 and closed-2 states, as observed in BA.2.75, XBB.1, XBB.1.5, and
EG.5.118–20,23; S-proteins adopting the closed-1 state, exemplified by
BA.224; and those displaying the closed-2 state, as demonstrated by
BA.2.86 in this study, all within the context of RBD all-down states.
Note that because the inability to identify a specific state within a cryo-
EMdataset can typically be a function of the data processingworkflow,
these structures are not the only available structure in each variant.
Nonetheless, these conformational states of S-proteins appear to be
gradually altering with SARS-CoV-2 evolution (Fig. 1D). Although these
conformational state variations may influence cell entry and
neutralizing-antibody evasion, the impact of specific conformational
states remained unclear owing to technical challenges in fixing these
states in vitro and in vivo. Despite the BA.2.86-S-protein acquiring 39
amino acid substitutions compared with that in the XBB.1.5-S-protein,
its overall structuredid not significantly differ from thatof the closed-2
states of other variants (Fig. 1D, E). This suggests that the survival
strategy of SARS-CoV-2 may not allow amino acid substitutions that
would substantially alter the overall structure.

Structural insights and neutralization assays using XBB.1.5
breakthrough-infection human sera revealed that the newly acquired
K356T in the BA.2.86 S contributes to its enhanced neutralizing-
antibody evasion (Fig. 4C). However, modification of the coupled
N354-linked glycan did not contribute to it (Fig. 4D). K356T also con-
tributes to increased infectivity in BA.2.86 (Fig. 4A), rendering it a
crucial mutation responsible for its prevalence. The S50L substitution,
alongside K356T, facilitates efficient entry into lung cells31 without

inducing structural changes. Additionally, P621S allows the amino acid
residues 621–640, adjacent to the furin-cleavage site, to be a visible
structural region in BA.2.86 (Fig. 1G). The cleavage efficiency of the
furin-cleavage site in this region is reportedly higher in BA.2.86 than
that in BA.24, suggesting that structural stabilization in this region of
the BA.2.86 S-protein may influence furin-cleavage efficiency.

On neutralizing-antibody evasion in BA.2.86, we only examined
the amino acid substitutions, K356T, V445H, and P621S, in the BA.2.86
S, where the structural alterations were obvious compared to that in
XBB.1.5. Hence, other substitutions acquired by BA.2.86 that are
reportedly to be important for changes in neutralizing potential were
mapped onto the determined BA.2.86-S structure32–34 (Supplementary
Fig. 7A). Notably, that the used sera and the panel of monoclonal
antibodies differ from that in our experiments. Based on themapping,
nine substitutions, H245N, K356T, R403K, V445H, L452W, N481K,
A484K, E554K, and P621S enhanced antibody evasion potential, and
one, I332V, reduced it. To assess the neutralizing-antibody evasion
potential in BA.2.86 with a different approach, we employed a com-
putational evaluation of the antibody binding potential to the
S-proteins of ancestral strain, XBB.1.5, and BA.2.86. A total of 34 anti-
bodies whose RBD-bound structures are registered in the Protein Data
Bank (PDB), which are either therapeutic antibodies (in clinical trials or
on the market) or neutralizing antibodies, were utilized (Supplemen-
tary Fig. 7B and Supplementary Table 2). The interaction energies
against these anti-S antibodies were significantly reduced in the
BA.2.86-S-protein compared to those of ancestral strain, but not

Fig. 4 | Effects of amino acid substitution on BA.2.86 infectivity and immune
evasion. A, B Lentivirus-based pseudovirus assay. HOS-ACE2/TMPRSS2 cells were
infected with pseudoviruses bearing each S-protein of BA.2.86 and its derivatives.
The amount of input virus was normalized to that of HIV-1 p24 capsid protein. The
percent infectivity of BA.2.86derivatives compared to that of BA.2.86 is shown. The
horizontal dashed line indicates the mean value of the percentage infectivity of
BA.2.86. Assays were performed in quadruplicate, and a representative result of
four independent assays is shown. Data are presented as the mean ± SD. Each dot
indicates the result of an individual replicate. Statistically significant differences
versus BA.2.86 are determined by two-sided Student’s t tests. The p values for the
difference of each infectivity are indicated in A (vs BA.2.86 +T356K, p = 0.0095; vs
BA.2.86+H445V, p = 0.0005; vs BA.2.86+ S621P, p < 0.0001; and vs BA.2.86+
T356K +H445V + S621P, p = 0.0003) and in (B) (vs BA.2.86+ T356K, p = 0.0047 and
vs BA.2.86+N354Q, p =0.59). Increased and decreased infectivity are shown in red
and blue, respectively. C, D Neutralization assay. Assays were performed with

pseudoviruses harboring the S-proteins of BA.2.86 and its derivatives. Con-
valescent sera were used, which were from fully vaccinated individuals who had
been infected with XBB.1.5 (four 3-dose vaccinated, three 4-dose vaccinated, two
5-dose vaccinated, and one 6-dose vaccinated; total =10 donors). Assays for each
serum sample were performed in quadruplicate to determine the 50% neutraliza-
tion titer (NT50). Eachdot represents oneNT50 value, and the geometricmean and
95% confidence interval are shown. Numbers in parentheses indicates the geo-
metric mean of NT50 values. The horizontal dashed line indicates the detection
limit (40-fold). Statistically significant differences vs. BA.2.86 were determined by
two-sidedWilcoxon signed-rank tests. Thep-values less than0.05 for the difference
of each NT50 are indicated in C (vs BA.2.86+ T356K, p = 0.0020; vs BA.2.86 +
H445V, p = 0.22; vs BA.2.86+ S621P, p = 0.32; and vs BA.2.86+ T356K +H445V +
S621P, p = 0.10) and in D (vs BA.2.86 + T356K, p =0.027 and vs BA.2.86+N354Q,
p = 0.77). NT50 fold changes compared with BA.2.86 are indicated by X.
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significantly different from those of XBB.1.5 (Supplementary Fig. 7C).
In fact, most of the 39 substitutions occurred in the S1 subunit. How-
ever, the substitutions were dispersed throughout the structure, not
concentrated in the receptor-binding motif and specific RBD epitopes
classified as class 1 to 4 epitopes35 (Fig. 1F and Supplementary Fig. 7D).
It implies that BA.2.86 may not escape greatly from neutralizing anti-
bodies at serum levels in vaccinated and XBB lineage-infected
individuals.

Upon examining the SARS-CoV-2 S-RBD–ACE2 interface, themost
notable difference among variants lies in the interaction centered on
RBD R/Q493 and ACE2 H34 or E35 (Fig. 3B). The Q493R substitution,
occurring only in BA.1 and BA.2, forms an interaction with ACE2
E3536–38. In other variants, a unique hydrogen-bonding network is
formed or lost, including surrounding residues centered on RBDQ493
and ACE2 H34, likely having a significant role in ACE2 binding. In fact,
the interaction of ACE2 with the up- or down-RBD in BA.2.86 S exhib-
ited a slight difference in the orientation of H34 in ACE2 (Fig. 3B).
Hence, SARS-CoV-2 S-RBD R/Q493 and ACE2 H34 may act as mod-
ulators of amino acid substitutions within the RBD when the S-protein
of each variant binds to ACE2.

To transition from an all-RBD-down state to one RBD-up, the
down-RBD must first adopt the up-conformation and bind to ACE2.
Our findings suggest that a similar principle applies to the transition
from two-RBD-up to three-RBD-up. However, in the transition from
two-RBD-up to three-RBD-up, we found that the two up-RBDs bound
to ACE2 exhibit considerable flexibility, resulting in a swaying
motion, creating space for an approaching ACE2 receptor. ACE2
binding to the down-RBD thenmay assist the transition to three-RBD-
up (Fig. 2B, C and Supplementary Movie 1 and 2). Indeed, some
antibodies reportedly bind to down-RBDs39; our results support the
significance of neutralizing antibodies binding to down-RBDs for
viral neutralization. Distinct RBD opening angles have also been
reported in the cryo-EM structures of SARS-CoV bound to ACE2
under conditions thatmimic its entry process40. Of the angles formed
between long axes of the SARS-CoV RBD and horizontal plane, the

smallest angle is 51.2°. Compared to an angle of 22.7° formed by the
SARS-CoV RBD in the closed state, an angle of 51.2° would render a
partially-open RBD state (Fig. 5A). In contrast, the angles formed by
the down-RBD of the ACE2-bound and apo form in BA.2.86-S-pro-
teins are nearly identical, with values of 32.4° and 31.7°, respectively
(Fig. 5B). Accordingly, the structure of BA.2.86-S-RBD-down bound to
ACE2 suggests a unique ACE2-S structure. The angle of the highly-
open RBD observed when the BA.2.86-ACE2 complex was treated at
42 °C was 83.6°, and the angle of the partially-open RBD was 56.3°
(Fig. 5C). The variation in the open angles of RBDs may reflect the
nature of variants and the entry process. Furthermore, a unique
ACE2-binding mode of the BA.2.86 and JN.1 S-proteins may con-
tribute to neutralizing-antibody evasion because they can bind to
ACE2 even though the RBD is down-state and does not require
exposure of its RBM that a major target of neutralizing antibodies.

Collectively, our findings suggest that comprehensively investi-
gating and elucidating the structural details of the SARS-CoV-2 S-pro-
tein, including those fromdifferent variants, is crucial tounderstanding
the complex mechanisms underlying SARS-CoV-2 cellular entry. Addi-
tionally, they may provide valuable insights for the designing of ther-
apeutics, developing vaccines, and informing public health strategies.

Methods
Ethics statement
All protocols involving specimens from human subjects recruited at
Interpark Kuramochi Clinic were reviewed and approved by the Insti-
tutional Review Board of Interpark Kuramochi Clinic (approval ID:
G2021-004). 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 Med-
ical Science, The University of Tokyo (approval IDs: 2021-1-0416 and
2021-18-0617). We have obtained consent to publish information that
identifies individuals (including three or more indirect identifiers such
as exact age, sex, medical history, vaccination history or medical
center of the study participants).

Fig. 5 | Comparisons of the angles betweenRBDs and the horizontal plane. A–C
Protomer of S-proteins in SARS-CoV and SARS-CoV-2 BA.2.86 S─ACE2 complex.
Angles between the axis of RBDs in the SARS-CoV-2 BA.2.86 or SARS-CoV and the
horizontal plane are shown to the right of each conformation. A Surfaces of SARS-
CoV S─ACE2 complex. Left: ACE2-bound conformation 1 (S; light pink). Middle:
Unbound-down conformation (S; blue gray). Right: ACE2-bound conformation 3 (S;

blue).B Surfaces of BA.2.86 S–ACE2 complex. Left: RBD-down–ACE2 conformation
(S; orange). Middle: RBD-down conformation in the apo form (S; sky blue). Right:
RBD-up–ACE2 (S; dark olive green). C Surfaces of BA.2.86 S─ACE2 complex treated
at 42 °C for 1 h. Left: highly-openRBDconformation (S;mint green). Right: partially-
open RBD conformation (S; dark yellow).
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Human serum collection
Convalescent sera were collected from fully vaccinated individuals
who had been infected with XBB.1.5 (four 3-dose vaccinated, three
4-dose vaccinated, two 5-dose vaccinated, and one 6-dose vaccinated;
the time interval between the last vaccination and infection, 44–435
days; 15–46 days after testing. n = 10 in total; average age: 50.4 years,
range: 18–74 years, 30% male). The SARS-CoV-2 variants were identi-
fied as previously described2,18,41,42. Sera were inactivated at 56 °C for
30minutes and stored at –80 °C until use. Details of the convalescent
sera are summarized in Supplementary Table 3.

Detection frequency
We calculated the detection frequency of SARS-CoV-2 isolates that
circulated from November 1, 2022 to February 19, 2024 with the
GISAID viral genomic surveillance data (https://www.gisaid.org; EPI
SET ID: EPI_SET_240301rn)43. We excluded the data of the SARS-CoV-2
isolate that (i) lacks collection date and PANGO lineage information;
(ii) was retrieved from non-human animals; and (iii) was sampled by
quarantine. The lineage of each isolate was reassigned usingNextclade
v2.14.044. The Nextclade classification system was used to classify the
variants, with 23 A asXBB.1.5; 23B and 23G asXBB.1.16; 23 F and 23H as
EG.5.1; 23I without S: L455S mutation as BA.2.86; 23I with S:L455S
mutation as JN.1; and other clades as other. The detection frequency
plot was created using ggplot2 v3.4.4.

Phylogenetic tree reconstruction
We obtained genomic sequences and surveillance data of 729 SARS-
CoV-2 isolates used to reconstruct the representative SARS-CoV-2
phylogenetic tree inour previous paper4 from theGISAIDdatabase.We
excluded thedata of SARS-CoV-2 isolates thatmeet thefiltering criteria
mentioned earlier (see Detection frequency) and whose genomic
sequences are no longer than 28,000 base pairs and contain ≥2% of
unknown (N) nucleotides. We randomly selected 20 genomic
sequences of the SARS-CoV-2 JN.1 variant that were classified based on
the Nextclade lineage classification system and satisfy the same fil-
tering criteria. We then pooled the data of the selected JN.1 genomic
sequences with those in our previous paper’s dataset. Next, the
genomic sequences were aligned to the genomic sequence of the
Wuhan-Hu-1 SARS-CoV-2 isolate (NC_045512.2) using the reference-
guide multiple pairwise alignment strategy implemented in ViralMSA
v1.1.2445. Gaps in the alignment were removed automatically using
TrimAl v1.4.rev22 with -gappyout mode46, and the flanking edges at
positions 1–292 and 29,588–29,771 were removed manually. The
genomic sequence of Wuhan-Hu-1 was subsequently omitted from the
alignment. Then, a preliminary phylogenetic tree of SARS-CoV-2 sub-
lineages was reconstructed from the alignment using maximum
likelihood-based IQ-TREE v2.2.047. The best-fit nucleotide substitution
model was selected automatically using ModelFinder48. Branch sup-
portwas assessed using ultrafast bootstrap approximation49with 1000
bootstrap replicates.We identified genomic sequences causing branch
length outliers in the preliminary tree using the Rosner test imple-
mented in the EnvStats R package v2.7.050 using R v4.2.2 (https://www.
r-project.org/). These genetic sequences were discarded from the final
tree reconstruction. The final tree, consisting of 720 SARS-CoV-2
genomic sequences (EPI SET ID: EPI_SET_240301bk), was then recon-
structed using the methods described earlier. The tree was visualized
using ggtree R package v3.6.251.

Protein expression and purification
S-protein ectodomain (BA.2.86, JN.1), S-protein RBD (BA.2.86, JN.1,
XBB.1.5) and human ACE2 were expressed and purified as previously
described52. Briefly, pHLsec expressionplasmids, encoding theBA.2.86
S-protein ectodomain with six proline substitutions (F817P, A892P,
A899P, A942P, K986P, and V987P)53 and deleting the furin-cleavage
site (RRAR to GSAG substitution) with a T4-foldon domain, the

S-protein RBD (residues 322–536), or soluble human ACE2 (residues
19–617), were constructed. Plasmids expressing the BA.2.86-S ecto-
domain were generated by DNA synthesis (Eurofins). Plasmids
expressing the JN.1-S ectodomain were generated by site-directed
overlap extension PCR using pHLsec BA.2.86-S as the template. The
resulting PCR fragments, S-protein RBDs and soluble human ACE2,
were subcloned into the AgeI-KpnI site of the pHLsec vector using the
In-Fusion HD Cloning Kit (Takara, Cat# Z9650N). Nucleotide sequen-
ces were determined by DNA sequencing services (Eurofins), and the
sequence data were analyzed by SnapGene software v6.1.1 (www.
snapgene.com). Details of the primers are summarized in Supple-
mentary Table 4. Each plasmid was transfected into HEK293S GnTI(−)
cells, and the expressed proteins in the cell culture supernatant were
purified using a cOmplete His-Tag Purification Resin (Roche, Cat#
5893682001) affinity column and either Superose 6 Increase 10/300
GL size-exclusion chromatography (Cytiva, Cat# 29091596) for the
BA.2.86-S and JN.1-S ectodomains or Superdex 75 Increase 10/300 GL
size-exclusion chromatography (Cytiva, Cat# 29148721) for the
S-protein RBD or soluble human ACE2.

Surface plasmon resonance (SPR) analysis
Soluble human ACE2 was covalently immobilized onto a CM5 chip
(Cytiva, Cat# 29104988) covalently. A serial dilution of S-protein RBD
(BA.2.86, JN.1,and XBB.1.5) ranging in concentrations from 100 to
6.25 nM was prepared in the HBS-EP buffer (Cytiva, Cat# BR100188)
and injected on the chip. The response units were recorded in a single
cycle mode at 25 °C using the Biacore T200 system. The resulting data
were fitted to a 1:1 binding model using Biacore T200 Evaluation
software.

Cryo-EM sample preparation and data collection
The BA.2.86 and JN.1 S-protein solutions were incubated at 37 °C for 1 h
before cryo-EM grid preparation. An equal volume of PBS with 2mM
EDTAwas added to the BA.2.86 S-protein solution (final 1mMEDTA) to
clarify the unknown cryo-EM density. To prepare the BA.2.86 and JN.1
S–ACE2 complex solutions, the purified ACE2 was incubated with
BA.2.86- and JN.1-S-proteins at a molar ratio of 1: 3.2 molar ratio (spike:
ACE2) at 18 °C for 15min. Another BA.2.86 S–ACE2 complex solution
was incubated at 42 °C for 1 hour to increase themobility of RBD-ACE2.
The samples were then applied to a Quantifoil R2.0/2.0 Cu 300 mesh
grid (Quantifoil Micro Tools GmbH), which was freshly glow-
discharged for 60 s at 10mA using PIB-10 (Vacuum Device). The
grids were plunged into liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific) with the following settings: temperature
18 °C, humidity 100%, blotting time 5 s, and blotting force 5.

Movies were collected on a Krios G4 (Thermo Fisher Scientific)
operated at 300 kV with a K3 direct electron detector (Gatan) at a
nominalmagnification of 130,000 (0.67 per physical pixel) using aGIF-
Biocontinuum energy filter (Gatan) with a 20 eV slit width. Themovies
were collected with a total exposure of 1.5 s and a total dose of 52.45
(BA.2.86 S), 51.16 (BA.2.86 S with 1mM EDTA), 51.39 (BA.2.86 S–ACE2;
dataset 1), 51.1 (BA.2.86 S–ACE2; dataset 2), 51.0 (BA.2.86 S–ACE2 at 42
°C for 1 hour), and 51.2 (JN.1 S–ACE2) e/Å2 over 50 frames. A total of
3,500 (BA.2.86 S), 801 (BA.2.86 S with 1mM EDTA), 6,000 (BA.2.86
S–ACE2; dataset 1), 6,719 (BA.2.86 S–ACE2; dataset 2), 4,813 (BA.2.86
S–ACE2 at 42 °C for 1 hour), and 9,018 (JN.1 S–ACE2) movies for
BA.2.86 S–ACE2 complexes were collected at a nominal defocus range
of 0.8 – 1.8 µm using EPU software (Thermo Fisher Scientific).

Cryo-EM image processing
All datasets were processed using cryoSPARC v4.3.154. For BA.2.86 S,
movie frames were aligned, dose-weighted, and CTF-estimated using
PatchMotion correction and Patch CTF estimation. A total of 1,156,425
particles were blob-picked, and reference-free 2D classification
(K = 150, batch = 200, iteration = 30) was performed to remove the
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junk particles. A total of 465,894 particles were used for ab-initio
reconstruction to obtain the initial models. Two rounds of hetero-
geneous refinement were performed to classify the closed and one-up
conformations of the RBD. For the one-up conformation, 3D classifi-
cation without alignment focused on the up RBD (K= 4, force hard
classification, input mode = simple) was performed, and a class that
clearly showed up RBD conformation. A final map was reconstructed
by non-uniform refinement, and a local refinement focusing on the
RBD was carried out to support model building. For the closed con-
formation, once the particles were aligned and expanded by non-
uniform refinement with C3 symmetry, they were further expanded
with C3 symmetry. A 3D classification without alignment focused on
the down RBD (K= 6, force hard classification, input mode = simple)
was performed, which clearly showed down RBD conformation. A final
mapwas reconstructed by non-uniform refinement with C3 symmetry,
and a local refinement focusing on the down RBD was carried out to
support model building.

For BA.2.86 S under PBS conditionwith 1mMEDTA,movie frames
were aligned, dose-weighted, and CTF-estimated using Patch Motion
correction and Patch CTF estimation. A total of 280,627 particles were
blob-picked, and reference-free 2D classification (K= 150, batch = 200,
iteration = 30) was performed to remove junk particles. Hetero-
geneous refinement was performed using EMD-3562320 (SARS-CoV-2
XBB.1 spike closed state) as a reference map, followed by 3D classifi-
cation without alignment focused on the down RBD (K = 4, force hard
classification, input mode = simple). The final map was reconstructed
by non-uniform refinement with C3 symmetry.

For the BA.2.86 S–ACE2 complex, movie frames were aligned,
dose-weighted, and CTF-estimated using PatchMotion correction and
Patch CTF estimation. A total of 1,537,510 (dataset 1) and 1,909,117
(dataset 2) particles were blob-picked, and reference-free 2D classifi-
cations (K = 150, batch = 200, iteration = 30) were performed to
remove junk particles on each dataset separately. The initial models
were reconstructed using 403,943 particles belonging todataset 1; two
rounds of heterogeneous refinement were performed on each dataset
to reconstruct the BA.2.86 S–ACE2 complex map using the initial
models as references.

For the RBD-up state bound to ACE2, to address the flexibility of
theRBD-upandACE2 interface, once theparticleswere alignedbynon-
uniform refinement with C3 symmetry, the particles were expanded
with C3 symmetry. 3D classification (K = 6, force hard classification,
input mode = simple) focused on the RBD-up; ACE2 interface without
alignment was performed to remove those appearing unclear on the
RBD-ACE2 map. The duplicated particles were removed, followed by
heterogeneous refinement, and non-uniform refinements were per-
formed to obtain maps of the two-up or three-up RBD states bound to
ACE2. A local map of the RBD-up and ACE2 interface was obtained by
the iterative runs of local refinement and 3D classification without
alignment.

For the RBD-down state bound to ACE2, once the particles were
alignedbynon-uniform refinement followedby 3Dclassification (K= 4,
force hard classification, input mode = simple) focused on RBD-down
and ACE2 interface without alignment was performed to obtain the
particles that clearly showed the RBD-down and ACE2. An additional
3D classification (K= 4, force hard classification, input mode = simple)
was performed, and global and local maps were obtained by non-
uniform refinement or local refinement.

To address the flexibility of the ACE2-bound RBD-up state, 3D
Variability Analysis, and subsequent 3D Flexible Refinement28 were
performed. 3D Variability Analysis (Number of modes: 4, Filter reso-
lution: 10 Å) was performed using the downsampled particles (96
pixels, 4.02 Å/pix). For the 3D Flex training, the four components
solved by 3D Variability analysis were used to initialize the latent
coordinates, and the particles were downsampled to 128 pixels (3.01 Å/
pix). The mesh was segmented into seven subregions corresponding

to three RBDs, three NTDs, and an S2 subunit. All RBD and NTD seg-
ments were connected to the S2 subunit. After the training was com-
pleted, the volume series was generated by 20 frames on each latent
coordinate.

For the BA.2.86 S–ACE2 complex incubated at 42 °C for 1 hour,
movie frames were aligned, dose-weighted, and CTF-estimated using
PatchMotion correction and PatchCTF estimation. A total of 1,541,394
particles were blob-picked, and reference-free 2D classification
(K = 150, batch = 200, iteration = 30) was performed to remove junk
particles. Heterogeneous refinement was performed using the initial
model of BA.2.86 S–ACE2 complex as a reference map. For unclearly
RBD-ACE2 state, 3D classification without alignment focused on the
down RBD (K = 4, force hard classification, input mode = simple). For
the two-RBD-uptwo ACE2, 3D classification without alignment focused
on the RBD-up (K= 4, force hard classification, input mode = simple).
The final map was reconstructed by non-uniform refinement. For a
non-canonical two-up state (one-highly-open RBD and one-partially-
open RBD) bound to ACE2, 3D classification without alignment
focused on the two-up RBDs (K = 4, force hard classification, input
mode = simple). The global map was obtained by non-uniform
refinement.

For the JN.1 S–ACE2 complex, movie frames were aligned, dose-
weighted, andCTF-estimated using PatchMotion correction and Patch
CTF estimation. A total of 1,099,575 particles were blob-picked, and
reference-free 2D classifications (K = 150, batch = 200, iteration = 30)
were performed to remove junk particles on each dataset separately.
Two rounds of heterogeneous refinement were performed using the
initial model of BA.2.86 S–ACE2 complex as a reference map. For the
two-RBD-uptwo ACE2, 3D classification (K = 4, force hard classification,
input mode = simple) focused on the RBD-up and ACE2 interface
without alignment was performed to remove the classes showing the
unclear RBD-ACE2map. A local map of the RBD-up and ACE2 interface
was obtained by the iterative runs of local refinement and 3D classifi-
cation without alignment. For the two-RBD-up−one-RBD-downthree
ACE2, once the particles were aligned by non-uniform refinement fol-
lowed by 3D classification (K= 4, force hard classification, input mode
= simple) focused on RBD-down andACE2 interface without alignment
was performed to select the particles that clearly showed the RBD-
down and ACE2. The global map was obtained by non-uniform
refinement.

The reported global resolutions are based on the gold-standard
Fourier shell correlation curve (FSC =0.143) criteria. Local resolutions
were calculated using cryoSPARC55. Figures related to data processing
and reconstructed maps were prepared using UCSF Chimera (version
1.16)56 and UCSF Chimera X (version 1.4)57.

Cryo-EM model building and analysis
The structures of the SARS-CoV-2 XBB.1 S-protein closed-2 state (PDB:
8IOT19) and/or human ACE2 protein (PDB:7XB038) were fitted to the
corresponding maps using UCSF Chimera. Iterative rounds of manual
fitting in Coot (version 0.9.8.7)58 and real-space refinement in Phenix
(version 1.20.1)59 were performed to improve the non-ideal rotamers,
bond angles, and Ramachandran outliers. The final model was vali-
dated usingMolProbity software60. The structuralmodels shown in the
surface, cartoon, and stick presentations in the figures were prepared
using the PyMOL Molecular Graphics System, Version 2.5.0 (http://
pymol.sourceforge.net).

To calculate the angles of RBD-apo or RBD-ACE2 complexes, the
axis of RBDs was generated. Then the angles between horizontal plane
and the axis were calculated with UCSF Chimera X angle command.

Docking simulation
Docking simulations between 34 therapeutically relevant
antibodies61,62 and RBD variants were performed using Rosetta release
3.1363. Only high-resolution refinement was employed. The amino acid
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sequences of each variant were obtained from the GISAID database
(https://gisaid.org/lineage-comparison/). Initial backbone coordi-
nates were obtained from the structures of each antibody/RBD
complex in the PDB. The side chains of variants were modeled using
PyMOL 2.5.0 (http://pymol.sourceforge.net), and deletions in the
RBDs were modeled using Modeller 10.564 when necessary. In each
docking run, we generated 20 docking poses and averaged the
binding energies (I_sc) of the top ten poses to evaluate the physi-
cochemical compatibility of each antibody/RBD complex. For group
comparisons, statistical tests were performed using the Friedman
test followed by a post-hoc Nemenyi test, utilizing Python libraries
such as scipy and scikit_posthocs. The level of significance was
set at 5%.

Docking simulations between RBDs and human ACE2 were also
performed, as described above. In addition to binding energies, shape
complementarity (Sc)65 was assessed using InterfaceAnalyzer in
Rosetta, based on the top ten docking poses.

Plasmid construction
Plasmids expressing the SARS-CoV-2 spike proteins of BA.2.86, and its
derivatives were prepared in our previous studies42,66,67. Plasmids
expressing the spike proteins of BA.2.86 derivatives were generated by
site-directed overlap extension PCR using pC-SARS2-S BA.2.86 as the
template. The resulting PCR fragments were subcloned into the KpnI-
NotI site of the pCAGGS vector68 using the In-Fusion HD Cloning Kit
(Takara, Cat# Z9650N). Details of the primers are summarized in
Supplementary Table 4. Nucleotide sequences were determined by
DNA sequencing services (Eurofins), and the sequence data were
analyzed by SnapGene software v6.1.1 (www.snapgene.com).

Cell culture
The Lenti-X 293 T cell line (Takara, Cat# 632180) and HOS-ACE2/
TMPRSS2 cells (gifted by Dr. Kenzo Tokunaga), a derivative of HOS
cells (a human osteosarcoma cell line; ATCC CRL-1543) stably expres-
sing human ACE2 and TMPRSS269,70, were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM;Wako, Cat# 044- 29765)
containing 10% fetal bovine serum (Sigma-Aldrich Cat# 172012-
500ML), 100 units of penicillin and 100 µg/mL streptomycin (Sigma-
Aldrich, Cat# P4333-100ML).

Pseudovirus preparation
Pseudoviruses were prepared as previously described42,66,71. Briefly,
lentivirus (HIV-1)-based, luciferase-expressing reporter viruses were
pseudotypedwith the SARS-CoV-2 S. One dayprior to transfection, the
LentiX-293T cells were seeded at a density of 2 × 106 cells. Subse-
quently, they were cotransfected with 1μg of psPAX2-IN/HiBiT (a
packaging plasmid encoding the HiBiT-tag-fused integrase70), 1μg
pWPI-Luc2 (a reporter plasmid encoding a firefly luciferase gene70) and
500 ng of plasmids expressing parental S 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 filtered. The amount of produced
pseudovirus particles was quantified using the HiBiT assay and the
Nano Glo HiBiT lytic detection system (Promega, Cat# N3040) as
previously described70. In this system, HiBiT peptide is produced with
HIV-1 integrase and forms NanoLuc luciferase with LgBiT, which is
supplemented with substrates. In each pseudovirus particle, the
detected HiBiT value is correlated with the amount of the pseudovirus
capsid protein, HIV-1 p24 protein70. Therefore, we calculated the
amount of HIV-1 p24 capsid protein based on the HiBiT value mea-
sured, according to a previously describedmethod70. Tomeasure viral
infectivity, the same amount of pseudovirus normalized to the HIV-1
p24 capsid protein was inoculated into HOS-ACE2/TMPRSS2 cells. At
two days postinfection, the infected cells were lysed with a Bright-Glo
luciferase assay system (Promega, Cat# E2620), and the luminescent

signal produced by the firefly luciferase reaction wasmeasured 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
described2,42,66,67 with some modifications. The assays were mainly
conducted by a semi-automated high-throughput method using Flu-
ent780 (Tecan)72. The SARS-CoV-2 spike pseudoviruses (counting
~100,000 relative light units) and serially diluted (40-fold to 29,160-
fold dilution at the final concentration) heat-inactivated sera were
manually prepared in a 2-ml 96-well plate (Greiner, Cat# 780271) and in
96-well microplates (ThermoFisher Scientific, Cat# 168136), respec-
tively. The pseudoviruses were dispensed and mixed with the sera in
384-well plates (ThermoFisher Scientific, Cat# 164610) on Fluent780
(Tecan). Pseudoviruses without sera were included as controls. After
incubation at 37 °C for 1 hour, HOS-ACE2/TMPRSS2 cells (3000 cells/
30μL) were added to the 20μLmixture of pseudovirus and serum in a
384-well white plate on the device. Two days post- infection, the
infected cells were lysed with a Bright-Glo luciferase assay system
(Promega, Cat# E2620) on Fluent780 (Tecan), and the luminescent
signal was measured and processed using an Infinite200 and a
Magellan (TECAN). The assay of each serum sample was performed in
quadruplicate, and the 50% neutralization titer (NT50) was calculated
using Prism 9 (GraphPad Software).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The GISAID datasets used in this study are available from the GISAID
database (https://www.gisaid.org; EPI_SET_240301rn and EPI_-
SET_240301bk). The supplemental tables for the GISAID datasets are
available in the GitHub repository (https://github.com/TheSatoLab/
BA.2.86_RBD). The atomic coordinates and cryo-EM maps of the
structures of BA.2.86 S-protein closed state (PDB: 8WXL, EMD-37910),
RBD 1-up state (PDB: 8XUX, EMD-38459), RBD 2-up state in complex
with ACE2 (PDB: 8XUY, EMD-38686), RBD 3-up state in complex with
ACE2 (PDB: 8XVM, EMD-38690), RBD 2-up and 1-down state in com-
plex with ACE2 (PDB: 8XUZ, EMD-38687), up-RBD and ACE2 interface
(PDB: 8XV0, EMD-38688), and down-RBD and ACE2 interface (PDB:
8XV1, EMD-38689), treated at 42 °C (EMD-60905[https://www.ebi.ac.
uk/emdb/EMD-60905]) and JN.1-S-protein RBD 2-up state in complex
with ACE2 (EMD-60904[https://www.ebi.ac.uk/emdb/EMD-60904]),
RBD 2-up and 1-down state in complex with ACE2 (EMD-60906
[https://www.ebi.ac.uk/emdb/EMD-60906]) and up-RBD and ACE2
interface (PDB: 9IU1, EMD-60886) generated in this study have been
deposited in the Protein Data Bank (www.rcsb.org), and Electron
Microscopy Data Bank (www.ebi.ac.uk/emdb/). Source data are pro-
vided with this paper.
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