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Medical treatments using potent neutralizing SARS-CoV-2 antibodies have achieved remarkable
improvements in clinical symptoms, changing the situation for the severity of COVID-19 patients. We
previously reported an antibody, NT-108 with potent neutralizing activity. However, the structural and
functional basis for the neutralizing activity of NT-108 has not yet been understood. Here, we
demonstrated the therapeutic effects of NT-108 in a hamster model and its protective effects at low
doses. Furthermore, we determined the cryo-EM structure of NT-108 in complex with SARS-CoV-2
spike. The single-chain Fv construction of NT-108 improved the cryo-EM maps because of the
prevention of preferred orientations induced by Fab orientation. The footprints of NT-108 illuminated
how escape mutations such as E484K evade from class 2 antibody recognition without ACE2 affinity
attenuation. The functional and structural basis for the potent neutralizing activity of NT-108 provides
insights into the rational design of therapeutic antibodies.

By 7March 2025, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) had infected 777 million people and caused 7.1 million deaths
(https://www.who.int/), and coronavirus disease 2019 (COVID-19) caused
by SARS-CoV-2 infection is still ongoing. The most common symptoms of
SARS-CoV-2 infection are fever, fatigue, and a dry cough1,2. SARS-CoV-2
carries a positive-sense single-strandedRNA3, and the genome contains two
large open reading frames (ORF1a/ORF1b) encoding non-structural pro-
teins (nsp) related to viral replication and transcription, and four ORFs
encoding structural proteins: spike (S), envelope (E), membrane (M), and
nucleocapsid (N)4–6.

The spike protein plays an essential role in host cell entry during SARS-
CoV-2 infection. The spike protein forms a homotrimer and contains two
large domains (S1/S2), which are cleaved at the polybasic sequence (682-
RRAR-685) between the S1/S2 domains by serine proteases such as furin
during viral maturation7,8. The receptor binding domain (RBD) in the spike
S1 domain binds to angiotensin-converting enzyme 2 (ACE2) on the host

cell surface, and then the S2’ site is cleaved by proteases such as trans-
membrane protease serine 2 (TMPRSS2) to achieve cell entry9,10. The acti-
vation of the spike protein by cleavage of the S2’ site triggers an irreversible
conformational change to a post-fusion state, leading to membrane fusion.
In addition to such entries, an endosomal pathway independent of the
presence of furin and TMPRSS2 is also known11, and utilizes cathepsin L to
activate the spike protein11,12.

Most neutralizing antibodies can target the spike protein and exhibit
neutralizing activity by inhibiting ACE2 binding. Many neutralizing anti-
bodies have been developed as therapeutic and prophylactic treatments for
SARS-CoV-2 infection13–15. Meanwhile, alpha, beta, delta, and omicron
variants lead to outbreaks in many countries because these variants carry
amino acid mutations on the spike protein, which results in evasion of the
immune response and increased infectivity16–21. Therefore, understanding
how amino acidmutations can affect the affinity and neutralizing activity of
antibodies has important implications for neutralizing antibodies and
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vaccine development strategies. Previously, we have reported two neu-
tralizing antibodies, NT-108 and NT-19322, which were prepared by single-
cell sorting technique23 with the immunization of spike/RBD antigens from
SARS-CoV-2, SARS-CoV, and Middle East Respiratory Syndrome
(MERS)-CoV to TC-mAb mice, which can stably produce human Ig
antibodies24. NT-108was shown to bind to a class 2 epitope25 and efficiently
inhibit ACE2 binding.NT-108was derived from the IGHV6-1 and IGKV3-
20 genes, which are atypical for SARS-CoV-2 neutralizing antibodies22. On
the other hand, these genes are utilized with a certain frequency in various
kind of humanizedmice that immunized by SARS-CoV-2 spike antigen26,27.
Understanding the antigen recognition mechanisms of antibodies can
provide insights into strategies to improve the functionality of antibodies
and vaccine development. Despite this background, the details of the
recognition mechanism of NT-108 have not been clarified.

Here, we focused on determining the SARS-CoV-2 spike protein
complexed with NT-108 to understand the recognition mechanism of NT-
108. Interestingly, a single-chain Fv (scFv) construct of NT-108 could
illuminate the bindingmode anddetails of interactionwithRBDresidues by
addressing the preferred orientation observed in cryo-EM analysis of the
spike-NT-108 Fab complex. Cryo-EM structures revealed that NT-108
binds to both the down and upRBDs, and notably, the downRBDbound to
NT-108 scFv is in steric contact with the neighboring up RBD, possibly
inducing effective inhibition of binding to ACE2. Furthermore, the inter-
action of theNT-108Hchainwith theRBD is assumed toplay a pivotal role.
The RBD residue E484, which interacts strongly with NT-108 H chain, has
emerged as one of the predominant escape mutations in class 2
antibodies28–30. Structural insights into the mechanisms by which escape
mutations such as E484K affect the antibodies recognition provide a valu-
able perspective for the development of therapeutic antibodies.

Results
In vivo anti-viral activity of SARS-CoV-2 neutralizing antibody,
NT-108
The potent SARS-CoV-2 neutralizing human IgG1 antibody, NT-108, was
prepared as described in the same way of our previous report22 for in vivo
prophylactic and therapeutic evaluation. The prophylactic and therapeutic
efficacy ofNT-108were examinedusing a Syrianhamster (Fig. 1), an animal
model reproducing mild COVID-19 disease with a short period of weight
loss. The hamsters were treated with either 5mg/kg or 1.25mg/kg of anti-
bodies at 2 h before (prophylaxis) or 24 h after (therapy) intranasal chal-
lenge with SARS-CoV-2 (Fig. 1a). Prophylaxis treatment with NT-108
prevented severe bodyweight loss in the hamsters until day 6 post-infection
(Fig. 1b). The prophylactic effects were more pronounced in the 5mg/kg
group than in the 1.25mg/kg group, and the effects were evident from the
second day after infection. The difference in body weight between the
treated and untreated groups continued to widen at later time points. This
led to a significant reduction in the viral genome presence in the lungs,
particularly in the 5mg/mL group (Fig. 1c). Similar to the prophylactic
treatment, therapeutic treatments prevented body weight loss in hamsters
by day 6 after infection, regardless of the dosage (Fig. 1d), although the
efficacy was slightly reduced compared to the prophylactic efficacy. The
therapeutic effects were also evident by the decreased presence of viral
genomes in the lungs (Fig. 1e).

Preparation of the scFv of NT-108 for cryo-EM study
To understand the structural basis of NT-108 recognition for the SARS-
CoV-2 spike protein, NT-108 Fab was initially prepared22 and complexed
with SARS-CoV-2 spike 6 P, which was introduced with six proline engi-
neering mutations to stabilize the trimer form for structural analysis by
cryo-EM31. However, due to the strongly preferred orientation in the grid
preparation, the reconstruction of a high-resolution 3D map was not suc-
cessful, even using the stage-tilt method32 (Supplementary Fig. 1a–c). Many
top views of spike-Fab complexes were observed, suggesting that Fabs
strongly interact with the air-water interface. Thus, to address the preferred
orientation, the scFv construct was examined instead of the Fab construct of

NT-108. Previous studies have reported that the domain orientations33,34

and flexibilities35 of single-chain variable fragment (scFv) antibodies, spe-
cifically VH-VL or VL-VH orientations, influence their biological activity
and productivity. To evaluate which orientation with typical (GGGGS)3
linker exhibits superior properties, two types of scFvs were prepared: one
withVH-linker-VL (HL) and the other withVL-linker-VH (LH). Although
both constructs showed low refolding efficiency (less thana fewpercent), the
LH scFv for NT-108 showed slightly better inclusion-body yield and
refolding efficiency than theHL scFv. According to these results, we decided
to use the scFv-LH (VL-VH orientation) for further experiments (Fig. 2a).
In addition, we also constructed themammalian expression vectors forNT-
108 scFv, because their expression inE. coliwas too low to investigate further
structural studies. Surface plasmon resonance (SPR) analysis demonstrated
the high affinity of bothNT-108 scFv prepared in E. coli andHEK293T cells
to RBD (the KD values were ~ 10-9 ~11 M), which is comparable to that of its
Fab form (Fig. 2b–d).

Cryo-EM structures of NT-108 scFv in complex with spike trimer
Cryo-EM maps of NT-108 scFv and SARS-CoV-2 spike complex were
reconstructed at 3.28 Å resolution for both the 1-up and 2-up states (Fig. 3a,
SupplementaryFig. 2a–d,Table 1).The low-resolution cryo-EMmap for the
spike-NT-108Fab complex showed thatNT-108 Fab binds to the down and
up RBD in a manner similar to the scFv format (Supplementary Fig. 2e),
indicating that the binding mode does not depend on the NT-108 con-
structs. Both the 1-up and 2-up states showed that NT-108 scFv bound to
the down RBD and its neighboring up RBD, possibly locking the con-
formation of these downandupRBDs. The remainingRBDshowedeither a
down state without NT-108 binding in state 1 or an up state with NT-108
binding in state 2. To clarify the transition between states 1 and 2, super-
imposing the RBD-NT-108 scFv structure onto the down RBD in state 1
revealed potential clashes with adjacent RBD (Supplementary Fig. 3a).
Furthermore, the ratio of particles assigned to state 1was 35%of all particles
assigned to the spike and NT-108 scFv complex (Supplementary Fig. 2b).
The state 1 was observed because it represents a potentially stable con-
formation owing to the interference between the RBD and NT-108 scFv.
Further binding of NT-108 scFv was likely to induce a transition to state 2,
resulting in a 1:3 binding ratio (spike: NT-108 scFv). The steric conflict
occurred at the interface betweenNT-108 scFv bound to the downRBDand
the neighboring up RBD, enforcing the up RBD in a more open con-
formation than those without antibody or ACE2 binding36,37 (Fig. 3b).
Furthermore, NT-108 VL bound to the down RBDwas also in contact with
the neighboring up RBD (Supplementary Fig. 3b). These minor contacts
between NT-108 and adjacent RBD potentially contributed to the stabili-
zation of the spike and NT-108 complex conformation. Such open con-
formations have been observed in SARS-CoV-2 spike and antibody
complex structures25,38–43 and may be driven by the inter-domain flexibility
of the spike and the high affinity of the antibody, as shown in the SPR
analysis in this study (Fig. 2b).

To illuminate the detailed antibody interactionmode, local refinement
focused on the down RBD and NT-108 scFv interface was performed, and
maps were obtained at 3.27Å resolution. Neutralizing antibodies against
RBD are classified into classes 1 to 4 according to their binding regions in
RBD25.We have previously shown that NT-108 is an antibody belonging to
class 2 in an antibody-competitive assay22. Consistent with our previous
study, cryo-EM analysis in this study indicated that NT-108 is a class 2
antibody (Fig. 3c). Epitope regions were mapped onto sequences based on
RBD-antibody complexes in the Protein Data Bank (PDB), indicating that
the recognition sites of NT-108 were similar to those of other class 2 anti-
bodies (Supplementary Fig. 4a). The buried surface area (BSA) of RBD
residues was also calculated to assess the contribution of the VH and VL of
NT-108 antibodies to RBD recognition (Supplementary Fig. 4b). Interest-
ingly, whilemost of the class 2 antibodies showedaBSA forVHgreater than
for VL, NT-108 showed a BSA of 452.4 Å2 for VH and 659.5 Å2 for VL,
indicating that the VL of NT-108more widely recognizes the RBD. Indeed,
overlaying the ACE2-interacting residues in the RBD with the NT-108
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Fig. 1 | Prophylactic and therapeutic effects of NT-108 in a hamster model.
a Schematic diagram of the experimental design to assess the prophylactic and
therapeutic effect ofNT-108. i.p., intraperitoneal. i.n., intranasal. b,dBodyweight of
CoV2-challenged hamsters were monitored daily followed by either prophylactic
(b) or therapeutic (d) antibody injection at the indicated doses. Value represents
mean ± SD. c, e The amounts of CoV-2 viral subgenomic RNA in lung tissues of

hamsters receiving either prophylactic (c) or therapeutic (e) monoclonal antibodies
at the indicated doses. Each dot represents the result from an individual animal.
Dashed lines indicate the humane endpoint (75% weight change). The combined
data frommore than two independent experiments (n = 4–5 per group) are shown.
Statistical analyses were performed using a two-tailed Mann-Whitney test in (b, d),
Kruskal-Wallis test in (c, e). *P < 0.05; **P < 0.01.
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epitope (Fig. 3d) showed that the light chain covered a large area of the
ACE2binding site.We also performedX-ray crystallographic analysis of the
RBD complex with the NT-108 Fab. The structure of the complex was
determined at a resolution of 2.8 Å (Table 2). The cryo-EM and crystal
structures superimposed well, revealing essentially the same interaction
mode inboth structures (SupplementaryFig. 5a). F486andY489 in theRBD
are in the vicinity of a hydrophobic environment composed of the aromatic
amino acids present at the interface between the heavy and light chains
(Fig. 4a). The hydroxy group of Y489 in the RBD interacted with the S114
(IMGT numbering) main chain in CDR-L3 of NT-108, and the S114 side
chain inNT-108 interactedwith theN487 side chain in theRBD(Fig. 4b). In
addition, Y66 of CDR-L2 in NT-108 interacted with Y453 in the RBD
(Fig. 4c). In the heavy chain, the main chain atoms of S109 and V110 of

CDR-H3werenear the loop containingS494 in theRBDand interactedwith
the S494 backbone and Q493 side chain in the RBD, respectively (Fig. 4d).
Furthermore, R59 in CDR-H2 formed a salt bridge with E484, which
cooperated with Y57 in CDR-H2 and Y113 in CDR-H3 to form an inter-
action network (Fig. 4e).

InACE2-binding inhibitory activity assays usingRBDbased on several
VOC sequences, NT-108 showed inhibitory activity against Alpha and
Delta variants comparable to that of Wuhan-Hu-1 but completely lost
inhibitory activity against Beta and Gamma variants (Fig. 4f). Among the
amino acid mutations shared by Beta and Gamma, E484K was included in
theNT-108 epitope (Fig. 4f, g). To clarify the effect of amino acidmutations
on ACE2 binding inhibitory activity, single amino acid mutations, L452R
(delta), E484K (beta, gamma), and N501Y (alpha, beta, gamma), were

Fig. 3 | Cryo-EM maps of the NT-108 scFv-spike
complex shows a class 2 bindingmode. aCryo-EM
maps of the NT-108 scFv-spike complex showing
the two RBD conformations. The cryo-EM maps of
each state are shown at two angles. Spike protomers
are colored in cyan, pink, and gray. NT-108 scFv is
colored deep green. b NT-108 scFv bound to the
down RBD interferes with the adjacent up RBD.
free-up RBD (PDB:6VXX) is shown in the surface
representation. cThe bindingmode of NT-108 scFv.
d Binding sites on the RBD of NT-108 and ACE2-
interacting amino acid residues are illustrated;
ACE2-interacting amino acid residues are shown in
orange and the epitope of NT-108 is circled by
dashed lines.
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Fig. 2 | Biophysical properties of NT-108 scFv.
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expression in HEK293mammalian cells. The results
of SDS-PAGE to confirm the purity of the samples
are also shown. b, c Surface plasmon resonance
(SPR) curve for the binding of NT-108 scFv
expressed in (b) HEK293 and (c) E.coli to the SARS-
CoV-2 RBD. d, Kinetic constants for the binding of
RBD and NT-108 scFv. The kinetic constants for
RBD and NT-108 Fab calculated in our previous
study have been described22.
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introduced into RBDs based on theWuhan-Hu-1 sequence backbone, and
ACE2 binding inhibitory activity was measured by the mesoscale (Fig. 4h).
The results showed that neither the L452R nor N501Y single mutation
affected the inhibitory activity of NT-108, while the single amino acid
mutation, E484K, completely lost the inhibitory activity. E484 formed a salt
bridge with R59 of NT-108 CDR-H2 (Fig. 4e). The E484K mutation dis-
rupted the interaction network by losing the salt bridge interaction and
inducing repulsion, suggesting that it did not achieve sufficient affinity for
ACE2 binding inhibition. To further investigate the importance of the E484
residue in the recognition of the RBD by NT-108, the ACE2 inhibition
activity against the E484A and E484Q mutants was tested (Fig. 4h). The
inhibition activity against the E484Amutant was stronger than that against
the E484Kmutant, and it was even stronger against the E484Qmutant. The
results supported the idea that the E484 residue is a critical footprint forNT-

108 recognition, primarily driven by interactions mediated through salt
bridge formation. Subsequently, the ACE2 inhibition activity against
Omicron subvariants carrying the E484Amutation (BA.1, BA.2, XBB) and
those carrying the E484K mutation (BA.2.86, JN.1, KP.3) was measured
(Supplementary Fig. 6). In all tested variants, ACE2 inhibition activity was
completely lost. This loss of activity is likely due to the high accumulation
and diversification of amino acid mutations in Omicron subvariants at the
NT-108 epitope region, in addition to the E484A and E484K mutations.

To further investigate neutralization escape from NT-108, we propa-
gated SARS-CoV-2 in the presence of NT-108 and screened the antibody
escape mutant in vitro22. Two different single RBD mutations (E484R and
S494P) were identified in the escape mutants selected under different
antibody concentrations (Fig. 4i). The potential effect of E484R and S494P
mutations on viral viability was additionally evaluated using E484R or
S494Pmutant clones, which were verified tomaintain resistance to NT-108
after cloning (Supplementary Fig. 7). The E484R mutation was expected to
disrupt the interaction with NT-108, similar to the E484K mutation
(Fig. 4e). The S494P mutation in the RBD occurs in the ACE2 interaction
site, but the S494 residue does not interact with ACE244. The main chain
CDR-H3 loop of NT-108 was near S494 in the RBD, forming a main chain
interaction between RBD S494 and NT-108 V110 (Fig. 4d). It is predicted
that the S494P mutation breaks the interaction with the main-chain
nitrogen atom, resulting in a collision due to more bulkiness of the proline.
Thus, both E484K/R and S494P in the RBD blocks the interaction with the
heavychainofNT-108.Theheavy chainshada smaller interactionarea than
that of the light chains (Fig. 3d), these results suggest that heavy chain
interactions are important for the strongRBD interactions andpotentACE2
binding inhibitory activity of NT-108.

Table 1 | Cryo-EM data collection, refinement and validation
statistics

SARS-CoV-2 spike – NT-108 scFv complex

Data collection and
processing

1-up state 2-up state RBD and NT-108
interface

EMDB ID EMD-39370 EMD-
39371

EMD-39372

PDB ID 8YKG - 8YKH

Microscope Krios G4

Camera energy filter Gatan K3 Gatan Biocontinuum

slit width 20

Magnification 130,000

Recording mode counting

Voltage (kV) 300

Electron exposure (e–/Å2) 50.4

Exposure time (s) 1.5

Number of raw frames 53.52

Defocus range (μm) −0.8 to −1.8

Pixel size (Å) 0.67

Initial particle images (no.) 652,138

Final particle images (no.) 84,530 73,060 124,137

Symmetry imposed C1 C1 C1

Map resolution (Å)
FSC 0.143

3.28 3.28 3.27

Refinement

Initial model used
(PDB code)

7K8X - 8YK4

Model composition

Protein residues 26426 - 3330

Ligands NAG:23 - NAG:2

Map CC 0.80 - 0.84

R.m.s. deviations

Bond lengths (Å) 0.004 - 0.005

Bond angles (°) 0.563 - 0.631

Validation

MolProbity score 1.64 - 1.62

Clashscore 6.88 - 5.52

Rotamer outliers (%) 0.00 - 0.00

Ramachandran plot

Favored (%) 96.19 - 95.44

Allowed (%) 3.81 - 4.56

Outliers (%) 0.00 - 0.00

Table 2 | X-ray data collection and refinement statistics

SARS-CoV-2 RBD – NT-108 scFv

Data collection

PDB ID 8YK4

Wavelength (A) 1.00000

Resolution range 48.35–3.20 (3.42–3.20)

Space group I 2 2 2

Unit cell 55.152 149.641 253.429 90 90 90

Total reflections 166921 (28657)

Unique reflections 17765 (3153)

Multiplicity 9.4 (9.1)

Completeness (%) 99.6 (99.4)

Mean I/sigma(I) 5.7 (1.5)

Wilson B-factor (Å2) 30.3

R-merge 0.413 (1.819)

R-meas 0.438 (1.934)

R-pim 0.143 (0.645)

CC1/2 0.987 (0.522)

Reflections used in refinement 17737 (1732)

Reflections used for R-free 861 (80)

R-work 0.2433 (0.3235)

R-free 0.2661 (0.3402)

Number of non-hydrogen atoms 3179

macromolecules 3179

Protein residues 408

RMS(bonds) 0.001

RMS(angles) 0.41

Ramachandran favored (%) 93.22

Ramachandran allowed (%) 6.78
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Discussion
In this study, we provided structural characterization of SARS-CoV-2
neutralizing NT-108 antibody, which was originally derived from RBD-
immune humanized mice. NT-108 utilizes the atypical IGHV6-1 gene,
according to theCov-Abdabdatabase45, there are only 10 reports of IGHV6-
1 compared to 585 reports of IGHV3-53, which is known to be highly

induced by humans exposed to SARS-CoV-2 antigens46. NT-108 also uti-
lizes the IGKV3-20 gene, this pairing (IGHV6-1/IGKV3-20) was shared by
five antibodies19,40,47,48, such as BD-922, BD55-927, and 28C5, which were
reported to exhibit neutralizing activity against SARS-CoV-2 WT (Sup-
plementary Table. 1). Furthermore, NT-108 showed potent prophylactic
and therapeutic effects in hamster (Fig. 1), an animal model reproducing
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mild COVID-19 disease, although the prophylactic and therapeutic effects
for severe COVID-19 disease remain tested in other animal models causing
lethal infection49. Structural analysis of the NT-108 scFv complex with the
SARS-CoV-2 spike revealed the binding mode of NT-108, with both the
heavy and light chains recognizing most of the ACE2 binding site of the
RBD.Wealso clarified the effects ofmutation inVOCand escapemutations
on the affinity of NT-108.

The cryo-EM analysis in this study used the scFv construct rather than
the Fab construct (Fig. 2), which is generally used for the analysis of spike
and neutralizing antibody complexes. The quality of cryo-EMmaps of the
complex was improved using scFv (Fig. 3); thus, the spike-NT-108 scFv
complex illuminated thedetails of the interactionbetweenRBDandNT-108
(Fig. 4). The stage tilt method and detergents have been used to address
orientation bias32,50, but no significant improvement in cryo-EM map
resolvability was observed in the spike-NT-108 Fab complexes (Supple-
mentary Fig. 1). The scFv construction would have the potential to improve
the high-resolution features suffered from the preferred orientation in cryo-
EM analysis.

The analysis of the buried surface area (BSA) of class 2 antibodies
showed thatNT-108 recognizesRBDsynergistically, involvingbothVHand
VL chains more effectively than other antibodies (Supplementary Fig. 3b).
The neutralizing antibodies of the same class 2 as NT-108, which show
comparable BSA values (1,111.9Å2), show a greater contribution from the
VHdomain.This pattern is also observed across other classesof neutralizing
antibody, where the VH contribution is typically more dominant25. For
example, antibodies with similar BSA values for NT-108, such as COR-101
(1,132.9Å2, class 1), CB6 (1,078.3Å2, class 1), and S309 (1,078.3Å², class 3),
all exhibit a stronger VH contribution51–53. Therefore, the significant
contribution of the VL domain in NT-108 is a notable feature, highlighting
itshighpotential in antibodydevelopment on interaction site ofVHandVL.
Indeed, the light chain of NT-108 forms interactions with the Y489
residue of the RBD, which is known to be less prone to amino acid
mutations54–56.

The trapping of the pre-fusion state is one of the factors contributing to
the neutralizing activity of antibodies42. The pre-fusion trapping is the
conformational locking of the spike that inhibits the transition to the post-
fusion state, thereby preventing membrane fusion. NT-108, like the 5A6
antibody42,mightfix one of theRBDs in thedown statewhile in contactwith
the other RBDs in the up state (Fig. 3b). Therefore, the steric NT-108
bindingmay induce the trapping of the pre-fusion state of the spike protein
to inhibit the transition to the post-fusion state. In summary, the cryo-EM
analysis of NT-108 suggests that NT-108 clearly competes with ACE2
binding to the spike, leading to potent neutralizing activity, andmay exhibit
additional effects on inhibitory activity for membrane fusion.

Understanding the bindingmode of IgG is critical for considering its
neutralization mechanism. An IgG, with two Fab regions linked by a
flexible hinge loop through Fc, can achieve bivalent binding. To inves-
tigate whether one IgG molecule could simultaneously bind two RBDs of
one single spike, we analyzed the IgG binding mode based on the spike
and NT-108 scFv complex structure (state 2). The distances between the
S494 residues at the center of each NT-108 epitope were measured as
68.7 Å, 90.8 Å, and 57.8 Å (Supplementary Fig. 8). The consideration of
VH-CH1 orientation from the scFv binding mode suggests that IgG
bound to the most distant RBD (90.8 Å) would likely orient outward

from the spike. In contrast, for the two RBDs spaced at 57.8 Å, the VH-
CH1 orientation appears feasible for simultaneous binding by IgG.When
considering a 1:3 binding stoichiometry, the proximity of the down RBD
and the up RBD could lead to potential steric hindrance between IgG
molecules, which might prevent the transition from a 1:2 to 1:3 binding
stoichiometry. If these two RBDs assume a more open conformation, a
1:3 binding ratio may be allowed. Additionally, to further understand the
binding stoichiometries of the spike protein with the NT-108 scFv, Fab,
or IgG formats, we performed the preliminary experiment using mass
photometry (Two MP, Refeyn) to measure the mass distribution of the
complexes. The spike protein was mixed with all three formats of NT-108
in a 1:3 molar ratio and analyzed by mass photometry. The mass dis-
tribution shift indicated that, notably, the spike: scFv and spike: Fab
complexes were formed in a 1:3 ratio, while the spike: IgG complex
formed a 1:2 ratio (Supplementary Fig. 9). While three scFvs or Fabs can
bind to all three RBDs of one spike, IgG exhibited a dominant binding
complex of two molecules with one spike, suggesting that one of the two
IgG molecules occupies the two RBDs because of the high affinity and
sufficient concentration of NT-108 IgG. Notably, COVA2-15, another
class 2 antibody, showed a similar stoichiometric profile in mass pho-
tometry experiments, with 1:3 binding for Fab and 1:2 for IgG, consistent
with our results57.

Several reports have shown that the E484K mutation in the RBD
reduced the neutralizing activity of plasma antibodies primed by ancestral
vaccines or infection28–30. Many class 2 antibodies, including NT-108,
interact with E484 (Supplementary Fig. 3a), indicating that the E484K
mutation likely affects the antibody affinity. The ACE2 inhibition activity
profiles of NT-108 for the E484A and E484Qmutants differed from that of
the E484K mutant, suggesting a significant contribution of the specific
interactions with the E484 residue in RBD recognition. Furthermore, The
RBDE484Rmutationwas identified in theNT-108 antibody escapemutant
(Fig. 4h). In addition, the S494Pmutation has been also found in circulating
virus sequences likeB.1.575 andB.1.62358,59. The S494Pmutation reportedly
leads to evasion of neutralizing antibodies without reduction of ACE2
affinity60–63. Importantly, neither theE484nor S494 residues directly interact
with ACE2 residues44. These results suggest that such residues are more
likely to be observed as mutation sites, because these mutations allow
antibody evasion without reducing ACE2 affinity. Considering these find-
ings, neutralizing antibodies that recognize amino acid residues in the RBD
that interact with ACE2 or that are less frequently mutated in circulating
viral sequencesmay be expected to have broad neutralizing activity. Indeed,
our previous report demonstrated that NIV-10 antibody exhibited broad
neutralizing activity and critically recognized RBD Y489, which is strongly
associated with ACE2 affinity. Furthermore, NIV-10 has been used as a
template for rational antibody development via computational design to
restore neutralizing activity to emerging variants54. On the other hand, NT-
193 antibody, which was also identified in the same experiment as NT-108,
recognizes G504 as a key footprint. The G504V mutation was an escape
mutation for NT-193 but reduced ACE2 affinity, suggesting that NT-193
could also be a useful template for antibody development22. Taken together,
structural insights into the neutralizing mechanisms of NT-108 and the
impactof aminoacidmutationsonaffinityprovide valuable insights into the
impact of amino acid mutations and inform strategies for the development
of neutralizing antibodies with broad neutralizing activities.

Fig. 4 | Structural details of NT-108 scFv-spike explain loss of ACE2 binding
inhibition activity and escape mutation. a–eDetailed recognition mode of (a) VH-
VL interface, (b) CDR-L3, (c) CDR-L2, (d) CDR-H3, (e) CDR-H2 and CDR-H3 of
NT-108. The dotted lines indicate polar interactions. f Binding sites on the RBD of
NT-108, amino acid mutation sites that are carried by the SARS-CoV-2 variant, and
NT-108 escape mutation site are illustrated. The epitope of NT-108 is circled by
dashed lines, the variant mutations are pink, and the NT-108 escape mutation is
yellow. f, g ACE2 binding inhibition activities of NT-108 were examined by
mesoscale, and inhibition percentages are plotted. f SARS-CoV-2 Wuhan, Alpha,

Delta, Beta and Gamma variants (g) single amino acid mutation (L452R, N501Y,
E484Q, E484A and E484K) in RBD. h Binding sites on the RBD of NT-108, amino
acid mutation sites that are carried by the SARS-CoV-2 variant, and NT-108 escape
mutation site are illustrated. The epitope of NT-108 is circled by dashed lines, the
variant mutations are pink, and the NT-108 escape mutation is yellow. i Isolation of
NT-108- escape mutants of SARS-CoV-2. SARS-CoV-2 was serially passaged in the
indicated concentrations of NT-108. At 2 days post-inoculation, cytopathic effect
(CPE) was observed under a microscope. The amino acid substitutions in the spike
after 3 passages are indicated at the bottom of the table.
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Methods
Monoclonal IgG preparation, expression and purification
The recombinant NT-108 monoclonal IgG1 antibody and Fab, were pro-
duced in the same way of the previous reports23,64,65 as follows. The variable
regions of the immunoglobulin heavy and light chains from single-cell
cultures were cloned into human IgG1 heavy chain, heavy chain CH1, and
kappa light chain expression vectors. The heavy chain and light chain vector
pairs were co-expressed using the Expi293 system (Thermo Fisher Scien-
tific). IgG1was purifiedwith a Protein G column (Thermo Fisher Scientific,
17-0404-01), and the Fab fragment was purified with a Talon column
(Clontech, 635504).

Hamster challenge studies
To determine the protective effect of antibody treatment against SARS-
CoV-2 infection in a hamster model, female Syrian hamsters of 4 weeks old
(Japan SLC) were anesthetized by i.p. injection of ketamine hydrochloride/
xylazine and then i.n. infected with the SARS-CoV-2 (hCoV-19/Japan/TY-
WK-521/2020) virus at a dose of 104 TCID50 in a volume of 80 μl. The
antibodieswere dilutedwith PBS at 5 or 1.25mg/kgof bodyweight and then
administered by i.p. injection either 2 h before viral challenge for prophy-
lactic treatment or 24 h after viral challenge for therapeutic treatment. All
hamstersweremonitoreddaily for survival andbodyweight loss until 6 days
after infection. The humane endpointwas set as aweight loss of 25% relative
to the initial body weight at the time of the viral challenge (day 0). All
hamsters were randomly assigned to individual cages within each experi-
mental group upon arrival at the facility. They were maintained under
specific pathogen free (SPF) conditions and used at 4week of age. The order
of the infection procedures and the cage placement in the isolation cabinet
was randomized for each experiment. All animal studies were approved
from the Institutional Review Board of the National Institute of Infectious
Diseases, Japan, and conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee of the National Institute of
Infectious Diseases, Japan. We have complied with all relevant ethical reg-
ulations for animal use.

Inhibition of ACE2 binding
SpikeRBD-ACE2binding inhibition activitywasmeasuredusing aV-PLEX
SARS-CoV-2 Panel 11 Kit and U-PLEX kits (Meso Scale Discovery,
K15458U and K15235N), according to the manufacturer’s instructions.
Briefly, for the U-PLEX kit, recombinant biotinylated RBDs were immo-
bilized on the plates via the linker protein. V-PLEX plates or RBD-
immobilized U-PLEX plates were incubated with MSD Blocker A reagent
(Meso Scale Discovery, R93AA) and then incubated with a diluted mono-
clonal antibody at room temperature for 1 h with rotation. After the incu-
bation, SULFO-TAG Human ACE2 protein (Meso Scale Discovery,
D21ADG-3) was added to the plates. Electrochemiluminescence was
measured with MSD Gold read buffer B (Meso Scale Discovery, R60AM)
and MESOQuickPlex SQ 120 (Meso Scale Discovery). The percentage of
inhibitionwasdeterminedby thepositive control signals,wherenoantibody
was added, and the nonlinear regression curve was calculated using Prism 9
(GraphPad).

Selection of antibody escape SARS-CoV-2
The ancestral SARS-CoV-2 strain WK-521 (lineage A, EPI_ISL_408667)
was kindly provided by Dr. Saijo (National Institute of Infectious Diseases,
Tokyo, Japan). Vero-TMPRSS2 cells [Vero E6 cells (ATCC, CRL-1586)
stably expressing human TMPRSS2]66 were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% FBS. To isolate NT-
108-resistantmutants,mixed cell suspensions of SARS-CoV-2-infected and
uninfected Vero-TMPRSS2 cells were plated onto 24-well plates and cul-
tured in the presence of different concentrations of NT-108 antibody (50,
16.7, 5.5, 1.9, 0.6, and 0 μg/ml). The cells were suspended and passagedwith
naïve Vero-TMPRSS2 every 2 days. After 3 passages, the spike genes of the
passaged viruses were sequenced.

Preparation of SARS-CoV-2 spike and RBD
The human codon-optimized nucleotide sequence coding for the spike
protein of the SARS-CoV-2 isolate (GenBank:MN994467) was synthesized
commercially (Eurofins Genomics). The RBD (amino acids: 331–529),
along with the signal peptide (amino acids 1–20; MIHSVFLLMFLLTP-
TESYVD) plus a histidine tag with/without Avitag, was cloned into the
mammalian expression vector pCAGGS. Following mutations were intro-
duced into Wuhan RBD to produce variant RBDs; E484K, E484A, E484Q,
371 F, S375F, T376A, D405N / R408S / K417N / N440K / S477N / T478K /
E484A /Q493R /Q498R /N501Y /Y505H forBA.2,G339D /R346T /L368I
/ S371F / S373P / S375F /T376A/D405N/R408S /K417N/N440K /V445P
/ G446S / N460K / S477N / T478K / E484A / F486S / F490S / Q498R /
N501Y / Y505H for XBB, I332V /G339H /K356T / S371F / S373P / S375F /
T376A / R403K / D405N / R408S / K417N / N440K / V445H / G446S /
N450D / L452W / N460K / S477N / T478K / N481K / V483del / E484K /
F486P / Q498R / N501Y / Y505H for BA.2.86, I332V / G339H / K356T /
S371F / S373P /S375F /T376A/R403K/D405N/R408S /K417N/N440K /
V445H / G446S / N450D / L452W / L455S / N460K / S477N / T478K /
N481K / V483del / E484K / F486P / Q498R / N501Y / Y505H for JN.1,
I332V /G339H/K356T / S371F / S373P / S375F /T376A /R403K /D405N/
R408S / K417N / N440K / V445H / G446S / N450D / L452W / L455S /
F456L / N460K / S477N / T478K / N481K / V483del / E484K / F486P /
Q493E / Q498R / N501Y / Y505H for KP.3. Biotinylated BA.1 RBD protein
was purchased from ACROBiosystems (SPD-C82E4). A soluble version of
the spike protein (amino acids 1–1210), including the C-terminal T4 foldon
trimerization domain, and a double strep-tag, was cloned into the Droso-
phila expression vector pMT18. The protein sequence was modified to
remove the polybasic furin-cleavage site (RRAR to GSAG), and six stabi-
lizing mutations were introduced (F817P, A892P, A899P, A942P, K986P,
and V987P; wild-type numbering)31. Recombinant proteins were produced
using the Drosophila expression system, 293S GnTI (-) or Expi293F cells
(Thermo Fisher Scientific, A14527). For producing biotynylated RBDs, the
RBD expression vector and BirA-Flag plasmid (Addgene, 64395) were co-
expressed, and 100 μM biotin (TCI, B0463) was added to biotinylate the
RBDs. Supernatants from transfected cells were harvested on day 5 post-
transfection and recombinant proteins were purified using cOmplete His-
Tag Purification Resin (Roche, 5893682001) or StrepTactin XT 4Flow high
capacity (Iba Lifesciences, 25030010). For the spike protein, Superose 6
Increase 10/300 GL size-exclusion chromatography (Cytiva, 29091596)
with calcium- andmagnesium-free PBSbufferwas performed. For theRBD,
Superdex 75 Increase 10/300 GL size-exclusion chromatography (Cytiva,
29148721) with calcium- and magnesium-free PBS buffer was performed.

Preparation of single chain variable fragments
For the recombinant protein production usingE. coli expression system, the
expression plasmids encoding NT-108 scFvs with VH-linker-VL (HL) and
VL-linker-VH (LH) orientations were constructed in a similar way of the
previous report33 as follows. To construct scFv expression vectors inHL and
LH orientation, using splicing overlap extension PCR67 with a flexible
(GGGGS)3 linker. Template cDNAs for variable domains of heavy and light
chains in phIgG1-NT108 and phIgk-NT108 vectors were amplified with
primers containing linker sequences. The products were used for a second
PCR using KOD-Plus DNA polymerase (TOYOBO, KOD-201). The
fragments were digested with NdeI (New England Biolabs, R0111L) and
HindIII (New England Biolabs, R0104L), ligated into pET22b. The
expression plasmid of the scFv introduced into E. coli strain Rosetta 2(DE3)
(Novagen, 71397). The transformants were cultured in 2×YT medium
containing 100mg/L ampicillin and 30mg/mL chloramphenicol at 37 °C.
When the OD600 reached to 0.5, isopropyl β-d-thiogalactopyranoside
(IPTG) was added for induction, at a final concentration of 1mM and
cultured for an additional 4 hours. After induction, the cells were harvested
by centrifugation at 5000×g for 10min. The inclusion bodies of scFv were
isolated from the cell pellet by sonication and were washed repeatedly with
Triton wash buffer (50mM Tris-HCl pH 8.0, 100mM NaCl, 0.5% Triton
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X-100). The purified inclusion bodies were solubilized in denaturant buffer
(50mM Tris-HCl pH 8.0, 10mM EDTA, 6M guanidine HCl). The solu-
bilized protein solution was slowly diluted by addition of ice-cold refolding
buffer (100mM Tris-HCl, pH 8.0, 2mM EDTA, 0.4 M L-Arginine,
3.73mM cystamine, 6.37mM cysteamine), to a final protein concentration
of 1.5 μM. After incubation for 72 h at 4 °C, the refolded protein solution
was concentrated using a VIVAFLOW50 system (Sartorius, VF05P4). The
concentrated sample was filtered and subjected to size-exclusion chroma-
tography using a Superdex75 10/300 column (Cytiva, 17517401) with gel
filtration buffer (20mM Tris-HCl pH 8.0, 100mM NaCl). The fractions
containing scFv protein were pooled and concentrated to 1.0 mg/mL.

For the recombinant protein production usingmammalian expression
system, the expression plasmid was constructed by inserting the DNA
fragment encoding the scFv (VH-(GGGGS)3-VL or VL-(GGGGS)3-VH)
and C-terminal 6x histidine into pCA7 vector68, that regulated under the
chicken beta actin (CAG) promoter. Proteins were secreted into the culture
supernatant via an authentic signal sequence at theN-terminus andpurified
with 6xHis-tag at the C-terminus. Briefly, the plasmidDNAwas transfected
intoHEK293Tcells usingPEI-max (Polyscience, Inc., 24765) andallowed to
remain for a further 3 days. The culture supernatant was filtered and sub-
sequently applied toNi Sepharose excel resin (Cytiva, 17371201) and eluted
with a buffer containing 150mM imidazole (25mM Tris-HCl pH 8.0,
150mM NaCl, 150mM imidazole). The fractions containing scFvs were
pooled and further applied onto the Superdex75 10/300GL column in gel
filtration buffer (20mM Tris-HCl pH 8.0, 100mM NaCl).

The protein concentration was determined using a UV spectro-
photometerU-5100 (HITACHI), and the puritywas determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Surface plasmon resonance (SPR)
The scFvofNT-108wasdissolved inHBS-EPbuffer (10mMHEPESpH7.4,
150mM NaCl, 3 mM EDTA, 0.005% Surfactant P20). SPR experiments
were performed using Biacore3000 (Cytiva). Streptavidin was immobilized
on the sensor chip CAP by the standard biotin capture kit, followed by the
biotinylated S-RBD (100 to 500 RU). The biotinylated β2-microglobulin
was used as a negative control protein. scFv was injected over the immo-
bilized S-RBD protein at a flow rate of 30 μL/min. Flow cells were regen-
erated with 10mM glycine (pH 1.5). The data were analyzed using BIA
evaluation software version 4.1.1.

Crystallization, data collection, and structural determination
Purified SARS-CoV-2RBDandNT-108 scFvweremixed at amolar ratio of
1:1.3, followedbypurification of theRBD-scFv complex by superdex200 10/
300 equilibrated with 20mM Tris pH8.0, 100mM NaCl. The fraction
containing both RBD and scFv were collected and concentrated until
7.3mg/mL.Crystallization screeningwasperformedby crystallization robot
mosquito using commercially available screening kits. Crystals of RBD-scFv
complex were grown at 20 °C by the sitting drop vapor-diffusion method.
The final crystallization condition was 0.1M CHES pH9.5, 20% PEG8000.

The crystals were cryo-cooled in liquid nitrogen and the X-ray dif-
fraction experiments were performed at beamline BL32XU of SPring-8
(Harima, Japan). TheX-ray diffraction dataset was processedwithXDS and
scaled with Aimless in the CCP4 program package69–71. The structure was
solved by the molecular replacement method using the Phaser program in
the PHENIX package. The RBD structure72 (PDB: 6W41) and the NT-108
scFv fragment which was generated with alphafold2 colab website73 were
used as search probes for molecular replacement. The structure refinement
was carried out using phenix.refine and COOT74,75. The stereochemical
properties of the structures were assessed using MolProbity76.

Cryo-EM sample preparation and data collection
To prepare a complex sample for cryo-EM, purified NT-108 scFv or Fab
were incubated with SARS-CoV-2 spike at a molar ratio of 1 : 2 at 18 °C for
1 h. A 0.02% (w/v) Hexadecyltrimethylammonium bromide (CTAB)
solution (Jena Bioscience, X-CEM-301) was added to spike/NT-108 Fab

solution to a final concentration of 0.005%. The sample was applied to
Quantifoil R1.2/1.3 Cu 300 mesh grid (Quantifoil Micro Tools GmbH),
which had been freshly glow-discharged for 90 s at 10mA using PIB-10
(Vacuum Device). The sample was plunged into liquid ethane using
Vitrobot Mark IV (Thermo Fisher Scientific). The settings were as follows:
Temperature set to 18 °C, Humidity at 100%, Blotting time is 5 s, Blotting
force set to 5.

Movies were collected on a Krios G4 (Thermo Fisher Scientific)
operated at 300 kV with a K3 direct electron detector (Gatan) at a nominal
magnification of 130,000 (0.67 per physical pixel) using a GIF-
Biocontinuum energy filter (Gatan) with a 20 eV slit width. For spike and
NT-108 scFv complex, a total of 2832movies forNT-108 scFv complexwere
collected. For spike andNT-108Fab complex, 1062movies (0° tilt) and1338
(30° tilt) were collected. All movies were collectedwith a total exposure 1.5 s
and a total dose of 53.52 e/Å2 over 50 frames at a nominal defocus range of
0.8–1.8 μm using EPU.

Cryo-EM Image processing and model refinement
For spike and NT-108 scFv complex, the movie frames were aligned and
dose-weighted using MotionCor277. The contrast transfer function esti-
mation was performed using CTFFIND478, and 2081 micrographs were
selected. A total of 652,138 particles were auto-picked by crYOLO79 using a
general model, and two rounds of 3D classification (K = 4, T = 4 or 8) using
the cryo-EMmap of the SARS-CoV-2 spike closed state as a reference map
were performed in RELION3.180 to remove junk particles. To address the
flexibility of the RBD region, the particles were aligned by 3D refinement,
followed by 3D classification without alignment focused on the RBD. Two
representative states, the 1-up state and 2-up state were reconstructed, then
CTF refinement and Bayesian Polishing were performed, and bothmaps of
the 1-up state and 2-up state achieved a resolution at 2.86Å. To illustrate the
NT-108 scFv bindingmode, 3D classificationwithout alignment focused on
the down RBD and NT-108 scFv interface was performed for the particles
with 1-up and 2-up states, and the classes that clearly showed NT-108 scFv
binding were selected. Finally, the particles were imported to cryoSPARC
v3.3.181 and a local map at 3.27Å resolution was reconstructed by local
refinement.

For spike and NT-108 Fab complex, the datasets were processed using
RELION3.1. The movie frames were aligned, dose-weighted, and CTF-
estimated using MotionCor2 correction and CTFFIND4. To make tem-
plates for particle picking, Laplacian of Gaussian picking and 2D classifi-
cation was performed. 574,809 particles from 0° tilt micrographs and
727,990 particles from 30° tilt micrographs were separately picked by
template-picking followed by 2D classifications were performed to remove
the junkparticles. To reconstruct the initialmodel, 3D classificationwith the
particles from the dataset of 30° tilt using cryo-EMmap of the SARS-CoV-2
spike closed state as referencemodel was performed. All particles were used
for 3D classification. The final map was reconstructed by CTF refinement,
Bayesian polishing and 3Drefinement. The details of theworkflow for cryo-
EM data processing are shown in (Supplementary Figs. 1b, 2b). The
reported resolutions were based on the gold-standard Fourier shell corre-
lation curves (FSC = 0.143) through RELION3.1. Local resolution was
estimated using the RELION implementation program (Supplemen-
tary Fig. 2c).

For model refinement, structures of SARS-CoV-2 spike in complex
withC12125 (PDB: 7K8X) and the crystal structure ofRBDandNT-108 scFv
complexdescribed abovewerefitted to the correspondingmapsusingUCSF
Chimera v1.1482. Iterative rounds of manual fitting in COOT v0.9.874 and
real-space refinement in Phenix v1.1875 were carried out to improve the
non-ideal rotamers, bond angles, and Ramachandran outliers. The final
model was validated withMolProbity76. The structuremodels and cryo-EM
maps shown infigureswerepreparedwithThePyMOLMolecularGraphics
System, Version 2.3.3 Schrödinger, LLC, UCSF Chimera v1.1.482 andUCSF
ChimeraX v1.483. The model fitted to the corresponding maps is shown in
(Supplementary Fig. 4b). Intermolecular contact atomswere analyzed using
PISA and CONTACT in the CCP4 program package84.
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Statistics and reproducibility
All statistical analyses were conducted using GraphPad Prism. The specific
tests are detailed in the Methods section and figure legends. In brief, the
Mann-Whitney test was used for body weight data (Fig. 1b, d) and Kruskal-
Wallis test for viral RNA quantification (Fig. 1c, e). Statistical significance
was set at p < 0.05. Hamster challenge studies were repeated twice, with 4–5
animals per group (total of 29 animals). Syrian hamsters (1month old)were
randomly assigned to groups. Sample sizes were determined based on prior
studies and ethical guidelines to minimize animal use, while ensuring sta-
tistical power. Experiments on neutralizing activity (Supplementary Fig. 7)
used three independent samples with data from two experiments. Data are
presented as the mean ± SD. For protein purification, biophysical and
biochemical assays, recombinant protein concentrations were measured by
UV absorbance at 280 nm, and purity was assessed by SDS-PAGE and size-
exclusion chromatography. Structural analysis was performed using X-ray
crystallography and cryo-electronmicroscopy, and the statistics andmetrics
are summarized in Tables 1 and 2.

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

Data availability
The atomic coordinates and cryo-EM maps for the structures of the
SARS-CoV-2 spike protein in complex with NT-108 scFv state 1 (8YKG,
EMD-39370), state 2 (EMD-39371), and the structure of RBD and NT-
108 scFv interface (8YKH, EMD-39370) are available in the Protein Data
Bank (www.rcsb.org) and Electron Microscopy Data Bank (www.ebi.ac.
uk/emdb/). The atomic coordinates and structure factors of the crystal
structure of RBD and NT-108 scFv complex (8YK4) are also available in
the Protein Data Bank. Sequences data for NT-108 have been deposited
in GenBank under following accession numbers (MW619740 and
MW619741). All other data are available in the main text or the sup-
plementarymaterials. The source data behind the graphs in the paper can
be found in Supplementary Data 1.
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