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ABSTRACT ARTICLE HISTORY

The receptor-binding domain (RBD) of the SARS-CoV-2 Spike protein, responsible for Received 13 August 2025
engaging the hACE2 receptor, is the principal target of neutralizing antibodies (NAb). To Revised 8 October 2025
better understand how viral evolution undermines NAb protection, we present Accepted 9 October 2025
a comprehensive, topology-based classification derived from 544 NAbs and 60 nano- KEYWORDS
body-RBD complex structures. Five major NAb classes, each subdivided into two sub- Affinity evolution; antibody
classes, were defined by binding zone, angle of approach, hACE2 competition, and classification; epitope
hotspot usage. A systematic mapping of NAb-antigen contacts revealed 91 recurrent mapping; neutralizing
hotspot residues, some of which remain fully conserved across all Omicron variants. antibodies; receptor binding
Leveraging > 2,300 experimentally dissociation constants spanning the Wuhan strain domain

and Omicron lineages, we conducted a comparative affinity analysis across subclasses.

NAbs in classes 1-3, which overlap the receptor-binding site, show progressive loss of

affinity against Omicron, with many failing to bind recent subvariants due to emergent

steric clashes and limited affinity maturation against the ancestral Wuhan RBD.

Nonetheless, cases of Abs exhibiting resilience to viral drift have been documented. In

contrast, classes 4 and 5 maintain high affinity regardless of their initial affinity for

parental strains. Contemporary in-silico epitope predictors captured only ~40% of

experimentally defined hotspots, highlighting the need for structure-guided

approaches. By introducing a refined topological segmentation of the RBD grounded

in previously described but unsystematized regions, our classification captures a broad

diversity of NAb binding modes and provides an integrative structural framework that

harmonizes prior classification schemes, its relationship with circulating variants, and

highlights conserved epitope features relevant to broad-spectrum vaccine and thera-

peutic NAb design.

Introduction

COVID-19 is a severe acute respiratory syndrome caused by the coronavirus SARS-CoV-2, which
had claimed nearly 7 million confirmed lives by July 2025'. Classic symptoms include fever, cough,
and shortness of breath, although their prevalence and severity vary among different viral
variants®’. Thanks to an unprecedented global effort, vaccines based on DNA-plasmid, mRNA,
recombinant protein, and nanoparticles were authorized between 2021 and 2025*7. At the same
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time, the isolation and characterization of neutralizing antibodies (NAbs) elicited by infection or
vaccination have become foundational for understanding immune protection and guiding the
development of new therapies and vaccines. Thus, a consistent pattern emerged across five years
of research, revealing a convergence between immune responses and discovery of innovative
therapeutic strategies.

The primary target of these NAbs is the SARS-CoV-2 Spike glycoprotein (S protein), which plays a crucial
role in viral entry into host cells®. Since the emergence of the original Wuhan lineage in 2019, SARS-CoV
-2 has followed an evolutionary trajectory marked initially by a gradual, and subsequently by a rapid and
extensive, accumulation of mutations in the receptor-binding domain (RBD) of the S protein. Up to the
appearance of Delta, most variants carried no more than four changes in the RBD (e.g., N501Y in Alpha;
K417N/E484K/N501Y in Beta; L452R + T478K in Delta)’, resulting in only moderate escape from NAbs
elicited by Wuhan-based vaccines. A considerable antigenic leap occurred with Omicron BA.1, which
introduced 15 RBD residue substitutions, 11 of which were within the receptor-binding motif (RBM),
reducing post-vaccination neutralization titers by more than 25- to 40-fold. Subsequent Omicron diversifica-
tion (BA.2, BA.2.12.1, BA.4/5) introduced convergent changes, such as L452Q/R, F486V, and the reversion
R493Q, which weaken or abolish binding of NAbs while compensating for affinity through N501Y or other
adjustmentsw. Throughout 2023-2024, recombinant lineages (XBB) and subvariants (BQ.1, BA.2.86, JN.1,
and XFG) converged on recurrent residue changes at positions 346, 452, 456, 486, and 493, deepening
immune escape and compromising most available therapeutic NAb cocktails'". This evolution reflects a trade-
off between immune evasion and maintenance of viral fitness: mutations that diminish receptor binding are
often accompanied by compensatory substitutions that restore the interaction. Identifying conserved epitopes
outside the RBM and adaptive paratopes tolerant of these convergent substitutions, therefore, stands out as
a key strategy for developing vaccines and NAbs that can outpace future coronavirus waves.

The S protein is a homotrimer. Each protomer is initially synthesized as a single polypeptide and
subsequently cleaved by host proteases into two functional regions: the N-terminal S1 subunit (residues
14-685) and the C-terminal S2 subunit (residues 686-1273). The S1 subunit mediates binding to the human
angiotensin-converting enzyme 2 (hACE2), while the S2 subunit facilitates fusion of the viral and host-cell
membranes. Each of the three S1 subunits contains an RBD, whose position is highly dynamic'’. The RBD
adopts two principal conformations, “down” (closed) and “up” (open), that regulate its accessibility to
hACE2 and are therefore key to understanding viral recognition and entry (Figure 1(A)). In the down
conformation, the RBD is folded against the trimer core, partially occluding the receptor-binding site (RBS);
this arrangement likely contributes to immune evasion or spatial regulation of receptor engagement'> ',
All three S1 subunits are tightly packed, with extensive inter-domain contacts stabilizing the overall
structure. In the up conformation, one or more RBDs pivot outward from the trimer core, fully exposing
the hACE2-binding surface and enabling receptor interaction. In the functionally active state, the virus is
more vulnerable, as it exposes epitopes to potential NAbs. Structural studies indicate that the transition
from a fully closed (all RBD-down) to a fully open (three RBD-up) trimer proceeds through intermediate
states, wherein one or two RBDs adopt the up conformation, suggesting a stepwise activation mechanism'”.
At its core, the RBD features a twisted, five-stranded antiparallel B-sheet (,—p4, P7), which confers rigidity
and structural support16 (Figure 1(B)). This B-sheet is flanked by short a-helices (a;-ag) and connecting
loops. The RBM is situated between strands , and [, and occupies the distal region of the RBD, forming
a concave surface complementary to the N-terminal helix of hACE2.

The RBD has been partitioned into distinct topological zones (Figure 1(C))*”"'8, Here we propose a detailed
partition of the RBD, also based on the topological zone framework, with the residue composition of each
region specified in Figure 1. The uppermost part of the RBM comprises three main regions: the “peak” (formed
by the loop spanning residues 472-489), the “valley” (including the antiparallel strands p5 and B6), and the
“mesa” (loops connecting a;—5 and Bs—ag). Additionally, the RBD presents two broad lateral regions: an “outer
face,” partially accessible when the RBD is in the down conformation, encompassing the a;-a, helices and the
B; strand; and an “inner face,” buried within the trimeric core in the closed S protein conformation, composed
of residues from the B, to a4 segment, and the as, as, and ag helices. Just beneath the mesa region, there is
a descending region termed the “short cliff,” which encompasses the a3 and a; helices. On the opposite flank,
beneath the peak region, begins the “long cliff,” which includes part of the 5 strand, the as—p, connecting loop,
the C-terminal end extending from the final portion of the {3; strand, and the ps—¢ loop (part of the RBM). The
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Figure 1. Spike protein and RBD structures. Representation of the homotrimeric S protein structure in fully open (A) and
fully closed (B) conformations. One of the RBDs is colored as in panel D. C. Secondary structural elements (ribbons) and RBS
region (yellow sticks) within the RBD. The RBM (residues 424-494) is highlighted by a transparent surface. The residue
number ranges corresponding to the a-helices and the seven B-strands present in the RBD are a, (338-343), a, (350-352),
a3 (365-371), a, (384-387), as (404-409), ag (417-421), 0, (439-442), ag (503-505), and B, (354-358), B, (376-379), B3
(394-403), B4 (432-437), Bs (452-454), Bs (492-494), B, (507-516). D. Topological regions of the RBD, defined to facilitate
the description of the Ab class binding zones. Residues composing each region are as follows: peak (472-489); valley
(449-456, 490-495); Mesa (444-448, 496-500); short cliff (362-374, 436-443,506,509); long cliff (353,355,
393-396,426-432, 457-471, 514-523); outer face (333-352, 354, 356-361,397,399); inner face (375-392, 404-425, 433,
435, 501-505, 508); RBS (417, 449, 453, 455, 456, 486, 487, 489, 493, 498, 500-502, 505); RBM (403-507).

RBS comprises 14 residues spanning the peak, valley, mesa regions, and the upper portion of the inner face. The
specific residue composition assigned to each topological region is detailed in the legend of Figure 1.
Functionally, NAbs fall into two main categories based on their ability to compete with hACE2: those
that directly block the RBS and those that neutralize through alternative mechanisms, such as conforma-
tional interference, restriction of S protein motion, or Fc-mediated effector functions'**. Based on the
recognition region of the RBD, Barnes et al. introduced a useful classification of NAbs*'. This framework
defines four classes based on the Ab’s orientation relative to the RBD, its compatibility with the “up” and
“down” RBD conformations within the S trimer, and the degree of overlap with the hACE2-binding site.
Subsequent structural and competition studies revealed that subtle variations in binding angles within each
class give rise to distinct subclasses, prompting the development of alternative antigen-centric approaches'”.
Up to now, however, there is no unified, structure-driven classification of anti-RBD NAbs. To address this
gap, we conducted a comprehensive survey of RBD-binding NAbs whose complexes have been deposited in
the Protein Data Bank (PDB). By systematically mapping Ab-antigen contacts, we (1) pinpointed the
residue “hotspots” most frequently engaged across the entire database, (2) defined a set of recurring binding
modes that encompasses prior classification systems, and (3) traced, in human NAbs, how each mode
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tolerates or is compromised by the extensive mutations found in the Omicron lineage. Taken together, our
framework unifies existing classifications, rationalizes differential neutralization across variants, and pro-
vides a basis for guiding future therapeutic and vaccine development efforts against current SARS-CoV-2
variants and potential future coronavirus outbreaks and pandemics.

Materials and methods
Collection of experimental S-protein/RBD-NAb complexes

A comprehensive search of the PDB was conducted to identify experimental structures of the SARS-CoV-2
S-protein/RBD complexed with NAbs, available as of January 2025, with a resolution better than 4.5 A. This
search retrieved a total of 540 PDB entries. In cases where multiple structures were available for a given
NAD-RBD complex, the entry with the highest resolution was selected for analysis. When a structure
contained more than one NAb, individual antigen-NAD pairs were isolated. This selection process resulted
in a dataset comprising 556 unique antigen-NAb complexes compiled in our Master Table (Table SI-1). In
addition, 60 nanobodies (Nb) bound to the RBD were retrieved. Because of the structural similarity,
engineered Ab fragments were considered in the Nb group.

NADb classification

The collection of antigen-Ab complexes was structurally aligned using the conformation of the RBD bound
to hACE2 as a reference (PDB ID 6M0J)*. Following alignment, NAbs were categorized based on their
topological positioning relative to the RBD, initially using the classification scheme previously outlined*'.
Once grouped according to their binding regions, we further analyzed the local distribution patterns and
angle of attack. In addition, we evaluated each NAb for its potential steric hindrance to hACE2 binding,
exposure of epitopes in both the up and down conformations of the RBD in the S protein and possible
clashes with spatially adjacent domains using reference structures PDB IDs 6VXX for the fully closed
conformation®” and 6VSB for the completely open conformation of the S protein®’. Only the Fab region was
considered when evaluating potential interference with hACE2 or adjacent domains, excluding the Fc
region present in IgG structures from this analysis. Overall, this approach allowed further subdivision of
NAbs into distinct subclasses and specific binding modes.

Analysis of intermolecular contacts

Interacting residue pairs at the interface of each protein complex were identified based on spatial and
chemical criteria, as previously described**, following the protocol reported®”. The interface of each
S-protein/RBD-Ab complex was first analyzed using an enlarged van der Waals overlap criterion. To
account for attractive dispersion forces, the van der Waals radii of heavy atoms were scaled by a factor of
1.24*°. Contacts were defined when the expanded atomic spheres of residues separated by more than four
sequence positions overlapped. Next, we applied the repulsive Contacts of Structural Units (rCSU) criterion,
which incorporates chemical and electrostatic parameters. A contact was classified as stabilizing if the
number of attractive interactions exceeded that of repulsive interactions, ensuring chemically favorable
contacts. This combined approach captures the dual nature of interfacial interactions, reflecting both steric
packing and electrostatic complementarity.

RBD-NAb contact frequency

Contact analysis between the RBD and NAbs was carried out using a custom computational pipeline.
Histograms were generated for each NAb subclass to represent contact frequencies for individual RBD
residues, enabling a comparative analysis of contact patterns across all Ab groups. Residues exhibiting
a contact frequency greater than 0.6 were designated as hotspots.
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Paratope logos

NAD residues interacting with characteristic RBD hotspot residues of each subclass were identified. These
contact compositions were then used to generate paratope residue logo plots employing Weblogo3*”.

Prediction of B-cell epitopes and antigenicity regions

The prediction of potential linear B-cell epitopes was performed using the BepiPred-2.0 server, available at
DTU Health Tech (https://services.healthtech.dtu.dk/cgi). This tool enables residue-level evaluation across
the RBD sequence. A threshold score of 0.5 was applied in BepiPred-2.0, consistent with the default
configuration, with a specificity of 57% and a sensitivity of 59% (according to the performance
metrics)®®. Residues scoring above this value were classified as potential epitope candidates™.
Furthermore, B-cell conformational epitopes (Discontinuous B-cell epitope prediction) were also predicted
using the BepiPred-3.0 server, applying a threshold value of 0.22055>°.

Kolaskar and Tongaonkar antigenicity prediction, which aims to predict linear B-cell epitopes, was
conducted using the semi-empirical approach®'. This approach leverages the physicochemical properties of
amino acid residues and is related to observed frequencies in experimentally validated epitopes. To identify
potential antigenic regions, a sliding window of 10 consecutive amino acids was applied across the RBD
sequence. For each window, an average antigenicity score was calculated based on the Kolaskar-Tongaonkar
antigenic propensity scale. Regions exhibiting average scores exceeding the threshold value of 1.02 were
classified as putative B-cell epitopes. This approach facilitates the pinpointing of peptide segments with
a heightened likelihood of immune recognition. All computations were performed using custom scripts to
automate antigenicity scoring and extract candidate epitope regions under the defined parameters.

Results
Topology-based classification of anti-RBD NAbs

In this work, an extensive analysis of the binding modes of NAbs targeting the RBD of SARS-CoV-2 allowed
us to derive a new harmonized structural classification (Table 1). From a systematic study of available
structural complexes of the RBD, NAbs were grouped into five main classes, subdivided further into a total
of 10 subclasses. Each class was defined according to the specific RBD region (hotspot residues) recognized,
the binding angle, and their ability to compete with hACE2. Classes 1 and 2 target predominantly residues
of the RBS. Class 1 NAbs are characterized by extensive interactions with the RBS and an orientation toward
the inner face of the RBD, making their binding compatible only with the up conformation of the RBD. This
class is divided into subclasses 1A and 1B based on the extent and distribution of recognized RBS residues.
Class 2 exhibits fewer contacts with the RBS and orientations toward the outer face of the RBD. Subclasses
2A and 2B differ in the specific RBD regions they contact, the degree of interference with hACE2, and the
ability to bind the closed conformations of the S protein. Classes 3 and 4 interact with the short cliff region

Table 1. Structural classification of NAbs anti-RBD of SARS-CoV-2.

Class Subclass Interaction zone RBD conformation Ligand type
1 1A Inner parts of peak, valley and mesa, Up Competitive
upper regions of long cliff and inner face
1B Inner parts of peak and valley Up Competitive
2 2A Outer face of peak and valley Up/Down Competitive
2B Upper and center regions of the outer face, Up Noncompetitive
upper regions of peak and long cliff
3 3A Mesa and top region of the short cliff Up/Down, Up Competitive
3B Mesa and top regions of the short cliff Up Noncompetitive
and the inner face
4 4A Top and middle regions of the inner face, Up Competitive
middle of the short cliff
4B Bottom parts of the inner face and Up Noncompetitive
the short cliff
5 5A Middle region of the long cliff Up Noncompetitive
5B Middle region of the long cliff, Up Noncompetitive

middle of inner face
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of the RBD. Class 3 NAbs are grouped into subclasses 3A (competitive with hACE2) and 3B (noncompe-
titive). In contrast, class 4 NAbs bind to cryptic sites accessible only in the fully open conformation of the
viral trimer, divided into subclasses 4A (competitive with hACE2) and 4B (noncompetitive). Finally, class 5
groups NAbs targeting the long cliff region of the RBD, which is largely inaccessible in the closed
conformation of the S protein. These NAbs do not compete with hACE2 and are divided into subclasses
5A and 5B based on their extent of interaction with specific regions of the long cliff region. This
classification facilitates a comprehensive understanding of the structural basis of the diverse neutralization
mechanisms of NAbs against the RBD.

Class 1

The NAbs composing this class are characterized by extensive contact with RBS residues, with an angle of
attack biased toward the inner face of the RBD, making their binding compatible only when the RBD is in
the up conformation. Therefore, they are the NAbs that most closely mimic the binding mode of hACE2
(Figure 2). This class was further divided into two subclasses. Subclass 1A NAbs (n = 85, Table SI-2) interact
extensively with the apical portion of the RBD, showing significant contact frequency with 26 residues
(hotspots, contact frequency > 0.6), covering 12 of the 14 RBS residues (Figure 2(A,C)). These NAbs exhibit
a remarkably uniform binding mode. The light and heavy chains overlap closely across the different NAbs,
anchoring toward the peak and mesa regions, respectively. Tyrosine, serine, and glycine dominate among
those residues with the highest frequency of contact with the RBD (Figure 2(C)). A similar usage of paratope
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Figure 2. RBD contact zones and binding features for class 1 NAbs. A. Contact frequency per RBD residue for each NAb
subclass. Surface representations of the RBD highlight hotspot residues (contact frequency >0.6), referenced to the Wuhan
structure. RBS hotspots are in red font. B. Binding modes of subclasses 1A and 1B. Heavy and light antibody chains are
depicted as thick and thin cartoon representations, respectively. The orientation of the NAb-bound RBD within the full-
length S protein structure is depicted in the dashed-line box. C,D. Paratope sequence logos for subclasses 1A and 1B,
respectively, for hotspot positions in the RBD. The X-axis presents the RBD residue numbers, with Wuhan variant residues
and substitutions observed across Omicron variants indicated below. RBD residues belonging to the RBS are in red font.
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residues was observed across the other NAb classes (Figures 2-6). Of note is the high prevalence in the use
of a glycine to interact with $**°, a highly conserved residue belonging to the long loop (residues 456-472) of
the RBM which connects B5 to the peak region, relatively distant from the RBS.

Subclass 1B NAbs (n = 138) primarily bind to a subset of 10 hotspot residues, seven of which belong to the
RBS that 1A NAbs also bind to (Figure 2(A,D)). In addition, they interact with the RBS residue 485, which is
scarcely recognized by subclass 1A. The intermolecular contact is made in a region that spans the inner parts
of the valley and peak regions, with minimal interaction with the mesa region. These NAbs exhibit four
binding modes, characterized by slightly different RBD contact residue preferences, although they generally
maintain a similar angle of attack that is biased toward the inner face of the RBD (Figure 2(B), Table SI-3):

(1) Peak binding mode (n = 69). In this predominant binding mode, NAbs are positioned primarily over
the peak region, while making only marginal contact with the valley region. Residue 478 emerges as
an additional hotspot unique in this mode.

(2) Peak-valley binding mode (n = 39). In this binding mode, NAbs simultaneously contact both the peak
and valley regions. While these NAbs use the same 10 overall subclass hotspots, they do so with
higher frequency.

(3) Inner face-shifted binding mode (n=20). This binding mode is closer to the long cliff region,
marginally contacting the valley region, and shifted toward the inner face. In this mode, residues
415, 417, 473, and 505 emerge as new hotspots, while the prevalence of residues 476, 477, and 485 is
markedly reduced.

(4) Valley binding mode (n=10). This minor binding mode shows the highest overlap with the valley
region. These NAbs feature a total of 16 hotspots, the highest among all binding modes within
subclass 1B.

Seven Nbs were identified, all exhibiting binding modes that closely resemble those of the peak-valley
subgroup of NAbs.

Class 2

This class binds to RBS residues less extensively than class 1. The NAbs anchor in a region oriented toward
the outer face of the RBD (Figure 3). Two subclasses can be distinguished based on the specific region of the
outer face to which they bind.

Subclass 2A NAbs (n =86) bind to eight residues with significant frequency (Figure 3). Among these,
residues 449 and 493, the only ones overlapping with the RBS, are among the most frequently contacted
residues. Rather than directly targeting the RBS, they primarily engage the outer regions of the peak and
valley regions, which are minimally contacted by hACE2 or class 1 NAbs. As a result, their angles of attack
allow for binding to both the up and down conformations of the RBD. Nevertheless, because of their
proximity to the RBS, they remain competitive with hACE2. Three distinct binding-mode clusters can be
identified within this subclass (Table SI-4):

(1) Valley-perpendicular binding mode (n = 52). This group of NAbs primarily binds to the valley region,
positioning their two chains perpendicular to the antiparallel f5-p6 strands. They also contact the
peak region and, to a lesser extent, with the mesa region. Many NAbs in this group feature an
extended CDR3 loop, allowing them to invade the upper part of the inner face of the RBD. Despite
being the most abundant binding mode, all these NAbs contact residue 449 (frequency =1.0). In
addition, they frequently interact with residues 446, 447, 450, and 492, which are not hotspots for
subclass 2A as a whole. In contrast, residue 493 is contacted less frequently than the overall trend of
this subclass.

(2) Valley-parallel binding mode (n=21). Unlike the previous binding mode, NAbs of this group bind
parallel to the valley region and are further displaced toward the mesa region and the external face of
the RBD. These NAbs make the most extensive contacts with the RBD among subclass 2A members,
targeting 13 hotspots. Residues 345, 346, 440, 441, 444 and 445, located near the upper part of the
short cliff region, are characteristic hotspots of this binding mode.
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Figure 3. RBD contact zones and binding features for class 2 NAbs. A. Contact frequency per RBD residue for each Ab
subclass. Surface representations of the RBD highlight hotspot residues (contact frequency >0.6), referenced to the Wuhan
structure. RBS hotspots are in red font. B. Binding modes of subclasses 2A and 2B. Heavy and light antibody chains are
depicted as thick and thin cartoon representations, respectively. The orientation of the NAb-bound RBD within the full-
length S protein structure is depicted in the dashed-line box. C,D. Paratope sequence logos for subclasses 2A and 2B,
respectively, for hotspot positions in the RBD. The X-axis presents the RBD residue numbers, with Wuhan variant residues
and substitutions observed across Omicron variants indicated below. RBD residues belonging to the RBS are in red font.

(3) Valley-mesa centered binding mode (n=13). NAbs in this mode also position their chains perpendi-
cular to the valley. However, they are shifted toward the mesa region and the outer face of the RBD.
Characteristic hotspots for this binding mode are residues 485, 486, and 489.

Subclass 2A includes 14 NAbs capable of simultaneously interacting with two RBDs. All these bivalent
NAbs adopt a valley-perpendicular binding mode at their primary contact site. Five NAbs (C051, C144,
C548, CLONE6, and S2M11) interact simultaneously with two RBDs in the down conformation. In
these complexes, the secondary RBD contact is centered at the short cliff region (Figure 4(A)). The
experimental structures reveal three NAb copies bound simultaneously, a unique property that enables
them to stabilize the S protein in a fully closed conformation. The remaining nine bivalent NAbs (2H2,
5A6, BG1-24, BG7-20, C104, C121, DH1042, P5A-1B9, P17) are characterized by having an RBD in the
down conformation as their primary binding site. In contrast, the secondary contact is established on
the inner face of an RBD in the up conformation (Figure 4(B)). Except for C104, whose experimental
structure exhibits only a single NAb copy bound bivalently, the other complexes additionally exhibit
one or two NAD copies interacting monovalently. This implies that the primary RBD alone is sufficient
to sustain their interaction.

Subclass 2A contains the largest number of Nbs among all subclasses, with a total of 30 members (Table
SI-4). While all bind to the center of the valley region, they exhibit highly variable angles of attack. Notably,
Nb BO01, a synthetic construct consisting of three covalently linked human variable heavy domains, forms
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Figure 4. Bivalent subclass 2A NAbs. A. Example of a bivalent NAb (C051, PDB ID 7R8N>? engaging three RBD simulta-
neously, all in the down conformation. B. Example of a bivalent NAb (P17, PDB ID 7CWO?) simultaneously bound to three
RBD. One NAb molecule interacts with two RBDs, one in the down conformation (the primary binding site) and another in
the up conformation (the secondary binding site). At the same time, the other two NAb copies each bind a single RBD in the
up conformation. The relative orientations of the RBDs in the S protein are illustrated.

a bivalent RBD down/up contact via its N-terminal domain, while the other two domains establish
monovalent interactions™*,

Unlike subclass 2A NAbs, those in subclass 2B (n =21) do not obstruct hACE2 binding, as they target
a region shifted toward the central portion of the external face of the RBD, which is solvent-exposed only in
the up conformation (Figure 3). Despite this displacement, the RBS residue 449 remains a highly frequent
contact point, albeit exclusively through its backbone. Two distinct binding modes can be identified within
this subclass (Table SI-5):

(1) Peak-mesa parallel binding mode (n=13). This dominant binding mode arranges the two NAb
chains parallel to the peak-valley-mesa axis, anchoring them at the central region of the external face
with minimal interaction with either of the two cliffs. NAbs in this group share most of the hotspot
residues characteristic of the entire subclass, with an increased frequency of contact in a zone below
the valley and mesa regions.

(2) Long-cliff parallel binding mode (n = 8). NAbs in this subgroup adopt a closely parallel orientation to
the long cliff region, albeit with reduced overall contact. This positional shift decreases interaction
with residues 345-349, which are characteristic of the peak-mesa parallel mode, while increasing
contact with residues closer to the peak region.

Five Nbs were identified in this subclass, all exhibiting nearly superimposable binding poses centered close
to the valley region.

Class 3

This class is characterized by binding to the short cliff, a solvent-exposed region regardless of the RBD
conformation. Nevertheless, in some cases the angle of approach causes steric clashes between the NAb and
adjacent RBDs, such that binding can only occur when the S protein adopts open or semi-open conforma-
tions. Based on their ability to compete with hACE2, these NAbs can be grouped into two subclasses.
Subclass 3A (n = 39) binds close to the mesa region, targeting nine hotspot residues across the mesa and the
top of the short cliff, including residue 500 of the RBS (Figure 5). Using the long axis of the short cliff as
a reference, three distinct binding modes were identified (Table SI-6):

(1) Perpendicular binding mode to the short cliff (n = 26). The two NAb chains are positioned perpendi-
cular to the short cliff and relatively close to the mesa region, sharing the same nine hotspots of the
subclass 3A.
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Figure 5. RBD contact zones and binding features for class 3 NAbs. A. Contact frequency per RBD residue for each Ab
subclass. Surface representations of the RBD highlight hotspot residues (contact frequency >0.6), referenced to the Wuhan
structure. RBS hotspots are in red font. B. Binding modes of subclasses 3A and 3B. Heavy and light antibody chains are
depicted as thick and thin cartoon representations, respectively. The orientation of the NAb-bound RBD within the full-
length S protein structure is depicted in the dashed-line box. C,D. Paratope sequence logos for subclasses 3A and 3B,
respectively, for hotspot positions in the RBD. The X-axis presents the RBD residue numbers, with Wuhan variant residues
and substitutions observed across Omicron variants indicated below. RBD residues belonging to the RBS are in red font.

(2) Parallel binding mode to the short cliff (n = 10). The two chains of this subgroup of NAbs run parallel
to the short cliff, also sharing the same hotspots of the subclass 3A as a whole, except for residues 439
and 440, which are used less frequently.

(3) Mesa-valley binding mode (n=3). These NAbs exhibit a binding mode almost exclusively on the
mesa region, with minimal interaction with either face of the RBD.

Although the binding zone for subclass 3A remains solvent-exposed in the closed S protein
conformation, the angle of attack is such that 11 perpendicular binding NAbs can only bind to
an RBD in the down conformation if the neighboring RBD is not in a fully closed conformation
(002-S21B10, 2-7, BETA-55, LY-COV1404, P2S-2E9, REGN10987, S2X324, TH272, THSC20.
HVTRO04, XG005, XGV264). In contrast, all NAbs binding parallel and 11 binding perpendicular
to the short cliff can bind to the S protein in a fully closed conformation. Additionally, NAbs 812,
BETA-24, BETA-54, HB27, XGV-286, and XGV-289, which are more displaced toward the mesa
region and slightly inclined toward the inner face of the RBD, along with two of the perpendicular
binding NAbs (6-2C and K288.2), can only bind to the RBD in its up conformation to avoid steric
clashes with adjacent RBDs. In one of the structures of the 510A5 NADb, three copies of it were
solved, forming bivalent contacts with the Wuhan variant S protein in a fully closed conformation.
In this case, the primary site adopts a perpendicular binding mode to the short cliff, while the
secondary site corresponds to the mesa binding mode, also of subclass 3A.
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Figure 6. RBD contact zones and binding features for class 4 NAbs. A. Contact frequency per RBD residue for each Ab
subclass. Surface representations of the RBD highlight hotspot residues (contact frequency >0.6), referenced to the Wuhan
structure. B. Binding modes of subclasses 4A and 4B. Heavy and light antibody chains are depicted as thick and thin cartoon
representations, respectively. The orientation of the NAb-bound RBDs within the full-length S protein structure are depicted
in the dashed-line boxes. C,D. Paratope sequence logos for subclasses 4A and 4B, respectively, for hotspot positions in the
RBD. The X-axis presents the RBD residue numbers, with Wuhan variant residues and substitutions observed across Omicron
variants indicated below. RBD residues belonging to the RBS are in red font.

NADs of subclass 3B (n = 35) also bind to a region near the short cliff of the RBD but shifted toward the
inner face (Figure 5). Their eight hotspot residues are in a zone distant from the RBS, ensuring no
interference with hACE2 binding. Like subclass 3A, the NAbs in this subclass can be grouped into two
binding modes (Table SI-7):

(1) Perpendicular binding mode to the short cliff (n=27). The dominant binding mode of subclass 3B
aligns the NAb chains perpendicularly to the long axis of the short cliff. This mode shares the same
nine hotspots as the subclass 3B, but also frequently engages residues 448, 450, and 499.

(2) Parallel binding mode to the short cliff (n = 8). This mode involves a parallel arrangement of the NAb
chains relative to the long axis of the short cliff. Among the 10 hotspot residues in this subclass, four
(343-346) are shared with subclass 3A, while the 334-340 region, located at the base of the short cliff,
is uniquely utilized.

In addition, the Nb 3-2a2-4 was identified within subclass 3B.

Class 4

Like class 3, the interaction of these NAbs occurs in the short cliff region, but with a more
pronounced binding bias toward the inner face of the RBD (Figure 6). Thus, the binding of these
NAbs occurs at cryptic sites that are solvent-exposed only in the fully open conformation of the
S protein.
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Three of the seven hotspot residues in subclass 4A (n = 60) are relatively close to the mesa region, leading
to competition with hACE2 binding (Figure 6(A)). Using the long axis of the short cliff as a reference, two
binding modes can be distinguished (Table SI-8):

(1) Parallel binding mode to the short cliff (n=50). In this mode, NAbs position their heavy and light
chains parallel to the short cliff, frequently extending the interaction toward the bottom of the short
cliff. In addition to the seven hotspot residues of subclass 4A, this binding mode frequently contacts
residues 377, 380, and 383.

(2) Perpendicular binding mode to the short cliff (n = 10). In this mode, the interaction shifts toward the
upper part of the short cliff and the inner face of the RBD. Despite their variable angles of attack, it is
noteworthy that all these NAbs interact with residues 405 and 502-504.

Additionally, four Nbs were identified binding at the subclass 4A binding region, also causing steric clashes
that hinder hACE2 binding (Table SI-8). One of these, 7A3, was solved with one of its three copies binding
to the S protein in a bivalent interaction, engaging both an RBD in the up conformation and another in the
down conformation®. The secondary binding site corresponds to the subclass 2A region.

NAbs of subclass 4B (n = 24) target the lower region on the inner face of the RBD, without interfering
with hACE2 binding (Figure 6, Table SI-9). This subclass exhibits a relatively constant binding mode, with
the two chains positioned perpendicular to the long axis of the inner face. Its hotspot footprint comprises 14
residues, of which 13 constitute an almost continuous epitope within the 369-385 region. Except for
HO014%°, NAbs of this subclass require a fully open conformation of the S protein to avoid steric clashes
with neighboring RBDs.

Eight Nbs have been solved bound to this region of the RBD (Table SI-9), including some, like 1-25 and
43, with demonstrated pan-sarbecovirus binding capacity’”*®. Sybody SR31 exhibits a unique binding
mode, interacting closely with a4 and B2, as well as with a region outside the RBD that includes residues
352-359%, This makes it the lowest-positioned epitope known on the RBD. Although SR31 lacks intrinsic
virus-neutralizing ability, it has been tested as a fusion partner for competitive NAbs, leading to a mutual
enhancement of affinity.

Class 5
This hACE2-noncompetitive class of NAbs targets the long cliff of the RBD, a region largely shielded from
solvent by the N-terminal domain of an adjacent subunit when the S protein is in its closed conformation.
Within this class, two distinct binding zones were identified. Subclass 5A NAbs (# = 10) primarily interact
with the middle region of the long cliff, engaging nine hotspot residues, all of which show complete
invariance throughout the evolutionary history of the analyzed Omicron variants (Figure 7). Although
two distinct binding modes can be distinguished within this subclass - perpendicular (n = 7) and parallel (n
= 3) to the short cliff - the number of complexes is still too small to derive statistically significant insights
into the residue preference of each subgroup (Table SI-10). BN03 and 1-23 are the only Nbs documented in
this region. BN03, a bispecific binder, also anchors through its CDRs to the region recognized by subclass
2A NAbs™.

5B subclass NAbs (n = 16) establish fewer interactions with the middle and bottom portions of the long
cliff region, instead adopting poses that extend toward residues located on the outer face of the RBD
(Figure 7), collectively engaging 12 largely invariant hotspot residues. Of these NAbs, most (14) adopt
a perpendicular orientation relative to the long cliff, while the remaining two are arranged parallel to it
(Table SI-11). HSW-1 exhibits the ability to simultaneously bind two RBDs. Its primary contact is with an
RBD in the up conformation, while its secondary contact is with an RBD in the down conformation, in the
region recognized by subclass 2A NAbs. The Nb 2-10 has demonstrated broad cross-reactivity, binding
with high affinity to several sarbecoviruses clades®’.

Binding affinity across Ab classes

Table SI-1 compiles a total of 2,360 dissociation constant (Kp) values from the literature, corresponding
to the binding of the S protein or the isolated RBD by 534 distinct NAbs and Nbs. This extensive
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Figure 7. RBD contact zones and binding features for class 5 NAbs. A. Contact frequency per RBD residue for each Ab
subclass. Surface representations of the RBD highlight hotspot residues (contact frequency >0.6), referenced to the Wuhan
structure. B. Binding modes of subclasses 5A and 5B. Heavy and light antibody chains are depicted as thick and thin cartoon
representations, respectively. The orientation of the NAb-bound RBD within the full-length S protein structure is depicted in
the dashed-line box. C,D. Paratope sequence logos for subclasses 5A and 5B, respectively, for hotspot positions in the RBD.
The X-axis presents the RBD residue numbers, with Wuhan variant residues and substitutions observed across Omicron
variants indicated below. RBD residues belonging to the RBS are in red font.

dataset, mostly determined by surface plasmon resonance and biolayer interferometry, enables the
analysis of global trends in the interaction strength of NAbs targeting the RBD of the SARS-CoV-2
S protein. To focus on naturally occurring human immune responses elicited by infection or vaccina-
tion, engineered and non-human derived NAbs were excluded from the analysis. Figure 8 displays the
distributions of Kp, values by subclass, measured against the Wuhan variant. All classes exhibit a similar
Kp range, spanning from the sub-pM order to extremely tight binders for which no measurable
dissociation from antigen was observed. For reference, the Kp values for the interaction of the
S protein and hACE2 fall within the 1-100 nM range*'~*’. It is noteworthy that the fraction of high-
to very high-affinity NAbs (Kp < 1 nM) is the majority in subclasses 1B, 3A, 4A, and 5A. Approximately
half of the subclass 2B NAbs also exhibit high affinity. In contrast, weaker interactions are predomi-
nately found in subclasses 1A and 4B. For subclass 5B, the available data is still too scarce for a reliable
comparison.

The analysis of Kp values against different Omicron variants revealed a heterogeneous landscape of
sensitivity among the various NAb classes. However, the number of documented cases tracking affinity
changes throughout the evolution of SARS-CoV-2 variants remains limited for some subclasses; therefore,
the observed trends should be interpreted with statistical caution. Except for a few NAbs, affinity shifts have
not been measured beyond the XBB variant until now. To exclude effects caused by large-scale conforma-
tional and dynamic changes in the S protein, the analysis focused on Kp values determined against the
isolated RBD.
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Figure 8. Distribution of binding affinities against Wuhan variant across anti-RBD/S protein NAb subclasses. Kp values
compiled from the literature are listed in Table SI-1. Data points corresponding to cases where no dissociation was observed
are shown within the blue shaded area. These data were randomly positioned within the shaded zone to facilitate visual
inspection. The number of K, entries and the proportion of NAbs with high affinity (Kp <1nM) in each subclass are
indicated in the box at the top of the plot.

Based on the compiled affinity data in Figure 9, NAb classes 1 through 3 proved to be the most vulnerable
to Omicron variants, with most members exhibiting significant losses in affinity or even loss of binding
capacity. This sensitivity correlates with the fact that these classes recognize regions of the RBD that have
accumulated the highest number of mutations over the course of viral evolution*®. Changes in hotspot
residues tended to coincide with the loss of critical contacts or, more decisively, with the appearance of steric
clashes. As a trend within these classes, NAbs that matured against the Wuhan variant with Kp, values above
1 nM lost their ability to bind to Omicron variants, whereas those with higher affinity showed a greater
likelihood of remaining active, albeit with decreased affinity. In contrast, classes 4 and 5 displayed notable
resilience to the emergence of new variants, maintaining significant affinity in most cases regardless of their
original binding strength. This behavior aligns with the fact that these classes recognize regions of the RBD
characterized by lower mutational variability throughout the virus’s evolutionary timeline (Figures 6 and 7).

In the case of subclass 1A, out of the 19 NAbs with affinity data available up to the XBB variant, only five
retained binding capacity. Among them, BD55-1205 (Figure 9-(1A)) stands out for maintaining high
affinity even against the JN.1 variant (Kp = 0.69 nM)*. Of the eight RBD hotspot residues that changed
relative to the Wuhan variant, residues 477, 486, and 498 are not contacted by this NAb, while residues 417
and 455 interact only with the backbone. In contrast, residues N501 and Y505, whose sidechains are in
direct contact with the NADb, were substituted in all Omicron variants by Y and H, respectively, still
maintaining favorable interactions with BD55-1205. Residue N460, which originally did not contact the
NAD, was replaced by K starting in variant BQ.1.1, enabling the formation of an additional hydrogen bond,
as revealed by the experimental structure with the RBD of the XBB.1.5 variant. Altogether, these changes
were compatible with the preservation of BD55-1205 as a potent binder, even against recent viral variants.
In contrast, some NAbs, such as COVA2-04, completely lost affinity starting with the first Omicron variant,
partly due to the loss of interactions with key residues, including Y505°. This early loss of recognition
capacity coincided with a relatively low affinity maturation against the Wuhan variant. Notably, COVOX-
158, which had undergone strong affinity maturation against the original strain, entirely lost binding
capacity from variant BA.2.75 onward>". This loss correlates with the emergence of a severe steric clash
caused by the N501Y substitution.

Like subclass 1A, NAbs belonging to subclass 1B largely lost their binding capacity against the more
recent Omicron variants (Figure 9-(1B)). Of the seven NAbs with affinity evolution documented, only three
retained binding ability up to the XBB variant. Notably, these NAbs had undergone strong affinity
maturation against the Wuhan variant, and although their affinity weakened (Kp>1nM) against
Omicron variants, they remained functionally active. One such case is S2K146, which lost its ultrapotent
character starting with the BA.1 variant, mainly due to the Q493R substitution’'. This basic residue is bulky
relative to the available space in the binding site and is positioned near another R, potentially generating
substantial electrostatic repulsion. In the BA.4/5 variant, this change is reverted to Q. However, the F486V
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Figure 9. Evolution of binding affinities across Omicron variants in anti-RBD NAb subclasses. Ky values compiled from the
literature are provided in supplementary Table SI-1. Only measurements corresponding to binding with the isolated RBD are
included. Data points corresponding to no detectable binding and to cases where no dissociation was observed are shown
within gray and blue shaded areas, respectively. These data were randomly positioned within the shaded zones to facilitate
visual inspection.

mutation is introduced simultaneously, resulting in the loss of several hydrophobic contacts. Interestingly,
in the BA.2.75 variant, where the F486V substitution is reverted, S2K146 regained its ultrapotent binding
character. In contrast, the four NAbs that failed to bind to Omicron variants had undergone relatively
modest affinity maturation against the Wuhan strain. One of them, S2H14, lost recognition beginning with
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the BA.1 variant, correlating with the loss of interactions caused by the Q493R substitution'. Additionally,
other mutations at positions that are not hotspot residues for subclass 1B proved even more detrimental to
the NAD’s binding affinity. For instance, the G496S, Q498R, and N501Y substitutions caused severe steric
clashes, as well as the loss of a critical hydrogen bond due to the Y505H replacement.

Of the 19 subclass 2A NAbs tested for binding up to the XBB variant, only two retained detectable affinity
(Figure 9-(2A)). Although DH1042 and S2D106 originally matured as ultrapotent NAbs against the Wuhan
strain, their performance against Omicron subvariants differed markedly”'. DH1042 exhibited a sharp loss
of affinity, including complete binding loss against the BA.2.12, BA.4/5, and BQ.1.1 variants. This decline is
associated with the disruption of an intermolecular hydrophobic patch and a severe steric clash caused by
the substitution of hotspot L452 with larger, polar residues. Although 1452 was restored in the XBB lineage,
binding remained impaired, apparently due to the hotspot F490S mutation, which disrupts the same
hydrophobic interface. In contrast, S2D106 retained its binding capacity up to XBB, despite losing its
ultrapotent character starting with BA.1. This initial decline in affinity appears to stem from electrostatic
repulsion introduced by the hotspot Q493R mutation, which affects interaction with a positively charged
residue in the NAD. Interestingly, aside from this single change, none of the other substitutions in Omicron
variants, whether involving hotspot or non-hotspots residues, significantly perturbed the interaction with
S2D106.

Starting with subclass 2B, the number of NAbs for which affinity evolution has been documented in
response to Omicron variants decreases (Figure 9-(2B)). The region targeted by NAbs in this subclass
corresponds to a semi-cryptic site, which displays lower hotspot variability compared to the subclasses
discussed above. Among the four NAbs evaluated up to at least the BQ.1.1 variant, two lost their binding
capacity, while the others exhibited reduced affinity, with affinity in the nM range. BD-744, initially an
ultrapotent binder, weakened against the BA.1.1 variant, a change that correlated with the R346K substitu-
tion, which eliminates a hydrogen bond due to the shorter side chain®*. Subsequent changes in affinity were
partially, though not entirely, correlated with substitutions at position 452, the most variable hotspot within
this subclass. In contrast to BD-744, FC08 did not initially mature as an ultrapotent binder but temporarily
acquired such affinity against BA.1.1 and BA.3, without any detectable changes at contact residues that
could explain these affinity variations>. However, substitutions at position 452 starting with BA.2.12.1
correlated with shifts in binding strength, including an increase in affinity upon reversion to the original
leucine residue in BA.2.75, highlighting the importance of this hotspot in the affinity evolution of FC08.

Of the three subclass 3A NAbs whose affinity drift has been characterized (Figure 9-(3A)), only XGv289
retained binding capacity against XBB, which exhibited sub-nM strength against the Wuhan variant®'. In
contrast, Ly-COV1404 and REGN10987, which originally displayed low-to-mid nM affinities, lost their
binding ability to the BQ.1.1 and XBB variants, respectively. The weakening of XGv289 against BA.1 and
XBB coincides with the loss of interactions caused by the V445P and R498Q substitutions, respectively,
while maintaining a stability plateau between BA.1 and BQ.1.1, consistent with conservation of the binding
site. Regarding REGN10987, although no mutations in the RBD appear to cause direct steric clashes with
this N'Ab, its affinity progressively declined across the Omicron lineage, eventually resulting in undetectable
binding to BQ.1.1. In this context, the loss of affinity may be attributed to the disruption of the hydrogen
bond coupled to the R436T substitution. Additionally, the K444T mutation leads to the loss of interactions
with residues N44 and Y53 of the heavy chain. In contrast, the loss of binding capacity observed for Ly-
COV1404 against XBB correlates with the introduction of steric clashes by the V445P substitution. These
findings are consistent with previous reports showing that mutations at positions 346, 368, 399, 445, 446,
460, and 486 in Omicron variants compromise the neutralizing activity of several NAbs, including
REG10987 and Ly-COV1404.

Subclass 3B is, to date, the least documented in terms of affinity evolution, despite the availability of 35
NADbs with solved structures in complex with either the isolated RBD or the full S protein. The two NAbs
shown in Figures 9-(3B), which initially exhibited moderate binding affinity against the Wuhan variant,
ultimately lost their binding capacity’'. In the case of C135, this loss coincided with the N440K substitution
found in the BA.1 variant, which introduces significant steric clashes that likely disrupted the interaction
interface. In contrast, 2H04, whose loss of binding emerged only in the BA.2.75 variant, did not exhibit
changes within its epitope, suggesting the involvement of long-range effects that may remodel the epitope’s
conformation.
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NADs from subclasses 4 and 5 clearly emerge as the most resilient among all groups analyzed. They break
the trend observed in previous classes, where the decline in binding strength against Omicron variants
largely depends on the degree of maturation originally achieved against the Wuhan strain. This behavior is
explained by the fact that their epitopes are located in regions of the RBD that are less prone to mutation.

None of the two hotspot residues that vary within the epitopes of subclass 4A seem to significantly affect
the interaction with any of the five NAbs in this subclass documented up to the XBB variant (Figure 9-(4A)).
A noticeable change in affinity is observed in S2X259, where the D405N and R408S substitutions, present
from the BA.2 variant onward, do not seem to significantly affect either the affinity or the molecular
contacts formed®!. In contrast, the S373P substitution, located outside the epitope region, may alter the
orientation of the loop that contains it, affecting the arrangement of adjacent residues and thereby
weakening the intermolecular interaction, which likely accounts for the loss of this NAb’s ultrapotent
character beginning with the BA.1 variant.

In the case of subclass 4B NAbs, H18 and R1-26 lose their binding capacity beginning with the BA.1
variant (Figure 9-(4B))*. This loss appears to be associated with a backbone shift induced by the S373P
substitution (Figure 10). Although residue 373 is not directly involved in interchain contact, the substitution
disrupts interactions involving hotspot residues in the RBD’s a3 helix. In contrast, the four NAbs that
maintain stable binding affinities, characterized by more skewed angles of attack toward a4, are less
susceptible to the effects of the S373P substitution.

Class 5 comprises the NAbs whose binding affinities exhibit the lowest susceptibility to the emergence of
new variants among all RBD-targeting NAbs. Although the number of documented cases remains relatively
low, it is noteworthy that, regardless of their original affinity for the Wuhan variant, none of these NAbs lose
their binding capability. Within each of the two subclasses, a pair of NAbs shows variation in their
interaction strength with the RBD, shifting between potent and super potent binders across the Omicron
variant lineage (Figure 9-(5A,B))*"*>~>’. However, no changes are observed in the interacting residues,
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Figure 10. Comparison of RBD structures from the Wuhan variant (golden, PDB ID 6m0j'® and the Omicron JN.1 variant
(teal, PDB ID 9kud>*), both solved in complex with hACE2. Two main regions of structural variation are evident: (i) the S373P
substitution, fixed in Omicron variants, which repositions helix a; (RMSD 2.0 A) and perturb the interaction with class 4
NAbs, and (ii) the V483 deletion, present since the Omicron BA.2.86 lineage, which rearranges the tip of the loop defined by
the C480-C488 disulfide bond (Wuhan numbering), affecting the interaction zone with subclass 1B and class 2 NAbs.
Excluding these regions, the RMSD between the two structures is 0.9 A. Blue numbers indicate hotspot residues near
structural perturbation regions.
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whether hotspots or non-hotspots, indicating that the observed affinity differences are due to long-range
conformational effects caused by substitutions outside the regions characteristic of subclasses 5A and 5B.

NAb recognition of RBD hotspots partially overlaps with in-silico epitope prediction

To evaluate how well in silico tools predict hotspot residues (frequency >0.6) within RBD variants,
a comparison of the experimentally identified hotspots was performed with in-silico epitope predictions
using the BepiPred- 2.0, —3.0 and the Kolaskar-Tongaonkar computational tools. The analysis assessed both
potentially antigenic residues and those predicted to be recognizable by B cells (Figure 11).

The analyzed RBD sequence comprised residues 330 to 518. B-cell epitope linear prediction by BepiPred-
2.0 identified three antigenic regions: the first is composed of the 357-375 residue range, of which only five
were recognized by NAbs from classes 4A, 4B, and 5B. The second region, spanning residues 431 to 444,
showed an overlap in five residues recognized by NAbs from classes 3A and 3B. The third region, located
between residues 473 and 483, included seven residues recognized by NAbs from subclasses 1A, 1B, 2A, and
2B. In total, 17 of the residues predicted as B-cell epitopes overlapped with NAb-recognized residues,
representing a concordance of 40.5% with the hotspot residues recognized by any of the NAb subclasses
analyzed.

The discontinuous B-cell epitope prediction by BepiPred-3.0 increases the number of identified regions
to 13, recognizing 56 residues at the RBD that are also recognized by NAbs. Particularly, regions from
354-357 recognized by NAbs from subclasses 2B, 5A, and 5B, 369-370 and 374,375 by 4A and 4B, and
regions from 486-493 and 498 to 505 recognized by subclasses 1A, 1B, 2A, and 3B, were well predicted. This
prediction allows identification of 11 of the 14 hotspot residues in the RBS region (Figure 11). Overall,
Bepipred -3.0 predicted 27 amino acids that do not interact with NAbs, and 24 amino acids that are
recognized by NAbs.

Regarding antigenicity, five main regions were identified. The first region, spanning residues 358 to 371,
corresponded with two residues recognized by subclass 4B NAbs. The second region, encompassing
residues 373 to 400, exhibited concordance in 10 residues recognized by subclasses 4A and 4B, as well as
one additional residue recognized by subclasses 5A and 5B. The third region, located between residues 420
and 434, included three residues recognized by subclasses 1A and 5A. The fourth region, comprising
residues 451 to 456, showed recognition of three residues by NAbs from subclasses 2A, 2B, 1A, and 1B. The
fifth region, spanning residues 483 to 495, included 10 residues recognized by subclasses 1A, 1B, 2A, and 2B.
Of the 72 residues predicted as antigenic, 28 hotspots were recognized by the NAbs assessed in this study,
resulting in a prediction accuracy of 38.8%.

Additionally, it is noteworthy that 10 hotspot residues were recognized by one or more NAD subclasses
evaluated in this study, but were not predicted by computational tools. Therefore, of the total 81 hotspot
residues, 88% were successfully predicted by the in-silico analysis. Hotspot residues, such as those at
positions 352, 416, 468, 470, 496, and 518, were not predicted as epitopes by any of the algorithms, despite
being recognized by NAb subclasses 1A, 2B, 5A, and 5B. Upon reviewing the three-dimensional structure,
the spatial proximity of these sites after protein folding suggests the presence of a conformational epitope,
which the program may have failed to detect, an observation that has been reported in other studies®.

It is essential to note that epitope prediction tools are frequently used as filters to direct research toward
regions with higher immunogenic potential’®. However, the complex nature of antigen-Ab recognition
demonstrates that much remains to be elucidated. Consequently, studies comparing in silico projections
with their biological counterparts are essential for the continued improvement of Ab databases and for
advancing the field of antibodyomics.

Discussion

In this study, we analyzed an extensive collection of structural data from anti-SARS-CoV-2 NAbs and Nbs,
focusing on their three-dimensional interactions with the RBD of the S protein. Through detailed contact
mapping, we propose a classification into five major classes and a total of 10 subclasses, which systematically
organizes the interaction patterns according to distinct topographic regions, namely, the peak, the valley,
the mesa, the short and long cliffs, and the inner and outer faces of the RBD. This framework enables the
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Figure 11. Antigenicity and B-cell epitope prediction compared to observed NAb hotspots in the RBD. On the left, the listed
amino acids are either experimentally determined hotspots or have been predicted by at least one of the tested in silico
tools. Check marks indicate experimentally observed NAb hotspots (frequency > 0.6) by subclass, while dashes indicate
absence of residue usage as a hotspot. Residues forming part of the RBS are in red font. Pink and purple highlights indicate
residues predicted as B-cell epitopes using BepiPred-3.0°° and —2.0%%, respectively, while orange highlights represent
antigenic peptide regions predicted with the Kolaskar & Tongaonkar method>. on the right side of the Figure, RBD
structures are shown with predicted and non-predicted regions highlighted in color and gray, respectively, and matching
residues between BepiPred-2.0 and —3.0 shown in violet (top right). Hotspot residues are shown in sticks. Residue numbers
are included as reference.
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identification of key surface features targeted by the humoral immune response. As previously reported,
most NAbs found in the sera from infected or vaccinated individuals are directed toward the apical region of
the RBD. According to our classification, these NAbs group primarily into subclasses 1A, 1B, or 2A.
Notably, subclass 1A NAbs display highly consistent binding features, whereas other subclasses exhibit
greater diversity in binding modes and contact interfaces.

We further compared affinity constants across NAb subclasses from the Wuhan through Omicron
variants, identifying groups that retain high affinity despite the accumulation of viral mutations. Over
time, an increasing number of high-affinity NAbs (Kp < 1 nM) have been reported to target peripheral
regions of the RBD, such as the short and long cliffs. These NAbs, which often recognize cryptic epitopes,
are classified into classes 3, 4, or 5. Our comprehensive analysis of subclass-specific affinity evolution
reinforces the idea that both epitope location and the fitness of molecular contacts critically influence NAb
sensitivity to Omicron variants. Although clear correlations are observed between hotspot substitutions and
affinity losses in many cases, notable exceptions exist where substitutions outside hotspot regions result in
significant weakening of binding. These observations highlight the structural and functional complexity of
NAb-RBD interaction networks, cautioning against interpretations based solely on linear epitope overlap.

The accumulation of mutations during SARS-CoV-2 evolution has introduced important changes in the
RBD, enabling the escape of more recent viral strains. Among these, only two mutations appear to have
a clear impact on its folding pattern: the S373P substitution and the V483 deletion (Figure 10). The S373P
substitution induces a local rearrangement that affects a reduced fraction of class 4 NAbs depending on their
angle of approach, while leaving others largely unaffected. By contrast, structural and affinity data for
subclass 1B and class 2 NAbs recognizing RBDs with the relative recent V483 deletion remain limited.
However, giving binding modes in which V483 and adjacent residues are minimally or not contacted,
a resilient behavior can be anticipated for NAbs such as 7F3 (subclass 1B), S2D106 and XGv282 (subclass
2A), and BD-744 and FCO08 (subclass 2B). These cases illustrate how specific mutations can selectively alter
the binding patterns of NAbs originally elicited against the Wuhan strain, while also underscoring structural
determinants of NAb resilience in the context of viral escape.

One of the earliest systematic efforts to classify anti-RBD NAbs was by Barnes et al.>”, who defined four
major classes based on the NAb’s orientation relative to the RBD. Alternative classification schemes were
also described (e.g., 60). Barnes et al. classified anti-SARS-CoV-2 NAbs into four structural classes: Class 1,
VH3-53-encoded NAbs that block ACE2 and bind only “up” RBDs; Class 2, ACE2-blocking NAbs that bind
both “up” and “down” RBDs and can contact adjacent RBDs; Class 3, NADs that bind outside the ACE2 site
and recognize both RBD conformations; and Class 4, NAbs that do not block ACE2 and bind only “up”
RBDs. Due to its foundational nature and conceptual clarity, this classification became widely adopted, and
many subsequent structural studies integrated newly solved NAbs into the original Barnes classes (Table SI-
12°17%), However, as the number of available structures has expanded, a broader diversity of binding modes
has emerged, many of which do not fully conform to the initial four-class model. This led to the proposal of
new NAbs groups, such as classes 5 and 6°"°>%*%, to accommodate NAbs that target noncanonical or
peripheral regions of the RBD. Despite these refinements, as sum https://ourworldindata.org/covid-deaths
marized in Table SI-12, inconsistencies in NADb classification persist. In some instances, structurally similar
NADbs have been placed in different classes, while NAbs with clearly distinct binding modes have been
grouped together. For instance, the NAbs grouped as class 6 by Rouet et al. and Mazigi et al.°> are found
dispersed across our subclasses 2A, 2B and 5B.

A similar issue arises with alternative classification systems, such as the one proposed by Jiang et al.”’,
who defined 23 epitopic sites on the RBD by segmenting it according to secondary structure elements and
analyzing recognition frequency across a dataset of 340 NAbs and 83 Nbs. Using principal component
analysis, they grouped these NAbs into 33 clusters, each reflecting a different spatial mode of epitope
engagement. However, this level of granularity tends to over-segment NAb groupings. For example, within
our own dataset, we identified 86 NAbs that conform to subclass 1A, all of which display a notably
consistent binding mode. In contrast, the Jiang classification distributes subclass 1A NAbs across 10
different clusters. Furthermore, some of these 10 clusters also include NAbs that, according to our
topological classification, belong to completely different subclasses, highlighting a lack of structural
coherence. Similar mismatches are observed when comparing our classification to other previously pro-
posed schemes (Table SI-13,°7°%7°7*)  underscoring the need for a harmonized, quantitative, and


https://ourworldindata.org/covid-deaths%E2%80%8C

MABS (&) 21

topologically consistent framework that more accurately captures the structural organization of anti-RBD
NADb repertoires.

In our dataset, no Nbs were identified within subclasses 1A or 3A. The majority of Nbs clustered within
subclass 2A, which corresponds to an epitope region that remains permanently solvent-exposed, facilitating
stable binding. Additional Nbs were distributed across classes 2-5, in agreement with their proposed ability
to reach cryptic or recessed sites on the RBD”%”,

Notably, the frequency with which NAbs target specific epitopes does not necessarily correlate with the
extent of somatic hypermutation, yet the Ab repertoire continues to diversify over time. This evolving
pattern of recognition increasingly extends beyond classical immunodominant regions to include cryptic
epitopes, such as the long and short cliffs and the lower portions of the RBD’s inner face. These sites, notable
for their low mutation rates across viral variants, represent attractive targets for therapeutic intervention.
Our structural analysis further revealed that recurrent binding motifs found in human NAbs often diverge
from those predicted by computational models. By mapping hotspot residues and their interactions across
SARS-CoV-2 variants, we identify highly targeted regions on the RBD (Figures 2-7).

Our classification led us to revisit the antigenic landscape of the SARS-CoV-2 S glycoprotein RBD,
identifying key candidate epitopes. Unlike BepiPred -3.0, our topographically driven framework captures
additional epitope sites, preserves structural consistency, and extends existing classifications to encompass
noncanonical epitopes, thereby enabling quantitative interpretation of antibody binding across SARS-CoV
-2 variants. Our analysis revealed antigenic surfaces including the outer face, the long cliff, the valley, the
mesa, and the RBS, thus uncovering antigenic epitopes that are bioinformatically unpredicted, particularly
those exposed in the open conformation of the S protein. Similarly, although the Kolaskar-Tongaonkar
method detects some accessible regions (e.g., the peak, the valley, and the inner face) in the closed state, we
identified critical antigenic regions in cryptic sites such as the short cliff. In the case of Nbs, consistent with
previous studies, our database revealed a relative underrepresentation (~42%) of those recognizing fully
exposed regions (such as those grouped in subclasses 2A and 3A) compared to those binding cryptic or
partially accessible regions of the RBD in the closed or partially closed conformations of the S protein”®. This
biased distribution may be influenced by their unusually long CDR3 loops and compact size, which enable
them to access recessed or otherwise occluded antigenic surfaces that are less accessible to conventional
Abs”%”>. Overall, our findings underscore the need for in-depth studies of epitope—paratope interactions
based on structural data to achieve comprehensive epitope mapping.

Classes 4 and 5 NAbs stand out as promising candidates for therapeutic development because they target
cryptic or poorly accessible epitopes of the RBD that remain largely unaffected by hotspot mutations
accumulated during the evolution of Omicron variants. Together, these NAbs, as well as related Nbs, exhibit
remarkable therapeutic potential and are promising tools for prophylactic strategies, since their activity is
less likely to be compromised by viral evolution.

Our topologically driven framework, grounded in a hotspot basis, preserves structural consis-
tency, integrates prior classifications, and extends them to include new NAbs targeting noncano-
nical or peripheral epitopes. By emphasizing the correspondence between epitope topology and
hotspot residues, this approach provides a clearer and less ambiguous grouping of NAbs. It further
allows for the systematic interpretation of functional features, such as competition or non-
competition with hACE2, binding to RBD in the up and/or down states, and correlation with
regions of higher or lower sequence variability. Importantly, it also enables the quantitative
evaluation of binding tolerance across SARS-CoV-2 variants, from Wuhan to Omicron, highlighting
subclasses that retain high-affinity interactions despite accumulating mutations. By unifying pre-
vious schemes, rationalizing differential neutralization, and delineating functionally relevant epi-
topes, our classification delivers a practical, harmonized, and structurally coherent strategy for
interpreting NAD repertoires and guiding therapeutic and vaccine design against current and future
SARS-CoV-2 variants.

Concluding remarks

There is a growing global interest in understanding the immune response to SARS-CoV-2, which
has led to significant advances in our knowledge of B and T cell adaptation following infection or
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vaccination. These advances have deepened our understanding of how NAb production and inter-
action with the virus’s key target, the RBD, are regulated. Such understanding has proven valuable
for the development of preventive and therapeutic strategies against Sarbecovirus. However,
a systematic and well-defined classification of NAbs that recognize the RBD of the SARS-CoV-2
S protein is essential for the design of more precise and robust neutralization strategies, particularly
in the face of emerging variants with potential global health impact. Structural categorization of
NAbs not only highlights vulnerable regions of the virus, but also allows for the anticipation of viral
escape mechanisms and supports the rational development of vaccines and monoclonal NAb
therapies.
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