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1 Introduction

The coronavirus disease (COVID-19) pandemic, caused by the
betacoronavirus severe acute respiratory coronavirus 2
(SARS-CoV-2), has resulted in millions of infections and deaths
worldwide . SARS-CoV-2 encodes four structural proteins,
including the trimeric spike (S) glycoprotein, which facilitates
virus  entry  through recognition of the human
angiotensin-converting enzyme 2 (hACE2) 2. Each S monomer is
composed of an N-terminal S1, responsible for receptor binding,
and a C-terminal S2 subunit, which drives membrane fusion 3.
Within S1, the receptor-binding domain (RBD; residue range
R319-F541) sits at the apex of the trimer and contains the
receptor-binding motif (RBM) comprising residues S438-Q506,
which directly engages hACE2 **.

The RBD is a primary target of human neutralizing antibodies
(Abs) and engineered nanobodies (Nbs) because of its crucial
role in host recognition . Mutations within the RBM have been
key drivers in the emergence of SARS-CoV-2 variants of concern
(VOCs), leading to increased transmissibility and immune

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CP00556J
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The receptor-binding domain (RBD) of the SARS-CoV-2 spike protein is the
main target of neutralizing antibodies (Abs) and nanobodies (Nbs). Although
their binding affinities are well characterized, their mechanical stability
under force remains poorly understood, despite its relevance in viral
attachment, immune recognition, and receptor engagement. Here, we
present a comparative nanomechanical analysis of three Abs (PDI-231,
$2X259, and R1-32) and three Nbs (R14, C1, and n3113.1) bound to the RBD
from the WT and Omicron variants BA.4 and JN.1. Using steered molecular
dynamics within the Martini 3 coarse-grained framework, we identified
distinct mechanical signatures determined by epitope topology, binding
architecture, and variant-specific mutations. Ab/RBD complexes display
asymmetric rupture events in which the heavy chain serves as the main
pathway for force transmission, while the light chain provides secondary
reinforcement. The cooperative action of both chains enhances mechanical
resilience, supporting rupture forces near 500 pN. In contrast, Nb/RBD
complexes exhibit rigid-body dissociation with direct force transmission
through compact single-domain scaffolds and minimal structural
deformation. Variant-dependent unfolding of RBD regions, particularly
residues 438-507 and 516-529, appears as a recurrent fracture motif
contributing to adaptive mechanical response. These results establish
mechanical stability as a key descriptor of immune complex robustness,
complementing thermodynamic affinity. By linking architecture, epitope
geometry, and force propagation, this study provides a quantitative
framework for designing antibodies and nanobodies with improved
mechanical resilience against viral evolution.

evasion "%, For example, the N501Y mutation, present in the
Alpha and Omicron variants, enhances the binding affinity to
hACE2, while the E484K and L452R, found in Beta, Gamma, and
Delta, reduce the neutralization efficiency of therapeutic Abs °.
These mutations pose a persistent threat to the clinical efficacy
of current therapeutic treatments.

Beyond its clinical relevance, the SARS-CoV-2 RBD provides an
ideal model system for method development in protein—protein
interaction studies. The RBD/hACE2 interaction is one of the
most extensively characterized interfaces in structural biology,
with dozens of high-resolution structures resolved by X-ray
crystallography and cryo-electron microscopy, covering multiple
viral lineages and conformational states >,

Because viral entry begins with this molecular recognition step,
the biophysical properties of the RBD/hACE2 interaction under
mechanical stress are key to understanding infectivity and
immune escape. Traditional affinity and neutralization data
provide thermodynamic insights but do not fully capture the
mechanical properties, which may be relevant in physiological
and therapeutic contexts . During infection, forces such as fluid
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shear stress, tissue deformation, and intracellular crowding act
on viral and host components . Therefore, the mechanical
stability of the RBD in complex with hACE2 or neutralizing agents
has direct implications for viral attachment, immune evasion,
and therapeutic resistance.

Recent studies using single-molecule force spectroscopy (SMFS)
and molecular dynamics (MD) simulations have shown that the
mechanical stability of RBD/hACE2 complexes varies across
SARS-CoV-2 variants ’. Notably, variants such as Alpha, Beta, and
Omicron exhibit increased force resistance at the RBD/hACE2
interface, consistent with enhanced binding affinity and
transmissibility. However, while the nanomechanics of hACE2
complexes have been extensively studied, the nanomechanical
properties of SARS-CoV-2 RBD binding neutralizing Abs and Nbs
remain largely unexplored 7%,

Abs and Nbs differ in their size, structure, and binding
mechanisms. Conventional Abs are bivalent ~150 kDa molecules
composed of heavy (H) and light (L) chains, while Nbs are an
order of magnitude smaller single-domain proteins derived from
camelid heavy-chain-only Abs '*%°. These structural differences
influence not only epitope accessibility but also the distribution
and transmission of mechanical forces during complex
dissociation. Understanding how these biomolecules behave
under force is essential for designing more robust therapeutics.
Particularly, Nbs have attracted attention for their favorable
biophysical properties, including high solubility, thermal stability,
and the ability to bind cryptic epitopes on viral proteins %.
Several Nbs have shown potent neutralization against
SARS-CoV-2. Among these, the llama-derived Nb H11-H4 binds a
conserved epitope on the RBD with nanomolar affinity and has
been shown to block viral entry in vitro 2.

Although SMFS provides valuable insights into rupture forces of
Abs or Nb-antigen complexes %, it cannot fully resolve the
molecular determinants governing these events. Protein
complexes experience mechanical stress in vivo due to
respiratory flow, receptor-mediated endocytosis, blood flow, etc.
1423 Such forces can induce partial unbinding and select for
mechanically resilient binders, influencing neutralization efficacy
724 SMD thus provides a controlled framework to mimic these
tensile conditions and quantify the intrinsic stability of antibody
and nanobody interfaces under load. To address these
limitations, we employed the GOMartini 3 %, a methodology that
combines the Martini 3 force field ?® with a structure-based
model %, In this framework, contacts are defined based on an
optimised protein contact map that considers the overlap (OV)
of the van der Waals radii and the repulsive contacts of
structural units (rCSU) between heavy atoms . GGMartini 3
enables accurate mechanical characterization of large
biomolecular complexes at reduced computational cost while
allowing for slower and more realistic pulling velocities *%,
Unlike traditional CG models that rely on harmonic restraints,
GOMartini 3 preserves the tertiary and quaternary structures of
proteins and permits large-scale conformational changes .

In this study, we performed a comparative nanomechanical
analysis of six RBD complexes comprising three Abs and three
Nbs, each binding a distinct region of the RBD (Figure 1). We
selected systems with available experimental structures and
modeled two SARS-CoV-2 Omicron variants, BA.4 and JN.1, to
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assess the effects of mutations on mechanical behavier, Each
complex was first relaxed using AA-MDGimulatiorscand otien
subjected to CG-SMD simulations using GOMartini 3. In addition
to intact Abs, we designed single-chain systems in which either
the H or L chain was bound alone to the RBD, enabling us to
probe the individual contributions of each chain to force
transmission. By analyzing the rupture of contacts under force,
we compared the nanomechanical resilience of Ab- and
Nb-bound RBD complexes, and dissected how cooperative
versus individual chain contributions shape their response. Our
findings reveal how structural architecture and binding
orientation govern the nanomechanical stability of these
immune complexes, offering insights for the rational design of
therapeutics with enhanced mechanical robustness.

Ab: PDI-231

Figure 1. Structural overview of Ab and Nb recognition of the
SARS-CoV-2 RBD. A) Domain organization of a conventional Ab
(top) comprising the L chain (variable region (VL), and constant
region (CL), shown in blue) and the H chain (variable region (VH),
and first constant domain (CH1), shown in orange), and the
bottom shows the single-domain variable region of a
heavy-chain-only Ab (Nb, shown in red). B) Representative
binding footprints of Abs (PDI-231, R1-32, S2X259) and Nbs (R14,
C1, n3113.1) on the RBD (cartoon in black, surface
representation in gray). Epitope regions targeted by each Ab and
Nb are highlighted on the RBD surface in orange and green. The
two panels show the RBD rotated by 180° to visualize binding
epitopes from opposite orientations. The RBM region is
highlighted in black color.

2 Methods

2.1 Molecular modeling

We first generated complete structural models of Ab and Nb
complexes with the SARS-CoV-2 RBD, which served as an input
for subsequent relaxation and nanomechanical analysis. Six
representative complexes were selected to cover distinct

This journal is © The Royal Society of Chemistry 20xx
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epitopic regions of the RBD ¥. These included three Abs, PDI-231
(PDB ID: 7MZN; class 1A)*, S2X259 (PDB ID: 7M7W; class 4A)*,
and R1-32 (PDB ID: 7YDI; class 4B)*, and three Nbs, R14 (PDB ID:
7WD1; class 2A)®, C1 (PDB ID: 70AP; class 3A)*, and n3113.1
(PDB ID: 7VNE; class 5B)*. Together, these systems span all
major RBD topological zones, from ACE2-competitive epitopes to
cryptic and conserved regions associated with cross-variant
recognition ». Missing residues in 7M7W (residues 141-147)
were modeled using Modeller v10.5 *. In the 7YDI structure,
hACE2 was removed, while for 7VNE, only the RBD/Nb portion
was retained. To avoid artificial termini charges, the N- and
C-termini of the RBD, H and L chains, and Nb (where needed)
were capped with acetyl and methylamide groups, respectively.
Additionally, BA.4 and JN.1 SARS-CoV-2 Omicron variants were
modeled using the WT RBD as a template, incorporating the
corresponding mutations via Modeller while preserving the
original Ab or Nb binding geometry. Table 1 summarizes the
structural and binding features of Ab and Nb targeting the WT
RBD. A full list of protein contacts for all complexes is provided in
Supplementary Tables S2-57.

2.2 AA-MD simulations

AA-MD simulations were then performed to relax each complex
and to obtain equilibrated structures suitable for CG modeling
within the GOMartini 3 framework. These simulations were
carried out using the AMBER 24 software package with the
ff19SB force field **. Simulations were run with the
GPU-accelerated pmemd.cuda engine *. Initial energy
minimization in a vacuum was performed for each complex to
eliminate steric clashes, particularly around mutated residues
introduced during modeling. The protonation state of titratable
residues was assigned at pH 7.4 using PDBFixer®.

Each minimized complex was solvated in a dodecahedral box of
explicit water molecules using the four-site OPC water model *,
with a minimum distance of 10 A between any protein atom and
the box edge. System neutrality was achieved by adding Cl-
counterions, with the number of ions adjusted based on the net
charge of each system. The number of ions added ranged from 2
to 12, depending on the SARS-CoV-2 variant (i.e., WT, BA.4, and
IN.1).

Following solvation, systems underwent 5,000 steps of energy
minimization using the steepest descent algorithm to resolve
unfavorable contacts and to allow for solvent relaxation.
Temperature equilibration was performed under constant
volume (NVT) conditions by incrementally increasing the
temperature from 150 K to 310 K in five 200-ps steps. During this
phase, harmonic position restraints were applied to protein
heavy atoms, with spring constants progressively reduced from 5
to 1 kcal mol™ A2 to permit gradual relaxation of the protein
backbone and side chains. This was followed by a 1 ns
unrestrained equilibration at 310 K under constant pressure
(NPT) conditions.

Production simulations were conducted in the NPT ensemble
using periodic boundary conditions. Long-range electrostatics
were treated with the particle mesh Ewald method, employing a
grid spacing of 1 A. Short-range interactions were modeled using
a Lennard-Jones (LJ) potential with a 9 A cutoff ****, Temperature
was regulated using Langevin dynamics with a collision
frequency of 4 ps™*, while pressure was maintained at 1 bar

This journal is © The Royal Society of Chemistry 20xx
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using the Monte Carlo barostat with a relaxation tjme.of 2 Bﬁfnsé
Covalent bonds involving hydrogen atofis1Wwer®/ censtvairied
using the SHAKE algorithm “¢, and hydrogen mass repartitioning
was applied using ParmEd *, allowing the use of a 4 fs
integration time step®. Each system was simulated for 500 ns. All
complexes remained structurally stable throughout the
simulations.

2.3 Contact map determination

To identify high-frequency contacts (Olivos-Ramirez et al. 2025)
at the interface of each complex from AA-MD simulations, we
analyzed the atomistic MD trajectories of Ab or Nb/RBD systems.
Each system was simulated for 500 nanoseconds, and contacts
were calculated every 1 nanosecond using a Python script

(https://github.com/GoMartini3-tools/ContactFreq). This script

uses the executable version of the Go Contact Map from the
server (http://pomalab.ippt.pan.pl/GoContactMap/) which is
also available at https://zenodo.org/records/3817447 and
https://github.com/Martini-Force-Field-Initiative/GoMartini/tree

/main/ContactMapGenerator.

We considered both the van der Waals (vdW) radii overlap (OV)
and repulsive chemical structural units (rCSU) contact map
methods 2**°. The OV contact map method is a purely geometric
criterion that identifies interactions based on the spatial overlap
of vdW spheres centered on heavy atoms. To incorporate
attractive contributions, each vdW radius is scaled by a factor of
1.24. A contact is defined when spheres from two residues,
separated by at least four positions in the sequence, overlap.
This approach has been widely used to identify stabilizing
interactions relevant for folding and mechanical unfolding of
protein domains %!, The rCSU method complements the OV
approach by integrating chemical specificity and electrostatics. It
considers both attractive and repulsive interactions and classifies
residues as hydrophobic, hydrophilic, aromatic, or ionic. A
contact is considered valid when the number of attractive
interactions exceeds the number of repulsive ones. Each atom is
represented as a sphere, and its surface is sampled using a
Fibonacci grid, which ensures a uniform and unbiased
distribution of points. Only high-frequency contacts, defined as
those present in more than 70 percent of the frames, were
retained. The frame containing the largest number of contacts
was selected for CG modeling using the GOMartini 3 framework
(Tables S2-57).

2.4 CG-MD simulations

CG models for Ab and Nb complexes were prepared using the
Martini 3 force field % and the martinize2 tool *2. Secondary
structure definitions were assigned using DSSP v3.0 *3. We
applied the GOoMartini 3 approach %, which incorporates a
Lennard-Jones potential between virtual sites derived from the
high-frequency contact map **. The depth of the LJ potential for
contact pairs was set to 15 kJ mol™ ****, The CG structures were
initially minimized in a vacuum during 5000 steps using the
steepest descent algorithm. Subsequently, the complexes were
solvated in a 2 x 2 x 2 nm?® box with the standard Martini water
model. Sodium and chloride ions were added to neutralize each
system and to achieve a physiological strength of 0.15 M.
Positional restraints were imposed on the BB beads of each
protein to prevent drifting during the equilibration phases. Both
the NVT and NPT equilibrations, along with the production
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phase, utilized the V-rescale thermostat >>. The temperature
coupling time constant was set at 1.0 ps for both protein and
solvent components of the system, keeping the temperature at
300 K. The NVT equilibration was run for 2 ns, with an
integration time of 20 fs. During the NPT equilibration and
production, an isotropic pressure coupling was used with a
compressibility set at 10™ bar™* and 1 bar pressure. The NPT
equilibration was run for 5 ns using the C-rescale barostat® with
a pressure coupling time constant of 12 ps and an integration
time of 10 fs. For the production phase, the C-rescale barostat
was used, with a pressure coupling time constant of 15 ps. The
cutoff distances for Coulomb and van der Waals (vdW)
interactions were set at 1.2 nm across all equilibration and
production phases. The equilibrium simulations were conducted
over 2 microseconds, with a time step of 20 fs. A total of 5
independent replicas were conducted for each system using
GROMACS 2023.5 %,

We monitored interfacial contact frequency over 2 s
equilibrium simulations (Figures S16-S19). All RBD/Ab and
RBD/Nb complexes preserved their characteristic binding
interfaces, with contacts maintained with high frequency
throughout the trajectories. While some variant-specific
contacts showed moderate fluctuations, the dominant
interaction networks remained stable across replicas. These
results indicate that the GOMartini parametrization reliably
sustains the binding modes of the complexes under equilibrium
conditions, providing robust starting points for the
nanomechanical pulling simulations.

2.5 CG-SMD simulations

Systems were prepared as stated in the previous subsection. All
CG systems were initially energy-minimized in vacuum for 5,000
steps using the steepest descent algorithm. To accommodate the
pulling geometry, complexes with conventional Abs were
solvated in a 10 x 10 x 100 nm?® water box, and RBD/Nb
complexes in a 10 x 10 x 80 nm® box. Minimization and
equilibration cycles matched those described above. Production
runs used the same barostat with a 8 ps coupling time and a 20
fs integration time step. The cutoff for both Coulombic and van
der Waals interactions was set to 1.2 nm throughout all stages.

SMD simulations were carried out for 2.5-3.0 us per replica.
Directional constraints were applied to mimic mechanical
dissociation. The heavy atoms of the last three residues at the
RBD C-terminus were restrained along the pulling axis (z), while
the last three residues of the Nb or the Ab H or L chain were
fixed in the x- and y. The pulling force was applied to the center
of mass of the selected terminus using a constant velocity of 1 x
10®° nm ps™ and a harmonic spring constant of 37.6 kJ mol™ nm™.
For conventional Abs, two separate pulling sets were defined: i)
pulling from the H chain, and ii) pulling from the L chain. A total
of 50 independent replicas were performed for each
configuration using GROMACS 2023.5 7.

Single-chain antibody systems were derived from the same
equilibrated starting structures used for the full complexes by

deleting either the H or the L chain before system preparation
(see above). All other settings were identical to the full-complex
protocol. These reduced systems enabled us to isolate and

4 | J. Name., 2012, 00, 1-3

evaluate the individual contributions of each chain tg the pverall
mechanical response. DOI: 10.1039/D6CP00556J

To evaluate the dynamic stability of protein—protein interfaces
during CG pulling simulations, we systematically monitored the
rupture of contacts throughout each trajectory. The analysis was
based on an effective representation of atoms as enlarged vdW
spheres, which better approximate the spatial extent of atoms
by accounting for the influence of their electron clouds. Contact
pairs were defined according to the interaction list specified in
the GOMartini framework. For each contact, a specific 0 value
was assigned, corresponding to the distance at which the LJ
potential equals zero. The position of the potential energy
minimum (R,;,) was then calculated as 0 multiplied by 2*. During
the simulations, we computed the distance between the BB
beads of each contact pair at every frame and compared it to a
scaled threshold, set to 1.3 times R, following previous
GOMartini studies . A contact was considered intact if the
BB-BB distance was less than or equal to this threshold;
otherwise, it was classified as broken.

3 Results & discussion

3.1. Molecular Basis of Ab—RBD Interactions

To investigate the determinants of stability in the RBD/PDI-231
complexes, we analyzed the interfacial contacts across
SARS-CoV-2 RBD variants. The H chain comprises a variable
domain (VH, residues 1-124) and a constant domain (CH1,
residues 133-228), while the L chain consists of a variable
domain (VL, residues 1-112) and a constant domain (CL,
residues 121-217)*. The interface is mainly formed by VH and
CH1 from the H chain and the VL domain from the L chain. A
persistent network of hydrophobic, polar, and aromatic
interactions stabilizes the complex K378 from the RBD
interacting with Y102, Y103, and W105 from VH through
cation—TT interactions, and Y380 forming hydrophobic contacts
with N101 and Y102. CH1 contributes polar contacts with RBD
residues D405 and G502 via CL residues. A conserved RBD
segment (residues 515-529) engages both VH and VL, creating a
hydrophobic core (F490, Y489, and A475) that persists in BA.4
and JN.1. In contrast, ionic interactions such as K458—E50 and
R457-D52 observed in the WT complex are lost in Omicron
variants due to mutations such as K417N and E484A. Despite
these changes, CL-mediated interactions (e.g., Y103 and Y52
with Y421 and G485) remain conserved, highlighting the
stabilizing role of the L chain (Table S2).

Analysis of the WT/S2X259 complex revealed a predominantly
hydrophobic interface centered on VH residues (residues 1-124),
where A375, C379, S375, and F377 form frequent contacts with
RBD residues Y505, F456, and G476. These interactions are
localized within the complementarity-determining regions
(CDRs), particularly CDR1_H (residues 25—33), CDR2_H (residues

52-58), and CDR3_H (residues 100-112), forming a compact,
structurally resilient hydrophobic core 3. In contrast to PDI-231,
S2X259 establishes few ionic interactions; the K378-Y505 and

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Structural and binding parameters of the selected Abs targeting the SARS-CoV-2 RBD. For each protein ca@(?,‘tﬂ%']r?agr?‘(af&m?%é
ID, and RBD residues making contacts with the WT are listed. Experimental dissociation constant (K,) parameters considering different
variants are reported. Residues in bold are part of the RBM region.

Ab PDI-231 (PDB ID: 7MZN) S$2X259 (PDB ID: 7M7W) R1-32 (PDB ID: 7YDI)
Variant WT BA.4 IN.1 WT BA.4 JN.1 WT BA.4 IN.1
T415 * * Y369 - - G325 - -
K417 N417 N417 N370 - - A326 - -
g
. é D420 * * S371 - - Y328 - -
s O
< B
3 ‘8 R457 * * A372 * * R346 * -
5 g
=)
’; o K458 * * F374 * * S390 * -
N ™
o < W
N S au
S B = S459 * * S375 F375 F375 S393 * -
® 2 =2
==
O < z N460 * * T376 - - K462 - *
B2 [
g E
2 E = Q474 * * F377 * * P463 - *
2 Q =
o O =]
N o * * * *
. > ] A475 K378 E465 - *
©
N 'g m
Q& =S
(@)
S = G476 * * C379 * * R466 * *
o]
=Z
S 5 E484 - - Y380 * * D467 * *
5 8
38 G485 * * V382 * * 1468 * *
Kl
é: % N487 * * S383 * * S$469 * *
o5
]
£ 2 cass * * P384 * * T470 _ *
<+
g Y489 * * T385 * * E471 * *
<
é - - E493 D405 - - F490 * -
@]
"E" Y421 * * R408 - -
=
G502 * * G502 * -
Y505 H505 H505 V503 * *
G504 * -
Q506 * -
0.83++32
Ko app. 0.38%+30 <0.1*** 0.715++32
(nM) 52'6f+59 10c++32
ND refers to no dissociation. *Same contact -Missing contact
*WT ‘Beta *Surface plasmon resonance (SPR)
®Alpha 9Omicron BA.4/5 **Bio-layer interferometry (BLI)
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K378-G476 pairs observed in the WT complex are lost in the
BA.4 and JN.1, reducing electrostatic complementarity.
Nonetheless, the BA.4 preserves key hydrophobic interactions
such as S375-Y505 and C379-F456, maintaining an overall
similar interface. In JN.1, interfacial contacts decrease
substantially, especially those involving the CL domain (residues
121-217), which are fully lost. Despite this reduction, conserved
interactions between VH and RBD (A375-Y505 and F377-F456)
maintain partial interfacial stability. These observations indicate
that S2X259 primarily relies on VH-mediated hydrophobic
contacts for RBD recognition, with minimal contribution from CL
in the Omicron variants (Tables 1 and S2).

The H chain of R1-32 comprises a VH domain (residues 1-122)
and a CH1 domain (residues 131-228), while the L chain
contains a VL domain (residues 1-110) and a CL domain
(residues 119-214)*2. In the WT complex, binding is dominated
by VH-mediated hydrophobic contacts within CDR1 and CDR2
(E484-Y102, FA86-Y52, FA486-Y103, and Y489-Y52), forming a
stable hydrophobic core reinforced by polar interactions such as
D467-Y102 and E465-Y105. The CH1 domain contributes
marginally through residues S409 and T470. In BA.4 and JN.1,
these key VH contacts are preserved, but multiple CH1- and
CL-mediated interactions (5409, T470, S390) are lost, reducing
peripheral stabilization. The L chain contributes fewer contacts
overall, with S390-K528 unique to WT. Variant-specific
electrostatic interactions, including K356-S391 and N354-S391
in BA.4, and N354-5391 in JN.1, appear to compensate partially
for the loss of hydrophobic contacts. Overall, R1-32 maintains
binding primarily through conserved VH hydrophobic contacts,
while Omicron mutations remodel secondary interactions at CH1
and CL.

3.2. Molecular Basis of Nb—RBD Interactions

R14 engages the RBM through a compact interface dominated
by hydrophobic and aromatic contacts, mainly involving F490 of
the RBD, which contacts Y104, Y109, and T102 of the Nb) and
Y449, which interacts with A101, Y103, and Y31 of the Nb)®.
Polar stabilization is provided by the Q493-T102 contact. In the
WT complex, F486 contributes multiple hydrophobic interactions
that are lost in BA.4 and JN.1, reducing interfacial packing. JN.1
exhibits the lowest number of total contacts, consistent with a
more disrupted interface. Compared with PDI-231, which
exhibits a mixed network of hydrophobic, polar, and ionic
interactions such as K458—E50 and R457-D52 in WT, R14 relies
primarily on a localized hydrophobic and aromatic core. This
contact profile likely explains its reduced affinity for Omicron
BA.4 (K, = 43.3 nM) relative to WT, where no dissociation was
detected.

The C1 binding surface partially overlaps the $2X259 epitope **.
In the WT complex, recurrent interactions include
K378-A102/D105/F101/G103, F377-G103, G381-F31, and
hydrophobic pairs Y380-F101 and V382-F31. These are
supported by a polar cluster involving $S383 (with S54 and T106)
and R408-5109. Most contacts are preserved in BA.4, which also
introduces new ionic pairs such as K378-D105 and K378—R104.
In JN.1, the interface remains centered on hydrophobic anchors

6 | J. Name., 2012, 00, 1-3

Y380-F101 and V382-F31. Compared with S2X259, whase
hydrophobic core involves F486, Y489, anxu: Ad753Chatairttainsg
its key hydrophobic interactions across variants and
compensates for the loss of polar or ionic contacts by
reorganizing interactions around K378.

n3113.1 forms a compact interface centered on a hydrophobic
pocket where A348 and A352 of the RBD contact A100 of the
Nb, together with 1468-Y32 and the conserved Y449-W47 pair
%, These interactions are complemented by a polar network
involving R346-D106 and residues around N354 and T345,
whose specific pairs vary between variants. In WT, N354-5101
and T345-S103 are observed, whereas BA.4 retains T345-5103
but loses N354 contacts. In JN.1, N354 interacts with S101 or
T104, and a new T356-T104 contact appears. The number of
total contacts decreases in BA.4 (n=17) but partially recovers in
JN.1 (n=23) due to new polar contacts such as N354-S101/T104
and T356-T104 and D450-W47. Compared with R-32, which
features a broader interface dominated by VH contacts to E484,
F486, and Y489 with additional CH1 and CL contributions,
n3113.1 maintains a smaller but cohesive hydrophobic core that
persists across variants.

Overall, the Abs and Nbs examined displayed distinct strategies
for RBD recognition, ranging from broad, mixed
hydrophobic—polar interfaces (PDI-231, R1-32) to more localized
hydrophobic/aromatic cores (R14, C1, n3113.1). Omicron BA.4
and JN.1 disrupt several ionic and peripheral contacts,
particularly in constant-domain and light-chain regions, while
core VH or Nb—RBD hydrophobic contacts are generally
preserved. R14 and S2X259 showed marked contact loss in JN.1,
consistent with reduced affinity, whereas C1 and n3113.1
compensate through alternative polar or ionic interactions.
These patterns highlight both the vulnerability of certain
epitopes to variant mutations and the capacity of others to
adapt via contact reorganization.

3.3 Nanomechanics of Ab/RBD complexes.

The binding affinity of Abs has been extensively characterized .
More recently, we demonstrate the inherent mechanical stability
present in potent neutralizing Nbs across different SARS-CoV-2
variants *°, but the relative contribution of the H and L chains to
mechanical stability remains poorly understood. To address this
gap, we employed SMD simulations to probe the Ab response
under force by applying constant-velocity pulling either from the
C-terminus of the H chain or from the L chain in independent
simulations.  This setup allowed us to  monitor
force-displacement profiles, identify dissociation pathways, and
assess the stabilizing role of inter-chain contacts during
mechanical stress.

3.3.1 PDI-231/RBD complex

Both PDI-231 and R14 are hACE2-competing binders that
neutralize SARS-CoV-2 by blocking spike-receptor recognition.
PDI-231 is a monoclonal Ab that binds directly to the RBM of the
RBD, overlapping with the hACE2 binding site *. It exhibits high
affinity for the WT variant (K, = 0.38 nM) and retains neutralizing
activity against multiple variants, including those carrying N501Y,
E484K, and K417N *. Due to its epitope location, PDI-231 can
bind only to the RBD in the up conformation **. Mechanical
dissociation was first analyzed for the WT complex using 50

This journal is © The Royal Society of Chemistry 20xx
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independent CG-SMD simulations (Figure 2A). Pulling the H
chain produced two distinct dissociation behaviors. In most
trajectories, the force—displacement profile displayed a single
major peak (Figure 2A), indicating rigid-body dissociation where
both Ab chains (H in red and L in blue) and the RBD (black)
remained folded from the point of maximum force until full
dissociation. In approximately 28% of trajectories, partial
unfolding of the H chain C-terminal region (residues V207-D226)
preceded dissociation, while the RBD retained its structural
integrity (Figure S1A). Across all CG-SMD trajectories, the H
chain was consistently the last component to dissociate.

When SMD pulling was applied to the L chain (Figure S5A),
dissociation also followed a rigid-body mechanism. In this case,
unfolding of RBD residues A522—-H530 was frequently observed
(Figure S1B), reflecting the weaker load-bearing capacity of the
L chain. The H chain absorbed most of the force, reducing
deformation of the RBD, whereas L-chain pulling transmitted
stress more directly, promoting local unfolding (A522-H530
segment).

- B

-

0 5 10 15 20 25 30
D (nm)

Figure 2. Mechanical response of Ab/RBD WT complexes under
constant-velocity pulling from the H chain. Force—displacement
profiles are shown for (A) PDI-231, (B) S2X259, and (C) R1-32
(gray traces, mean in color). Insets display representative
structures at the maximum force (F,., left arrow) and after
dissociation (right arrow). Error bars denote standard deviations
across 50 independent trajectories.

Analysis of inter-chain contacts of PDI-231 in the WT complex
(Figure S12 and Table S2) revealed that $114-5S141, located in the
constant domains, was the first contact to rupture under force.
Additional CH1-CL pairs such as F118-L133, T164-F175,
$162-P176, and V163-P176 also ruptured early, indicating that
the CH1-CL interface detaches readily regardless of the pulled
chain.

For the BA.4 variant, pulling from either chain led predominantly
to rigid-body dissociation. The L chain consistently detached
before the H chain (Figures S2A, S6A and S8A). Limited unfolding
of the H-chain C-terminal residues (1204-D226, K215-D226) was
occasionally observed prior to rupture. Pulling from the L chain
again yielded rigid-body separation, with rare unfolding events

This journal is © The Royal Society of Chemistry 20xx
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in the L-chain C-terminal region (residues E195-C214) in 4% of
the trajectories (Figure S2C). Compared 10witbp/MgT,PsEsFEd
inter-chain contacts in CH1 and CL (T192-N137, V178-Q160,
P176-S162, P176-V163, F175-S162, F175-V163, F175-T164)
exhibited lower mechanical stability, while A146-F116,
P135-F118, and A134-F118 were slightly weakened (Table S9,
Figure S12).

In the JN.1 complex, two dissociation modes were observed. The
dominant mode showed a single peak and was consistent with
rigid-body dissociation, while a minority displayed partial
unfolding of the Ab constant regions (Figures 3A/B, and $12).
The L chain detached first in all cases, followed by the H chain.
When the L chain was pulled, unfolding occurred between Q200
and E216 before detachment. The L133-F118 contact was the
most mechanically affected under either pulling condition,
together with F175-S162, P176-V163, F175-T164, and A146-F116
for H-chain pulling, and P132-S121, F131-5121, F131-E123, and
F131-Q124 for L-chain pulling.

3.3.2 S2X259/RBD complex

S2X259 is a broadly neutralizing Ab with exceptional affinity for
the SARS-CoV-2 WT variant, (K, < 0.1 nM)**®, It retains potent
neutralizing activity across multiple variants of concern,
including Omicron (K, 1-86 nM), and also neutralized several
zoonotic sarbecoviruses %%l S$2X259 recognizes a cryptic,
structurally conserved RBD epitope (Y369-K386, G404-A411,
and P499-Y508) that becomes accessible only in the open spike
conformation. Although it does not directly contact the RBM,
$2X259 sterically blocks hACE2 binding *® (Table S9).

A 1000

800 %@% B %&%

0 5 10 15 20 25 30
D (nm)

Figure 3. Mechanical response of Ab/RBD JN.1 complexes
under constant-velocity pulling from the H chain.
Force—displacement profiles are shown for (A) PDI-231, (B)
S$2X259, and (C) R1-32 (gray traces, mean in color). Insets display
representative structures at the maximum force (F,.,,, left arrow)
and after dissociation (right arrow).

In the WT complex, pulling from the H chain mostly produced a
single force peak (Figure 2B). The RBD unfolded locally in
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residues P521-K529 before H-chain dissociation, followed by
L-chain dissociation. In some trajectories, partial unfolding of the
H chain (N208-S226) occurred before dissociation, although the
H chain still detached first. When pulling from the L chain,
dissociation also began with RBD unfolding at A522-H530, often
accompanied by limited L-chain unfolding between Q200-E216.
(Figures S1C and S13).

In the BA.4 complex, pulling from the H chain consistently led to
RBD unfolding in A520-5529, after which the H chain dissociated
first (Figure S6). Most trajectories displayed rigid-body
dissociation, though 10% exhibited unfolding within VH
(V122-T146) or CH1 (H211-5226) prior to dissociation. Pulling
from the L chain induced a stepwise unfolding, with sequential
extension of residues Q200-E216 and L112-K135 before
detachment (Figure S5B). In these cases, the H chain remained
bound, suggesting asymmetric force propagation through the
complex. The JN.1 complex displayed the most heterogeneous
mechanical response (Figure 3B). When pulling from the H chain,
some trajectories showed simultaneous detachment of both
chains without significant unfolding, with local RBD deformation
at L516-K528. Others showed limited H-chain unfolding
(N210-5226) and sequential L-chain dissociation. Pulling from
the L chain yielded either rigid-body dissociation or unfolding
within T202-E216 before detachment (Figure S6B).

Across variants, the RBD consistently unfolded near its
C-terminal region (A516-S529) under force. Unfolding within the
Ab was rare and confined to specific regions of VH (V122-T146,
N208-226) and VL/CL (Q200-E216, D112-L135). These events
were most pronounced in BA.4, whereas JN.1 exhibited reduced
unfolding and more frequent rigid-body dissociation. These
results indicate that S2X259 maintains high mechanical stability
across variants, with a variant-specific redistribution of strain
and slightly weaker inter-chain coupling in Omicron.

3.3.3 R1-32/RBD complex

R1-32 is a monoclonal Ab that targets a conserved a cryptic
epitope located beneath the RBM of the SARS-CoV-2 RBD *2. This
site becomes fully accessible only when the RBD adopts the
open conformation. Unlike hACE2-competing antibodies, R1-32
does not block receptor binding but instead promotes RBD
opening and destabilizes the spike trimer, potentially driving it
toward a non-functional state. In the WT complex, pulling from
the H chain produced a characteristic sawtooth dissociation
profile (Figure 2C). The RBD consistently unfolded within
residues S438-P507, while both Ab chains remained folded
(Figures S1E/F, S14 and Table S4). Dissociation proceeded
sequentially: the L chain detached first, followed by disruption of
constant-region contacts and eventual dissociation of the H
chain. Pulling from the L chain yielded similar behavior, with
identical RBD unfolding and chain detachment order. No
unfolding was detected in either Ab chain. The reproducible
unfolding of the S438-P507 segment coincided with
mechanically labile regions previously identified in RBD pulling
simulations 31 (A348-Y351) and B5 and (6 (V401, L452, Y451,
Y453, R454, and L492) “ (Figure S15), whose disruption
destabilizes the B-sheet core and propagates toward the RBM.
The proximity of these clusters to S438-P507 explains its
recurrent unfolding under force in the R1-32 complex.

In the BA.4 complex, pulling from the H chain resulted in
sequential detachment: the L chain dissociated first, followed by

8 | J. Name., 2012, 00, 1-3

unfolding of RBD residues (R454-P491) and thgn, rigid-body
dissociation of the Ab (Figure S6C). Noa@nfoldikg/oecurressin
either chain. In 74% of the trajectories, RBD unfolding extended
to residues S438-P507. The L chain produced similar results,
with partial unfolding of the L-chain region V199-T213 preceding
its dissociation (Figures S6C, S2E/F, S14).

For the JN.1 complex, pulling from the H chain again produced
RBD unfolding within S438-Y507, consistent with the WT
response (Figures 3C and S6C). The L chain detached first,
followed by the H chain, with both remaining folded. Some
trajectories exhibited more localized RBD deformation
(R454-1491), but the overall sequence of events was conserved.
Pulling from the L chain caused deformation of the RBD tip and
loss of L-H inter-chain contacts, leading to complete L-chain
dissociation, while the H chain remained bound and folded.

Altogether, R1-32 maintains a consistent, stepwise dissociation
mechanism across variants. Force propagation leads to
reproducible RBD unfolding within S438-P507, while the Ab
remains structurally stable, highlighting its mechanically robust
architecture.

3.3.4 Cooperative role of heavy (H) and light (L) chains under
mechanical forces

To dissect the contribution of each chain to Ab mechanical
stability, CG-SMD simulations were performed using single-chain
systems (H-only or L-only) bound to the RBD in the WT
background. In all cases, the maximum force (F.,,,) sustained by a
single chain was lower than that of the two-chain Ab,
underscoring the cooperative role of the H-L assembly. The
complete complexes reached average F,, Vvalues of
approximately 365 pN for PDI-231, 550 pN for $2X259, and 408
pN for R1-32 (Figure 5). In comparison, H-only systems reached
about 250 pN for PDI-231, 428 pN for S2X259, and 405 pN for
R1-32, while L-only systems averaged around 200 pN. These
results indicate that mechanical stability depends non-additively
on both chains, with inter-chain coupling and asymmetric load
distribution providing synergistic reinforcement.

For PDI-231, the complete complex reached about 365 pN,
whereas isolated H and L chains withstood about 250 and 200
pN, respectively (Figure 4A-C). The two-chain assembly delays
dissociation and increases the rupture force beyond that of
individual chains. In S2X259, the whole Ab complex exhibited
the highest mechanical resistance (550 pN). The H chain carried
most of the load (approximately 430 pN), consistent with the
dominance of contacts at the H/RBD interface, while the L chain
contributed peripheral stabilization and detached earlier. For
R1-32, the total F,,, (408 pN) was nearly identical to that of the
isolated H chain (405 pN), indicating that mechanical force is
transmitted almost exclusively through the H/RBD interface,
with the L chain acting primarily as a stabilizing support.

Analysis of contact networks across all three Abs (Figure 4D—F)
confirmed that the majority of stabilizing contacts originate from
the H chain, while the L chain contributes fewer contacts that
enhance overall stability. This imbalance helps explain the
dominance of the H chain in mechanical load transmission and
the secondary stabilizing role of the L chain.

This journal is © The Royal Society of Chemistry 20xx
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Across all systems, the L chain displayed a consistent mechanical
response largely independent of epitope geometry, suggesting
that it provides a baseline stabilizing function but cannot
withstand large mechanical forces alone. The H chain, in
contrast, serves as the principal conduit for force propagation
through the RBD interface. Although each chain is individually
less efficient, their combination creates an asymmetric yet
cooperative  mechanical  architecture.  This  dual-chain
organization amplifies force resistance through complementary
roles: the H chain transmits load, while the L chain reinforces
inter-chain stability. Such mechanical synergy likely reflects
evolutionary optimization of Ab architecture for both structural
robustness and adaptability .
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Figure 4. Mechanical stability and interfacial networks of
Ab/RBD WT complexes. A-C) F,, values from CG-SMD
simulations for PDI-231, S2X259, and R1-32, respectively.
Boxplots compare the full Ab (H chain/L chain) with single-chain
systems (H or L). Intact antibodies consistently sustain higher
forces, reflecting cooperative stabilization between chains. (D-F)
Network representation of chemistry-specific contacts within the
Ab/RBD interfaces of PDI-231 , S2X259, and R1-32, respectively.
Solid and dashed lines indicate H chain/RBD and L chain/RBD
contact pairs, respectively. Colors denote interaction type: red
for ionic, blue for polar, and green for nonpolar. Amino acid
nodes are colored according to chemical properties.

3.4 Nanomechanics of Nb/RBD complexes

The binding affinity and neutralization potency of Nbs have been
extensively characterized, with several studies reporting high
stability and strong neutralization across SARS-CoV-2 variants
8388 However, their mechanical behavior during force-induced
dissociation remains largely unexplored to date . In Nbs, the
absence of an L chain simplifies the architecture but also raises
the question of whether their compact design transmits force

This journal is © The Royal Society of Chemistry 20xx
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more directly to the RBD interface, potentially,ateringthe
dissociation pathway compared with AbsDOI: 10.1039/D6CP00556J

3.4.1 R14/RBD complex

The R14 Nb targets the RBM and engages the antigen through its
three CDRs 1-3 *, Similar to PDI-231, R14 can only bind the RBD
in the up conformation. It exhibits ultrahigh affinity, with no
detectable dissociation for the WT, Alpha, Kappa, and Delta
variants, while its neutralization potency decreases against
Omicron, with K, values ranging from 0.57 nM to 43 nM *,

Mechanical dissociation of the RBD/R14 complex (PDB ID:
7WD1) was analyzed for the WT, BA.4, and JN.1 variants. In all
cases, dissociation followed a rigid-body mechanism, with
neither the Nb nor the RBD undergoing significant unfolding
(Figure 5A and Table S5). This consistent detachment mode
indicates a stable and cooperative interface across variants.
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Figure 5. Mechanical response of Nb/RBD WT complexes under
constant-velocity pulling. Force—displacement profiles are
shown for (A) R14, (B) C1, and (C) n3113.1 (gray traces, mean in
color). Insets display representative structures at the maximum
force (F.o left arrow) and after dissociation (right arrow). Error
bars denote standard deviations across 50 independent
trajectories.

Despite the shared mechanism, clear differences in F,,, were
observed (Table S11). The WT complex exhibited an average F,,,,
of 596 * 56 pN, reflecting high mechanical stability. The BA.4
complex reached an even higher F,.., (648.6 + 44 pN; Figure
S9A), suggesting enhanced resistance to mechanical stress, likely
due to local reinforcement or reorganization of interfacial
contacts introduced by BA.4-specific mutations (Tables S1 and
S5). In contrast, JN.1 showed a pronounced decrease in F,,, (346
+ 35 pN; Figure 6A), indicating a loss of key stabilizing
interactions and premature rupture under force.
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Figure 6. Mechanical response of Nb/RBD JN.1 complexes
under constant-velocity pulling. Same as Figure 5.

3.4.2 C1/RBD complex

The C1 Nb binds the SARS-CoV-2 RBD with high affinity binding
for WT, Alpha, and Beta variants, exhibiting K, values in the
615-725 pM range *. Although C1 does not directly occlude the
hACE2 binding site, it neutralizes the virus through steric
hindrance by occupying spatially adjacent regions (see Figure 1).
The C1 epitope partially overlaps with that of S2X259, and its
binding has been associated with spike destabilization, likely
impairing receptor engagement by perturbing the structural
organization of the RBD *.

In the WT system, all trajectories displayed a single prominent
dissociation peak with an average F,, of 479 + 89 pN, typically
preceded by a brief drop in the mechanical force (Figure 5B). The
RBD unfolded between residues A520 and S530, distant from the
RBM region, while dissociation proceeded via a rigid-body
mechanism. The CDR3 loop was consistently the last element to
disengage, consistent with its deep insertion into the epitope
pocket (Table S6).

In the BA.4 complex, the mechanical response was more
heterogeneous. Most CG-SMD trajectories exhibited a single
force peak with an F,, of 51362 pN, preceded by a minor force
drop similar to the WT (Figure 5B and S9B). These cases involved
partial unfolding of RBD residues F515-K528 followed by
rigid-body dissociation. However, in approx. 30% of the
trajectories, dissociation occurred without any detectable
unfolding of either the RBD or the Nb, suggesting that BA.4
permits a direct rupture pathway in which interfacial contacts
break without prior structural rearrangement.

For the JN.1 system, dissociation curves also exhibited a single
sharp rupture event, with an average F,,, of 603 * 56. (Figure
6B). The gradual buildup and convergence of the force profiles
suggest a slightly more flexible interface compared with WT and
BA.4, likely reflecting reduced contact density or altered packing
geometry in JN.1. Dissociation remained rigid-body in character,
with RBD unfolding limited to residues A520-S530 and no
detectable deformation in the Nb. Collectively, the C1/RBD
complexes exhibit robust mechanical stability across variants,
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maintaining a consistently rigid mechanism. Variant-dependent
modulation of rupture forces reflectOGubtleozsltesattonssén
interfacial packing and contact geometry rather than changes in
the overall mechanical pathway.

3.4.3 n3113.1/RBD complex

The mechanical dissociation of the RBD-n3113.1 complex was
analyzed for the WT, BA.4, and JN.1 variants. In the WT system,
dissociation profiles displayed a complex sawtooth pattern
reflecting sequential unfolding events in the RBD (Figure 5C).
Most trajectories showed two main unfolding regions: a partial
loss of structure at the C-terminal segment (L517-K528)
followed by broader unfolding in N437—P507 (Table S7). Despite
these deformations, the Nb remained folded and dissociated as
a rigid body. In a subset of seven trajectories, a single-force peak
was observed, accompanied only by minor unfolding of the RBD
C-terminus (L517-K528), again consistent with rigid-body
detachment of n3113.1.

For the BA.4 complex , dissociation followed a predominantly
single-peak profile characteristic of rigid-body rupture. In most
simulations, both the RBD and Nb remained folded throughout
the pulling process (Figure S9C). Occasional small force bumps
preceding the main rupture peak corresponded to slight
unfolding of RBD residues L517-K528, but these events did not
modify the overall dissociation mechanism. The JN.1 complex
exhibited the simplest mechanical response (Figure 6C). Most
trajectories displayed a single, sharp rupture peak, without
noticeable unfolding of either the RBD or the NB. In a few cases,
limited unfolding of the RBD C-terminal residues L517-K528
preceded dissociation, but n3113.1 consistently maintained its
structural  integrity during dissociation. Overall, the
RBD/n.3113.1 complexes exhibit robust mechanical stability
across variants, dominated by rigid-body dissociation with
minimal RBD deformation. The conserved unfolding of the
L517-K528 region represents a local structural response to
mechanical stress rather than a variant-specific alteration of the
dissociation mechanism.

4 Conclusions

This study demonstrates how a structure-based CG approach
built on the Martini 3 force field % can be extended to describe
large protein conformational changes and mechanical responses
in  multidomain complexes. By optimizing native contacts
through AA simulations, our implementation of GOMartini 3
achieves improved accuracy in capturing both equilibrium
stability and mechanical unfolding pathways *>*' . Although
GOMartini 3 relies on a well-defined reference structure to
parameterize secondary structure, this requirement provides a
controlled framework for analyzing the mechanical limits of
folded assemblies, complementing other CG models such as
OLIVES, SIRAH, and UNRES, which have not yet been
benchmarked under force. Recent methodological advances
further extend GOMartini 3 to multimeric systems, enabling its
application to diverse protein-protein assemblies beyond viral
antigens %.

From a biological perspective, our results reveal how the
mechanical behavior of SARS-CoV-2 RBD complexes reflects their
molecular architecture and binding mode. In Abs, the dual-chain

This journal is © The Royal Society of Chemistry 20xx
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organization turned out to be inherently asymmetric yet
cooperative. The H chain acts as the principal conduit for force
transmission, while the L chain stabilizes the complex through
inter-chain reinforcement. This division of labor increases the
rupture force beyond what either chain can sustain alone,
emphasizing that mechanical resilience is an emergent property
of the full antibody scaffold rather than a sum of individual
components. Mutational effects were also found to shape
mechanical outcomes: for example, the JN.1 variant exhibited
more synchronous chain detachment and reduced unfolding,
suggesting altered inter/domain coordination and rigidity.

Nb, in contrast, displayed simpler and more uniform mechanical
profiles. Their compact, single-domain geometry allowed
efficient transmission of force through a rigid interface,
maintaining structural integrity even under high loads. Among
the Nb systems, R14 achieved the highest rupture forces,
particularly in the BA.4 variant. These results highlight that
molecular size and architecture dictate how mechanical load is
absorbed, distributed, or resisted at the interface.

Non-hACE2-competing complexes, such as R1-32 and n3113.1,
revealed a different aspect of the RBD’s mechanical landscape.
In these systems, dissociation was consistently coupled to the
unfolding of the S438-P507 region, a structurally labile
B-sheet—loop—B-sheet motif identified in prior pulling
experiments as a primary rupture hotspot. This recurring
deformation suggests that certain RBD segments function as
mechanical hinges that determine how force propagates through
the domain. Variants modulate this behavior: BA.4 tends to
strengthen interfacial networks, while JN.1 weakens them,
indicating that viral evolution can tune mechanical resistance as
an additional layer of functional adaptation.

Beyond explaining these variant-specific differences, the study
provides design-oriented insights. First, antibodies and
nanobodies that promote rigid-body detachment with high
rupture forces are likely to retain binding under physiological
mechanical stress, such as shear flow, receptor internalization,
or immune-cell traction. Second, enhancing hydrophobic and
aromatic packing within the H-chain interface while maintaining
inter-chain complementarity can improve mechanical endurance
without compromising flexibility. Third, nanobody-based
scaffolds may be ideal for targeting conserved, cryptic epitopes
where compact geometry favors both access and force
resilience.

Overall, this work positions mechanical resilience as a
quantitative complement to affinity in evaluating therapeutic
potential. Incorporating force-dependent stability into antibody
or nanobody design offers a more complete description of how
these molecules perform in vivo, where tensile and shear
stresses influence viral adhesion, immune engagement, and drug
efficacy. The same framework can be extended to other
sarbecoviruses, for which high-resolution RBD structures and
cross-neutralizing antibodies are available, and even to
antibodies targeting mechanosensitive receptors in oncology,
where cellular traction and matrix stiffness are critical
determinants of therapeutic success.

By integrating molecular mechanics with structural
bioinformatics, the GOMartini 3 methodology provides a

This journal is © The Royal Society of Chemistry 20xx
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scalable and predictive platform for exploring how, .proteins
resist or yield under stress. This approachothus1beidges_physical
modeling and therapeutic engineering, offering actionable
guidelines for designing next-generation antibodies and
nanobodies that couple biochemical affinity with mechanical
robustness across viral and cellular systems.
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