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Rational design of novel antibody therapeutics against viral infections such as coronavirus relies on
surface complementarity and high affinity for their effectiveness. Here, we explore an additional property
of protein complexes, the intrinsic mechanical stability, in SARS-CoV-2 variants when complexed with a
potent antibody. In this study, we utilized a recent implementation of the GoMartini 3 approach to investi-
gate large conformational changes in protein complexes with a focus on the mechanostability of the
receptor-binding domain (RBD) from WT, Alpha, Delta, and XBB.1.5 variants in complex with the H11-H4
nanobody. The analysis revealed moderate differences in mechanical stability among these variants. Also,
we identified crucial residues in both the RBD and certain protein segments in the nanobody that contrib-
ute to this property. By performing pulling simulations and monitoring the presence of specific native and
non-native contacts across the protein complex interface, we provided mechanistic insights into the dis-
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sociation process. Force-displacement profiles indicate a tensile force clamp mechanism associated with
the type of protein complex. Our computational approach not only highlights the key mechanostable
interactions that are necessary to maintain overall stability, but it also paves the way for the rational design
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1 Introduction

The global coronavirus disease (COVID-19) pandemic, sparked
by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has led to more than 700 million infections
worldwide, with a mortality rate of around 1%." Four structural
and sixteen non-structural proteins comprise this virus®> and
among them, the spike protein (S) plays a pivotal role in the
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of potent antibodies that are mechanostable and effective against emergent SARS-CoV-2 variants.

infection mechanism of SARS-CoV-2. The S protein is com-
posed of the N-terminal S1 (14-685 residues) and C-terminal
S2 (686-1273 residues) subunits; the former mediates the
binding to the human cells, and the latter is responsible for
the viral-human membrane fusion process that enables the
viral entry into cells. The S1 subunit can further be subdivided
into two distinct domains: the N-terminal domain (NTD), com-
prising residues 14-305, and the RBD, comprising residues
319-541.% The NTD is involved in the recognition of glycosami-
noglycan chains that generally cover the cell surface.*®
Furthermore, it is also important in the transition of the S
protein from pre-fusion to post-fusion states.” The RBD
initiates the attachment of the virus to host cells by interacting
with the human angiotensin-converting enzyme 2 (hACE2)
receptor. The primary interface for binding to hACE2 is the
receptor-binding motif (RBM), which is the most prominently
exposed part of the RBD. Several mutations within the RBM
have been shown to significantly influence the dynamics and
functional properties of the RBD, impacting both affinity and
immune evasion.® Mutation N501Y, which is present in both
the Alpha and Omicron variants, enhances the binding affinity
between the spike protein and hACE2, increasing transmissi-
bility. Additionally, mutations such as E484K, found in the

This journal is © The Royal Society of Chemistry 2024
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Beta, Gamma, and certain Omicron sub-variants, along with
L452R in the Delta variant, facilitate viral evasion of neutraliz-
ing antibodies by weakening or preventing key molecular
interactions.>”

Viruses withstand diverse forces encountered during the
infection process, including mechanical stress (e.g., cell move-
ment and deformation), shear forces (resulting from the move-
ment of cytoplasm and organelles within the cell), osmotic
pressure, and molecular crowding.'® Several in vitro and
in silico studies have been used to characterize the nanome-
chanics of the S protein and S/RBD/hACE2 complexes.®'%'
Combination of single-molecule (SM) technique with all-atom
molecular dynamics (AA-MD) simulation has shown clear evi-
dence of mechanostability of the earlier Alpha variant who
possessed the N501Y mutation while binding the hACE2 recep-
tor.'® This is supported by the increased of the mechanostabil-
ity of the RBD region from ~200 pN in SARS-CoV-1 to ~250 pN
in the Alpha variant, followed by the S2 subunit and NTD.'*"*
Studies by single-molecule force spectroscopy (SMFS) with the
atomic force microscope has revealed that hACE2 forms more
mechanostable complexes with the RBD from latest variants of
concern (VoCs).® The Alpha, Beta, Gamma, Delta, Kappa and
Omicron variants withstand forces between 25 and 400 pN®
and this effect correlates with higher binding constants.'®
These studies have demonstrated that the RBDgmjcron/hACE2
complex is the most mechanically stable. The mutations in the
VoCs are associated with increased stability of this complex,
which correlates with higher transmissibility and improved
immune evasion capabilities.® While the mechanical stability
of the RBD/hACE2 complexes has been studied, the mechani-
cal stability of SARS-CoV-2 in combination with a potent anti-
body is less well understood. Exploring these interactions
between VoCs and antibodies has the potential to reveal
important interactions that may help improve the effectiveness
of neutralizing antibodies. A current approach to the design of
antibodies is to maximize the overlap between protein sur-
faces, which leads to high affinity. This approach achieves
high-affinity binding with an apparent K in range of 1-10
nM’. Recently, a novel consensus-based computational
approach'® was developed for the accurate prediction of
binding affinities of SARS-CoV-2 variants to neutralizing anti-
bodies. This methodology, which also helps to identify the
molecular footprints of variants, can be used with our nano-
mechanical studies to engineer more efficient nanobodies that
retain potency against emerging variants and to some extent a
higher mechanical stability.

Due to the experimental limitations in capturing the under-
lying mechanism of dissociation in protein complexes under
mechanical forces, we employed MD simulation. This compu-
tational tool allows us to monitor atomic motion and the
associated interactions on microsecond time scales and nano-
meter length scales with precision.”” Steered molecular
dynamics simulations (denoted hereafter as SMD) have been
instrumental in exploring the nanomechanical properties of
protein complexes.'®'® However, these simulations have a
high computational cost in systems that approach biological
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scales (i.e., hundreds of nm). The SMD protocol also often
requires high pulling speeds and the use of position restraints
to prevent protein unfolding.?°* Hence, the results tend to
overestimate the value of experimental properties in nanome-
chanical studies. The limitations inherent in investigating the
nanomechanics of protein complexes can be addressed by
coarse-grained MD (CG-MD), capable of describing larger
systems and performing tests at lower speeds than AA-MD. In
this study, we employed our recent GoMartini 3 approach®*?*
and Martini 3 force field*® to describe the conformational
changes in protein complexes during nanomechanical charac-
terization of the interaction of RBD and an engineered potent
nanobody. This approach is a promising solution to match
experimental values.’*' The GoMartini 3 approach employs
virtual-sites implementation to define native contacts between
amino acids, and this interaction is mapped via Lennard-Jones
(12-6) potentials. The pair of native contacts are identified
through a contact map that is based on van der Waals (vdW)
radii overlap (OV) and repulsive chemical structural units
(rCSU).>*> Moreover, the GoMartini 3 approach preserves the
tertiary structure of proteins without relying on harmonic
restraints, and thus it is suitable to capture large confor-
mational changes in proteins.>* The incorporation of virtual
sites at protein-protein interfaces allows for detailed investi-
gations into the nanomechanical properties of protein com-
plexes using a CG approach. This approach provides crucial
insights into the dynamics of mechanical stress impacts on
protein stability and interactions by properly modeling how
forces are distributed and transmitted across proteins. In
this study, we explored the mechanical stability of the RBD/
H11-H4 complex considering several variants of SARS-CoV-2,
such as wild-type (WT), Alpha, Delta and XBB.1.5. The H11-
H4 nanobody, which originates from llama, binds to a par-
ticular region on the RBD (Fig. 1A). This region partially
overlaps the binding site of hACE2, preventing the spike
protein from attaching to it in vitro. This inhibition is
crucial for blocking viral entry into human cells. The
affinity of H11-H4 for the RBD is high, with a K, of 12 +
1.5 nM, indicating a strong interaction between the nano-
body and the RBD.***"*?> Three complementarity-determin-
ing regions (CDR) are critical for the interaction with the
epitope on the RBD of the H11-H4 nanobody”**"?
(Fig. 1B). The CDR1 region, which spans 26-32 residues,
does not engage directly with the RBD. CDR2 includes
52-57 residues. Notably, residue R52 forms a salt bridge
with E484 on the RBD, a zn-cation interaction with F490, and
establishes hydrogen bonds with the backbone of S103 and
the side chain of Y109. The CDR3 region, comprising resi-
dues 99 to 115, is the longest and most flexible loop, enga-
ging in multiple interactions with the RBD of several var-
iants.** Key interactions involve residues K444, F456, G482,
and S494. Specifically, Y104 in H11-H4 interacts with a
hydrophobic pocket formed by L455, F456, and Y489 of
RBD. The CDR3 loop confers the specificity and high
affinity of H11-H4, underscoring its potential in neutralizing
the virus by blocking the ability of RBD to bind to hACE2.%*

Nanoscale, 2024, 16,18824-18834 | 18825


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02074j

Open Access Article. Published on 01 October 2024. Downloaded on 8/1/2025 3:32:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
A B
H11-H4 P
T478"‘1ﬁ E‘SAE
5477[I] F486[ QuseE

(RBD H11-H4 )
(<
o K128 v
‘ » (-
K528 'Mw Dummy atom

Restrained position

Fig. 1 Atomistic structure of RBD in complex with a nanobody (H11-
H4). (A) The RBD and H11-H4 structures are shown in black and orange
color, respectively. A single letter code per residue responsible for a
given mutation: WT (black), Alpha (blue), Delta (gray), and XBB.1.5
(green) is indicated next to the position of the residue. (B) Molecular
insight into the interface of the RBD/H11-H4 complex. Some protein
(native) contacts between RBD and H11-H4 are highlighted. Note that
RBD of WT and Alpha share identical residues at the protein interface.
Delta exhibits one mutation at position 452, whereas XBB.1.5 exhibits
three mutations at positions 484, 486, and 490. (C) Coarse-grained rep-
resentation of the RBD/H11-H4 complex. The protein complex is placed
in a rectangular cuboid solvent box of dimensions 10 x 10 x 60 nm?3,
with a concentration of 150 mM NaCl. The last three residues from the
C-terminus of RBD (G526, P527 and K528) were tethered along the
pulling z-axis. Pulling simulations were performed on a virtual particle
located at the center of mass of the last three residues (5126, S127, and
K128) of the C-terminus of the H11-H4 nanobody.

2 Methods

2.1 Molecular modelling

AA-MD simulations were necessary to relax the complexes and
incorporate critical information about the most relevant inter-
face contacts in the GoMartini 3 framework. These simulations
were conducted using AMBER22 with the FF19SB force fields®?
and the pmemd.cuda module for high performance. The
initial structure of the RBD/H11-H4 complex was modeled
from the ternary complex CR3022/H11-H4 and the WT RBD
(PDB ID: 6ZH9??), with the CR3022 antibody coordinates
removed. To avoid artificial charges, the N- and C-termini resi-
dues of the RBD were capped with ACE and NME groups,
respectively. Using the WT RBD as a template, several
SARS-CoV-2 variants were modeled: (i) Alpha, (ii) Delta, (iii)
XBB.1.5, (iv) BA.2.86, and (v) JN.1, using UCSF Chimera
v1.17.3** with the Dunbrack rotamer library.>> A vacuum mini-
mization was carried out for each complex to eliminate steric
clashes around mutated residues. The protonation state,
corresponding to a pH value of 7.4, was fixed with PDB-fixer.>®
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Each protein complex was solvated in a dodecahedral box
initially extending 10 A beyond the solute in each direction,
using the four-site OPC water model,®” and system charges
were neutralized with the appropriate number of counterions
(9 CI” ions for both the WT and Alpha variants, 9 Cl”~ ions for
the Delta variant, 10 CI~ ions for the XBB.1.5 variant, 12 CI~
ions for the BA.2.86 variant, and 11 CI” ions for the JN.1
variant). The systems underwent geometric optimization using
the steepest descent algorithm for 5000 cycles to adjust the
solvent orientation and remove local clashes.

MD equilibration was carried out in multiple steps. Initial
temperature equilibration of the complexes in the NVT ensem-
ble involved a staged process where the temperature was incre-
mentally raised through four steps: 150, 200, 250, 300, and
finally to 310 K, with each step lasting 200 ps. Position
restraints were applied to the heavy atoms of each protein,
with decreasing spring constants of 5.0, 4.0, 3.0, and 1.0 kcal
mol™" A™* to allow for gradual relaxation of the complexes.
This was followed by a 1 ns equilibration at 310 K in the NPT
ensemble without position restraints. Production MD trajec-
tories were performed in the NPT ensemble using periodic
boundary conditions and PME***° with a grid spacing of 1.0 A
for long-range electrostatic interactions. Non-bonded inter-
actions were described by the Lennard-Jones potential with a
cutoff distance of 9 A. Langevin dynamics® was used for temp-
erature control with a collision frequency of 4.0 ps™1, and the
Berendsen barostat for pressure control*’ with a relaxation
time of 2.0 ps at 1 bar pressure. Bond constraints involving
hydrogen atoms were maintained using the SHAKE algor-
ithm.*> The hydrogen mass repartition scheme was applied
using ParmEd,*® allowing the use of a 4 fs integration time
step.*® Each protein complex was simulated for 1 ps, except for
the BA.2.86 and JN.1 variants, where five replicas of 2 us were
run for each. During these simulations, both BA.2.86 and JN.1
complexes established initially 24 and 26 native contacts at the
interface, respectively. In the course of the AA-MD simulations,
these contacts were gradually lost, for instance about 9 native
contacts remained at 1 ps for BA.2.86 and for JN.1 and by the
end those numbers dropped on average to 4 and 6 respectively.
Most of the RBD/H11-H4 complexes remained stable during
the AA-MD simulation, except for the Omicron variants
BA.2.86 and JN.1, which dissociated upon equilibration. These
variants exhibit lower sensitivity to antibody neutralization,
allowing them to bypass both therapeutic and vaccine-induced
immune responses, as reported in.**** Therefore, these last
variants were excluded from subsequent analysis.

2.2 Coarse-grained (CG) MD simulation

The CG topology files for each protein complex were created
with martinize2*® and the Martini 3 force field.*®> The second-
ary structure was identified using the DSSP v3.0 program.*”
The GoMartini 3 approach®® was employed, substituting con-
ventional harmonic bonds with Lennard-Jones (L]) inter-
actions based on contact maps obtained from AA-MD simu-
lations. This method utilizes L] potentials for virtual sites,
which allows for the exploration of a broader conformational

This journal is © The Royal Society of Chemistry 2024
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space, including critical unfolded states, enhancing our under-
standing of protein dynamics and functionality. A parameter
study from standard values of 9.14 k] mol™" to 20 k] mol™" was
conducted to determine the optimal value for the L] potential
depth (data not shown). The interaction energy of the contacts
in GoMartini was set at 15.0 k] mol™'. This effective value
allowed us to recover agreement with the all-atom results of
previously reported studies.”’ The CG structures were initially
minimized in vacuum during 5000 steps using the steepest
descent algorithm. Subsequently, the complexes were solvated
in a 10 x 10 x 60 nm? box using the Martini water model. This
solvation involved about 38511 coarse-grained water beads,
corresponding to around 154 044 water molecules, with the
addition of Na" and CI~ ions to form a 0.15 M NaCl solution.
The systems were then minimized using the same parameters
as above. 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 phase, utilized the V-rescale thermostat.*® The
temperature coupling time constant was set at 1.0 ps for both
protein and non-protein parts of the system, keeping the temp-
erature 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 1074 bar™1 and 1 bar pressure. The NPT
equilibration was run for 5 ns using the C-rescale barostat*’
with a pressure coupling time constant of 18 ps and an inte-
gration time of 10 fs. For the production phase, the Parrinello-
Rahman barostat®® was used, with a pressure coupling time
constant of 15 ps. The cutoff distances for Coulomb and van
der Waals interactions were set at 1.2 nm across all equili-
bration and production phases. The pulling simulations (see
Fig. 1C) were conducted over 1.2 microseconds, with a time
step of 20 fs. For the RBD/H11-H4 complexes, specific con-
straints were applied: the positions of the heavy atoms of the
final three residues from the C-terminus of RBD were frozen
along the z-axis, and similarly, the coordinates of heavy atoms
of residues S126, S127, and K128 in H11-H4 were fixed along
the x- and y-axes. The center of mass (COM) of these coordi-
nates was targeted for steered molecular dynamics simulation
at a constant speed of 1 x 1071 nm ps~" and a spring constant
of 37.6 k] mol™" nm™>. A total of 50 independent replicas were
conducted for each system using GROMACS 2023.%!

2.3 Atomistic contact map determination

We defined the interacting pairs of residues at the interface of
each protein complex in the atomistic trajectories based on
their spatial and chemical interactions,** following the proto-
col outlined in ref. 13. The overlap (OV) contact map (CM),
which is purely geometric, is based on the overlap of the van
der Waals (vdW) radii of spheres associated with each heavy
atom (i.e., N, C and O atoms) in the protein.*® To account for
the attractive interaction between spheres, the vdW radius is
multiplied by a factor of 1.24. The OV CM approach has been
employed to determine the set of most relevant interactions in
globular proteins, known as native contacts, and thus the OV

This journal is © The Royal Society of Chemistry 2024
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CM provides a quantitative description of the folding mecha-
nism as well as the thermal and mechanical unfolding in a
single well-folded protein domain.'***?7?%%* The simple
overlap between a pair of vdW spheres from different residues
with a sequence distance larger than 4 residues defines a
native contact. The other CM employed is the so-called rCSU
method that integrates both attractive and repulsive electro-
static interactions. Further, it takes into account the types of
interactions: hydrophobic, hydrophilic and aromatic inter-
actions to provide a comprehensive assessment of contact
dynamics within proteins. A contact is considered valid if the
number of attractive interactions exceeds the number of repul-
sive ones, ensuring that the overall interaction contributes
positively to the structural stability of the protein. To calculate
protein contacts accurately, a sphere representing each atom is
discretized into sections for detailed contact mapping. A
Fibonacci grid is employed to generate an unbiased distri-
bution of points across the surface of the sphere. The
Fibonacci sequence is well suited for this purpose, as it mini-
mizes clustering and achieves more uniform coverage com-
pared to other distribution methods. This uniformity is crucial
for ensuring accurate and representative sampling of the
sphere’s surface.’® The combination of the OV + rCSU CM
yields a systematic tool for contact map determination in pro-
teins and their complexes. Due to the dynamic character of
contacts at the interface in protein complexes, we consider
only high-frequency contacts (freq >0.7). In addition, each
residue in a given contact is identified with one of the follow-
ing types of chemical groups: polar, nonpolar, ionic and non-
specific.

2.4 Coarse-grained contact map determination

Enlarged vdW radii, also referred to as effective vdW spheres,
enable a better approximation of the space occupied by atoms,
incorporating the effect of their electron clouds.®® This
approach allows for more accurate predictions of molecular
interactions within proteins in CG representation. These
enlarged vdW radii are particularly useful in cases where
protein structures have a partially unsolved structure. The
accurate reconstruction or modeling of protein conformations
can be done by predicting pairs of interactions. The effective
spheres are placed at the centers of the Ca atoms. A contact
between amino acids is defined if these spheres overlap.

We systematically tracked the native contacts at the inter-
face of the complexes throughout each CG trajectory. For this,
we calculated the distance between the backbone (BB) beads of
amino acid pairs. These pairs were defined in the GoMartini
gromacs itp file, which was constructed based on the OV +
rCSU CM. For each native contact, a specific o (the distance at
which there is no intermolecular potential between two par-
ticles) is determined. To calculate Rmin (distance at which the
potential energy of the LJ potential reaches its minimum), we
multiplied ¢ by 21/6. During the simulations, we compared the
Rpin value, scaled by a factor of 1.1, with the actual distance
between the BB beads at each frame. A contact was considered
established when the actual distance was less than or equal to

Nanoscale, 2024, 16,18824-18834 | 18827
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Rnmin. If the distance was greater than R.,,, the contact was
considered broken.

We identified the non-native (NON) contacts at the interface
of the complexes, mimicking the enlarged vdW radii approach.
For this, we calculated the distance of all pairs of BB beads
between the two proteins of each complex, excluding those
pairs already identified as native contacts. Each BB pair was
assigned enlarged vdW radii, using values reported in.>* To
determine if a non-native contact is formed, we compared the
actual distance between each bead pair to the sum of their
corresponding VAW radii, scaled by a factor of 1.2. A contact
was considered formed if the actual distance was less than or
equal to this scaled sum.

These approaches enabled us to monitor the pattern of
native and non-native contact stability and rupture across the
distance of the virtual particle, providing insights into the
dynamic stability of the complex and the mechanical forces
exerted upon it.>*°’

3 Results & discussion

MD simulations were performed to investigate the mechanical
stability of the RBD/H11-H4 complex for several VoCs. For this
purpose, we employed the GoMartini 3 approach to capture
the molecular biomechanics of the protein complex at almost
atomistic resolution. Such methodology allows us to mimic
similar experimental conditions, as commonly used in single-
molecule force spectroscopy (SMFS). For instance, the tether-
ing of N- and C-termini residues, loading rates, and the atomic
force microscopy (AFM) cantilever stiffness.® Furthermore,
GoMartini simulations allowed us to increase our statistics per
variant and compute the interaction energy associated with
the RBD/H11-H4 interface. In these simulations, the RBD/H11-
H4 complexes were subjected to molecular constraints that
avoided extension of the bonded parameters along residues
G526, P527 and K528 of the RDB. On the other side of the
complex, a velocity along the z-direction was applied on a
dummy atom located at the COM of the residues S126, S127
and K128 of H11-H4.

We report in Table S4t that the Delta and XBB.1.5 variants
exhibited the highest and lowest total interface energies,
respectively. Newer variants demonstrate greater affinity for the
hACE2 receptor compared to the WT variant, correlating with
increased transmissibility.®'> Conversely, the affinity of mono-
clonal antibodies for the SARS-CoV-2 RBD has been decreas-
ing®® as long as new variants appeared. Mutations in the Alpha
and Delta variants do not fall within the H11-H4 nanobody
binding region. However, two out of the 22 mutations in
XBB.1.5 occur in this region. Specifically, the E484A mutation
reduces the interaction with residue R52 in the nanobody.
This unfavorable electrostatic interaction may in part account
for the lowest interface energy of XBB.1.5.

The mechanical stability for each RBD/H11-H4 is reported
in Fig. 2. This figure shows the force-displacement profiles
based on the pulling protocol at constant velocity. Notably, all
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Fig. 2 Nanomechanics of the RBD/H11-H4 complexes. Force-displace-
ment profiles (n = 50) from GoMartini 3 pulling MD simulations for four
RBD variants: WT (black), Alpha (blue), Delta (gray) and Omicron XBB.1.5
(green). The force profiles extend over displacement from the bound
state (D = 0 nm) to the unbound state (D = 12 nm). The inset shows the
distribution of F.,,x for each variant case, and the solid red line shows
the Gaussian fitting with the mean (u) and the standard deviation (o)
values.

variants exhibited a single force peak that is associated with a
characteristic F,,c. The average value of RMSD regarding the
initial state (Force = 0 pN) is about 0.2-0.4 nm for the RBD
and 0.1-0.3 for the H11-H4 (Fig. S1 and S21). This simply
shows that we did not observe significant conformational
changes, such as partial unfolding events along the molecular
trajectories during the pulling MD simulations. The average
value of F,,c was determined in 50 independent MD trajec-
tories for each variant: 359 + 33 pN (WT), 328 + 24 pN (Alpha),
461 + 34 pN (Delta) and 391 + 41 pN (XBB.1.5) and they fall
within a Gaussian distribution (see inset in Fig. 2). The
mechanical forces that RBD/H11-H4 complexes can withstand
according to our simulation are in the range of 300-470 pN
(Fig. S3t), with a statistically significant difference between
WT and the other variants (Table S1f) with P-values in the
range of 10712-1075. Overall, the in silico data suggests tran-
sitions from the bound to unbound state without unfolding
events that are mediated by the interplay between stabilizing
and destabilizing interactions located at the protein interface
(Fig. 3).

We employed protein contact determination for the
GoMartini 3 simulations (see method section). The contact
map analysis allowed us to elucidate the characteristic inter-
action fingerprint per variant during the mechanical dis-
sociation of the protein complexes. In summary, the RBDyr
formed 24 stabilizing interactions at the protein interface, for
Alpha, we reported 21 interactions, Delta established 22 inter-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Transition profiles of the dissociation process of VoCs. The RBD
from WT, Alpha, Delta and XBB are colored in black, blue, gray, and
green, respectively. H11-H4 is shown in orange. Interface residues
forming native contacts are depicted in balls-and-sticks (start). The resi-
dues that maintain contacts at F,x (intermediate) are highlighted. The
last column illustrates the dissociation of the complexes.

actions and XBB.1.5 only 16 protein contacts (see Fig. 4, S4
and Table S2t). The disruption of contacts at the protein inter-
face across the studied variants followed a consistent three-
stage sequence, which is defined by the displacement of the
pulling (virtual) particle along the z-axis at intervals of below
2 nm, between 2-6 nm, and above 6 nm. The first two stages
primarily involved the rupture of nonpolar and non-specific
contacts. Notably, only one non-specific contact broke in both
Delta (Y446-D115) and XBB.1.5 (A484-R52) variants. The
contact between Y499 of RDB and Y101 of H11-H4, which is
present in all variants, consistently disappeared during these
two first stages. Another contact, L452-V102, also broke early
but is exclusive to the WT and Alpha variants. The contact
F490-Y104, found in the WT, Alpha and XBB.1.5 (where it is
nonspecific because of the F490S mutation), dissociates early
in these variants, but in Delta, it was one of the more persist-
ent contacts. In the last (third) stage, the ionic interaction
E484-R52 was lost in WT, Alpha, and Delta. Mutation E484A
caused this contact to be absent from XBB.1.5. Other long-
lasting contacts across all variants included the nonpolar pairs
1492-Y104, Y489-Y104, Y489-L105 as well as the polar inter-
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Fig. 4 Dissociation profiles of protein (native) contacts in RBD/H11-H4
complexes. Each panel displays the list of protein contacts at the inter-
face. The z-axis shows all protein contacts identified by the OV + rCSU
approach that are necessary to stabilize the complex interface and
involved in the dissociation process. The y-axis denotes the displace-
ment (D) of the pulling particle along the z-direction. The average dis-
placement per contact is given next to the standard deviation (as an
error bar). Red dashed lines indicate the rupture distance for each
protein complex. Each contact is colored according to the interaction
type: nonpolar (brown), polar (blue), ionic (purple), and no-specific
(white).

action Q483-S103, which were among the last to disappear in
the pulling simulation. F456-Y104, present in the WT and
Alpha, but not in Delta, also broke during this stage for those
systems. However, it was also present in XBB.1.5, but it dis-
appeared in the second stage. Y455-Y104, found in all variants
except in the WT, remained one of the last interactions to
break. Finally, the contact F486-L105, unique to WT, was
among the most stable contacts during the mechanical
dissociation.

Fig. 5 reports on the contact map analysis of new inter-
actions (also known as non-native contacts, NON) that are
formed during the dissociation process in GoMartini 3 pulling
simulations. Such protein contacts are short-lasting inter-
actions that are necessary to capture the nanomechanics of
the protein complex. Some of these protein contacts were lost
gradually (Fig. S5-8 and Table S37). It is worth noting that con-
tacts were not observed to disappear sequentially (one after
another) or linearly during the pulling simulations. This is an
intrinsic feature of the interplay between the GoMartini 3
approach and the Martini 3 force field. The correct energetic
balance between the former and latter allows the confor-
mational changes associated with non-equilibrium processes
in protein complexes. We noticed that protein contacts at the
interface were collectively lost at ~7 nm in WT, Alpha, and
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Fig. 5 Dissociation profiles of non-native contacts (NON) in RBD/H11-
H4 complexes. Each panel displays the NON contact as a result of the
Martini 3 force field. The x-axis shows all protein contacts identified by
the OV + rCSU approach that are necessary to stabilize the complex
interface and involved in the dissociation process. The y-axis denotes
the displacement (D) of the pulling particle along the z-direction. The
average displacement per contact is given next to the standard deviation
(as an error bar). Red dashed lines indicate the rupture distance for each
protein complex. Each contact is colored according to the interaction
type: nonpolar (brown) and polar (blue).

XBB.1.5 variants, whereas in Delta, those contacts were lost at
~9 nm. This shift in the rupture distance indicates an
enhanced mechanical stability in the Delta variant that may be
attributed to the higher plasticity while forming a complex
with H11-H4 as a result of the T478K mutation.’® This
increased flexibility enables the Delta variant to not only bind
more effectively to hACE2, but also to withstand higher exter-
nal forces.® The analysis of (native) contacts persisting at Fiay
revealed the conserved presence of some contact pairs, Y489-
Y104, Y489-L105, L482-Y104, and Q493-S103, across all var-
iants (Fig. S5t). The L455-Y104 contact was absent in XBB.1.5,
but it was observed in other variants. Conversely, F486-L105
was exclusive to WT. Likewise, the formation and disruption of
short-lasting NON contacts along the pulling CG trajectories
were tracked by statistical analysis (Fig. 5, S5-8 and Table S37).
Multiple NON contacts were identified, demonstrating a con-
sistent and gradual breakdown pattern across all analyzed
complexes. In contrast to the abundance of native contacts
observed at F,x, only a minimal number of NON contacts
were detected (Fig. S97).

The present work provides insights into the mechanostabil-
ity of SARS-CoV-2 variants binding nanobody H11-H4, forming
stable complexes, revealing distinct variations on the force-dis-
placement profiles, and characterizing a set of relevant resi-
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dues at the protein interface that support mechanical stability.
Previous investigations using AA-MD simulations of RBD/H11-
H4 complexes showed force-distance profiles similar to ours,
but Fy,a.x Was sensitive to the pulling protocol and no systema-
tic analysis could be extracted. Such studies were limited by
position restraints on the RBD heavy atoms and neglected the
intrinsic backbone fluctuations that play a major role during
protein dissociation.>***> Anchoring one terminal position of
one of the proteins while the other one is pulled apart at con-
stant velocity from another terminal residue, are similar con-
ditions as used in AFM-SMFS studies. Such a pulling approach
allows us to gain a deeper comprehension of mechanical stabi-
lity in protein complexes and capture the dissociation mecha-
nisms under mechanical loads. Our studies show a resilient
protein complex that does not present unfolding events during
the dissociation process in the range of forces of 300-470 pN.
This observation 1is consistent with previous findings
suggesting that the RBD in SARS-CoV-2 has a higher mechani-
cal stability’® than its predecessors (Fpa = 250 + 11 pN for
SARS-CoV-2 and Fp,, = 200 + 13 pN for SARS-CoV-1). It also
suggests that the engineered nanobody (H11-H4 nanobody) is
mechanostable.

Our study sheds light on the profile of high-frequency
native contacts that are originally present at zero applied force
and their evolution during the dissociation process.
Furthermore, we identified several NON contacts using our
enlarged vdW radii protocol in CG trajectories. The latter ana-
lysis supports the need of Martini 3 interaction for correct
description of the process. Most of the native contacts were
established between the RBD and the CDR3 part of the H11-
H4. By tracking protein contact formation and dissociation
along pulling MD trajectories, we identified both stable and
transient interactions within the complexes, thereby providing
valuable insights into its structural dynamics under mechani-
cal stress.

The dynamic patterns of NON contacts closely resemble
those of native contacts. While the former contacts are only
present during conformational changes, the latter are necess-
ary to maintain complex stability. The transient (NON) inter-
actions, described by the Martini 3 force field, are fundamen-
tal for the correct nanomechanical characterization of protein
complexes. A significant proportion of these transient inter-
actions were found to be nonpolar in nature, highlighting the
importance of hydrophobic interactions in stabilizing the
complex interface. This observation is consistent with previous
AA-MD reports that showed that nonpolar interactions play a
major role in the mechanical stability of SARS-CoV-2/nanobody
complexes.”>*" The mechanical dissociation profile of the
RBD/H11-H4 complexes displayed one common force peak
that corresponds to a tensile mechanical clamp without invol-
ving shear of protein chains. The main process occurs at the
cost of stretching the length of NAT contacts within the CDR3
and CDR2 regions of H11-H4. Most contacts that were broken
first corresponded to CDR2, and in some cases, breaking con-
tacts involved CDR1, but most of them broke at the very early
stage of the process. Specifically, the RBDyr and RBDpey,

This journal is © The Royal Society of Chemistry 2024
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exhibited three NAT contacts with CDR2, whereas the RBDyjpha
and RBDxgp 1.5 showed four contacts with CDR2. The Alpha
variant presented the most NON contacts along the pulling tra-
jectories, whereas Delta had more NON contacts than WT. The
XBB.1.5 variant displayed a decaying number of these NON
contacts along the MD trajectories (see Fig. S9t). Notably,
none of the complexes formed native contacts with CDRI1.
Both NAT and NON contacts contributed to the dissociation
pattern. In the WT, Alpha, and Delta variants, residues Y104,
V102, and L105 in the H11-H4 were conserved and involved in
establishing the highest number of NAT contacts, suggesting
their key role in stabilizing the complex interface. Residues
E484, Y499, and Q493 within the RBD were primarily involved
in interactions with H11-H4. However, these interactions were
notably reduced in the XBB.1.5 variant, particularly at position
484, where the residue is mutated to alanine. This decrease in
contacts suggests a significant alteration in the binding
dynamics of this variant compared with the others.

The RBDyjpha/H11-H4 complex, characterized by a single
mutation at position 501, displayed reduced mechanical stabi-
lity compared to the other variants. Interestingly, this
mutation decreased the mechanostability of the complex
without directly interacting with the nanobody. It is suggested
that this mutation alone does not compromise the neutraliz-
ation effect of antibodies targeting the WT.®* Furthermore,
AA-MD simulations have shown that in the presence of hACE2,
H11-H4 dissociates from RBDyjpha, Whereas it remains bound
to the WT variant, indicating enhanced affinity for hACE2 com-
pared to the WT variant.>® Additionally, SMFS experiments
have shown that the RBDajpho/hACE2 complex is more
mechanostable than its WT counterpart.’® The RBDpeje/H11-
H4 complex, containing mutations L452R and T478K in the
RBD, displayed increased mechanical stability compared to all
other variants. Despite the presence of the L452R mutation,
the complex maintained contact with residue V102 in the
nanobody. Although this contact is already not present at Fp,ax,
it provides us with important information about this character-
istic mutation. Several recent VoCs, such as BA.1, BA.2, BA.3,
BA.4, and BA.5, have retained leucine at this position,®
suggesting that whereas the Delta variant may exhibit
enhanced affinity for hACE2, it could also be susceptible to
antibodies or engineered nanobodies targeting this binding
region. These mutations, which likely enhance the overall
stability, may be responsible for the observed rise in mechan-
ostability in this variant, allowing the RBD to adapt more effec-
tively under external forces. The RBDxgpp.1.5/H11-H4 complex
exhibited fewer native contact pairs and reduced mechanical
stability. The F486P mutation did not form NAT or NON con-
tacts. It has been reported that the introduction of proline at
position 486 increases the rigidity of the loop region spanning
residues 475-487.°%°% This reduced flexibility may account for
the decreased efficacy of this variant in establishing dynamic
contacts with the H11-H4 nanobody. The contact pattern was
perturbed, as evidenced by the absence or weakening of NAT
contacts in RBD positions 455-456, 484 and 493-494.
Interestingly, the A484 mutation led to the establishment of a
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new contact with residue A48, located within CDR2 of the H11-
H4 nanobody. Furthermore, the recurrence of conserved resi-
dues L455 and E484 across diverse SARS-CoV-2 variants,
including WT, Alpha, Delta, BA.2, BA.4, and BA.5, suggests
their evolutionary significance and impact on antibody reco-
gnition.®’ Mutations at positions 484, 486, and 490 have the
potential to diminish or abolish the neutralizing effect of
several anti/nanobodies such as Bebtelovimab and
Sotrovimab.®>%47%® Additionally, mutations L455F and F456L,
generally present in XBB lineages but absent in XBB.1.5, are
linked to increased antigenicity and immune evasion.®” The
data indicated that among all studied SARS-CoV-2 RBD var-
iants, the residues Y489, 1492, Q493, and S494 are consistently
key for the mechanostability of the complex. These residues
are particularly conserved across the variants studied, high-
lighting their crucial importance for the structural integrity,
transmissibility, and/or recognition of hACE2. Notably, in the
BA.1 variant, the mutation Q493R was observed; however, this
mutation was reverted in subsequent variants. This reversion
underscores the importance of the glutamine residue at this
position for enhanced interaction with hACE2.°® The conser-
vation of these residues suggests a critical role in maintaining
the correct conformation of the RBD to facilitate receptor
recognition and subsequent viral entry into host cells.®>”° In
the H11-H4 nanobody, the residues S57, V102, S103, Y104,
and L105 consistently exhibited high mechanostability across
all studied variants. Particularly, V102 and Y104 presented the
highest numbers of contacts with the RBD in all variants,
indicating their important role in binding efficacy. However,
in the XBB.1.5 variant, the number of contacts involving these
two residues was reduced, suggesting that these mutations
might affect binding stability. Residue S57, despite forming a
non-specific interaction with E484 in the WT, Alpha, Delta,
and XBB.1.5 variants, showed significant mechanostability in
our studies. Interestingly, this interaction was retained in the
presence of the mutation E484A in XBB.1.5. These results
unveiled that these residues are in part responsible for the
effectiveness of this nanobody across different variants and
showcased their importance in the mechanostable nature of
this family of nanobodies. The design of therapeutic anti-
bodies should focus on preserving and enhancing these inter-
actions. In this manner, therapeutics can consider mechanical
stability in the formulation of novel compounds and remain
effective against a wider range of variants, including emerging
ones.

4 Conclusions

The present work relies on a CG methodology that uses the
popular Martini 3 force field and as some limitation as
reported regarding the description of specific side-chain inter-
actions”" or subtle conformational changes that are critical in
some nanomechanical studies, such as the emergence of
catch-bonds in bacterial adhesion systems.'® The structure-
dependence of the GoMartini 3 approach for the construction
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of the native contacts in protein interfaces is another limit-
ation in cases where a large mechanical contribution comes
from the reorganisation of the interface. In this regard, our
protein complexes do not fall in that category and together
with the improvement in the determination of the contact
map via the high-frequency contacts, we can construct an
optimal set of interaction for each protein complex that cap-
tures the underlying interaction as in AA-MD. The present
work provides valuable insights into the mechanical stability
of SARS-CoV-2 variants in complex with a potent nanobody.
For instance, the Delta variant displayed a higher degree of
mechanostability, which could potentially impact its viral
fitness and transmissibility. The mechanostability of XBB.1.5
intermediate between the WT and Delta variants.
Nonetheless, both native and non-native contacts decreased,
suggesting a reduced susceptibility to antibody neutralization.
These insights emphasize the importance of targeting con-
served epitopes or stabilizing RBD/antibody interactions to
improve vaccine effectiveness and counteract immune
escape. This study combines both AA-MD and state-of-the-
art CG-MD simulations for the study of large conformational
changes in protein complexes. Our findings indicate that
specific mutations significantly affect the formation and
rupture of native and non-native contacts under high
mechanical loads, affecting the overall mechanical stability
of virus-antibody complexes. We observed significant stabi-
lity in the RBD and H11-H4, with no protein unfolding
during pulling MD simulations at high load rates. In con-
trast with the WT, the Alpha variant showed decreased
mechanostability, whereas the Delta variant displayed an
opposite effect. These differences highlight the significance
of mechanical stability in the immune evasion mechanisms
of the virus and emphasize the significance of incorporating
this information into the design of therapeutic antibodies. A
thorough understanding of the nanomechanical aspects of
these interactions can guide the development of novel
monoclonal antibodies, optimizing them not only by surface
complementarity and thus high binding affinity, but also for
enhanced stability under mechanical stress. Furthermore,
the methods and insights derived from this study can be
extended to enhance therapies against other coronaviruses.
Including mechanical stability considerations in the design
process may enhance the efficacy of treatments and preven-
tive measures against both current and emerging variants of
SARS-CoV-2.
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