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Abstract

The emergence of the SARS-CoV-2 variant XBB.1.5 has triggered a global health crisis by enhancing
viral entry into cells via its spike protein. This study addresses the urgent need to develop neutralizing
nanobodies (Nbs) to counteract the SARS-CoV-2 virus. Our aim was to identify a lead Nb and enhance
its binding affinity to the receptor-binding motif (RBM) on the receptor-binding domain (RBD) of the
SARS-CoV-2 spike protein (S-protein) using computational methods. A total of 29 Nbs were screened
against the XBB.1.5 RBD using the HDOCK server to select a lead Nb. This investigation revealed that
Nb_7KGK exhibited the highest binding affinity. Subsequently, unfavorable residues of Nb_7KGK were
mutated to further enhance binding affinity. As expected, aromatic residues (tyrosine, tryptophan, histidine)
were primarily mutated to improve binding affinity, resulting in a new Nb variant named Nb_7KGK(7),
with heightened affinity. The engineered Nb_7KGK(7) demonstrated improved chemical interactions
with the RBD. Predicted physicochemical properties, such as pl value, total charge, Clashscore, and
MolProbity score of the engineered Nb, were also improved. This study highlights the potential of
computational design as a preliminary step toward developing effective Nbs against the emerging
SARS-CoV-2 XBB.1.5 variant.

1. Introduction

The appearance of the SARS-CoV-2 variant XBB.1.5 has instigated
a global health crisis by exploiting the attachment mechanism of its
spike protein, facilitating viral entry into cells. Sharma et al. [1] conducted
a structural analysis that revealed five mutations in the loop region of
XBB.1.5 compared to the wild-type (WT): S477N, T478K, E484A,
S486P, and F490S, along with a disulfide bond between residues C480
and C488. They performed 1-ps molecular dynamics (MD) simulations
on the receptor-binding domain (RBD) of XBB.1.5. To study the
reorientation of the RBD loop, the distance between two specific
residues was calculated over time: residue 449 (outside the loop) and
residue 486 (S486P, within the loop). The mutations in XBB.1.5
alter the interaction patterns, leading to a reorientation of the RBD
loop region (residues 470-491, including S486P). This reorientation
allows the loop to form more hydrogen bonds with ACE2 compared
to the Omicron variant [1]. The S486P mutation enhances the structural
flexibility of the spike protein, facilitating its transition between closed
and open conformations—critical for effective ACE2 binding. This
mutation significantly increases the binding affinity of the XBB.1.5
spike protein to the human ACE2 receptor, with a dissociation constant
(Kp) of 3.4 nM, reflecting a much stronger binding affinity compared
to XBB.1 and BQ.1.1. These structural changes, driven by the S486P
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mutation, enhance the virus's ability to spread, potentially leading to
new waves of infection [2]. Additionally, this mutation enables the
virus to evade neutralization by several monoclonal antibodies [3].

This challenge has inspired an urgent demand for the development
of neutralizing molecules to counter viral invasion [4,5]. Antibody
(ADb) is well-known to neutralize SARS-CoV-2 by binding to its spike
protein, preventing virus entry into cells and subsequent infection [6].
However, antibody neutralization can be less effective against new
SARS-CoV-2 variants due to mutations that reduce antibody binding
efficacy [7,8]. Moreover, therapeutic monoclonal antibodies can be
expensive and challenging to produce at scale, limiting their accessibility
and widespread use [9]. Alternatively, nanobodies (Nbs), which are the
single-variable heavy chain domains of antibodies [10], are a promising
option due to their small size, high binding affinity, solubility, stability,
and effectiveness in neutralizing SARS-CoV-2 by binding to its spike
protein [11]. Nbs are considered the most promising tools for SARS-
CoV-2 neutralization compared to miniproteins, affibodies, affimers,
and monobodies due to their small size and unique combination of
structural, functional, and application advantages. Nbs, which are the
small antibody fragments (12 kDa to 15 kDa) [12], have a size that
allows them to specifically bind receptor-binding motif (RBM) epitopes,
which are often mutated residues on the receptor-binding domain
(RBD) of the SARS-CoV-2 spike protein in many variants. While other
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small proteins, such as miniproteins (1 kDa to 10 kDa) [13], affibodies
(<10kDa) [14], affimers (11 kDa) [15], and monobodies (10 kDa) [16],
are smaller than Nbs, they may not be as suitable for interacting with
the RBM of the RBD. In contrast, Nbs can specifically neutralize the
virus at nanomolar to picomolar concentrations, often outperforming
other engineered scaffolds in neutralization assays [17]. In terms of
application, nanobodies offer significant advantages in stability and
functionality. However, challenges remain in optimizing their production
and application. Efforts are ongoing to further enhance their stability
through computational modeling and engineering, which could expand
their use in extreme environments and broaden their therapeutic
potential [17]. Additionally, Nbs have demonstrated cross-neutralization
capabilities against multiple SARS-CoV-2 variants, including Alpha,
Delta, and Omicron subvariants [18,19].

However, traditional methods for Nbs screening, such as phage
display and immunization of animals (e.g., camelids), have several
drawbacks. These include being time-consuming, costly, resource-
intensive, necessitating extensive gene library construction, and
requiring expertise in molecular biology techniques [20-22]. To address
these limitations, we propose an in silico approach to select a Nb and
improve its binding affinity with the SARS-CoV-2 spike protein receptor
binding domain (RBD), circumventing traditional production limitations.
We screened 29 Nbs against RBD XBB.1.5 via the HDOCK server to
identify a lead Nb and engineered it through computational design for
heightened affinity.

2. Experimental
2.1 Selection of lead nanobody for RBD XBB.1.5

The XBB.1.5 RBD structure was prepared by changing S486 to
P486 in PDB ID 8IOV. To discover a lead Nb with the highest binding
affinity for the XBB.1.5 RBD target, all 29 Nbs from the Protein Data
Bank (PDB) (https://www.rcsb.org/) [23] were docked with the RBD
XBB.1.5 using a blind docking method in HDOCK (http://hdock.
phys.hust.edu.cn/) [24]. Next, the Nb/RBD complexes underwent
energy minimization using the AMBER {f14SB force field to achieve
the optimal torsion of amino acid side chains [25], ensuring optimal
conformations before rescoring with HDOCK. The Nb with the lowest
HDOCK scores was selected as a lead Nb. This chosen Nb was then
utilized in the subsequent phase of the structure-based engineering
process.

2.2 Structural-based engineering of lead nanobody for
RBD XBB.1.5

To improve the binding affinity of the lead Nb to RBD XBB.1.5,
site-directed mutagenesis was performed on the lead Nb. In our
previous study, we conducted a comprehensive benchmarking analysis
to identify the most effective protein-protein docking server for RBD
and Nb docking systems, utilizing a dataset of crystal structures of
29 RBD/Nb and 86 RBD/Nb complexes. Among the 7 docking tools
evaluated, HDOCK demonstrated superior performance in ab initio
docking approaches for both RBD/Nb and RBD/Ab systems [26].
Consequently, we selected HDOCK for the present study. The HDOCK
score of the Nb/RBD complex from the lead Nb selection process was
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recorded as HDOCK b native). Mutations were prioritized at residues on
the Nb interface that either did not interact or had repulsive interactions
with RBD XBB.1.5. Prior to redocking, each mutated amino acid was
optimized using the CHARM force field within the Discovery Studio
program [27]. The mutated Nb was then redocked to determine the
post-mutation score, referred to as HDOCK b mutant). The AHDOCK
value for each Nb mutation was calculated to assess the binding affinity
changes for each mutated residue using Equation (1) [26].

AHDOCK = HDOCK(Nb mutant) — HDOCK(Nb native) (1)

The AHDOCK score indicated the binding affinity of each residue
of Nb to RBD XBB.1.5. The mutation that resulted in the lowest
AHDOCK at a specific position was selected for multi-point mutation
[26]. This multi-mutated Nb was then docked with RBD XBB.1.5
to obtain the final HDOCK score. The sequences of the multi-mutated
Nb and the lead Nb were aligned using BioEdit software to assess
sequence similarity [28].

2.3 Physicochemical properties

The predicted physicochemical properties, including contact
surface amino acids, contact surface area, and chemical and
physical interactions of the engineered Nb, were determined using
the PDBsum server (http://www.ebi.ac.uk/thornton-srv/databases/
pdbsum/Generate.html) [29]. Additionally, other properties such as
molecular weight, pI value, molar extinction coefficient, instability
index, aliphatic index, and grand average of hydropathicity (GRAVY)
were predicted using the ProtParam (ExPASy) tool (https://web.
expasy.org/ protparam/) [30]. Protein solubility was assessed using
the Protein—Sol web server (https://protein-sol.manchester.ac.uk/)
[31], and total charge was calculated using PROTEIN CALCULATOR
v3.4 (https://protcalc.sourceforge.net/) [32]. The validation of Nb
structures was conducted using MolProbity (http://molprobity.
biochem.duke.edu/) [33].

3. Results and discussion
3.1 Selection of lead nanobody for RBD XBB.1.5

The selection of lead Nb for RBD XBB. 1.5 was based on a docking
process. The criteria for selection, the HDOCK score of the lead Nb
should be low, indicating high binding affinity. This investigation
discovered in Figure 1 that the Nb_7KGK exhibited the highest
binding affinity (—464.97) to the targeted RBD XBB.1.5. Therefore,
Nb_7KGK was appropriately chosen as the lead Nb for further amino
acid engineering. This outcome aligns with earlier studies indicating
that the Nb_7KGK exhibits optimal interaction with RBD Variant-
of-Concern (VOC) [26].

3.2 Structural-based engineering of lead nanobody for RBD
XBB.1.5

To improve the binding affinity and specificity of the Nb_7KGK,
the modification of engineered Nb centered on crucial target residues
at the interaction site of Nb to RBD XBB.1.5, while considering the
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non-contact/interaction amino acid(s) and amino acid(s) that caused
unfavorable residues upon protein-protein surface contact. In the
introduction of single site-directed mutations, each mutation site was
altered with various amino acids possessing diverse properties. For
instance, Figure 2(a-b) illustrates that at the intriguing mutation sites
of Nb_7KGK, including threonine (T33), glutamic acid (E44), alanine
(A50), glycine (G55), alanine (A62), isoleucine (I98) and glutamine
(Q104) were considered to mutate. We discovered that the majority of
mutated residues in Nb_7KGK were aromatic residues tyrosine (Y),
tryptophan (W), and histidine (H) with higher AHDOCK scores. Amino
acid candidates were selected based on their potential to contribute
to hydrophobic interactions with the RBD XBB.1.5. As a result, the

engineered Nb_7KGK(7) from the multi-point mutation exhibited
amore robust interaction with RBD XBB.1.5. Obviously, the HDOCK
score of Nb_7KGK(7) (-604.96) indicated that the engineered Nb
provided a higher binding affinity more than native Nb_7KGK.
Consistently, Figure 2(b) proves that the primary characteristic of the
lead Nb_7KGK was its emphasis on the complementarity-determining
regions (CDRs), specifically CDRs 1-3, for engaging with the RBM
of RBD XBB.1.5 [34,35]. As expected, the Nb_7KGK(7) still interact
on receptor-binding motif (RBM) of RBD XBB.1.5 consistently to
native Nb_7KGK (see Figure 2(c)). Moreover, Figure 3 exhibits amino
acids distribution of the Nb_7KGK(7) on RBM of RBD XBB.1.5,
show higher number of interface contacted residues.
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Figure 1. HDOCK score results of the docking of 29 Nbs with RBD XBB.1.5.
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(a)

Nb_7KGK

RBD XBB.1.5

(b)

Nb_7KGK(7)

RBD XBB.1.5

HDOCK score = -604.96

Figure 3. Distribution of interaction residues of Nb_7KGK and Nb_7KGK(7) on RBD XBB.1.5.

In addition, Figure 4 illustrates that Nb_7KGK(7) exhibited more
overall interactions (a), interface residues (b), interface area (c), and
a greater number of hydrogen bonds and non-bond contacts (d) in
terms of chemical interactions. It is evident that the mutation residues
significantly enhanced chemical interactions. For instance, T33H,
AS0M, 198M, and Q104Y significantly improved hydrogen bond
interactions, while E44Y, A50M, and A62W meaningfully increased
non-bond contact interactions. These findings align with previous
studies that identified hydrophobic interactions from aromatic residues
as a key interaction of Nb on the RBM of RBD [36,37]. Notably, the
mutated residues were predominantly located within CDR1 (T33H),
CDR2 (G55Y), and CDR3 (I98M and Q104Y). These are essential
structural features facilitating binding to the target ligand [34,35]

Furthermore, Figure 5 demonstrates that Nb_7KGK(7) interacts
more strongly with RBD XBB.1.5 (HDOCK score —604.96) than
human ACE2 (HDOCK score —305.14). This discovery indicated that
Nb_7KGK(7) exhibits a robust interaction with RBD, surpassing
its interaction strength with ACE2 [38,39]. We suggest that the
engineered Nb could potentially be developed as a new neutralizing
Nb for the protection or treatment of SARS-CoV-2 XBB.1.5 infection
[40,41].

3.3 Physicochemical properties
According to predictions of physicochemical properties in Table 1,
the engineered Nb_7KGK(7) exhibited only minor alterations in its

overall characteristics compared to its original form, Nb_7KGK.
Replacing the aliphatic residues in the native Nb with aromatic
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residues (G55Y and A62W) led to a slightly decrease in the aliphatic
index. In contrast, aromatic mutations (T33H, E44Y, G55Y, A62W,
and Q104Y) increased the molar extinction coefficient at 280 nm,
thereby imparting a distinctive trait to the novel Nb [42]. Although
the engineered Nb_7KGK(7) has a higher aromatic residue content,
the histidine substitution at T33H enhanced polarity (resulting in
amore negative GRAVY) and total charge at biological pH, thereby
increasing the pl value [43]. Typically, nanobodies exhibit a basic
pl value and a high positive charge as a common trend, strategically
designed to mitigate self-aggregation [34]. Since mutations were
distributed across seven residues, all mutation residues preserved
the solubility of Nb_7KGK(7).

The evaluation of the designed Nb_7KGK(7) against the native
Nb_7KGK from the PDB reveals differences in structural quality
based on Clashscore, Ramachandran Z-score, and MolProbity score.
Nb_7KGK(7) demonstrates superior performance in Clashscore,
achieving a perfect score of 0 (100th percentile) compared to
Nb_7KGK’s 3.79 (96th percentile), indicating the absence of steric
clashes in the designed model. The Ramachandran Z-score, which
evaluates deviations in backbone dihedral angles, highlights issues
in both models. Nb_7KGK scores —3.94 = 0.62, while Nb_7KGK(7)
shows a slight improvement to —3.02 + 0.78; however, both scores
exceed the acceptable threshold (|Z-score|<2), indicating significant
backbone geometry challenges. The MolProbity score, a comprehensive
quality measure, favors Nb_7KGK(7) at 1.73 (88th percentile) over
Nb_7KGK at 2.48 (48th percentile), reflecting enhanced overall
structural quality [44]. These improvements suggest better atomic
packing and geometry in Nb_7KGK(7) compared to the native Nb.
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Table 1. Physicochemical properties of Nb_7KGK and Nb_7KGK(7).

Physicochemical properties Nb_7KGK Nb_7KGK(7)
Number of amino acids 119 119

Formula weight 13144.88 13549.42
Aliphatic index 72.94 67.98

Ext. coefficient (at 280 nm, disulfide forms) 39420 49515

Grand average of hydropathicity (GRAVY) -0.274 -0.309

Total charge at pH 7.4 4.7 5.8

pl value 9.36 9.42
Solubility 0.61 0.61

4. Conclusions

The selection of the lead Nb for RBD XBB.1.5 was based on
a docking process, aiming for a low HDOCK score indicating high
binding affinity. Nb_7KGK exhibited the highest binding affinity,
making it the lead NDb for further engineering. The Nb_7KGK(7) was
engineered through multiple point mutations focusing on key residues,
showing enhanced interaction with RBD XBB.1.5 and surpassing the
native Nb_7KGK in binding affinity. This engineered Nb displayed
stronger interaction with RBD XBB.1.5 compared to human ACE2,
indicating its potential as a neutralizing agent against SARS-CoV-2
XBB.1.5. The physicochemical property predictions of Nb_7KGK(7)
showed improved properties, such as an increased molar extinction
coefficient and pl value, while maintaining good solubility.
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