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Abstract:

The optimization of antibodies to attain the desired levels of affinity and specificity holds great
promise for development of the next generation therapeutics. This study delves into the
refinement and engineering of CDRs through in silico affinity maturation followed by binding
validation using ITC and pseudovirus-based neutralization assays. Specifically, it focuses on
engineering CDRs targeting the epitopes of RBD of the spike protein of SARS-CoV-2. A
structure-guided virtual library of 112 single mutations in CDRs was generated and screened

against RBD to select the potential affinity-enhancing mutations. Subsequent biophysical
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studies using ITC provided insights into binding affinity and key thermodynamic parameters.
Consistent with in silico findings, seven single mutations resulted in enhanced affinity. The
mutants were further tested for neutralization activity against SARS-CoV-2 pseudovirus.
L106T, L106Q, S107R, and S107Q generated mutants were more effective in virus-
neutralizing with 1Cso values of ~0.03 uM, ~0.13 uM, ~0.14 uM, and ~0.14 uM, respectively
as compared to the native nanobody (ICso ~0.77 uM). Thus, in this study, the developed
computational pipeline guided by structure-aided interface profiles and thermodynamic
analysis holds promise for the streamlined development of antibody-based therapeutic

interventions against emerging variants of SARS-CoV-2 and other infectious pathogens.

Keywords: CDRs mutations, /n silico, Affinity maturation, SARS-CoV-2, Pseudovirus,

Introduction:

The development of advanced biologic therapeutics, including monoclonal antibodies (mAbs),
single-domain antibodies (sdAb) or nanobodies (Nb), and engineered proteins, revolves around
enhancing their ability to effectively bind to the specific molecular targets associated with
diseases, commonly referred to as antigens. The term “Bio-better” is defined for the
biotherapeutic molecules, such as antibodies or proteins, that have been improved to exhibit
superior characteristics compared to their original or conventional counterparts !. These
improvements could be in terms of efficacy, safety, tolerability, or other desirable properties,
presenting a promising strategy for the development of next generation therapeutics . The
impeccable specificity and high affinity of antibodies are increasingly exploited for therapeutic
and diagnostics purposes *. In the process of discovery and development of antibodies,
immunization of animals and various display methods (phage, yeast, and ribosome) serve as

fundamental techniques ®’. However, reaching the desired levels of affinity and specificity
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against targeted antigens using traditional approaches may not be consistently successful.
Thereby, affinity maturation becomes a valuable strategy to further optimize the binding
affinity of antibodies. In nature, this process occurs naturally in the B-cells, in which the host
immune system generates high-affinity antibodies against specific antigens through somatic
hypermutation %°. Several in vitro techniques based on directed evolution aim to mimic this
natural process. However, this daunting task of enhancing the affinity using in vitro methods
is rather complicated, expensive, and time-consuming. Structure-based computational
engineering offers an attractive alternative strategy for the development of biotherapeutic

antibodies 012,

Affinity maturation can be expedited and simplified through computational methods,
specifically by employing random virtual mutagenesis guided by the structure-aided interface
profiles of antibodies and antigens. This multifaceted task includes structure
determination/prediction, identification of binding interface, and calculation of mutational
energy changes. The availability of high-quality structural data of antigen and antibody
complexes serves as a crucial reference point for the in silico affinity maturation process 2.
The antigen-binding specificity of antibodies is primarily dictated by paratopes, the specialized
regions on the molecule responsible for interaction with antigens. Within these paratopes,
CDRs (Complementarity-determining regions) play a pivotal role in diversifying and
optimizing antibody affinity. Conversely, the remaining framework regions (FRs) contribute
significantly to the overall structural integrity of the antibody molecule 6. To attain a high
binding affinity against antigens, antibodies require surface complementarity in terms of shape,
size, and chemical nature to ensure effective recognition and interaction with the target
antigens. Shape complementarity relies on the aromatic residues that bring the two surfaces
together primarily through Van der Waals and hydrophobic interactions. Specificity and

strength, on the other hand, are contributed by the electrostatic interactions i.e., salt bridges
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78  formed between charged side chains, along with hydrogen bonds connecting oxygen and/or
79 nitrogen atoms "8, In silico affinity maturation has been successfully applied to develop high-
80 affinity antibody fragments such as fragment antigen-binding region (Fabs), Single-chain
81 variable fragments (scFvs), and Variable Heavy domain of Heavy chain (VHHSs) against

82  numerous antigens %24,

83  VHHs are the antigen binding domain of only heavy chain antibodies that are derived from the
84  camelid’s animals and are also referred to as nanobodies 2. Nanobodies, with their compact
85 dimensions of approximately 15 kDa, offer distinct advantages such as specificity,
86  thermodynamic stability, enhanced target engagement, and deeper tissue penetration compared
87  to traditional antibodies. Notably, their smaller molecular size and increased stability simplify
88  the processes of cloning, expression, and purification, allowing for high yields in bacterial,
89  yeast, and mammalian expression systems 2632, The COVID-19 pandemic has accelerated
90 extensive efforts in the field of development and engineering of neutralizing nanobodies
91 against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Despite extensive
92  vaccine administration drives, concerns persist regarding increased transmissibility,
93  immunological resistance, and waning immunity, potentially leading to more severe infection
94  waves . A critical initial step of infection involves cell entry of viral particles facilitated by
95 the interaction between the spike protein (S-protein) of SARS-CoV-2 and the angiotensin-
96  converting enzyme 2 (ACE2) receptor on the host cell. The receptor-binding domain (RBD) of
97  S-protein, comprises critical residues binding to ACE2, and emerges as a key player in virus
98  entry, offering an attractive target for suppressing and inhibiting virus infection **. Of the other
99  structural proteins of SARS-CoV-2, the S-protein has been recognized as a prime target for the
100  development of neutralizing antibodies 33", Numerous studies on therapeutics against SARS-
101 CoV-2 have accentuated the efficacy of nanobodies targeting the RBD of the S-protein 384 .

102 These nanobodies neutralize the virus by either directly competing with ACE2 for the same
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103  epitope (Tyl, H11-H4, C5, and H3) or by interacting with the non-RBD region of the SARS-
104  CoV-2 S-protein (F2, C1, and VHH72) 4444 The incessant emergence of highly contagious
105  escape variants has reinforced the global threat of SARS-CoV-2, necessitating efficient
106  preventive or therapeutic strategies to mitigate any future risks °°%. Global surveillance efforts
107  utilizing genome sequencing unveiled over 5000 amino acid alterations within the genome of
108  SARS-CoV-2, including substitutions, deletions, and insertions, predominantly concentrated
109  within the S-protein %2. This demands the need for quick strategies to upgrade the available

110  vaccines and therapeutics for continued efficacy against emerging variants.

111 Utilizing insights obtained from the crystal structure of the SARS-CoV-2 RBD in complex with
112 nanobody (H11-H4) (PDB: 6ZBP), computational predictions, and in vitro validation were
113 employed to engineer and generate high-affinity mutants of the H11-H4 nanobody (referred to
114  native nanobody in this paper). A comprehensive in silico, biophysical characterization, and
115  efficacy testing investigations were conducted on a set of 9 mutants that were screened from
116  an in house library of 112 single mutants of native nanobody. Using, Isothermal Titration
117  Calorimetry (ITC), the binding affinities of both native and mutant nanobodies were assessed
118  against RBD, aiming to identify the high affinity binders. Pseudovirus neutralization assay
119  successfully identified four mutants of nanobody with significantly improved neutralizing
120  activity compared to their native counterparts. This integrated approach shows potential in
121 expediting the development of antibody based therapeutic interventions targeting emerging

122 variants of SARS-CoV-2 and other pathogens.
123 Material and methods:
124  Software and hardware used for in silico study:

125  Protein structures were retrieved from the RCSB-PDB 33, and their IDs are indicated as they

126  appear in the text. For structural visualization, PyMol and Crystallographic Object-Oriented
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127 Toolkit (Coot) >* were utilized, and Coot was also used for introducing the mutations in the
128  nanobody. Structural comparison and interaction studies were accomplished using PyMol *°
129  and LigPlot+ >°. Docking was performed by protein-protein docking software, HADDOCK
130 2.4 °7. Molecular simulation studies were carried out using Gromacs 2022.2 suite >® on an

131 Ubuntu-based LINUX workstation.
132 Comprehensive in silico mutagenesis:

133 For the computational studies, the coordinates of SARS-CoV-2 RBD and native nanobody
134  (H11-H4) were extracted from the PDB ID: 6ZBP *. A docked complex of the native nanobody
135  and the RBD was generated using HADDOCK 2.4 >°. The complex was used as the reference
136  for all the computational studies and for mapping the interacting residue present between the
137  RBD and native nanobody using PyMol and LigPlot+ software. The coordinates of the native
138  nanobody were further used for in silico affinity maturation. The first step of in silico affinity
139  maturation involves virtual mutagenesis where single mutations were introduced in the selected
140  residues of the CDRs of the nanobody using Coot software, generating a library of nanobody

141  mutants 06!

. In Coot, mutations are introduced individually, allowing us to predict their
142 stereochemical effects. The initial position for the new rotamer is chosen based on the most
143  probable orientation >*. The substitution mutation was performed majorly to charged, polar,
144  and aromatic residues. Also, mutations to proline, glycine, and cysteine were avoided owing to
145  the peculiar nature of these amino acids. Subsequently, the 3D structures of these mutants were
146  energy-minimized using the CHARMM 27 force field % in the Gromacs 2022.2 suite. The
147  generated library of nanobody mutants was screened against RBD (Coordinate extracted from
148  6ZBP) using HADDOCK 2.4 with default parameters. These docked complexes were further

149  screened, employing criteria such as docking scores and favourable interactions compared to

150 the native nanobody complex.
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151  Protein-protein docking and MD simulations:

152 High affinity complexes selected from the aforementioned pipeline were subjected to MD
153  simulation studies employing the CHARMM 27 force field using the Gromacs 2022.2 suite *°.
154  The complex was solvated with a simple point charge (SPC) water model in the cubic box. To
155  neutralize the protein in the water system, counter ions were added, and further energy
156  minimization was executed through the steepest descent algorithm over 50,000 iteration steps.
157 A two-step equilibration process was executed to the energy minimized system for 100 ps, (i)
158  NVT (constant number of particles, volume, and temperature) equilibration, at a reference
159  temperature of 300 K, and (ii) NPT (constant number of particles, pressure, and temperature)
160  equilibration, at a reference pressure of 1.0 bar. Using periodic boundary conditions (PBC),
161  long-range electrostatics interactions were computed using the Particle Mesh Ewald (PME)
162  electrostatics algorithm, with a Fourier grid spacing of 1.6 A within a cut-off radius of 12 A in
163  all three dimensions. This well equilibrated system was then subjected to 100 ns production of
164  MD run utilizing the leap-frog algorithm, with trajectories generated every 10 ps with an
165  integration time frame of 2 fs. The resulting 100 ns MD run trajectories were analyzed for the
166  calculation of Root Mean Square Deviation (RMSD) values and the number of hydrogen

167  bonds. All graphs were generated using XMgrace software.
168  Cloning of nanobody:

169  The gene sequence for the native nanobody was acquired from the Huo et.al 2020 **. The
170  codon-optimized sequence of the nanobody gene was synthesized by Invitrogen, Thermo
171 Fisher Scientific. Following synthesis, the nanobody gene was PCR amplified using 5'-
172 CAGCCATATGCAGGTTCAGCTGGTTGAA-3' as forward and 5'-
173 GGTGCTCGAGTTAATGATGATGGTGATGAT-3' as reverse primer. After restriction

174  digestion, the nanobody gene was cloned into the pET28c vector, positioned between the Ndel
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175 and Xhol restriction sites with an N-terminal histidine tag. Subsequently, the recombinant
176  vector was transformed into competent E. coli DH5a cells and grown on Luria Bertani (LB)
177  agar plates supplemented with 50 pg/mL kanamycin overnight at 37 °C. The following day,
178  kanamycin-positive colonies were selected from the agar plate and plasmids were extracted
179  using the MiniPrep isolation kit (Qiagen, USA). The cloned construct was eventually

180  confirmed using Sanger sequencing.

181  Site-directed mutagenesis (SDM):

182  After confirming the plasmid through Sanger sequencing, site-directed mutagenesis was
183  performed to introduce selected mutations in the CDRs of the native nanobody. Specifically
184  designed overlapping primers were used for the PCR amplification of the native nanobody
185  gene. The amplification process individually introduced 9 single mutations, resulting in one
186 amino acid change per mutation. Following the amplification, the parental strand was
187  enzymatically cleaved using Dpnl, and digested product was transformed into competent XL-
188 1 blue cells of E. coli and grown on the LB agar plates containing kanamycin (50 pg/mL) and
189  chloramphenicol (35 pug/mL). The following day, positive colonies were picked from the agar
190 plate and the plasmids were isolated. These plasmids were sent for Sanger sequencing to
191  confirm the presence of the intended mutations in the nanobody gene. The list of primers

192  employed for site-directed mutagenesis are listed in (Supplementary Table 2).

193  Recombinant nanobody production:

194  The recombinant plasmid with the cloned nanobody gene was transformed into competent E.
195  coli Rosetta cells (DE3; Novagen, USA) and grown on LB agar plates containing kanamycin
196 (50 pg/mL) and chloramphenicol (35 pg/mL). For bacterial expression of nanobody protein, a
197  single colony was picked and inoculated into 10 mL of LB broth supplemented with kanamycin

198 (50 pg/mL) and chloramphenicol (35 pg/mL), and the culture was incubated at 37 °C and
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199 200 rpm overnight. This primary culture was used to inoculate the 1 L LB broth, culture was
200 grown at 37 °C till optical density (OD) ODsoo reached 0.4. Subsequently, recombinant
201  nanobody protein was expressed by adding 0.2 mM isopropyl-p-d-1-thiogalactopyranoside
202  (IPTG) as inducer, and culture was grown at 16 °C for 20 h in an incubator shaker at 180 rpm.
203  Following this, the cells were harvested by centrifugation at 4 °C at 6,000 rpm for 10 min. The
204  cell pellet was then resuspended in the lysis buffer (50 mM Sodium Phosphate, 500 mM NaCl,
205 and 10 mM Imidazole, pH 8.0). Cell disruption was done using a French press (Constant
206  Systems Ltd, Daventry, England) and the cellular debris was removed by centrifugation of cell
207  lysate at 10,000 rpm for 90 min at 4 °C. The clarified supernatant was loaded onto a pre-
208  equilibrated gravity flow column of nickel-nitrilotriacetic acid (Ni-NTA) beads (Qiagen,
209  Germantown, MD, USA). The column was washed with the increasing concentration of
210 imidazole and the recombinant nanobody protein was eluted at a gradient of 250-500 mM
211  imidazole concentration in elution buffer (50 mM Sodium Phosphate, 300 mM NaCl, and 5%
212 glycerol, pH 8.0). Fractions collected at different imidazole concentrations were analyzed using
213 15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) to confirm the
214 purity of purified nanobody proteins (Supplementary Fig 1A). Fractions containing the pure
215  nanobody protein were pooled together, dialyzed against 1 X phosphate-buffered saline (PBS)
216  containing 140 mM NacCl, 2.6 mM KCl, 10 mM NaHPO4.2H>0 and 1.8 mM KH>PO4pH 7.4
217 with 10% glycerol for overnight at 4 °C. After dialysis the protein was concentrated through
218  Amicon centrifugal filters (Millipore, Burlington, MA, USA) with a molecular weight cutoff
219  of 3 kDa. The concentrated protein was flash frozen in liquid nitrogen and stored at -80 °C until

220  further use. The expression and purification of all nanobody mutants were carried out similarly.
221  Recombinant RBD production:

222 The expression and purification for SARS-CoV-2 RBD (residues 319-528) was conducted

223 following the previously reported protocol with some modifications . In brief, the RBD gene
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224  was cloned in pPick.9 vector in between the Avrll and SnaBI restriction sites. Upon confirming
225  the clone through Sanger sequencing, the plasmid was linearised with Sa/l enzyme and used
226  for transfection into competent Pichia pastoris cells via electroporation. The transfected cells
227  were grown on a histidine-deficient medium for 2-3 days. Positive colonies were screened
228  using a gentamycin gradient to identify colonies with high expression of the RBD protein.
229  Selected colonies were subjected to a small-scale expression of RBD, and the maximum protein
230 yielding colony was chosen. For protein expression, yeast culture was grown in buffered
231 glycerol media medium (BMGY) at 28 °C in a shaking incubator until an ODgoo of ~ 2—6. The
232 yeast cells were harvested through centrifugation and then resuspended in buffered methanol-
233 complex medium (BMMY) containing 1% methanol, followed by growth at 28 °C for 4 days.
234 After the 4-day induction period with methanol, the culture supernatants were collected and
235  purified by Ni-NTA affinity chromatography using a purification buffer consisting of 50 mM
236 Tris, 150 mM NaCl, and 10% glycerol pH 8.0. Fractions collected at different imidazole
237  concentrations were analyzed using 12% SDS-PAGE to confirm the purity of purified RBD
238  proteins (Supplementary Fig 1B). Fractions containing the pure RBD protein were pooled
239 together and subsequently dialyzed against 1X PBS at pH 7.4 overnight at 4 °C. Subsequently,
240  the protein was concentrated using Amicon centrifugal filters (Millipore, Burlington, MA,

241 USA) with a molecular weight cut off of 10 kDa.
242  Binding affinity assessment using ITC:

243 The thermodynamic parameters and binding affinity of RBD with the nanobodies were
244 determined through ITC with a Micro Cal ITC200 microcalorimeter (Malvern, Northampton,
245  MA) at 25 °C. Purified RBD and native/mutant nanobody were dialyzed in 1 X PBS at pH 7.4
246 and 10% glycerol. The nanobody (syringe) at a concentration of 50 uM was titrated against
247 2.5 uM RBD (cell) **. The experimental setup consists of an initial injection of 0.5 uL followed

248 by 13 injections of 2.9 uL of the purified nanobody, into the cell containing RBD protein. The
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249  acquired data were fitted into the single-site binding model to generate the binding isotherm
250  and calculate the dissociation constant (Kp) for the binding. Data processing was carried out
251  using MicroCal analysis software, Malvern, in conjunction with the commercially available

252 Origin 7.0 program.
253  Production of SARS-CoV-2 pseudovirus:

254  Human embryonic kidney (HEK-293T) cells (NCCS, India) were used for the transient
255  expression of SARS-CoV-2 spike pseudotyped virus. HEK-293T cells expressing Human
256  angiotensin-converting enzyme-2 (hACE2) and TMPRSS2 were obtained from BEI Resources
257  (NR-55293) and used for the neutralization assays. All cell lines were maintained at 37 °C and
258 5% CO; in high glucose Dulbecco’s-modified essential media (DMEM; HiMedia, India)
259  supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 100 U/mL penicillin and

260 100 mg/mL streptomycin (HiMedia, India).

261  The plasmid constructs for the production of pseudotyped lentiviral particles expressing S-
262 protein of SARS-CoV-2 were obtained from the BEI Resources SARS-Related Coronavirus 2,
263  Wuhan-Hu-1 Spike-Pseudotyped Lentiviral Kit V2 (NR- 53816). Pseudovirus particles were
264  produced following the protocol described by . Briefly, 3 x 10® HEK-293T cells were seeded
265 in 6 well plates prior to the day of transfection. At 70-80% confluency, cells were transiently
266 transfected with different concentrations of the plasmids (NR-53742, NR-52516, NR-52517,
267  NR-52518, and NR-52519) required to produce lentiviral particles using Lipofectamine 2000
268  (Invitrogen) as per the manufacturer’s instructions. After 60 h post-transfection, the culture
269  supernatant containing pseudovirus particles was harvested and filtered using a 0.45 um filter
270  and stored at -80 °C in smaller aliquots. Furthermore, the virus titer was determined by

271 luciferase assay as mentioned by Crawford et al 2020 .

272 Pseudovirus neutralization assay:
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273 To perform the neutralization assay, 96 well plates were coated with 0.1 % gelatine (Himedia
274  TCL-059). HEK-293T cells expressing human ACE2-TMPRSS2 (NR:55293) were seeded at
275  a density of 4 x10* cells /well. On the following day, a 50 uM concentration of nanobodies
276  were two-fold serially diluted in 2% DMEM. Serially diluted nanobodies were mixed with an
277  equal volume of diluted virus (8x10° RLU/mL) supplemented with 10 mg/mL hexadimethrine
278  bromide (Himedia) and incubated for 1 h at 37 °C in a 5% CO; incubator %. Subsequently, 200
279  uL of each dilution was added to HEK-293T cells expressing human ACE2-TMPRSS2. Then,
280 the plate was incubated at 37 °C in a 5% CO; incubator for 60 h. Later, the cell lysate was
281  prepared and used for luciferase assay, as mentioned in Crawford et al 2020 . From the
282  clarified cell lysate, 20 pL of supernatant was mixed with 50 pL of luciferin substrate (SRL,
283  India) and was added into wells of 96 well white opaque plate (Costar) to estimate the relative
284  luminescence, using Synergy HTX multimode plate reader (Agilent BioTek). The experiment
285  was performed thrice and data points represent the average of a triplicate set of readings.

286  Graphs were prepared using Graph Pad Prism 8.0 software 4%,

287  Results:
288  Rationale for in silico mutagenesis and generation of an in house mutant library:

289  CDRs of native nanobody interact with RBD and hinder the ACE2 binding and viral entry
290 inside the cell. The native nanobody (H11-H4), originally derived from the H11 parent
291  nanobody, was reported to be raised against RBD in Lamma **. To enhance the binding affinity
292 of native nanobody towards RBD, in silico affinity maturation approach was employed for
293  which the amino acids were selected based on structural analysis of native nanobody and RBD
294  complex generated through HADDOCK 2.4. Structural analysis of the complex revealed a
295 major contribution of CDR2 and CDR3 loops in interactions with the RBD (Fig 1B).

296  Furthermore, analysis using PyMol and LigPlot+ disclosed that only Arg52 and Ser57 from
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297  CDR2 were contributing in hydrogen bonding (H-bond) with the Glu484 of RBD. Whereas,
298  CDR3 of the nanobody displayed a robust hydrogen bonding network. The residues His100,
299  Tyrl01, Val102, Tyr104, Leul06, and Aspl15 of native nanobody forms H-bond with the
300 Lys444, Asn448, Tyrd49, Asn450, Glu484, Phe490, GIn493, and Ser494 residue of RBD (Fig
301 1C). Mutagenesis was limited to antigen recognition residues within the limit of 6 A identified
302 using PyMol, to minimize impact on molecular stability and enable experimental
303  characterization with a small number of mutants. The amino acids present in the CDR2 (Arg52,
304  Ser54, Gly55, Gly56, and, Ser57) and CDR3 (His100, Tyr101, Vall02, Ser103, Tyr104,
305 Leul0S5, Leul06, and Ser107) were selected and mutated using Coot software to generate an
306  in house library of 112 mutants with single amino acid substitutions in the nanobody (Fig 1D).
307  The rationale for introducing these mutations was to augment and optimize the contribution of
308 electrostatic and polar interactions, thereby improving the overall stability and functionality
309 through a targeted modification in the structure '”'®. The energy minimization step was
310 performed using the CHARMM 27 force field in the Gromacs 2022.2 suite after the
311  introduction of mutations in the 3D structure of the nanobody. The comparative structural
312 alignment of the CDR loops of native/mutant nanobodies revealed that mutational changes in
313  CDR3 not only affected CDR3 but also CDR1 and CDR2. These slight structural changes in
314  CDRs, presumably affect the binding pattern at the interface of nanobody and RBD,

315  subsequently increasing and decreasing the binding affinities (Supplementary Fig 3A).
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Fig. 1 Detailed structural analysis of nanobody and RBD complex and selection of residue
for the in silico mutagenesis. A) Cartoon representation of nanobody showing framework
region (cyan) and position of CDR1 (yellow), CDR2 (purple), and CDR3 (hot pink). B) Surface
representation of RBD (green) and nanobody (cyan) complex generated through HADDOCK
2.4 showing the interacting interface. The CDR2 (purple) and CDR3 (hot pink) regions of
nanobody interacting with RBD are depicted as spheres. C) The key interactions present at the

interface of RBD (green) and nanobody (cyan) complex generated through HADDOCK 2.4 are
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324  depicted, highlighting the CDR2 (purple) and CDR3 (magenta) of nanobody. Interacting
325 residues of nanobody and RBD are shown in sticks. D) Vertical representation depicts the
326  nanobody residues present in the CDR2 (purple) and CDR3 (hot Pink). The residues selected
327  for in silico mutagenesis and library generation from the CDR2 and CDR3 are depicted in

328  horizontal rows (112 mutants).

329

330

331  Selection of the best binders using protein-protein docking and MD simulation:

332 High-throughput protein-protein docking studies screened and identified the best binders
333  compared to the native nanobody, from an in house library of 112 mutants generated against
334 the RBD (Supplementary Table 1) using Coot. Additionally, a comparative analysis of
335 interactions between native/mutated nanobody and RBD docked complexes revealed the
336  formation of new interactions owing to the introduction of certain mutations (Fig 2 and
337  Supplementary Fig 2). Based on interaction examination, out of the 112 mutants studied, 51
338  showed docking scores comparable to or higher than the native nanobody and formed
339  additional interactions with the RBD, 9 mutants, which had not been previously published were
340 chosen for further characterization. The mutants R52D, S54E, G56H, and S57D were selected
341  for engineering the CDR2 loop, and L105E, L106T, L106Q, S107Q, and S107R were selected
342 from CDR3 for further studies (Table 1). Interestingly, mutation R52D in native nanobody led
343 to the disruption of the salt bridge between Arg52 and Glu484, rather a new H-bond was formed
344  between Asp52 and GIn493 of RBD. For the Ser54 mutations to Glu54, the mutated residue
345  was interacting with the RBD through weak Vander Waal interactions only. The mutation of
346  Gly56 to His56 has imparted changes in the CDR2 loop and pulled Gly55 towards the Gly482

347  of RBD as observed in PyMol analysis. In native nanobody, Ser57 forms a H-bond with Glu484
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348  of RBD and after mutation of Ser57 to Asp57, this H-bond remained intact. For the CDR3, the
349  mutation of Leul05 to Glul05 resulted in the formation of additional polar interactions with
350 RBD compared to native nanobody. Mutations of Leul06 to Thr106 and GIn106 resulted in
351 polar contacts with the Glu484, the same as of native nanobody and RBD complex. The
352  mutations of Ser107 residue to Argl07 and GInl107 resulted in an additional H-bond with
353  Argl07 and Gly485 of RBD compared to the native nanobody and RBD complex (Fig 2 and

354  Supplementary Fig 2).

355  Further, for the comparative assessment of the stability and interaction pattern of these selected
356  complexes at the atomistic level, the complexes were subjected to MD simulation studies using
357 a CHARMM 27 % force field in the Gromacs 2022.2 suite. The average RMSD of the Cq
358  backbone of complexes showed no major fluctuations, the overall values were observed to be
359  below 0.5 A for all complexes. Low RMSD values suggest the preservation of structural
360 integrity and stability of complexes despite mutational changes in nanobody (Supplementary
361  Fig 3B). The average number of H-bonds formed between RBD and native/mutant nanobody
362  were ~ 6-7 throughout the MD run. For some mutants, the number of H-bonds reached up to ~
363 9-10 indicating the formation of new interactions owing to the nature of mutations
364  (Supplementary Fig 3B and Table 1). MD simulation studies indicate rearrangement of the
365 nanobody-RBD interface residues as a result of amino acid changes present in nanobody CDRs

366  (Supplementary Fig 4).
367
368

369
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Table 1 Mutations selected for the CDR2 and CDR3 with their docking scores and number of
H-bonds based on DimPlot analysis of docked complexes generated through HADDOCK 2.4

and average number of H-bonds calculated after 100 ns MD simulations run.

Mutation HADDOCK No. of H-bond No. of
score after Docking average H-
bond after
MD
Native -113.1+/-4.6 9 6.26
nanobody
RS2D -102.3+/-6.5 5 4.81
SS4E -121.5+/-3.9 14 7.98
G56H -114.9+/-3.0 9 8.37
S57D -108.6+/-1.7 10 6.71
L105E -120.0+/-1.6 13 7.84
L106T -111.7+/-1.0 11 7.07
L106Q -111.8+/-2.2 13 7.60
S107Q -119.0+/-3.1 10 6.98
S107R -120.0+/-3.0 10 7.45
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378  Fig. 2 Protein-protein docking studies reveal differences in interactions of native and
379 mutant nanobodies and RBD complexes. A comprehensive analysis was conducted on
380 mutants of CDR2 and CDR3 of the nanobody in complex with the RBD of SARS-CoV-2,
381  generated using HADDOCK 2.4. The cartoon representation depicts the key interacting
382  residues of a nanobody (cyan) and RBD (light magenta) that were critically studied to
383  understand the effects of the mutations (limon) on the binding affinity. Residues were shown

384  as sticks using PyMol.
385
386

387  Docked complexes of native/mutant nanobody-RBD were analyzed to see the distribution of
388  RBD residue at the interface of the complex within a 4 A cutoff. All mutants were interacting
389  with the almost same residue stretch on the RBD as the native nanobody. Here, the mutants
390 R52D, G56H, S107Q, and S107R were among the mutants that were targeting some additional
391 residue of RBD as shown in Fig 3. RBD and ACE2 interaction is critical for the life cycle of
392  SARS-CoV-2. Mutations in nanobody disrupting the interaction at the ACE2-RBD interface
393  could operate as promising entry inhibitors for SARS-CoV-2. Interestingly, analysis of RBD
394  and native/mutant nanobody complex revealed that the RBD residues targeted by nanobody

395  were also involved in interaction with ACE2 (Fig 3 and Supplementary Table 3). Additionally,


https://doi.org/10.1101/2024.05.13.593833
http://creativecommons.org/licenses/by-nc-nd/4.0/

396

397

398

399

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.13.593833; this version posted May 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

a few mutations in nanobody were identified to target some additional residue of the ACE2
binding pocket of RBD (Fig 3 and Supplementary Table 3). These mutant nanobodies

presumably act like molecular roadblocks, preventing virus entry and infection.
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RBD residues around 4 A
ACE2
H11-H4 K444, Y8, Naso, Las2, B, 1470, 484, JEEE, F400, L492, BE, s494
R52D R403, EAMBINANSNARE c 434, Gass, HiBBlicass, S, Fao0, @8NS 494, v49s, EHSEIOROEING0S
S54E R346, K444, Gaa7, Na4g, {8, Naso, JBB, T470, 484, S, Fao0, BHEE, sa04
G56H R346, K444, N44g, Jll8, Naso, BB, G482, vas3, £4s4, JlBE, F490, L492, BHBE, 494
$57D R346, K444, Gaa7, {8, Naso, BB, 1470, vas3, £484, JHBB, Fa90, 1492, B, s494
L105E K444, Gaa7, Naas, 8, N450,1470,E484, JlBE, F490, L492, BHEE, 494
L106T R346, K444, {8, Naso, JBE £4s4, S, F490, L492, BHBA, s494
L106Q R346, kaas, {8, Naso, B, Gas2, vas3, easa, JlBE, Faso, L492, R, sa94
$107Q R346, k444, Gaa7, N8, Naso, IHESIEEEE, 1470,1472,£484, {HEONGHSE| s494
402 S107R R346, Kaaa, Gaa7, 8, Naso, JBE, £484,Gass, HBEINGES, F490, L492, BlBA, s494
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405  Fig. 3 The comparative analysis of interacting residues at the interface of native and
406 mutant nanobody-RBD complex and ACE2-RBD (PDB: 6MOQOJ) complex. A) In the
407  native/mutant nanobody-RBD (pale cyan) docked complexes, RBD residues within 4 A cutoff
408  were shown in teal spheres. For the mutants of nanobody, RBD residues were colour coded in
409  two formats: teal if residues same as native nanobody and in mutation-specific colors. Mutated
410  residue in nanobody were shown in red sticks. B) Tabular representation for RBD residues in
411  a colour coded manner. For the native/mutant nanobody-RBD complex, residues targeted by
412  native nanobody were highlighted in cyan, additional RBD residues targeted by mutants were
413  colour coded as per mutation. C) In the RBD (pale cyan)-ACE2 (yellow orange) complex, RBD
414  residues within the 4 A cutoff were shown in teal sphere. In the docked complexes of
415  native/mutant nanobody-RBD residues same as of ACE2-RBD complex were shown in teal
416  spheres, while other additional RBD residue were shown in mutation-specific colors. Mutated
417  residue in nanobody were shown in red sticks. D) Tabular representation of the RBD residues
418  within the 4 A cutoff of ACE2-RBD complex and native/mutant nanobody-RBD complex,

419  highlighting overlapping residues in cyan. Figure prepared using PyMol.

420

421

422  Validation of computational predictions by assessment of binding affinities through ITC:

423  To establish the accuracy of the in silico findings, binding affinities of the mutants with the
424  SARS-CoV-2 RBD were estimated using ITC. The binding titrations of the RBD with the
425  nanobody are exothermically driven. Thermodynamic data generated from ITC isotherms was
426  fitted into a single-site binding model to compare the binding affinities of the native and
427  mutants. Thermodynamic parameters and titration curve depicted that the introduction of

428  mutations such as S54E, S57D, L105E, L106T, L106Q, S107R, and S107Q contributed to the
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429  improved affinities towards the RBD, compared to the native nanobody (Fig 4). Notably,
430  substitutions involving charged or polar residues tend to be particularly effective in improving
431  binding affinity, highlighting the significance of these interactions in computational affinity

432 enhancement, which is consistent with in silico findings.
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436  Fig. 4 Determination of binding affinity of native /mutant nanobody with RBD using ITC.
437  (A-J) Binding isotherm plots were generated using a single-site binding model with the binding
438  affinities of the native/mutants. The upper portion of each ITC titration depicts raw data, while
439  the lower portion displays the fitted binding isotherm, with inset Kp values provided for the

440  native/mutants.

441

442

443  Potent pseudovirus neutralization by generated mutant nanobodies:

444  The replication of pseudotyped lentiviral particles expressing S-protein successfully mimics
445  SARS-CoV-2 host cell entry *. Consequently, pseudotyped lentiviral particles expressing
446  surface exposed S-protein of SARS-CoV-2 were produced and used to determine the
447  neutralization efficacy of native and the mutant nanobody using HEK-293T cells expressing
448  human ACE2-TMPRSS2. Pseudotyped lentiviral particles were pretreated with increased
449  concentrations of nanobody, and incubated with HEK-293T cells expressing human ACE2-
450  TMPRSS?2 for 60 h. The cell lysate was prepared following the method described previously %
451 . The supernatant (20 pL) from clarified cell lysate was mixed with luciferin substrate (50
452  uL/well) in a white opaque 96-well plate. Relative luminescence was measured using a
453  Synergy HTX multimode plate reader (Agilent BioTek). The IC50 values were computed using
454  Graph Pad Prism 8.0 software. The experiment was conducted three times, and each data point
455  represents the average of three readings. Neutralizing efficiency varied considerably among
456  the different mutants with ICso values ranging from 0.03 -15.27 uM. Interestingly the mutants
457  L106T, L106Q, S107R, and S107Q have neutralization efficiency significantly better than the

458  native nanobody which is in concordance with the biophysical studies (Fig 5).
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Fig. 5 Evaluation of neutralization efficiency of native and mutant nanobody using

pseudovirus assay in HEK-293T cells expressing human ACE2-TMPRSS2. A) Schematic
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463  for the production of SARS-CoV-2 pseudovirus and neutralization assay. (B-K) The
464  neutralization potency of nanobodies were determined using a luciferase based pseudotyped
465  SARS-CoV-2 neutralization assay. Pseudotyped lentiviral particles expressing S-protein of
466  SARS-CoV-2 were pretreated with increased concentrations of nanobody and subsequently
467  incubated with HEK-293T cells expressing human ACE2-TMPRSS2 for 60 h. Post infection,
468 luciferase activity in cell lysates was quantified to calculate ICso values. The ICso values were
469  computed using Graph Pad Prism 8.0 software. The experiment was conducted three times, and

470  each data point represents the average of three readings.
471

472

473  Discussion:

474  The COVID-19 pandemic has impacted the world’s population by disrupting social, mental,
475  and economic harmony. The year-long vaccination drive against SARS-CoV-2 has yielded
476  positive results, but the efficacy of current SARS-CoV-2 vaccines and treatments is
477  increasingly challenged by the virus's capacity to evolve. To keep pace with viral evolution, a
478  fast, potent, and cost-effective preventative or therapeutic strategy is the need of the hour. While
479  vaccines prime our immune system to create antibodies against the virus, antibodies-based
480 therapies offer a different approach. They can be directly administered to patients, providing
481  immediate protection or treatment, particularly for those with weakened immune systems who

482  may not respond well to vaccines °.

483  The success of Caplacizumab, the first FDA-approved nanobody for acquired thrombotic
484  thrombocytopenic purpura (aTTP) treatment, highlights the therapeutic potential of
485 nanobodies. This is further supported by promising results from animal studies using

486  nanobodies as preventative measures (prophylactics) 7%, Owing to their small molecular
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487  weight, the nanobodies can engage relatively well with large antigenic interfaces. Nanobodies
488  are versatile and easy to manipulate hence serve as good alternatives to conventional antibodies
489 %% In the last two years, several single-domain antibodies i.e. nanobodies have been isolated
490  from the naive library that binds to the RBD of SARS-CoV-2 #!#3*%  Nanobodies can be
491  affinity matured for improved binding to target antigens using both experimental and
492  computational tools. In silico affinity maturation is robust, efficient, and less laborious
493  compared to conventional methods such as phage display, yeast display, error-prone PCR
494  (Polymerase Chain Reaction), and DNA Shuffling ?>7!. Mutating the residues of paratopes
495  (antigen-binding site) at the interface of the antigen-antibody complex can significantly impact
496  the complex's affinity. /n silico affinity maturation strategies often involve structure-guided
497  mutations and the calculation of changes in thermodynamic parameters resulting from these
498  mutations 2**72, This approach of in silico affinity maturation has been successfully applied

499  to antibodies and antibody fragments such as Fab, scFvs, and nanobodies !7-21:2271.73.74,

500 For an antigen antibody complex, around eighty percent of binding energy is reported to be
501  contributed by a small number of significant interactions, which are predominantly found in
502 the CDRs . In earlier reports, methods based on computational prediction such as the ADAPT
503  (Assisted Design of Antibody and Protein Therapeutics) platform, identified 20 to 30 targeted
504  mutations per system to achieve the desired affinity enhancements °. In this study, structure-
505 guided in silico mutagenesis pipeline was used for the affinity maturation of the native
506  nanobody, which binds to the RBD of SARS-CoV-2 and hinders the interaction of RBD with
507 ACE2. Detailed structural analysis of the native nanobody and RBD complex revealed the
508  hotspot residue within CDR2 and CDR3, that were further selected for in silico mutagenesis
509 and docking studies (Fig 1B). A structure-assisted virtual library of 112 mutants was generated
510 and screened against RBD (Supplementary Table 1). Of the 112 mutants, 9 single mutations

511  were shortlisted, based on docking score, favourable interactions, and MD simulations studies
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512 (Table 1). To validate the findings of in silico work, the native /mutates were produced
513  recombinantly used for the in vitro evaluation of binding affinities using ITC. In the mutations
514 of CDR2 and CDR3, the formation of additional interactions would have contributed in
515 enhancing the binding affinity towards RBD (Fig 2 and Fig 4). Further, the lentiviral-based
516  pseudovirus neutralization assay identified four potent virus-neutralizing mutants: L106T,
517 L106Q, S107R, and S107Q (0.03 uM, 0.13 uM, 0.14 uM and 0.14 uM respectively) having

518 improved neutralization potential, compared to the native nanobody (ICso = 0.77 uM) (Fig 5).

519 In previous reports of the native nanobody Arg52 is reported to form a bivalent salt linkage
520 with Glu484. Additionally, this Arg52 is also documented to form a H-bond with the main-
521  chain Ser103 and Tyr109 *. Substituting Arg52 with Glu52 disrupted the salt linkage and
522  eventually diminished the binding affinity towards RBD, as reported 7°. Owing to the
523  imperative role of Arg52 in nanobody-RBD interaction, the residue was selected and further
524  subjected to the developed in silico pipeline. Intriguingly, mutating Arg52 to Asp52 in the
525 present study resulted in disruption of the salt-bridge as indicated in silico studies. In
526  concordance with the in silico findings, a decreased binding affinity and neutralization potency
527  was observed for the R52D mutant in comparison to the native nanobody, thereby validating
528 the applicability of the developed pipeline (Fig 5). Across in silico and in vitro investigations,
529  the mutations most frequently observed in this study entail introducing charged or polar
530 residues into the sequence, which emphasizes the role of these residues in affinity enhancement

531  as also reported earlier >1*276.77,

532  Published reports describe the development of optimized antibodies with multiple mutations,
533  ranging from three to fourteen, in their primary sequences, without utilizing electrostatic
534  optimization ’"’®, In contrast, our approach achieved a 1.5-fold increase in affinity for native

535 nanobody with just a single mutation, which is less likely to alter the 3D structure of nanobody.
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536  In summary, four potential mutants of native H11-H4 nanobody with enhanced affinity against
537 SARS-CoV-2 RBD have been generated in this study using structure- guided in silico approach,
538  which is cost effective and less time consuming. Mutations in non-active site residues can
539  significantly impact distant sites, altering substrate specificity through cooperative effects this
540  is well-documented and frequently observed in directed evolution experiments ’. Mutations in
541 CDR2 and CDR3 might have induced structural changes in CDR1 or the framework region of
542  the nanobody, affecting its affinity and neutralization efficacy upon mutation. Follow up in
543  vitro virus-based , in vivo mouse model studies and determination of the atomic structure of
544  Ag-Ab complex (RBD and mutant) is next step for the study and will help to unravel the
545  underlying physicochemical inhibitory mechanisms of engineered nanobodies in detail. The
546  developed pipeline can be used easily and effectively to generate CDRs tailored to emerging

547  variants of SARS-CoV-2 in the near future.

548 Conclusion:

549  The present study illustrates the potential of computational techniques in refining antibodies
550  for enhanced affinity towards specific antigens, as evidenced by the in silico affinity maturation
551  of a native nanobody targeting the RBD of SARS-CoV-2. Identified key mutations that
552  significantly improved the binding affinity showcased the effectiveness of the designed
553  structure-guided in silico mutagenesis pipeline. The findings underscore the importance of
554  computational methods in antibody optimization, complemented by rigorous biophysical
555  characterization and in vitro efficacy validation. This integrated approach holds promise for
556  accelerating the development of therapeutic interventions against evolving pathogens like

557 SARS-CoV-2 and others.

558
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Supplementary Tables

Supplementary Table 1: The docking score, number of salt bridge and hydrogen bond
contacts calculated using Dimplot for the 112 mutations generated using Coot on CDR2 and

CDR3 loops of native nanobody. Mutants selected for further MD simulation studies are
highlighted in light green.
Mutation HADDOCK score Number of | Number of
Hydrogen Salt bridge
bonds
Native nanobody -113.1+/-4.6 9 0
(Reference)

1. R52D -102.3+/-6.5 5 0
2. R52E -103.5+/-7.4 6 0
3. R52S -101.4+/-1.8 5 2
4. S54R -119.7+/-3.7 10 0
5. S54N -116.9+/-1.2 11 1
6. S54D -118.3+/-2.0 10 0
7. S54Q -117.0+/-2.6 9 0
8. S54E -121.5+/-3.9 14 0
9. S54H -118.1+/-1.6 12 0
10. S54F -116.4+/-0.8 8 1
11. S54Y -125.3+/-2.8 9 0
12. S54W -126.1+/-1.5 11 0
13. G55R -113.7+/-5.1 6 0
14. Gb5S -112.9+/-1.0 8 1
15. G55H -122.7+/-2.0 10 0
16. GbH5E -98.5+/-7.2 9 0
17. G55Q -110.5+/-1.1 11 0
18. G55D -113.6+/-1.7 10 0
19. G55N -118.1+/-1.6 12 0
20. G55W -128.7+/-2.3 10 0
21. G56N -112.1+/-2.6 8 0
22. G56Q -116.9+/-1.5 11 0
23. G56R -113.6+/-1.5 9 0
24. G56D -111.0+/-2.3 10 0
25. G56E -92.8+/-5.0 3 0
26. G56H -114.9+/-3.0 9 0
27. G56S -113.2+/-1.7 6 1
28. Gh6W -114.7+/-1.5 9 0
29. S57R -108.9+/-7.9 11 0
30. S57Y -121.5+/-3.8 8 1
31. S57TW -114.8+/-3.2 8 0
32. S57K -119.4+/-4.3 11 1
33. S57H -125.9+/-2.1 10 0
34. S57E -95.8+/-1.8 5 0
35. S57Q -92.0+/-1.8 4 0
36. S57D -108.6+/-1.7 10 0
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37. S57N 118.3+/-4.7 12 0
38. H100D -112.9+/-3.4 8 0
39, H100E 117.7+/-2.6 7 1
40, H100N 104.1+/-1.5 9 0
41, H100K -107+/-1.7 8 0
42, H100Y 111.1+/-0.7 10 0
43 H100T ~109.3+/0.7 11 0
44, H100Q 113.2+/-2.7 9 1
45, H100R 111.9+4/-0.1 10 0
46, Y101K -109.9+/-1.3 8 1
47, Y10IN 112.2+/-0.3 7 0
48, Y101S -110.9+/-3.0 9 1
49, Y101E ~108.3+/-4.9 10 0
50. Y101D -95.3+/-3.5 10 0
51, Y101W ~100.7+/-2.0 3 0
52. Y101R ~105.5+/-2.8 11 0
53. Y101Q -99.2+/-1.3 7 0
54, Y101H -97.5+/-3.9 7 0
5. Y101T -120+/-3.5 10 0
56. V102W ~120.7+/-1.3 7 1
57. V102R -108.6+/-5.5 7 0
58, V102Q ~105.5+/-2.4 8 0
59, V102K ~109.2+/-2.9 10 1
60. V102N -97.6+/-1.1 5 0
61. V102H 116.3+/-3.7 10 0
62. V102E -96.8+/-2.8 6 0
63. V102D 110.7+/-1.1 9 1
64. V102T -109.4+/-1.3 7 1
65. S103E 122.1+/-3.7 11 1
66. S103R 122.1+/-1.8 11 0
67. S103T -123.5+/-1.3 12 0
68. S103D 117.2+/-3.7 11 0
69. S103H 116.5+/-2.5 9 0
70. S103N “113.8+/-1.8 10 1
71, S103Q -119.3+/-1.0 12 0
72. S103K -114.2+/-2.0 5 1
73. Y104E -91.7+/-2.0 4 1
74, Y104H -96.8+/-4.7 7 0
75. Y104K -95.9+/-6.3 4 1
76. Y104N -83.4+/-4.0 6 0
77. Y104S -106.5+/-0.7 13 0
78. Y104Q -91.8+/-6.2 11 1
79. Y104R -88.4+/-5.7 6 1
80. Y104D 913 +/-3.2 5 2
81. Y104W -107.6+/-1.3 5 0
82. Y104T -107.0 +/- 2.8 12 0
83. L105D 113.7+/-2.3 11 0
84. L105E -120.0+/-1.6 13 0
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85. L105R -113.2+/-2.8 9 0

86. L105N -115.84/-3.7 12 0

87. L105H -119.1+/-6.3 11 0

88. L105Q -114.5+/-2.3 10 1

89. L105K -115.2+/-3.3 10 0

90. L105T -115.0+/-1.6 12 1

91. L105Y -125.2+/-3.2 10 0

92. L105W -133.3+/-1.7 10 1

93. L106W -106.6+/-2.7 &) 1

94. L106Y -94.8+/-4.0 6 0

95. L106T -111.7+/-1.0 11 0

96. L106R -90.5+/-3.4 3 1

97. L106Q -111.8+/-2.2 13 0

98. L106N -114.8+/-4.0 11 0

99. L106K -114.7 +/- 6.6 11 0

100. L106H -111.9+/-6.0 9 1

101. L106E -94.6+/-3.8 8 0

102. L106D -90.8+/-3.7 5 0

103. S107E -117.1+/-1.5 8 1

104. S107T -117.3+/-3.0 11 0

105. S107Y -125.2+/-3.1 12 0

106. S107N -118.2+/-1.8 9 0

107. S107Q -119.0+/-3.1 10 0

108. S107K -117.5+/-2.0 9 0

109. S107H -121.0+/-1.0 10 1

110. S107R -120.0+/-3.0 10 0

111. S107W -128.6+/-4.6 10 0

112. S107D -114.8 +/- 2.1 8 0
781
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794  Supplementary Table 2: Set of primers used for the Site Directed Mutagenesis of native

795  nanobody.

796

S. no. Mutations Forward primer Reverse Primer

TTGCAGCAATTGATTGGAGCGG | CCACCGCTCCAATCAATTGCT
1. R52D

TGGTAGCGCATA GCAACAAATTCACG

GCAATTCGTTGGGAAGGTGGTA | ATAATATGCGCTACCACCTTC
2. SS54E

GCGCATATTATGCAGA CCAACGAATTGCTGCA

CGTTGGAGCGGTCATAGCGCAT | AATATGCGCTATGACCGCTCC
3. G56H

ATTATGCAGATAG AACGAATTGCTGC

GCAATTCGTTGGAGCGGTGGTG | ACGCTATCTGCATAATATGCAT
4, SS7D

ATGCATATTATG CACCACCGCTCC

CGCAGACCCATTATGTTAGCTAT | GGCCAGGTTGCATAATCGCTC
5. L105SE

GAACTGAGCGATTATG AGTTCATAGCTAACATAA

CCCATTATGTTAGCTATCTGCAG | CCAGGTTGCATAATCGCTCTG
6. L106Q

AGCGATTATGC CAGATAGCTAA

GCAGACCCATTATGTTAGCTATC | GGCCAGGTTGCATAATCGCTG
7. L106T

TGACCAGCGATTATGC GTCAGATAGCTAACAT

CCCATTATGTTAGCTATCTGCTG | CGGCCAGGTTGCATAATCCTG
8. S107Q

CAGGATTATGCAACCT CAGCAGATAGCTAACATA

CCATTATGTTAGCTATCTGCTGC | GGCCAGGTTGCATAATCACGC
9. S107R AGCAGATAGCTAAC

GTGATTATGCAACCT

797

798

799
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800  Supplementary Table 3: The distribution of RBD residues within 4 A cutoff of native/mutant
801 nanobody-RBD docked complexes and ACE2-RBD (PDB: 6MOJ) complex in colour coded
802  manner. Here boxes adjacent to RBD residue were coloured light blue if they are present in
803 indicated complex otherwise left blank.

804

805

RBD RBD- | RBD- | RBD- | RBD- | RBD- | RBD- | RBD- | RBD- | RBD- | RBD- | RBD-
Residue | ACE2 | Native | R52D | SS4E | G56H | SS7D | L10SE | L106T | L106Q | S107Q | S107R

R346

R403

K417

K444

G446

G447

N448

Y449

N450

L.452

Y453

L455

F456

T470

1472

A475

G482

V483

E484

G485

F486

N487

C488

Y489

F490

1L.492

Q493

S494

Y495

G496

Q498

T500

N501

G502

Y505

806

807



https://doi.org/10.1101/2024.05.13.593833
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.13.593833; this version posted May 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

808 Supplementary Figures
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813  Supplementary Fig 1: SDS-PAGE profile for the purification of native nanobody and
814 RBD proteins. A) Lane 1: marker (180 kDa); Lane 2: native nanobody (15 kDa). B) Lane 1:
815  marker; Lane 2: RBD (~ 45 kDa).
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818  Supplementary Fig 2: 2D schematic representation of nanobody and RBD interacting
819  residues generated through DimPlot. The docked complex of nanobody and RBD generated
820 using HADDOCK 2.4 was used for the preparation of DimPlots. Hydrogen bonds are depicted
821 by green dashed lines connecting the atoms involved, with the donor-acceptor distance
822 indicated in A. Hydrophobic contacts are shown as red arcs with spokes extending towards the
823  atoms they interact with.
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Supplementary Fig 3: Structural superimposition of CDRs and analysis of MD
simulations trajectories. A) CDRs of energy minimized structure of native and mutants for
CDR2 and CDR3 were superimposed using PyMol. B) For the CDR2 and CDR3 the MD
simulations trajectories were used to generate RMSD Plot for the native/mutant nanobody in
complex with RBD and number of H-bonds formed between the native/mutant nanobody and
RBD throughout 100 ns MD run.
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832

833  Supplementary Fig 4: 2D schematic representation of nanobody and RBD interacting
834  residues generated through DimPlot. The frame PBDs were extracted from the MD run
835 trajectories and used for the generation of DimPlots. Hydrogen bonds are depicted by green
836  dashed lines connecting the atoms involved, with the donor-acceptor distance indicated in A.
837  Hydrophobic contacts are shown as red arcs with spokes extending towards the atoms they
838 interact with.
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