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ABSTRACT: In the context of fast and significant technological trans-  Genetic Algorithm in Antibody Design
formations, it is natural for innovative artificial intelligence (AI) methods to
emerge for the design of bioactive molecules. In this study, we demonstrated "QD "&
that the design of mimetic antibodies (MA) can be achieved using a ?’ ﬁ
combination of software and algorithms traditionally employed in molecular

simulation. This combination, organized as a genetic algorithm (GA), has

the potential to address one of the main challenges in the design of bioactive

molecules: GA convergence occurs rapidly due to the careful selection of

initial populations based on intermolecular interactions at antigenic surfaces.

Experimental immunoenzymatic tests prove that the GA successfully

optimized the molecular recognition capacity of one of the MA. One of

the significant results of this study is the discovery of new structural motifs,

which can be designed in an original and innovative way based on the MA

structure itself, eliminating the need for preexisting databases. Through the GA developed in this study, we demonstrated the
application of a new protocol capable of guiding experimental methods in the development of new bioactive molecules.
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B INTRODUCTION One of the most efficient ways to combat new viral agents is
through the development of antibodies capable of neutralizing
viruses and generating an immune response.6 From a
pharmacodynamic point of view, antibodies are the ideal
therapeutic agents due to their high affinity and selectivity,
which helps to avoid the common side effects common of
other medications. However, antibody design is one of the

The SARS-CoV-2 coronavirus is the etiological agent of
COVID-19, and was named due to it is great genomic
similarity with the original SARS-CoV virus, now officially
known as SARS-CoV-1." Identified in the city of Wuhan,
China, SARS-CoV-2 is an enveloped Betacoronavirus (CoVs)

whose genome is a positive single strand RIZ\]A (+ssRNA) most challenging tasks due to the large varlablhty of the CDRs
molecule approximately 30,000 bases long.” Among the (complementarity- determlnlng regions).” Currently existing
proteins encoded by the virus, there are four structural ones: software, such as Rosetta,® is primarily intended to improve
(1) the nucleocapsid phosphoprotein; (2) membrane glyco- existing antibodies by increasing their affinity for the antigen.
protein (M); (3) the envelope protein (E); and finally, (4) the Due to its essential function on the virus replication cycle,
surface glycoprotein, also known as Spike or S protein, the the RBD emerged as target of great interest for the
focus of this work. development of antibody-based therapies for the treatment of

Spike, in addition to being a transmembrane structural SARS-CoV-2.” However, finding, characterizing, producing
protein, is a class I fusion protein, whose function is to allow and purifying specific antibodies is one of the most challengmg
SARS-CoV-2 to enter its host cells. This glycoprotein is tasks, resulting in extremely high production costs.'” In this
divided into two subunits (S1 and S2), each with its own scenario, the development of mimetic antibodies (MA) is
function.” It is in the S1 subunit that the receptor-binding justified. MA are peptides capable of performing the molecular

domain (RBD) is found, the region responsible for binding the recognition function of antibodies. MA technology has great

virus to the cell membrane through its receptor, the

angiotensin-converting enzyme type 2 (ACE2). The S2 Received: October 7, 2024 Bighemistry
subunit, in the other hand, is involved with the process of Revised:  February 18, 2025 : W’b\gj;)
fusion of the viral envelope with the cell membrane, and it is at Accepted:  March 12, 2025 -

this subunit that the transmembrane domain (TM), the fusion Published: March 17, 2025 & >~
peptide (FP), and the internal fusion peptide (IFP) are

found.*”
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GB1 Antigen
Docking

Scoring
function

If the initial population does not have more than 80% of
mutants with favorable AG..., the scoring function must
be recalibrated by altering the cutoff radius.

Initial
population

The initial docking is performed between the
GBL1 structures and the target region on the
antigen's surface. The goal from this point
onward is to optimize the molecular recognition

capacity between these surfaces.

The scoring function selects the amino acid
rotamers from the PyMOL database that best fit
the antigen surface. An amino acid ranking is
generated for the previously selected position
on the GB1 surface.

The amino acid ranking is used to generate the
initial population of GB1 mutants. All mutants
have the same spacing between the antigens,
representing the initial condition for MD.

AG

MD simulations of 100 ns are performed for
each system containing the mutants and the
antigen. The population is ordered by
calculating the AGu.

Figure 1. Project flowchart showing all steps of the GA protocol.

Experimental Validation Stage

Convergence Yes Bacterial Expression
The GA is executed until the entire population of GB1 —-
pop Purification by Affinity Chromatography
fmutants presents an AG... better than the native ligands .
Enzyme-Linked Immunosorbent Assay (ELISA)
of the antigen.
Not

In case of non-convergence, crossovers are
performed between the mutants with the best
energy, generating offspring mutants that

inherit the most favorable characteristics.

potential for applications in the healthcare sector, whether for
use in biosensors or in the development of new biopharma-
ceutical drugs.'' The main advantage of these molecules is
their lower production cost compared to monoclonal antibod-
ies, as MA can be expressed by bacteria in simple cloning
vectors, making them much more accessible.

For this purpose, scientists have been exploring innovative
approaches in the fields of artificial intelligence (AI),"”*~"*
aiming to accelerate the development of bioactive molecules

and address today’s major challenges. However, this type of
project has its own limitations, such as dependence on reliable
databases,'® necessary for machine learning and neural
networks. Furthermore, in the case of computationally
designed molecules, there is not always a guarantee of an
available synthetic route or feasible accessibility. As a result,
many researchers choose to work with peptides due to their

relative ease of synthesis.
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Our group has been continuously developing a new method
for MA design using the streptococcal G protein GB1 domain
peptide'® as a structural basis, which consists of only 56 amino
acids. Due to its high structural stability, this peptide is highly
resilient to amino acid modifications. Thus, it serves as an ideal
candidate for a basis in MA design, where surface residues can
be modified. This new method is characterized by the
integration of traditional protein molecular dynamics (MD)
techniques'’™"" and free binding free energy (AGying)
calculation using the MM-GBSA method.””*" The protocol
is structured in the form of a genetic algorithm (GA),'
capable of optimizing the development of new bioactive
molecules.

GAs are a class of optimization algorithms within the field of
AL'* inspired by Darwin’s theory of evolution,””** and are
used to find solutions to multidimensional problems. In our
project, shown in Figure 1, this optimization is based on an
initial population generated by a simple scoring function,
capable of selecting the residues that best interact with the
surface of the target amtigen,“’25 allowing faster convergence.
It is important to highlight that, as suggested by Santo and
Feliciano (2021), GAs are an innovative tool particularly
relevant for the design of biomolecules™ through AL This is
primarily because MD-based GA considers interactions
between distant residues within the ligand itself,>” unlike
other approaches, such as traditional machine learning
algorithms, which primarily rely on labeled data for
classification."”

In this work, we propose the design of MA targeting the
SARS-CoV-2 RBD using the GB1 domain as the structural
scaffold, and the experimental validation through structural
analysis, protein expression and neutralization tests to confirm
the intended properties. The proposal outlined in this study
aims to reconsider the applicability of widely used computa-
tional techniques in academic research, such as molecular
dynamics simulations and artificial intelligence algorithms,
redefining them not only as tools for analyzing more intricate
biological systems but also as active agents in their trans-
formation and improvement. Here, we demonstrate that such
transformation can be achieved through the reprogramming of
biological functions, thus facilitating the creation of new
biotechnological products.

B MATERIALS AND METHODS

MD Parameters. All MD simulations were performed on a
GPU using pmemd.cuda implemented in Amber 18.”° Each
system was solvated with the TIP3P water model® in a
simulation cubic box, with a 1 nm distance between the system
and the box edge. The particle mesh Ewald method was used
to handle long-range nonbonded interactions.”” For short-
range interactions, a standard Amber cutoff radius of 8 A was
employed.”® The classical force field considers a fixed
protonation state of the protein at pH 7. Each system
underwent an energy minimization process with the steepest
descent algorithm.” The system temperature was raised to 300
K using a Langevin dynamic thermostat.”® The pressure was
maintained at 1 bar using the Berendsen barostat’**> Amber
default settings. All MD simulations were conducted in two
steps. In the first step, a simulation was performed for a period
of 90 ns, during which temperature, pressure, and the positions
of the first and last frames were saved. The second step of the
simulation was then continued from 90 to 100 ns, where 5000
frames were saved.'® The binding free energy was calculated
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using the MMPBSA.py script from AmberTools16, using a salt
concentration of 0.1 and the dielectric constant of water. In
this project, we utilized a machine equipped with an Intel Xeon
Gold 6130 processor and an NVIDIA Geforce GTX 1080
graphics card. The choices made for the MD simulations are
justified by our primary goal in GA, which is to optimize
AGy;,g. For this, computational efliciency is prioritized over
building more complex and realistic models, which would be
more computationally expensive.

MM-GBSA. The AG;,4 is a thermodynamic quantity that
allows estimating the affinity between biomolecules. Among
the computational methods for estimating the AG;4 the
MM-GBSA occupies a prominent place.”">® This method uses
the fact that the AG,,4 is a state function to make an
alternative thermodynamic path, which simplifies the calcu-
lations, as we can see in eq 1:

AGq = AGp, — AG, — AG,

AGi = Emm + AGsolv - TS
AGsolv, apolar [S3 J/SASA —+ ﬂ
11w 44
GSoIv olar — _[_ - —] —
’ €in €sol ; FGB
“ 2
2 2 Yij
FGB = ri,j + aw. + exp ﬁ
o M

The AGy,q in MM-GBSA is decomposed into molecular
mechanical energy components E,p,, solvation energy AG,,,
and entropic component energy TAS. The E,;; can be
obtained through the force field used in molecular dynamics,
AG,,, can be decomposed into Delta AG,y, 00, Which is
nothing more than the work required to generate the cavity in
the solvent where the system is located and AGy,j, 1., Which
can be interpreted as the potential resulting from the shielding
that the ions in the medium exert on the surface of the
system.”’ In MM-GBSA, the water reorganization entropy is
encapsulated within the polar solvation term. Terms of
vibrational, rotational, and translational entropy must be
calculated by other means.

MA Expression and Reactivity Evaluation. Escherichia
coli BL21 (DE3) Rosetta cells, which had been transformed
with the expression plasmids pET-28a/GBI1-REF and pET-
28a/GB1—121, were cultured in LB broth until reaching an
optical density (OD) of 0.4 at 600 nm. Protein expression was
initiated by adding isopropyl p-D-1-thiogalactopyranoside
(IPTG) to a final concentration of 1 mM and incubating at
37 °C for 4 h. After the induction period, the cells were
collected by centrifugation at 4000 rpm for 10 min.

The collected cells were resuspended in lysis buffer
(containing NaCl 0.01 M, NaH,PO, 0.0S M, PMSF 0.001
M, Tris-HCl 0.01 M, EDTA 0.001 M, DTT 5 mM, and 2%
Triton X-100) and sonicated for 10 min to lyse the cells.
Following sonication, the lysate was centrifuged at 12,000 rpm
for 10 min to separate the components. For purification, the
recombinant proteins were subjected to affinity chromatog-
raphy using a HisTrap High Performance 1 mL Column
(Cytiva 17—5247—01). The desired fractions were eluted with
an Elution buffer (containing NaH,PO, 20 mM, NaCl 500
mM, and Imidazole S00 mM). A chromatographic profile was
obtained using the Micro BCA method to assess protein levels.

https://doi.org/10.1021/acs.biochem.4c00671
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The fractions containing the eluted proteins were combined
and then dialyzed using a 3 kDa membrane to remove excess
imidazole and facilitate the renaturation of the MAs by
transitioning the solvent to PBS. The expression was confirmed
by immunodot onto a nitrocellulose membrane. The reactivity
of the GB1-REF and GB1—121 was evaluated by competitive
ELISA using the cPass SARS-CoV-2 Neutralization Antibody
Detection Kit (GenScript). The experimental protocols are
shown in more detail in the SI.

B RESULTS AND DISCUSSION

Genetic Algorithm Protocol. To construct the theoretical
model of the system, we utilized the structure of the RBD
domain of the SARS-CoV-2 spike protein (PDB ID: 7BZ5)"’
and the structure of the GB1 domain of the streptococcal G
protein (PDB ID: 3GB1).*® In Figure 2A, we can see how the

A) Antibody  B) GB1

Figure 2. Illustration of the region of the RBD domain (Blue)
neutralized by antibodies. A) Structure of the Fab fragments of the
B38 antibody (Red) neutralizing the ACE2 recognition region. B)
Structure of the GB1 domain (Green) in the molecular recognition
optimization region.

Fab fragment of the B38 antibody’’ binds to the ACE2
recognition region, blocking the virus’s entry mechanism into
the cell. This region is the most important of the RBD because,
in addition to blocking the molecular recognition function, it
allows for the comparison of the AGy;4 of the B38 antibody.
Therefore, we chose to optimize the molecular recognition
capability of GBI in this region. As described by Santo and
Feliciano (2021), we used the UCSF Chimera software’ to
position the GB1 peptide in the same binding region as B38, a
region where we want to optimize molecular recognition, as
can be seen in Figure 2B:

Due to the large size of antibodies, there are many binding
microdomains capable of maintaining molecular recognition
capability. However, this flexibility is limited by the small size
of GB1. Therefore, we chose to use the average AGyq

between the two Fab fragments of the B38 antibody, which
are closer in size to GBI. In this case, we obtain the AG; 4 of
—50.23 kcalmol™ used as the convergence criterion. The
structures of the RBD antigen and the GB1 peptide shown in
Figure 2B were used as the initial condition of the GA.

Scoring Function. The scoring function, based on
empirical parameters, is explained in detail in the previous
work of Santo and Feliciano (2021). Its purpose is to
determine which residues best fit each position of the GBI
template, allowing us to generate a nonrandom initial
population. The code that implements this functionality is
shown in the’Data and Software Availability’ section of this
paper and was applied to the system proposed in Figure 2B.
This function can be interpreted as a way of positioning the
initial population of MA within the limits of a local minimum,
which is sought with the GA. The scoring function ranks the
residues at each position {2, 4, 6, 8, 13, 15, 17, 19, 42, 44, 46,
49, 51, 53, 55} of GB1. The columns showing the top-ranked
amino acid residues at each position for the GB1 with the RBD
antigen are presented in Table 1.

The generation of the initial population using a simple
scoring function is not intended to produce individuals with
affinity for the molecular recognition region. Instead, its
primary purpose is to address challenges associated with the
random generation of an initial population, such as the
placement of individuals in highly unfavorable regions. This
approach demonstrates the effectiveness of the scoring
function, defined by empirical parameters, as a reliable method
for initializing populations. Moreover, the results suggest that
the antigen’s surface region exhibits diverse interaction types,
facilitating the differentiation of residues. This information is
subsequently utilized to generate an initial population for
application in the GA, avoiding the need to test all 20"
possible amino acid combinations.

Genetic Algorithm. With the definition of the target of
interest, we applied the GA developed by Santo and Feliciano
(2021) to optimize the molecular recognition capacity of the
GBI domain. From an initial population constructed with a
scoring function, the GA managed to converge the population
within just 16 generations. The result can be seen in Figure 3.

In Figure 3A, we can see that all mutants from the initial
population have a negative AGy;,q indicating some affinity for
the antigen. The scoring function achieves the objective of
generating an initial population with favorable energy for

Table 1. Order of the Highest Ranked Amino Acid Residues at Each Position in the Rotamer Scoring Function

Residues
Code 2

SGBI1-1
SGB1-2
SGB1-3
SGB1-4
SGB1-5
SGB1-6
SGB1-7
SGB1-8
SGB1-9
SGB1-10
SGBI1-11
SGB1-12
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Figure 3. Illustration showing graphs of calculated energies across all GA generations, from (A) the first generation to (P) the 16th generation.

second mutant only in the eighth generation (Table S15). Due
to the much more stringent convergence criterion, con-

molecular recognition. However, these energies remain well

above the convergence criterion of —50.23 kecal.mol ™.

vergence occurs much more slowly. however, it is continuous

when considering the population average over generations.

The first mutant with energy below the convergence
criterion appears in the third generation (Table SS), and the
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THR 16
LEU 17
THR 18
LEU 19
ALA 20
VAL 21
ASP 22
ALA 23
ALA 24
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ALA 26
GLU 27

LYS 28
VAL 29
PHE 30
LYS 31
GLN 32
TYR 33
ALA 34
ASN 35
ASP 36
ASN 37
GLY 38
VAL 39
ASP 40
GLY 41
TYR 42
TRP 43
THR 44
TYR 45
GLN 46
ASP 47
ALA 48
SER 49
LYS 50

ILE 51
PHE 52
TYR 53
VAL 54
TRP 55
GLU 56

Residue position

Figure 4. Individual contributions of the residues

of the SGB1—121 mutant to the total AGy;,g4.

% Inhibition

Positive control

GB1-REF

SGB1-121

Sample

Figure S. Chart showing the percentage of inhibition of purified extracts containing GB1-REF and SGB1—121. Inhibition values above 30% are
considered positive. All samples are normalized using the cPass negative control.

From the tenth generation onward, mutants with energies
below the convergence criterion begin to emerge more
frequently, with the GA converging in the 16th generation.
Throughout these 16 generations, the GA favors the formation
of the Q4E6R8E10 microdomain, as can be seen in Table S31.
It is interesting to note in Table S31 that the original GB1
obtains a negative AGy,y even though it has no known
correlation with the RBD domain. However, this result is
misleading because, as we have seen in over 200 MDs carried
out in the GA, this energy disregards entropic terms, being
merely an artifact resulting from the steric compatibility
between RBD and GBI.

The mutant SGB1—121, emerging in the 11th generation,
obtained an energy of —75.6 kcal.mol ™, being the best energy
within the final population. As highlighted in Section S3, this
result further demonstrates that it is not necessary to wait for
the total convergence of the GA to obtain reliable mutants.

When analyzing the convergence criterion using the AGy,;4
per unit area, as shown in Table S32, we observe that B38
antibody ascends in the ranking, reaching values equivalent to
SGB1-25, although still inferior to the mutant SGB1—-121.
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This metric demonstrates greater clarity in comparing the
results and can be adopted in future iterations of the GA.

It is important to highlight that the mutant SGB1-121,
ranked highest during the GA, obtains better energy than that
calculated for mutant peptides from the ACE2 domain,
developed by Sitthiyotha and Chunsrivirot (2021),*" using
the same MM-GBSA tool from AMBER. This result
demonstrates the theoretical potential of GBl-based MA,
capable of binding to the antigen with better affinity than
peptides that are natural ligands of the RBD domain.

Energy Decomposition of the SGB1—121 Mutant. The
Amber energy decomposition tool was applied to the SGB1—
121 mutant, and the results can be seen in the graph in Figure
4:

In Figure 4, the energy decomposition analysis of the
SGB1—121 mutant reveals several residues crucial for
molecular recognition, such as glutamate at positions 6 and
13, arginine at position 8, and glutamine at position 46, all with
values below —S kcal.mol™'. Additionally, there is a higher
energy contribution from residues near the N-terminal,
indicating the possibility of further optimizing the total energy
with continued GA iterations.
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Due to the highly favorable energetic contribution, we
analyzed the structure of Arginine 8 in the complex formed by
SGB1—121 and RBD (See Figure S9). Upon examining
Arginine in position 8 of SGB1—121, we observed that it is
situated within a pocket formed by two a-helices. In this
region, its side chain can form hydrogen bonds with residues
ASP 71 and GLU 74 of the RBD, which explains the extremely
favorable energetic contribution. In addition, one of the
nitrogens in its side chain can serve as a connecting bridge
between GLU 74 and GLU 13 of the structure of SGB1—-121
itself, playing a role that could be performed by a structural
water molecule.*’

This unusual interaction is so surprising that it can only be
found by AI algorithms. Due to its ability to indicate the
optimization stage of MA by GA, the energy decomposition
tool could be used as a convergence criterion in cases where
the natural ligands are unknown. Therefore, there are two
possibilities to evaluate the quality of optimization within the
GA protocol.

Experimental Validation. Antigenic Affinity Assessment.
To experimentally confirm the ability of MA to neutralize
RBD, we performed the commercially available cPass ELISA
kit, purchased from GenScript, the protocol of which is shown
in the SI. The cPass was applied with the purified solutions of
55.0ng.u L' mutant SGB1—121y44 and 59.5 .1t L' of GB1-
REF, used for comparison. The test results can be seen in
Figure S:

As shown in Figure 5, the cPass assay data indicate an
inhibition percentage of 28.51% =+ 0.57% for the GB1-REF and
96% =+ 0.08% for the anti-RBD antibody provided in the cPass
kit (positive control). The SGB1—121 inhibitor exhibited an
inhibition of 59.64% + 3.61%. For reference, the B38 antibody
demonstrated 100% inhibition at concentrations above 2 ng.u
L7, as described in a previous study by Wu and collaborators
(2020).”” As detailed in the methodology (See Section S1.8),
the cPass test conducted individually is only qualitative, and
values above 30% are considered positive for inhibition. All
samples are normalized using the cPass negative control.
Therefore, the result can be considered positive for the SGB1—
121 mutant.

The preliminary results are promising, and at this point, we
should emphasize the importance of conducting more tests to
increase the reliability of the results, thus allowing for a more
robust conclusion. However, the enormous potential for
application in MA design is clear, with molecules with
therapeutic potential being designed in a matter of weeks,
transforming traditional tools for studying biological systems
into active agents in the creation of new biotechnological
products. All molecular sequences generated by our GA are
publicly available and can be found in the SI. We actively
encourage the community to reproduce our experiments,
fostering transparency and collaboration in advancing research.

Insights. The MM-GBSA energy decomposition tool can
provide information about the most critical residues for
molecular recognition, serving as a marker for the level of
optimization of the MA within the GA. This information can
be very useful in cases where there are no natural ligands to
estimate a convergence criterion.

With greater computational power, the protocol can be
easily implemented for traditional antibody structures, which
are more easily tolerated in organisms. This possibility would
allow testing new personalized medicines for selected targets in
a matter of months.
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The general idea of this study is quite intuitive and easy to
understand. In fact, it is just a new approach to using basic
protein MD protocols. The main differentiator lies in the
modular structure in which the protocols are executed, in the
form of a search and optimization algorithm capable of
reprogramming the structure and function of GB1.

The methodology used in this study was developed during
the execution of the GA and obviously can be improved. One
of the most obvious improvements would be the ability to use
MD simulations with longer times, or multiple simulations
with the same mutant, to better sample conformational
possibilities, thus increasing the reliability of the result. The
structural and conformational analysis currently performed
visually could be automated, allowing for the continuous
execution of the GA.

It should be noted that, as with any other computational
approach, experimental validation is always necessary to prove
biological activity. Preliminary immunogenicity tests of the
SGB1—121 mutant indicate a positive result, although caution
is necessary due to the need to carry out more experiments.

In this study we sought to work only with highly reliable
structures, solved experimentally. In this way, we avoid
uncertainties normally related to conventional molecular
modeling and docking models. One of the biggest limitations
of our technique is related to the MD sampling time. However,
as demonstrated by Santo and Feliciano (2021), the most
promising microdomains are transmitted to future generations,
equivalent to MDs of thousands of ns.

In this context, we opted for a simpler and more streamlined
model, focusing mainly on optimizing molecular recognition
capacity and improving computational efficiency. The greatest
risk in this type of modeling lies in the folding of the MA,
where we assume that the template is sufficiently stable (see
Section S4). However, since GA produces dozens of potential
MAs, there is a chance that some will fold correctly, fulfilling
the role for which they were designed.

The GA protocol demonstrates that, when using the MD
and MM-GBSA techniques under ideal performance con-
ditions, combined with experimentally reliable structures, it is
capable of generating robust results quickly and abundantly.
The protocol allows for formidable portability, relying only on
software widely used in MD, and is easily auditable at all
stages, guaranteeing the transparency necessary for scientific
methodology.

A search of the most recent literature shows that docking
approaches such as RifDock®* and MutDock™ also employ the
strategy of using rotamers to optimize affinity to the antigen
surface. However, in the first approach using RifDock, there is
no fixed backbone for MA in principle, and each ligand
molecule can be completely different. In the MutDock
approach, although very similar to our initial population
construction, there was still experimental validation. The most
significant innovation in the methodology developed in this
work is, without a doubt, the use of GA.

The research demonstrates the transformative potential of
GA in the field of biotechnology, specifically in the design of
MA. The integration of GA allows not only to accelerate the
development process, but also to increase the precision and
efficiency of the resulting therapeutic agents.

B CONCLUSION

In this study, we present an approach that demonstrates that
MA modeling can be performed using GA-based Al Such
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algorithms make use of a combination of software widely used
in molecular simulation. These software programs, when
structured in the form of a GA, can redefine the role of the
GB1 domain. Such reconfiguration, achieved through the
reprogramming of its structure and function, holds significant
potential to guide experimental research for new bioactive
molecules. The execution of the GA is computationally feasible
due to the choice of a structure for MA and antigenic epitopes
with extremely small dimensions, yet capable of maintaining
structural stability.

The computational results indicate that, using the method-
ology in this study, it is possible to develop structural motifs
capable of neutralizing antigens. These structural motifs can be
designed based on the MA structure itself, in an original and
innovative way, without the need for structural prediction
software, molecular docking, or preexisting databases. The
generated mutants reconcile the high stability of GB1 with the
optimized properties of MA. Therefore, we can state that the
objective of developing a stable peptide base for conversion
into MA has been achieved.

The experimental antigenic affinity tests show a positive
outcome, confirming that the SGB1—121 antibody can bind to
the RBD antigen for which it was designed. Although these
results are not yet definitive, requiring further experiments, the
viability of the methodology used in this study for developing
MA is evident. All procedures can be completed in significantly
shorter periods than conventional searches through extensive
databases of bioactive molecules. Consequently, we can assert
that the experimental validation phase yielded satisfactory
results, demonstrating that the objectives of this study have
been achieved.

B ASSOCIATED CONTENT

Data Availability Statement
The software and data are available on GitHub https://
github.com/gallactuz/Data-and-Software-Availability.

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00671.

Additional experimental details, materials, and methods,
including photographs of the experimental setup, tables
containing results from MD simulations, and figures with
additional analyses (PDF)

Accession Codes

The UniProt ID accession codes for the proteins used in this
study are: Immunoglobulin G-binding protein G (UniProt ID:
P06654); Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (UniProt ID: PODTC2).

B AUTHOR INFORMATION

Corresponding Authors

Paulo I. da Costa — School of Pharmaceutical Sciences, Sao
Paulo State University, Araraquara, SP 14801-360, Brazil;
Email: paulo-inacio.costa@unesp.br

Gustavo T. Feliciano — Institute of Chemistry, Sdo Paulo
State University, Araraquara, SP 14800-900, Brazil;

orcid.org/0000-0001-5559-5919;

Email: gustavo.troiano@unesp.br

Authors
Anderson A. E Santo — Institute of Chemistry, Sao Paulo
State University, Araraquara, SP 14800-900, Brazil

1548

Aline Reis — School of Pharmaceutical Sciences, Sao Paulo
State University, Araraquara, SP 14801-360, Brazil

Anderson A. Pinheiro — School of Pharmaceutical Sciences,
Sao Paulo State University, Araraquara, SP 14801-360,
Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biochem.4c00671

Funding

The Article Processing Charge for the publication of this
research was funded by the Coordenacao de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), Brazil (ROR identifier:
00x0ma614).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This study was funded with the provision of graduate
scholarships for A.AEP. and AR. by the Coordenagao de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES),
numbers 88887.817471/2023-00 and 88887.660895/2022-00,
respectively, and for A.A.P. by the Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq), number
131680/2020-0. Also, funding was supported by Fundagao de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP) grants
2017/13401-4 and 2017/24839-0, and by Funda¢do para o
Desenvolvimento da UNESP (FUNDUNESP), contract
number 3119/2020.

B REFERENCES

(1) Gorbalenya, A. E.; Baker, S. C.; Baric, R. S;; de Groot, R. J;
Drosten, C.; Gulyaeva, A. A,; Haagmans, B. L.; Lauber, C;
Leontovich, A. M.; Neuman, B. W.; Penzar, D.; Perlman, S.; Poon,
L. L. M,; Samborskiy, D. V.; Sidorov, I. A,; Sola, I; Ziebuhr, J. The
species Severe acute respiratory syndrome-related coronavirus:
classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol.
2020, 5, 536—544.

(2) Ghanbari, R;; Teimoori, A.; Sadeghi, A.; Mohamadkhani, A.;
Rezasoltani, S.; Asadi, E.; Jouyban, A.; Sumner, S. C. Existing antiviral
options against SARS-CoV-2 replication in COVID-19 patients.
Future Microbiol. 2020, 15, 1747—1758.

(3) Jackson, C. B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of
SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2022, 23, 3—20.

(4) Stincarelli M. A.; Quagliata, M.; Di Santo, A,; Pacini, L;
Fernandez, F. R; Arvia, R; Rinaldi, S.; Papini, A. M.; Rovero, P,;
Giannecchini, S. SARS-CoV-2 inhibitory activity of a short peptide
derived from internal fusion peptide of S2 subunit of spike
glycoprotein. Virus Res. 2023, 334, 199170.

(5) Wrapp, D.; Wang, N.; Corbett, K. S.; Goldsmith, J. A.; Hsieh, C.-
L.; Abiona, O.; Graham, B. S.; McLellan, J. S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020,
367, 1260—1263.

(6) Norman, R. A.; Ambrosetti, F.; Bonvin, A. M. J. J.; Colwell, L. J.;
Kelm, S.; Kumar, S.; Krawczyk, K. Computational approaches to
therapeutic antibody design: established methods and emerging
trends. Briefings Bioinf. 2020, 21, 1549—1567.

(7) Adolf-Bryfogle, J.; Kalyuzhniy, O.; Kubitz, M.; Weitzner, B. D.;
Hu, X; Adachi, Y.; Schief, W. R.; Dunbrack, R. L. RosettaAntibo-
dyDesign (RAbD): A general framework for computational antibody
design. PloS Comput. Biol. 2018, 14, No. e1006112.

(8) Schoeder, C. T.; Schmitz, S.; Adolf-Bryfogle, J.; Sevy, A. M,;
Finn, J. A;; Sauer, M. F,; Bozhanova, N. G.; Mueller, B. K;; Sangha, A.
K.; Bonet, J.; Sheehan, J. H.,; Kuenze, G.; Marlow, B.; Smith, S. T.;
Woods, H.; Bender, B. J.; Martina, C. E.; Del Alamo, D.; Kodali, P.;
Gulsevin, A.; Schief, W. R;; Correia, B. E,; Crowe, J. E.; Meiler, J.;

https://doi.org/10.1021/acs.biochem.4c00671
Biochemistry 2025, 64, 1541—1549


https://github.com/gallactuz/Data-and-Software-Availability
https://github.com/gallactuz/Data-and-Software-Availability
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00671?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00671/suppl_file/bi4c00671_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paulo+I.+da+Costa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:paulo-inacio.costa@unesp.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gustavo+T.+Feliciano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5559-5919
https://orcid.org/0000-0001-5559-5919
mailto:gustavo.troiano@unesp.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anderson+A.+E+Santo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aline+Reis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anderson+A.+Pinheiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00671?ref=pdf
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.2217/fmb-2020-0120
https://doi.org/10.2217/fmb-2020-0120
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1016/j.virusres.2023.199170
https://doi.org/10.1016/j.virusres.2023.199170
https://doi.org/10.1016/j.virusres.2023.199170
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1093/bib/bbz095
https://doi.org/10.1093/bib/bbz095
https://doi.org/10.1093/bib/bbz095
https://doi.org/10.1371/journal.pcbi.1006112
https://doi.org/10.1371/journal.pcbi.1006112
https://doi.org/10.1371/journal.pcbi.1006112
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.4c00671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

Moretti, R. Modeling Immunity with Rosetta: Methods for Antibody
and Antigen Design. Biochemistry 2021, 60, 825—846.

(9) Min, L.; Sun, Q. Antibodies and Vaccines Target RBD of SARS-
CoV-2. Front. Mol. Biosci. 2021, 8, 671633.

(10) Houen, G. Methods in Molecular Biology; Springer US, 2021; pp.
1-2S.

(11) Yu, X; Yang, Y.-P; Dikici, E.; Deo, S. K.; Daunert, S. Beyond
Antibodies as Binding Partners: The Role of Antibody Mimetics in
Bioanalysis. Annu. Rev. Anal. Chem. 2017, 10, 293—320.

(12) Qureshi, R; Irfan, M.; Gondal, T. M.; Khan, S.; Wu, J.; Hadi,
M. U,; Heymach, J.; Le, X;; Yan, H.; Alam, T. Al in drug discovery
and its clinical relevance. Heliyon 2023, 9, No. e17575.

(13) Arnold, C. Inside the nascent industry of Al-designed drugs.
Nat. Med. 2023, 29, 1292—12953.

(14) Campesato, O. Artificial intelligence, machine learning, and deep
learning; Mercury Learning & Information: Dulles Town Center, VA,
2020.

(15) Blanco-Gonzalez, A.; Cabez’on, A.; Seco-Gonzilez, A.; Conde-
Torres, D.; Antelo-Riveiro, P.; Pineiro; Garcia-Fandino, R. The Role
of Al in Drug Discovery: Challenges, Opportunities, and Strategies.
Pharmaceuticals 2023, 16, 891.

(16) Santo, A. A. E; Feliciano, G. T. Genetic Algorithms Applied to
Thermodynamic Rational Design of Mimetic Antibodies Based on the
GB1 Domain of Streptococcal Protein G: An Atomistic Simulation
Study. J. Phys. Chem. B 2021, 125, 7985—7996.

(17) Hollingsworth, S. A; Dror, R. O. Molecular Dynamics
Simulation for All. Neuron 2018, 99, 1129—1143.

(18) Leimkuhler, B.; Matthews, C. Molecular dynamics, 1 st ed;
Springer International Publishing: Cham, Switzerland, 2015.

(19) Salo-Ahen, O. M. H.; Alanko, I; Bhadane, R.; Bonvin, A. M. J.
J.; Honorato, R. V.; Hossain, S.; Juffer, A. H.; Kabedev, A.; Lahtela-
Kakkonen, M.; Larsen, A. S.; Lescrinier, E.; Marimuthu, P.; Mirza, M.
U.; Mustafa, G.; Nunes-Alves, A.; Pantsar, T.; Saadabadi, A;
Singaravelu, K,; Vanmeert, M. Molecular Dynamics Simulations in
Drug Discovery and Pharmaceutical Development. Processes 2021, 9,
71.

(20) Genheden, S; Ryde, U. The MM/PBSA and MM/GBSA
methods to estimate ligand-binding affinities. Expert Opin. Drug
Discovery 2015, 10, 449—461.

(21) Wang, E.; Sun, H.,; Wang, J.; Wang, Z.; Liu, H.; Zhang, J. Z. H,;
Hou, T. End-Point Binding Free Energy Calculation with MM/PBSA
and MM/GBSA: Strategies and Applications in Drug Design. Chem.
Rev. 2019, 119, 9478—9508.

(22) Bozkurt, E.; Ashari, N.; Browning, N.; Brunk, E.;
Campomanesa, P.; Perez, M. A. S.; Rothlisberger, U. Lessons from
Nature: Computational Design of Biomimetic Compounds and
Processes. Chimia 2014, 68, 642.

(23) Bozkurt, E.; Perez, M. A. S.; Hovius, R; Browning, N. J,;
Rothlisberger, U. Genetic Algorithm Based Design and Experimental
Characterization of a Highly Thermostable Metalloprotein. ]. Am.
Chem. Soc. 2018, 140, 4517—4521.

(24) Cao, L.; Goreshnik, L; Coventry, B.; Case, J. B.; Miller, L.;
Kozodoy, L.; Chen, R. E.; Carter, L.; Walls, A. C.; Park, Y.-J.; Strauch,
E.-M.; Stewart, L.; Diamond, M. S.; Veesler, D.; Baker, D. De novo
design of picomolar SARS-CoV-2 miniprotein inhibitors. Science
2020, 370, 426—431.

(25) Chauhan, V. M,; Pantazes, R. J. MutDock: A computational
docking approach for fixed-backbone protein scaffold design. Front.
Mol. Biosci. 2022, 9, 933400.

(26) Spiegel, J. O.; Durrant, J. D. AutoGrow4: an open-source
genetic algorithm for de novo drug design and lead optimization. J.
Cheminf. 2020, 12, 25.

(27) Noé, F.; Tkatchenko, A.; Miiller, K.-R.; Clementi, C. Machine
Learning for Molecular Simulation. Annu. Rev. Phys. Chem. 2020, 71,
361-390.

(28) Case, D. A.; Ben-Shalom, L. Y.; Brozell, S. R; Cerutti, D. S.;
Cheatham, T. E., III; Cruzeiro, V. W. D.; Darden, T. A.; Duke, R. E;;
Ghoreishi, D.; Gilson, M. K, et al; Amber 2018 Reference Manual;
University of California, 2018.

1549

(29) Mark, P.; Nilsson, L. Structure and Dynamics of the TIP3P,
SPC, and SPC/E Water Models at 298 K. J. Phys. Chem. A 2001, 105,
9954—9960.

(30) Di Pierro, M.; Elber, R.; Leimkuhler, B. A Stochastic Algorithm
for the Isobaric-Isothermal Ensemble with Ewald Summations for All
Long Range Forces. J. Chem. Theory Comput. 2018, 11, 5624—5637.

(31) Case, D. A.; Cheatham, T. E.; Darden, T.; Gohlke, H.; Luo, R;;
Merz, K. M.; Onufriev, A,; Simmerling, C.; Wang, B.; Woods, R. J.
The Amber biomolecular simulation programs. J. Comput. Chem.
2005, 26, 1668—1688.

(32) McSherry, T. A General Steepest Descent Algorithm. IEEE
Trans. Aerosp. Electron. Syst. 1976, AES-12, 12—22.

(33) Davidchack, R. L.; Handel, R; Tretyakov, M. V. Langevin
thermostat for rigid body dynamics. J. Chem. Phys. 2009, 130 (23),
234101.

(34) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A,; Haak, J. R. Molecular dynamics with coupling to an
external bath. . Chem. Phys. 1984, 81, 3684—3690.

(35) Lin, Y;; Pan, D; Li, J; Zhang, L.; Shao, X. Application of
Berendsen barostat in dissipative particle dynamics for nonequili-
brium dynamic simulation. J. Chem. Phys. 2017, 146 (12), 124108.

(36) Hou, T.; Wang, J.; Li, Y.; Wang, W. Assessing the Performance
of the MM/PBSA and MM/GBSA Methods. 1. The Accuracy of
Binding Free Energy Calculations Based on Molecular Dynamics
Simulations. J. Chem. Inf. Model. 2011, 51, 69—82.

(37) Wu, Y.; Wang, F.; Shen, C.; Peng, W.; Li, D.; Zhao, C; Li, Z.;
Li, S.; Bi, Y,; Yang, Y.; Gong, Y.; Xiao, H.; Fan, Z.; Tan, S.; Wy, G;
Tan, W,; Lu, X,; Fan, C.; Wang, Q.; Liu, Y.; Zhang, C; Qj, J.; Gao, G.
F; Gao, F; Liu, L. A noncompeting pair of human neutralizing
antibodies block COVID-19 virus binding to its receptor ACE2.
Science 2020, 368, 1274—1278.

(38) Kuszewski, J.; Gronenborn, A. M.; Clore, G. M. Improving the
Packing and Accuracy of NMR Structures with a Pseudopotential for
the Radius of Gyration. J. Am. Chem. Soc. 1999, 121, 2337—2338.

(39) Pettersen, E. F.,; Goddard, T. D.; Huang, C. C.; Couch, G. S;
Greenblatt, D. M.; Meng, E. C,; Ferrin, T. E. UCSF Chimera-A
visualization system for exploratory research and analysis. . Comput.
Chem. 2004, 25, 1605—1612.

(40) Sitthiyotha, T.; Chunsrivirot, S. Computational design of
SARS-CoV-2 peptide binders with better predicted binding affinities
than human ACE2 receptor. Sci. Rep. 2021, 11 (1), 15650.

(41) Copie, G.; Cleri, F.; Blossey, R;; Lensink, M. F. On the ability
of molecular dynamics simulation and continuum electrostatics to
treat interfacial water molecules in protein-protein complexes. Sci.
Rep. 2016, 6 (1), 38259.

https://doi.org/10.1021/acs.biochem.4c00671
Biochemistry 2025, 64, 1541—1549


https://doi.org/10.1021/acs.biochem.0c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.0c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmolb.2021.671633
https://doi.org/10.3389/fmolb.2021.671633
https://doi.org/10.1146/annurev-anchem-061516-045205
https://doi.org/10.1146/annurev-anchem-061516-045205
https://doi.org/10.1146/annurev-anchem-061516-045205
https://doi.org/10.1016/j.heliyon.2023.e17575
https://doi.org/10.1016/j.heliyon.2023.e17575
https://doi.org/10.1038/s41591-023-02361-0
https://doi.org/10.3390/ph16060891
https://doi.org/10.3390/ph16060891
https://doi.org/10.1021/acs.jpcb.1c03324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c03324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c03324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c03324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.neuron.2018.08.011
https://doi.org/10.1016/j.neuron.2018.08.011
https://doi.org/10.3390/pr9010071
https://doi.org/10.3390/pr9010071
https://doi.org/10.1517/17460441.2015.1032936
https://doi.org/10.1517/17460441.2015.1032936
https://doi.org/10.1021/acs.chemrev.9b00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2533/chimia.2014.642
https://doi.org/10.2533/chimia.2014.642
https://doi.org/10.2533/chimia.2014.642
https://doi.org/10.1021/jacs.7b10660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abd9909
https://doi.org/10.1126/science.abd9909
https://doi.org/10.3389/fmolb.2022.933400
https://doi.org/10.3389/fmolb.2022.933400
https://doi.org/10.1186/s13321-020-00429-4
https://doi.org/10.1186/s13321-020-00429-4
https://doi.org/10.1146/annurev-physchem-042018-052331
https://doi.org/10.1146/annurev-physchem-042018-052331
https://doi.org/10.1021/jp003020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp003020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20290
https://doi.org/10.1109/TAES.1976.308210
https://doi.org/10.1063/1.3149788
https://doi.org/10.1063/1.3149788
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.4978807
https://doi.org/10.1063/1.4978807
https://doi.org/10.1063/1.4978807
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abc2241
https://doi.org/10.1126/science.abc2241
https://doi.org/10.1021/ja9843730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9843730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9843730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1038/s41598-021-94873-3
https://doi.org/10.1038/s41598-021-94873-3
https://doi.org/10.1038/s41598-021-94873-3
https://doi.org/10.1038/srep38259
https://doi.org/10.1038/srep38259
https://doi.org/10.1038/srep38259
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.4c00671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

