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Abstract

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common enzyme disorder caused
by a genetic mutation, affecting over 500 million people worldwide. Individuals with G6PD deficiency
are highly susceptible to hemolytic anemia under oxidative stress, yet current treatment is limited to
blood transfusion, with no available direct therapies. Although AG1, a small-molecule G6PD activator,
has shown promise, its activation effect is limited. This study presents the first G-quadruplex-forming
DNA aptamers designed to target the dimer interface of two Class A G6PD mutants associated with
severe hemolytic anemia (G6PDNashvile and G6PDCanon), Using in silico design via APTCAD and
molecular docking, three novel aptamers (OPT1, OPT2, and OPT3) were generated and optimized for
enhanced binding. Among them, OPT3 demonstrated a superior binding affinity to AG1 and targeted
the overlapping binding site. Docking analysis revealed that OPT3 exhibited a stronger binding profile
than AG1, forming more hydrogen bonds, electrostatic interactions, and hydrophobic contacts that
promote activation and improve stabilization. These findings highlight OPT3 as a promising G6PD
activator and may serve as a potential therapeutic alternative to AG1 for correcting G6PD deficiency.
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Introduction

G6PD is an enzyme that protects red blood cells (RBCs) from oxidative stress by generating reduced
nicotinamide adenine dinucleotide phosphate (NADPH) through the pentose phosphate pathway.
G6PD deficiency is an inherited disorder caused by mutations in the G6PD gene, leading to a shortage
of NADPH and impaired antioxidant defence in RBCs. With over 400 known G6PD variants, many
significantly impair enzyme activity and stability, leading to severe clinical manifestations, most notably
acute hemolytic anemia (Louis et al., 2022). According to the WHO (2022), G6PD deficiency is classified
into four classes (A, B, C, and U) based on enzyme activity and clinical severity.

Individuals with class A G6PD deficiency are highly susceptible to hemolytic anemia when
exposed to oxidative triggers such as antimalarial drugs. Currently, blood transfusion remains the only
treatment, as no direct therapies exist for G6PD deficiency. Although AG1, a small molecule G6PD
activator, has shown promise, its activation effect is limited (Hwang et al., 2018; Pakparnich et al.,
2021). Aptamers are short oligonucleotides that fold into stable 3D structures, enabling them to bind
targets with high affinity and specificity. Several aptamers have been explored as therapeutic agents,
such as aptamers developed by Tsukakoshi et al. (2021) that enhance peroxidase activity, Pegaptanib
for age-related macular degeneration (Gragoudas et al., 2004) and AS1411 for targeting nucleolin in
cancer therapy (Soundarajan et al., 2008).

In this study, three G-quadruplex DNA aptamers are designed in silico as potential G6PD
activators using APTCAD. The optimization of these aptamers is guided by molecular docking targeting
the dimer interface of two Class A mutants: G6PDNashvile and G6PDCanon that associated with severe
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hemolytic anemia. Comprehensive docking analysis is also conducted to evaluate their potential as
G6PD activators, and the most promising aptamer candidate is selected for in vitro synthesis.

Material and methods

Three natural transfer RNA (tRNA) sequences were randomly selected from GtRNAdb
(https://gtrnadb.ucsc.edu/) as the templates for in silico aptamer design (Soon & Nordin, 2019). The
selected sequences were converted to DNA by replacing uracil (U) with thymine (T) bases. The resulting
DNA sequences were modified by incorporating G-rich sequences to generate G-quadruplex-forming
DNA aptamers. The presence of quadruplex-forming G-rich sequences (QGRS) was validated using
QGRS Mapper (https://bioinformatics.ramapo.edu/QGRS/analyze.php). The primary DNA aptamer
sequences were saved in FASTA format for 2D and 3D structure prediction using APTCAD
(http://www.aptcad.com/), and their folding stability values were recorded. Prior to docking, the three
aptamers were set as rigid molecules by converting all rotatable bonds to non-rotatable and saved in
.pdbqt file format using AutoDockTools.

The 3D structure of wild-type (WT) G6PD was prepared using crystal structures from the Protein
Data Bank (2BHL and 2BH9) (Alakbaree et al., 2022; Louis et al., 2022). In silico site-directed
mutagenesis was performed using PyMOL's Mutagenesis Wizard to generate G6PDNashville (Arg393His)
and G6PDCanon (Arg459Leu), with amino acid substitutions applied to both dimer chains. The mutant
structures were saved in .pdb format and converted to .pdbgt format along with the aptamers using
AutoDock Tools. The aptamers were then docked to the dimer interface of GBPDNashvile gnd GGPDCanton
using AutoDock Vina. Docking complexes with the best binding affinities were selected and visualized
in PyMOL.

Aptamer optimization was guided by visualization of the docking complexes. This allowed the
identification and removal of non-interacting nucleobases that were not involved in binding at dimer
interface of G6PDNashvile gnd GBPDCanton, retaining only the core binding regions at the dimer interface.
To further enhance the folding stability of the truncated aptamers, GC content was increased by
substituting adenine (A) or thymine (T) bases with guanine (G) or cytosine (C) within the stem-loop
regions (O'Steen & Kolpashchikov, 2022). Molecular docking was then repeated to evaluate the
improvements of optimized aptamers in binding performance. Additionally, AG1, a known G6PD
activator, served as the reference compound in this study. Its 3D structure was retrieved from PubChem
(CID: 6615809) in .sdf format and converted to .pdb format using OpenBabel. AG1 was then docked at
the dimer interface of the two G6PD mutants using AutoDock Vina.

The final molecular docking was conducted for the three optimized aptamers against
G6PDNashvile gnd G6PDCanton, evaluating binding affinities, orientations and interactions in comparison
to AG1. Binding site overlap with AG1 was visualized in PyMOL, while non-covalent interactions,
including hydrogen bonds, hydrophobic interactions and salt bridges, were analyzed using BIOVIA
Discovery Studio and LigPlot+.

Results and discussion

Three G-quadruplex-forming DNA aptamers (APT1, APT2, and APT3) were designed, and their 2D
structures and folding stability were predicted using APTCAD, as depicted in Figure 1. All aptamers
exhibited negative folding free energy values (AG), indicating a thermodynamically favourable
conformation. This suggests that the aptamers can bind their target efficiently without requiring external
energy input (Ahmad Najib et al., 2024). Each aptamer ranged in length from 60 to 80 nucleotides and
featured various stem-loop structures. The stem-loop structures were the key design element, with the
stem contributing to the aptamer’s structural stability, and the loop serving as a functional domain for
target binding and specificity (Ji et al., 2025). The incorporation of G-rich quadruplex sequences further
enhances folding stability (Roxo et al., 2019). DNA aptamers were chosen over RNA aptamers due to
their greater chemical stability, as the absence of a hydroxyl group at the 2' position of the deoxyribose
sugar makes them more resistant to nuclease degradation. This structural advantage also contributes
to a simpler and more cost-effective synthesis process, as well as greater ease of chemical modification.
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Figure 1 2D structures and folding stability values (AG) of designed aptamers: (A) APT1, (B)

APT2, and (C) APT3

Prior to aptamer optimization, molecular docking was used to assess the binding region of the
aptamers to the dimer interface of G6PDNashvile gnd G6PDCanton, During the docking, the aptamers were
treated as rigid molecules with no rotatable bonds. A rigid aptamer model is commonly used in docking
studies to examine interactions with targets and assist in predicting binding affinities (Bruno, 2022). The
visualization of the docked complexes with the best binding affinities was performed using PyMOL
software. Since only a small portion of the full-length aptamer is typically involved in target recognition,
truncating non-binding regions during the optimization process can enhance binding affinity and reduce
synthesis costs by minimizing sequence length (Hui et al., 2023; Nguyen et al., 2024). Referring to
Figure 2, aptamer regions consistently located distally from the dimer interface in both models were
identified. Truncation was subsequently performed by removing 21 bases from APT1, 28 bases from
APT2, and 20 bases from APT3.

APT1
G6PD
Nashville
G6PD
Canton
Figure 2 Docking visualizations showing the truncated regions of aptamers circled in red

(APT1: blue; APT2: orange, APT3: green)

After truncating the aptamers, their folding stability was predicted again using APTCAD.
However, a notable reduction in folding stability of all truncated aptamers was observed, indicated by
higher AG values, as shown in Table 1. To address this, the GC content within the stem-loop regions
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of the truncated aptamers was increased to enhance their folding stability (O'Steen & Kolpashchikov et
al., 2022; Lau et al., 2025). Guanine-cytosine (GC) base pairs form three hydrogen bonds compared to
two in adenine-thymine (AT) base pairs, which contributes to greater structural stability through
improved core folding and higher melting temperatures. As a result, substituting nucleotides within the
stem-loop regions with G and C bases led to the generation of three optimized G-quadruplex-forming
DNA aptamers (OPT1, OPT2 and OPT3) with higher GC content and improved folding stability.

Table 1: Folding stability of aptamers at initial, after truncation, and after GC content modification.

Folding free energy values, AG (kcal/mol)

Aptamer Initial After truncation After GC content modification
APT1 -9.72 -6.54 -8.23
APT2 -11.30 -3.29 -7.07
APT3 -8.23 -4.64 -9.61

Among the optimized aptamers, OPT3 exhibited the most stable folding structure, indicated by
the lowest folding free energy (AG) value of —9.61 kcal/mol, followed by OPT1 and OPT2 with values
of -8.23 and -7.07 kcal/mol respectively, as depicted in Figure 3. This is likely attributed to the longer
stem lengths in OPT3 which enable more base pairing interactions, thereby forming more stable
structures that are less prone to dissociation (Kammer et al., 2020). However, despite OPT2 having the
longest stem length like OPT3, it exhibited the lowest folding stability, likely due to the presence of bulge
loop that disrupted continuation of the first stem. The structural destabilizing effect of bulge loop can
significantly reduce the stability of aptamer structures as it interrupts regular base pairing in stems
(Crowther et al., 2017). Although OPT1 has the shortest stem length, it exhibits higher folding stability
than OPT2. This suggests that factors beyond stem length and loop type influence overall stability.
Notably, OPT1 has the highest GC content in its stem regions (80%) compared to OPT2 (66.67%) and
OPT3 (58%), supporting that higher GC content enhances stability through increased melting
temperature. Additionally, OPT3 demonstrated an optimal length of 38 nucleotides, falling within the
typical range of 25 to 40 nucleotides required for effective target interaction, and incorporates key
structural motifs such as stem-loops and G-quadruplexes (Koshmanova et al., 2024). These findings
suggest that OPT3 offers the most promising design, combining stable folding with an optimal aptamer
length.
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Figure 3 2D structures and folding stability values (AG) of optimized aptamers: (A) OPT1, (B)

OPT2, and (C) OPTS.

The optimized aptamers were re-docked at the dimer interface of G6PDNashvile gnd G6PDCanton,
and their docking results were visualized using PyMOL to evaluate their binding poses. AG1 was
superimposed with each aptamer’s binding pose to help localize the dimer interface. As depicted in
Figure 4, OPT3 exhibited the most favourable binding pose, structurally coinciding with AG1’s binding
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region. In contrast, OPT1 and OPT2 showed only partial overlap with AG1. These findings highlight
OPT3 as the most promising candidate, followed by OPT2 and OPT1, effectively mimicking AG1’s
binding mode by closely aligning with its position at the dimer interface.

OPT2

Figure 4 Superimpose of AG1 (yellow stick) and three optimized aptamers (OPT1: blue; OPT2:
orange, OPT3: green) at the enzyme dimer interface.

Compared to AG1 as the reference compound, the optimized aptamers exhibited significantly
higher binding affinities at the dimer interface of both G6PDNashvile gnd GEPDCanen as shown in Table
2. The more negative binding energy (AG) values indicate that the aptamer—protein binding was more
energetically favourable than those of AG1. This difference in binding affinity can be attributed to the
fundamental structural differences between the small molecule and the aptamer in their binding and
interaction with target proteins. Aptamers are single-stranded nucleic acids with a flexible
phosphodiester backbone that allow them to fold into diverse secondary structures, such as stem-loops,
hairpins, and G-quadruplexes (Shraim et al., 2022). These secondary structures further assemble into
stable and unique three-dimensional structures through m—1r stacking, hydrogen bonding between the
bases, enabling them to bind to the target with high shape complementarity and specificity (Gelinas et
al., 2016). In this study, the aptamers were designed and optimized to form structural motifs like stem-
loop and G-quadruplex, which serve as scaffolds that arrange specific nucleotides for precise
interactions with protein binding pockets (Zhang et al., 2021). These unique nucleic acid architectures
allow aptamers to form stable and complementary interactions with their target proteins, contributing to
their enhanced binding affinity and specificity compared to small molecules.

Table 2: Binding affinities of AG1 and optimized aptamers after docking to the dimer interface of
G6PDNashvile gnd G6PDCanton_

Binding Affinity, AG (kcal/mol)

Ligand

GGPDNaShVi"e GGPDCanton
AG1 -6.8 -6.3
OPT1 -13.7 -14.7
OPT2 -18.1 -20.4
OPT3 -16.9 -18.8

OPT2, with the highest number of loops in its secondary structure compared to OPT1 and OPT3,
demonstrated the strongest binding affinities, with the lowest binding energies of -19.1 kcal/mol and
—20.4 kcal/mol against GGPDNashville and G6PDCanton, respectively. Aptamers possessing a greater
number of loop regions generally exhibit enhanced binding affinity, as these loops often serve as
primary interaction sites with the target protein (Debiais et al., 2020; Xu et al., 2023). Furthermore, the
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GC content within loop regions also plays a significant role in modulating binding affinity. Higher GC
content stabilizes the adjacent stem structures, thereby reinforcing the overall loop configuration and
facilitating more effective target interaction (Lau et al., 2025). This observation may account for the
comparatively higher binding affinity exhibited by OPT3, which possesses 100% GC content within its
loop regions, in contrast to OPT1, which contains only 47.1% GC content despite both aptamers having
the same number of loops.

The docking results were subsequently analyzed using BIOVIA Discovery Studio to visualize the
3D interactions between the aptamer and protein, including hydrogen bonds, salt bridges, and
electrostatic interactions. In addition, LigPlot+ was used to generate 2D interaction diagrams,
highlighting hydrophobic contacts and van der Waals forces. Understanding aptamer-protein
interactions is crucial for elucidating the binding mechanism of aptamers in enzyme stabilization, as
their binding is primarily governed by non-covalent intermolecular interactions, including hydrogen
bonding, electrostatic forces, and van der Waals interactions (Zhang et al., 2023). Among the optimized
aptamers, OPT3 exhibited the strongest binding interaction profile, characterized by the highest number
of interactions, including hydrogen bonds, electrostatic forces, and hydrophobic contacts at the dimer
interface of both G6PDNashvile gnd G6PDCanton, as presented in Table 3. These non-covalent
intermolecular interactions contribute to the overall stability of the enzyme (Adhav & Saikrishnan, 2023).

Table 3: Number of interactions formed by AG1 and aptamers after docking to the dimer interface of
G6PDNashviIIe and G6PDCanton_

Target Ligand Number of interactions
Protein 9 Hydrogen Bond Salt Bridge Electrostatic Hydrophobic
AG1 3 0 0 6
, OPT1 1 1 4 9
Nashville
G6PD OPT2 3 1 5 11
OPT3 7 0 5 13
AG1 2 0 0 6
OPT1 2 1 4 9
pDCanton
e OPT2 6 3 5 11
OPT3 8 0 5 12

Remarkably, residue ARG427 is particularly significant due to its role in salt bridge formation in
the wild-type G6PD enzyme, a structural interaction lost in GBPDNashvile (Alakbaree et al., 2023). Among
the three optimized aptamers, only OPT3 forms electrostatic contact with ARG427 in G6PDNashville
suggesting its potential to restore this lost interaction and enhance structural stability, as shown in
Figure 5(A). Furthermore, G6PDCaon js known to exhibit a loss of inter-helical interactions, resulting in
the displacement of a-helices and a significant reduction in both enzyme activity and structural stability
(Hwang et al., 2020). Given that hydrogen bonds are crucial in stabilizing inter-helical interactions within
a-helices, OPT3 may offer enhanced stabilization compared to AG1, OPT1 and OPT2, as supported
by its formation of the highest number of hydrogen bonds, as illustrated in Figure 5(B).

Hence, these results clearly indicate that OPT3 is the most promising candidate among the
aptamers, potentially offering stronger stabilization than AG1 as a G6PD activator due to its strongest
binding profile. Although OPT2 also exhibited improved binding to G6PDCa"on, OPT3 remains the most
favourable due to its consistent and robust performance across both G6PD mutants. This consistency
suggests that OPT3 may also apply to other G6PD variants, with the potential to achieve better and
more consistent binding performance across different mutants (Dong et al., 2021).
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Figure 5 3D interaction mapping of OPT3 with (A) G6PDNashvile gnd (B) G6PDCaon, generated

using BIOVIA Discovery Studio.

Conclusion

This study presents the first in silico design of G-quadruplex-forming DNA aptamers as potential GGPD
activators targeting the dimer interface of two Class A mutants, G6PDNashvile gnd G6PDCanon, both
associated with severe clinical phenotypes. The computational design and optimization approach
adopted here offers a time-efficient, less labour-intensive, and cost-effective alternative to traditional
SELEX methods. Through molecular docking analysis, the binding affinity, orientation, and interactions
of three optimized aptamers were compared with those of AG1 to evaluate their activating potential
against both G6PDNashvile gnd G6PDCanton All aptamers exhibited higher binding affinities and stronger
interfacial interactions than AG1, largely due to structural motifs, such as stem-loop formations, that
promote high target affinity and stable interactions. Among the candidates, OPT3 emerged as the most
promising G6PD activator, showing higher binding affinity toward the dimer interface of both G6PD
mutants than AG1. Notably, OPT3 was the only aptamer whose binding pose overlapped with that of
AG1 while demonstrating the strongest interaction profile, including a greater number of hydrogen
bonds, electrostatic interactions, and hydrophobic contacts. These features suggest that OPT3 may
offer superior stabilizing effects at the dimer interface. Overall, this study introduces the first aptamer
specifically designed to target G6PD, highlighting its potential as a novel therapeutic strategy for
restoring enzyme activity in G6PD deficiency.
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