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Abstract
G6PD deficiency is the most common enzymopathy worldwide, with over 186 mutations that decrease

enzyme activity. The structural mechanics as to how or why G6PD mutations affect enzyme activity
remains ambiguous. Employing the use of molecular docking, a G6PD dimer in complex with ligands
was constructed to simulate G6PD variants common to the Asian population using GROMACS.
Trajectory analyses revealed that variants with high enzyme activity, were compact and exhibited low
distance between each monomeric subunit of the dimer. A compact dimer led to the exposure of the
tetramer salt bridge residues indicating strong protein—protein affinity in potential tetrameric form.
Analyzing the protein— ligand complex showed that the inability to retain G6P and c.NADP might have
hindered G6PD catalysis and enzyme activity.
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Introduction

Glucose—6—phosphate dehydrogenase (G6PD) deficiency is the most common enzymopathy
worldwide. G6PD confers protection to red blood cells by producing anti—oxidative components
nicotinamide adenine dinucleotide phosphate (NADP). Loss of G6PD enzyme activity leads to free
radical induced hemolysis [1]. There are more than 400 G6PD mutations, of which approximately 47%
are deleterious, which affect enzyme activity. The World Health Organization (WHO) has categorized
different mutations based on their enzyme activity and clinical phenotype into five classes. Classes I, Il
and Il retain <1%, <10% and 10-60% of enzyme activity respectively and present with hemolysis,
whereas classes IV and V are asymptomatic and not harmful [1]. GEBPD monomers have three ligands,
one glucose—6—phosphate (G6P), one catalytic NADP (c.NADP), and one structural NADP (s.NADP).
In an active state, G6PD exists as dimers and tetramers in dynamic equilibrium influenced by ligands.
Tetramers are formed with increased NADP concentration, and dimers are disassociated into inactive
monomers with increased G6P concentration. Dimerization is crucial for basic G6PD enzyme activity,
whereas tetramerization increases the structural integrity of the protein [2, 3].

Molecular dynamics simulation (MDS) has been an invaluable tool for studying macromolecular
structural and functional relationships [4]. Previous G6PD—-MDS studies involved simulating G6PD
monomers and dimers without ligands. There have not been any insights of the enzyme in its active
state and in complex with ligands. Moreover, previous studies involved simulating G6PD variants
common to the USA, German and Middle Eastern population [5, 6]. Even though 5-20% of global G6PD
deficiency cases are found in Asia [7], there is a gap in the literature regarding structural insights of
G6PD variants common to the Asian population. There are no structures of the G6PD dimer in complex
with all of its ligands (G6P, c.NADP and s.NADP) available in the protein data bank (PDB) till date. This
makes it challenging to study the enzyme in its active state which is highly influenced by its ligands.

( 1
| 2 )



mailto:syazwaniitri@utm.my

Louis et al. (2022) Proc. Sci. Math. 6:28-33

To overcome the forementioned challenges, a complete G6PD dimer in complex with ligands
was constructed by employing the use of molecular docking. Ten deleterious variants common to the
Asian population were subjected for simulation and compared against the wild—type (WT) using
trajectory analyses.

Materials and methods

Six ligands (2 X G6P, 2 X c.NADP and 2 X s.NADP) were docked onto 2BHL, after removing existing
water molecules and ligands from the crystal structure, with controlled docking using AutoDock 4.2 and
AutoDock Vina [8, 9]. Ten deleterious variants common to the Asian population were chosen for analysis.
PyMOL was employed for in silico site directed mutagenesis for creating the selected variants. The WT
and ten variants were subjected to 100 ns simulations using the GROMACS 2018.1 package with the
GROMOS96 54a7 force field [10]. Trajectory analyses were performed to analyze changes at the
mutation site, dimer and tetramer interfaces and protein—ligand complex of the variants with respect to
the WT.

Results and discussion

TM-scores were calculated to evaluate structural deviations exhibited by the simulated variants against
the WT, as depicted in Table 1. Greater the TM—score, higher the structural similarity [11]. It was noted
that variants V291M, G163S and G131V with high enzyme activity exhibited the highest TM-scores >
0.49. Whereas G410D with low enzyme activity exhibited the lowest TM—score. Based on the WHO
classification of enzyme activity, there exists a conundrum for R387C and H32R, as the reported
enzyme activities listed in Table 1, do not fall in their respective threshold.

Table 1: Correlation between enzyme activity and structural similarity.

Class Variant Enzyme Reference TM-score

activity (%) (Variant against WT at 100 ns)

I Shinagawa (G410D) =~0.1 [12] 0.4675

Bangkok (K275N) Undetected 0.4776

Guadalajara (R387C) =11.2 [13] 0.4801

Il Viangchan (V291M) =63 [14] 0.4935

Vanua Lava (L128P) =61.7 [14] 0.4783

Canton (R459L) ~18 [15] 0.4814

Surabaya (V431M) Undetected 0.478

1 Gaohe (H32R) =4 [16] 0.4708

Mahidol (G163S) ~ 82 [17] 0.4902

Quing Yan (G131V) =70 [18] 0.4913

Figure 1.(A) depicts the presence of salt bridges between Lys 407 — Glu 206 (highly conserved)
and Glu 419 —-Arg 427 [2]. The dimer bridge, located at the BN — al region is stabilized by hydrogen
bonds between Asp 421 — Asp 421 [2]. As seen in Figure 1.(B), Lys 171 from the BE—ae loop is
responsible for G6P and c.NADP positioning required for G6PD catalysis [15].

Docking two s.NADP ligands increased protein stability for the WT, R387C, V291M, and G163S,
enabling it to establish additional hydrogen bonds between Glu 419 — Thr 423, which were not found in
2BHL. This validates the physiological significance of ligands on G6PD protein structure. Despite being
unable to retain salt bridges and hydrogen bonds between BN at the dimer interface, G410D and K275N
were able to retain the Lys 171-G6P-c.NADP hydrogen bond. G410D’s ability to do so might have
been due to s.NADP dependent enzyme reactivation, as exon 10 mutants tend to be reactivated by the
addition of NADP [12]. H32R’s low enzyme activity might be due the inability to retain the Lys 171—
G6P-c.NADP hydrogen bond, indicating hindered G6PD catalysis.

Figure 1.(D-E) depict the radius of gyration (Rg) of the protein structure and solvent accessible
surface area (SASA) of the tetramer salt bridge residues for the WT throughout the simulation. Lower
the Rg, more compact the structure and higher the SASA, more exposed the residues are to the
surrounding solvent respectively [19]. The presence of two s.NADPs at the dimer bridge was
responsible for the additional hydrogen bonds between Glu 419-Thr 423 which increased the
compactness of the protein structure, thereby reducing the BN — BN distance as shown in Table 2.
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G6PD tetramers are stabilized by salt bridges between Lys275 — Glu347 and Glu287 — Lys290
of each dimer [2]. Greater the surface are of a protein interface, stronger the protein — protein affinity[20].
The presence of four NADP ligands on the dimer structures, shifted the equilibrium towards a tetrameric
state characterized by increased SASA at the tetramer salt bridge residues for the WT by a factor of
1.77 nm2 as shown in Figure 1.(E).
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Figure 1 (A) Stability of the G6PD dimer bridge is dependent on the formation of salt bridges
and hydrogen bonds. (B) Lys 171 from the BE—ae loop is responsible for
positioning G6P and c.NADP at their respective binding pockets. (C) Heatmap
depicting the structural integrity of the dimer interface and ligand positioning
capabilities for the simulated WT and variants. (D) Rg of the WT structure. (E)
SASA of the tetramer salt bridge residues for the WT.
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Based on the mutation sites, dimer interface originating variants, G410D, R459L and V431M
were characterized with high BN — BN distance (> 0.26 A), making the dimer structures loosely packed
characterized by high Rg (>3.66 nm). However, R387C exhibited low BN — BN distance and Rg, despite
being a dimer interface originating variant. This might have been due to s.NADP dependent reactivation
similar to G410D, as R387C is also an exon 10 mutant.

Given that G6PD dimerization and tetramerization are interdependent, high stability at the dimer
interface characterized by low BN — BN distance and low Rg values increases tetramerization
capabilities characterized by high SASA values for the tetramer salt bridge residues.

The effects and properties of mutations are crucial for variant assessment. K275N’s mutation
renders it incapable of establishing the Lys275 — Glu347 salt bridge and was found to have the lowest
tetramer salt bridge SASA and highest distance between BN — BN (Table 2). V291M’s mutation
exhibited high SASA at the salt bridge residues despite having high BN — BN distance and high Rg
(Table 2), which might have been because methionine is often found at exposed regions of the protein
core. R459L’°s mutation led to a loss of the an — ae interhelical interactions concordant with the reportby
Hwang et al (2018) [15], and might have been the reason for its loosely packed structure
characterized by a high Rg (Table 2).

High enzyme activity for G163S and G131V (>70%) might have been due to their ability to retain
similar structural features as the WT as depicted in Figurel.(C) and Table 2, thus enabling them to
exhibit high TM-scores (Table 1). The reason for L128P’s hindered enzyme activity despite having
similar characteristics to the WT with regards to BN — BN distance and Rg values, might have been due to
low SASA (Table 2), similar to H32R. Interestingly both L128P and H32R were unable to retain the
Lys 171-c.NADP hydrogen bond, indicative of hindered G6PD catalysis.

Table 2: Structural characteristics of the simulated WT and variants.

Class Protein BN — BN distance (A) Rg (nm) SASA (nm?)

WT 0.19 3.62 20.44

| G410D 0.26 3.71 20.38
K275N 0.31 3.69 19.6

R387C 0.20 3.59 20.75

] V291M 0.23 3.67 20.68
L128P 0.21 3.65 20.09

R459L 0.28 3.72 20.33

V431M 0.29 3.66 20.39

1l H32R 0.21 3.72 20.07
G163S 0.20 3.63 20.38

G131V 0.22 3.67 20.58

Conclusion

This was the first GBPD-MDS study to relate in silico findings to previous biochemical and structural
reports. This study was successful in unravelling the required structural dynamics for the G6PD protein
to produce optimum enzyme activity. Variant assessment from this study allowed identifying prognostic
markers which would be beneficial for future drug development.
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