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ABSTRACT

The aim of this study is to in silico screen new
(G6PD)
inhibitors. glucose-6-phosphate dehydrogenase

glucose-6-phosphate  dehydrogenase
is the first and regulator of pentose phosphate
pathway providing NADPH and ribose-5-
phosphate required for various syntheses from
fatty acids to DNA. G6PD is linked to oxidative
stress and hence, to inflammation as well.
Therefore, G6PD inhibition is a useful target
against inflammation, cancer and some
infections. Virtual screening of 15 ligands in the
NADP-binding site in comparison with the
standard inhibitor 6-aminonicotinamide using
iGEMDOCK. Besides, ADME properties of the
selected compounds were performed via
SWISSADME webserver. All the tested ligands
were better than reference inhibitor in terms of
binding energy as well as pharmacokinetic and
ADME parameters. Moreover, of all tested
compounds, ligand 15 showed best docking
fitness (-115 Kcal/mole total energy). Novel
compounds were screened to be lead inhibitors

of G6PD enzyme and ligand 15 ranked first.
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INTRODUCTION

Glucose-6-phosphate dehydrogenase (G6PD; EC: 1.1.1.49) is the first
catalyzing and rate-limiting enzyme in pentose phosphate pathway (PPP). It
promotes the oxidation of glucose 6 phosphate (G6P) to 6 phosphogluconolacto
ne, concomitant with the reduction of nicotinamide adenine dinucleotide
phosphate (NADP*) into NADPH (Fig 1). The formed NADPH is utilized for
various biosynthetic pathways including fatty acid, cholesterol and nucleotides.
Furthermore, NADPH is an indispensable component for the antioxidants
defense system of cells especially for red blood cells (RBC) and white blood cells
(WBC) where it acts as a coenzyme of glutathione reductase, needed for the
regeneration of active glutathione and thus protecting cells from accumulating
free radicals (Stanton, 2012; Tian et al., 1998).

Besides, if the reactions of the first phase (the oxidation phase of PPP) is
moving on, ribose-5-phosphate is produced in the second (non-oxidative phase
of PPP). The latter is necessary as a building blocks for the synthesis of
nucleotides and thus even more important processes such as transcription and
replication (Hutchings et al., 2005; Li et al., 2020).
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Figure 1. Pentose Phosphate Pathway with Role of G6PD Elucidated

Also, the structure of NADPH and glutathione (GSH, radial scavenger)
are depicted. Reprinted with permission from (Koperniku et al., 2022). Copyright
2022, American Chemical Society. Structurally, G6PD is a homodimer consisting
of 515 amino acid residues each with a molecular weight of 59 kDa. Human G6PD
is similar to Leuconostoc mesentroides G6PD, with a ‘Rossmann-fold” coenzyme-
binding domain and a p+a domain which forms the dimer interface (Fig 2)
(Kotaka et al., 2005). In each subunit, there is an active site and another
coenzyme-binding site away from the active site. G6PD deficiency is the most
common type of enzymophathies, accounting for 300 million afflicted people
annually. The mutation-to-structure impact is due to destabilization of dimer
interface, reducing the activity of the enzymatic activity (Au et al., 2000).
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Figure 2. 3D Structure of Human G6PD Complexed with G6P in its Active Site
and NADP+ as well as some Glycerol Molecules (PDB ID: 2BH9)

Given its pivotal role in providing both (i) NADPH required for redox
homeostasis of RBC, oxidative burst in WBC, reducing equivalents for major
biosntheses and (ii) ribose-5-phosphate, necessary for the synthesis of purines
thereby DNA synthesis and cell division, G6PD is an interesting target as
antimicrobial (Berneburg et al., 2022), anti-inflammatory (Yang et al., 2016), anti-
tumor activities (Koperniku et al., 2022; Stanton, 2012). Recently, its role was
expanded to be also implicated in cardiovascular pathology (Chhabra et al., 2018)
and neurodegenerative diseases (Tang, 2019).

The current standard G6PD inhibitor of the NADP-binding site is 6-
aminonicotinamide (6-AN) (Chen et al., 2018; Kohler et al., 1970). However, it
exhibits weak androgenic activity and serves as a native substrate for other
enzymes in vivo (Koperniku et al., 2022). So, there is a need for developing new
inhibitors of G6PD that are more potent with no or, at least, milder side effects
and this is the goal of this in silico study.

THEORETICAL REVIEW

The crystal structure of human G6PD enzyme was retrieved from PDB
(PDB ID: 2BH9). The crystal structure showed a substrate binding site occupied
by G6P and another coenzyme-binding site occupied by the NADP*. The site
chosen for docking investigation was the coenzyme-binding motif (NAP) with a
binding site radius of 8 A. A list of 15 natural and synthetic compounds (Table 1)
were selected from PubChem dataset according to their similarity index to the
established inhibitor 6-AN. The selected ligands were retrieved from PubChem
database as SDF files and then converted to MOL2 using Open Babel software
(http:/ /openbabel.org) (O'Boyle et al., 2011) to be inputted into the iGEMDOCK
software.
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Table 1. List of Screened Compounds in the Current Study along with Their

Pubchem ID
NO | PubChem ID Ligand Name

1 132279092 3,5'-Dimethoxy-resveratrol
2 72344 Nobiletin
3 96118 4',5,6,7-Tetramethoxyflavone
4 96539 Gardenin B
5 96892 6-(diethylamino)pyridine-3-carboxamide
6 97332 Quercetin pentamethyl ether
7 136417 5-Hydroxy-3,6,7,8,3' 4'-hexamethoxyflavone
8 145659 Sinensetin
9 261592 6-(Pyrrolidin-1-yl)pyridine-3-carboxamide
10 629965 Zapotin
11 3010100 4'-Hydroxy-5,6,7,8-tetramethoxyflavone
12 3031415 6-(Cyclohexylamino)pyridine-3-carboxamide
13 5315263 Casticin
14 5352005 Retusin

132228215 N-(1-(1-(L-alanyl) piperidin-4-yl)ethyl)-6-
15 aminonicotinamide

METHODOLOGY

To calculate the binding affinity of the selected ligands for G6PD enzyme,
iGEMDOCK software (Hsu et al., 2011) was used. 15 virtual screenings of the
selected ligands against the standard inhibitor of the coenzyme-binding site 6-
aminonicotinamide. The docking parameters were set as stable docking with 300
population size, 80 generations, and 10 solutions. Upon finishing the docking
process, post docking analysis was performed to figure out the best docking pose
and its corresponding energy values. The empirical scoring function of
iGemdock software was estimated using the formula:

Energy = vdW + Hbond + Elec

2D Visualization of docking results was done using Discovery Studio Client
21. Pharmacokinetics as well as Lipinski's rule of five of the all ligands were
calculated by the webserver SWISSADME (Daina et al., 2017). SWISSADME is a
quick, accurate, simple interface, and freely available online tool for the
prediction of pharmacokinetic parameters ADME (absorption, distribution,
metabolism, and excretion) as well as the leadlikeness of the ligand molecules.
This step can eliminate unnecessary testing in the wet lab setting.

RESULTS AND DISCUSSIONS

G6PD is an essential metabolic enzyme regulate key metabolic pathway
(PPP) which is required for many tissues and cells. This makes the enzyme an
important step to be targeted for treating cancer, parasite infections and
inflammation (Koperniku et al., 2022). So, this study aimed to evaluate the
potential inhibitors of G6PD. A set of 15 ligands were tested in the current study
using iGEMDOCK software.
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Based on the obtaining results from iGEMDOCK, all of the tested ligands
showed higher binding affinities (Table 2) than the standard inhibitor 6-AN. The
total energy ranged from -72 to -115 Kcal/mole, the best of which was ligand 15
with a total energy of -115 Kcal/mole, (-88.7 VDW and -27 H-bonds with no
electrostatic attractions). Therefore, the presented ligands are lead candidates to
be potent inhibitors of G6PD and thus drugs of cancer or inflammation. Fig 3
shows the NADP-binding site residues interaction with the ligand 15 (the best
docked ligand) in 3D as well as in 2D diagram along with the type of interactions.
Ser 40, Arg 72, Tyr 112, Ala 141, Tyr 147, and Lys 171 form H-bonds with the
ligand whereas Leu 43, Leu 142 and Pro 143 pose Van der Waal's interaction with
the heterocyclic rings of the ligand.

The interactions found between reference inhibitor 6-AN and protein
showed three amino acid residues (Ser 40, Ala 141 H-bonded and Leu 142 via
hydrophobic interactions) in common with ligand 15 (Fig 3). This indicates the
fact that docked ligands fit well within the NADP-binding pocket of the enzyme.
Still, bonding amino acids are more in the ligand 15 compared to 6-AN due to
the larger conformation of the ligand, hence, occupies larger area within the
binding pocket.

Table 2. Molecular Docking Result of all Ligands at NADP-Binding Site of 2BH9

Protein
Ligand Total VDW HBond Elec
Energy

1 -93.7302 -68.8719 -24.8583 0

2 -97.0042 -70.3835 -26.6207 0

3 -88.1441 -79.4254 -8.71866 0

4 -94.0464 -67.1559 -26.8905 0

5 -72.1477 -52.9871 -19.1605 0

6 -96.5266 -81.6642 -14.8624 0

7 -99.9191 -82.6126 -17.3066 0

8 -97.0619 -86.4126 -10.6492 0

9 -72.2487 -53.3623 -18.8863 0
10 -87.7474 -65.4561 -22.2913 0
11 -91.3706 -63.3928 -27.9779 0
12 -84.2082 -63.4956 -20.7125 0
13 -99.7863 -80.2791 -19.5073 0
14 -91.159 -72.3642 -18.7948 0
15 -115.787 -88.7524 -27.0349 0
6-AN -64.2528 -34.6957 -29.557 0
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Figure 3. G6PD-Ligand 15 and Reference Inhibitor 6-AN Interactions in 3D
Representation (A,C) and 2D Diagram (B,D) Depicted using Discovery Studio

ADME prediction assists in the assessment of druglikeness of the lead
candidates. All the of the tested compounds were found to satisfy Lipinski's rule
of five and ADME properties with no violation. ADME results are summarized
in Table 3. In addition, the gastrointestinal absorption of all tested ligands is high
and thus can be prepared as pharmaceuticals given orally.

Table 3. SWISSADME Results Showing ADME Parameters of Compounds (1-
15) along with the Standard Inhibitor 6-AN

Ligand MW RB | HA | HD | MR (40- | TPSA LogP GI

(<500) | (=10) | (<10) | (<5) | 130) (<140) (<5) absorption

(>30% high)
1 290.31 4 5 3 79.49 79.15 241 High
2 402.39 7 8 0 | 106.87 85.59 3.51 High
3 342.34 5 6 0 93.89 67.13 3.49 High
4 358.34 5 7 1 95.91 87.36 3.2 High
5 193.25 4 2 1 56.15 59.22 1.03 High
6 372.37 6 7 0 | 100.38 76.36 3.5 High
7 418.39 7 9 1 108.9 105.82 3.22 High
8 372.37 6 7 0 | 100.38 76.36 3.5 High
9 191.23 2 2 1 56.97 59.22 0.4 High
10 342.34 5 6 0 93.89 67.13 3.49 High
11 358.34 5 7 1 95.91 87.36 3.2 High
12 219.28 3 2 2 63.56 68.01 1.73 High
13 374.34 5 8 2 97.93 107.59 291 High
14 358.34 5 7 1 95.91 87.36 3.2 High
15 319.4 6 4 3 92.5 114.34 0 High
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| 6-AN | 13714 | 1 | 2 | 2 | 36.74 82 | -023 | High |
MW: molecular weight; RB: rotatable bonds; HA: hydrogen acceptor; HD:
hydrogen donor; MR: molar refractivity; TPSA: topological polar surface area.

CONCLUSIONS AND RECOMMENDATIONS

Here, we have carried out a molecular docking of potential inhibitors of
human G6PD that can be utilized as possible drugs mainly against inflammation
and cancer. All of the screened ligands showed more favorable binding energy
as well as pharmacokinetics and ADME properties than the reference drug
inhibitor 6-AN. The best docked candidate was ligand 15 with total free energy -
115 Kcal /mole. On applying Lipinski's rule of five, all tested compounds fit well
with no violation. Hence, the present study proposes ligand 15 for further
evaluation as G6PD inhibitor in vitro and in vivo.

FURTHER STUDY

Therefore, G6PD inhibition is a useful target against inflammation, cancer
and some infections. Virtual screening of 15 ligands in the NADP-binding site in
comparison with the standard inhibitor 6-aminonicotinamide using
iGEMDOCK. Besides, ADME properties of the selected compounds were
performed via SWISSADME webserver. All the tested ligands were better than
reference inhibitor in terms of binding energy as well as pharmacokinetic and
ADME parameters. Moreover, of all tested compounds, ligand 15 showed best
docking fitness (-115 Kcal/mole total energy). Novel compounds were screened
to be lead inhibitors of G6PD enzyme and ligand 15 ranked first.
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