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Abstract

Background: Glucosamine-6-phosphate synthase catalyzes the critical step of hexosamine
biosynthesis pathway, results production of UDP-N-acetylglucosamine, a key metabolite that
modifies protein expression causing insulin resistance. This makes GFAT a promising target for

diabetes.

Methods: In this study, initially a structure-based virtual screening was done for 4,07,270
natural compounds from the COCONUT database using Schrodinger Suite 2024-2. 15
compounds were filtered based on their docking scores, binding free energy calculations and
molecular dynamic simulations. A series of docking Glide docking protocol (SP and XP)
followed by binding energy (MMGB/SA) calculations was performed. Later on, Cytoxicity
assays were performed using L-6 and 3T3-L1 cell lines. addition to that, glucose uptake assay

was also performed.
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Results: Among 4,07,270 compounds, compound 2542 (glide g score: -10.09 kcal/mol and
MMGB/SA AG Bind: -93.01 kcal/mol) and compound 4636 (glide g score: -10.05 kcal/mol and
MMGB/SA AG Bind: -90.65 kcal/mol) through high throughput virtual screening protocol. From
100ns molecular dynamics simulation it was concluded that compound 2542 was stabilized in
the binding site of GFATI1 with minimal RMSD fluctuations. The compound 2542 formed
hydrogen bonding and hydrophobic interactions with various interface amino acid residues
between the two domains with further substantial pharmacological justification needed to
validate these molecules as GFAT 1 inhibitors. Cytoxicity assays on L-6 and 3T3-L1 cell lines
demonstrated ICso values of 50.58 and 35.20 pg/mL, respectively and Glucose uptake assay

revealed a significant increase in glucose utilization with Biochanin A treatment.

Conclusion: These findings suggest that Biochanin A can inhibit Glucosamine-6-phosphate

synthase enzyme and serve as potential lead for the development of novel antidiabetic agents.

Keywords: Glucosamine-6-phosphate  synthase, ~Glutamine:  D-fructose-6-phosphate

amidotransferase (GFAT), hexosamine biosynthesis pathway, glucose uptake assay, Cytoxicity

assay, virtual screening, molecular dynamic simulations.

1. Introduction

Glucosamine-6-phosphate synthase' also called as L-Glutamine: D-fructose-6-phosphate
amidotransferase (GFAT) belongs to nucleophile hydrolase family, contains pencillin acylase,
aspartyl glucosaminidase and glutamine amidotransferases®. Glucosamine-6-phosphate synthase
contains two domains namely N-terminal domain and C-terminal isomerase domain®, each
having one active centre.Glucosamine-6P synthase (GImS) takes part in the hexosamine
biosynthesis pathway resulting generation of Uridine diphosphate-N-acetyl glucosamine. This
metabolite modulates the expression of proteins® responsible for insulin resistance. On the other
side, metabolites obtained from the hexosamine biosynthesis pathway serves as components of
bacterial, fungaland other microbial cellwall’. Hence, this enzyme can be derived as an

alternative drug candidate to reduce blood sugar levels and infectitious diseases®.
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Diabetes mellitus is an illness characterized by elevated blood glucose levels often associated
with disturbances in protein and fat metabolism’. Diabetes ranks highly as a threat to human
health and global economies®. Yet, diabetes (predominantly type 2 diabetes), with other diseases
like cardiovascular diseases has identified as major health concern of the 21st century’.

Approximately it is evaluated that mostly occurs due to development of Type 2 diabetes!’.
2. Methodology

2.1 In silico Virtual screening

Human Glucosamine-6-phosphate synthase enzyme 3D crystal structure and Glucose-6-
Phosphate (6R4F.pdb) complex was selected for protein preparation using Protein preparation
wizard Schrodinger 2024-3. Addition of hydrogen atoms was done and bond orders were given
after removing water molecules. Missing side chains were added using PRIME module of
Schrodinger 2024-3 PRIME module was used to add the side chains that were missed. Finally,
the system was minimized with OPLS4 force field'!. Grid box was generated in linker site center
by keeping the vander Waal radius scaling factor at 1.0 with 0.25 cutoff partial charges.
COCONUT database [https://coconut.naturalproducts.net/] comprising of approximately 4 lakh
natural molecules was downloaded and subjected to Virtual Screening Workflow of Schrédinger
2024-3. Prior to ligand preparation the database was subjected to prefilter options by running
Qikprop and removing ligands with reactive functional groups. Ligand preparation was done by
removing duplicate structures, adding hydrogen atoms, generating tautomers followed by
optimization of ligand structures at pH 7+2. The obtained low energy conformers were flexibly
docked into the generated grid box of 6R4F.pdb through a series of docking protocol. A Glide
HTVS, Standard and Extra Precision docking were performed having top 10% compounds after

each docking step with default parameters'?
2.2 Post docking minimization (MMGB-SA)

Enthalpy as well as entropy likes components towards ligand — protein complex binding was
analyzed using Prime MMGB-SA (v4.3) approach which includes Generalized-Born/Surface
Area continuum solvent model as well as OPLS4 force field!!. Calculation of relative binding

affinities was done for final XP docked poses keeping VSGB 2.0 solvation model?
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2.3 Molecular Dynamics

Compound 2542/6R4F complex’s extra precision — docked structure was taken for MD
simulation with Desmond software of OPLS3e force-field. This was solvated in TIP4P!* 1> water
and neutralized with 56 sodium ions and 50 counter chloride ions. Now it contains around 63983
atoms and 17825 molecules of water. Again the system was minimized to 25 kcal/mol/A
gradient threshold with OPLS3e force-field of 200 steepest descent and 1000 steps of conjugate
gradient. Particle-mesh-Ewald method!'® with a 1e-09 tolerance was used for the electrostatic
interactions of long range. Van der Waals and Coulomb interactions were analyzed with cutoff
radius of 9 A. The entire system is placed in 100 ns simulation under an isothermal-isobaric
ensemble (NPT) at 300 K temperature and 1 bar pressure. Constant temperature and pressure
were maintained throughout the process'” '8, With RESPA integration algorithm the bonded,
near nonbonded, and far nonbonded interactions were calculated with time steps of 2, 2, and 6 fs,
respectively. 2 fs time step was used for the entire process and data were collected for every 100

ps. Maestro graphical interface was used for the analysis of 3D structures and MD trajectory.

In vitro Studies

2.4 Cytotoxicity Assay!

L-6 and 3T3 L1 cell lines taken from National Centre for Cell Science, Pune. Cell lines were
cultured in DMEM containing 100 IU/ml Penicillin, 10% inactivated fetal bovine serum,
100mg/ml Streptomycin, and 5 mg/ml Amphoterecin-B in 5% CO2 humid atmosphere at 37 °C.
Trypsin (0.2%), EDTA phosphate buffer saline (PBS) solution was used for cell differentiation.
Experiments were performed in 96 well microtitre plates and the stock cultures were developed

in tissue culture flasks.

Then the cell lines were trypsinized in culture media. 10000 cells/well were plated in 96 well
microtitre plate and incubated for 24 h where the monolayer is formed. Control cells were grown
with maintenance medium and the drug treated cells were given with different concentration of
crude extract. The plates were subjected to incubation at 37 °C with 5% CO- for a period of 72

hrs. The changes that occurred in the treatment cells were compared with control cells.
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2.5 Sulphorhodamine B (SRB) assay?’

50 uL of trichloro acetic acid was added to wells gently and incubated at 4°C for 1 h. The plates
were plates were stained with SRB for 30 min. Again the plates were washed for four times with
acetic acid to remove the unbound dye. 100 puL of 10 mM tris base was then added to the wells to
solubilize the dye. The absorbance was measured using microplate reader at a wavelength of

540 nm and calculated by formula.

% Growth inhibition = 100- Mean OD of individual test sroup =100

Mean OD of contrgl

2.6 Glucose uptake assay?!

The cells are cultures and subjected to incubation at 37°C for 48hrs. After the formation of
monolayer, the culture was treated with DMEM having 0.2 % Bovine serum albumin (BSA).
The culture was again subjected to incubation at 37°C for 18 h. Cells were discarded and washed
with KRP buffer after 18h media. The cells were treated with Insulin, Biochanin A and glucose
(IM) and incubated at 37° C for 30 min. The Cell lysate was collected for the estimation of
glucose. The variation between the glucose content at initial and final stages was recorded by

GOD-POD method.
3 Results and Discussion

3.1 In-silico virtual screening, molecular docking and MMGB-SA studies

Analyzing the XP docked poses, the top 10 virtual hits (Table 1) were observed to be form
hydrogen bonding, hydrophobic contacts and salt bridges with the linker site residues of
6R4F.pdb (Supplementary Figure 1). The top scored virtual hit compound 2542 (glide g score: -
10.09 kcal/mol and MMGB/SA AG Bing: -93.01 kcal/mol) (Table 1) formed 7 hydrogen bonds
and 1 pi-pi contact with the linker site residues of 6R4F.pdb. In compound 2542, the carbonyl
group and hydroxyl group at 3™ and 7™ position of chromen-4-one ring formed three hydrogen
bonds with GIn310 and Asn465, GIn315 respectively. In the second hit compound 4636 (glide g
score: -10.05 kcal/mol and MMGB/SA AG Bing: -90.65 kcal/mol), the 4-OH group on the 4-
hydroxyphenyl ring at the 2" position of 2,3-dihydrochromen-4-one ring formed hydrogen
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bonding and salt bridge interactions with Asn465, Asp262 and GIn422 with one hydrogen bond.

For both the compounds 2542 and 4636, one pi-pi contact was observed between His463 and

aromatic ring of 2,3-dihydrochromen-4-one (Figure 1).

(A)

(B)

Fig. 1 3D interaction diagram of top score natural compounds (A) 2542 and (B) 4636

S.No | Compound | Glide MMGB-SA | MMGB-SA | MMGB-SA | MMGB-SA | MMGB-SA
code gscore AG Bind AG coul AG Hbond AG Lipo AGvaw
1 2542 -10.09 -93.01 21.72 -7.98 -24.50 -10.27
2 4636 -10.05 -90.65 -61.97 -6.78 -25.90 -50.98
3 556 -9.74 -89.50 -26.62 -5.90 -25.87 -52.04
4 12698 -9.58 -88.98 -16.25 -7.27 -22.43 -30.11
5 7064 -9.70 -88.46 -26.30 -7.26 -23.40 -45.20
6 11840 -9.53 -88.08 -101.07 -10.05 -21.72 -35.42
7 9286 -9.63 -83.80 -2.92 -4.32 -26.79 -39.13
8 5827 -9.59 -82.59 -95.25 -10.23 -18.08 -21.62
9 11834 -9.59 -81.00 1.19 -4.87 -19.71 -55.68
10 5829 -9.56 -77.53 -57.52 -10.59 -13.41 -20.91
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Table 1: XP docking and PRIME MMGB/SA energy values of top scored 10 natural molecules
in the catalytic pocket of human GFAT-1 6R4F.pdb

3.2 Molecular dynamics (MD) studies

The dynamic behavior of 2542/6R4F.pdb complex was studied by performing a 100ns molecular
dynamics simulation. From the simulation trajectory, the RMSD of protein Co atoms was
equilibrated for the first 20ns and fluctuated in the range of 2.55 to 3.08 A (Figure 2A). The
ligand RMSD values were observed between 2.45 to 3.8 A. Protein RMSF values are less than
1.2 A suggesting the stability of the protein-ligand complex. It was witnessed that amino acid
residues Asp262, Ala263, GIn310, Asn448, and Glu469 formed hydrogen bonds with 40-70% of
the simulation time and importantly His463 formed hydrophobic pi-pi contacts at 50% of 100ns
simulation time. The timeline representation of Protein-Ligand interaction contacts was

illustrated in the Figure 3 indicating t he stability of compound 2542 throughout the studies.
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Fig. 2 (A) RMSD plot (A) of the simulated positions of Ca atoms of 2542/6R4F.pdb complex
during 100ns MD simulation (B) Protein RMSF values of 2542/6R4F.pdb complex during 100ns
MD simulation (C) Bar diagram representing the interactions of inhibitor 2542/6R4F.pdb
complex during MD simulation (D) 2D trajectory interaction diagram of 2542/6R4F.pdb during
100 ns MD simulation
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Fig.3 Timeline representation of Protein-Ligand interaction contacts generated from the 100ns

simulation trajectory of 2542/6R4F.pdb.

3.3: Cytotoxicity Assay and Sulphorhodamine B (SRB) assay
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Fig.4 Representation of percentage of cell proliferation
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SRB assay using L6 Cells
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Fig.S Representation of percentage of cytotoxicity of Biochanin A

Report:

Cytotoxicity assays performed on L-6 and 3T3-L1 cell lines demonstrated ICso values of 50.58
pg/mL and 35.20 pg/mL, respectively (Figures 4 and 5). These results indicated moderate

cytotoxicity of Biochanin A in both cell lines.

3.4 Glucose uptake assay

Invitro glucose uptake assay in L6 cells
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Fig.6 Representation of glucose uptake in L6 cells

Invitro glucose uptake in 3T3-L1 Cells
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Fig.7 Representation of glucose uptake in 3T3-L1 Cells

Report: There was a significant increase in glucose uptake with Biochanin in both cell lines.

4. Conclusion

In conclusion, a high throughput virtual screening was performed employing a COCONUT
database comprising of nearly 4 lakh natural compounds. Top 10 virtual hits were chosen in
the context of their XP Glide score, binding pocket interactions, and their high negative AG
Bind sScores. Among the top 10 selected hits, compound 2542 exhibited lowest Glide XP score
and more negative MMGB/SA binding free energy indicating stronger binding affinity than
other hit compounds. Even though, compound 4636 have good glide score, its bonding
affinity is much lesser than the compound 2524

In addition to that, compound 2542 interacted with residues GIn310, Asn448, His463,
Asp262, Ala263 and Glu469 suggesting effective stabilization®> whereas hydrogen bond
stability of other hit compounds are lesser than the compound 2542. While Asn465 aids in
appropriate substrate alignment to guarantee effective isomerization and ammonia transfer,
His463 most likely serves as an acid-base catalyst in the isomerase domain?*Glu469, which is
found in the C-terminal tail, is involved in allosteric communication and structural
scaffolding. It may also mediate inter-subunit interactions and have an impact on GFAT
stability and feedback regulation®*. From these studies it was deduced that the binding of
these molecules at the linker site may play pronounced modulatory effect inhibiting GFAT

enzyme. In-vitro tests demonstrated that the compound has moderate toxicity and glucose
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Uptake assay has shown that there is a significant increase in glucose utilization with
Biochanin A treatment.

Biochanin A has emerged as a promising drug, having strong binding affinity, structural
stability in MD simulations, moderate cytotoxicity, and enhanced glucose uptake activity.
These results also support the further development of GFAT-1 inhibitors as novel antidiabetic
agents, with possible extensions to antimicrobial therapy. But here it is important to discuss
that although the In-silico approaches supported the potentiality of GFAT-1 inhibitors, the
enzyme conformational changes may differ with the intracellular environment and long term
biological responses. The biological support provided by the in-vitro studies were restricted to
cellular models and cannot provide pharmacokinetic and bioavailability results. Hence, it is
necessary to proceed for the in-vivo studies to conform the therapeutic efficacy of Biochanin

-A
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