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ABSTRACT

Metabolic conditions linked to excessive fructose intake, including obesity, non-alcoholic fatty liver disease
(NAFLD), abnormal blood lipid profiles, and type 2 diabetes, represent major worldwide public health concerns.
Ketohexokinase C (KHK-C), the primary enzyme responsible for fructose phosphorylation, has emerged as an
attractive target for therapeutic intervention. a-Mangostin, a prenylated xanthone derived from natural sources,
has shown potent inhibitory activity against KHK-C, motivating the search for structural analogs with greater
potency. The objective of this investigation was to discover a-Mangostin derivatives exhibiting stronger inhibition
of KHK-C for potential use in managing these metabolic diseases. A collection of 1,383 structural analogs was
assembled from publicly available chemical repositories and published studies. Candidates were evaluated
through a multi-step computational pipeline involving molecular docking simulations, estimation of binding free
energies, prediction of pharmacokinetic profiles, molecular dynamics trajectories, and quantum mechanical
calculations. The binding affinity of a-Mangostin (—37.34 kcal/mol) was used as the reference standard. Sixteen
compounds displayed binding affinities exceeding those of a-Mangostin (ranging from —45.51 to —61.3 kcal/mol),
the synthetic inhibitor L'Y-3522348 (—45.36 kcal/mol), and previously described inhibitors obtained from marine
organisms (—22.74 to —51.83 kcal/mol). Five lead compounds (designated as hits 7, 8, 9, 13, and 15) not only
achieved higher binding affinities but also demonstrated more favorable drug-like and pharmacokinetic
characteristics than a-Mangostin, LY-3522348, and the marine-derived compounds, suggesting improved
prospects for in vivo efficacy. Of these, hit 8 stood out with the strongest binding free energy (—61.30 kcal/mol),
complete predicted oral bioavailability, greater resistance to metabolic degradation, and consistent stability
throughout molecular dynamics simulations. Hit 8 was identified as the top candidate owing to its exceptional
binding strength, advantageous pharmacokinetic behavior, and reliable target engagement with KHK-C. These
results underscore its therapeutic promise for fructose-associated metabolic syndromes and support the need for
subsequent preclinical and clinical studies.
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Introduction

The overconsumption of fructose-rich diets has been linked to a variety of metabolic disorders, such as obesity,
type 2 diabetes, non-alcoholic fatty liver disease (NAFLD), and non-alcoholic steatohepatitis (NASH), primarily
by promoting insulin resistance and initiating de novo lipogenesis [1-4]. These conditions significantly reduce life
expectancy and degrade quality of life on a global scale [5, 6]. Both the World Health Organization (WHO) and
the American Heart Association (AHA) recommend limiting daily sugar intake to less than 5%. However,
enacting this guideline worldwide is challenging due to cultural dietary patterns, widespread access to sugary
foods, and varying degrees of public health awareness [6-8]. Studies suggest that excessive fructose intake is more
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closely associated with negative metabolic changes than excessive glucose consumption [9-11]. Furthermore,
reducing fructose intake in children has shown positive outcomes, including enhanced insulin sensitivity, reduced
liver fat, and lower cardiovascular risk factors [6, 12-14], supporting the role of excessive fructose intake in
metabolic disorders. Upon ingestion, fructose is rapidly processed in the liver, where the enzyme ketohexokinase
(KHK) converts it to fructose-1-phosphate, using adenosine triphosphate (ATP) as a cofactor (Figure 1) [15, 16].
Unlike glucose metabolism, which is tightly controlled in the liver, fructose is metabolized quickly by KHK,
without feedback regulation [17]. KHK exists in two isoforms—KHK-A and KHK-C—with KHK-C being the
dominant form in liver fructose metabolism due to its lower KM and higher Vmax [18]. Studies on KHK-null
mice have demonstrated that the absence of this enzyme protects against metabolic disorders induced by fructose,
such as insulin resistance, hyperlipidemia, and weight gain [15, 19]. This evidence, alongside genetic and
nonclinical studies in humans, suggests that inhibiting KHK could be a promising therapeutic strategy for
managing fructose-induced metabolic disorders [20]. A review of the literature has identified three classes of
small-molecule inhibitors (Figure 2), with compound 1 being the most potent KHK inhibitor to date. However,
rat studies have shown limited exposure to compound 1 due to high metabolic clearance [21]. Pfizer’s compound
2 (PF-06835919), developed from optimizing lead compound 3, emerged as a promising candidate in phase II
clinical trials for treating NAFLD [21]. In clinical trials, PF-06835919 was shown to reduce liver fat, improve
insulin sensitivity, and elicit a pharmacodynamic response in human patients [6]. L'Y-3522348 (compound 4),
developed by Eli Lilly in 2020, is another promising candidate, displaying strong inhibitory potency [22, 23].
More recently, Heine et al. reported compound 5 (BI-9787), a zwitterionic KHK inhibitor with high permeability
and an ideal oral pharmacokinetic profile in rats [24]. Additionally, Alturki employed an in silico method to
identify KHK-C inhibitors from natural marine organisms [5]. Other studies have shown that natural extracts and
individual compounds possess potent KHK-C inhibitory effects [25]. The development of novel KHK inhibitors
with better therapeutic characteristics is a critical area of research, as such inhibitors could help regulate
carbohydrate metabolism while minimizing risks related to their mechanism of action [21, 26]. Nature-derived
compounds and their analogs have long been a valuable source of therapeutic agents for a variety of diseases [27,
28]. Prenylated xanthones, secondary metabolites from higher plants, have demonstrated a range of biological
activities, such as antioxidant [29], hepatoprotective [30], anti-inflammatory [31], anticancer [32], antimalarial
[33], and antibacterial properties [34, 35]. a- and y-Mangostins (Figure 2), the major prenylated xanthones found
in Garcinia mangostana L. and other Garcinia species [36], have shown promising KHK-C inhibitory activity
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Figure 1. Fructose metabolism in the liver starts with the enzyme KHK-C catalyzing the phosphorylation of
fructose, forming fructose-1-phosphate. Aldolase B then cleaves this intermediate into the trioses
glyceraldehyde and dihydroxyacetone phosphate. Glyceraldehyde is further phosphorylated to produce
glyceraldehyde-3-phosphate. At this point, the phosphorylated trioses enter the glycolytic pathway,
eventually being converted into triglycerides and VLDL particles, thus promoting lipogenesis.
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Figure 2. Structural formulas and IC50 values of known KHK-C inhibitors.

Computational methods are increasingly utilized in drug discovery for their ability to predict the therapeutic
efficacy of novel compounds while conserving both time and resources [37]. In this study, we conducted a virtual
screening of 1383 analogs of a- and y-Mangostin sourced from the COCONUT database [38], PubChem [39], and
relevant published research [36, 40-43]. The objective was to identify xanthones with enhanced distribution to
target tissues, improved pharmacokinetics, and strong inhibitory activity against the KHK-C enzyme, a key player
in fructose metabolism. The goal is that these xanthones will contribute to improved treatment strategies for
metabolic disorders resulting from excessive fructose metabolism.

Materials and Methods

In this investigation, a range of computational tools from the Schrodinger suite (Schrédinger, LLC, Version:
Schrodinger Software Suite 2023-1, New York, NY 10036, USA) were employed, including Protein Preparation
Wizard [44], LigPrep [45], Glide [46, 47], Prime [48, 49], Qikprop [50], Jaguar [51], and Desmond [52], all
accessed through the Maestro graphical interface [53].

Target selection and validation

A thorough literature review was conducted to identify high-resolution crystallographic structures suitable for
docking studies from the Protein Data Bank (https://www.rcsb.org/) accessed on 20 November 2024. Among the
candidates, SUG1 (1.99 A), 80OMJ (1.98 A), and 9FHD (1.85 A) were shortlisted based on their superior
resolution; however, 9FHD was unavailable for download at the time of analysis. Therefore, only 8UG1 and
80OMJ were retained for comparative evaluations. To ensure the reliability of these structures, multiple structural
quality assessments were conducted, including analysis of R-values, binding site density, and steric clash
evaluations, with R-Free and R-Work values serving as indicators of crystallographic accuracy and model quality.

Molecular docking

A virtual screening campaign was performed on 1383 prenylated xanthones collected from the COlleCtion of
Open NatUral producTs (COCONUT) Database (https://coconut.naturalproducts.net/) accessed on 25 November
2024, the PubChem Database (https://pubchem.ncbi.nlm.nih.gov/) accessed on 25 November 2024, and relevant
published literature [36, 40-43]. The compound library was assembled using a Fingerprint Tanimoto-based 2D
similarity search with a 95% similarity cutoff, using a-Mangostin as the query. All compounds were converted to
three-dimensional representations and optimized using the OPLS4 force field. LigPrep (Schrodinger Release
2023-1) was employed to preserve the original chirality of the ligands and prepare them for docking, while Epik
generated ionization states at pH 7.00 + 2 units, with a single low-energy conformer produced per ligand.
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The three-dimensional crystal structure of human KHK-C bound to the reference ligand (PDB ID: 8UG1) was
retrieved from the Protein Data Bank (www.rcsb.org) accessed on 25 November 2024. The Protein Preparation
Wizard (PrepWizard, Schrodinger Release 2023-1) was used to refine the protein, removing water molecules
beyond 5 A. The co-crystallized ligand in chain A was retained at the catalytic site, while the ligand in chain B
was removed. Structural optimization and energy minimization were performed using the OPLS4 force field. A
receptor grid centered on the reference ligand’s coordinates in chain A was generated with the receptor grid
generation tool in Maestro.

The prepared ligands were then docked into the optimized protein using a hierarchical docking protocol in the
Glide module (Schrodinger Release 2023-1). Initial screening was carried out with high-throughput virtual
screening (HTVS) to rapidly filter compounds, followed by standard precision (SP) docking for refined
evaluation, and culminating in extra precision (XP) docking to achieve the most accurate predictions. Each
ligand’s best-scoring pose was recorded, and rankings were assigned according to Glide docking scores. For
comparative purposes, LY-3522348, y-Mangostin, and a-Mangostin were also docked, and the co-crystallized
ligand underwent multiple re-docking iterations, with RMSD values calculated to validate the docking
methodology.

Estimation of binding free energies

To determine the binding free energies between the protein targets and the posed compounds, the Prime tool from
Schrodinger (Release 2023-1) was employed within the Schrodinger suite. The input structures were derived from
the pose viewer files (PVFs) obtained post-docking, allowing calculation of binding free energies for individual
molecules. The calculations incorporated the VSGB 2.0 solvent model along with the OPLS4 force field to
generate relevant free energy parameters. Standard Prime parameters were maintained throughout. Ligands were
subsequently ordered according to their MM—GBSA AG bind values, reflecting predicted binding strengths. These
MM-GBSA computations were applied to the native co-crystallized compound, the advanced clinical compound
LY-3522348, y-Mangostin, and a-Mangostin to assess their respective binding energies. Further examination of
the contributing energy components for the leading candidates provided deeper understanding of intermolecular
forces and highlighted critical elements driving the association process.

Evaluation of ADMET characteristics

QikProp module (Schrodinger Release 2023-1) was utilized here to examine the ADMET properties and drug-
like features of the leading candidates showing superior binding free energy values, in comparison with the
reference clinical compound LY-3522348 and the baseline natural compound y-Mangostin. Prior to analysis,
ligand geometries were refined via LigPrep to generate optimized 3D structures and appropriate ionization states
corresponding to pH 7.4. All predictions followed QikProp's standard protocols, covering essential metrics like
octanol-water partition coefficient, aqueous solubility (LogS), blood-brain barrier penetration, predicted human
oral bioavailability, and possible toxicity concerns. Computations were executed in standalone mode using the
Schrodinger platform (Release 2023-1). The tool references established acceptable ranges for numerous
descriptors, derived from 95% of approved pharmaceuticals. Output data, encompassing key descriptors and
ADME forecasts, were saved to a Microsoft Excel spreadsheet.

Simulations of molecular dynamics

The Desmond package was applied to perform molecular dynamics (MD) studies on selected protein-ligand
systems, encompassing the native co-crystallized compound, the clinical compound LY-3522348, y-Mangostin,
and the superior docking candidates (specifically hits 7, 8, 9, 13, and 15). These selected compounds exhibited
stronger binding affinities relative to LY-3522348, coupled with promising absorption profiles and metabolic
resilience. Systems were solvated using the SPC water model and positioned within an orthorhombic solvent box
of 10 A dimensions in each direction to achieve complete hydration. Sodium ions were introduced for charge
neutralization, supplemented by 0.15 M NacCl to simulate physiological conditions, as described in prior work
[54]. Initial energy minimization and equilibration followed Desmond's standard relaxation procedure, repeated
prior to production runs. Simulations maintained 300 K temperature and 1 bar pressure under the NPT ensemble
[55]. Each trajectory spanned 100 ns, capturing 1000 snapshots at 100 ps intervals. Trajectory analysis employed
the Simulation Interaction Diagram tool in the Schrodinger suite (Release 2023-1), from which protein—ligand
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interaction histograms, root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), and contact
mappings were derived.

Quantum chemistry computations

For the leading candidate hit 8, quantum mechanical evaluations were carried out via Density Functional Theory
(DFT) in the Jaguar component of the Schrodinger package (Release 2023-1). The focus was on key electronic
features, such as electron distribution and frontier orbital energies (HOMO and LUMO) [56]. These energies
facilitated computation of various descriptors, including the HOMO-LUMO gap (HLG), hardness, softness,
electronegativity, and electrophilicity index, using formulas from previous studies [44]. The DFT approach
combined the B3LYP functional with dispersion correction (B3LYP-D3) [56]. Regions of electron deficiency
appear in blue, while electron-rich areas are shown in red.

Results and Discussion

Clinical and preclinical findings have shown that KHK-C inhibition or fructose intake reduction can lead to
positive outcomes in managing metabolic disorders, liver health, and kidney function [6, 57-59]. Consequently,
KHK-C inhibitors are considered promising candidates for treating conditions like diabetes, obesity, NAFLD,
NASH, CKD, and DKD [23, 60]. In this study, a combination of in silico approaches (Figure 3) was employed
to screen a set of prenylated xanthones, structurally similar to a- and y-Mangostin, as potential inhibitors of KHK-
C.

a-Mangostin, one of the major prenylated
xanthones of Garcinia mangoatana L.,
demonstrated interesting inhibitory activity
against human KHK-C enzyme (IC,,=1.5 uM).
Herein it served as a reference standard in virtual
screening to identify  structurally  similar
xanthones with potential KHK-C inhibitory
properties.

a-Mangostin

Virtual screening for a-Mangostin analogues was

conducted using the Collection of Open Natural >

Products (COCONUT) database, yielding 419 C@ConUT
potential candidates, and the PubChem database,

which identified 886 potential candidates. pub©hem
Additionally, 78 analogues were sourced from

relevant published literature.

The literature review identified the KHK-C isoform

complexed with a co-crystallized ligand, with its

3D structure available in the Protein Data Bank.

Multistep Glide docking was performed on 1383 KHK-C isoform
candidate compounds targeting the KHK-C (PDB ID: 8UGl)
isoform. Docking scores and MM-GBSA free

energy were calculated for each candidate and

compared to those of a-Mangostin and the co-

crystallized ligand.

ADMET profiling was performed on the top
candidates to evaluate and confirm their ADMET Profiling
acceptable drug-like properties.

The highest-ranking candidates with optimal
ADMET properties were further analyzed through Molecular Dynamics
Molecular Dynamics Simulations of their

Simulations
complexes with the KHK-C isoform.

The identified hits were further analyzed through
quantum mechanical (QM) calculations to gain
deeper insights into their electronic properties
and interactions with the target protein

Quantum Mechanical
Calculations

Figure 3. Pipeline for virtual screening to identify prenylated xanthones as KHK-C inhibitors.
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Selection and assessment of targets

A comprehensive literature review uncovered several suitable crystal structures in the Protein Data Bank (PDB),
with 8UG1 [23] (1.99 A), 8OMIJ (1.98 A) [24], and 9FHD (1.85 A) [24] being selected for their high resolution
for docking analysis. However, 9FHD was unavailable for download, leaving only 8UG1 and 80OM]J for further
evaluation. A detailed assessment of the protein structure indicated that 8UG1 was the more reliable option, based
on its superior R-values (R-Free: 0.205, R-Work: 0.173) and structurally sound features, such as well-organized
binding sites with minimal steric conflicts. In contrast, SOMIJ exhibited higher R-Free values (0.252) and structural
issues like irregular peptide planarity and unsatisfied buried donor sites, which could affect the docking process.
Consequently, 8UG1 was chosen as the most suitable candidate for the docking study.

Docking simulation

Molecular docking has become an essential approach in the field of drug discovery, helping to predict how small
molecules interact with proteins at the molecular level [61, 62]. The active site of the KHK-C protein, as illustrated
in Figure 4, is part of a dimer in the X-ray crystal structure. The co-crystallized ligand binds within the ATP site
of the enzyme, primarily interacting with residues from chain A and engaging Asp27 from chain B. For this
reason, docking was performed using the dimeric structure of KHK-C.

ChainB Chain A
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Figure 4. Mode of binding of the co-crystal ligand in the dimeric KHK-C enzyme active site.

Before initiating the virtual screening process, the co-crystal ligand underwent redocking three times to ensure
the docking method’s reliability (Figure 5). The RMSD values between the docked and original ligand poses
were found to be below 0.5 A, confirming the precision of the docking procedure. The co-crystal ligand
successfully retained crucial interactions with the key residues in the active site, as shown in Table 1 and Figure
5. It displayed a docking score of —9.371 kcal/mol, highlighting its strong binding capacity. The ligand engaged
in salt bridge interactions with Asp27 (4.1 A) from subunit B and Glu227 (2.21 A), in addition to several water-
mediated hydrogen bonds with Ala226 (2.15 and 2.19 A), Phe245 (2.05 and 1.91 A), and Cys282 (2.05 and 1.78
A), alongside a direct hydrogen bond with Glu227 (3.1 A). The trifluoromethyl group attached to C-6 of the
pyrimidine ring was involved in hydrophobic interactions with the proline loop (Pro245-Pro247), reinforcing the
binding affinity. These interaction patterns were consistent with previously reported inhibitors, further validating
the docking approach and the co-crystal ligand’s role as a reference for screening potential KHK-C inhibitors [20,
21,24].

The 2-hydroxymethylazetidinyl ring system, attached to the pyrimidine ring at C2, occupied the ATP-ribose
pocket and formed hydrophobic interactions with residues such as Ala224, Trp225, Ala226, and Phe260.
Additionally, the hydroxyl group of this ring formed a water bridge with a conserved water molecule interacting
with Ala226, further enhancing binding strength. To benchmark the virtual screening hits, docking studies were
also performed with y-Mangostin, a-Mangostin [25], and LY-3522348 [23]. These compounds were compared in
terms of docking scores and binding interactions with the co-crystal ligand. Given that the virtual screening hits
were structural analogs of the mangostins, this comparison was particularly useful. y-Mangostin and a-Mangostin
exhibited docking scores of —7.644 and —5.992 kcal/mol, respectively, whereas LY-3522348 and the co-crystal
ligand showed stronger binding with scores of —8.409 kcal/mol and —9.371 kcal/mol, respectively (Table 1). LY-
3522348 formed similar hydrogen bond interactions with Glu227 (1.91 A) and an additional bond with Thr253
(2.16 A), alongside water-mediated interactions with Cys282 and Phe245, but it did not interact with Ala226,
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unlike the co-crystal ligand. LY-3522348 also formed a salt bridge with Glu227 but did not interact with Asp27
(Table 1).

In contrast, y-Mangostin formed hydrogen bonds with Ala226 (1.80 A) and displayed water-mediated interactions
with Asp27, Phe245, and Cys282. These water bridges, particularly with Cys282 and Phe245, are crucial for the
binding affinity of many KHK-C inhibitors [20, 21-24]. a-Mangostin showed weaker binding, forming a hydrogen
bond with Glu173 and exhibiting water interactions with Lys193 and Ala226 (Table 1). The importance of Lys193
and Ala226 in binding affinity has been highlighted in previous studies on potent inhibitors [23]. While y-
Mangostin shared some similarities with the co-crystal ligand in terms of key interactions, its lower docking score
and lack of critical interactions like Thr253 and the salt bridges made it less favorable compared to LY-3522348.
a-Mangostin, on the other hand, showed significant deviation from the co-crystal ligand's binding mode,
suggesting weaker binding and lower efficacy.

Among all the compounds tested, LY-3522348 emerged as the most promising, exhibiting binding interactions
most similar to those of the co-crystal ligand, and demonstrating the strongest overall binding affinity (Table 1).
Like the co-crystal ligand and the known inhibitor PF-06835919 [21], LY-3522348 interacted hydrophobically
with the proline loop (Pro245-Pro247) through its trifluoromethyl group. In contrast, the mangostins interacted
through the prenyl group at position 8. While PF-06835919 formed ionic interactions with Argl108, which are
thought to be critical for its potency, LY-3522348, the co-crystal ligand, and the mangostins did not interact with
Argl08. However, all compounds demonstrated similar water-mediated interactions with Cys282 and Phe245.
PF-06835919 also formed hydrogen bonds with Gly255 and Gly257, interactions not seen with LY-3522348, the
co-crystal ligand, or the mangostins, underscoring the importance of these residues in inhibitor binding potency
[21, 24].
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Figure 5. (a) The position of the co-crystal ligand within the KHK-C enzyme's active site (PDB ID:
8UGLI).(b) 3D depiction of the interactions between the co-crystal ligand and essential active site residues,
labeled with their respective three-letter codes. Green dashed lines represent hydrogen bonds and water-
mediated interactions, while salt bridges are shown with pink dashed lines. (c) [llustration of the redocking
procedure, where the original ligand pose is shown in green, and the redocked ligand is represented in red.(d)
A two-dimensional diagram illustrating interactions, where hydrogen bonds are highlighted in magenta and
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salt bridges are represented by a gradient line from purple (positive) to red (negative), indicating their
electrostatic nature.

Table 1. Docking scores, molecular interactions, and bond lengths for the top 16 hits, co-crystallized ligand,
clinical candidate L'Y-3522348, y-Mangostin, and a-Mangostin.

Docking Score Binding Energy Interactions
NO  PubChem ID (keal/mol) (keal/mol) H-Bond Water Bridge
Ala226 (2.15 and 2.19 A)
Co-crystal ligand —9.371 —63.37 Glu227 (2.21 A)  Phe245 (2.05 and 1.91 A)
Cys282 (2.05 and 1.78 A)
Glu227 (1.91 A)  Phe245 (1.88 and 1.91 A)
LY-3522348 8409 —43.36 Thr253 (2.16 A)  Cys282 (1.88 and 1.78 A)
Asp27(1.63 and 2.01 A)
v-Mangostin —7.644 —38.58 Ala226 (1.80 A)  Phe245 (2.57 and 1.91 A)
Cys282 (2.57 and 1.78 A)
a-Mangostin ~5.992 3734 Glul73 (1.95 A) ZZ;Z 8(1)2 :Eg ;?g i‘;
Asp27 (2.05 and 2.02 A)
Asp27 (1.57 and 2.02 A)
1 163184041 -10.791 —49.45 Ala226 (1.89 A) Ph:;‘ls (228 and 191 &)
Cys282 (2.28 and 1.78 A)
Asnl07 (2.31 A)
Glu227 (2.22 A)
Glu227 (2.15 A)
2 - —-10.447 —40.44 Glu29 (2.42A)  Lys193 (1.98 and 2.43 A)
Glu29 (2.17 A)
Aspl94 (2.56 A)
Asp194 (2.69 A)
Phe245 (2.07 and 1.91 A)
Glul73 (2.11 A)  Cys282 (2.07 and 1.78 A)
3 129847812 9904 -4l Argl08 (247 A)  Asp27 (2.49 and 2.02 A)
Lys193 (2.27 and 2.43 A)
Asp27 (1.75 and 2.02 A)
Ala226 (1.63 and 2.19 A
4 11302345 -9.767 -37.36 Ala226 (1.88 A) Pheds E2.31 and 1.91 Ag
Cys282 (2.31 and 1.78 A)
Asp27 (2.33 and 2.02 A)
5 11530321 -9.626 -49.86 - Phe245 (1.97 and 1.91 A)
Cys282 (1.97 and 1.78 A)
Lys193 (2.29 and 2.43 A)
Glu227 (1.83 and 2.01 A)
6 11772726 —9.444 —44.47 Asp27 (2.16 A) Phe24s (2.19 and 1.91 A)
Cys282 (2.19 and 1.78 A)
Asp27(2.32and 2.02 A)
Lys193 (2.14 and 2.43 A)
7 129844441 -9.411 -55.13 Glul73 (1.94 A)  Ala226 (1.96 and 2.19 A)
Phe245 (1.99 and 1.91 A)
Cys282 (1.99 and 1.78 A)
Lys193 (1.77 and 2.43 A)
8 5495931 -9.380 -61.30 Aspl94 (2.48 A)  Phe245 (2.22 and 1.91 A)
Cys282 (2.22 and 1.78 A)
Ala226 (1.83 and 2.19 A)
9 5464633 -8.999 -53.01 - Phe245 (1.73 and 1.91 A)
Cys282 (1.73 and 1.78 A)
10 15293189 -8.992 —45.08 gig;i 8;2 ?\i Ala226 (2.78 and 2.19 A)
11 5281633 -8.991 —45.02 - Asp27 (2.31 and 2.02 A)
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Ala226 (2.28 and 2.19 A)
Ala226 (2.08 and 2.19 A)
Phe245 (1.95 and 1.91 A)
Cys282 (1.95 and 1.78 A)
Asp27 (1.72 and 2.02 A)
Ala226 (2.32 and 2.19 A)
Lys193 (2.65 and 2.43 A)
13 10001484 -8.233 -59.13 - Phe245 (2.12 and 1.91 A)
Cys282 (2.12and 1.78 A)
Asp27 (1.92 and 2.02 A)
14 10245099 -8.231 —44.84 Asp27 (2.09 A)  Phe245 (1.77 and 1.91 A)
Cys282 (1.77 and 1.78 A)
Ala226 (1.85 and 2.19 A)
15 162856452 -8.093 —45.51 Thr253 (2.76 A)  Phe245 (1.94 and 1.91 A)
Cys282 (1.94 and 1.78 A)
Asp27 (1.80 and 2.02 A)
16 132988553 -8.012 -42.75 - Ala226 (2.05 and 2.19 A)
Ala226 (2.33 and 2.19 A)

12 10092134 —8.978 —43.11 -

A comprehensive, multi-stage molecular docking workflow was carried out on a library of 1383 prenylated
xanthones, ultimately identifying 50 molecules with docking scores superior to those of y-Mangostin and
a-Mangostin. Among these, eight compounds achieved docking scores exceeding that of the co-crystallized ligand
(ranging from —9.380 to —10.791 kcal/mol), and twelve outperformed the clinical candidate LY-3522348,
underscoring their promise for further study. To sharpen the selection, MM—GBSA binding free-energy
calculations—recognized for offering more reliable affinity estimates than docking alone [63]—were applied to
these 50 candidates. This refinement yielded 16 prenylated xanthones (Table 1 and Figure 6) with MM—-GBSA
energies more favorable than those of y-Mangostin and a-Mangostin (—38.58 and —37.34 kcal/mol, respectively).
Notably, the binding energies of these compounds closely paralleled their experimental IC50 values [25],
reinforcing the utility of binding affinity as a criterion for prioritizing hit compounds.

Several of the top-ranked hits—specifically compounds 1, 3, 5, 7-9, 13, and 15—displayed binding energies
between —45.51 and —61.3 kcal/mol, all surpassing LY-3522348 (—45.36 kcal/mol). Hit 8 (=61.3 kcal/mol) and
hit 13 (—59.13 kcal/mol) were particularly noteworthy, with hit 8 approaching the affinity of the co-crystal ligand
(—63.37 kcal/mol). Both belong to the tetracyclic prenylated xanthone subclass and share a structural motif in
which a prenyl substituent cyclizes with the 3-OH group to form a six-membered ring. This shared architecture
likely contributes to their comparable binding strengths and highlights them as compelling candidates for further
optimization and experimental validation.

The target protein’s binding pocket is characterized by a relatively planar topology [24], making it especially
compatible with inhibitors possessing flat, rigid scaffolds such as xanthones. The inherently planar nature of
xanthones [64] enables them to align efficiently within this flat binding environment, strengthening their
interactions with key residues. For instance, hit 8 (Figure 7) formed a hydrogen bond with Asp194 (2.48 A) and
multiple water-mediated contacts with Lys193 (1.77 and 2.43 A), Phe245 (2.22 and 1.91 A), and Cys282 (2.22
and 1.78 A). It also engaged in a n—cation interaction with Arg108 (5.92 A). Residues including Cys282, Phe245,
and Lys193 have been repeatedly identified as crucial contributors to inhibitor binding, while Argl08 is known
to enhance inhibitor potency [21, 24]. Hit 13 (Figure 7) exhibited a similar interaction profile, forming water
bridges with Lys193 (2.65 and 2.43 A), Phe245 (2.12 and 1.91 A), and Cys282 (2.12 and 1.78 A). The recurrence
of these residues across multiple hits underscores their importance as interaction hotspots and further validates
xanthones as a structurally compatible inhibitor class.

Across all 16 prioritized hits, a broadly consistent interaction pattern was observed (Table 1), though individual
compounds displayed subtle differences in residue engagement. Most notably, the majority formed interactions
with Phe245 and Cys282—residues widely recognized as central to ligand binding—while hits 10, 12, and 16
were exceptions, lacking interactions with both. Distinctive interactions were also noted: hits 8 and 10 each formed
n—cation contacts with Arg108 (5.92 A and 4.45 A, respectively), and hit 4 established a salt bridge with Arg108
(3.35 A). The polyamine-containing hit 2 stood out for its extensive electrostatic network, forming two ionic
interactions with Glu29 (3.21 A and 3.44 A), two with Asp194 (4.71 A and 3.26 A), and one with Glu227 (4.34
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A). These variations highlight the diversity of binding modes among the hits and emphasize the pivotal role of
these residues in shaping binding affinity and potential inhibitory activity.

Figure 6. Structural representations of the primary hit compounds obtained from the virtual screening
workflow.
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Figure 7. 3D binding modes of two prenylated xanthones, designated as hit 8 (panel a) and hit 13 (panel b),
within the active site of KHK-C (PDB ID: 8UGL1). These visualizations emphasize critical amino acid
contacts, including hydrogen bonds and water-mediated bridges (shown in green) as well as m-cation
interactions (depicted in red).

A structure-activity relationship (SAR) evaluation was additionally performed on the leading compounds, hits 8
and 13, to elucidate the impact of specific structural elements on their binding strengths and to inform subsequent
lead optimization efforts as prospective KHK inhibitors. To this end, six derivatives were proposed for hit 8 and
another six for hit 13 (Figure 8), enabling a deeper investigation into potential improvements in target
engagement. Every derivative derived from hit 8 (labeled I-VI) displayed reduced binding energies (spanning
—19.43 to —52.6 kcal/mol) relative to the parent hit 8, suggesting that hit 8 already incorporates the optimal
functional groups necessary for strong protein-ligand contacts. By comparison, certain derivatives of hit 13—
namely VII and XI—showed markedly improved binding energies of —66.75 and —64.80 kcal/mol, respectively.
These figures exceeded the values for both the original hit 13 (—59.13 kcal/mol) and the co-crystallized reference
ligand (—63.37 kcal/mol), underscoring their greater potential for favorable binding. The key distinction in analog
VII from hit 13 involves substitution of the methoxy substituent at position 9 with an extra hydroxyl group, thereby
boosting polarity and facilitating additional hydrogen bonds. In analog XI, the absence of the double bond within
the pyrano ring distinguishes it from hit 13; this alteration probably enhances overall rigidity and conformational
stability, promoting stronger hydrophobic contacts and improved accommodation in the binding pocket. Such
changes are presumed to underpin the superior binding observed in these two derivatives. Importantly, both VII
and XI are readily preparable via a single synthetic step from hit 13, rendering them practical and economical
candidates for advanced studies. Conversely, the remaining derivatives showed substantially weaker binding
energies (from —21.65 to —53.38 kcal/mol), implying that those alterations interfered with essential contact
networks and diminished inhibitory performance.

280



Silva et al., Exploring Prenylated Xanthones as Potential Inhibitors of Ketohexokinase C Isoform for Treating Fructose-
Induced Metabolic Disorders: A Comprehensive Computational Study

v VI

O OH o oH
L SO
HO 0 o) HO o o

| |

VIl X

O OH
T
HO 0 o

X XI XII

Figure 8. Structures of the proposed analogs based on hit 8 (labeled I-VI) and hit 13 (labeled VII-XII).

For additional context, a comparison was performed between the leading prenylated xanthones discovered in this
work and the five most potent marine-sourced natural product inhibitors described by Alturki [5] (Figure 9). The
evaluation centered on their respective binding affinities toward KHK-C (PDB ID: 8UG1). According to the data
presented in Tables 1 and 2, the prenylated xanthones from the current investigation—namely hits 3, 7, 8, 9, and
13—showed superior binding affinities (ranging from —53.01 to —61.30 kcal/mol) in comparison to the marine-
derived compounds (ranging from —22.74 to —51.83 kcal/mol). In particular, hits 8 (—61.30 kcal/mol) and 13
(—59.13 kcal/mol) displayed substantially stronger binding, reinforcing their advantageous binding characteristics.
Overall, these results indicate that the prenylated xanthones uncovered here represent more attractive leads than
the marine natural products previously reported by Alturki [5], underscoring the greater promise of the present
hits for subsequent optimization and development.
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Figure 9. Chemical structures of the top five marine-derived natural product inhibitors identified by Alturki
and reported as potential inhibitors of KHK-C.

Table 2. Docking scores and binding energies of the top 5 marine-derived natural products.

Compounds Binding Free Energy (kcal/mol) Docking Score (kcal/mol)
1 —22.74 —9.395
2 —32.06 —7.402
3 —44.39 —8.810
4 —37.87 —7.704
5 —51.83 —8.894

Binding free energy calculations and MM—GBSA decomposition analysis

This section presents a detailed examination of the binding strengths and interaction patterns for the leading
compounds, hit 8 and hit 13. For benchmarking purposes, y-Mangostin and the co-crystallized ligand LY-3522348
were included as reference standards. The primary objective was to pinpoint the critical elements driving
molecular recognition and overall binding performance, thereby offering valuable guidance on the inhibitory
potential of these agents.

The decomposition of binding free energies and interaction profiles for LY-3522348 (the co-crystal ligand), y-
Mangostin, hit 8, and hit 13 are depicted in Figure 10. Among these, the co-crystal ligand achieved the highest
binding free energy of —63.37 kcal/mol, establishing it as the reference standard. Hit 8 was a close second with
—61.30 kcal/mol, while hit 13 exhibited a similar value of —59.13 kcal/mol. In marked contrast, y-Mangostin and
LY-3522348 recorded substantially weaker energies of —38.58 kcal/mol and —45.36 kcal/mol, respectively.
Coulomb electrostatic contributions (Figure 10) were particularly pronounced for y-Mangostin (—29.44 kcal/mol)
and the co-crystal ligand (—28.87 kcal/mol), emphasizing the role of polar contacts in their binding. Conversely,
LY-3522348 showed the least favorable Coulomb term (—11.12 kcal/mol), which notably constrained its overall
affinity.

Van der Waals (vdW) interactions, representing key hydrophobic forces, emerged as dominant drivers of binding
across all molecules (Figure 10). The co-crystal ligand displayed the strongest vdW contribution (—55.77
kcal/mol), closely followed by hit 13 (—=54.74 kcal/mol) and hit 8 (—50.24 kcal/mol). y-Mangostin, with a more
modest vdW term (—36.49 kcal/mol), was disadvantaged in this regard.

The solvation free energy penalty (Solv GB) exerted an unfavorable effect in every case, with the largest penalties
observed for y-Mangostin (35.48 kcal/mol) and the co-crystal ligand (35.13 kcal/mol). Packing energies,
indicative of geometric complementarity and binding stability, were most favorable for hit 13 (—18.85 kcal/mol)
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and hit 8 (—15.95 kcal/mol). Hydrogen bonding terms provided moderate but meaningful stabilization across the
set.

From a structural perspective, the trifluoromethyl group and aromatic systems of the co-crystal ligand supported
robust polar and hydrophobic contacts. Although LY-3522348 possesses polar functionalities, its poor
electrostatic contribution undermined its performance. The hydroxyl-rich xanthone core of y-Mangostin promoted
strong polar interactions, yet insufficient vdW forces and elevated solvation costs reduced its effectiveness. As
pyranoxanthone derivatives, hit 8 and hit 13 shared comparable overall profiles: hit 8 benefited from superior
vdW interactions, whereas hit 13 stood out due to enhanced packing energy, conferring greater conformational
stability.

Collectively, hit 8 and hit 13 proved to be the most competitive candidates, owing to their well-balanced and
favorable energy components. y-Mangostin, despite its inferior total binding, retained merit in scenarios favoring
electrostatic dominance. This analysis successfully linked the MM—GBSA decomposition results to the structural
features of hits 8 and 13, elucidating their binding mechanisms and laying a solid foundation for future structural
refinement and optimization.

MMGBSA = MMGRSA MMGBSA # MMGBSA MMGBSA MMGBSA # AMGBSA
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Figure 10. Breakdown of energy components for the co-crystal ligand, LY-3522348, y-Mangostin, hit 8, and
hit 13.

ADMET profiling

In silico assessment of drug-like properties during the initial stages of drug discovery is essential [65]. These
predictive computational techniques enable the examination of key attributes, including molecular weight,
solubility, membrane permeability, and toxicity risks. By prioritizing compounds with desirable profiles and
eliminating those with unfavorable characteristics early on, such tools streamline the discovery process, enhance
efficiency, and improve overall success rates [66, 67].

In this study, the ADMET characteristics of the top 16 hits were determined and benchmarked against LY-
3522348 and y-Mangostin. The objective was to gauge the alignment of these hits with ideal drug-like features
and to evaluate their suitability for advancement as therapeutic leads.

A composite ADME compliance score—expressed as drug-likeness (#stars)—was employed to measure deviation
from properties typical of approved drugs. This metric reflects how many descriptor values lie outside the 95%
confidence interval derived from known therapeutics [68, 69]. Here, LY-3522348 and the majority of hits (1, 3—
9, and 13-16) achieved a score of zero, meaning all their descriptors fell within the 95% range of established
drugs, demonstrating outstanding drug-likeness. y-Mangostin and hits 10, 11, and 12 received a score of one,
indicating minor deviations yet still acceptable compliance. In contrast, hit 2 scored eight, revealing substantial
departures from standard drug-like ranges and raising significant concerns about its viability as a development
candidate.
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Physicochemical attributes critical to therapeutic performance—such as molecular size, solubility, and
lipophilicity—were also analyzed [70]. Molecular weights spanned 312.3 (hit 16) to 444.5 (hit 3), all comfortably
within the acceptable 130—725 range, confirming suitable dimensions for drug candidates. Solvent-accessible
surface area (SASA) values ranged from 525.5 (hit 16) to 710.4 (hit 7), falling entirely within the recommended
300-1000 limits, indicative of appropriate solvent interactions.

Compounds exhibiting poor membrane permeability often suffer from suboptimal ADME outcomes, leading to
diminished efficacy [70]. Membrane crossing capability directly governs absorption and bioavailability [71]. Polar
surface area (PSA), a widely used predictor of permeability [72], varied from 86.3 (hit 13) to 177.5 (hit 2) across
the set, remaining within the favorable 7-200 range and suggesting efficient transit across biological barriers.
Hydrogen bond donors (donorHB) ranged from 1 (hits 8, 13, 15, 16, and LY-3522348) to 4 (hits 3 and 4), well
inside the 0—6 limit; however, hit 2 displayed eight, exceeding norms and likely impairing permeability and
bioavailability. Hydrogen bond acceptors (accptHB) spanned 2.8 (hit 16) to 12.9 (hit 2), complying with the 2—
20 threshold. These balanced polar features support favorable hydrophilic—hydrophobic interplay, vital for oral
bioavailability—a key advantage of small-molecule therapeutics, particularly since oral dosing is preferred over
other routes [73].

Given that oral administration is highly desirable for agents targeting fructose-related metabolic conditions (as
seen in recent candidates [21, 23, 24]), and considering that some reported potent KHK-C inhibitors display only
low-to-moderate bioavailability, the oral absorption potential of the hits was specifically examined. Hits 8 and 13
achieved perfect 100.0% predicted oral bioavailability, with hit 11 close behind at 95.8%, marking them as
outstanding prospects for oral therapeutics with efficient absorption. Hits 7, 9, 15, and 16 also exhibited strong
values (>90%). Conversely, hit 2 showed 0.0%, likely due to excessive polarity, size, or instability. Hits 4, 5, and
14 displayed moderate levels, potentially amenable to optimization via structural modifications or formulation
strategies.

Relative to LY-3522348 (80.35%) and y-Mangostin (92.30%), many hits outperformed these references in
predicted bioavailability. Furthermore, compared to marine-derived natural products previously reported (17.6—
59.3% oral absorption [5]), the current hits demonstrated markedly superior absorption, reinforcing their enhanced
therapeutic promise through better oral delivery.

Intestinal permeability, assessed via QPPCaco values, varied considerably. LY-3522348 registered 165.9
(moderate), while y-Mangostin reached 269.5. Hits 13 (715.6) and 8 (675.4) exceeded the high-permeability
threshold (>500), with hits 16 (417.7), 9 (415.5), and 7 (303.2) still surpassing the references, supporting improved
bioavailability.

Plasma protein binding influences pharmacokinetic and pharmacodynamic behavior; high binding can extend
duration but reduce free drug levels [74]. QPlogKhsa predictions identified hits 11, 13, and y-Mangostin with the
strongest binding (>0.5). LY-3522348, hit 2, hit 4, and hit 14 showed weaker binding (<0), with hit 4 lowest
(—0.3). The remaining hits displayed moderate binding, suggesting prolonged circulation and potential for less
frequent dosing alongside sustained efficacy.

hERG channel blockade poses a major cardiotoxicity risk in drug development [75]. QPlogHERG values
classified hit 2 (—9.0) as high risk (<—6). y-Mangostin (—=5.341) and hit 13 (—5.5) fell into moderate risk (5.0 to
—6.0), while most others, including LY-3522348 (—4.651) and hit 1 (—4.6), indicated low risk (>—5.0), reflecting
safer cardiac profiles.

Metabolic stability, gauged by predicted metabolite count (acceptable 1-8) [76], showed the hits generally
outperforming y-Mangostin (10 metabolites). LY-3522348 had only one, denoting excellent stability. Several hits
(e.g., 5, 13, 14, 16 with six; 1, 4, 8, 15 with seven; 6, 7, 9 with eight) remained within range. Hits 3, 10, 11, and
12 matched y-Mangostin at 10, while hit 2 reached 18, signaling greater instability.

All compounds complied with Lipinski’s Rule of Five (<4 violations) and Veber’s Rule of Three (<3 violations),
affirming strong oral bioavailability potential and appropriate pharmacokinetics.

In summary, this ADMET evaluation underscores the attractive drug-like profiles of multiple hits, characterized
by excellent absorption, permeability, and stability. Hits 8 and 13, in particular, stand out with superior oral
bioavailability and balanced properties, positioning them as highly promising leads for subsequent preclinical
advancement.

Molecular dynamics (MD) simulations
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Five selected hits—specifically hits 7, 8, 9, 13, and 15—were chosen for molecular dynamics simulations based
on their superior binding affinities compared to the clinical candidate LY-3522348 (better than —45.36 kcal/mol),
oral bioavailability greater than 90%, and acceptable metabolic stability. The primary objective was to explore
the dynamic characteristics of these compounds at an atomic level and to examine the nature, strength, and
persistence of their interactions with KHK-C.

For benchmarking, y-Mangostin, LY-3522348, and the co-crystallized ligand were also subjected to parallel
simulations.

Molecular dynamics simulations are a well-established computational technique in drug discovery, providing
critical information on the stability, conformational flexibility, and binding interaction patterns of ligand—protein
complexes under conditions mimicking physiological environments [63].

The root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) metrics for the simulated
systems are compiled in Table 3 and illustrated in Figure 11 (RMSD) and Figure 12 (RMSF), yielding key
insights into their dynamical properties.

In the RMSD analysis (Figure 11), the ligand-free (Apo) protein displayed an average deviation of 2.9 A,
indicating moderate structural variability. The co-crystal ligand complex showed a higher average RMSD of 4.4
A, suggesting greater conformational shifts from the starting structure. By comparison, hits 7 and 8 achieved
lower averages of 2.6 A and 2.7 A, respectively, demonstrating enhanced structural stability relative to the other
systems.

Hits 7 and 8 also exhibited markedly superior stability when contrasted with previously reported top marine-
derived inhibitors [5], as reflected in their lower RMSD values and consistently flat trajectories over the simulation
timeframe. These results highlight the exceptional dynamic performance and robust fitting of hits 7 and 8 within
the binding pocket, positioning them as particularly strong candidates for advancement.

The co-crystal ligand displayed pronounced fluctuations between 40 and 70 ns, indicative of transient instability,
while hit 15 showed large deviations throughout the full 100 ns trajectory, pointing to reduced overall stability.
In contrast, hits 7 and 8 reached equilibrium rapidly and sustained stable profiles across the entire simulation,
further supporting their reliable binding characteristics. Peak RMSD values reinforced this pattern, with the co-
crystal ligand (6.8 A) and hit 15 (6.3 A) registering the largest deviations, whereas hits 7 and 8 maintained
considerably lower maxima, confirming greater binding persistence.

The RMSF evaluation (Figure 12) provided residue-specific flexibility details that aligned with the RMSD
observations. The Apo form, hit 7, and hit 8 recorded low average RMSF values of 1.6 A, 1.6 A, and 1.4 A,
respectively, reflecting minimal overall fluctuations. L'Y-3522348 exhibited the highest peak RMSF of 14.3 A,
indicating substantial mobility in certain regions.

Across all complexes, residues 300-307—situated in the terminal loops at the A—B subunit interface of KHK-
C—consistently showed elevated flexibility, identifying this segment as a flexible hinge region. This intrinsic
mobility likely facilitates inter-subunit signaling and modulates ligand accommodation dynamics.
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Figure 11. Root mean square deviation (RMSD) evaluation of compounds 7, 8, 9, 13, 15, y-Mangostin, LY-
3522348, the co-crystallized ligand, and the unbound protein throughout 100 ns molecular dynamics
simulations.
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Figure 12. Root mean square fluctuation (RMSF) evaluation of compounds 7, 8, 9, 13, 15, y-Mangostin, LY-
3522348, the co-crystallized ligand, and the ligand-free protein, illustrating amino acid residue flexibility
across 100 ns molecular dynamics simulations.

Table 3. Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), and ligand—protein
interaction profiles (including hydrogen bonds, water bridges, hydrophobic interactions, and m—cation
interactions) for the apo protein, co-crystallized ligand, LY-3522348, y-Mangostin, and the five top-scoring
compounds throughout a 100 ns molecular dynamics simulation.

Co-Crystal LY- - Hit Hit . . Hit
KHK-C Complex Ligai’ld PO 3572348 ManLostin 15 13 Hit9 Hits
Protein—Ligand RMSD
A)

Average 44 2.9 2.9 2.9 4.2 34 3.6 2.7 2.6
Maximum 6.8 4.8 4.6 4.8 6.3 4.9 5.1 4.9 42
Minimum 1.3 1.3 1.3 1.2 1.3 1.6 1.3 1.3 1.1

Protein RMSF (A)

Average 2.1 1.6 1.6 1.5 1.7 1.6 1.5 1.4 1.6
Maximum 13.7 5.5 14.3 9.5 7.8 8.0 12.3 11.2 8.9
Minimum 0.7 0.6 0.6 0.6 0.5 0.6 0.6 0.5 0.5

Hydrogen bond contacts

Average 0.5 - 1.1 2.7 - - - 0.5 -
Maximum 3.0 - 3.0 4.0 - - - 3.0 -
Minimum 0.0 - 0.0 0.0 - - - 0.0 -

Hydrophobic contacts

Average 0.5 - 0.8 1.2 - - - 2.0 -
Maximum 3.0 - 4.0 5.0 - - - 6.0 -
Minimum 0.0 - 0.0 0.0 - - - 0.0 -

Water bridge contacts

Average 2.7 - 1.8 0.8 - - - 1.2 -
Maximum 7.0 - 7.0 7.0 - - - 6.0 -
Minimum 0.0 - 0.0 0.0 - - - 0.0 -

To further investigate the stability of the compounds within the binding pocket, separate root mean square
fluctuation (RMSF) assessments were conducted for key active-site residues. Residues such as Gly106, Asn107,
and Argl08 displayed different levels of flexibility depending on the bound ligand, as indicated by their RMSF
values. The co-crystallized ligand induced the greatest flexibility in these residues, with RMSF ranging from 2.7
A to 3.8 A, suggesting considerable conformational dynamics in the binding region. The ligand-free protein
(apoprotein) showed intermediate fluctuations, with values between 1.7 A and 2.2 A. y-Mangostin produced
marginally reduced flexibility relative to the apoprotein, with RMSF values from 1.9 A to 2.3 A. By comparison,
hit 8 displayed the least flexibility of all evaluated systems, with values between 1.2 A and 1.5 A, underscoring
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its robust and consistent engagement with these essential residues. Hit 7 exhibited somewhat greater flexibility
than hit 8, ranging from 2.2 A to 2.8 A, whereas LY-3522348 maintained intermediate flexibility, with RMSF
values from 1.7 A to 2.3 A. These differences emphasize the enhanced stability provided by hit 8 and, to a slightly
lesser degree, hit 7, relative to y-Mangostin, LY-3522348, and the co-crystallized ligand.

For Lys193, flexibility varied across systems, with hit 8 recording the lowest RMSF of 1.35 A, indicative of
excellent stability. In contrast, the co-crystal ligand showed the highest value at 2.1 A, followed by the apoprotein
(1.8 A), y-Mangostin (1.84 A), and LY-3522348 (1.4 A), reflecting a spectrum from moderate to low mobility.
Hit 8 also achieved the greatest stability at Gly255 and Gly257, with RMSF values of 0.94 A and 0.78 A,
respectively, surpassing all other ligands and demonstrating minimal movement at these important binding-site
positions. Furthermore, Phe260, a component of the hydrophobic subpocket [21], exhibited an RMSF of 0.76 A
with hit 8, signifying limited structural variation and consistent occupancy of this non-polar region throughout the
simulation. This contact with Phe260 supported the overall integrity of the hydrophobic subpocket and reinforced
the binding affinity of hit 8.

At Asp27, a vital residue in subunit B [23], hit 8 again provided the highest stability, with an RMSF of 1.4 A,
outperforming the co-crystal structure (3.0 A), y-Mangostin (2.2 A), and LY-3522348 (2.2 A), further confirming
its favorable engagement across the pocket. Similarly, Cys282 and Phe245—key active-site residues that
participate in water-mediated bridges commonly observed with known inhibitors [5, 21, 23, 24]—displayed
RMSF values of 1.1 A and 1.8 A, respectively, in the presence of hit 8. These figures were lower than those for
the other ligands, pointing to reduced conformational changes and greater steadiness at these positions. Thr253,
another crucial active-site residue, showed an RMSF of 1.2 A with hit 8, again lower than in the other systems,
indicating diminished fluctuations and improved stabilization.

Overall, the RMSF evaluation revealed that hit 8 conferred exceptional stability on critical binding-site residues,
including Lys193, Gly106, Asnl107, Argl08, Gly255, Gly257, Phe260, Asp27, Cys282, Phe245, and Thr253,
outperforming the other compounds. The reduced mobility at these sites suggests that hit 8 substantially
strengthens protein—inhibitor contacts, positioning it as a potentially potent and reliable inhibitor for the target
enzyme’s active site. With its favorable average RMSD of 2.7 A and outstanding capacity to rigidify key pocket
residues relative to the benchmark ligands, hit 8 was chosen for in-depth interaction profiling, detailed in Table
3 and Figure 13. This examination sheds light on the mechanisms underlying its superior behavior compared to
the remaining candidates, solidifying its promise as a lead molecule.

As illustrated in Figure 13a, hit 8 formed an average of 0.5 hydrogen bonds, comparable to the co-crystal ligand
but markedly fewer than y-Mangostin (2.7) and LY-3522348 (1.1), implying relatively limited direct polar
bonding. Nevertheless, hit 8 excelled in hydrophobic contacts (Figure 13b), registering the highest average (2.0)
and peak (6.0) among the evaluated compounds, which highlights its robust stabilization of the pocket via non-
polar interactions. For water-mediated bridges (Figure 13c), hit 8 achieved an average of 1.2, exceeding LY-
3522348 (0.8) though trailing y-Mangostin (1.8) and the co-crystal ligand (2.7), consistent with intermediate
water-bridging contributions.

Although hit 8 showed lower averages for hydrogen bonding and water bridges, its dominant hydrophobic
interactions compensated effectively, yielding a well-rounded binding mode with strong potential to secure the
KHK-C active site. These extensive non-polar engagements were absent in the reference compounds,
distinguishing the unique interaction pattern of hit 8. The pronounced hydrophobic profile substantially bolstered
pocket stabilization, complementing the quantitative data in Figures 13a—13c. Despite reduced polar and water-
mediated contributions, the exceptional hydrophobic interactions of hit 8 establish it as a highly effective
candidate for reliable occupancy and stabilization of the KHK-C binding site.
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Figure 13. Evaluation of hydrogen bonds (a), hydrophobic interactions (b), and water-mediated bridges (c)
for the co-crystallized ligand, L'Y-3522348, y-Mangostin, and hit 8 across 100 ns molecular dynamics

simulations.

Quantum mechanical calculations
Quantum mechanical methods are commonly employed to examine the molecular orbital distributions and
electronic characteristics of candidate compounds [77, 78]. In this work, hit 8 stood out as the leading molecule
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among the screened hits, exhibiting superior binding affinity, improved pharmacokinetic profile, desirable
physicochemical attributes, high absorption potential, and robust metabolic stability. Its consistent performance
within the KHK-C active site during dynamics simulations further reinforced its promise. Consequently, hit 8 was
selected for quantum mechanical computations to probe its electronic parameters, interaction energies, and
chemical reactivity, providing a more comprehensive understanding of its binding mode and opportunities for
refining its drug-like properties.

A compound’s electron affinity correlates with its LUMO energy level, whereas its ionization potential relates to
the HOMO [79]. For hit 8, the HOMO energy was calculated at —6.02 eV and the LUMO at —1.62 eV, yielding a
HOMO-LUMO energy gap (HLG) of 4.4 eV (Table 4). This moderate gap suggests reasonable electronic stability
combined with adequate reactivity, enabling effective participation in electron-transfer events [80]. The solvation
energy of —17.80 kcal/mol indicates substantial solvent-molecule interactions, pointing to considerable
stabilization in aqueous or polar environments—a valuable trait for biological and catalytic contexts.

Additional quantum descriptors were derived using established equations from the literature [81]. The chemical
hardness (1) of 2.2 eV and softness (o) of 0.45 eV (Table 4) reflect a comparatively resistant electronic
framework, while the global electrophilicity index (o) of 3.32 eV confirms strong electron-accepting capability
during reactions.

The spatial distribution of molecular orbitals (Figure 14) offers deeper insights into the electronic profile of hit
8. The HOMO is mainly distributed over the hydroxyl (OH) moieties, the oxygen in the methoxy substituent, the
oxygen within the xanthene ring, the carbonyl functionality of the xanthone core, and the aromatic portions of the
xanthene scaffold. These areas serve as primary electron-donating sites, supporting reactivity and resistance to
oxidation. Conversely, the LUMO is concentrated on the oxygen atom of the pyrano ring, the xanthone carbonyl,
the xanthene ring oxygen, and the two hydroxyl groups, functioning as electron-accepting regions that govern
interactions with nucleophiles and reduction behavior.

The electronic characteristics of hit 8 are profoundly shaped by its molecular architecture. The conjugated =-
system in the xanthene framework significantly influences the HOMO-LUMO gap, promoting broad electron
delocalization and conferring moderate stability. Electron-donating substituents, including the 8-methoxy and 5,9-
dihydroxy groups, elevate the HOMO energy level, bolstering resistance to oxidation while retaining reactivity.
The prenyl chain and dimethyl moieties provide steric protection, shielding vulnerable sites and enhancing overall
structural integrity. Together, these elements account for the compound’s pronounced electrophilicity, balanced
hardness, and controlled reactivity.

The notable solvation energy of —17.80 kcal/mol aligns closely with the structural and electronic makeup of hit 8.
The extended conjugated xanthene system and polar functional groups increase molecular polarizability,
facilitating robust solvent engagement and a stable solvation layer. The hydroxyl and methoxy groups function as
both hydrogen bond donors and acceptors, strengthening dipolar and hydrogen-bonding contacts with surrounding
solvent molecules. The hydrophobic prenyl substituent moderates overall solubility, achieving an optimal balance.
This interplay between electronic distribution and structural motifs underpins the compound’s favorable solution-
phase stability, underscoring its suitability for diverse chemical and biological applications.

a)
Figure 14. Spatial Distribution of HOMO (A) and LUMO (B) orbitals in hit 8.
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Table 4. Quantum mechanical descriptors of hit 8: electronic and solvation properties.
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Hit 8 —17.80 —6.02 —1.62 4.4 1.62 6.02 2.2 0.45 —3.82 3.32
Conclusion

Through this investigation, multiple new derivatives were discovered exhibiting strong inhibitory activity toward
the KHK-C protein, outperforming a-Mangostin in terms of binding strength. Notably, hit 8 displayed the most
favorable binding free energy, alongside advantageous pharmacokinetic traits like complete predicted human oral
bioavailability and improved resistance to metabolism. Results from molecular dynamics confirmed the robust
occupancy of hit 8 within the KHK-C pocket, supporting its viability as a potential therapeutic agent. Additional
quantum calculations underscored its wider utility. Overall, these outcomes lay a solid groundwork for subsequent
laboratory testing and advancement of KHK-C targeted therapies against metabolic conditions linked to excessive
fructose intake.
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