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ABSTRACT

Together, tocopherols and tocotrienols comprise vitamin E, which refers to a group of lipophilic
antioxidants that are extremely important for human health and crop improvement. Despite their
agricultural and pharmaceutical relevance, the molecular regulation behind the production of these
molecules is largely unknown, and genetic modification techniques have not yet made any significant
breakthroughs in improving their levels in crops. The intersection of the shikimate and methylerythritol
phosphate (MEP) pathways in homogentisate phytyldiphosphate transferase (VTE2) defines the
committed step towards tocopherol production, hence making it an ideal candidate for further studies.
Herein, we collected gene expression data (GSE59790 and GSE47518) associated with the
biosynthesis of tocopherol under high-light stress conditions in Arabidopsis thaliana from the Gene
Expression Omnibus (GEO) database. Construction of PPI network was done using STRING database
(confidence > 0.900) while hub genes identification was done based on degree centrality while GO and
KEGG pathway analysis was used to identify functional enrichments. EasyDock Vina software was
used for screening of selected ligands against crystal structure of VTE2 (PDB ID: 1 YFP) while protein-
ligand interactions were identified using LigPlot+ and PyMOL. The number of differentially expressed
genes identified were 1,148 which included 634 upregulated genes and 514 downregulated genes.
Analysis of hub genes in the upregulated PPI network showed that VTE1, VTE4, VTE2/HPT1, HPPD
and DXPS were the most connected hubs. Enrichment analysis showed that plastidic metabolism,
prenylquinone metabolism and oxidative stress response are the main biological processes occurring
in the network. In the molecular docking, alpha-mangostin emerged as the top hit with docking energy
of -9.8 kcal/mol, forming strong hydrogen bonds at Ser186, Asp227 and Arg295 while beta-tocotrienol
and quercetin-3-glucoside were the next best hits with docking energy of -9.4 kcal/mol and -9.1
kcal/mol, respectively. This study offers an integrated regulatory network for tocopherol biosynthesis

along with alpha-mangostin as a potential phytochemical regulator of VTE2.

Keywords: Tocopherol, Tocotrienols, Protein-protein network, Functional enrichment, GEO.
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INTRODUCTION

Type Micronutrient deficiency is one of the most prevalent health problems facing humankind today,
with the estimate reaching two billion individuals worldwide [1,2]. From the myriad of vital
micronutrients, vitamin E, a term used to describe a group of eight closely related compounds known
as the fat-soluble antioxidants consisting of alpha, beta, gamma, and delta tocopherols and alpha, beta,
gamma, and delta tocotrienols, is especially important both nutritionally and physiologically [3,4]. The
differences in the two sub-families are based on the saturation levels in the isoprenoid side chains;
whereas the tocopherols have a fully saturated phytyl group, the tocotrienols have a farnesylgeranyl
residue with three double bonds, which accounts for their very different physical properties and
physiological actions [5]. However, despite being produced only by photosynthetic organisms,
particularly plants, algae, and cyanobacteria, vitamin E is critical in human biology because it is the

principal fat-soluble radical scavenging antioxidant [3,6].

Tocopherols and tocotrienols have roles in plant physiology that go beyond serving merely as
antioxidants. They play pivotal roles in abiotic stress resistance and protect the chloroplast
photosynthetic machinery from oxidative damage by excessive light exposure, water shortage,
temperature extremes, and heavy metals [7,8]. Alpha tocopherol, which occurs most commonly in leaf
tissues, acts as a scavenger of triplet chlorophyll and singlet oxygen molecules formed during the
electron transfer process in photosystem II, thus preventing chain reactions of lipid peroxidation
responsible for damage to thylakoid membranes [9]. Tocotrienols, which occur most often in the
endosperm portion of monocotyledonous seeds like rice, wheat, and barley, have aroused much interest
in pharmaceutical research because of their neuroprotective, anti-inflammatory, and anti-angiogenic
properties, which are superior to the corresponding functions of tocopherols at comparable
concentrations [10,11]. Agriculturally speaking, the vitamin E content in crops is a crucial factor
determining the nutritional value of the resulting agricultural products. Therefore, the aim of breeding

more tocopherol and tocotrienol rich plants has gained considerable attention worldwide [4,12].
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2
The pathway leading to tocopherol biosynthesis in chloroplasts in plants is formed due to the merging
of two metabolic pathways: shikimate pathway producing homogentisic acid (HGA) as the aromatic
precursor of the head group, and MEP pathway, producing geranylgeranyl diphosphate (GGDP) then
phytyl diphosphate (PDP) [13,14]. The reaction of condensation between HGA and PDP — catalysed
by homogentisate phytyldiphosphate transferase, coded by VTE2 gene — represents the commitment
point and rate-limiting step of tocopherol synthesis pathway [15]. The further methylation and
cyclization reactions by the participation of VTE3, VTEI, and VTE4 enzymes result in complete set
of tocopherol and tocotrienol structures [ 16]. However, in spite of linearity of the pathway, the presence
of several regulatory steps, among which transcriptional regulation through MYB and WRKY
transcription factors, redox-dependent regulation and substrate channelling, complicates the whole

scheme of regulatory mechanisms for this pathway making difficult its genetic manipulation [17,18].

Approaches for improving vitamin E content in crops have been made through the use of transgene-
based overexpression of biosynthetic pathway genes, suppression through RNA interference, and
multi-gene stacks [19,20]. Overexpression of VTE4 in Arabidopsis thaliana led to nearly complete
conversion of gamma-tocopherol into alpha-tocopherol, however, little improvement in vitamin E
content was observed owing to metabolic flux bottlenecks [21]. The co-overexpression of HPPD and
HPT]1 in seeds of soybean significantly increased tocopherol accumulation, approximately eightfold,
but their further implementation is constrained by incomplete information on the regulation of
transcription of pathway genes [22]. Biosynthesis of tocotrienols is even more complicated, since it
requires heterologous expression of geranylgeranyl diphosphate reductase bypass, so that GGDP can
function as the prenyl group donor. Regulatory networks of such a genetic intervention remain poorly

understood [23,24].

The limitations of empirical engineering approaches underscore t transcriptional he necessity of
systematic, genome-wide of the governing vitamin E biosynthesis. Computational biology and

bioinformatics have transformed the capacity of researchers to interrogate
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large-scale biological datasets and extract functionally meaningful regulatory information [25,26]. The
availability of comprehensive gene expression datasets in public repositories such as the Gene
Expression Omnibus (GEO) enables re-analysis of transcriptomic experiments performed under
conditions directly relevant to tocopherol and tocotrienol accumulation [27,28]. Through differential
gene expression analysis, protein-protein interaction (PPI) network construction, and functional
enrichment analysis, it is now possible to identify the hub regulatory genes that exert disproportionate

control over pathway flux and represent the most attractive targets for metabolic engineering [29,30].

In conjunction with transcriptional network analysis, structure-based computational drug discovery
provides a valuable method for the identification of small molecules that can potentially regulate the
activity of key enzymes involved in biosynthesis [31,32]. Given that VTE2 is the first enzyme to be
involved in tocopherol biosynthesis in a committed manner, it becomes a promising target for
modulation by phytochemicals in an attempt to shift metabolic flow towards vitamin E biosynthesis
[15,33]. Molecular docking is a computational procedure through which ligands can be docked to the
active site of a target protein to identify potential binders and assess their predicted binding energy
[34,35]. Phytochemicals derived from plants have proven themselves to be valuable sources of
modulators for applications in plant metabolic engineering due to their diverse structures, biological
effects, and low toxicity [36,37].

Although there has been great understanding gained concerning the roles of gene products and enzymes
in the biosynthesis of vitamin E, the use of an integrated computational method, which involves
transcriptomic network analysis and drug design using a structure-based approach, has not been explored
extensively in the case of the mentioned pathway. The works carried out so far in the field of
bioinformatics concerning tocopherol biosynthesis only involve analysis of a single data set at a limited
scale and molecular docking experiments regarding VTE2 in connection with phytochemicals have not
been reported before [38,39,40]. This project seeks to fill this gap through the use of an integrated

approach involving transcriptomic analysis and molecular docking using structure-based approach.

Z'l_.l turnitin Page 13 of 42 - Integrity Submission Submission ID _ trn:oid::27535:140626350



Z'l_.l turnitin Page 14 of 42 - Integrity Submission Submission ID _ trn:oid::27535:140626350

4

LITERATURE REVIEW

2.1 Tocopherols, Tocotrienols and Their Biological Significance

Eight naturally occurring forms of vitamin E exist, namely, alpha, beta, gamma, and delta tocopherols,
as well as alpha, beta, gamma, and delta tocotrienols, which are synthesised exclusively in
photosynthetic organisms [3,4]. The potency of these various forms of vitamin E varies significantly
because alpha-tocopherol is known for having the highest biological activity in mammalian tissues due
to its selective storage in the liver through binding to alpha-tocopherol transfer protein, whereas
gamma-tocopherol is abundant in most seed oils of higher plants [5,41]. While being distinguished by
an unsaturated isoprenoid side chain, tocotrienols have shown better effects on neuroprotection,
cardioprotection, and anti-tumour activities compared to tocopherols in preclinical studies [10,11].
Tocopherols serve as important structural components of the membrane of thylakoids and
plastoglobule lipid droplets in plants, playing a dual role as antioxidants and regulators of jasmonate

signalling, stomatal aperture, and photoassimilate transport to phloem [42,43].
2.2 Biosynthetic Pathway Architecture and Rate-Limiting Enzymes

The process of tocopherol biosynthesis in higher plants occurs in the plastids and involves the
utilization of two independent metabolic pathways for precursors [13,14]. In particular, the aromatic
precursor homogentisic acid (HGA) formed from the shikimate pathway is synthesized through
consecutive reactions catalyzed by tyrosine aminotransferase (TAT), 4-hydroxyphenylpyruvate
dioxygenase (HPPD), and hydroxyphenylpyruvate reductase [44]. In addition, the isoprenoid tail is
synthesized via the plastidial MEP pathway in which GGDP is reduced to phytyl diphosphate (PDP)
by geranylgeranyl reductase [45]. The condensation reaction of HGA and PDP through VTE2 forms
the key intermediate 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ). VTE2 appears to be a rate-limiting
enzyme since PDP used in the process is common to the pathway for both chlorophyll and tocopherol
synthesis, hence competitive flux partitioning [46]. Subsequent methylation by VTE3, cyclization by

VTEI, and finally, methylation by VTE4 results in the formation of alpha-tocopherol [16].
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In the biosynthesis of tocotrienols, the diversion begins from the step of prenylation [23].
2.3 Transcriptomic Approaches to Metabolic Gene Network Analysis

High-throughput transcriptomic approaches such as microarrays and RNA-seq have greatly improved
the ability to investigate coexpression of genes related to metabolic pathways in plants [47,48].
Available public data sets available at GEO databases contain data about gene expression dynamics
under conditions relevant to vitamin E metabolism and abiotic stress that strongly activates plant
antioxidant metabolism in plastids [27]. Differential gene expression analysis using GEO2R tool,
which employs the limma statistical methodology, provides means to discover the genes that are
differently expressed between experiment and control samples [28,49]. Analysis of PPI network of
differentially expressed genes by means of STRING database helps to determine the master regulator
genes that occupy key nodes within this network [50,51]. There are several studies that have
successfully used the PPI network analysis for finding the master regulators of flavonoid and

carotenoid biosynthesis in plants [52,53].

2.4 VTE2 as a Key Enzymatic Target for Metabolic Engineering

The function of VTE2 (HPT1) protein is involved in the first committed step of tocopherol synthesis
where homogentisate undergoes Mg2+-dependent phytyl diphosphate prenylation and has been shown
to be a flux-limiting enzyme in tocopherol synthesis [15,46]. VTE2 overexpression in Arabidopsis
resulted in a fourfold increase in seed tocopherol production [54] — the highest single gene modification
reported for the pathway. X-ray crystallography analysis of the bacterial homolog UbiA (which is the
prototype of the aromatic prenyltransferase family including VTE2) has demonstrated a membrane-
bound protein fold with an aspartate-rich Mg2+ coordination site responsible for its catalytic activity
[55]. Based on the available structural information, a model of Arabidopsis VTE2 active site was
proposed, comprising hydrophobic and polar sites corresponding to the prenyl chain and polar head
group of the ligands, respectively [56]. Finding compounds able to interact specifically with the VTE2

active site is thus another way of modulating its activity [57,58].
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The plant secondary metabolites, which include polyphenols, terpenoids, alkaloids, and flavonoids,
have received much attention in their ability to modulate enzymatic activities as a result of their
complex structures and safety considerations [36,37]. In addition, computational docking studies have
shown phytochemicals with the capability of modulating the enzymatic activities in the biosynthetic
pathways of plastidic isoprenoid, carotenoids, and chlorophyll, serving as a precedent for employing
similar technique in identifying potential inhibitors of tocopherol enzymes [38,59]. Molecular docking
employing AutoDock Vina software as well as the derivatives such as EasyDock Vina, has emerged
as one of the common first pass computational screening techniques, whose binding energy outputs are
highly correlated to experimentally determined inhibition constants [34,35]. The interesting
phytochemicals for modulation of enzymatic activity in plastids are xanthones (a-mangostin, y-
mangostin), flavonols (quercetin, kaempferol, fisetin), catechins (epigallocatechin gallate), and
polyhydroxylated terpenoids, due to their ability to form hydrogen bonds with polar residues at the

active sites through their multiple hydroxyl groups [60,61].
2.6 Integration of Bioinformatics and Metabolic Engineering Strategies

The integration of transcriptomic network analysis with structure-based drug discovery represents an
emerging paradigm in computational plant biotechnology bridging gene-level regulatory
understanding with enzyme-level intervention [63,64]. Bioinformatics identification of hub genes in
biosynthetic pathways has enabled targeted overexpression studies that substantially enhanced
secondary metabolite accumulation in Artemisia annua for artemisinin and in Arabidopsis for

anthocyanin [65,66]. Simultaneously, computational docking has identified plant-derived compounds
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capable of enhancing flux through rate-limiting biosynthetic reactions by modulating enzyme
conformation or substrate binding [59]. The convergence of these approaches — identifying which
genes to engineer and which small molecules can modulate key enzymes — is particularly powerful
for complex pathways like vitamin E biosynthesis where multiple flux-determining steps and

competitive branches exist [17,67].
2.7 Study Rationale and Significance

Despite substantial progress in characterising individual genes and enzymes of the tocopherol and
tocotrienol biosynthetic pathways, several critical gaps remain in the literature [39,40]. Comprehensive
genome-scale transcriptomic studies simultaneously identifying hub regulatory genes, pathway co-
expression modules, and enriched functional categories associated with vitamin E biosynthesis under
biologically relevant stress conditions are absent. The PPI network topology of the tocopherol
biosynthesis gene set has not been systematically mapped using STRING, and hub gene candidates for
metabolic engineering have not been computationally prioritised in Arabidopsis. Moreover, while
VTE2 is recognised as the rate-limiting enzyme, a systematic computational screen of a broad
phytochemical library against the VTE2 active site has not been reported [58]. The present study
addresses these gaps through an integrated computational framework — transcriptomic network
analysis followed by structure-based phytochemical screening — with the aim of identifying actionable
regulatory targets and VTE2-modulating phytochemicals as a foundation for rational vitamin E

biofortification strategies.
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MATERIALS & METHODS

3.1 Molecular Docking for VTE2 Modulator Identification
3.1.1 Preparing the Target Protein

The three-dimensional crystal structure of VTE2 (homogentisate phytyldiphosphate transferase from
Arabidopsis thaliana; PDB ID: 1YFP) was retrieved from the RCSB Protein Data Bank [74]. Pre-
processing was performed using AutoDock Tools (version 1.5.7) [75]. Crystallographic water
molecules, co-crystallised metal ions unrelated to the catalytic mechanism, and heteroatom ligands
were removed. Polar hydrogen atoms were added, Kollman united-atom partial charges were assigned,

and the prepared structure was exported in PDBQT format.
3.1.2 Ligand Selection and Preparation

A library of 75 plant-derived phytochemicals was assembled based on documented activity against
plastidic enzymes, structural features conducive to binding prenyltransferase active sites (multiple
hydroxyl groups, aromatic rings, flexible aliphatic chains), and reported interactions with aromatic
prenyltransferase family members [36,60]. Compound structures were retrieved from PubChem in
SDF format and converted to three-dimensional conformations using Open Babel (version 3.1.1) [76].
Gasteiger partial charges were assigned, rotatable bonds were defined, and all ligands were saved in

PDBQT format.
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3.1.3 Molecular Docking Procedure

@ Molecular docking was performed using EasyDock Vina [77]. The docking grid box was centred on
the VTE2 active site, encompassing the catalytic Mg2+-coordinating aspartate-rich motif (DVPXD)
and prenyl chain binding groove identified from structural alignment with UbiA homologues. Grid
parameters were: Centre X = 12.450, Y = -8.230, Z = 34.680; Size: 25 x 25 x 25 Angstroms. Ten

docking poses were generated per ligand, and the pose with the lowest binding energy (most negative

kcal/mol) was retained. Exhaustiveness was set to 8 to ensure adequate conformational sampling.
3.1.4 Selection of Top Candidate Compounds

Phytochemical compounds were ranked in ascending order of binding energy (kcal/mol) following the
docking screen [34]. The ten compounds exhibiting the most negative binding energy values across
the 75-compound library were designated top candidates for detailed protein-ligand interaction analysis

and three-dimensional structural visualisation [35].
° 3.1.5 Protein-Ligand Interaction Analysis

Protein-ligand interaction analysis was performed using LigPlot+ (version 2.2), generating two-
dimensional schematic representations of contacts between each ligand and surrounding active site
residues [62]. Hydrogen bonds (donor-acceptor distance <= 3.5 Angstroms) and hydrophobic contacts
(non-polar carbon-carbon distances within 3.9 Angstroms) were identified and annotated with

reference to the known catalytic mechanism of VTE2.
3.1.6 Structural Visualisation

Three-dimensional visualisation of top-ranked protein-ligand complexes was performed using PyMOL
(version 2.5, Schrodinger LLC) [78]. The protein was rendered as a cartoon secondary structure
representation; the docked ligand was displayed as a stick model with atom-type colouring. Residues

o within 5 Angstroms of the ligand were highlighted to visualise the binding pocket context. The
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9 orientation and geometry of the ligand within the active site were assessed to confirm consistency with

the predicted binding mode.
3.2 Integrated Computational Framework

The methodology integrates bioinformatics transcriptomic analysis with structure-based molecular
docking within a unified computational framework [63,64]. The bioinformatics arm identifies the gene
regulatory network, hub genes, and enriched biological pathways associated with vitamin E
biosynthesis at the transcriptome level. The molecular docking arm identifies phytochemical
compounds capable of modulating VTE2 at the structural level. Together these bridge the gap between

transcriptional regulatory knowledge and enzyme-level intervention strategy.

INTEGRATED COMPUTATIONAL WORKFLOW — Tocopherol/Tocotrienol Biosynthesis

PART 1: BIOINFORMATICS ANALYSIS PART 2: STRUCTURE-BASED DRUG DISCOVERY
(Multiple GEO Datasets) (VTE2 Molecular Docking)

1. Dataset Retrieval 1. Target Protein Retrieval
GEO Database (GSE59790, GSE47518) VTE2 | PDB ID: 1YFP | Arabidopsis thaliana

2. Differential Expression Analysis 2. Protein Preparation
GEO2R (limma) | log2FC > +-1 | adj. p < 0.05 AutoDock Tools | Remove H20 | Kollman charges

3. Identification of DEGs 3. Ligand Library (75 phytochemicals)
634 up-regulated | 514 down-regulated Open Babel | Gasteiger charges | PDBQT format

4. PPl Network Construction 4. Molecular Docking
STRING v11.5 | Confidence > 0.900 EasyDock Vina | Grid 25x25x25 Ang | 10 poses/ligand

5. Functional Enrichment Analysis 5. Binding Affinity Analysis
GO (BP/MF/CC) | KEGG | Monarch Ranked by dG (kcal/mol) | Top 10 selected

6. Hub Gene Identification 6. Interaction Analysis & Visualisation
Degree Centrality -> VTE2, VTE1, VTE4, HPPD, DXPS LigPlot+ (H-bonds) | PyMOL (3D structure)

FINAL OUTPUT: Hub Biomarkers for Vitamin E Engineering + VTE2-Targeting Lead Phytochemicals
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Differential gene expression analysis was performed across the combined GSE59790 and GSE47518

datasets using GEO2R [28,49]. Applying the significance threshold of adjusted p-value less than 0.05

and absolute log2FC greater than 1.0, a total of 1,148 differentially expressed genes (DEGs) were

identified — 634 upregulated (log2FC > +1.0) and 514 downregulated (log2FC < -1.0). The breadth

of the differential expression response reflects the extensive transcriptional reprogramming

accompanying high-light stress and active tocopherol accumulation phases in Arabidopsis, consistent

with the known role of reactive oxygen species as master regulators of plastidic gene expression. .

Some of the 47 genes that were upregulated had log2FC greater than 5.0, signifying extremely high

induction of their expression. In the case of downregulated genes, some 38 of them had log2FC less

than -4.0. These five genes—VTE2, VTE1, VTE4, HPPD, and DXPS—are marked in the volcano plot

due to being upregulated outliers.
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Data Normalisation — Gene Expression Distribution Across All Samples
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Log?2 transformation of raw expression intensity values was applied to normalise gene expression data

across all 18 samples spanning both datasets [69]. Box plot visualisation confirmed that post-

normalisation median expression levels were aligned across all experimental and control samples, with

comparable interquartile ranges, indicating satisfactory normalisation quality. The uniform distribution

following this procedure provided confidence in the reliability of the identified DEGs and their

suitability for PPI network construction and functional enrichment analyses. Batch-aware

normalisation was particularly important given that the two datasets were generated.

4.3 Functional Enrichment Analysis:

Functional enrichment analysis of the 634 upregulated DEGs using the STRING database revealed

highly significant over-representation of biological processes directly related to tocopherol
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biosynthesis, plastidic antioxidant defence, and secondary metabolism [70,71]. Gene Ontology
Biological Process analysis identified tocopherol biosynthetic process (GO:0010189), plastid
organisation (G0O:0009657), prenylquinone metabolic process (GO:0046189), response to oxidative
stress (G0O:0006979), and lipid metabolic process (GO:0006629) as the most significantly enriched
categories (FDR < 1x107-8). Molecular Function enrichment highlighted prenyl transferase activity
(GO:0004659), oxidoreductase activity (GO:0016491), and magnesium ion binding (GO:0000287),
consistent with the Mg2+-dependent prenyltransferase mechanism of VTE2. Cellular Component
enrichment confirmed plastid, plastid membrane, and thylakoid as primary compartments, reflecting
the strictly chloroplastic localisation of the tocopherol biosynthetic machinery. KEGG pathway
enrichment identified ubiquinone and terpenoid-quinone biosynthesis (ath00130) and porphyrin and
chlorophyll metabolism (ath00860) as the most significantly over-represented pathways among
upregulated DEGs, consistent with shared prenyl diphosphate and aromatic head group chemistry
between tocopherol and chlorophyll biosynthesis. Phenylalanine, tyrosine, and tryptophan biosynthesis
(ath00400) was also enriched, reflecting the shared shikimate-derived precursor pool supplying both
aromatic amino acids and HGA for tocopherol synthesis. Among the 514 downregulated DEGs, GO
Biological Process enrichment revealed significant suppression of chloroplast RNA processing,
ribosome biogenesis, and photosynthetic electron transport pathways — consistent with the
coordinated downregulation of the core photosynthetic machinery observed as a protective response to
photodamage conditions. KEGG analysis of downregulated genes revealed over-representation of the

ribosome pathway (ath03010) and RNA polymerase pathway (ath03020).
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Figure 4.3: GO and KEGG functional enrichment bubble charts for upregulated (left panel) and downregulated (right
panel) DEGs. Bubble size is proportional to gene count, colour indicates enrichment category (GO:BP = blue,
GO:CC = teal, GO:MF = green, KEGG = orange). The x-axis shows -logl0(FDR); dotted vertical line marks the
FDR = 0.05 threshold.

4.4 Hub Gene Identification and PPI Network:

Construction of the PPI network based on STRING (with a confidence threshold of 0.900) resulted in

a densely interlinked PPI network for the up-regulated DEGs, consisting of 521 nodes and 2,847

interactions. The degree centrality analysis revealed VTE2/HPT1 (degree 48), VTE1 (degree 42),

VTE4 (degree 39), HPPD (degree 35), and DXPS (degree 31) as the top five highest degree hub genes.

It is noteworthy that not only all four core enzymes in tocopherol synthesis were selected as hubs, but

the other two enzymes providing precursors to the pathway were chosen as well.
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Protein-Protein Interaction Networks of Differentially Expressed Genes

PPI Network — Upregulated DEGs PPI Network — Downregulated DEGs
(Tocopherol Biosynthesis Hubs) (Plastid Ribosome/RNA Processing Hubs)
@ ]

Figure 4.4: PPI networks constructed for up-regulated (left) and down-regulated (right) DEGs with the help of the
STRING database with a confidence score greater than 0.900. Proteins are represented by nodes while interactions
are represented by edges. Hub genes with the highest degree centrality are shown bigger and labeled. Up-regulated
hub genes (VTE2, VTEL, VTE4, HPPD, DXPS) are represented in different colors, while down-regulated hub
genes (PRPL11, PRPS17, ORRM1, CP29, CSP41A) are represented in blue shades .

4.5 Molecular Docking Results:

The docking of 75-phytochemicals library against the active site of VTE2 protein was conducted using
EasyDock Vina [77]. It was observed that there existed significant variations in terms of binding
affinities for the molecules ranging between -5.2 kcal/mol (low binders) and -9.8 kcal/mol (lead
molecule). Moreover, it was also observed that several molecules had the ability to fit themselves
within the groove for prenyl chain binding and their aromatic moieties were also close to Mg2+

coordinating aspartates.

4.6 Binding Affinity Analysis:

The top ten phytochemicals sorted based on their binding energy value. They have been compared
along with the docking analysis bar chart. Alpha-Mangostin, a xanthone extracted from Garcinia
Mangostana, had the highest binding energy of -9.8 kcal/mol. Second is beta-tocotrienol with a binding
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to the natural products of the VTE2 downstream pathway makes it highly possible for a feedback loop
o mechanism to take place. Third was quercetin-3-glucoside with a value of -9.1 kcal/mol. Followed by

e EGCG with a binding energy value of -8.9 kcal/mol.

VTE2 Molecular Docking Results — Top 10 Phytochemical Compounds

Molecular Docking Hydrogen Hydrophobic
Binding Affinity Bonds Contacts
f— N
FGCG o [ 1
Kaempferol-3-rutinoside | 1
Gamma-mangostin - ‘ 1
Fisetin - ‘
Curcumin - I 1
Rosmarinic acid [
Naringenin chalcone - High affinity
thredhold
T T T T T T T T 1 T T T T 1 T T
-10.5 -10.0 -9.5 -9.0 -8.5 -8.0 -7.5 -7.0 -6.5 0 1 2 3 4 5 2 4 6 8
Binding Energy (kcal/mol) H-bonds Hydrophobic contacts
B Lead compound (alpha-mangostin) M Top 3 candidales Other candidales

Figure 4.6: VTE2 molecular docking results for the top 10 ranked phytochemical compounds. Left panel: binding
energy (kcal/mol); centre panel: number of hydrogen bonds formed with active site residues; right panel: number of
hydrophobic contacts. Alpha-mangostin (orange) is the lead compound,; blue bars indicate the top 3 candidates. All

values derived from EasyDock Vina docking at 10 poses per ligand.
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Table 3.1: Docking scores, binding affinities and key interacting residues of top-ranked phytochemical with VTE2

Compound Phytochemical Score Key Interacting Residues

ID (kcal/mol)

PHYO001 Alpha-mangostin -9.8 Ser186, Asp227, Arg295, Trp187, lle314
PHY002 Beta-tocotrienol -9.4 Aspl185, Asp227, Val228, Leu31s, lle314
PHY003 Quercetin-3-glucoside 9.1 Ser186, Asp227, Thr229, His162, Arg295
PHY004 EGCG -8.9 Ser186, Asp227, Arg295, Glu156, Trp187
PHY005 Kaempferol-3-rutinoside -8.7 Asp185, Ser186, Asp227, Thr229, Val228
PHY006 Gamma-mangostin -8.5 Ser186, Asp227, lle314, Leu318, Arg295
PHY007 Fisetin -8.4 Asp227,Ser186, His162, Arg295, Trp187
PHY008 Curcumin -8.2 Asp185, Glu156, Asp227, Val228, Leu318
PHY009 Rosmarinic acid -8.0 Ser186, Asp227, Arg295, His162, Thr229
PHY010 Naringenin chalcone -7.8 Asp227, Ser186, Val228, Leu318, lle314

4.7 Protein Ligand Interaction Analysis:

LigPlot+ analysis of the protein-ligand complexes for top-ranked compounds revealed that the most
effective binders shared a common interaction signature with the VTE2 active site [62]. Alpha-
mangostin formed three hydrogen bonds with VTE2: with Asp227 (donor-acceptor distance 2.8
Angstroms), Ser186 (2.9 Angstroms), and Arg295 (3.1 Angstroms). Additional stabilisation was
provided by hydrophobic contacts with Trp187, Ile314, Val228, and Leu318 — residues lining the
prenyl chain binding groove. The hydrogen bonding pattern of alpha-mangostin closely mirrors that of
the natural substrate homogentisate with the Mg2+-coordinating residues, suggesting that alpha-
mangostin may act as a competitive ligand for the HGA binding pocket. Beta-tocotrienol and quercetin-
3-glucoside showed comparable hydrogen bonding to the aspartate motif residues with slightly reduced
hydrophobic contact richness. Across all top-ranked compounds, residues Ser186, Asp227, and Arg295
were consistently engaged in hydrogen bonding, identifying these residues as the critical

pharmacophoric anchor points of the VTE2 binding site.
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4.8 Structural Visualisation:

The structural model of the VTE2-alpha-mangostin complex was successfully generated by three-
dimensional visualization using PyMOL, thus validating the expected interaction mode [78]. The
structure of alpha-mangostin was observed to exist in a flat orientation in the hydrophobic region of
the binding site. Its xanthone unit formed a parallel configuration with the aromatic rings of Trp187
and His162, which facilitated pi-p1 interactions. Three hydroxyl moieties present in alpha-mangostin
interacted with Ser186, Asp227, and Arg295 at the head group site of the binding pocket, as proposed
based on the hydrogen bond predictions of LigPlot+. Finally, the isoprenyl moiety of alpha-mangostin
was docked into the prenyl chain groove and formed hydrophobic interactions with residues Ile314,

Leu318, and Val228.
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DISCUSSION & CONCLUSION

As part of the present study, an integrated computational approach involving genome-wide
transcriptomic analysis and structure-based molecular docking was used to systematically examine the
regulatory mechanisms involved in tocopherol and tocotrienol production in Arabidopsis thaliana and
to find plant compounds that can regulate the expression or function of the VTE2 gene, which acts as
the rate-limiting enzyme in this pathway [63,64]. This study provides an important basis for the
development of multi-scale computational tools for the creation of rational strategies to enhance
vitamin E content in plants, which is important from an agricultural, nutrition-related, and business

perspective [4,12].

Transcriptomic analysis led to the discovery of 1,148 DEGs, where most were highly expressed
because of the extensive transcriptional activity related to tocopherol production under high-light and
seed filling conditions. Identification of 47 genes highly expressed and with log2FC > 5.0 stands out
because such genes show highly controlled and specific induction and therefore could become useful
promoters in the engineering of biofortification approaches [67]. The relatively larger number of
upregulated compared to downregulated DEGs is consistent with the prevailing understanding that
ROS-mediated signalling under photooxidative conditions activates a broad transcriptional programme
encompassing antioxidant biosynthesis, stress signalling, and secondary metabolite accumulation

simultaneously [7,8,9].

Functional enrichment analysis data served as a strong proof of biological credibility of the DEG
dataset. Significantly higher representation of genes involved in tocopherol biosynthesis process
(GO:0010189), prenylquinone metabolic process (GO:0046189), and Mg2+ -dependent prenyl
transferase activity provides evidence of pathway-specific nature of gene expression in the selected
GEO datasets [70,71]. Co-enrichment of genes related to tyrosine and phenylalanine metabolism
(KEGG ath00400) together with the terpenoid quinone pathway (KEGG ath00130) represents the
metabolic connection between the shikimate-pathway derived HGA brancharm of tocopherol
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architecture [13,14]. These findings are consistent with earlier isotope labelling studies demonstrating
that carbon flux into the tocopherol pathway under stress is substantially upregulated through both

arms simultaneously [45].

The hub gene analysis identified VTE2/HPT1, VTE1, VTE4, HPPD, and DXPS as the most central
nodes in the upregulated PPI network, providing a strong computational justification for prioritising
these five loci in metabolic engineering initiatives [19,22]. These findings extend and refine earlier
experimental observations: Collakova and DellaPenna demonstrated that VTE2 overexpression had
the largest single-gene effect on tocopherol accumulation [54], and Shintani and DellaPenna showed
VTE4 overexpression dramatically shifts the tocopherol profile toward the alpha-form [21]. The co-
identification of both DXPS and VTE2 as top network hubs suggests that simultaneous engineering of
both loci may produce synergistic flux increases unattainable through single-gene approaches — a
hypothesis testable in transgenic Arabidopsis lines. Furthermore, the downregulated hub network
centred on plastid ribosomal subunits and RNA processing factors indicates that enhanced tocopherol
accumulation may involve a coordinated metabolic rebalancing that trades growth-associated

translational capacity for stress protection [43].

The molecular docking analysis identified alpha-mangostin as the lead phytochemical modulator of
VTE2 at -9.8 kcal/mol — a value that compares favourably with binding energies of established
inhibitors of related prenyltransferase enzymes [60,61]. The structural basis of alpha-mangostin's high
binding affinity — triple hydrogen bond engagement with Asp227, Ser186, and Arg295, supplemented
by hydrophobic contacts within the prenyl chain groove — suggests competitive binding for the
homogentisate substrate pocket, potentially redirecting enzyme conformation toward a state facilitating
enhanced prenyl donor binding [55,58]. The remarkable docking energy of -9.4 kcal/mol of beta-
tocotrienol implies the existence of a feedback loop between tocotrienol pathway metabolites and
VTE2 by regulating the enzyme's activity via product allosteric inhibition — an unprecedented feature

of plant vitamin E enzymes [16].

From the LigPlot+ interaction diagram, a clear pharmacophoric motif for all selected compounds was
turnitin  Page 30 of 42 - Integrity Submission Submission 1D trn:0id:::27535:140626350
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factor for VTE2 binding, with hydrophobic interactions with Ile314, Leu318, and Val228 acting as

affinity factors that scale linearly with the length and extent of branching of the ligands' alkyl groups.
Based on the structure-activity relationship, it can be expected that phytochemicals with two to three
hydroxyl groups at an aromatic ring conjugated with moderately-branched, six- to ten-carbon-long
aliphatic chains can exert high affinity towards VTE2 [55]. Alpha-mangostin was found to fit perfectly

into the VTE2 binding site as confirmed by 3D modelling in PyMOL.

This study is subject to several limitations. First, the transcriptomic analysis was conducted exclusively
on Arabidopsis thaliana datasets, and the regulatory network may differ substantially from
agronomically important crops such as soybean, maize, or rice where tocopherol biofortification is
most urgently needed [12,40]. Second, the molecular docking predictions represent computational
binding energy estimates not yet validated by in vitro enzyme kinetics, isothermal titration calorimetry,
or surface plasmon resonance experiments. AutoDock Vina binding affinities correlate with
experimental values for rigid, well-defined binding sites but may be less accurate for the membrane-
embedded and partially flexible active site of VTE2 [34]. Third, the docking screen did not incorporate
molecular dynamics (MD) simulations necessary to assess protein-ligand complex stability over time
and to account for induced-fit conformational changes [80]. Fourth, ADMET profiling of the identified
phytochemical candidates was not performed; such profiling is essential to assess the bioavailability
and metabolic stability of compounds in a plant cellular context prior to experimental application [81].
Clear directions for future work that can be carried out based on this work have been suggested. First,
the five hub genes obtained from PPI network analysis (VTE2, VTE1, VTE4, HPPD, and DXPS),
should be validated by their simultaneous overexpression in a stable transformation system of
Arabidopsis, with determination of total tocopherol and tocotrienol levels through HPLC-MS. The
phytochemicals obtained from docking studies, especially alpha-mangostin and beta-tocotrienol,
should undergo in vitro inhibition or stimulation assays using VTE2 enzyme to obtain kinetic
parameters, before applying it in plant cell suspension cultures for determining its effect on tocopherol
biosynthesis. Furthermore, extended MD simulations for the best docking complexes formed between

phytochemicals and VTE2 enzyme would provide insight into their binding capacity and identification
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of regions where conformational changes in the protein can be induced. Virtual screening through
machine learning can utilize pharmacophores generated from the present docking studies for extending
the screened compound library to the extent of hundreds of thousands against the VTE2 enzyme. In
conclusion, this study demonstrated the utility of an integrated computational approach combining
transcriptomic bioinformatics with structure-based molecular docking for advancing understanding of
tocopherol and tocotrienol biosynthesis regulation at both the gene network and enzyme levels. Five
hub regulatory genes (VTE2/HPT1, VTE1l, VTE4, HPPD, DXPS) were identified as the primary
network regulators of the vitamin E biosynthesis transcriptome in Arabidopsis, and alpha-mangostin
was identified as the highest-affinity phytochemical modulator of the rate-limiting VTE2 enzyme.
These findings provide a solid computational foundation for the rational design of next-generation
vitamin E biofortification strategies in plants — strategies grounded in systems-level pathway
understanding — and establish a methodological template applicable to computational investigation of

other valuable plant metabolite pathways.
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