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ABSTRACT

Mitragyna speciosa, commonly known as kratom or “ketum”, is a tropical plant belonging
to the Rubiaceae (coffee) family, predominantly found in Southeast Asia, particularly in
Malaysia, Indonesia and Thailand. It is widely recognized for its medicinal properties,
primarily due to mitragynine, a major psychoactive compound with stimulant and analgesic
effects. Mitragynine biosynthesis involves a complex metabolic pathway in which the
enzyme tryptophan decarboxylase (TDC) plays a critical role by converting tryptophan into
tryptamine, a key alkaloid precursor. This study aimed to identify and characterize the TDC
gene from the M. speciosa using molecular techniques and bioinformatics, focusing on its
gene structure, three-dimensional modelling and mechanistic interaction, particularly the
protein-ligand interaction between the TDC and tryptophan. Functional analysis revealed
that the region spanning amino acid positions 57 to 430 represents a conserved TDC protein
domain involved in metal-ion interaction and ligand binding within a full-length protein of
506 amino acids. The TDC gene was successfully isolated using the conventional
Cetyltrimethylammonium bromide (CTAB), followed by Polymerase Chain Reaction
(PCR) amplification. The resulting 1,599 bp nucleotide sequence was validated via
Needleman-Wunsch pairwise alignment. Phylogenetic analysis was conducted using
MEGA-X, and domain prediction with INTERPRO confirmed the presence of the
Pyridoxal-Dependent Decarboxylase domain, which binds pyridoxal phosphate (PLP) and
is essential for catalyzing the decarboxylation of amino acids, enabling the conversion of
L-tryptophan to tryptamine. Physicochemical analysis using PROTPARAM classified
TDC as a polar protein with an optimum isoelectric point (pI) of 6.05. The three-
dimensional structure modelling identified the AlphaFold model as the most reliable, with
ERRAT quality score of 95.7983. Tunnel visualization revealed a ligand-accessible
channel measuring 4.7 A in length with a bottleneck radius of 2.25 A, suggesting ideal path
for substrate transport. Molecular docking analysis using Webina and SeamDock platforms
showed that Webina provided a more stable and stronger interaction, with a binding affinity
0f-9.901 kcal/mol, compared to -5.4 kcal/mol for SeamDock. The protein—ligand complex
was further refined using YASARA energy minimization, resulting in a reduced total
potential energy of —6.688 x 10* kcal/mol, indicating a stable and optimized complex
structure. In conclusion, this study elucidates the functional role of TDC in the biosynthesis
of tryptamine-derived alkaloids in M. speciosa. The findings provide a molecular basis for
future metabolic engineering and synthetic biology studies targeting TDC to enhance the
production of specific pharmaceutically important alkaloids, particularly mitragynine.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND OF STUDY

Mitragyna speciosa (M. speciosa), commonly known as kratom, is a tropical evergreen tree
belonging to the Rubiaceae (coffee) family and is native to Southeast Asia, particularly
Malaysia, Indonesia, and Thailand. It has been used for its medicinal and stimulant
properties (Brose et al., 2021). Traditionally, the leaves of kratom are harvested, dried, and
then brewed into teas or chewed. These preparations are used for their stimulant and
analgesic effects, particularly among labourers seeking energy-boosting properties to
endure the hot and humid conditions (Veltri & Grundmann, 2019). Phytochemical profiling
has identified more than 40 unique alkaloids in kratom. Mitragynine and 7-
hydroxymitragynine are the most common, accounting for around 66% and 2% of the
alkaloid composition, respectively (Ameline et al., 2023; Adkins et al., 2011). Other
alkaloids such as speciogynine, speciociliatine, and paynantheine have been reported with
lower psychoactive effects (Ameline et al., 2024). These compounds contribute to kratom’s
wide range of pharmacological activities, such as analgesic, stimulant, and opioid-like
effects (Bowe & Kerr, 2024; Smith et al., 2023b). Plant-derived natural products have
gained global interest, and kratom is notable for its complex phytochemistry and diverse
therapeutic potential. Given this growing attention, it is crucial to comprehend the status,

benefits and impact of kratom at the national level, particularly in Malaysia.

Despite these concerns, there are certain communities still using kratom for self-
medication and sociocultural reasons, which emphasizes the need to provide scientific
understanding of its bioactive compounds. A deeper understanding of M. speciosa’s

pharmacological activities requires studying the genes involved in alkaloid biosynthesis,



particularly the tryptophan decarboxylase (TDC) gene, which encodes a key enzyme in the
shikimate pathway responsible for the biosynthesis of numerous alkaloids (Facchini et al.,

2000)

Tryptophan decarboxylase (TDC) is a crucial enzyme in the biosynthesis of indole
alkaloids in M. speciosa, which catalyzes the decarboxylation of the amino acid tryptophan
to yield tryptamine, a precursor in the synthesis of mitragynine and other alkaloid
compounds. TDC activity is an essential step in metabolic advancement for the production
of these pharmacologically active alkaloids (You et al., 2021). Therefore, it is important to
isolate and characterize the molecular structure of the 7DC gene in kratom to understand
its regulatory functions in alkaloid biosynthesis and to explore its potential modification
for targeted compound production. Insights into the structural and functional features of
TDC can facilitate metabolic engineering approaches aimed at enhancing alkaloid yield or
producing specific tryptamine-derived compounds in heterologous systems. Such
knowledge could also support biotechnological applications in pharmaceutical

development, particularly for the biosynthesis of analgesic and psychoactive alkaloids.

Bioinformatics provides an effective in silico approach to explore molecular
biology and genetics by integrating computational, mathematical, and statistical methods
(Can, 2014). It facilitates researchers carrying out sequence analysis, consisting of the
identification of homologous genes (similar genes), alignment of multiple sequences,
discovery of important sequence patterns, and analysis of gene evolution (Patil & Gupta,
2022). Widely used tools include FASTA and BLAST for sequence alignment, Clustal
Omega for multiple sequence alignment, and Autodock for protein structure prediction and
molecular docking (Saran et al., 2023). These tools also help build evolutionary trees and
determine the interactions of proteins with other molecules. Using these tools, researchers
can determine and analyze complex biological data. Therefore, this study aims to
characterize the TDC gene in M. speciosa using computational tools to establish the
structure and function of the gene, which would prove useful in future studies of metabolic

engineering and synthetic biology for alkaloid biosynthesis.
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1.2 PROBLEM STATEMENT

Research on M. speciosa has been overshadowed by studies on the pharmacological activity
of mitragynine, the major indole alkaloid, rather than on the upstream enzymes responsible
for its biosynthesis. Tryptophan decarboxylase (TDC) is one of the key enzymes that
catalyze the conversion of tryptophan to tryptamine, a key precursor in mitragynine
biosynthesis. Previous studies reported the 7DC gene in M. speciosa for its cloning,
expression, and functional role. Furthermore, the 7DC gene from M. speciosa had been
successfully cloned and characterised, showing the sequence homology of TDC with other
plant species (Charoonratana et al., 2013a). Another study found that manipulating TDC
expression can directly influence the production of mitragynine, while precursor feeding,
such as tryptamine, enhances alkaloid content (Charoonratana et al., 2013b; Mohamad
Zuldin et al., 2013; Wungsintaweekul et al., 2012). Moreover, expression of TDC in
Escherichia coli yielded a soluble protein, highlighting its potential for biochemical and
metabolic engineering applications (Charoonratana et al., 2013a). However, the molecular
characterisation, especially in sequence analysis, 3D structural prediction, and substrate-

binding interaction, remains unexplored.

Despite these studies, there are still major gaps in the molecular characterization of
TDC in M. speciosa, namely, (1) limited bioinformatics approaches to extensively
explorethe TDC gene and its encoded protein, particularly regarding sequence analysis,
evolutionary relationships, and functional annotation. (2) Absence of 3D structural models
limits understanding of domains, active sites, and stability, and (3) Substrate-binding
interactions with tryptophan remain unclear, raising questions about enzyme efficiency and
specificity. Addressing these gaps will advance fundamental understanding of the

biosynthetic pathway and support applications in synthetic biology and drug development.



To address these gaps, this study employs bioinformatics and computational
methods to improve the molecular characterization of TDC from M. speciosa, thereby
addressing existing limitations. Sequence analysis will be performed to identify the gene
and compare it with homologs from similar plant species. Then, 3D protein structure
modelling will be conducted to predict the structural characteristics and functional domains
of the enzyme. Molecular docking and energy minimization analyses will be used to
investigate the interaction between TDC and tryptophan, identifying potential active sites
and assessing the stability of enzyme-ligand binding. This integrative approach will yield
new insights into the structural and functional properties of TDC, establishing foundation

for metabolic engineering of alkaloid pathways and potential therapeutic applications.

1.3 RESEARCH OBJECTIVES

1.3.1 To isolate the tryptophan decarboxylase (TDC) gene responsible for mitragynine

biosynthesis in M. speciosa.

1.3.2 To perform in silico characterization and structural analysis of the isolated 7DC gene,

encompassing 3D protein structure construction.

1.3.3 To determine and validate the stability of binding interactions between the TDC

protein and tryptophan through molecular docking analysis.



1.4 RESEARCH HYPOTHESIS

1.4.1 The TDC gene from M. speciosa that is essential for the biosynthesis of mitragynine

can be successfully isolated.

1.4.2 In silico characterization and structural analysis of the isolated 7DC gene will be

successfully predicted and validated using computational modelling.

1.4.3 The TDC protein exhibits stable and favourable binding interactions with tryptophan,
which can be confirmed through molecular docking and energy minimization

analysis.



CHAPTER TWO

LITERATURE REVIEW

2.1 MITRAGYNA SPECIOSA (KRATOM)

Mitragyna speciosa, commonly known as kratom, is native to Southeast Asia, particularly
in countries such as Thailand, Malaysia, and Indonesia, where it typically grows in marshy
forests and along riverbanks (Grundmann et al., 2023; Veltri & Grundmann, 2019). This
species belongs to the Rubiaceae (coffee) family and has been classified taxonomically
based on its morphological and phytochemical traits (Brown et al., 2017). The taxonomic

classification of M. speciosa is shown in Table 2.1.

The leaves of kratom have been traditionally consumed in various forms, such as
teas, capsules, and powders, to relieve pain and combat fatigue (Alghalith et al., 2024;
Prozialeck, 2016). In hot and humid climates, such as those found in Southeast Asia, local
labourers have historically used kratom leaves to boost energy and physical endurance. In
folk medicine, kratom leaves are commonly chewed or brewed into decoctions prepared
using either hot or cold water, producing effects ranging from mild stimulation to relaxation
(Grundmann et al., 2023). Although less common, the leaves may also be smoked to

achieve a stimulating effect (Hassan et al., 2013).



Table 2.1 Taxonomic classification of Mitragyna speciosa

Rank Classification

Kingdom Plantae

Division Magnoliophyta (flowering plants)
Class Magnoliopsida (Dicotyledons)
Order Gentianales

Family Rubiaceae (coffee family)

Genus Mitragyna

Species Mitragyna speciosa (Korth.) Havil

Morphologically, M. speciosa is a medium- to large-sized evergreen tree that can
grow between 4-16 m tall with a broad canopy adapted to humid tropical environments in
Malaysia and Thailand. Its leaves are oval to elliptical, measuring 7-15 cm in length and
4-10 cm in width, with distinct vein colouration (green, red, or white) which reflects
differences in maturity and alkaloid profiles (Leksungnoen et al., 2022). Leaf structure,
including thickness and venation, has been linked to photosynthetic efficiency and
variations in mitragynine content. At the same time, environmental factors such as water
availability and light intensity significantly influence growth and alkaloid production
(Leksungnoen et al., 2025). The tree produces spherical clusters of small white to pale-
yellow flowers with five lobes, which represent the largest flowering heads of the genus
and support pollination by insects, particularly bees (Pootakham et al., 2022; Fluyau &
Revadigar, 2017). These morphological traits, as illustrated in Figure 2.1, demonstrate the
ecological adaptability of M. speciosa and its importance, both as a culturally significant

and pharmacologically valuable plant.



Figure 2.1 Morphological features of Mitragyna speciosa. (A) Mature kratom tree; (B)

leaf exhibiting green venation; (C) straight, greyish trunk; and (D) flower clusters
retrieved from Ghazalli et al., 2021.



2.1.1 M. speciosa Usage in Malaysia

M. speciosa has gained global attention for its diverse preparations and the wide range of
reported pharmacological and adverse effects (Veltri & Grundmann, 2019). Although
several studies have highlighted its potential role in managing pain and opioid dependence,
concerns remain regarding its safety and potential for addiction (Khalid et al., 2021). In
Malaysia, where kratom has a long history of traditional use, its legal status was reclassified
in 2003 as a restricted substance under the Poisons Act 1952 (Halim et al., 2021). This
regulation has prompted increased local research into kratom’s pharmacological effects,
risks, and therapeutic potential to inform evidence-based policies (Hassan et al., 2023;
Halim et al., 2021; Khalid et al., 2021). Malaysia also remains one of the key producers of

kratom, underscoring its cultural heritage and economic relevance (Hassan et al., 2023).

There are dual perceptions on kratom in Malaysia; on the positive side, it is
important for its cultural medicinal use in treating pain and opioid withdrawal, while on the
negative side, its misuse has given rise to legal problems and health issues (Fluyau &
Revadigar, 2017). The Malaysian government has regulated kratom consumption under the
Poisons Act 1952 due to research showing that uncontrolled and excessive use of the drug
might lead to addiction, cognitive impairments, and adverse physiological effects (Phoong

et al., 2025).

Studies in Malaysia have provided valuable insights into kratom’s health impacts.
For example, Mohammad Farris and Darshan (2021) reported that chronic and frequent
kratom use could lead to elevated blood pressure and cardiovascular fluctuations associated
with circulating mitragynine. Similarly, Hassan et al. (2023) demonstrated that mitragynine
may induce kidney and liver damage and cause neural impairments such as memory loss,
although no significant effects were observed on pulmonary or cardiac functions. Overall,
these studies highlight the complex pharmacological profile of kratom in Malaysia,

reflecting both its therapeutic promise and associated health risks.



2.1.2 Phytochemistry of M. speciosa

M. speciosa exhibits a high phytochemical diversity, predominantly characterized by the
presence of alkaloids as its main secondary metabolites. Most of these compounds belong
to the indole alkaloid class, including mitragynine, 7-hydroxymitragynine, paynantheine,
and speciogynine, which are unique to this species and contribute to its pharmacological
properties (Figure 2.2) (Cinosi et al., 2015). Mitragynine is the predominant alkaloid,
exhibiting stimulant effects at low doses and sedative effects at elevated doses, whereas 7-
hydroxymitragynine acts as a potent agonist at opioid receptors (Kruegel et al., 2016). The
alkaloid profile is affected by environmental conditions such as light intensity, temperature,
soil nutrient availability, water stress, and extraction methods, with methanolic extracts
typically producing higher concentrations and enhanced antioxidant activities (Zailan et al.,

2022).
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Figure 2.2 Chemical structures of major indole alkaloids identified in M. speciosa

retrieved from Zhang et al. (2020).
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2.1.3 Importance of M. speciosa

M. speciosa has been utilized for a long time since it offers both therapeutic and
hallucinogenic effects. Begum et al. (2025) discussed several traditional applications of
kratom leaves, including the alleviation of pain, fever, cough, anxiety, depression, obesity,
diarrhea, wound healing, diabetes, hypertension, cancer prevention, and enhancement of
sexual function. The leaves also consist of more than forty alkaloids, with mitragynine and
7-hydroxymitragynine being the most important. Singh et al. (2020) discovered that long-
term kratom users among males had improvements in reported sexual performance,
including improved stamina, delayed ejaculation, and overall pleasure, supporting its

traditional use as a traditional aphrodisiac.

Researchers have extensively examined the molecular and pharmacological
properties of kratom alkaloids. Kitajima and Takayama (2014) characterized mitragynine
and 7-hydroxymitragynine as novel opioid agonists with significant analgesic properties
and unique structures compared to morphine, highlighting their therapeutic promise in pain
treatment. Begum et al. (2025) elaborated on the dose-dependent effects of kratom,
indicating that lower dosages function as stimulants while larger doses serve as sedatives,
and emphasized its role in alleviating opiate withdrawal symptoms. Advanced analytical
techniques such as HPLC-PDA, DART-MS, and gNMR have been employed to ensure
reliable quantification of these compounds (Garba et al., 2024; Norliana-Izzati et al., 2024;
Lesiak et al., 2014). These techniques facilitate the measurement of mitragynine and other
alkaloids in various plant parts and products, proving beneficial for pharmacological

research and forensic applications.

In summary, M. speciosa is important for both cultural and pharmacological
purposes. The substance contains a diverse array of bioactive alkaloids that help with its
traditional and medicinal applications. The acquired understanding regarding its

pharmacological effects, metabolism, and safety issues forms a critical foundation for
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investigating the production of mitragynine and associated chemicals, which will be

examined in the next section on the biosynthesis pathway.

2.1.4 Health Risk of Using Kratom

Although kratom offers several health benefits, its use is accompanied by potential
health risks. Halpenny (2017) noted that kratom provides analgesic effects with a lower
risk of addiction compared to conventional opioids; however, concerns about abuse and
dependency persist. Manda et al. (2014) reported that mitragynine and 7-
hydroxymitragynine exhibit moderate permeability and significant plasma protein binding,
which may result in interactions with medications that are substrates of P-glycoprotein,
highlighting the need for cautious therapeutic application. Adverse effects, including organ
damage and dependency, have been documented, particularly with concentrated or
processed kratom formulations (Saingam et al., 2023; Papadi et al., 2022). In contrast,
traditional consumption of fresh leaves appears to be less harmful. Grundmann et al. (2023)
emphasized that variability among commercially available products complicates safety
assessments and underscored the urgent need for further clinical studies to evaluate their

efficacy, safety, and associated risks.

While these bioactivities indicate therapeutic promise, the phytochemical profile of
Mitragyna speciosa also raises important safety concerns. Mitragynine and related
alkaloids have been linked to hepatotoxicity and cardiotoxicity, especially at high doses or
with prolonged use (Lu et al., 2014; Harizal et al., 2010). Additionally, geographical
variations in alkaloid content pose challenges for standardization and reliable evaluation of
efficacy and safety (Meireles et al., 2019). The unique alkaloid composition of M. speciosa
underpins both its therapeutic potential and the controversies surrounding its use, making
phytochemical characterization a critical factor in understanding the plant's role in

traditional medicine and modern pharmacological research.
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2.2 INDOLE ALKALOID BIOSYNTHETIC PATHWAY

Section 2.1 emphasizes that M. speciosa synthesizes pharmacologically significant indole
alkaloids, including mitragynine, which are classified under monoterpenoid indole
alkaloids (MIAs). MIAs represent a diverse group of plant secondary metabolites primarily
located within the Apocynaceae, Loganiaceae, and Rubiaceae families, including M.
speciosa (Cazares-Flores et al., 2016; Araujo-Junior et al., 2007). This group of compounds
is widely recognized for its medicinal value, particularly due to its anticancer,
antimicrobial, and anti-inflammatory properties (Parammal et al., 2023; Qu et al., 2018;
Byeon et al., 2014). The biosynthesis proceeds through two primary metabolic pathways:
the shikimate pathway, producing tryptophan as the indole precursor, and the plastidial
MEP pathway (2-C-methyl-D-erythritol 4-phosphate pathway), which supplies

secologanin as the monoterpenoid component (Facchini & De Luca, 2008).

The standard MIA pathway involves the decarboxylation of tryptophan by the
enzyme tryptophan decarboxylase (TDC), resulting in the production of tryptamine.
Tryptamine acts as the precursor metabolite for indole alkaloid biosynthesis (Byeon et al.,
2014; Gerasimenko et al., 2002). Tryptamine subsequently condenses with secologanin,
derived from the MEP pathway, to produce strictosidine, a universal precursor for various
MIAs (Qu et al., 2018). This process is an important stage in alkaloid diversification,
eventually leading to the synthesis of complex alkaloids like mitragynine in M. speciosa.
Clarifying this pathway is crucial, as it improves our comprehension of plant metabolic
evolution and establishes a basis for metabolic engineering strategies focused on the
sustainable production of valuable alkaloids. Figure 2.3 presents a summary of the

proposed biosynthetic framework for MIAs in M. speciosa.
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2.2.1 Tryptophan-Derived Pathway

The biosynthesis of indole alkaloids in M. speciosa begins with the synthesis of tryptophan,
an aromatic amino acid produced via the shikimate pathway. The pathway initiates with
the condensation of phosphoenolpyruvate and erythrose 4-phosphate, followed by a
sequence of enzymatic reactions that culminate in the production of chorismate, which is
subsequently converted into anthranilic acid by anthranilate synthase (Dubouzet et al.,
2013). An additional enzymatic step at this intermediate stage leads to the formation of
tryptophan, serving as the essential precursor for subsequent alkaloid biosynthesis (You et
al., 2021; Dubouzet et al., 2013). Figure 2.4 schematically illustrates the enzymatic
sequence, highlighting the key enzymes and intermediates involved in tryptophan

biosynthesis.
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Figure 2.4 Tryptophan biosynthetic enzyme retrieved from Li et al. (2023).
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Tryptophan, upon synthesis, is transformed by tryptophan decarboxylase (TDC)
into tryptamine, an essential entry metabolite in the MIA pathway. TDC is a cytosolic
enzyme that depends on pyridoxal phosphate and is classified within the family of aromatic
L-amino acid decarboxylases (You et al., 2021). This enzyme is recognized as a rate-
limiting factor that governs the transfer of carbon from primary metabolism to secondary
metabolite pathways, thereby regulating the availability of tryptamine for indole alkaloid
biosynthesis (Dubouzet et al., 2013). Functional studies in related species, including
Catharanthus roseus, indicate that the suppression of TDC leads to a reduction in MIA

production, while its overexpression increases alkaloid yields (Pan et al., 2012).

Moreover, TDC activity is modulated by developmental and environmental factors,
including light conditions, temperature, water and nutrient availability, and biotic stress,
underscoring its central role in maintaining the balance between primary amino acid
metabolism and secondary metabolite biosynthesis (Pan et al., 2012; Miranda-Ham et al.,
2007). In M. speciosa, tryptamine produced by TDC acts as the substrate for strictosidine
synthase (STR), which catalyzes the condensation of tryptamine with secologanin to yield
strictosidine. This metabolite serves as the primary intermediate from which the structural

diversity of MIAs, such as mitragynine, originates.

2.2.2 Strictosidine as Central Intermediate

After tryptophan is converted into tryptamine, the indole alkaloid pathway joins the
terpenoid pathway through the enzyme strictosidine synthase (STR). STR catalyzes the
condensation of tryptamine and secologanin to form (S)-strictosidine, a key intermediate

in the biosynthesis of monoterpenoid indole alkaloids (MIAs) (Sheng & Himo, 2020).

17



Strictosidine is the precursor to over 2,000 to 3,000 diverse alkaloids, that significant in

pharmaceutical uses (Dudley et al., 2021; Yang et al., 2010; Barleben et al., 2007).

Strictosidine B-D-glucosidase (SGD) hydrolyzes strictosidine into reactive
intermediates,which leads to diverse alkaloid (Arafa et al., 2019; Gerasimenko et al., 2002).
Strictosidine is tightly regulated in plants, often stored in vacuoles and released under stress
to help plant defence (Guirimand et al., 2011; Guirimand et al., 2010). Environmental
stresses can increase STR and SGD gene expression, boosting alkaloids production (Zhu

et al., 2015; Burlat et al., 2004).

While well studied in Catharanthus roseus, M. speciosa uses a similar pathway. In
M. speciosa, strictosidine leads to unique alkaloids like mitragynine, which important for
its effects (Schotte et al., 2023; Brose et al., 2021). Transcriptomic data show STR and
related genes are co-expressed in clusters, enhancing pathway regulation (Niitzmann et al.,
2016). Strictosidine biosynthesis occurs mainly in roots, while mitragynine accumulates in
leaves and stems, showing tissue-specific metabolism (Schotte et al., 2023). Overall,
Strictosidine links primary pathways to alkaloid metabolism and highlights the role of
TDC, which makes tryptamine for strictosidine synthesis. Studying TDC is thus important
for understanding alkaloid production in M. speciosa (Ahmad et al., 2022).

2.3 TRYPTOPHAN DECARBOXYLASE (TDC)

Tryptophan decarboxylase (TDC) is an enzyme that requires pyridoxal 5'-phosphate (PLP)
for its activity and is classified within the aromatic L-amino acid decarboxylase (AADC)
family (You et al., 2021; Moreno-Arribas & Lonvaud-Funel, 2001). The enzyme facilitates
the decarboxylation of tryptophan, resulting in the production of tryptamine, a crucial

precursor in the biosynthesis of indole alkaloids, including serotonin, melatonin, and
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pharmacologically important MIAs (Bhowal et al., 2021). TDC exhibits substrate
specificity for tryptophan, often serving as a rate-limiting step that regulates the metabolic

flow toward tryptamine-derived compounds in various plant systems (Kang et al., 2009).

By all established biochemical and regulatory criteria, TDC represents the rate-
limiting step. It catalyzes the first committed and irreversible step in the tryptamine
biosynthetic pathway with high substrate specificity for tryptophan, thereby directing
metabolic flux away from primary metabolism toward tryptamine-derived compounds
(Facchini et al., 2000). Experimental studies have shown a good positive correlation
between the expression or enzymatic activity of TDC with the accumulation of downstream
tryptamine-derived metabolites (Lehmann et al., 2010). Moreover, TDC is tightly regulated
at the transcriptional level in response to developmental and environmental cues, and
genetic manipulation of TDC expression significantly alters metabolic flux through the
pathway, suggesting that TDC exerts substantial control over pathway throughput and

operates as a key rate-limiting enzyme (Facchini, 2001; De Luca et al., 1988).

The enzymatic properties of TDC differ across plant species; however, its
conserved function as the initial step in tryptamine biosynthesis highlights its critical role
in secondary metabolism (Kang et al., 2008). TDC serves as a regulatory checkpoint that
significantly impacts the accumulation and diversity of alkaloids in plants. TDC is crucial
in M. speciosa, as tryptamine serves as a precursor for mitragynine and various other
alkaloids. Enhancing TDC activity has been proposed as a strategy to improve alkaloid
yields, presenting opportunities for metabolic engineering and biotechnological
applications (Salim et al., 2021). Understanding the biochemical characteristics and
regulatory mechanisms of TDC is crucial for elucidating its role in plant metabolism and

for leveraging its potential in the production of pharmacologically significant compounds.

19



2.3.1 Role of TDC in Alkaloid Biosynthesis

Tryptophan decarboxylase (TDC) plays a pivotal role in the terpenoid indole alkaloid (TIA)
biosynthetic pathway, facilitating the conversion of tryptophan to tryptamine, which is a
crucial precursor for strictosidine synthesis (Zhu et al., 2015; Zhu et al., 2014). Strictosidine
is produced via the condensation of tryptamine and secologanin, facilitated by strictosidine
synthase (STR), and functions as a crucial intermediate in TIA biosynthesis (Bahieldin et
al., 2018). This underscores the critical role of TDC in initiating the indole branch of the
pathway, thereby enabling the synthesis of various TIAs with notable pharmaceutical

significance (Liu et al., 2016).

TDC enzymatic activity in C. roseus, a model plant for TIA research, is strongly
influenced by both metabolic and environmental variables such as biotic and abiotic
stresses, hormonal signaling, and light conditions. TDC activity is boosted by increased
substrate availability, especially higher tryptophan levels, which in turn increases flow
along the TIA pathway (Fouad et al., 2021; Liu et al., 2014). This regulation has a direct
effect on the accumulation of alkaloids, which means that TDC expression is a critical
factor in the alkaloid yield. Additionally, transcriptional analyses indicate that TDC is
significantly affected by signaling molecules, particularly jasmonates, which are
recognized for their role in upregulating TIA pathway genes in response to stress or
developmental signals (Hedhili et al., 2007). Regulation of TDC is interconnected with
other metabolic pathways, especially the shikimate pathway, which produces tryptophan as
the starting material for TDC.

In addition to its established function in alkaloid biosynthesis, TDC is also involved
in other metabolic pathways that come from indole. In certain plants, TDC activity plays a
role in the biosynthesis of serotonin and melatonin, highlighting its multifunctional

contribution to secondary metabolism (Bhowal et al., 2021; Kang et al., 2008). These
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parallel functions expand the biosynthetic capabilities of plants and enhance adaptive

responses to biotic and abiotic stresses (Zhu et al., 2015; Liu et al., 2014).

In summary, TDC’s biochemical importance and regulatory complexity have
prompted extensive molecular studies aimed at elucidating its structural and functional
characteristics. This research offers a comprehensive understanding of the enzyme's
biochemical characteristics and evolutionary connections, which will be examined in the

molecular and in silico characterization of TDC.

2.3.2 Molecular Characterization of the TDC Gene

Tryptophan decarboxylase (TDC) is essential in the biosynthesis of TIA, as it catalyzes the
decarboxylation of tryptophan to form tryptamine. Molecular characteristic analyses of the
TDC gene elucidate its biochemical and functional roles, especially in the regulation of

secondary metabolite production.

TDC genes exhibit significant conservation among alkaloid-producing plants,
encoding proteins with specific motifs crucial for catalytic function. The pyridoxal
phosphate (PLP)-binding domain is a crucial element that supports catalytic efficiency and
functional stability across various species (Rahmdel et al., 2024; Li et al., 2015). The
conserved domains facilitate the biosynthesis of various secondary metabolites originating
from tryptophan, highlighting the enzyme's adaptive function in plant defence and stress
responses. Structural analyses (e.g., X-ray crystallography, NMR) have revealed the
enzyme’s conformation, which enables specific substrate binding and conversion,

highlighting its significance in alkaloid biosynthetic pathways (Abu-Zaitoon, 2014).
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Previous studies have identified several regulatory mechanisms that govern TDC
expression, alongside insights into its structural organization. In C. roseus, TDC
transcription is significantly induced by jasmonate and other stress-related signals,
establishing its connection to both secondary metabolism and plant defence responses (van
der Fits et al., 2001). Functional analyses in heterologous systems have shown conserved
biochemical properties such as substrate specificity, pH dependence, and kinetic
parameters, with notably high Km values for tryptophan, indicating that TDC may serve as
a potential rate-limiting step in alkaloid biosynthesis (Kang et al., 2008). However, while
the regulatory and biochemical features of TDC have been well documented in other plant
species such as Catharanthus roseus, Rauvolfia serpentina, and Nicotiana tabacum, they
remain largely unexplored in M. speciosa. A limited number of studies have documented
the relationship between TDC expression and alkaloid accumulation in response to elicitor
treatments (Pootakham et al., 2022; Charoonratana et al., 2013b), highlighting the necessity
for thorough sequence, structural, and functional analyses to elucidate its role in
mitragynine biosynthesis. In this context, computational approaches offer a complementary
strategy, facilitating the prediction of sequence features, structural conformations, and
enzyme—substrate interactions, thus providing valuable insights in areas with limited

experimental data.

2.4 BIOINFORMATICS TOOLS FOR MOLECULAR CHARACTERIZATION

2.4.1 Sequence and Phylogenetic Analysis

Based on the molecular characterisation of the 7DC gene outlined in the preceding section,
computational methods enhance our understanding of the sequence characteristics,

evolutionary relationships, and its functional properties. Multiple sequence alignment
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(MSA), phylogenetic analysis, and conserved motif discovery are crucial for investigating
the functional role of TDC in various plant species and its involvement in alkaloid

production.

Analysis of conserved motifs facilitates the identification of sequence patterns
maintained due to selection pressures on critical metabolic genes. These motifs are
especially significant in M. speciosa, where the routes for making alkaloids are very strictly
controlled. Sharma et al. (2019) highlighted the importance of conserved gene sequences
in functional regulation, whereas Pootakham et al. (2022) demonstrated that conserved
genomic patterns in M. speciosa may directly facilitate alkaloid synthesis. This subsection
emphasizes the significance of motif recognition in defining functional regions within

biosynthetic enzymes like TDC.

In addition, MSA i1s essential for matching homologous sequences so that you can
see areas of similarity and conservation. The MAFFT software is widely used for this
purpose due to its ability to efficiently handle large and complex datasets with high
accuracy (Katoh & Standley, 2013). Chloroplast genome alignments for M. speciosa
indicate high sequence similarity to those of other Rubiaceae species, which supports their
tight evolutionary connection, and this plant is also placed within this family species in
phylogenetic analysis, indicating its distinct evolutionary path and unique genetic
characteristics (Chen et al., 2022). These findings highlight the utility of alignment tools in
establishing the evolutionary position of TDC among related plant species, while
phylogenetic tree construction elucidates the phylogenetic placement of M. speciosa and
its biosynthetic genes within a broader evolutionary context. Tools like IQ-TREE that use
maximum-likelthood methods make it possible to create strong phylogenetic trees (Nguyen
et al., 2014). Furthermore, Graham et al. (2024) employed DNA barcoding in conjunction
with phylogenetic reconstruction to distinguish between Mitragyna species, uncovering
sequence changes that correspond to variations in alkaloid content. These results provide

essential insights into the genetic diversity and functional adaptations of M. speciosa.
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Sequence research lays the groundwork for characterizing the 7DC gene in M.
speciosa by uncovering conserved motifs, evolutionary relationships, and genetic variation
among related species. These findings will be very useful in future computer studies. After
sequence characterization level, it is essential to employ structural prediction methods
further to examine the 3D conformation of the TDC protein, identify functional domains,

and investigate potential substrate-binding regions.

2.4.2 Physicochemical and Structural Prediction

Physicochemical and structural prediction are essential for understanding the functional
characteristics of enzymes such as TDC in M. speciosa, as outlined in the preceding
sequence analysis. Protein parameters, including molecular weight, isoelectric point,
hydrophobicity, and stability, significantly influence solubility, folding, and molecular
interactions (Handayani et al., 2021). The precise prediction of these parameters yields
significant insights into enzyme activity and protein dynamics, facilitating applications in
metabolic engineering and drug design. Beyond proteins, physicochemical analyses have
also been applied to the alkaloids of M. speciosa, particularly mitragynine, the major indole
alkaloid comprising up to 66% of the total alkaloid content (Kruegel et al., 2016). Distinct
physicochemical traits such as solubility, lipophilicity, and blood-brain barrier
permeability influence its receptor interactions, bioavailability, and pharmacokinetics,
which underpin its analgesic, mood-enhancing, stimulant, and antidepressant-like

properties (Smith et al., 2023a; Farah Idayu et al., 2011).

Secondary structure prediction enhances the functional interpretation of proteins by
determining motifs like a-helices, B-sheets, and random coils that determine folding and

conformation stability (Singh, 2005). Hybrid computational approaches, such as neural
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networks and genetic algorithms, have improved the accuracy of such predictions through
the integration of evolutionary and structural data (Armano et al., 2005). TDC initiates the
biosynthetic pathway leading to indole alkaloids such as mitragynine, which interact with
human receptors, inducing conformational changes that modulate signalling pathways and
produce analgesic, anxiolytic, and mood-regulating effects (Cinosi et al., 2015; Yusoff et
al., 2014). These findings highlight the significance of secondary structure modelling in
elucidating the impact of structural modifications on pharmacological reactions. Moreover,
tertiary structure prediction integrates secondary motifs into a complete 3D conformation,
essential for defining active sites, substrate binding, and catalytic efficiency.
Computational techniques such as molecular dynamics simulations and machine learning
algorithms enhance model reliability, especially when sequence similarity with known
homologs is low (Hoffmann et al., 2014; Kurgan et al., 2008). For TDC, tertiary modelling
provides valuable insights into how the enzyme accommodates L-tryptophan in its active

site, thereby supporting its role in tryptamine biosynthesis.

In summary, integrating physicochemical properties with secondary and tertiary
structure prediction provides a comprehensive understanding of the structural and
functional behaviour of TDC in M. speciosa. These predictions establish a strong
foundation for subsequent structural analyses, particularly active site and tunnel prediction,

which are crucial for investigating substrate binding and catalytic activity of the enzyme.

2.4.3 Active Site and Tunnel Prediction

Active site and tunnel prediction is a highly important computational technique in structural
biology that enables researchers to examine the mechanisms by which enzymes locate
substrates, accelerate reactions, and facilitate molecular movement. Several tools have been
developed for this purpose. Tools such as the Computed Atlas of Surface Topography of

Proteins (CASTp) and Depth are used for accurate mapping of surface cavities and ligand-

25



binding pockets (Mayanja et al., 2022; Tan et al., 2013), whereas DrosteP employs
evolutionary conservation to identify biologically significant catalytic regions (Cammisa
et al., 2013). Analysis of Channels, CAVities, and EneRgies (CAVER) remains a widely
utilized platform for the analysis of internal transport pathways. Protein dynamics are
employed to accurately identify tunnels and channels (Stoura et al., 2019). Additional
tools for tunnel detection include MOLE (Petiek et al., 2007) and MolAxis (Yaffe et al.,
2008), which are used on a large scale. Collectively, these methods provide a
comprehensive framework for examining protein function, ligand accessibility, and

potential applications in drug discovery and enzyme engineering.

In this study, the prediction of active sites and tunnels is essential for understanding
the biosynthetic enzymes that participate in indole alkaloid production. InterProScan
integrates multiple protein signature databases, including Pfam, SMART, and PROSITE,
to generate robust and biologically relevant predictions regarding conserved domains and
catalytic residues (Burge et al., 2012). CAVER is particularly effective for tunnel
prediction, as it incorporates protein flexibility and provides real-time visualization along
with quantitative parameters such as tunnel length, curvature, and bottleneck radius
(Stouraé et al., 2019). The predictive analyses yield important insights into the structural
characteristics of TDC that govern substrate recognition and catalysis, clarifying its role in
the conversion of L-tryptophan to tryptamine within the indole alkaloid biosynthetic
pathway of M. speciosa. The results offer a structural foundation for forthcoming molecular
docking studies examining the interactions and binding affinities between ligands and

enzymes.
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2.5 MOLECULAR DOCKING STUDIES

Molecular docking serves as an effective method for predicting the interactions between
ligands and proteins at the molecular level. Docking offers critical insights into catalytic
mechanisms that are challenging to obtain through experimental methods by simulating the

binding orientation, affinity, and essential interactions between substrates and enzymes.

In this study, SeamDock—a web-based platform integrating multiple docking
algorithms—was employed to perform both global and local docking simulations. The
hierarchical docking method facilitates the identification of potential interaction sites on
proteins, while the advanced 3D visualization allows for detailed examination of ligand—
protein complexes (Murail et al., 2021). SeamDock offers a more straightforward, user-
centric, and educationally oriented approach while maintaining accurate prediction
compared to alternatives such as AutoDock, which may require multiple executions to
circumvent local optima, and ArDock, which emphasizes interface ranking and is less

suited for general docking studies (Reille et al., 2018; Atilgan & Hu, 2010).

Additionally, Webina, a web-based implementation of AutoDock Vina, was
employed for its user-friendly interface and integrated 3D visualization capabilities.
Operating entirely within a web browser, Webina automates docking calculations and
simplifies parameter selection and result interpretation for users with limited computational
expertise (Kochnev et al., 2020). In contrast, AutoDock necessitates command-line
execution and several configuration steps (Allen et al., 2024; King et al., 2015; Rudnitskaya
et al., 2010). Although Webina was initially designed for educational purposes, it provides
reliable docking simulations suitable for research applications, including prediction of
binding modes and affinities, structural interpretation, and active-site characterization

(Kumar & Kumar, 2024; Di Muzio et al., 2017).
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In summary, molecular docking enhances sequence analysis and structural
modelling by offering direct insights into substrate—enzyme interactions. The application
of computational approaches to tryptophan and TDC in M. speciosa illustrates the
importance of connecting molecular characterization with functional understanding.
Overall, this chapter reviewed M. speciosa, its alkaloid biosynthetic pathway, the role of

TDC, and the integration of computational methods, including molecular docking.
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CHAPTER THREE

METHODOLOGY

The methodology chapter is organized to achieve the following objectives: (1) isolating the

TDC gene responsible for mitragynine biosynthesis in M. speciosa; (2) performing in silico

characterization and structural analysis of the isolated 7DC gene, including construction of

its 3D protein structure; and (3) determining and validating the stability of binding

interactions between the TDC protein and tryptophan through molecular docking analysis.

The methodologies are summarized in the flowchart presented in Figure 3.1.

LABORATORY WORK

BIOINFORMATIC ANALYSIS

—{ Plant Preparation

DNA Extraction

— Primer Design

|| Polymerase Chain
Reaction (PCR)

Agarose Gel
—{ Electrophoresis
(AGE)

DNA Sequencing
of Targeted Gene

Functional .
Characterization 3D Structure Modelling
. 4 ) \
Sequence Alignment Tertiary Structure
(SnapGene) - AlphaFold
- Swiss Model
Homology Search - i-Tasser
(BLAST) - Phyre2
Protein Translation Model Evaluation
(Expasy Translate) (SAVES6.0)
Protein Domain - Protl()ein and Ligand
(InterProScan) reparation
- Protein Tunnels
Phylogenetic Tree
- MUSCLE (CAVER)
- MEGA-X Molecular Docking
Primary Structure Simulajcion
(ProtParam) - Webina
- SeamDock

Secondary Structure
(PSIPERED)

Energy Minimization
(YASARA)

Figure 3.1 Flowchart methodology of this study



3.1 LABORATORY WORK

3.1.1 Preparation of Plant Material

The M. speciosa (kratom) plants used in this study were sourced from Kedah, Malaysia.
The plants were cultivated under controlled conditions in the Plant Growth Room at the
Kulliyyah of Science, International Islamic University Malaysia (Figure 3.2). The plants
were maintained to ensure the production of healthy leaves, which were subsequently

harvested for DNA extraction.

||\|I.I‘ml||l ' \Illullil |‘H‘HI|I\II IIIA. II.I| H. “i‘ \|I|I|M\|
el 2 3 4 5 6 7 8

Figure 3.2 The M. speciosa plant (a) Growing in the faculty of [IUM (b) Leaves of the
plant
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3.1.2 DNA Extraction

The genomic DNA (gDNA) of fresh and mature M. speciosa leaves were extracted using
the cetyltrimethylammonium bromide (CTAB) method, as first described by Doyle &
Doyle (1990). This protocol has been widely used due to its efficiency and the ability to
yield high DNA concentration.

The leaves were surface cleaned with 70% ethanol (v/v) to remove debris and residues.
Then, the leaves were ground in liquid nitrogen using a porcelain pestle and mortar. A 650
ul extraction buffer (1 M Tris-HCI, pH 8.0; 0.5 M EDTA; CTAB; 5 M NaCl; and 0.2% pB-
mercaptoethanol) was added. The buffer was pre-heated at 65°C for 10 minutes before
mixing with the ground tissue, followed by another incubation at the same temperature for
20 minutes. The tube was inverted and vortexed every 5 minutes to ensure the ground
tissues were thoroughly mixed with the buffer, a crucial step to enhance the cell disruption
and facilitate efficient release of genomic DNA. Next, 600 pl of chloroform: isoamyl-
alcohol (CIA) (24:1, v/v) was added, and the mixture was homogenized by inverting and
centrifuging at 12000 rpm for 10 minutes. The aqueous layer was transferred into a new
tube, and 2/3 of the volume of chilled isopropanol was added to the clear solution. The two
solutions were mixed and inverted multiple times until the genomic DNA precipitation
formed. The tube was then incubated on ice for 5 minutes before being centrifuged at 12000
rpm for 15 minutes. The supernatant was discarded, and the pellet was mixed with 13 pl of
nuclease-free water and 2 pl of RNase. The tube was incubated at 37°C for 5 minutes,
followed by washing the pellet with a 70% (v/v) ethanol solution and centrifugation at
10000 rpm for 5 minutes. Following the final discard of the supernatant, the pellet was air-
dried at room temperature. The genomic DNA was then mixed with 30 pl of Tris-EDTA
(TE) buffer and heated to 65°C for 7 minutes. It was then stored at -20°C before sending
for DNA sequencing. The purity of the extracted DNA was assessed using a UV-Vis
spectrophotometer by measuring the absorbance ratio at 260/280 nm (A260/A280), where
aratio of ~1.8 is generally considered indicative of pure DNA, with lower ratios suggesting

protein contamination (Wilfinger et al., 1997).
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3.1.3 Gene-Specific Primers Design for TDC Sequence

Primers for the TDC gene were designed using Primer-BLAST based on the nucleotide
sequence of the TDC mRNA from M. speciosa (complete coding sequence, CDS; accession
no: JN643922.1), obtained from the NCBI database. This reference sequence originated
from Thailand. The nucleotide sequence was converted from *.txt to *. fasta format for use
as the template. The SnapGene software was used to evaluate primer pairs for suitable

annealing temperatures (Tm) for PCR amplification.

Initially, three pairs of forward and reverse primers, TDC-01, TDC-02, and TDC-
03, were used to amplify the 7DC genes. Only the 5’ region was successfully amplified
using TDC-02 forward and reverse primers (TDC-02 F and TDC-02_R). The middle part
of TDC-03 (TDC-03 F and TDC-03 R) and the 3’ region part of TDC-01 (TDC-01_F and
TDC-01_R) did not amplify the DNA sequence. The amplification failure is due to the
estimated length of the 7DC gene, approximately 1620 base pairs.

To overcome this limitation, the reference 7DC gene sequence was divided into six
overlapping regions and additional primers were designed accordingly (Figure 3.3). A
nested-PCR—inspired fragmented amplification strategy was employed to improve
specificity and ensure complete coverage of the full-length gene. Six independent PCR
reactions were performed, each using a specific primer pair and optimized annealing
temperature (Ta) (Table 3.1), to generate individual overlapping DNA fragments. This
approach was not conducted as a multiplex reaction; instead, each fragment was amplified
in a separate PCR run and later assembled in silico to reconstruct the full-length 7DC gene

sequence.

The 5’ region was amplified using primer sets TDC-04 and TDC-06, which

overlapped with the fragment generated by TDC-02 to ensure continuous sequence
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coverage. The central region was successfully amplified using TDC-03 under optimized
conditions, while the primer set TDC-05 was newly designed to improve amplification of
the 3’ region previously targeted by TDC-01. Collectively, the six overlapping amplicons
spanned the entire 7DC gene, and the final DNA sequence alignment and assembly results

are presented in Chapter 4.2.1.
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Figure 3.3 Primers mapping and overlapping fragment design used for independent PCR amplification of the 1620 bp 7DC gene of M.

speciosa prior to in-silico assembly.
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3.1.4 Polymerase Chain Reaction (PCR) Technique

Polymerase chain reaction (PCR) is a standard laboratory method used to amplify certain
DNA sequences from a sample. The method includes denaturing the DNA by heating and
cooling the sample repeatedly, annealing the primers to the target sequence, and
incorporating DNA through a heat-stable polymerase enzyme. By repeating this process,
the original target sequence becomes increasingly efficient, and this allows it to be
identified and analyzed in minute quantities of DNA. Each PCR reaction had a final volume
of 25 pl, consisting of 12 pul of Q5 High-Fidelity 2X Master Mix (containing 2.0 mM Mg?*
and 200 uM of each dNTP) by New England Bioloabs (NEB), 10 uM of each primer,
deionized water, and 100 ng/ul of genomic DNA. The PCR reactions were performed with
an initial denaturation at 95 °C for 3 min, followed by 35 cycles of denaturation at 94 °C
for 30 seconds, primer-specific annealing for 45 s, and extension at 72 °C for 1 min, with
a final extension at 72 °C for 10 min. The annealing temperature (Ta) was optimized
individually for each primer pair and ranged from 49-60 °C, as summarized in Table 3.1.
Successful amplification was confirmed by the presence of clear bands under UV

transillumination following agarose gel electrophoresis.

Table 3.1 Characteristics of gene-specific primers for TDC

Primer Sequences (5°-3’)  Length Annealing GC Amplicon
Name (bp) Temperature Content Size (bp)
O (%0)
TDC-01 F TGTGCTACTGTG 20 59 55 727
GGGACAAC
TDC-01 R CAGCGTCAGCGC 20 58 50
ATTGTTTA
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TDC-02 F

TDC-02_R

TDC-03_F

TDC-03_ R

TDC-04 F

TDC-04 R

TDC-05_F

TDC-05 R

TDC-06_F

TDC-06 R

TCTCCAAGAGAA
TGGGCAGC

TGCATGGGAAGA
TACCAGCC

CCAGTGAGGCCA
TTCTTTGC

TTCGTTGGATCCT
CCCGAAG

CTGAACCAATTA
CTCTCCAA

TATTGCATGGGA
AGATACCA

GTTTTAGGCTTA
ACCCTTCG

GTACCCTTTTGA
AGGATCAC

CTTCACCCTCATT
AAATTTG

ATTCTTATATTGC
ATGGGAA

20

20

20

20

20

59

59

58

55

Sl

52

54

54

49

48

55

55

55

55

40

40

45

45

35

30

669

812

685

286

714
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3.1.5 Agarose Gel Electrophoresis (AGE) Technique

PCR products were separated on a 1.0% (w/v) agarose gel prepared in 1X TAE buffer (40
mM Tris-acetate, | mM EDTA, pH 8.0). ViSafe Green (Vivantis) nucleic acid staining
solution was used to stain the gel. The DNA molecular markers used were 100 bp and 1 kb,
determined by the size of the anticipated PCR product. All samples were pipetted and
mixed with 6X loading dye prior to loading 10 pl per well. Electrophoresis
was conducted for 60 minutes at 100 volts, and the gel was visualized under UV light (Gel
Documentation System Vilber). Samples with distinct amplification bands were sent for

sequencing to Apical Scientific Sdn. Bhd.

3.2 BIOINFORMATICS ANALYSIS

3.2.1 Functional Characterization of TDC in M. speciosa

3.2.1.1 Sequence Alignment

SnapGene software was used to align the 7DC gene sequence obtained from Apical
Scientific Sdn. Bhd. with the reference 7DC gene template sequence to assess accuracy.
This step was essential for identifying conserved regions and possible sequence variations.
The alignment confirmed that the amplified gene fragment closely matched the template,
thereby validating both the sequencing results and the primer design (Chapter 4.2.1). The
TDC gene sequence obtained in this study (‘Malaysian TDC’) and the reference sequence

(‘Thailand TDC’) were further analyzed using the BLAST tool for comparative analysis.
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3.2.1.2 Homology Search using BLASTn

The Basic Local Alignment Search Tool (BLAST) was used to align the TDC nucleotide
sequence and to identify homologous protein sequences in the non-redundant (nr) database

via (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Homologous nucleotides were selected based

on species variation and three key parameters: (i) Sequence similarity ranging from 80% to
100%, (i1) E-value < 0.0, and (iii) total score. A higher percentage identity signifies greater
similarity between target and query sequences, whereas a lower E-value denotes a more
favourable match. All identified sequences were stored in FASTA format for subsequent
analysis. The TDC query identified 16 nucleotide sequences from different species, which

are presented in Chapter 4.2.5

3.2.1.3 Protein Translation

The TDC nucleotide sequence obtained from alignment was translated into its
corresponding protein sequence using Expasy Translate (https://web.expasy.org/translate/).
According to the universal genetic code, three nucleotide bases (codons) correspond to a
single amino acid. This translation allowed the identification of the Open Reading Frame
(ORF), a continuous sequence of codons with the potential to encode a functional protein.
The ExPASy Translate tool was used to detect ORFs within the DNA sequence, and the
longest ORF was selected, beginning with an ATG start codon and terminating with one of
the stop codons (TAA, TGA, or TAG). This analysis also verified the presence of expected
TDC protein domains, ensuring the accuracy of gene characterization (Gasteiger et al.,
2003).
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3.2.1.4 Protein Domains and Families using InterProScan

The InterProScan database (https://www.ebi.ac.uk/interpro/) was used to analyze the
domains in the protein sequence. The sequence was submitted in FASTA format for the
prediction and annotation of protein domains, families, and functional sites. InterProScan
interrogates data from 13 database sources, including Protein families (Pfam), to determine
the positions of protein domains within the sequence. Both Pfam and domains that were
found through this study, together with Gene Ontology (GO) terms, provide insight into
the biological processes and molecular roles of the protein. The results were stored for
subsequent investigation of the structural and functional characteristics of the TDC protein

(Jones et al., 2014).

3.2.1.5 Phylogenetic Analysis

Phylogenetic analysis was performed to investigate the evolutionary relationship between
the target protein sequences, including the TDC protein of M. speciosa. The analysis
comprised two main steps: (1) multiple sequence alignment (MSA) and (2) phylogenetic
tree construction. A total of 16 homologous protein sequences were selected based on
consensus quality and sequence similarity percentages. The MUSCLE program
(https://www.ebi.ac.uk/Tools/msa/muscle/) was used to align the sequences and identify
conserved regions, given its high accuracy (Edgar, 2004). The alignment was stored in

* meg format for subsequent analysis.

Then, phylogenetic tree construction was carried out using the Molecular
Evolutionary = Genetic  Analysis (MEGA  X) software version 10.2.0
(https://www.megasoftware.net/). Evolutionary distances were calculated using the
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Maximum Likelihood algorithm based on the Jones-Taylor-Thornton (JTT) matrix-based
model, a widely accepted empirical model for amino acid substitution (Jones et al., 1992).
Bootstrap analysis with 1000 replicates was performed to assess the robustness of the
phylogenetic tree. The analysis provided insights into the evolutionary divergence and

potential common ancestry of the protein sequences.

3.2.2 3D Structure Model Development

3.2.2.1 Primary Structure and Physicochemical Properties

The FASTA format of the TDC protein sequence was submitted to the ExXPASy ProtParam

server (https://web.expasy.org/protparam/) to predict its physicochemical properties. The

analysis calculated parameters such as molecular weight, theoretical isoelectric point (pl),
amino acid composition, extinction coefficient, instability index, aliphatic index, and the

grand average of hydropathicity (GRAVY) (Gasteiger et al., 2005).

3.2.2.2 Secondary Structure Prediction

In order to estimate the secondary structure of the TDC protein, the sequence was examined
using the PSIPRED (Protein Structure Prediction Informatics of Secondary Structure)
server. This tool identifies local folding patterns such as a-helices, B-sheets, and coil
regions based on position-specific scoring matrices (Jones, 1999). The PSIPRED method
consists of two stages: (1) a neural network estimates the probability of each amino acid
residue forming a helix, strand, or coil, and (2) a hidden Markov model refines these
predictions to generate the final secondary structure. The result includes a graphical
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depiction of the anticipated structure, confidence ratings for each residue, and a full

breakdown of secondary structural properties.

3.2.2.3 Tertiary Structure Prediction

The tertiary structure of the TDC protein from M. speciosa was predicted using four
different computational tools: AlphaFold, SWISS-MODEL, Phyre2, and I-TASSER.
Comparing outputs from multiple modelling platforms improved the reliability of the
structural analysis. For homology-based modelling, the SWISS-MODEL server
automatically searched the PDB for suitable experimental templates. The crystal structure
of Catharanthus roseus tryptophan decarboxylase in complex with L-tryptophan (PDB ID:
6EEW) was identified as the most suitable template and retrieved from the Protein Data

Bank (RCSB PDB) for structural comparison and subsequent superimposition analysis.

First, the 3D structure was predicted using AlphaFold, a deep learning-based protein
structure prediction tool developed by DeepMind. The AlphaFold Colab notebook
(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/Alph
aFold.ipynb) was used to submit the amino acid sequence of the TDC protein. Following
the instructions in the notebook, the prediction was made in Google Colaboratory, and the
resulting model was selected based on the predicted Local Distance Difference Test

(pLDDT) score, which reflects the confidence level of the prediction.

Next, the protein structure was generated with SWISS-MODEL, an automated
homology modelling server that uses templates from the Protein Data Bank (PDB). The
SWISS-MODEL workspace (https://swissmodel.expasy.org/interactive) received the TDC
amino acid sequence and automatically found appropriate templates. To assess the

dependability of the anticipated structures, the server offered models together with quality
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scores like GMQE (Global Model Quality Estimation) and QMEAN. The TDC protein
structure was also predicted with Phyre2, a widely used web-based protein modelling tool.
The server (https://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) received the
TDC sequence and applied hidden Markov model profiles to choose the best templates.
The extent of sequence coverage and confidence percentage were used to select the final

model.

Additionally, the structure prediction server [-TASSER, which is based on
threading and iterative assembly simulations, was also wused. The server
(https://zhanggroup.org/I-TASSER/) received the TDC sequence and returned up to five
models with their RMSD values, TM-scores, and C-scores. The model with the highest C-
score was selected for further analysis. Finally, all predicted protein structures were
downloaded in PDB format and visualised using PyMOL to determine the folding patterns,

structural features, and potential active sites.

3.2.2.4 Model Evaluation

The SAVES 6.0 server (Structural Analysis and Verification Server) was used to validate

the predicted TDC protein model structure (https://saves.mbi.ucla.edu/). This server is

widely used to evaluate the quality of structural models based on energy profiles, residue
interactions, geometric, and stereochemical properties. It integrates several programs,
including ERRAT, PROCHECK, WHATCHECK, Verify3D, Ramachandran plot analysis,
and PROVE (Eisenberg et al., 1997; Colovos & Yeates, 1993; Laskowski et al., 1993).

First, the ERRAT tool was used to analyze the protein structure based on non-
bonded atom interactions, providing an overall quality score (Colovos & Yeates, 1993).

Next, the PROCHECK tool was used to generate the Ramachandran plot, which assesses
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the stereochemical quality of the backbone conformation by identifying residues in allowed
and disallowed regions (Laskowski et al., 1993). Finally, the Verify3D program was
applied to evaluate the compatibility of the atomic model (3D) with its amino acid sequence

(1D profile) (Eisenberg et al., 1997).

3.2.3 Molecular Docking

3.2.3.1 Pocket Tunnel Prediction

The initial step in the molecular docking workflow involved identifying and analyzing
potential binding pockets and tunnels within the target protein structure. These potential
ligand-binding tunnels were predicted using the CAVER (Analysis of Channels, CA Vities,
and EneRgies) web tool. CAVER provides a user-friendly interface to identify structural
features, predict potential active sites, and guide docking simulations. The predicted tunnels
provided insight into the potential ligand entry routes and substrate-binding orientation

within the protein (Marques et al., 2025).

In this study, the AlphaFold model was wuploaded to CAVER

(https://loschmidt.chemi.muni.cz/caverweb/) to detect suitable tunnels and analyze ligand

transport pathways. The analysis involved several steps, including identifying, analyzing,
and visualizing the molecular pathways. CAVER was used to identify pathways connecting
buried active sites to the protein surface by calculating tunnel geometries, including length,
bottleneck radius, throughput, and curvature. The procedure of the CAVER Web tool is

illustrated in Figure 3.3.
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First step was input protein structure in CAVER
software that was obtained from Alphafold model.

CAVER detects protein tunnels using algorithms.
These methods use Djikstra's technique to find
pathways in the protein structure's Voronoi tessellation
representation with a minimum radius and low cost.

CAVER visualizes tunnels in real time after
identification. The data show the protein structure's
tunnel orientation, connection to buried sites, and
solvent accessibility.

CAVER quantifies tunnel properties such radius, length,
shape, and structural aspects. These tunnels were
examined for ligand transport, substrate binding, and
enzymatic catalysis.

Figure 3.4 Workflow of pocket tunnel prediction using the CAVER web tool.

The CAVER Web analysis identified several potential binding tunnels suitable for

ligand interactions. L-tryptophan was specifically selected as the ligand because the

predicted binding site corresponded with the functional annotation from the InterProScan

analysis. The two-dimensional structure of L-tryptophan was retrieved from the PubChem

database and converted into the appropriate format for docking. The protein and ligand

structures in PDB format were then used as input files, and the predicted tunnels were

visualized in PyMOL software for structural interpretation. This analysis revealed possible

access routes to the active site, contributing to a deeper understanding of the functional

characteristics of the TDC protein.
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3.2.3.2 Protein and Ligand Preparation

Prior to docking simulations, both the protein target and ligand molecules were carefully
prepared to ensure the accuracy and reliability of the results. The tertiary structure of the
TDC protein was obtained from the AlphaFold model, which was previously validated
using the Ramachandran plot and ERRAT score. The protein structure was processed by
removing water molecules, adding hydrogen atoms, and optimizing the geometry to ensure
compatibility with docking algorithms. The ligand, L-tryptophan, was retrieved from the
PubChem database (pubchem.ncbi.nlm.nih.gov) in Structure Data File (.sdf) format. Both
the protein and ligand were converted into PDB format using PyMOL software, and the

finalized structures were prepared for subsequent molecular docking simulations.

3.2.3.3 Molecular Docking Simulations

After protein and ligand preparation, molecular docking was performed to predict the
binding affinity and binding pose of L-tryptophan within the TDC protein. To ensure
reliability and consistency of the predictions, docking was conducted using two
independent web-based platforms: Webina and SeamDock. Employing multiple docking
tools allowed for cross-validation of the results and reduced potential bias associated with

any single docking algorithm.

For the Webina docking protocol, the protein and ligand structures in PDB format
were converted into Protein Data Bank, Partial Charge & Atom Type (.pdbqt) format by
adding hydrogen atoms at physiological pH (7.4). A general grid box was constructed with
coordinates of 0.8, 0.08, and 1.11 in the x, y, and z directions, respectively, and a box size
of 19.39 x 20.23 x 18.03 A (Angstrom). Once the parameters were defined, the docking

simulations were executed, and the results were recorded for further analysis in Chapter 4.
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For the SeamDock docking protocol, the protein and ligand structures were
uploaded directly through the web interface. The receptor grid was centered at (0, 0, 0) with
dimensions of 20 A in each direction. The docking procedure was then performed, and the

generated docking poses were collected for subsequent evaluation and visualization.

3.2.3.4 Energy Minimization in YASARA

After molecular docking, the protein—ligand complexes were optimized using the
YASARA Energy Minimization Server to obtain a more accurate representation of the
interactions. YASARA uses force-field computations to remove undesirable bond
geometries, alleviate tension, eliminate steric interactions, and optimize atomic locations.
By lowering the potential energy of the docked complexes, this procedure stabilizes the
protein—ligand conformations and produces structurally reliable models suitable for

subsequent interpretation and analysis (Krieger & Vriend, 2014).
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 EVALUATION OF POTENTIAL 7DC GENE

The TDC gene was validated from the mature leaves of the M. speciosa plant through DNA
extraction, PCR amplification, and sequencing. The CTAB method was used for genomic
DNA extraction as described in methodology (Section 3.1.2). This approach is well-known
for its ability to isolate high-quality DNA from plants that are rich in polysaccharides and
secondary metabolites, which commonly interfere with downstream analyses (Gill et al.,
2025; Haque et al., 2008). Furthermore, the CTAB method demonstrated high DNA
concentrations and better integrity of nucleic acids than the extraction kits, making it useful
for plants with complex secondary metabolites (Riascos-Espana et al., 2025; Liu et al.,

2024; Doyle & Doyle, 1990).

DNA concentration and purity are both critical in molecular biology applications
since contamination in nucleic acids can lead to inaccurate quantification of DNA and
interfere with the downstream process. In this study, the nucleic acids concentration and
purity were established using NanoDrop spectrophotometer, based on the absorbance ratios
260nm to 280nm (A260/A280) and 260 nm to 230 nm (A260/A230) ratios. As shown in
Table 4.1, the nucleic acid concentrations obtained from six M. speciosa leaf samples
ranged from 733.4 to 2751.3 ng/pL, respectively. The variation in yield is consistent with
previous reports, as factors such as leaf physiology, developmental stage, and metabolite
content can influence extraction efficiency (Hazrati et al., 2024; Liick et al., 2020). In this
study, mature leaves were used since they contain more mitragynine compound and indole
alkaloids than young leaves, and prior research had demonstrated a correlation between the
expression of biosynthetic genes for 7DC and the alkaloid synthesis (Veeramohan et al.,

2023; Wungsintaweekul et al., 2012).
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Additionally, Table 4.1 also provides the absorbance ratios (A260/A280 and
A260/A230) of the extracted DNA, offering an indication of the purity of the samples. The
A260/A280 ratios for the six DNA samples were 1.89, 1.87, 1.78, 1.85, 1.69, and 1.84,
while their corresponding A260/A230 ratios were 1.62, 1.60, 2.19, 2.16, 1.71, and 2.25.
These variations in the absorbance ratios may reflect inefficiencies in the CTAB extraction
process, potentially indicating contamination by proteins, polysaccharides, or residual
chemicals, as they will interfere with the next molecular analysis; hence, rigorous analysis
of DNA purity is unavoidable (Chavez-Medina et al., 2019; Matlock, 2015). From the
results, the A260/A280 ratios indicate that DNA 1, 2, 3,4, and 6 can be considered as good
quality for DNA, as their values were close to or above 1.8. In contrast, DNA 5, with a
ratio below 1.7, may suggest possible contamination by proteins or phenolic compounds.
For the A260/A230 ratios, DNA 3, 4, and 6 recorded values above 2.0, indicating minimal
contamination by organic compounds or salts. In contrast, DNA 1, 2, and 5 showed lower
values (<2.0), suggesting possible carryover of polysaccharides or other impurities (De
Silva et al., 2025; Ning et al., 2009). Based on the explanation above, DNA 3 and 4 were
selected for PCR analysis. These samples were thus used for downstream PCR

amplification to ensure high-fidelity gene recovery.

Table 4.1 Results of the Nanodrop Spectrometer for M. speciosa’s leaves

Plant Sample (mature Nucleic Acid A260/A280 A260/A230
leaves) Concentration (ng/pl) ratios ratios
DNA 1 878.5 1.89 1.62
DNA 2 767.4 1.87 1.60
DNA 3 2751.3 1.78 2.19
DNA 4 1317.6 1.85 2.16
DNA 5 1372.2 1.69 1.71
DNA 6 733.4 1.84 2.25
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After selecting the best DNA extract, the DNA was subjected to the next analysis,
PCR amplification, using the multiple working primers designed from the BLAST-primers
database. Since the TDC gene sequence was too long to be amplified in a single reaction,
it is crucial to divide it into six overlapping fragments, as presented in Table 3.1. Therefore,
Figure 4.1 illustrates the PCR amplification results of the six primer fragments, where clear
bands were observed within the expected size range. The estimated fragment sizes were
determined by comparing the amplified bands with the DNA ladder, and these estimates
corresponded closely with the expected sizes listed in Table 3.1. The primers specified in
Table 3.1 were employed to amplify fragments measuring approximately 727 bp (TDC-
01 Fand TDC-01 R), 669 bp (TDC-02_F and TDC-02_R), 812 bp (TDC-03_F and TDC-
03_R), 685 bp (TDC-04 F and TDC-04 R), 286 bp (TDC-05 F and TDC-05_R), and 714
bp (TDC-06 F and TDC-06 R). This agreement suggests a high likelihood that the
amplified fragments represent the correct target regions of the 7DC gene, thereby
confirming that the PCR amplification was successful. The amplified fragments were
subsequently sent for DNA sequencing to ascertain the precise arrangement of the
nucleotides (adenine, thymine, cytosine, and guanine) within the PCR products. The
resulting sequences were assembled and aligned with the reference M. speciosa TDC from
Thailand to identify and extract the exon regions. The confirmed coding sequence was then

translated in silico to generate the corresponding TDC amino acid sequence.
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Figure 4.1 PCR extract isolated from the TDC of M. speciosa sequence identified using
100 bp DNA ladder and gene-specific primers.

4.2 IN SILICO ANALYSIS OF TDC GENE AND PROTEIN PROPERTIES

4.2.1 Sequence Alignment using SnapGene Software

After successful PCR amplification using six sets of primers that covered the full length of
the 7DC gene (1620 bp), the resulting fragments were assembled into a complete sequence
using SnapGene software in Figure 4.2. Based on Figure 4.2, eight high-quality sequencing
reads were obtained after trimming and assembly: fragment 1 from TDC 1 (forward read
only), fragments 2 and 3 from TDC 2 (forward and reverse reads), fragments 4 and 5 from
TDC 3 (forward and reverse reads), fragments 6 and 7 from TDC 4 (forward and reverse

reads), and fragment 8 from TDC 5 (forward read only). The unequal number of reads
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reflects differences in sequencing quality after trimming, where only high-quality reads
were retained for assembly. Specifically, redundancy was observed, with TDC 2, TDC 4,
and TDC 6 aligning at the 5" end, TDC 3 positioned in the middle, and TDC 1 and TDC 5
overlapping at the 3’ end. Overlapping sequencing reads enhance consensus sequence
reliability by providing redundancy that enables verification of base calls and reduces
sequencing errors during contig assembly (Heather & Chain, 2016; Ewing & Green, 1998).
The assembled sequence demonstrated high similarity to the TDC template from Thailand,
but also revealed several nucleotide substitutions or additions, including transitions and
transversions. This observation of codon changes may reflect genetic variations of M.
speciosa, translation efficiency, and enzyme activity. Prior research indicates that the
modification in codon usage can affect protein folding and function, ultimately altering
metabolic pathways (Parvathy et al., 2022; Liu et al., 2021; Walsh et al., 2020). The
successful reassembly of the TDC sequence in this study highlights the value of using
multiple sets of overlapping primers to overcome PCR limitations. According to Hilgarth
and Lanigan (2020), this method is particularly effective in amplifying extensive and
challenging genomic regions, ensuring complete coverage and enhancing sequence
accuracy. Thus, the complete sequence alignment is presented in Appendix B to support

future applications and reference.
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Figure 4.2 Alignment of six PCR fragments with the TDC template sequence. Red boxes

TDC-01 =
733 bases
10 .. 722 (22 mismatches)

: TDC-02_1nd =
676 bases
16 .. 676 (1 gap)

: TDC-02 2nd =P
671 bases
4..671

: TDC-03 =
818 bases
2 .. 816 (52 mismatches, 6 gaps)

: TDC-03_2nd =

825 bases

8 .. 812 (53 mismatches, 5 gaps)
: TDC-04 =

694 bases

14 .. 676 (1 gap)
: TDC-05 =P

294 bases

3..291 (3 mismatches, 2 gaps)

: TDC_06 =P

715 bases
9..701 (1 gap)

indicate nucleotide variations, including substitutions, insertions, and

transitions/transversions.
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4.2.2 Protein Translation using Expasy Translate

After assembling the full-length TDC gene sequence, the next step was to predict its
corresponding protein sequence. The analysis revealed the longest ORF to be 1599 bp in
length, encoding 506 amino acid residues based on 5’3’ Frame 1, which represents the
putative TDC protein (Figure 4.3). Such approaches are commonly employed in molecular
biology research to extract a reference protein sequence from DNA transcripts, as they
provide reliable predictions of protein-coding regions. The identification of the longest
OREF also enables the primer pairs design for gene amplification, thereby supporting future
studies into protein function and phylogenetic relationships. The assembled sequence
showed strong alignment with the published M. speciosa TDC coding sequence, indicating

that the fragments correspond to exonic regions and allowing direct ORF prediction.

~5¥Framefp—7 M —

KFVLNQLLSKRMGSIDTSDGDAYANSAVAPFKPLDPDEFRKQAHRMVDFIADY YKNIENYPVLSQVEPGYLRTQLSQTAPYLPEPFENILODIQKDI
TPGMTNWLSPNFFAFFPATVSSAAFL.GEMLCTGFNSVGFNWLASPAATELEMVVMDWLANMLKLPKSFEMF SGTGGGVLYGTTSEAILCTIIAARDRA
FEKIGVENIGKLVVYASDQTHSFFVKTCKLAGIFPCNIRITIPTTARENFSMSPQAVRROMOADVRNGLVPLFLCATVGTTSTTAIDPVSQLAEIANN
FNVWIHVDGAYAGSACICPEFRQYLEGIERVDSLSLSPHKWLLCYLDCCCLWVEKTDLLVKALATNPEYLRNKRSEFDSVVDYKDWQIGTGKRFRAL
RLWLVMRCYGVANLQSHIRSDVOMAKMFEGFVKSDPRFEMIVPRAFSLVCFRLNPSGGSNEADLELLNKKLLDRVNSTGRAYMTHTKAGEVYLLRFA
VGATLTEDRHVYAAWELIKQCADAVLKENVSD--ISYFGTVVILQKRV

Figure 4.3 The longest ORF for the TDC protein sequence in the 5'-3' direction (Frame
1).

55



4.2.3 Validation of Sequence using Needleman-Wunsch Alignment

The assembly of the TDC sequences against the Thailand TDC template sequences from
both DNA and proteins were subjected to a homology search using the Needleman-Wunsch
(NW) alignment, which performs a global alignment across the entire sequence length
(Needleman & Wunsch, 1970). The results revealed a high level of similarity between the
assembled sequences and the reference TDC sequence, supporting the successful
reconstruction of the full-length gene. These findings are consistent with previous studies
reporting that global alignment is suitable for end-to-end comparison of complete gene

sequences (Muhamad et al., 2015).

When the assembled TDC DNA sequence was aligned with the Thai reference
template (Figure 4.4), the resulting dot plot displayed a continuous diagonal line with an
alignment score exceeding 200 across approximately 1610 bp. This pattern indicates that
the sequences are highly conserved, with no evidence of extensive rearrangements,
inversions, or large insertions/deletions. The presence of such a consistent diagonal line
confirms strong homology across the full sequence length, providing confidence that the
assembled 7DC gene was accurately reconstructed and corresponds well to the reference
gene. Complementing the dot plot, the alignment statistics summarized in Table 4.2 showed
a NW score of 1414, with 96% sequence identity (1557 out of 1622 bp) and only 1% gaps
(25 out of 1622 bp). Manual inspection further verified that the assembled sequence length
(1599 bp) closely matched the Thai reference (1620 bp), with minor differences occurring
mainly at the terminal regions. Importantly, the presence of only 1% gaps did not disrupt
the overall alignment or gene structure, indicating smooth continuity between the
sequences. Collectively, these results confirm that the assembled DNA sequence is highly
similar to the Thai reference 7DC gene, reflecting close evolutionary relatedness while

maintaining high sequence integrity (Wungsintaweekul et al., 2012).
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Figure 4.4 Pairwise global alignment (Needleman—Wunsch) between the assembled TDC
DNA sequence from M. speciosa (Malaysia) and the reference TDC DNA sequence from
M. speciosa (Thailand).

Table 4.2 Pairwise alignment statistics of the assembled TDC DNA sequence from M.
speciosa (Malaysia) and the reference TDC DNA sequence from M. speciosa (Thailand)

using the Needleman—Wunsch algorithm.

NW Score Identities Gaps Strand
1412 1557/1622 (96%) 25/1622 (1%) Plus/Plus
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Next, the translated protein sequence was also aligned with the Thai reference
protein using the same global alignment method and showed high sequence conservation
(Figure 4.5). The graph revealed a continuous straight line with a score above 200
throughout the complete 506 amino acid residues. This indicated strong conservation with
minimal insertions or deletions. Additionally, the alignment statistics were summarized in
Table 4.3, which confirmed such observation with a NW score of 2582, 96% sequence
similarity (487/506 residues), 98% positives (499/506 residues) and no gaps revealed. The
absence of gaps and the high sequence identity between two proteins with almost identical
basic structures are strongly indicative of conservation of enzymatic function. Sangar et al
(2007) found that sequence identity over 50% is generally associated with functional
conservation. This data strongly suggests that the Malaysia TDC protein is identical to the
Thailand reference sequence, thereby verifying its validity as a good representation of the

enzyme.
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Figure 4.5 Pairwise global alignment (Needleman—Wunsch) between the translated TDC
protein sequence from M. speciosa (Malaysia) and the reference TDC protein sequence

from M. speciosa (Thailand).

Table 4.3 Pairwise alignment statistics of the translated TDC protein sequence from M.
speciosa (Malaysia) and the reference TDC protein sequence from M. speciosa (Thailand)

using the Needleman—Wunsch algorithm.

NW Score Identities Positives Gaps
2582 487/506 (96%) 499/506 (98%) 0/506 (0%)
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The findings from both DNA and protein alignments clearly show that the TDC
sequence from Malaysian M. speciosa is very similar to the Thai reference, affirming its
validity as the orthologous gene. It revealed high similarity at both the DNA and protein
levels, 96% identities with 98% positives, which implies good conservation, whereas the
absence of gaps within the protein sequences indicates the structural elements and catalytic
domains are conserved. Prior research found that enzymes with high sequence conservation
tend to keep their structural conformations and enzymatic activities, since insertions or
deletions within functional domains are rare (Panchenko et al., 2004; Nair & Rost, 2002).
In conclusion, all these results showed that the Malaysian TDC sequence can be used as a
foundation for later uses, like structure models, evolutionary studies and substrate-binding

analysis.

4.2.4 Protein Domain Analysis using InterProScan

Protein domains are fundamental structural and functional units of proteins that can fold
and evolve independently. They are important for understanding how proteins function, are
classified, and how they are related through evolution. Identifying domains is also crucial
for figuring out biological roles, protein evolution, and catalytic function (Triant & Pearson,
2015). InterPro is one of the most comprehensive resources for protein domain annotation,
covering a wide range of domains accurately through the integration of 13 member
databases, including Pfam, SMART, PROSITE Patterns and more (Paysan-Lafosse et al.,
2023).

In this study, InterProScan reported the presence of two conserved domains,
IPR002129 and PF00282, between amino acid positions 57 and 430 (Figure 4.5). The
IPR002129 entry is for the pyridoxal phosphate (PLP)-dependent decarboxylase domain,

which is a type of pyridoxal-dependent carboxylase in group II. Aromatic L-amino acid
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decarboxylases are part of this enzyme family as they help decarboxylate aromatic amino
acids, from tryptophan to tryptamine. The presence of the PLP-dependent decarboxylase
domain in TDC confirms its classification as a PLP-dependent enzyme. PLP serves as a
coenzyme in many enzymatic processes such as decarboxylation, transamination,
deamination and others (Liang et al., 2019). This TDC domain -catalyzes the
decarboxylation of tryptophan to tryptamine, a key precursor in indole alkaloid
biosynthesis. Thus, this conserved domain reveals the significance of TDC in the

production of tryptamine for mitragynine synthesis in M. speciosa.

~ Families

I == S GROUP I PYRIDOXAL-§-PHOSPHATE DECARBOXYLASE T
C¥ee s Ye M Ve DOV Y Y - o

Pyridoxal_dec

« Domains Pfam PF00282

Pyridoxal-dependent decarboxylase conserved
domain

Integrated: IPR002129
57 -430

Sequence

> Result_TDC proteiln
0 MGSIDTSDGD AYANSAVAPF RPLDPDEFRE QAHRMVDEFTIA DYYRNTENYP VLSOVEFPENS
70 X N s R AR FLGEMLCTCFNSVGFNWLAS)

RTOLSOTAPY

420 EENIRUMYNF NESGCGSNEAD LELLNEELLD RVNSTGRAYM THTEAGEVYL LEFAVGATLT EDRHVYAAWE
430 LIEQCADAVL EKENVSD

Figure 4.6 TDC protein domain (aa 57-430) involved in the decarboxylation of L-
tryptophan to tryptamine.
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InterProScan was further used to analyze the TDC protein sequence to identify
functional domains and key active sites. The analysis revealed that the binding site, as
shown in Figure 4.7, is located between amino acid positions 313 and 334, forming a region
critical for substrate recognition and catalysis. This segment is predicted to accommodate
L-tryptophan, the substrate for TDC, enabling the enzyme to catalyze its decarboxylation
to form tryptamine. The precise positioning of this binding site underscores its importance
for substrate specificity and catalytic efficiency and aligns with conserved motifs
characteristic of PLP-dependent decarboxylases. This domain analysis provides the

structural basis for further exploration of catalytic mechanisms through docking studies.

PROSITE patterns PS00392

DDC /GAD / HDC / TyrDC pyridoxal-phosphate

) attachment site.
» Conserved Residues

Integrated: IPRO21115

¥ Binding Site -

Figure 4.7 Predicted binding site of TDC protein showing amino acid positions 313-334.

4.2.5 Phylogenetic Tree

The Multiple Sequence Alignment (MSA) was performed using MUSCLE to align the
TDC protein sequences obtained from M. speciosa with those of its related species. MSA
is a fundamental bioinformatics tool used for the identification of conserved regions,
functional motifs, and evolutionary relationships among protein sequences (Reddy &
Fields, 2022; Patel et al., 2012; Thompson et al., 2005). The aligned sequences identified
regions of high similarity and divergence that were used for subsequent phylogenetic

analysis. Sixteen TDC protein sequences were selected from BLAST X as listed in Table
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4.4 based on their plant species, percentage identities, total scores, E-values and accession

numbers.

Table 4.4 summarizes the top 16 homologous protein sequences identified from the
BLASTx search. The top three homologous sequences showed high similarity to the M.
speciosa TDC protein from Malaysia, with the sequence identities of 96.25% (M. speciosa
from Thailand), 88.69% (Uncaria rhynchophylla), and 85.32% (Coffea arabica).
Sequences from other species belonging to the plant families such as Rubiaceae,
Solanaceae and other families ranged from 70.86% to 85.15% identity. These findings
indicate that the TDC protein, which has more than 50% identity, was well-preserved in
related Rubiaceae species and has moderate similarity to proteins of related plant families
(Sangar et al., 2007). The homology data were subsequently used for phylogenetic tree
construction to elucidate the evolutionary relationships and conserved regions among the

sequences.

Table 4.4. 16 top hits of the homology search of TDC using BLAST X

ACCESSIONS DESCRIPTION IDENTITY TOTAL E-
(Sequence ID) (%) SCORE VALUE
AEQO01059.1 tryptophan decarboxylase 96.25 1024 0.0
[Mitragyna speciosa]
WRW51055.1 tryptophan decarboxylase 88.69 905 0.0
[Uncaria rhynchophylla]
XP _027061221.1 tryptophan decarboxylase 85.32 897 0.0
TDC2-like [Coffea arabical
XP 027172386.1 tryptophan decarboxylase 85.12 895 0.0
TDC2-like [Coffea
eugenioides|
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XP _009760717.2

XP_009622485.1

XP_059284124.1

XP 060189824.1

XP _015081169.1

XP 016580730.1

XP_004243301.1

XP 057956277.1

XP_049353196.1

XP_057488279.1

QBK17431.1

KAH9792819.1

tryptophan decarboxylase
TDC1-like [Nicotiana
sylvestris]

tryptophan decarboxylase
TDC1-like [Nicotiana
tomentosiformis|

tryptophan decarboxylase
TDC1-like [Lycium
ferocissimum]

tryptophan decarboxylase
TDC1-like [Lycium barbarum]
tryptophan decarboxylase
TDCl1-like [Solanum pennellii]
tryptophan decarboxylase
TDCI1 [Capsicum annuum]
tryptophan decarboxylase
TDCI1 [Solanum lycopersicum]
tryptophan decarboxylase
TDC2-like [Malania oleifera]
tryptophan decarboxylase
TDC2-like [Solanum
verrucosum|

tryptophan decarboxylase
TDC2-like [Actinidia eriantha]
tryptophan decarboxylase
[Actinidia deliciosa)
Tryptophan decarboxylase 2

[Citrus sinensis]

76.54

76.94

75.75

75.35

73.21

73.27

72.82

74.30

72.08

74.75

74.16

70.86

840

837

829

822

809

806

801

798

794

774

770

770

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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The TDC protein sequences from M. speciosa and the other 16 related species were
aligned using MSA by MUSCLE to evaluate the conservation of amino acid residues. The
sequences of TDC protein as listed in Table 4.4 were used to generate the MSA, as
illustrated in Figure 4.8, which displays the alignment by species names and BLASTX-
derived sequences. The figure highlights the presence of the [IPR002129 domain in yellow
colour, positioned between 57 and 430 aa, which occurs predominantly in highly conserved
regions. This indicates that the domain is functionally important and likely under strong
evolutionary pressure to maintain its structure and role in TDC activity. MSA therefore
provides an overall vision of sequence conservation and facilitates the identification of
functional motifs and domains that contribute to protein stability and catalytic efficiency

(Singh, 2015; Thompson et al., 2005).

In addition, three conservation symbols were observed: (1) Asterisks (*) symbol in
red boxes represent identical residues in all sequences. (2) Colons (:) symbol in green boxes
indicate strongly conserved substitutions, whereas (3) Periods (.) symbol in blue boxes
denote weakly-conserved substitutions, which may reflect evolutionary divergence among
species while preserving partial functionality (Thompson, 2005; Chenna et al., 2003). The
presence of both strict and flexible regions implies that although the TDC protein core
structure is conserved, some peripheral areas are more adaptable, presumably indicating

functional diversity across plant families.

Phylogenetic tree analysis was conducted to provide a visual representation of
evolutionary relationships among protein sequences from various species (Kaur & Kaur,
2024; Edwards, 2019; Sharma et al., 2019). This study aligned TDC protein sequences with
MUSCLE and constructed a phylogenetic tree in MEGA X using the Maximum Likelihood
method and the JTT matrix-based model, establishing a solid framework for assessing
evolutionary relationships. The stability of the reconstructed tree was evaluated using
bootstrap analysis with 1,000 replicates. Bootstrap (BS) values were employed to estimate
the reliability of each node such that higher BS values indicate more significant statistical

support for the inferred evolutionary relationships (Wiegert et al., 2024; Douady et al.,
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2003). Generally, values greater than 95% are considered to reflect strong support since the
probability of accepting a wrongly inferred tree under these conditions is less than 5%
(Zharkikh & Li, 1992). Conversely, low bootstrap values are equivalent to weak support

and cannot rightly establish evolutionary relationships.
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C. sinensis MGSLDSN------i MAESVQFKPLDAQEFRKQAHC ONTESYPVLTQVEP SFLRSALPDSAPHRPESFETILKDVQEKIIPGI THWL SPNFFARFPATVTAGFLGEMLCAQFNSVGFNWLASHA TEL D LATMLKLPKTFMAYGTGGEVIQNTTEDSTLVTLIAAR
C. arabica MGSIDANNGAAFATSPVAPFKPLDPEEFRKQAHR NIENYPVLSQVEP 3YLRTRLPETAPYLPEPFETILEDIQKTIIPGLTNWLSPNFFAYFPATVISAAFLGEMLCTGFNSVGFNWLASHA TEL DWLANMLKLPKSFMAYGTGGGVLQGTTSEAVLCTLIAAR
C. eugenicides MGSTDAKNGAAFATSPWAPFKPLDPEEFRKQAHR NIENYPVLSQVEP SYLRTRLPETAPYLPEPFETILEDIQKTIIPGLTNWLSPNFFAYF PATVISAAFLGEMLC TGFNSVGFNWLASHA TEL DWLANMLKLPKSFMAYGTGGGVLQGT TSEAVLCTLIAAR
U. rhynchophylla MGSIDASDGTVYANSAVAPFKPLDPEEFRKOAHR NIENYPYLSOQVEP 3YLRTRLPESAPYLPEPFENILKDIQKDITIPGMTNILSPNFFAYFPATVISAGFLGEMLCTAFNSVGFNWLASHAATE LEMWVMDWLANMLKLPRSFMASGTGGEVLO SEAT CTIIMR
M. speciosa Malaysia HG5 IDTSDGDAYANS AVAPEKPLDPDEFRKOAH EL‘EEIJLE_EI
M. speclosa_lhalland UTSDGEDAYANSAVAP FKPLDPDEF RKQARRIVUF LADY VKN IENYPVLSQVER oY CRTQLS0 TAFY CPER - EN LD IOKD TIFGM TNWCS PNFFAR- FATVES AL VGr T A H, P E qEaaaR e v
C. annuum MGTLDSN-55TQTHSSVTEFNPLDPEEFRTQAHQMVDF TADYYKNIESYPVLSQVEP 3YLRSHLPENAPYFPESLDT IMKDVQNHIVPGMTHIWL SPNFFARF PATVSSAAF LGEMLCNGFNSVGFNWLASHAMTE LEMIVMDWLANI LKL PQCFMASGTGGEVIQGT TSEATLCTLIAAR
S. verrucosum MGSHNSN- - - -NNPQILPKFNPLDPEQFRTQAHQMVDF TADYYKNIETYPVLSQVEP SYLRTQLPONAPNRPESF ESTIKDVHNHIVPGMTHIL SPNFFARF PATVSS AAF LGEMLCNGFNSVGFNWLASHTMTE IVMDWLANMLKLPKAFMASGTGGGVLQSTTHEATLCTLIAAR
S. pennellii MGSLDSN-NS5PTHSNVPKFNPLDPEEFRTQAHQMVDF TADYYKNIETYPVLSQVEP 3YLRTQLPENAPYCPEPF EATMKDVHNHIVPGMTHWL SPNFFARF PATVSSAAF IGEMLCNGFNSVGFENWLASHAMTE IVMDWLANMLKLPKAFMASGTGGGVLQSTTSEATLCTLIAAR
5. lycopersicum MGSLDSN-NSSPTQTNVPKFNPLDPEEFRTQAHOMVDF TADYYKNIETYPVLSQVEP SYLRTQLPENAPYCPEPF EATMKDVHNHIVPGMTHIWL S PNFFARF PATVSSAAF IGEMLCNGFNSVGFNWLAS RAMTE LEMIVMDWLANMLKL PKAFMASETGGGVLQSTTSEATLCTLIAAR
L. ferocissimum MGSLDSN-NSTQTQSNVAKFNPLDPEEFRTQAHQMVDF TADYYKNIENYPVLSQVEP 3YLRTQLPENAPYRPEPF DT IMKDVTNHIVPGMTHIWL SPNFFARF PATVSSAAFVGEMLCNGFNSVGFNWLASHAMTE LEMIVMDWLANMLKLPKTFMASGTGGEVIQGTTSEATLTTLIAAR
L. barbarum MGSLDSN-NSTQTQSNVAKFNPLDPEEFRTQAHOMVDF TADYYKNIENYPVLSQVEP 3YLRTQLPENAPYRPESF DT IMKDVTNHIVPGMTHIL S PNFFARF PATVSSAAFVGEMLCHNGFNSYGFNWLAS RAMTE LEMIVMDWLANMLKL PKTFMASETGGEVIQGTTSEATLTTLIAAR
N. sylvestris MGSLDSNINSAQNQSTIAKFNPLDPEEFRTQAHQMVDF IADYYKNIENYPVLSQVEP 3YLRNRLPETAPYRPESFDT IMKDIQNHIVPGMTHWLSPNFFARFPATVISAAFVGEMLCT! FNSVGFI‘MLASFAVTEL DWLANMLKLPKSFMAGTGGGVLQGTTEEATLCTLIAAR
N. tomentosiformis MGSLDSN-NSAQNQSNIANFNPLDPEEFRTQAHOMVDF IADYYKNIENFPVLSQVEP SYLRNRLPETAPYRPESFDTIMKDIQNHIIPGMTHIWLSPNFFARF PATVISAAFVGEMLCTFNSYGFNWLASRAVTEL! =* DWLANMLKLPKSFMAYGETGGGVLQGTTSEATLCTLIAAR
M. oleifera MGSLDTN- -FAEPLGEFKPLDPEEFRKHAHQMVDF IADYYKNIETYPYLSQAQP 3YLRSRLPDAAPYRPEFLDATLKDVKKHIIPGI THWLSPNFFARF PATVISAAFLGEMLCT. FNSVGFI‘MLASFMTEL DWLANMLKLPKSFMAGTGGGVMQGTTEEAVLCTLIAAR
A. eriantha MGSLDSN- -FSVNSTEFKPLDPEEFRKQAHTMVDFIADYYKNIETYPYLSQAQP 3YLRGRLPETAPYRPETFET ILODVEKSIIPGITHWLSPKFFARFPATVYTAAFLGEMLCT! FNSVEFMHLASFMTEL DWLAHMLKLPKSFMACGTGEEVIQGTTSDSILCTLVAAR
A. deliciosa MGSLDSN- -FSVNSTEFKPLDPEEFRKQAHTMVDFIADYYKNIETYPYLSQAQP SYLRARLPETAPYRPETFETILODVEKSIIPGITHWLSPKFFARFPATVYTAAFLGEMLCTAFNSVGFNWLASHAATELE DWLAHMLKLPKSFMACIGTGGGVIQGTTSDSILCTLVAAR
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C. sinensis DRALDAVGAENMHI VWYGSDQTHSTFAKVCKLAGYSPANIRALPTSIDANFSLSPOLLRRAVEADVEAGLYP LQAT\ GTTSTTAVDNVEPLAEVANEYGIWVHVDAAYA SACI(PEFYL IERVDSFSFSPHKWLLSYLDCCCLWVKQP ALSTDPEYUNKPSESNSY
C. arabica DRALETIGIDNVA VWYGSDQTHSFFIKTCKLAGIFPSNIRIIPTTAEDNFSLSPEALHKQIDAWADGLVPLF LCVTVYGTTSTTAVDPYSQLAEVANDFNLWIHVDAAYA LDGIERVDSLSLSPHKWLLCFLDCCCLWVKKP! ALNTNPEYLURNKRSESDAY
C. eugenicides DRALETIGIDNVGE VWYGSDQTHSFFIKTCKLAGIFPSNIRIIPTSAEDNFSLSPEALHKQY ADGLVP! VTUGTTST TAVDPVSQLAEVANDFNLWIHVDAAYAGSACICPEFROHLDGIERVDSLSLSPHKWLLCFLDCCCLWVKKP! ALNTNPEYUHHKRSESDAY

hyochoph 3 DGAFELIGVENIGHL VW YASDOTH KICKLAGTEPCNIRTTPTTAEDNFSMSPELLRK PLETCATVGTTSTTATDPYSOLAEVANDE RV THYDAAYAC
| M. speciosa Malaysia __ DRAFECIGVENIGLVVYASDOTHSEFVKTCKLAGIFPCNIRIIPTTARENESHSPOAVRROM nm TS TTAIDPVSOLAE TANNENVIWIHVDGAYS
DRAFEKIGVENIGHLWYASDQTHSFFVKTCKLAGIFPCNIRIIPTTADDNFSMSPDALRKOIEAD EDGLVP [CA STTAILDPVSELADVANDFMVWIHVDAAYAGSACICPER
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M. speciosa_Thailand
C. annuum KLENIGVDNIGRL VWY CSDOTHSTYTKACKYAGIFPCHIRAVOTSVESDFALSPVILRRVIEADVAAGLVPI A TTSTTAVDPISQLAELADEFDIWLHVDAAYHGSACICPEFRLYFDGIEQANSLSLSPHKWLLSYLDCCCMWVKEPTIVLVICALSTNPEY JRKRS EHGSY
S. verrucosum LDNIGVDNIGL\VVYGSDQTHS TYTKACKVAGIFPCNIRAVPTSIESDFALSPSYLHEIEADVAAGLVPLFLCATIGTTSTTAVDPLSQLGQLAEEFNIWFHYDAAYGSACTICPEFRLYLDGIERANSLS LSPHKWLLSYLDCCCMWVREPTVLVICALSTNPEY JRNKRSEYDSY
5. pennellii KLDNIGVDNIGY WYGSDOTHSTYTKACKVAGT LPCHVRAVPTCIESDFALSPAVLRGI IEADVAAGLWPLFLCATYGTTSTTAVDPLSQLGOLAEEFDIWLHVDAAYRAGSACTCPEFRRYLDGI ERANSLSLSPHKWLLSYLDCCCMWVREPTVLVCALSTNPEY KRSEYDSW
5. lycopersicum LLDNIGVDNIGL\VVYGSDOTHSTYTKACKVAGILPCNIRAVPTCIESDFALSPAVLRGI IEADVAARLVPLF LCATMGT TS TTAVDPLSQLGO LAEEFDIWLHVDAAYEGSACICPEFRE YLDGIERANSLS LSPHKWLLSYLDCCCMWVREPTVLWVCALSTNPEY JRHNKRSEYDSY
L. ferocissimum KLENLGADNI G WYGSDQTHSTYTKACKLAGIFPCNIRAIPTFIESDFAL SPVVLRRVIEADVADGLVPI ATMGTTSTTAVDPISQLAEVANEF DIWLHVDAAYGGSACICPEFROYLDGT EHANSLSLSPHKWLLSYLDCCCMWVREPTVLVCALSTNPEY KRSEYDSW
L. barbarum LLENLGTDNIGL\VVYGSDOQTHSTY THACKLAGIFPCNIRAIPTFIESDFALSPVWLRRVIEADVAAGLVPI ATUGTTSTTAVDPISOLAEVANEFGIWLHVDAAYEGSACICPEFROYLDGIEHANSLS LSPHKWLLSYLDCCCMWVREPTVLVICALSTNPEY RMKRSEYDSY
N. sylvestris KLETLGVHNIG WYGSDQTHSTY TKACKLAGIFPCHIRATIPTSVESNFSLSPVVLRRVI ARGLVP! ATMGTTSTTAVDPIGOLAEVANEHK TWLHVDAAYQGSACICPEFRNYLOGIERADSLSLSPHKWLLSYLDCCCMWVREPTVLVCALSTNPEY! KRSEYESW
N. tomentosiformis KLETLGVHNIGL\VVYGSDOTHSTY TKACKLAGIFPCNIRAIPTSVESNFSLSPVWILRRV AAGLVPLFLCATVGTTSTTAVDPISQLAEVANEY K IWLHVDAAYGSACICPEFRHY LDGIERADSLSLSPHKWLLSYLDCCCMWVREPTVLVICALSTNPEY RMKRSEYDSY
M. oleifera DRALDVIGAEGIY WYGSDOTHSTYMKACKLAGT LPRNIRSLPATADTGFALSPVLLRKA WADGLVPL Y LOWVTMGT TSTTAVDPVERLADVASDYGVIW THYDAAYQGSAC TCPEFRHYLDGT ERVDSLSLSPHKWLLSYLDCCCLWWKRPTLLI KCALSTNPEY KPSESNSW
A. eriantha GVDNIGL VWY GSDOTHSTYTKACKLAGIYPRNIRSVPAGSDTCFAMSPVALRKVI) DPLADLADVANDYGVWVHYDAAYQGESACICPEFRAYLDGIELVDSLS LSPHKWLLSY LDCCCLWVKKPOLLVICALSTNPEY URHKPSESDSY
A. deliciosa 'GVDNT LWYGSDQTHSTYTKA(KLAGIYPRNIRSVPAGSDTEFN‘TSP‘\.’ALRKV DF LEDLADVANDYGVWVHVDAAYGGSACTCPEFR YLDGIELVDSLSLSPHKWLLSYLDCCCLWVKQPULLVIXALSTNPEY | KPSESDSW
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C. sinensis VDFKDWQVGTGRRF KSLRLWMVLASYGVLNLQSHIRSDIRYAKMFEGRVISDPREEIVI/PRHFALVCFRLNPYPQSGSADTEMLNRK L LDWVNS TGRVYLTHT IWGGL YMLRFAVGAS L TDERHVVAAWE LIMEGADRLFK-- - -~
C. arabica VDYRD ¥ RALRLWLIMRSYGVANLQSHIRSDVOMAKMFEGRVIKSDPREEIVI/PRAFSLVCFRLNPLRMSHATYVE LLNMK L LDLVNS TGRVYMTHT RVEGVYMLRFAVGAT LTEDRHVYAAWE LIKECADALLDGNL - -
C. eugenicides VDYKD 3 RALRL I SYGVANLQSHIRSDVQT PKMFEGRVKSDPREEIVY/PRAFSLVCFRLNPLRMSHATYVELLNMKLLDLVNS TGRVYMTHTHVGEGVYMLRFAVGAT LTEDRHVYAAWE LIKECADALLDGNL - -

ANL OSHTRSDYOMAKMEESRVICSDAR (YPRAFA RLIPIRGSSPTY 1 1 RAYMIH A AL
M. speciosa Mala VDYKDWOTGTd EME CYGVANLOSHIRSDVOMAKMFEGRVKSDPRFEMT IPRAFSLUCFRLNPSGGSNEADLELLNKKLLDR\J’NSTGRAY'WTHT
M. speciecsa_Thailand VDYRD 4 RALRLI RCYRVANLOSHIRSDVOMAKMFEGRVKSDPRAEEMIVPRAFSLVCFRLNPSGGSNEADLEL LNKKLLDRVNSTGRTYMTHT RAGEVY L LRFAVGATLTEDRHVYAAWE LIKQCADAVLKENVLD
C. annuum VDYKD KSLRL! RIYGVANLOSHIRSDVRMAKMFEGRVRSDSKREIVY/PRHFSLVCFRFNPDKEYEPAYTELLNKKLLDSVNSTGRVYMTHT IMGGTYMLRFAVGATFTEDKHVISAWKLIKKSADALLKRSYS -
5. verrucosum VDYRD KSLRLWIVMRSYGVANLOSHIRSDVRMAK!FEGF n;DPﬂaDWfPRHFSLVCFQFNPNKEHEPGYTEFLNKKLLDSVNSTGRI‘T’MTHT LGIYMLRFAVGATFTEDRHIISAWKLIKESAKALLKKSY -~
5. pennellii VDYKD KSLRL! RSYGVANLOSHIRSDVRM EGAIRSDPREEVVY/PRRFSLVCFRFNPNKEHEPVYIEVLNKKLLDSVNSTGLVYMTHTRWEGI YMLRFAVGATLTEDRHVISAWKLIKESAEGLLRKSL -~
5. lycopersicum VDYRD KSLRL! RSYGVANLOSHIRSDVRMAKMFEGRLRSDSRFEVVY/PRRFSLVCFRFNPNKEHEPYYIEF LNKKLLDSYNSTGLVYMTHT IVEGIYMLRFAVGATLTEDRHVISAWKLIKESAEGLLRKSY -~
L. ferocissimum VDYKD KSIRL RSYGVANLQCHIRSDN EGF .\SDPRdE IV/PRRFSLVCFRFMPVKESEPAYIELLNKKLLDCWNS SGOVYMTHTRAGGTYMLRFAVGATLTEDRHVISAWKLIKESADALLKRS - - -
L. barbarum VDYRD KSIRL! RSYGVANLQCHIRSDVRMAKMFEGRVKSDPRAEIY/PRRFSLVCFRFNPYKESEPAYIELLNKKLLDCYNSSGQVYMTHT RAGGTYMLRFAVGATLTEDRHVISAWKLIKESADALLKRS - --
N. sylvestris VDYKD ¥ KSLRL RSYGIVNLQSHIRSDN EGHLKSDPRAEEIV/PRRFSLVCFRFNPVKESEPAYIEL LNKKLLDSINSTGRVYITHT JAGIYMLRFAVGATLTEDRHVIAAWKLIKESADASLRRS - -~
N. tomentosiformis VDYRD KSLRL! RSYGIVNLOSHIRSDVRMAKMFEGRIKSDPGREIV/PRRFSLVCFRFNPVKGYEPAYIELLNKKLLDSINSTGRVYLTHT BMGGTYMLRFAVGATLTEDRHVIAAWKLIKESADALLRRS -
M. oleifera VDYKD ¥ KALRL RSYGIANLOSHIRSDVRMAKMFEGRVKSDPQREVV/PRLFSLVCFRFNPFPRSDPDCTELLNRKLLERVNS TGRVYMTHT JVEGVYMLRCAVGATLTEERHIIGAWRLIKQGADTLLAE -
A. eriantha VDYRD 4 KALRL RSYGIANLQSHIRSDVRMAKMFEGRVKSDPRAE LY /PRIFSLVCFRLNPHPGSYPDYLELLNKKLLEWVNS TGGLYMTHTYAGGLYMLRFAVGAT LTE ECHVWAAWKLIKEGADVLLRSK -
A. deliciosa VDYKD ¥ KALRL ASYGIANLQSHIRSDN EGRVKSDPRRELV/PRIFSLVCFRLNPHPGSYPGYLEL LNKKLLEWVNSTGGLYMTHTUARGLYMLRFAVGAT LTEECHVWAAWKLIKEGADVLLRSK - -~
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Figure 4.8 Multiple sequence alignment of TDC sequences performed using MUSCLE. Asterisks (*) indicate identical residues
across all sequences (red box), colons (:) represent strongly conserved substitutions (green box), and periods (.) denote weakly
conserved substitutions (blue box). The M. speciosa sequence from Malaysia is highlighted with a purple box, while conserved
domains are highlighted in yellow.
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Figure 4.9 Phylogenetic tree of TDC M. speciosa using MEGA X.
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The analysis involved 17 TDC protein sequences, which were clustered into two
main groups based on plant family affiliations and sequence similarity (Figure 4.9),
including M. speciosa from Malaysia. Group 1, located in the upper part of the tree, consists
primarily of members of the Rubiaceae family, including Mitragyna speciosa (Malaysia
and Thailand), Uncaria rhynchophylla, Coffea arabica, and Coffea eugenioides. These
species clustered together with bootstrap support values (98—-100), indicating a close
evolutionary relationship. Interestingly, this group also included several non-Rubiaceae
species such as Citrus sinensis (Rutaceae), Malania oleifera (Olacaceae), and Actinidia
eriantha and Actinidia deliciosa (Actinidiaceae), which branched within the same cluster.
Although these species belong to different families, they are grouped with Rubiaceae TDCs
with moderately high bootstrap support values (80-97), suggesting some degree of

sequence similarity despite their distinct taxonomic origins.

In contrast, Group 2 is positioned in the lower part of the tree and comprises
exclusively members of the Solanaceae family. This includes Nicotiana sylvestris,
Nicotiana tomentosiformis, Lycium ferocissimum, Lycium barbarum, Capsicum annuum,
Solanum verrucosum, Solanum pennellii, and Solanum lycopersicum. The clustering in this
group is strongly supported, with bootstrap values ranging from 93 to 100, reflecting high

confidence in the evolutionary relationships within Solanaceae.

The scale bar (0.050) represents substitutions per site, with shorter branches
indicating higher sequence similarity. Notably, M. speciosa from Malaysia clustered tightly
with other Rubiaceae members, including M. speciosa (Thailand), Coffea arabica, Coffea
eugenioides, and Uncaria rhynchophylla. This cluster exhibited strong bootstrap support
(98-100), supporting the hypothesis that TDC plays a conserved role in indole alkaloid
biosynthesis within the Rubiaceae family. These results align with previous studies
showing close genetic and functional relationships among Rubiaceae members (Guo et al.,

2021; Bremei, 2009).
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4.2.6 Primary Structure and Physicochemical Properties of TDC

The ExPASy ProtParam tool was used to analyze the physicochemical properties of the
TDC protein. The analysis of results, as presented in Figure 4.9, include parameters such
as molecular weight, extinction coefficient, grand average of hydropathicity (GRAVY),
theoretical isoelectric point (pl), aliphatic index, instability index, and the numbers of
positively and negatively charged residues. These characteristics provide -crucial
information on the amino acid structure of TDC protein, emphasizing its molecular weight

and isoelectric point (pl) in particular.

Table 4.5 Physicochemical characteristics of TDC by ExPasy ProtParam.

Parameters TDC protein
Number of amino acids 506
Molecular weight (Da) 56.58 kDa
Aliphatic index 87.33
Theoretical Isoelectric points (pl) 6.05
Instability index 43.47 (unstable)
Grand average of hydropathicity (GRAVY) -0.017
Total number of positively charged residues (Arg + Lys) 50
Total number of negatively charged residues (Asp + Glu) 54

Table 4.5 shows that the TDC protein in M. speciosa comprises 506 amino acids,
with a molecular weight of 56.58 kDa. This weight is characteristic of plant aromatic amino
acid decarboxylases and aligns with the average size for this enzyme family (Bisello et al.,
2023). The theoretical isoelectric point (pI) of 6.05 indicates that the protein is slightly
acidic, which influences its solubility, stability, and interactions with cellular molecules,
thereby affecting enzymatic activity and metabolic processes (Mohanta et al., 2021;

Koztowski, 2017). The aliphatic index of 87.33 indicates a significant hydrophobic residue
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content, which may contribute to thermal stability by preserving the protein's 3D structure
under diverse conditions (Dutta et al., 2018). The instability index of 43.47, marginally
exceeding 40, suggests a potential for in vitro instability, as proteins with elevated
instability indices typically possess amino acid compositions that promote flexibility and
disorder (Kaur et al., 2020). The elevated aliphatic index suggests thermal stability;
however, it does not guarantee overall stability in physiological conditions (Gupta et al.,
2012). Next, the GRAVY value of —0.017 indicates that the protein exhibits moderate
hydrophilicity, which enhances its solubility in aqueous environments and is essential for
enzymatic activity (Sariyatun et al., 2015). The charge residue composition includes 50
positive and 54 negative amino acids, indicating a slight predominance of acidic residues.
This composition may improve solubility and facilitate interactions with other cellular

molecules, while also contributing to structural flexibility (Das & Pappu, 2013).

Overall, the TDC protein exhibits physicochemical characteristics comparable to
other plant decarboxylases, with a moderate molecular weight, slight acidity, good
hydrophilicity, and high aliphatic content indicative of thermal stability, although its
instability index suggests potential vulnerability under in vitro conditions. The molecular
weight is moderate, typical of plant decarboxylases. These characteristics are crucial for

understanding protein behaviour in functional studies or biotechnological applications.

4.2.7 Secondary Structure Prediction using the PSIPRED

Secondary structure prediction was conducted to determine the folding structures of the
TDC protein, including the distribution of alpha helices, beta strands, and coil regions,
which contribute to its stability and catalytic function. The role of secondary structure
elements in the functional regions of proteins is crucial for their ability to interact with
ligands or other proteins (Zhao et al., 2020). The secondary structural components were

predicted using the PSIPRED server, which applies a neural network-based approach to the
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amino acid sequence of TDC. Figure 4.10 illustrates that alpha helices are represented in
pink, beta strands in yellow, and coil regions in grey. The protein exhibits a higher
proportion of alpha helices, interspersed with beta strands and coil regions. The higher
proportion of alpha helices in the TDC protein indicates a stable and compact structure,
attributed to significant internal hydrogen bonding between backbone amide and carbonyl
groups, which is crucial for preserving protein integrity under physiological conditions

(Doig et al., 2001).

Alpha helices present distinct surfaces for interaction due to their amphipathic
characteristics, which feature both hydrophobic and hydrophilic faces, facilitating binding
with ligands, substrates, or other proteins (Buchwald et al., 2012). Meanwhile, although
alpha helices contribute to stability, they exhibit a degree of flexibility that allows proteins
to undergo local conformational changes essential for enzymatic activity and dynamic
interactions (Meek et al., 2023). The properties outlined clucidate the predominance of
alpha helices over beta strands and coil regions, thereby reinforcing the structural resilience
and functional versatility of the TDC protein. The predominance of a-helices supports the

compact folding observed in tertiary models.

10 20 30 40 50
1 MG SI DT SDGDAYANSAVAPTF KPLDPUDIEFRKQQAHRMYDF|I ADY|YKNI ENYZP 5
51t visaVvEPGYLRTOQEsaeTaprpyLprPEPEENI LY@ KDl | PGMTNWL SPNFF A 100
M F FPATVSSAAFLGEMLETGFNSVGFNWLASPAATELEMYVYVMDWLANML L 150
59 P KSF MFSGTGGGVYLQGTTSEAILLE[TI I AARDRAFEKI GVENI GKLJVVYAS 200
20 DQTHSF FVHKTE CHKLAGI FPECNIRI I PTTARENFS SMSPQAVRRQ@MQADVWVWVRNG 250
21 LVPLFLCATVGTTSTTAI DPV S@QLAEIANNFNYVYWI HVDGAYAG®GSARESC]I C|PE 300
301 [F/IRQ@Y LEGI E/IRVDSLSLSPHKWLLCYLDCCCLWVEKKTDLLVHKALATNEPE]| YL 350
331 RNKRSEFDSVVDYKDWQIlI GTGKRFRALRLWLVMRICYGVANLAO Q@SHI RSDVaa 400
401 MAKMFEGFVKSDPRFEMI VPRAFSLVCFRLNPSGGSNEADLEILLNEKEKTLILID 450
1 [RWNSTGRAYMTHTHKAGEVYLLRFAVGATLTEDRHVYAAWETLI KQCADA|V.L 500
501 '[K E NV S D 506
10 20 30 40 50
Strand Helix Coil [ pisordered
D Disordered, protein binding Putative Domain Boundary Membrane Interaction Transmembrane Helix
Extracellular [ Re-entrant Helix Cyteplasmic Signal Peptide

Il Vetal Binding

Figure 4.10 Sequence Plot of PSIPRED
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4.2.8 Tertiary Structure Prediction and Evaluation

The tertiary structure of the TDC protein was predicted using multiple computational tools,
including template-based predictions (TDC), SWISS-MODEL, AlphaFold, Phyre2, and I-
TASSER (Figure 4.11). The overall stereochemical quality of the TDC protein models
generated by the various template-based modelling servers was evaluated using ERRAT
and PROCHECK through the SAVES 6.0 server. PROCHECK was employed to assess the
stereochemical quality of the protein by evaluating the backbone geometry, including phi
(¢) and psi (y) angles, and identifying residues in favoured, allowed, and disallowed
regions of the Ramachandran plot. ERRAT, on the other hand, was used to evaluate the
overall quality of the protein structure by analyzing non-bonded atom-atom interactions.
Overall, assessment of the TDC models based on backbone geometry, residue interactions,
and energy profiles confirmed their structural reliability for subsequent computational

analyses.

Subsequently, the 3D models of the TDC protein were evaluated using ERRAT
scores, which assess the reliability of a protein’s tertiary structure based on non-bonded
atomic interactions. As shown in Table 4.6, the SWISS-MODEL produced the highest
ERRAT score of 96.17%, closely followed by AlphaFold at 95.80%, indicating that these
models possess well-optimized atomic geometry and are likely to represent the true protein
conformation accurately, consistent with Rashid et al. (2024), where higher ERRAT scores
correspond to greater structural reliability. In comparison, Phyre2 yielded a moderate score
of 86.36%, whereas I-TASSER exhibited an extremely low score of 8.05%, indicating poor
structural reliability and substantial inconsistencies in the predicted conformation. Reliable
tertiary structures are critical for understanding the functional mechanisms of TDC, such
as substrate binding and catalysis, since inaccuracies in the 3D model could misrepresent
active sites or folding patterns. Based on these results, both SWISS-MODEL and
AlphaFold were identified as the most reliable high-quality models. The next step involved

assessing the stereochemical quality of these high-quality models using the Ramachandran
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plot, which will guide the selection of the most structurally robust model for subsequent

binding site prediction and molecular docking studies.

Table 4.6 ERRAT scores of TDC protein structures generated by four modelling tools.

Protein model ERRAT score (%)
AlphaFold 95.80
SWISS-MODEL 96.17
Phyre2 86.36
I-TASSER 8.05
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e)

Figure 4.11 Tertiary structure of the TDC protein modelled by a) template-based
prediction of TDC (orange), b) AlphaFold (green), c) SWISS-MODEL (blue), d) Phyre2
(yellow), and e) I-TASSER (purple). The active-site region (residues 313-334) is
highlighted in hot pink.
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The tertiary structure of the TDC protein was further evaluated using
Ramachandran plot analysis through the PROCHECK server to assess the stereochemical
quality of the models generated by four different modelling tools (Figure 4.12). The
Ramachandran plot divides the ¢—y dihedral angles into four regions: most favoured,
additional allowed, generously allowed, and disallowed regions, as shown in Table 4.7. In
an ideal model, a high-quality protein model should have the majority of residues in the
most favoured regions, with minimal residues in disallowed regions. Among the models,
AlphaFold exhibited the highest proportion of residues (93.3%) in the most favoured
regions, with no residues in disallowed regions, indicating excellent stereochemical quality
and structural reliability. These findings are consistent with the ERRAT score (95.80%),
which further supports AlphaFold as the most accurate and representative tertiary model.
For visual comparison, the structural superimposition of all predicted TDC models,
including the template-based prediction, is shown in Appendix F. The figure demonstrates
that, while all models share a similar overall fold, the AlphaFold model exhibits optimal
stereochemical quality and a conserved active-site geometry, supporting its selection for

molecular docking, as indicated by ERRAT and Ramachandran analyses.

Table 4.7 Ramachandran plot statistics for TDC protein models from four modelling

tools.
Protein Model | Most favoured Additional Generously Disallowed
regions (%) allowed allowed regions regions
regions (%) (%) (%)
Alphafold 93.3 6.2 0.4 0.0
SWISS-MODEL 92.7 6.9 0.1 0.3
Phyre2 91.6 7.2 0.9 0.2
iTasser 78.3 12.2 7.1 2.4
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Figure 4.12 Ramachandran plot of TDC protein models from a) AlphaFold, b) SWISS-
MODEL, ¢) Phyre2, and d) I-TASSER. This plot analysis shows the presence of amino

acid residues in favourable region (red), additional allowed region (yellow), generously

allowed region (light brown), and disallowed region (white).
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4.3 MOLECULAR DOCKING

4.3.1 Active Site Pocket Tunnel Prediction of TDC Protein

Tunnel prediction was performed to identify the potential entry pathway and the binding
pocket where the substrate, L-tryptophan, interacts with the TDC protein. This analysis
provides insights into the accessibility of the active site, the arrangement of catalytic
residues, and the potential routes for ligand transport within the enzyme structure
(Kozlikova et al., 2014). For this study, the tertiary structure of the TDC protein, predicted
by AlphaFold, was analyzed using CAVER Web v2.0, a computational tool for identifying

tunnels and cavities in protein structures.

The CAVER analysis produced several potential pockets, which were ranked based
on relevance score, cavity volume, and druggability index (Table 4.8). Among the predicted
pockets, pocket ID 1 exhibited the highest relevance score (100%) and a druggability index
of 0.826; however, this pocket was restricted to structural residues that did not align with
known catalytic motifs, and visualization further confirmed that pocket ID 1 was located
away from the catalytic cavity (Figure 4.13a). In contrast, pocket ID 2 showed a lower
relevance score (89%) yet uniquely included key residues associated with catalytic activity,
specifically H204, D288, S317, and H319 from Caver web. Although the druggability
index is relatively low (0.053), the presence of these catalytic residues indicates that pocket
ID 2 represented the functional active-site tunnel. Other predicted pockets (ID 3 and ID 13)
were less relevant and did not contain catalytic residues. Consequently, pocket ID 2 was

used for further analysis.

The predicted pockets were then visualized on the TDC protein using the AlphaFold
model and compared with the ligand that performed in PyMOL software. Notably, the
CAVER pocket ID 2 coincided with the ligand-binding position predicted by PyMOL,

where L-tryptophan was located within the protein cavity. Both independent methods
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indicated the same spatial location, confirming that the binding tunnel identified by
CAVER overlapped precisely with the ligand-binding site visualized in PyMOL. This
overlap strengthens the reliability of the finding, providing strong evidence that pocket ID
2 accurately represents the true catalytic cavity of the TDC protein (Figure 4.13b and c¢).

Table 4.8 Top pockets ID tunnels of CAVER

Pocket Catalytic residues inside the pocket Relevance Volume Druggability

ID score (%)  [A3]
1 F102, P103, A104 100 881 0.826
2 F102, T168, S169, H204, T263, D288, 89 583 0.053
S317, H319
3 F102, P103, A104, H204, T263, H319 61 1102 0.379
13 S169 21 306 0.023

An analysis of the residues in pocket ID 2 identified multiple binding sites
exhibiting approximately 70% identity to the cofactor pyridoxal 5’-phosphate (PLP) or the
substrate L-tryptophan as predicted by CAVER Web. Among all the catalytic residues,
H319 was prioritized for further discussion due to several factors: (i) it is located within
the predicted binding site region (313-334 aa) as described in Section 4.2.4, (i1) it exhibited
the highest identity score (70%) compared to other residues (38-70%), (ii1) it is specifically
annotated as an L-tryptophan binding site, and (iv) it is situated within the local SPHKW
motif, which could offers a favourable chemical environment for substrate recognition as
mentioned in section 4.. The features highlight that H319 serves as a crucial residue for
anchoring L-tryptophan during catalysis, aligning with its anticipated function in the

decarboxylation mechanism (Table 4.9)
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Table 4.9. Annotation of predicted binding residues in pocket ID 2 from the CAVER web

Position Residue Acc. Identity Type Description Neighbourhood
Code
319 H P17770 70 % binding L- SPHKW
site tryptophan ~ SPHKW
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Figure 4.13 Visualization of the predicted active-site tunnel of the TDC protein using the

AlphaFold model: (a) Pocket ID 1 predicted by CAVER Web, (b) Pocket ID 2 predicted

by CAVER Web. The red dot indicates the potential ligand binding site in both pockets.
(c) Protein-ligand docking in PyMOL software.
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Following active-site pocket prediction and docking, ligand accessibility within the
TDC protein was further investigated. As mentioned earlier, pocket ID 2 was selected for
detailed interpretation due to its association with catalytic residues. The tunnel geometry
parameters predicted by the CAVER algorithm are summarized in Table 4.10 (Stourac et
al., 2019). The active-site tunnel displayed a minimum bottleneck radius of 2.25 A and a
tunnel length of 4.7 A, suggesting a relatively direct pathway from the protein surface to
the catalytic pocket. Although the bottleneck radius appears smaller than the approximate
dimensions of L-tryptophan (~5-6 A across the indole ring), surface representation and
docking analysis (Figure 4.13c) confirm that the substrate can be accommodated within the
tunnel, likely adopting a flexible conformation to traverse the bottleneck. The tunnel
curvature of 1.17 indicates an almost linear path, thereby minimizing steric hindrance
during substrate transport. Furthermore, the throughput value of 0.89 reflects a highly
accessible and efficient transport channel. In addition, the maximum bottleneck radius (BR)
was 3.02 A, confirming that the tunnel was sufficiently wide to accommodate the entry of
L-tryptophan into the catalytic cavity. Collectively, these parameters demonstrate that the
predicted tunnel possesses structural features favourable for ligand accessibility and

enzymatic catalysis.

Table 4.10 Tunnel geometry parameters by the CAVER algorithm

Parameters Values
Bottleneck radius 225A
Maximum BR 3.02A
Tunnel length 4.7 A
Curvature 1.17
Throughput 0.89

In summary, the integration of pocket prediction, structural visualization, residue
annotation, and tunnel geometry provides substantial evidence that pocket ID 2 serves as
the functional active-site tunnel of the TDC protein. The alignment of CAVER and PyMOL
predictions, along with the identification of H319 as the crucial L-tryptophan binding
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residue, offers supporting evidence for the localization of the catalytic site. The results
validate L-tryptophan as the natural ligand and confirm the mechanistic role of the 7TDC

gene in the biosynthesis pathway.

4.3.2 Molecular Docking

Molecular docking is a computational technique used to predict the binding pose and
affinity of ligands with target proteins, providing insights into molecular recognition and
interaction strength (Kumar & Kumar, 2019). It is extensively utilized in drug discovery
and virtual screening, where various docking programs employ algorithms and scoring
functions to assess binding geometries and affinities (Muhammed & Aki-Yalcin, 2024;
Blanes-Mira et al., 2022). In this study, molecular docking was performed using two web-
based platforms, SeamDock and Webina, to evaluate the binding affinity and interactions

between L-tryptophan and the TDC protein model generated by AlphaFold.

The first platform, SeamDock, produced binding affinity values of —5.4 and —5.3
kcal/mol, with docking visualization confirming the ligand’s position within the protein
binding pocket (Figure 4.14a). In contrast, Webina generated stronger interactions, with the
optimal docking pose (Mode 1) exhibiting a binding atfinity of —9.901 kcal/mol (Figure
4.14b). The remaining docked poses ranged from —8.883 to —7.773 kcal/mol, which are
provided in Appendix G. Binding affinity values indicate the strength and stability of a
protein—ligand interaction, where more negative scores correspond to stronger binding

(Halyal et al., 2025).

Docking visualization revealed that L-tryptophan was oriented within the predicted
binding site in close proximity to the catalytic residues (Figure 4.14b). This observation is

further supported by the tunnel analysis performed using CAVER (Section 4.3.1), which
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identified a feasible access pathway for L-tryptophan to reach the active site. The
consistency between docking and tunnel predictions provides strong evidence that TDC
specifically accommodates L-tryptophan as its natural substrate, thereby reinforcing the

functional reliability of the modelled TDC structure.
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Figure 4.14 Protein—ligand interaction of the TDC protein with L-tryptophan visualized
using (a) SeamDock (binding affinity -5.4 and -5.3 kcal/mol) and (b) Webina (best
binding affinity -9.901 kcal/mol, mode 1).
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4.3.3 Energy Minimization using YASARA

Energy minimization was performed on the docked complex of the TDC protein structure
from the AlphaFold model with the tryptophan ligand to refine interactions and eliminate
unfavourable steric interactions that remained after docking. As shown in Figure 4.15, the
initial unminimized structure exhibited a high energy value (+1.106 % 10 kcal/mol),
indicating substantial structural strain and instability within the complex. After
minimization in YASARA, the energy decreased significantly to —6.688 x 10* kcal/mol.
This significant reduction indicates that the refinement process successfully optimized the
geometry, resulting in a more stable and energetically favourable conformation.
Furthermore, this reduction demonstrates structural relaxation and stabilization of the
enzyme—substrate complex, supporting the reliability of the docking result. Steric clashes
arise when atoms are positioned in close proximity, resulting in significant repulsive forces.
These interactions frequently lead to high-energy, unrealistic conformations in docked
complexes. Energy minimization addresses these clashes by modifying atomic positions to
appropriate distances, which reduces strain and stabilizes the complex. Bricefio-Vargas et
al. (2022) and Meitei & HeBelmann (2017) reported analogous findings, emphasizing the

influence of steric repulsion on molecular stability.

Additionally, Ramachandran et al. (2011) illustrated that minimization tools can
effectively mitigate steric clashes in protein structures. Unlike most studies that perform
energy minimization prior to docking, this study applied post-docking minimization to
stabilize the final binding poses, reduce steric clashes, and enhance the reliability of
predicted interactions. A similar post-docking energy minimization approach has been
reported to enhance docking accuracy and reliability by refining docked complexes to
achieve geometries closer to experimental structures (Lindstrom et al., 2011). The
substantial reduction in energy indicates that the docked protein—ligand complex attained a

stable and refined conformation, thereby enhancing the reliability of the docking results.
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Figure 4.15 Energy minimization using YASARA

In short, the computational analyses successfully elucidated the in silico structural
and functional characteristics of the TDC enzyme in M. speciosa. Sequence alignment and
domain prediction confirmed that the gene encodes a pyridoxal phosphate (PLP)-dependent
decarboxylase, consistent with its role in alkaloid biosynthesis. Phylogenetic analysis
demonstrated close evolutionary relationships with other plant TDCs, indicating strong
conservation across species. Physicochemical characterization revealed that the TDC
protein is moderately stable, hydrophilic, and predominantly a-helical in structure. The
AlphaFold-predicted tertiary model exhibited the highest structural quality based on
ERRAT and Ramachandran analyses and was therefore selected for molecular docking.
Docking and subsequent energy minimization confirmed stable and favourable interactions
between TDC and L-tryptophan, highlighting key residues involved in substrate binding
and catalysis. Collectively, these computational findings provide a comprehensive
structural framework for understanding the enzymatic mechanism of TDC and lay the
foundation for future molecular engineering aimed at enhancing alkaloid biosynthesis in

M. speciosa.
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CHAPTER FIVE

CONCLUSION

5.1 CONCLUSION

This research focused on the functional role and genetic organization of TDC in M.
speciosa, which is a key enzyme for mitragynine biosynthesis, one of the major bioactive
alkaloids. By combining molecular and bioinformatics approaches, the study aimed to
achieve the three main objectives: (i) to isolate the 7DC gene responsible for mitragynine
biosynthesis in M. speciosa, (i1) to perform in silico molecular and structural analysis of
the isolated TDC gene, encompassing 3D protein structure construction, and (iii) to
determine and validate the stability of binding interactions between the TDC protein and
tryptophan through molecular docking analysis. The first objective was successfully
achieved through isolation of the 7DC gene using the CTAB method and PCR
amplification, which yielded >700 ng/ul DNA and produced clear PCR bands.
Additionally, sequence analysis revealed a 506—amino acid protein with identifiable
functional properties. This analysis identified the Pyridoxal-Dependent Decarboxylase

domain and classified TDC as a polar protein, supporting its role in alkaloid biosynthesis.

For the second objective, this research successfully modelled the predicted 3D
structure using bioinformatics tools and revealed that AlphaFold was the most reliable
model with the highest structural validation scores through ERRAT and Ramachandran
plot analyses. The resulting model provides a high-quality structural framework for further
analysis. The third objective revealed a measurement for the ligand tunnel of 4.7 A in length
with a bottleneck radius of 2.25 A, indicating favourable conditions for substrate transport.
Webina showed a strong binding interaction with —9.901 kcal/mol compared to —5.4

kcal/mol for SeamDock. Lastly, YASARA energy minimization improved the complex
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stability by reducing the total potential energy from 1.106 x 10'® kcal/mol to —6.688 x 10*

kcal/mol.

Overall, the study successfully integrated molecular and structural characterization
of TDC in M. speciosa. The results are consistent with the enzyme’s role in catalyzing the
conversion of tryptophan into tryptamine and show that certain structural characteristics
and residues are necessary for its action. These findings enhance current understanding of
mitragynine biosynthesis and provide a foundation for future protein engineering and

pathway modification efforts.

5.2 FUTURE WORK

These findings have provided relevant data and understanding of the structure and function
of the TDC enzyme in M. speciosa, thus providing a foundation for future research. First
and foremost, the wet lab is needed to obtain the exact gene sequence amplified from M.
speciosa gDNA for data-driven computational analyses, ensuring the accuracy and
relevance of the data. Future experimental approaches such as site-directed mutagenesis,
enzyme assays, or heterologous expression should be employed to confirm the predicted
protein—ligand interactions and docking results. These validations would make the in silico
results more reliable and help to understand the mechanism of the TDC pathway more
deeply. Nevertheless, despite its inherent limitations, in-silico structural methods such as
3D structure prediction and molecular docking provide speedy and critical preliminary
insights to lay the foundation of enzyme function prior to the more time and cost-

consuming validations via experimental methods.

In addition, the protein-ligand interactions should be further investigated to clarify

substrate specificity, binding dynamics, and the role of conserved residues in catalysis,
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which may contribute to the possibilities of modifying TDC activity to enhance tryptamine
production. Furthermore, future studies should also investigate the effects of 7DC gene
expression under various physiological and stress conditions, on enzyme-ligand
interactions that may provide important insights into the regulation of TDC in plants and

its role in the overall alkaloid biosynthesis.

In conclusion, the findings of this study provide avenues for the application of TDC
in synthetic biology and metabolic engineering. Altering or reconstructing the mitragynine
biosynthesis pathway in microbial or plant-based systems could enable the safe and
controlled production of mitragynine and related alkaloids. Such approaches could
overcome issues related to plant toxicity and legal limitations, creating opportunities for

new drug development.
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APPENDIX

A. DNA Sequence

>Result TDC M. speciosa_from Malaysia

AAATTTGTTCTGAACCAATTACTCTCCAAGAGAATGGGCAGCATTGATACGA
GTGACGGTGATGCTTATGCCAATTCAGCAGTTGCACCATTCAAGCCACTTGAT
CCTGACGAATTCAGAAAACAAGCCCATCGTATGGTTGATTTCATAGCCGATTA
TTACAAAAATATTGAAAACTATCCTGTTCTCAGCCAAGTTGAGCCTGGATATC
TCCGAACCCAGCTATCGCAAACTGCCCCTTATCTCCCTGAGCCATTTGAAAAT
ATTCTACAAGATATTCAAAAAGATATCATCCCTGGAATGACCAACTGGTTAA
GCCCTAACTTTTTTGCATTITTTTCCTGCGACGGTTAGCTCTGCCGCTTTTCTTG
GAGAAATGTTGTGCACTGGCTTTAACTCTGTAGGTTTCAACTGGCTCGCTTCC
CCGGCCGCGACAGAGCTCGAAATGGTGGTGATGGATTGGTTGGCTAACATGC
TTAAGCTCCCTAAGTCCTTCATGTTCTCTGGCACTGGCGGTGGTGTTCTCCAA
GGAACAACCAGTGAGGCCATTCTTTGCACCATCATCGCCGCCCGCGACCGGG
CTTTTGAGAAAATCGGTGTCGAAAACATTGGAAAGCTTGTTGTCTATGCTTCT
GATCAAACACATAGCTTTTTCGTCAAGACTTGCAAATTGGCTGGTATCTTCCC
ATGCAATATAAGAATAATCCCTACTACTGCTAGAGAGAACTTTTCCATGTCCC
CTCAGGCTGTACGTCGACAAATGCAAGCTGACGTGAGAAATGGGCTGGTCCC
ACTTTTCCTCTGTGCTACTGTGGGGACAACTTCCACCACTGCCATTGACCCGG
TGAGTCAACTAGCTGAAATTGCAAATAATTTCAACGTGTGGATTCACGTTGAT
GGTGCTTATGCAGGCAGTGCATGCATATGTCCCGAGTTCAGGCAATACTTGGA
AGGGATCGAGCGAGTTGACTCGTTGAGCCTGAGCCCTCACAAGTGGCTACTTT
GTTACTTGGACTGTTGTTGCTTGTGGGTGAAGAAAACAGACTTGCTGGTGAAG
GCATTAGCCACCAATCCCGAGTACTTGAGAAACAAAAGAAGCGAGTTCGACT
CAGTTGTGGATTACAAAGACTGGCAAATTGGCACAGGTAAACGTTTCAGGGC
ATTACGATTATGGCTTGTTATGCGTTGTTATGGAGTTGCAAACCTACAAAGCC
ACATCCGATCCGACGTTCAAATGGCCAAGATGTTTGAAGGCTTTGTGAAATCT
GACCCAAGATTTGAAATGATAGTACCACGTGCATTTTCACTCGTATGTTTTAG
GCTTAACCCTTCGGGAGGATCCAACGAAGCAGACTTGGAGCTTCTAAACAAG
AAGCTACTCGACCGGGTCAACTCAACAGGCCGAGCTTACATGACTCACACTA
AGGCCGGTGAGGTATACTTGCTGAGATTTGCAGTGGGGGCTACACTAACAGA
GGATCGCCATGTGTATGCTGCTTGGGAGTTGATTAAACAATGCGCTGACGCTG
TGCTTAAAGAAAATGTTTCAGACTGATGAATAAGCTATTTTGGTACTGTAGTG
ATCCTTCAAAAAAGGGTA
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B. Protein Sequence

>Result TDC M. speciosa_Amino acid_from Malaysia
MGSIDTSDGDAYANSAVAPFKPLDPDEFRKQAHRMVDFIADY YKNIENYPVLSQ
VEPGYLRTQLSQTAPYLPEPFENILQDIQKDIIPGMTNWLSPNFFAFFPATVSSAAF
LGEMLCTGFNSVGFNWLASPAATELEMVVMDWLANMLKLPKSFMFSGTGGGV
LQGTTSEAILCTHHAARDRAFEKIGVENIGKLVVYASDQTHSFFVKTCKLAGIFPCN
IRIIPTTARENFSMSPQAVRRQMQADVRNGLVPLFLCATVGTTSTTAIDPVSQLAE
IANNFNVWIHVDGAYAGSACICPEFRQYLEGIERVDSLSLSPHKWLLCYLDCCCL
WVKKTDLLVKALATNPEYLRNKRSEFDSVVDYKDWQIGTGKRFRALRLWLVM
RCYGVANLQSHIRSDVQMAKMFEGFVKSDPRFEMIVPRAFSLVCFRLNPSGGSNE
ADLELLNKKLLDRVNSTGRAYMTHTKAGEVYLLRFAVGATLTEDRHVYAAWEL
IKQCADAVLKENVSD
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C. Pairwise Alignment Validation for TDC M. speciosa from Malaysia

Pairwise Alignment of TDC M. speciosa Full DNA Sequence

JN643922.1_TDC_TEMPLATE
Sequence ID: Query_7653925 Length: 1620 Number of Matches: 1

Range 1: 1 to 1620 Graphics

NW Score Identities Gaps Strand
2929 1557/1622(96%:) 25/1622(1%:) Plus/Plus
Query 1 ------------~ CTGAACT 47
. |||||||||||||||||||||||||||||||||||||||||||||||
Sbjct 1 CTTCACCCTCATTAAATT =ts]
Query 438 ACGARTGACGOTEATGCT TATGCCAAT TCAGCAGT TECALC TCAAGCCACTTGATCC 187
. ||||||||||||||'|||l|.i|||||||]|||I||||||||||||||||||||||||||||
Sbjct 61 128
Query 188 CCATCGTATGETTGATT TCATAGCCGATTATTACAAAAA 167

GACGAA AGAAAACAAGT
IIlIIIIII|IIIJIIIHlII|IIIIlI\IIII|IIII|IIIIIIIIIIII|IIIIIIIII

Sbjct 121 T TCAGAARACAAGT 180

Query 168 TATTGAAAACTATCCTGT TCTCAGLCAAGT TGAGCCTOOATATCTCOGAACCCAGCTATC 227

IlIIIIIIIIIII'IHIIII'II|IIIIIIII'I'I'I'III|IIIIIIIIIIII|IIIIIIIII

Shjct 181 TGAAAACT GTTCTCAGCCAAGT CCBAACCCAG 240
Query 228  GCAAACTGOCCCTTATCTCCCTGAGCCATTTGAAAATATTCTACAAGATATTCAAALAGA 287
) ||||H||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct 241 ABACTGCCCCTTATC TTCAAAAAGA 380
Query 288  TATCATCCCTGGAATGACCAACTGGTTAAGCCCTAACTTTTTTGCATTTTTTCCTGCGAC 347
. _ i|1||||||||||||||||||||||||||||||||||||||||||.|||||||||||||||
Sbjct 381 TCATCCCTGE CTTTTITGCATTTTTTCCTGCGAC 360
Query 348  GGTTAGCTCTGCCGCTTTTCTTGGAGAMATG CWTM TCTGTAGGTTT 487

HHI[IIIIIIIIIIIIIIII|IIIIIIIIIIIIII|IIIH EELEETLTTILLnTL

Sbjct 361 GETTAGCTCTGCCGCTT TTCT TROAGAAATGT TATGCACTOECTT TAACTCTGTAGGTTT 428

Query 4838 CAACTGGCTCGCTTCCCCOGOCCGCeACAGAGCTCGARATOOTGOTGATGEATTGGTTGGC 467

JULLLLLLLLLTLLELERLEL LY L UL ELEEL L LLLELLELELELTTLLLELELL

Sbjct 421 TCECTTC ATGGATTGG 488

Query 468 TAACATGCTTAAGCTCCCTAAGTCCTTCATATTCTCTOOCACTGECGATGOTGTTCTCCA 527

CELERLLLLT PR e e R LR L e rinentl

Sbjct 4831 TAACATGCT TAAGCTCCCTAAGTCCT TCATGT TCTCTOOCACTGGCGETGOTGTTCTCCA 548

Query 528 AGGAACAACCAGTEGAGECCATTC GCACCATCATCGCOGCCCGCGACCEROCTTTTGA 587

PLLLRLLELELLR LR L L LR EEL LTI

Sbjct 541 AGGAACAACCAGTEAGHCCAT TCT T TOCACCATCATCOCCOLCCOCGACCOGOCTTTTGA 688

Query 5388 GAAAATCOOTATCEAAAACAT TEOAAAGCTTGTTGTCTATGC TTCTEAT CAAACACH 647

Sbjct 681 GAAAATCOOTATCEAAAACAT TEEAAAGCTTGTTGTCTATGC TTCTEAT CARACACHA 668

Query 648 CTTTTTCGTCAAGACTTGCARATTOOCTEGGTATCT TCCCATGCAATATAAGAATAATCCC  7a7

Sbjct 661 CTTTTTCGTCAAGACTTGCARATTOOCTEGGTATCT TCCCATGCAATATAAGAATAATCCC 728

Query 738 TACTACTGCTAGAGAGAACT CCATOTCCCCTCAGOCTOGTACGTOGACARATOCAAGC  7a7

Sbjet 721  TACTACTGCTGATGACAACTTTTCCATGTCACCTGATGCTCTACGTAAACAAATTGAAGC 780

Query 768 GAAATGGGCTGGTCCCACTTTT 827
) ||||||| | ||||||||||||||||||| |||||||||||||||||||||||||||

Sbjct 781 GTGGAAGATGGGCTGETCCCACTTTTTATCTGTGCTAC TGTGGGGACAACT 848

Query 828 CACTGCCATTOACCCGETGAGTCAACTAGCTGAAAT TOCAAATAATTTCAACGTGTGEAT 387

Sbjct 841 CACTGCAATTGACT TOAGTGAACTAGCCGATOT TRCARATGATTTCAACGTGTGOAT See
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Query 888  TCACGTTOATGGTACTTATGCAGGCAGTGCATGCATATGTCCCGAGTTCAGGLAATACTT 947

Sbjct 981  TCACGTTGATGCTECCTACGCAGGTAGTGCATGCATATGTCCCGAGTTCAGGCAATACTT 968

Query 943  GOAAGGOATCOAGCGAGTTGACTCGT TGAGCCTRAGCCCTCACAAGTGOCTACTTTGTTA  1aa7

Sbjct 961  GOATGEGATTGAGCGAGTAGACTCTTTGAGTTTGAGCCCTCATAAGTGGCTACTTTGTTA 1828

Query 1eas TGGACTGTTGTTACT TATOOOTGAAGAARACAGACTT leea?

Sbjct 1821 TGGACTGT TGTTGCT TATOOGTGAAGAARACAGACTT GTEAAGGCATT, laga

Query 1268 CAATCCCGAGTACTTGAGAAACAAAAGAAGCGAGT TCOACTCAGTTGTOGATTACAAAGA 1127

Sbjct 1881 CAATCCCGAGTACTTEAGAAACAAAAGAAGCGAGTTCGACTCAGTTATGEATTACAAAGA 1144

Query 1128 CTGEGCARATTGGLACAGGTAAACGT TTCAGOGCATTACGATTATGGCTTGTTATGCGTTG 1187

Sbjct 1141 GECAAATTOOCACAGGTARACGTTTCAGOGCATTACGATTATGRCTTGTTATGCGTTG 12688

Query 1188 TTATGGAGTTGCAAACCTACAAAGCCACATCCOATCCGACGTTCARATOOCCAAGATGTT 1247

IIII I|||||||ll||||||||||||IIIIII||||||||111IFIIIIIIIHIII|H

Sbjct 1281 TAGAGTTGCAAA CCGATCOGACGT 1208

Query 1248 TGAAGGCTTTGTGAAATCTGACCCAAGATTTGAAATGATAGTACCACGTGCATTTTCACT 1367

II|||I|||||||IIILIII|||| LLLLLEELEEELPEEELLEEEEE LT

Sbjct 1261 TGAAGGCTTTGTGAAATCTGACCCGAGATTTGAAATGATAGTACCACGTGCATTTTCACT 1320

Query 1308 CGTATGTTTTAGGCTTAACCCTTCGGGAGGATCCAACGAAGCAGACTTGGAGCTTCTAAA 1367
_ l|||||||||||||||||||||||||||||||||||||||||Jll|||||||||l|l|H|

Sbjct 1321 CGTATGTTTTAGGCTTAACCCTTCGGGAGGATCCAACGAAGCAGACTTGGAGCTTCTAAL 1380

Query 1368 CAAGAAGCTACTCGACCGOGTCAACTCAACAGGCCOAGCTTACATGACTCACACTAAGGC 1427

JULLLLLLLLLEEL LU LE LR LLLLLE L CLLLLELT L LLLLLLL

sbjct 1381 ACTCACACTAA 1444

Query 1428 COGTGAGOTATACTTGCTGAGATTTOCAGTGGAGOCTACACTAACAGAGOATCGCCATGT 1487

CCCEEELTULEEEEREREEE TR E L EEER TR PP EEEELEELETE LT

Sbjct 1441 COETGEAGGTATACTTGCTGAGATTTGCAGTEGGGGCTACACTAACAGAGGATCGCCATGT 1500

Query 1488 GTATGCTGCT TGOGAGTTGATTAAACAATGCGCTGACGCTATACTTAAAGAAAATGTTTC 1547

II|||I||||||Illlfliill|||||IIII|I!||||||IJJIIIIIIIIIIHIIII

Sbjct 1501 CTGACGLTG 1560

Query 1548 AGACTGATGAATAAGCTATTTTGGTACTGTAGTGATCCTTCAAAAAAGGGTA-------- 1599
_ |||||I|||||||III||||||||||||||||||||||||IJJJI ||||

Sbjct 1561 AGACTGATGAATAAGCTATTTTGGTACTGTAGTGATCCTTCAAAA-- AATAAAT 1618

Sbjct 1819 AT 1528

Query - TDC DNA sequence isolated from M. speciosa (Malaysia)
Subject- Reference TDC DNA sequence from M. speciosa (Thailand, NCBI database)
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Pairwise Alignment of TDC M. speciosa Full Protein Sequence

Template_TDC_M. speciosa
Sequence ID: Query_4278519 Length: 506 Number of Matches: 1

Range 1: 1 to 506 Graphics

NW Score Identities Positives Gaps
2582 487/506(96%) 499/506(98%) 0/506(0%)

Query 1 MGSIDTSDGDAYANSAVAPFKPLDPDEFRKQAHRMVDFIADYYKNIENYPVLSQVEPGYL 60
MGSIDTSDGDAYANSAVAPFKPLDPDEFRKQAHRMVDFIADYYKNIENYPVLSQVEPGYL
Sbjct 1 MGSIDTSDGDAYANSAVAPFKPLDPDEFRKQAHRMVDFIADYYKNIENYPVLSQVEPGYL 60

Query 61 RTQLSQTAPYLPEPFENILQDIQKDITPGMTNWLSPNFFAFFPATVSSAAFLGEMLCTGFE 1206
RTQLSQTAPYLPEPFENILODIQKDITIPGMTNWLSPNFFAFFPATVSSAAFLGEMLCTGF
Sbjct 61 RTQLSQTAPYLPEPFENILQDIQKDIIPGMTNWLSPNFFAFFPATVSSAAFLGEMLCTGE 128

Query 121 NSVGFNWLASPAATELEMVVMDWLANMLKLPKSFMFSGTGGGVLQGTTSEAILCTIIAAR 186
NSVGFNWLASPAATE LEMVVMDWLANMLKLPKSFMFSGTGGGVLQGTTSEAILCTITAAR
Sbjct 121 NSVGFNWLASPAATELEMVVMDWLANMLKLPKSFMFSGTGGGVLQGTTSEAILCTIIAAR 180

Query 181 DRAFEKIGVENIGKLVVYASDQTHSFFVKTCKLAGIFPCNIRIIPTTARENFSMSPQAVR 240
DRAFEKIGVENIGKLVVYASDQTHSFFVKTCKLAGIFPCNIRIIPTTA +NFSMSP A+R
Sbjct 181 DRAFEKIGVENIGKLVWYASDQTHSFFVKTCKLAGIFPCNIRIIPTTADDNFSMSPDALR 240

Query 241 ROMQADVRNGLVPLFLCATVGTTSTTAIDPVSQLAEIANNFNVWIHVDGAYAGSACICPE 300
+Q++ADV +GLVPLF+CATVGTTSTTAIDPVS+LA++AN+FNVWIHVD AYAGSACICPE
Sbjct 241 KQIEADVEDGLVPLFICATVGTTSTTAIDPVSELADVANDFNVWIHVDAAYAGSACICPE 300

Query 301 FRQYLEGIERVDSLSLSPHKWLLCYLDCCCLWVKKTDLLVKALATNPEYLRNKRSEFDSY 360
FRQYL+GIERVDSLSLSPHKWLLCYLDCCCLWVKKTDLLVKALATNPEYLRNKRSEFDSY
Sbjct 301 FRQYLDGIERVDSLSLSPHKWLLCYLDCCCLWVKKTDLLVKALATNPEYLRNKRSEFDSY 360

Query 361 VDYKDWQIGTGKRFRALRLWLVMRCYGVANLQSHIRSDVQMAKMFEGFVKSDPRFEMIVP 420
VDYKDWQIGTGKRFRALRLWLVMRCY VANLQSHIRSDVQMAKMFEGFVKSDPRFEMIVP
Sbjct 361 VDYKDWQIGTGKRFRALRLWLVMRCYRVANLQSHIRSDVQMAKMFEGFVKSDPRFEMIVP 420

Query 421 RAFSLVCFRLNPSGGSNEADLELLNKKLLDRVNSTGRAYMTHTKAGEVYLLRFAVGATLT 486
RAFSLVCFRLNPSGGSNEADLELLNKKLLDRVNSTGR YMTHTKAGEVYLLRFAVGATLT
Sbjct 421 RAFSLVCFRLNPSGGSNEADLELLNKKLLDRVNSTGRTYMTHTKAGEVYLLRFAVGATLT 480

Query 481 EDRHVYAAWELIKQCADAVLKENVSD 566

EDRHVYAAWELTIKQCADAVLKENY D
Sbjct 481 EDRHVYAAWELIKQCADAVLKENVLD 586

Query - Translated TDC protein sequence from M. speciosa (Malaysia)
Subject - Reference TDC protein sequence from M. speciosa (Thailand)
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E. Secondary Structure Prediction
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Legend:

Strand Conf: -_T_—O— Confidence of prediction
I Helix Cart: 3-state assignment cartoon
— Coil Pred: 3-state prediction

AAC Target Sequence
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F. Superimposed 5 Predicted Modelling Structure

The colour surface represents template-based prediction of TDC (orange), AlphaFold
(green), SWISS-MODEL (blue), ¢) Phyre2 (yellow), and d) [-TASSER (purple).
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G. Predicted Binding Affinities and Poses from Webina

Mode Affinity Distance from Rmsd | Distance from Rmsd U.B.
(kcal/mol) L.B.

1 -9.901 0 0

2 -8.883 1.308 3.309
3 -8.732 1.973 3.086
4 -8.498 1.066 2.096
5 -8.341 1.438 2.011
6 -8.105 2.597 3.766
7 -7.986 5.79 8.068
8 -7.822 2.061 3.466
9 -7.773 1.505 2.558
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