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A COMPUTATIONAL DOCKING ANALYSIS OF CHALCONE SYNTHASE

RECEPTOR AND SUBSTRATES IN Boesenbergia rotunda

ABSTRACT

Boesenbergia rotunda is locally known as Chinese ginger. Its rhizomes resemble fingers,
making it known as fingerroot. Previous studies show that its rhizome extracts exhibited
anticancer, antiviral, antibacterial and antioxidant properties. Numerous secondary
metabolites can be found in the extract which are derived from the flavonoid biosynthetic
pathway that involves a number of enzymes. Chalcone synthase (CHS) of B. rotunda
(BrCHS) belongs to the type III polyketide synthase. It is a key enzyme involves in the
initial stage of the flavonoid biosynthetic pathway. It has broad substrate specificity for
diverse starter molecules and generating corresponding products. In this study,
computational methods were employed to investigate the enzymatic activity of five
BrCHS receptor variants with cinnamoyl-CoA and p-coumaroyl-CoA along with
malonyl-CoA, feruloyl-CoA and caffeoyl-CoA as the ligand substrates. Homology
models of the five variants of BrCHS receptor were built using YASARA software.
ProtParam and SOPMA tools in Expasy webserver were used to predict molecular mass
and analyse the secondary structures of BrCHS receptor variants, respectively.
HADDOCK 2.2 web server was used for molecular docking the BrCHS receptor variants
with the ligand and docked energies were used for the docked conformation analysis.
Then, 10 ns molecular dynamics simulations were performed using GROMACS 5.1.4 to
verify the docking results based on the root-mean-square deviation (RMSD), root-mean-
square fluctuation (RMSF), the radius of gyration and binding free energies. The
predicted molecular masses of the five BrCHS receptor variants are in the range of 42 —

44 kDa and secondary structure analysis revealed that the variants mainly comprise of a-

il



helices and random coils. The docking results showed that cinnamoyl-CoA has a higher
binding affinity towards BrCHS receptor variants 1, 2 and 3 than p-coumaroyl-CoA. On
the other hand, p-coumaroyl-CoA has a higher binding affinity towards BrCHS variants
4 and 5. Trajectory analysis based on RMSD, RMSF and radius of gyration revealed that
the protein-ligand complexes were stable throughout the 10 ns simulations. In addition,
binding free energy profiles showed a good agreement with the docking results and some
experimental data. This study further enhances understandings on the substrate specificity

and catalytic activity of the BrCHS in chalcone production.

Keywords: Chalcone synthase, Boesenbergia rotunda, molecular docking, molecular

dynamics, cinnamoyl-CoA.
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ANALISIS DOK BERKOMPUTER BAGI RESEPTOR CHALCONE

SYNTHASE DAN SUBSTRAT DALAM BOESENBERGIA ROTUNDA

ABSTRAK

Boesenbergia rotunda dikenali sebagai halia Cina dalam kalangan masyarakat tempatan.
Tumbuhan tersebut juga dikenali sebagai Temu Kunci disebabkan oleh rizomnya yang
merupai jari. Kajian-kajian lalu menunjukan bahawa ekstrak rizomnya menunjukkan ciri-
ciri antikanser, antivirus, antibakteria dan antioksidan. Pelbagai metabolit sekunder
didapati dalam ekstrak tersebut yang berasal daripada laluan biosintesis flavonoid yang
melibatkan pelbagai jenis enzim. Chalcone synthase (CHS) daripada B. rotunda atau
BrCHS merupakan enzim jenis III poliketide sintesis. Enzim tersebut terlibat pada
peringkat awal laluan biosintetik flavonoid. Enzim tersebut mempunyai pengkhususan
substrat yang luas bagi molekul-molekul pemula dan menghasilkan produk-produk yang
sepdannya. Dalam kajian ini, kaedah pengkomputeran telah digunakan untuk menyiasat
aktiviti enzimatik bagi lima varian reseptor BrCHS dengan cinnamoyl-CoA dan p-
Coumaroyl-CoA bersama-sama dengan malonyl-CoA, feruloyl-CoA dan caffeoyl-CoA
sebagai substrat ligan. Model-model homologi bagi lima varian reseptor BrCHS telah
dibina melalui perisian ‘YASARA.’ ‘ProtParam’ dan ‘SOPMA’ di dalam web ‘Expasy’,
masing-masing telah digunakan untuk meramal jisim molekul dan menganalisis struktur
sekunder varian-varian BrCHS. ‘HADDOCK 2.2’ telah digunakan untuk dok varian-
varian BrCHS dengan ligan-ligan dan skor dok telah digunakan untuk analisis dok.
Kemudian, simulasi molekul dinamik telah dilakukan melalui ‘GROMACS v5.1.4°
selama 10 ns bagi mengesahkan keputusan analisis dok berdasarkan punca min sisihan
kuasa dua (RMSD), punca min fluktuasi kuasa dua (RMSF), jejari legaran dan tenaga

ikatan bebads. Jisim molekul yang diramalkan bagi varian-varian reseptor BrCHS adalah



di antara 42 — 44 kDa dan analisis struktur sekunder didapati bahawa varian-varian
tersebut mengandungi kebanyakanya heliks alfa dan gegelung rawak. Keputusan dok
menunjukkan bahawa cinnamoyl-CoA mempunyai daya perikatan yang lebih tinggi
terhadap jenis BrCHS 1, 2 dan 3 daripada p-coumaroyl-CoA. Manakala, p-Coumaroyl-
CoA mempunyai daya perikatan yang lebih tinggi terhadap jenis BrCHS 4 dan 5. Hasil
analisis trajektori berpandukan RMSD, RMSF dan jejari legaran didapati bahawa
kompleks-kompleks protein-ligan stabil sepanjang simulasi bagi 10 ns. Tambahan pula,
keputusan bagi tenaga ikatan bebas menunjukkan persetujuan yang baik dengan
keputusan dok dan beberapa data eksperimen. Justeru itu, kajian ini akan meningkatkan
pemahaman tentang pengkhususan substrat dan aktiviti enzimatik BrCHS dalam

pengeluaran chalcone.

Kata kunci: Chalcone synthase, Boesenbergia rotunda, molekul dok, molekul dinamik,

cinnamoyl-CoA.
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CHAPTER 1: INTRODUCTION

Flavonoids are natural products that are widely found in flowers, vegetables and fruits.
They belong to secondary metabolites that consist of variable polyphenolic structures
(Panche et al., 2016). Flavonoids play a crucial role in plant biological functions such as
pollination, regulation of the nodulation, protection against infection and ultraviolet (UV)
radiation (Mandal et al., 2010; Mahajan et al., 2011; Verdan et al., 2011). Numerous
studies have been carried out on investigating its pharmaceutical properties, for instance,
antioxidant, antimicrobial, anti-inflammatory, anticancer activities (Chang et al., 1993;

Cao et al., 1997; Lee et al., 2009; D’Mello et al., 2011).

Chalcones belongs to the subclass of flavonoids which contain basic flavonoid
skeleton structure with the absence of ‘ring C* (Panche et al., 2016). They play a vital
role in plants in terms of pigmentation of flowers and defense mechanism (Batovska &
Todorova, 2010). Naringenin chalcone, pinocembrin chalcone, licochalcone,
cardamomin, isobavachalcone and broussochalcone A are the few examples of naturally
occurring chalcones in plants (Cheng et al., 2001; Fu et al., 2004; Hatziieremia et al.,
2006; Nishimura et al., 2007; Orlikova et al., 2011). Chalcones exhibit potential
antifungal, anticancer, cardioprotective, antimicrobial and antioxidant activities (Gafner

etal., 1996; Liu & Go, 2007; Boumendjel et al., 2008; Zhong et al., 2015).

Chalcone synthase (CHS, EC 2.3.1.74) belongs to the superfamily of type III
polyketide synthase (PKS) involve in producing different chalcones and numerous
secondary metabolites such as aurones, stilbenes and flavonoids (Abe et al., 2006). The
enzyme is the precursor of the flavonoid biosynthetic pathway that produces diverse plant
metabolites (Yu et al., 2012). Stilbene synthase (STS) (Austin et al., 2004), pentaketide
chromone synthase (Morita et al., 2007) and 2-pyrone synthase (Jez et al., 2000) are the

few examples of members of the superfamily.



Numerous CHS enzymes belong to the superfamily were reported to date. For instance,
CHS enzymes were found in Sorghum bicolor (Lo et al., 2002), Physcomitrella patens
(Jiang et al., 2006), Pinus sylvestris (Fliegmann et al., 1992), Glycine max (Wingender et
al., 1989) and Silybum marianum (Sanjari et al., 2015). Moreover, CHS genes are also
expressed in Zea mays (Han et al., 2016), Gerbera hybrid (Deng et al., 2014), Freesia
hybrida (Sun et al., 2015) and Oncidium orchid (Liu et al., 2012). Other than that, CHS
genes are also found in Petunia hybrid (van der Meer et al., 1990), Solanum lycopersicum
(tomato) (Espafia et al., 2014), Arabidopsis thaliana (Feinbaum & Ausubel, 1988) and

Citrus sinensis (L.) Osbeck (Moriguchi et al., 1999).

Generally, CHS uses three molecules of malonyl-CoA as extender substrates and one
molecule of p-coumaroyl-CoA as the most preferential starter substrate (Ferrer et al.,
1999). The enzyme has shown to exhibit starter substrate and product diversities. CHS
prefers a wide range of aliphatic and aromatic thioesters, for instance, feruloyl-CoA,
phenylacetyl-CoA, benzoyl-CoA, caffeoyl-CoA and many more to produce diverse novel
polyketides (Christensen et al., 1998; Morita et al., 2000; Katsuyama et al., 2010).
Moreover, the number of polyketide chain elongations and cyclization process can result
in product diversity of the enzyme. Small changes in the residues at the active site may

contribute to the functional diversity of the CHS enzyme (Jez et al., 2001b).

Boesenbergia rotunda is locally known as fingerroot or Chinese keys. It is traditionally
used as a remedy for stomachache, muscle pain and cure for parasitic infections (Tushar
et al., 2010; Eng-Chong et al., 2012). It contains secondary metabolite compounds that
exhibit potential pharmaceutical properties such as antioxidant, anticancer and
antimicrobial activities. Panduratin A, boesenbergin A, pinocembrin, cardamonin are the

phytochemicals extracted from the plant (Supinya et al., 2003; Tan et al., 2015).



CHS from fingerroot belongs to the superfamily of the enzyme. It was reported that
the five BrCHS receptor variants were predominantly detected and highly expressed in a
tissue-specific manner from B. rotunda (Nurnadiah, 2017). In an in vitro study, it was
reported that variant 2 of CHS from the plant was only active towards cinnamoyl-CoA
but not p-coumaroyl-CoA (Sanmugavelan et al., 2018). Besides that, pinocembrin was
one of the major compounds detected using high-performance liquid chromatography
(HPLC) (Tan et al., 2015). However, very little is known about the origin or source of
this functional diversity, and the factors that influence them. It is assumed that

different BrCHS variants have different substrate preference.

In silico technology has given new insight to explore the substrate specificity of protein
receptors (Roche & McGuffin, 2016). Homology modelling and site-directed
mutagenesis studies revealed the importance of residues in active site cavity on the
functional diversity of CHS from Physcomitrella patens (Rahman et al., 2012). In silico
approach has been utilized to analyze substrate specificity of chalcone synthase gene from
Coleus forskohlii using homology modelling and molecular docking (Awasthi et al.,

2016).

Besides that, molecular dynamics simulations have been used to study the catalytic
mechanism and efficiency of CHS from basal land plants (Liou et al., 2018). Thus, this
research is carried out to investigate the substrate specificity and mechanism of BrCHS
receptor variants using an in silico approach. The information obtained from this study
would provide an insight into the production of novel polyketides from BrCHSs via in

vitro biotechnology.



Hence, the objectives of the study are as follows:

1) To build models of the five BrCHS receptor variants by homology modelling,

2) To perform the molecular docking simulation of substrate ligands to BrCHS receptor
variants,

3) To perform molecular dynamics simulations of the docked complexes and verify the
docked conformation analysis using binding free energy,

4) To infer the mechanism of BrCHS receptor variants to its products such as naringenin

and pinocembrin based on docked conformations and energies.



CHAPTER 2: LITERATURE REVIEW

2.1 Boesenbergia rotunda

Fingerroot (Chinese keys) is a local name for Boesenbergia rotunda which is
commonly used as food and traditional medicine. It is also known as ‘Krachai’ in
Thailand, ‘Ao Chun Jiang’ in China and ‘Temu Kunci’ in Malaysia (Veldkamp, 2013).
B. rotunda belongs to the family of Zingiberaceae. Table 2.1 shows the taxonomical

classification of the plant based on the (Integrated Taxonomic Information System, 2018).

Table 2.1: Taxonomical classification of B. rotunda.

Rank Taxa

Kingdom Plantae

Division Tracheophyta

Class Magnoliopsida

Order Zingiberales

Family Zingiberaceae

Genus Boesenbergia

Species Boesenbergia rotunda

( Integrated Taxonomic Information System, 2018).

It has a strong aromatic rhizome which its colour depends on the variety of the plant.
The yellow variety has bright-yellow rhizomes while other varieties have red and black
rhizomes. The rhizomes resemble fingers that grow from the central part of the plant as
shown in Figure 2.1. It is a perennial plant that grows up to 40 cm. The plant has red leaf
sheath and broad, light green leaves. The leaves have width and length up to 11 cm and
50 cm respectively. It’s tubular, pink flowers usually grow at the base of foliage (Eng-
Chong et al., 2012; Ongwisespaiboon & Jiraungkoorskul, 2017). B. rotunda is natively
distributed from China to West Malesia. It usually grows naturally in damp, shaded areas

either in lowland or hill slopes (Ching et al., 2007).



Figure 2.1: Boesenbergia rotunda (fingerroot) with its rhizomes and flower (Adapted
from National Parks Boards of Singapore, 2013; Lim, 2016).

2.1.1 Traditional Uses

B. rotunda is an edible plant that is used as a condiment in food among Asian people
because of its strong aromatic flavour. This plant helps in treating stomachache, gout,
muscle pain and rheumatism. It is used as an important ingredient in preparing “Jamu”
among Indonesians that serves as a tonic for women after labour (Stevensen, 1999). In
addition, it is used to cure inflammatory diseases, for instance, dermatitis, dental carries
and fungal and parasitic infections (Tushar et al., 2010; Eng-Chong et al., 2012). Besides
that, the herbal plant is used as an aphrodisiac in Thailand (Ongwisespaiboon &

Jiraungkoorskul, 2017).

2.1.2 Pharmaceutical Properties

Various phytochemical compounds were found in different parts of the plant.
Flavonoids such as pinocembrin, panduratin, pinostrobin, boesenbergin A, boesenbergin
B, cardamonin and alpinetin are generally found in the plant (Ching et al., 2007; Isa et

al., 2013; Tan et al., 2015). Figure 2.2 shows the structures of pinostrobin and



boesenbergin B isolated from fingerroot (Eng-Chong et al., 2012). Other than that,
polyphenols including naringin, caffeic acid, p-coumaric acid, kaempferol and quercetin
are also found in the fingerroot (Jing et al., 2010). Camphor, borneol, neryl acetate,
geraniol, rosephenone and terpinyl valerate are the examples of essential oils found in the

plant (Zaeoung et al., 2005; Sukari et al., 2008; Baharudin et al., 2015).

Figure 2.2: Structures of pinostrobin (left) and boesenbergin B (right) isolated from B.
rotunda (Adpated from Eng-Chong et al., 2012).

Previous studies show that the rhizomes of B. rofunda exhibited potential inhibitory
activities such as antibacterial, antiparasitic, antioxidant, anticancer, antiviral, antifungal
and anti-inflammatory activities. The ethanolic extract of B. rofunda showed potential
antibacterial activity by inhibiting Bacillus subtilis, Staphylococcus aureus and
Staphylococcus epidermidis with values of minimum inhibitory concentration (MIC)
from 0.04 to 25 mg/mL (Jitvaropas et al., 2012). Salama et al. (2012) reported that the
plant extract inhibited the progression of liver cirrhosis induced by thioacetamide in a rat

model.

It was reported that the medicinal plant is effective as an anticancer due to the presence
of quercetins. It reduced the proliferative activity in cancer cell lines including colon,
breast, ovarian, cervical cancer cell lines (Jing et al., 2010). In addition, boesenbergin A

of the fingerroot contributed to significant anti-inflammatory, antioxidant and cytotoxic



activities (Isa et al., 2012). Pinocembrin isolated from the plant serves as a glucosidase

inhibitor and anti-glycation agent (Potipiranun et al., 2018).

2.1.3 Chalcone Synthase

Chalcone synthase (CHS, EC 2.3.1.74) belongs to type III polyketide synthase enzyme
(PKS) superfamily including pyrone synthase, acridone synthase, stilbene synthase,
benzalacetone synthase, bibenzyl synthase, benzophenone synthase, curcuminoid
synthase and olivetol synthase (Abe & Morita, 2010). It is a key enzyme which involves

in the initial stage of flavonoid biosynthesis.

Several models have been used to establish the pathway. For instance, petunia (Petunia
hybrid) and maize (Zea mays) (Koes et al., 1987; Han et al., 2016). CHS produces
chalcone via the condensation of one CoA-linked molecule and three molecules of
malonyl-CoA. The general reaction mechanism of CHS which was proposed by (Jez et
al., 2001b) comprises three main steps which are loading, decarboxylation and
elongation. Interaction of CoA-linked starter molecule with Cys164 residues of CHS will
initiate the loading process. It is followed by the decarboxylation of malonyl-CoA by
His303 and Asn336 in the catalytic triad (Jez & Noel, 2000; Abe et al., 2003). Two
additional rounds of decarboxylation and elongation process continue with two molecules

of malonyl-CoA and result in the tetraketide intermediate molecule.

The intermediate tetraketide undergoes several cyclization reactions resulting in the
production of chalcone (Ferrer et al., 1999). Naringenin chalcone, as the product will be
1somerized into a flavanone by chalcone isomerase (CHI) (Dao et al., 2011). Figure 2.3
shows the general pathway of flavonoid biosynthesis (Winkel-Shirley, 2001; Falcone

Ferreyra et al., 2012; Kanehisa et al., 2017).



Phenylalanine
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Figure 2.3: Flavonoid biosynthetic pathway (Winkel-Shirley, 2001; Falcone Ferreyra et
al., 2012; Kanehisa et al., 2017). PAL, phenylalanine ammonia-lyase; C4H, cinnamate-
4-hydroxylase; 4CL, 4-coumarate-CoA-ligase; CHS, chalcone synthase; CHI, chalcone
isomerase; FS1/FS2: flavone synthase 1 and 2; F3H, flavanone 3-hydroxylase; FLS,
flavonol synthase; IFS, isoflavone synthase; DFR, dihydroflavonol 4-reductase; ANS,
anthocyanidin synthase.

Ferrer and his colleagues (Ferrer et al., 1999) reported that alfalfa CHS2 comprises
two domains, upper and lower domains. Upper domain serves as catalytic machinery,

while lower domain serves as a space for the formation of chalcone. CHS has broad



substrate specificity for starter molecules and generates corresponding products. In many
plants, p-coumaroyl-CoA 1is one of the most preferred starter substrates for CHS. With
hexanoyl-CoA and benzoyl-CoA as starter molecules, alfalfa CHS2 formed tetraketide

lactone and phlorobenzophenone respectively as the major products (Jez et al., 2001a).

Besides that, parsley CHS produces phlorobutyrophenone and tetraketide lactone
when accepts feruloyl-CoA and butyryl-CoA, respectively as the starter molecule (Schiiz
et al., 1983). Meanwhile, CHS in Fragaria vesca generates triketide lactones when
reacting with substrates such as isovaleryl-CoA and isobutyryl-CoA (Song et al., 2015).
CHS?2 from Medicago sativa yields phlorobenzyl ketone and methylpyrone as products

when accepts phenylacetyl-CoA as starter molecule (Morita et al., 2000).

2.2 Multiple Sequence Alignment (MSA)

Multiple sequence alignment (MSA) is a bioinformatics tool that compares amino acid
or nucleotide sequences to identify regions of similarity. It is a fundamental step in
phylogenetic constructions and analysis of protein structure and functions (Edgar &
Batzoglou, 2006). There are several methods available such as ClustalW (Thompson et
al., 1994), PROBCONS (Christen et al., 2005), T-COFFEE (Notredame et al., 2000),
Clustal Omega (Sievers et al., 2011) and MUSCLE (Edgar, 2004). As the latest MSA
algorithm in the Clustal family, Clustal Omega algorithm produces a pairwise alignment
of amino acid sequences using k-tupe method (Daugelaite et al., 2013). Sievers et al.
(2011) reported that Clustal Omega, though has similar accuracy but it performs better

than other packages.
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2.3 Molecular Modelling
2.3.1 Homology Modelling

A methodology that generates a 3D model of a protein structure from its amino acid
sequences that shares similarities is called homology modelling. It is a multi-step process
of starting with template identification, followed by multiple sequence alignments, the
building of a target model based on the 3D structure of the template, model refinement
and lastly, model validation (Vyas et al., 2012). Identity between target and template
sequences determines the quality of a model. If the sequence similarities are over 50%,
the models built are accurate enough for further analysis. MODELLER (Sali & Blundell,
1993), YASARA (Yet Another Scientific Artificial Reality Application) (Krieger &
Vriend, 2014) and SWISS-MODEL (Waterhouse et al., 2018) are the several programs

and server used in homology modelling.

In the past years, homology modelling method was extensively used in drug discovery
processes such as the study of the catalytic activity of enzymes, protein functions and
biological role of mutations in protein mechanisms (Cavasotto & Phatak, 2009).
Simulations of protein-protein docking, ligand search for a known binding site and
antigenic epitopes prediction are the common applications of homology modelling (Vyas
et al., 2012). Besides that, homology models are used for modelling substrate specificity.
For instance, (Lukk et al., 2012) discovered the divergent substrate specificities of a group

of dipeptide epimerases via homology modelling and molecular docking.

It is common that models generated contain errors and need to be refined and validated
before subjected to further analysis. Errors in a model can be evaluated based on the
calculation of root-mean-square deviation (RMSD) of backbone atoms and Z-score (Vyas

et al., 2012). Tools such as PROCHECK (Laskowski et al., 1993), WHATIF (Vriend,
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1990) and VERIFY3D (Eisenberg et al., 1997) are used to check protein stereochemistry

and sequence fitness to the model.

24 Molecular Docking

In pharmaceutical research, molecular docking has been an increasingly important
approach to elucidate the protein-ligand interactions. This method enables researchers to
study biochemical processes based on the interaction of small molecules to proteins at the

binding site (Meng et al., 2011).

Protein-ligand docking is one of the popular techniques among different docking types.
This docking approach involves the prediction of conformation and orientation of ligands
and its binding affinity for the binding site of the target protein. Information on the
binding site can be obtained by comparing target protein to a family of proteins that are
common in terms of functionality. In some cases, the information on binding sites is not
yet known. There are several programs such as POCKET (Levitt & Banaszak, 1992) and
GRID (Kastenholz et al., 2000) which can be used in predicting the binding sites and this

approach is called blind docking (Meng et al., 2011).

There are various docking programs available. For examples, Genetic Optimization
for Ligand Docking (GOLD) (Jones et al., 1997), DOCK (Kuntz et al., 1982; Allen et al.,
2015), AutoDock (Morris et al., 2009), HADDOCK (Dominguez et al., 2003) and
AutoDock Vina (Trott & Olson, 2010). Docking process includes mainly search
algorithms and scoring functions. Search algorithms such as Genetic algorithms and
Monte Carlo methods give the possible binding poses of the ligand within the target
protein. On the other hand, scoring functions such as empirical, force-field-based and
knowledge-based scoring functions predict and rank the docked conformations based on

their binding free energies (Huang & Zou, 2006).
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Molecular docking approach provides information that is useful in designing and
developing more potent drugs and selective analogues. In addition, the approach is used
in bioremediation field to discover possible enzymes that degrade pollutants (Liu et al.,
2018). Docking technique has led to the discovery of laccase from Ceriporiopsis
subvermispora which is a potential enzyme in the biotransformation of herbicide diuron
(Vieira et al., 2015). Current advances in molecular docking make it is possible for
flexible docking and modelling of the quaternary structure of complexes such as protein-
protein complexes (de Ruyck et al., 2016). In medicinal chemistry, molecular docking
approach sheds the light of structural information and underlying mechanisms of G

protein-coupled receptors (GCPRs) (Bartuzi et al., 2017).

241 HADDOCK 2.2 Web Server

High Ambiguity Driven protein-protein DOCKing or HADDOCK 2.2 is a user-
friendly web server that uses the data-driven approach in generating docking poses
(Dominguez et al., 2003; van Zundert et al., 2016). It deals with different types of classes
such as protein-ligand, protein-protein and protein-nucleic acids. It integrates information
from mutagenesis, nuclear magnetic resonance (NMR) experiments and mass
spectrometry. Haddock 2.2 web server allows small changes in the conformation of the
receptor upon binding of a ligand (Spiliotopoulos & Caflisch, 2014). The clusters after
docking are ranked according to their HADDOCK score along with other standard energy
terms including van der Waals, electrostatics, desolvation and restraints violation energies
(van Zundert et al., 2016). The best structures are chosen with the lowest HADDOCK

score (Dominguez et al., 2003).

It provides multiple interfaces with different level of control over protocols of docking.
Firstly, the Easy interface comprises the basic level of control over docking procedures

on single and mixed molecules types. Guru interface allows users to control over up to
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5000 parameters. Meanwhile, the Expert interface provides options for specifying the
protonation state of each histidine residue and flexibility regions of a protein. In addition,
this program also provides other interfaces such as prediction, refinement, multi-body and

file upload interfaces (van Zundert et al., 2016).

2.5 Molecular Dynamics

With advances in technology, high-performance computers and methodologies of
refined protein design make molecular dynamics tools play a crucial role in drug
discovery. Molecular dynamics (MD) is a method using Newtonian physics to study the
interaction and motion of atoms in molecules (De Vivo et al., 2016). The forces within
interactions and energy profile of the system are estimated using a force field. MD
trajectories produced give information on the position and velocities of the atoms over

time (De Vivo et al., 2016).

Currently, there is much software available for molecular dynamics simulations. For
instance, GROningen Machine for Chemical Simulation (GROMACS) (Abraham et al.,
2015), Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
(Plimpton, 1995), Assisted Model Building with Energy Refinement (AMBER) (Weiner
& Kollman, 1981; Case et al., 2005), Nanoscale Molecular Dynamics (NAMD) (Phillips

et al., 2005) and others.

Force fields, such as GROMOS (Christen et al., 2005), CHARMM (Brooks et al.,
1983), Optimized Potentials for Liquid Simulations (OPLS) (Jorgensen & Tirado-Rives,
1988) and AMBER (Weiner & Kollman, 1981) are commonly used in MD simulations.
The forces that cause motions on the atoms of the system can be categorised based on
types of interactions. Intramolecular interactions include stretching, bending and torsion

of the bond between atoms. Simple springs are used to describe the bond stretching and
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atomic angles. Meanwhile, the sinusoidal function describes the dihedral angles or
torsional. Non-bonded interactions include the electrostatic and van der Waals
interactions between atoms. Both interactions are also known as Coulomb and Lennard-

Jones potentials, respectively (Durrant & McCammon, 2011; De Vivo et al., 2016).

Periodic boundary conditions (PBC) are used in MD to describe bulk properties of
complexes within a finite size system. Particle-mesh Ewald (PME) method, on the other
hand, increases the efficiency of the MD simulations (de Souza & Ornstein, 1997).
Thermostats are the system in which its temperature is kept constant throughout the
simulation as if it is immersed in a thermostatic bath. The pressure of the simulated system
is also controlled via the scaling of the system volume appropriately (De Vivo et al.,

2016).

Various properties can be obtained via the MD trajectories such as energy profiles,
free energy and others. Many tools are invented to carry out the trajectory analysis of MD
simulations. For examples, AmberTools (Case et al., 2005), MDTraj (McGibbon et al.,
2015), MDAnalysis (Michaud-Agrawal et al., 2011; Gowers et al., 2016) and ProDy

(Bakan et al., 2011).

Currently, the routine simulations can be carried out to the microsecond or even
millisecond scale and usage of GPU in simulations (Hospital et al., 2015). Molecular
dynamics aids in refining structure predictions via longer simulations particularly for ab
initio protein structure. Besides that, MD simulations assist in understanding the

energetics and allosteric transition details of a protein (Hospital et al., 2015).

Molecular docking coupled with the simulations add an advantage in improvising the
virtual screening or docking. MD simulations are employed in food carbohydrate research

such as interactions of carbohydrates with protein and inclusion complexation in
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nutraceuticals and cosmetic fields (T. Feng, 2015). In biomedical research, MD
simulations have been extensively utilized to assess the toxicity of nanomaterials

(Selvaraj et al., 2018).

251 GROMACS

GROningen Machine for Chemical Simulation or GROMACS is freely available
software that is commonly used to perform molecular dynamics. It is widely used in
investigating bonded interactions among molecules such as nucleic acids, lipids and
proteins. In addition, it is further utilised in research on non-biological systems such as
polymers (Abraham et al., 2015). Simulations can be run in parallel using the message-

passing interface (MPI) protocol.

This program supports a range of force field for instances GROMOS96 (van Gunsteren
et al., 1996), GROMOS53a6 (Oostenbrink et al., 2004), Amber94 (Cornell et al., 1995),
Amber99 (Wang et al., 2000), CHARMM27 (Vanommeslaeghe et al., 2010) and others.
It allows the user to run simulations in modern cloud computing environments. The
gromacs pre-processor (grompp) is employed prior to energy minimization or molecular
dynamics simulations. The pre-processor not only read a molecular topology file, but it
also validates and expands its molecular information into an atomic description.
GROMACS can be used for calculations of QM/MM and the free energy of a molecule

(Pirhadi et al., 2016).

2.6 Binding Free Energy

Binding free energy is a computational method that uses the principle of statistical
thermodynamics to estimate the free energies of the protein-ligand complex (Thomas &
Andreas, 2010). Calculations of binding free energy help in determining the binding

affinity of a small molecule to its receptor or stability of the protein-ligand complex (Du
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et al., 2016). Free energy methods take into account both the entropic and energetic

contributions (de Ruiter & Oostenbrink, 2011).

There are several methods available for the calculation of binding free energies. For
instance, alchemical calculation, endpoint and path sampling methods (Du et al., 2016).
Free energy perturbation (FEP) approach belongs to the alchemical calculation method
which estimates the absolute or relative binding affinities (Zwanzig, 1954; Chodera et al.,
2011). Endpoint method is an efficient approach to estimating the binding free energy of
a protein-ligand complex (Du et al., 2016). Molecular mechanics generalized born surface
area (MM-GBSA) (Hou et al., 2011), molecular mechanics Poisson-Boltzmann surface
area (MM-PBSA) (Kollman et al., 2000) and linear interaction energy (LIE) (Aqvist et
al., 1994) are the approaches using endpoint method. LIE method calculates the binding
free energy that has a linear dependence on the changes in ligand-surrounding energies

(Aqvist et al., 1994).

On the other hand, MM-PBSA and MM-GBSA methods estimate the binding free
energy by calculating the changes in entropic contributions, solvation free and molecular
mechanic energies (Kollman et al., 2000; de Ruiter & Oostenbrink, 2011). The endpoint
method is a relatively fast way and has higher accuracy than the scoring and docking

methods (Singh & Warshel, 2010; Hou et al., 2011; Genheden & Ryde, 2015).

2.6.1 GMXPBSA 2.1

GMXPBSA 2.1 is a program using Bash/Perl scripts to calculate the binding free
energies of molecular dynamics trajectories of protein-protein or protein-ligand
complexes. It uses MM-PBSA methods for the binding free energies of the complexes. It
is also a freely available program under the General Public License (GPL). This tool

utilises GROMACS and Adaptive Poisson-Boltzmann Solver (APBS) (Baker et al., 2001)
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which is a Poisson-Boltzmann equation solver to calculate binding free energies using the
frames extracted from trajectory files. In addition, it is useful in comparing binding free
energies of different complexes trajectories and ranking the relative affinity of different

ligands with the same receptor (Paissoni et al., 2014, 2015).
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CHAPTER 3: METHODOLOGY

3.1 Hardware
The computer with the dual interface of Ubuntu v16.04 and Windows 10, respectively
was used in this study. The device has memory of 8 GB RAM with 2.50 GHz Intel(R)

Core(TM) CPU 15-7200U processors and internal storage of 1 TB.

3.2 Software and Web Server

Table 3.1 shows the list of software and web servers used in the research.

Table 3.1: List of software and web servers.

Software Web server

GROMACS v5.1.4 Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustal
o/)

YASARA Structure v18.4.24  SwissParam
(http://www.swissparam.ch/)

GMXPBSA 2.1 PubChem Compound
(https://pubchem.ncbi.nlm.nih.gov/search
/search.cgt)

Discovery Studio Client RAMPAGE Server

v4.5.0.15701 (http://mordred.bioc.cam.ac.uk/~rapper/r
ampage.php)

PyMOL v1.3 HADDOCK 2.2

(http://milou.science.uu.nl/services/HAD
DOCK?2.2/haddockserver-easy.html)
LigPlot" v1.4.5 SOPMA
(https://npsa-prabi.ibcp.fr/cgi-
bin/npsa_automat.pl?page=/NPSA/npsa_
sopma.html)
Visual Molecular Dynamics =~ ExPASy (Compute pI/Mw Tool)
(VMD) v1.9.3 (https://web.expasy.org/compute_pi/)
Chimera v1.12
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3.3 General Workflow

A brief workflow of the computational biochemical analysis used in the research is

shown in Figure 3.1.

Molecular modelling

e Ligand preparation
e Homology modelling of BrCHS receptor variants
e Structure analysis

Structure validation

Multiple Sequence Alignment
(MSA)

\ 4

Molecular docking

v

Docked conformation analysis

\ 4

Molecular dynamics simulations

v

Trajectory analysis

Figure 3.1: Brief workflow of the research project.
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34 Molecular Modelling
3.4.1 Ligand Preparation

Five ligands [caffeoyl-CoA (CID: 5280336), cinnamoyl-CoA (CID: 6444037), p-
coumaroyl-CoA (CID: 5462161), feruloyl-CoA (CID: 11966129) and malonyl-CoA
(CID: 644066)] were chosen as substrate ligands based on the reference KEGG flavonoid
biosynthetic ~ pathway  (https://www.genome.jp/kegg-bin/show pathway?ko00941)
(Kanehisa et al., 2017) (Appendix A). Meanwhile, acetyl-CoA (CID: 444493) and
coenzyme-A (CoA) (CID: 46936280) were selected as reference ligands. All the ligands
were retrieved from PubChem Compound (https://pubchem.ncbi.nlm.nih.gov/search/
search.cgi) (Kim et al., 2015) and were chosen based on the molecular weight and
chemical formula. All the ligands were optimized using the CHARMM force field in
Discovery Studio Client v4.5.0.15071 (Accelrys Inc., Dassault Systemes, BIOVIA Corp)
(Vanommeslaeghe et al., 2010). Figure 3.2 shows the structures of the substrate and

reference ligands.
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(a) (b)

(©) (d)

(e) 0]

Figure 3.2: Structures of ligands. (a) Acetyl-CoA; (b) caffeoyl-CoA; (¢) cinnamoyl-CoA;
(d) CoA; (e) feruloyl-CoA; (f) malonyl-CoA; (g) p-coumaroyl-CoA.
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(2

Figure 3.2, continued.

3.4.2 Homology Modelling

Protein models of five BrCHS receptor variants were built using homology modelling
module in YASARA Structure software v18.4.24 (Krieger et al., 2002; Land & Humble,
2017) with in-house amino acids sequences (Appendix B). The software used a CASP
(Critical Assessment of Structure Prediction) approved protocol that automatically
handles all the modelling steps from an amino acid sequence until the production of a
refined high-resolution model (Krieger et al., 2009). A position-specific scoring matrix
(PSSM) from related sequences was built after the amino acids sequences PSI-BLASTed
(Altschul et al., 1997) against Uniprot. The PDB for potential modelling templates were
then searched using the profile. The templates were ranked based on the structural quality

and alignment score according to WHATCHECK from the PDB Finder 2 database.

Several models were generated for the target sequences based on each of the top
scoring five templates (4YJY, 1188, 4WUM, 1186, 1JWX) as shown in Table 3.2. The
amino acids sequences for the template models are as shown in Appendix D. The
sequence identity between templates and the five variants of BrCHS receptor ranged from

77% to 84%. The final homology models for the five BrCHS variants receptor were
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obtained after the software automatically combined only the best parts from the generated

models.

Table 3.2: Templates used for homology modelling.

Template PDB ID Total score Blast E-value Cover (%) Resolution (A)

1 4YJY-A 951.85 le-153 100 1.86
2 1188-B 899.00 le-154 99 1.45
3 4WUM-C 893.14 6e-157 99 1.77
4 1186-A 884.33 Se-155 99 1.50
5 1IIWX-A 879.92 2e-152 99 1.63

The homology models were validated using Ramachandran plots generated via
RAMPAGE server (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php) (Lovell et al.,
2003) for its stereochemical quality. PyMOL v1.3 (Schrodinger, LLC) was used to
visualize the protein receptors. The homology models were then minimized for 100 ps in
GROMACS v5.1.4 (Abraham et al., 2015) to energy convergence of 0.01 kJ/mol using
steepest-descent and conjugate gradient, respectively. The quality of the minimized
models was validated using the Ramachandran plot via RAMPAGE server (Lovell et al.,
2003). The predicted molecular masses and theoretical isoelectric points of the BrCHS
receptor variants were then evaluated using the pI/Mw tool in ExPASY
(https://web.expasy.org/compute_pi/) (Gasteiger et al., 2005). The secondary structure of
the protein receptors was predicted using SOPMA server (https://npsa-prabi.ibcp.fr/cgi-

bin/npsa_automat.pl?page=/NPSA/ npsa_s opma.html) (Geourjon & Deleage, 1995).

3.5 Multiple Sequence Alignment (MSA)

In-house amino acid sequences of the five BrCHS receptor variants were aligned with
amino acid sequences from Medicago sativa (MsCHS2; 1.02902.1), Oryza sativa
(OsCHS; ABO000801.2), Zea mays (ZmCHS; NM 001155550.1), Curcuma longa

(CIPKS9; JNO017186.1), Curcuma alismatifolia (CaCHS; GU140082.1) and Musa
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acumiata (MaPKSIII3; GU724609.1) (Appendix C). Multiple Sequence Alignment
(MSA) was performed using Clustal Omega web server (https://www.ebi.ac.uk/Tools
/msa/clustalo/) (Sievers et al., 2011) with default parameters including 20 X 20 Gonnet
matrix as substitution matrix to perform multiple sequence alignment. Then, it was

confirmed by the putative active site as reported by Jez and Noel (2000).

3.6 Molecular Docking

Chain A of each receptor variants was selected for docking with the selected substrate
ligands. Molecular docking was performed using the easy interface module of Haddock
2.2 web server (http://haddcok.science.uu.nl/servicess HADDOCK/haddockserver-easy.
html) (van Zundert et al., 2016). The active site residues of the receptors were defined in
the interface. The pdb files of both receptors and ligands were uploaded and the job was

submitted.

3.6.1 Docked Conformation Analysis

After a successful docking run, clusters were sorted by HADDOCK score and
numbered according to cluster size. The clusters with the lowest HADDOCK score were
selected. Each cluster gives four conformations of protein-ligand. The first top structures
of the chosen clusters were downloaded and used for further analysis. Table 3.3 shows
the list of clusters and corresponding structures formed for the docked complex. The
docked energies + standard deviation (SD) were tabulated. The docked conformations
were analyzed in terms of van der Waals, electrostatic interactions, and a number of
hydrogen bonds formed. LigPlot" v1.4 (Laskowski & Swindells, 2011) software was used
to view the 2D structures of the docked complexes. Besides that, Discovery Studio Client

v4.5.0.15071 (Accelrys Inc., Dassault Systemes, BIOVIA Corp) was used to analyze
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other interactions such as m-interactions, salt bridge and repulsive interactions in between

protein and ligands.

Table 3.3: List of clusters and corresponding structures formed for the docked complex.

Ligand Variant
BrCHSv1 BrCHSv2 BrCHSv3 BrCHSv4 BrCHSv5
Malonyl-CoA 8 clusters 4 clusters 12 clusters 7 clusters 8 clusters
(166 (156 (168 (164 (168
structures) structures) structures) structures) structures)
Cinnamoyl- 7 clusters 7 clusters 7 clusters 5 clusters 7 clusters
CoA (178 (174 (175 (192 (186
structures) structures) structures) structures) structures)
p-Coumaroyl- 8 clusters 7 clusters 9 clusters 8 clusters 11 clusters
CoA (154 (167 (165 (178 (178
structures) structures) structures) structures) structures)
Caffeoyl-CoA 10 clusters 7 clusters 10 clusters 4 clusters 5 clusters
(143 (178 (172 (187 (178
structures) structures) structures) structures) structures)
Feruloyl-CoA 10 clusters 10 clusters 10 clusters 7 clusters 10 clusters
(162 (165 (155 171 (167
structures) structures) structures) structures) structures)
Acetyl-CoA 4 clusters 6 clusters 1 clusters 2 clusters 1 clusters
(175 (182 (194 (190 (194
structures) structures) structures) structures) structures)
CoA 3 clusters 1 clusters 3 clusters 2 clusters 3 clusters
(191 (197 (191 (199 (197
structures) structures) structures) structures) structures)

3.7 Molecular Dynamics (MD) Simulation

GROMACS v5.1.4 (Abraham et al., 2015) was used for system preparation and
simulations. The initial structures for the simulations were obtained from the docked
results. All the simulations were performed using CPU at the High Performance
Computing (HPC) cluster by the Data Intensive Computer Centre (DICC) of University

of Malaya.

The coordinates of docked complexes were separated into two individual PDB files.
One for ligands and another for the protein. Chimera v1.12 (Pettersen et al., 2004) was
used to convert Protein Data Bank (PDB) files of ligands into .mol2 format. The

GROMACS topologies for ligands were generated via SwissParam server
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(http://www.swissparam.ch/) (Zoete et al., 2011) using the CHARMM force field
(Vanommeslaeghe et al., 2010). The GROMACS topologies for the protein molecules
were generated using the pdb2gmx module with CHARMM?22/CMAP (MacKerell et al.,
1998; MacKerell et al., 2004). The pdb2gmx module added the missing hydrogen atoms
to the protein structure by default. The TIP3P model (Neria et al., 1996) was used to fill
the explicit water molecules into the dodecahedron at a distance of 1.0 nm. A proper

number of sodium ions were added to the system to neutralize its charge.

Prior to simulations, the solvated systems were minimized in order to remove any
steric hindrance due to the presence of added hydrogen atoms of the protein-ligand
complex. Firstly, the systems were minimized using position restraint method and then
followed by the steepest descent and conjugate gradient methods. Equilibration of the
systems started with an NVT (Constant Number of particles, Volume and Temperature)
run for 100 ps which is directly equilibrated to 300 K (Berendsen et al., 1984). It was
followed by NPT (Constant Number of particles, Pressure and Temperature) run for 100
ps at 1.0 atm and 300 K to equilibrate pressure of the systems using Parrinello-Rahman
barostat (Parrinello & Rahman, 1981). Particle-Mesh Ewald (PME) method (Essmann et
al., 1995) was used for the calculation of the long-range electrostatic interactions with a
cut-off of 1.0 nm. The molecular dynamics simulations of the systems were carried out
for 10 ns at the temperature of 300 K and pressure of 1.0 atm with a time step of 2 fs for

integration.

3.7.1 Trajectory Analysis

The trajectory files were inspected using VMD v1.9.3 (Humphrey et al., 1996). Post-
processing tool, trjconv was used to correct the periodicity of the protein molecules.
Several GROMACS modules were used to analyze the properties of the trajectory files

after the simulations (Abraham et al., 2015). Gmx rms module was used for root-mean-
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square deviation (RMSD) calculations and checking the protein stability. Root-mean-
square fluctuation (RMSF) of the proteins were obtained using the gmx rmsf module
which calculates the fluctuation of C-a atoms coordinates from the average position. Gmx
gyrate module was used to measure the compactness of the proteins. The interactions in
the protein-ligand complexes were analyzed using LigPlot™ v1.4 (Laskowski &
Swindells, 2011) and Discovery Studio Client v4.5.0.15071 (Accelrys Inc., Dassault

Systemes, BIOVIA Corp).

3.7.1.1 Calculation of Binding Free Energy
The binding free energies of the complexes were calculated using GMXPBSA 2.1
module (Paissoni et al., 2015). Figure 3.3 shows the workflow of the calculations steps in

GMXPBSA 2.1.

/ gmxpbsa(.sh N
Calculation of Coulomb and Lennard-Jones
energies of the complexes, proteins and
ligands followed by grid parameters for

\ 4

gmxpbsal.sh

APBS calculation of polar and non-polar
solvation energies of the complexes, proteins
and ligands.

A 4

gmxpbsa2.sh

Calculation of the binding free energies.

Figure 3.3: Workflow of calculation steps in GMXPBSA 2.1 tool.
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The binding free energies of protein-ligand complexes were calculated as in Equation

3.1.

AGbinding = Gbinding - (Gprotein + Gligand) (3~1)

The free energy term was calculated based on the average over the considered

structures. Equation 3.2 shows the calculation for the free energy term.

(G) = (Emm) + (Gum) — T(Sum) (3.2)

The energetic term Emm was calculated based on Equation 3.3 below. Ein denotes the
energies of the bond, angle and torsional angle. Ecou and Evry denote the intermolecular

electrostatic and Lennard-Jones energies, respectively.

Evm = Eine + Ecour + EL] (3.3)

The solvation term was calculated using Equation 3.4. The polar contribution, Gpolar
was calculated using the non-linearized or linearized Poisson-Boltzmann equation (Baker
et al., 2001). Whereas, nonpolar contribution, Gnonpolar Was calculated based on the

Equation 3.5, where y = 0.0227 kJ mol ™ and = 0 kJ mol"! (Brown & Muchmore, 2009).

Gsolv = Gpolar + Gnonpolar (3-4)

Gnonpolar = ySASA+ B (3.5)

The binding free energy profiles of protein-ligand complexes were extracted and

tabulated.
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CHAPTER 4: RESULTS

4.1 Molecular Modelling
4.1.1 Homology Modelling

Table 4.1 shows the RMSDs of the homology models of the BrCHS variant receptors
and the templates used for generating the final homology models. All the receptor variants
used 4YJY as the template except BrCHSv3. Figure 4.1 depicts the 3D structures of
BrCHSvI receptor after homology modelling in YASARA. All the receptor variants are
homodimers. Structure of chain A of the BrCHSvI receptor consists of a-helix (red), -
sheets (yellow) and loop (green). Figure 4.2 shows the superimposition of the BrCHS

receptor variants with its respective template structures.

Table 4.1: List of homology models, their RMSDs and templates used.

Homology model RMSD (4) Template (s) [PDB ID]

BrCHSv1 0.478 4YJY-A, 4AWUM-C
(Hybrid model)

BrCHSvy2 0.167 4YJY-A

BrCHSv3 0.466 LIWX-A

BrCHSv4 0.155 4YJY-A

BrCHSvS5 0.551 4YJY-A, 1188-B, 1JWX-A
(Hybrid model)
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(a) N-terminus
N-terminus
C-terminus C-terminus

Met137

(b)

Figure 4.1: Homology model of the BrCHSVvI receptor. (a) Homodimeric structure with
two monomers A (cyan) and B (orange); (b) chain A of the receptor.
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(a) (b)

(©) (d)

(e)

Figure 4.2: Superimposition of homology models of BrCHS receptor variants with its
respective template models. 4YJY (yellow); IJWX (cyan); 4WUM (grey); 1188 (green.);
(a) BrCHSvI (red); (b) BrCHSv2 (magenta); (c) BrCHSv3 (pink); (d) BrCHSv4 (blue);
(e) BrCHSVS5 (purple).
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The molecular weights and theoretical isoelectric points (pI) of the BrCHS receptor
variants are shown in Table 4.2. BrCHSv3 recorded the highest molecular weight which
is 43.27 kDa. Whereas, the molecular weight of BrCHSVJ is the lowest which is 42.97

kDa. The isoelectric points of the receptors are similar except for BrCHSv3 which is 6.53.

Table 4.2: Molecular weight and the isoelectric point of BrCHS receptor variants.

Variant Molecular weight Theoretical isoelectric
(kDa) point (pl)

BrCHSv1 43.00 5.92

BrCHSv2 43.01 5.92

BrCHSv3 43.27 6.53

BrCHSv4 42.99 5.92

BrCHSv5 42.97 5.92

The structure analysis via SOPMA revealed the secondary structures of the homology
models. Table 4.3 depicts the percentages of the secondary structures of the receptors that
mainly consist of a-helix, extended strand, B-turn and random coil. BrCHSv4 receptor
comprises the highest a-helix structures of 45.27%. On the other hand, BrCHSv2 consist
of the highest f-turn and random coil structures which are 7.67% and 34.27%,

respectively. The highest percentage of the extended strand was recorded by BrCHSVS.
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Table 4.3: Composition of secondary structures of BrCHS receptor variants.

Variant Percentage (%)

o-helix Extended strand f-turn Random coil
BrCHSvI 43.73 15.60 6.65 34.02
BrCHSv2 42.20 15.86 7.67 34.27
BrCHSv3 41.94 16.62 7.42 34.02
BrCHSv4 45.27 15.35 7.16 32.23
BrCHSv5 44.50 16.88 7.16 31.46

Ramachandran plots of the homology models before and after minimization are shown
in Figure 4.3 and 4.4, respectively. All the pre- and post-minimized homology models
contain more than 90% of residues in the favored regions. Based on Table 4.4, both pre-
and post-minimized homology models contain more than 95% of the residues number in
the favored region. Among the pre-minimized homology models, only B¥rCHSvS5 contains
0.3% residues in the outlier region. In contrast, the post-minimization receptor variants
contain residues number with the range of 0.3% to 0.5% in the outlier region except for
BrCHSv3 receptor which contains none. Thus, post-minimized models were chosen for

the molecular docking.
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(a) (b)

(©) (d)

(e)

Figure 4.3: Ramachandran plots of BrCHS receptor variants after homology modelling.
(a) Variant 1; (b) variant 2; (¢) variant 3; (d) variant 4; (e) variant 5.
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(a) (b)

(c) (d)

(e)

Figure 4.4: Ramachandran plots of BrCHS receptor variants for post-minimization. (a)
Variant 1; (b) variant 2; (¢) variant 3; (d) variant 4; (e) variant 5.
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Table 4.4: Ramachandran plot summary from RAMPAGE analysis.

Percentage of residues number (%)

Variant Before minimization After minimization

Favored Allowed Outlier Favored Allowed Outlier

region region region region region region
BrCHSv1 98.7 1.3 0 97.9 1.8 0.3
BrCHSv2 97.4 2.6 0 97.2 23 0.5
BrCHSv3 97.9 2.1 0 96.6 3.4 0
BrCHSv4 97.7 23 0 97.9 1.8 0.3
BrCHSv5 96.9 2.8 0.3 96.1 3.6 0.3

4.2 Multiple Sequence Alignment (MSA)

Figure 4.5 shows the multiple sequence alignment result of the BrCHS receptor
variants with the CHS receptors from six different plant species. All the BrCHS receptor
variants shared percentage identity in the range of 77% to 89% with the selected CHS
amino acid sequences. Three amino acid residues namely Cys164, His303 and Asn336
are highly conserved in the active site of the receptor of CHS enzyme family. MSA
revealed that the conserved catalytic triad is maintained in the BrCHS receptor variants
as well. Besides that, GFGPG loop of the CHS receptors also presents as a highly
conserved region. Gatekeeper residues, Phe215 and Phe265 also conserved in all of the
receptors. Figure 4.6 shows the BrCHSv2 receptor in cartoon rendering with residues
involved in the catalytic triad, gatekeepers, the CoA binding tunnel, coumaroyl-binding

pocket, cyclization pocket and active site geometry.
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CLUSTAL 0(1.2.4) multiple sequence alignment

sp|P30074 | CHS2_MEDSA —-——-MVSVSE IRKAQRAEGPAT ILAIGTANPANCVEQSTYPDFYFKITNSEHKTELKEKF 56
sp|Q2R3A1|CHS1_ORYSJ -MAAAVTVEEVRRAQRAEGPATVLAIGTATPANCVYQADYPDYYFRITKSEHMVELKEKF 59
tr|B6T9S4|B6T9S4_MAIZE MAGATVTVDEVRKGQRATGPATVLAIGTATPANCVYQADYPDYYFRITKSDHLTDLKEKF 60
tr|GOF7X4|GO9F7X4_CURLO ---MAKLVTEIRKSQRAEGPAAVLAIGTATPPNVVYQADYPDYYFRITRSEHLVELKEKF 57
tr|K9JFE2|K9JFE2_9LILI -——-MTKLVTE IRRSQRAEGPAAVLAIGTANPPNVVYQADYPDYYFRITRSEHLTELKEKF 57
tr | D5KZKO | D5KZKO_MUSAC —-——-MAKLAE IRQSQRAEGSATVLAIGTATPVNVLYQADYPDYYFRITKSEHLTELKEKF 56
BrCHS_var3 ----MAKVQE IRLRQRAEGPAAILAIGKATPTNVVYQADYADYYFRVTKSEHLTELKEKF 56
BrCHS_var5 --—-MAKVQE IRLRQRAEGPAAILAIGTATPTDVVYQADYADYYFRITKSEHLTELKEKF 56
BrCHS_var4 —--—-MAKVQE IRLRQRSEGPAAILAIGTATPTNVVYQADYADYYFRITKSEHLTELKEKF 56
BrCHS_varil --—--MAKVQE IRQRQRAEGPAAITLAIGTATPTNVVYQADYADYYFRITKSEHLTELKEKF 56
BrCHS_var2 ————MAKVQEIRQRQRAEGPAAILAIGTATPTNVVYQADYADYYFRITKSEHLTELKEKF 56
- * * ** * * **** * * - - *: * * - ** * * - * . *****
sp|P30074|CHS2_MEDSA QRMCDKSMIKRRYMYLTEE 1 LKENPNVCEYMAPSLDARQDMVVVEVPRLGKEAAVKAIKE 116
sp]Q2R3A1|CHS1_ORYSJ KRMCDKSQ IRKRYMHLTEE I LQENPNMCAYMAPSLDARQD I VVVEVPKLGKAAAQKAIKE 119
tr|B6T9S4|B6T9S4_MAIZE KRMCDKSMIRKRYMHLTEEFLSENPSMCAYMAPSLDARQDVVVTEVPKLGKAAAQKAIKE 120
tr|GOF7X4|GOF7X4_CURLO KRMCDKSMIRKRHMYLTEE I LRENPKMCAYMEASLDARQD 1 VVVEVPRLGKEAAVKAIKE 117
tr|K9JFE2|K9JFE2_9LILI KRMCDKSMIRKRHMYLTEE I LRENPKMCAYMEASLDARQD 1 VVVEVPRLGKEAAVKAIKE 117
tr | D5KZKO | DSKZKO_MUSAC KRMCDKSMIHKRYMHINEE I LKENPNVCAYMAPSLDARQD I VVVEVPKLGKEAAVKAIKE 116
BrCHS_var3 KRMCDKSMIRKRYMHLTEE I LKENPNMSAYMEPSLDERQD 1 VVVEVPKLGKEAAAKAIKE 116
BrCHS_var5 KRMCDKSMIRKRYMHLTEE I LKENPNMCAYMEPSLDERQD I LVVEVPKLGKEAAAKAIKE 116
BrCHS_var4 KRMCDKSMIRKRYMHLTEE I LKENPNMCAYMEPSLDVRQD 1 VVVEVPKLGKEAAAKAIKE 116
BrCHS_varl KRMCDKSMIRKRYMHVTEE I LKENPNMCAYMEPSLDERQD 1 VVVEVPKLGKEAAAKAIKE 116
BrCHS_var2 KRMCDKSMIRKRYMHVTEE I LKENPNMCAYMEPSLDERQD 1 VVVEVPKLGKEAAAKAIKE 116

=AhkAhkkhkkhkkhkkhk K==-k=-k=-= Khk=-k XXk - *x *Ahkkhk KAxh ==k Xkhkk=-kkhkkhk K*k KAhkiAkAkk

Figure 4.5: Multiple sequence alignment (MSA) of five variants of BrCHS with Medicago sativa, Oryza sativa, Zea mays, Curcuma longa, Curcuma
alismatifolia and Musa acuminate. Highly conserved residues were highlighted as follows: catalytic triad (yellow); gatekeepers (black box); GFGPG
loop (red box); coumaroyl-binding pocket (green); cyclization pocket (blue); active site geometry (magenta).
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sp|P30074 ] CHS2_MEDSA
sp|Q2R3A1 | CHS1_ORYSJ
tr|B6T9S4|B6T9S4 MAIZE
tr|GOF7X4]|G9F7X4_CURLO
tr|KOJFE2|K9QJFE2_9OLILI
tr | D5KZKO | D5KZKO_MUSAC
BrCHS var3

BrCHS_var5

BrCHS_ var4

BrCHS varl

BrCHS_var2

sp|P30074 ] CHS2_MEDSA
sp|Q2R3A1|CHS1_ORYSJ
tr|B6T9S4|B6T9S4_MAIZE
tr|GOF7X4]GO9F7X4_CURLO
tr|KOJFE2|K9QJFE2_OLILI
tr | D5KZKO | D5KZKO_MUSAC
BrCHS_var3

BrCHS_var5

BrCHS var4

BrCHS_varl

BrCHS_var2

WGQPKSKITHLIVC GV ADYQLTKLLGLRPYVKRYMMYQQGCFAGGTVLRLAKD 176
WGQPRSRITHLVFC GV ADYQLAKMLGLRPNVNRLMMYQQGCFAGGTVLRVAKD 179
WGQPKSRITHLVFCTESGV ADYQLTKALGLRPSVNRLMMYQQGCFAGGTVLRVAKD 180
WGQPKSKITHLVFC GV ADYQLTKLLGLRPSVNRFMMYQQGCFAGGTVIRLAKD 177
WGQPKSKITHLVFC GV ADYQLTKLLGLRPSVNRVMMYQQGCSAGGTALRLAKD 177
WGQPESKITHLVFC GV ADYQLTKLLGLRPSVNRFMMYQQGCFAGGTVLRMAKD 176
WGQPKSKITHLIFC GV ADYQITKLLGLRPSVNRFMMYQQBCFAGGTVLRLAKD 176
WGQPKSKITHLIFC GV ADYQI TKLLGLRPSVNRFMMYQQGCFAGGTVLRLAKD 176
WGQPKSKITHLIFC GV VDYQITKLLGLRPSVNRFMMYQQGECFAGGTVLRLAKD 176
WGQPKSKITHLIVC GV ADYQI TKLLGLRPSVNRFMMYQQBCFAGGTVLRLAKD 176
WGQPKSKITHLIFC GV ADYQITKLLGLRPSVNRFMMYQQBCFAGGTVLRLAKD 176

Fhkkhkk FK=Fkkhkhkkhk=- Fh-kkhkk-k*kk K*khkk=--k FEhkAkkikk K-k XkhkkXxIxIxAh XXk k -k -kkk

LAENNKGARVLVVCSEVTAVTFRGPSDTHLDSLVBGQA GAAAL1VGSDPVPEIEKPI 236
LAENNRGARVLAVCSEITAVTFRGPSESHLDSMVGQA GAAAVIVGSDPDEAVERPL 239
LAENNRGARVLVVCSEITAVTFRGPSESHLDSLVEQA GAAAVVVGADPDGRVERPL 240
LAENNRGARVLVVCSEITAVTFRGPSDSHLDSMVGQA GAGAI 1VGADPDPATERPL 237
LAENNRGARVLVVCSEITAVTFRGPSDSHLDSMVGQA GAGAI 1VGADPDPATERPL 237
LAENNRGARVLVVCSEITAVTFRGPSESHLDSLVEQA GAAAIL 1VGADPDPATEQPI 236
LAENNRGARVLVVCSEIRVMTFRGPSESHLDNLVEQA GAGAI 1VGADPDLETERPL 236
LAENNRGARVLVVCSEITVETFRGPSESHLDSLVGQA GAGAI 1VGADPDLETERPL 236
LAENNRGARVLVVCSEITAVTFRGPSESHLDSLVGQA GAGAI 1VGADPDLETERPL 236
LAENNRGARVLVVCSEITAVTFRGPSESHLDSLVEGQA GAGAI 1VGADPDLEIERPL 236
LAENNRGARVLVVCSEITAVTFRGPSESHLDSLVEQA GAGAI 1VGADPDLETERPL 236

Fhhkkhk -Kkkkkxk F*kkkx- FhIAkAkk k= =kkk ~Fkkxkxkkxk **kk K- -)kk-%k% *=-k-

Figure 4.5, continued.
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FELVSASQTILPDSE LREVGLTEHLLKDVPGLISKNIEKSLVEAFAPLGIDDWN
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Figure 4.5, continued.

296
299
300
297
297
296
296
296
296
296
296

356
359
360
357
357
356
356

AAILDQVEAKLALEKEKLAATRQVLSEYBGNMSSACV I F 1LDEMRRKSAQE 356

356
356
356



|84

sp|P30074 | CHS2_MEDSA
sp|Q2R3A1|CHS1_ORYSJ
tr|B6T9S4|B6T9S4 MAIZE
tr|GOF7X4]G9F7X4_CURLO
tr|KOJFE2|K9QJFE2_9OLILI
tr | D5KZKO | D5KZKO_MUSAC
BrCHS var3

BrCHS_var5

BrCHS_var4

BrCHS varl

BrCHS_var2

GLKTTGEGLEWGVLH
GHATTGEGMDWGVLH
GQATTGEGLDWGVLH
GKATTGEGLEWGVLH
GKAPPGEGVEWGVFH
GKATTGEGLEWGVLH
GKATTGEGFNWGVLH
GKATTGEGLNWGVLH
GKATTGEGLNWGVLH
GKTTTGEGLNWGVLH
GKATTGEGLNWGVLH

* *khkk =kkk-%

Figure 4.5, continued.
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(a) (b)

His303
Cysl64
Asn336
(c) (d)
(e) ()
Phe265 Phe215

Figure 4.6: Cartoon rendering of BrCHSv2 receptor. (a) Catalytic triad residues; (b)
GFGPG loop (red); (c) coumaroyl-CoA binding pocket (green spheres); (d) cyclisation
pocket (blue spheres); (e) gatekeepers; (f) geometry of the active site (magenta dots).
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4.3 Molecular Docking Analysis

Table 4.5 shows the docked energies of the BrCHSvI receptor with the ligands.
Cinnamoyl-CoA recorded more negative docked energy compared to p-coumaroyl-CoA.
Hence, BrCHSv1 has higher binding affinity for cinnamoyl-CoA than p-coumaroyl-CoA.
On the other hand, malonyl-CoA has the highest binding affinity towards the receptor as

showed the most negative docked energy.

Table 4.5: Docked energy of BrCHS variant 1 receptor with the ligands.

Ligand Docked energy  Electrostatic van der Waals
(kcal/mol) energy energy
(kcal/mol) (kcal/mol)
Malonyl- CoA -60.9 £ 4.1 -187.3 £ 42.1 -19.8 £ 1.8
Cinnamoyl- CoA 512+ 1.6 -102.5 £ 21.1 226122
p-Coumaroyl- CoA 469 £ 1.1 —45.6 +17.2 263 +2.1
Caffeoyl-CoA —49.1 +£4.9 -37.6 £ 6.1 —255+3.7
Feruloyl-CoA -59.2 4+ 3.7 -151.0 £ 6.5 -31.1 £3.9
Acetyl-CoA (Reference) —68.2 1+ 5.0 -188.5+17.2 -18.5+ 4.6
CoA (Reference) -79.8 £5.3 -264.0 + 18.8 -20.8£2.5

Table 4.6 shows the residues of BrCHSv! formed interactions with the ligands. Cys164
of the receptor formed m-alkyl and m-sulfur interactions with cinnamoyl-CoA and p-
coumaroyl-CoA, respectively. Lys62 of the receptor formed a salt bridge with cinnamoyl-
CoA and malonyl-CoA, respectively. Figure 4.7 depicts the interaction of the ligands with
the BrCHSvI receptor. Malonyl-CoA formed hydrogen bonds with the catalytic triad of
BrCHSvI as shown in Figure 4.7 (b). Cinnamoyl-CoA formed only one hydrogen bond,

whereas p-coumaroyl-CoA formed three hydrogen bonds with the BrCHSvI receptor.
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Table 4.6: List of residues of BrCHSvI formed interactions with the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Lys62 (2.63,2.83) Val210, Leu214, Arg58 (- Lys62 -
CoA Cys164 (3.20) Ile254, Gly305,  Cation)
His303 (2.68) Gly306, Pro307,
Asn336 (2.60) Ala308, 11e309,
Phe373, Gly374
Cinnamoyl- Ala308 (2.68) Leu214, Phe215, Lys62 (Alkyl) Lys62 -
CoA Gly305, Gly306, Cysl64, Ile254,
Pro307, 11309, Phe265 (-
Asn336, Gly374, Alkyl)
Pro375
p- Tyr160 (3.23) Thr132, Glyl63, Cysl64 (m- - -
Coumaroyl- Glnl61 (3.34) Leu214, 1le254,  Sulfur)
CoA Gly305 (2.98) Asp255, Gly256, Phe215 (m-Pi T-
Phe265, His303, shaped)
Asn336, Gly374,
Pro375
Caffeoyl- GlInl61 (2.78) Glyl63, Leu214, Cysl164, Phe215 - -
CoA Gly305 (2.86) lle254, Asp255,  (m-Alkyl)
Gly256, Leu267, Phe265 (-
Asn336, Pro375  sulfur)
Feruloyl- Argl56 (2.61, Thr132, Val135, Leu263, Pro375  Arg259 -
CoA 2.64) Met137, Prol138, (m-Alkyl)
Gly256 (2.96) Tyr142, Met158,
Leu258 (2.85) Tyr160, GInl61,
Arg259 (2.68) Glyl163, His257,
Phe265
Acetyl- Arg58 (2.79) Lys62, Leu214, - Arg58 -
CoA Phe215, Leu267, Lys62
(Reference) Pro272, Gly305,
Gly306, Ala308,
[1e309, Asn336
CoA Arg58(2.64,2.91) Leu214, Phe215, Val210 (Alkyl) Arg58  Arg58
(Reference) Lys62 (2.61) [le254, Leu267, Lys62  Asn336
Cysl64 (3.22) Val271, Pro272, His303

His303 (3.08)

Gly305, Ala308,
11e309, Gly374

- : Absence
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(a) (b)

(c) (d)

Figure 4.7: Docked conformations of BrCHSvI with the ligands. (a) Malonyl-CoA; (b)
cinnamoyl-CoA; (¢) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e) feruloyl-CoA; (f) acetyl-
CoA; (g) CoA.
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Figure 4.7, continued.
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Docked energies of the BrCHSv2 receptor with the ligands are shown in Table 4.7.
Malonyl-CoA recorded the most negative docked energy among the substrate ligands and
followed by cinnamoyl-CoA. p-Coumaroyl-CoA recorded the least negative docked
energy among the substrate ligands. Thus, p-coumaroyl-CoA has the least binding affinity

towards the BrCHSv2 receptor compared to other ligands.

Table 4.7: Docked energy of BrCHS variant 2 receptor with the ligands.

Ligand Docked energy  Electrostatic van der Waals
(kcal/mol) energy energy
(kcal/mol) (kcal/mol)
Malonyl- CoA —-62.7+3.4 -223.9+9.0 -18.0+5.2
Cinnamoyl- CoA -54.0+3.0 —-64.3 +14.7 —24.7+5.8
p-Coumaroyl- CoA -493+43 -33.5+14.0 273+1.8
Caffeoyl-CoA -51.2+2.0 -82.1 £20.6 -23.8+3.9
Feruloyl-CoA —48.0+ 1.4 —85.0 £28.7 -34.6+2.4
Acetyl-CoA (Reference) —-63.5+3.6 —2122+2.0 —18.1 £6.8
CoA (Reference) —83.7+5.8 —289.1+4.1 -21.0+1.3

Table 4.8 shows the type of interactions formed between BrCHSv2 and the ligands.
GInl61 of the receptor involved in the repulsive interaction with p-coumaroyl-CoA.
Residues Lys62 and Arg259 formed a salt bridge with malonyl-CoA and cinnamoyl-
CoA, respectively. Hydrogen bonds and non-hydrophobic interactions of the docked
BrCHSv2 complexes are depicted in Figure 4.8. Malonyl-CoA and p-coumaroyl-CoA,
respectively formed hydrogen bonds with the Cys164 residue of the receptor. In addition,
malonyl-CoA formed hydrogen bonds with other catalytic triad residues which are
His303 and Asn336. Cinnamoyl-CoA formed more hydrogen bonds with BrCHSv2

receptor than p-coumaroyl-CoA.

47



Table 4.8: List of residues of BrCHSv2 formed interactions with the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Lys62 (2.44,2.56) Val210, Leu214, Lys62 (Alkyl) Lys62 -
CoA Cysl164 (3.16) Phe215, Ile254,
His303 (3.006) Gly305, Gly306,
Asn336 (2.80) Pro307, Ala308,
11e309, Gly374
Cinnamoyl- GInl161 (2.63) Thr132, Glyl163, Cysl64,1le254,  Arg259 -
CoA Leu258 (2.62) Phe215, Gly256, His303 (-
Arg259 (2.73) His257, Phe265,  Alkyl)
Gly305, Asn336,
Pro375
p- Cys164 (3.13) Met137, Val210, Leu258 (Alkyl) - Glnl6l
Coumaroyl- Leu214, [le254,  Phe215 (m-m
CoA Asp255, Gly256, Stacked)
Phe265, Gly305, Cysl164 (m-
Asn336, Pro375  sulfur)
Caffeoyl- Arg58(2.76,3.06) Val210, Leu214, Val212 (Alkyl) Arg58 -
CoA Cys164 (3.33) Phe215, Ile254, Lys62
Val271, His303,
Gly305, Gly306,
Pro307, 11e309,
Asn336
Feruloyl- GInlé61 (2.62, Cysl164, Phel65, Phe265 (-t Arg259 -
CoA 2.72) Phe215, Ile246, Stacked)
Leu258 (2.64) Ile254, Asp255,  Pro375 (m-Alkyl,
Thr378 (2.82) Gly256, His257, m-Sigma)
Leu263, Ser338
Acetyl- Lys55 (2.62) Met59, Leu206, Lys62, Ala308 Lys55  Ala308
CoA Lys62 (3.26) Val210, Leu214, (Alkyl)
(Reference) Cysl164 (3.13) Phe215, lle254,  Lys55 (m-Alkyl,
His303 (2.76) Val271, Gly306, m-cation)
Pro307, 11e309,
Asn336, Gly374
CoA Arg58(2.55,2.73, Phe2l15,1le254,  Val210 (Alkyl) Arg58 -
(Reference) 3.35) Pro272, His303, Lys55 (m-Alkyl) Lys62

Lys62 (2.59, 2.62)

Cys164 (3.13)
Asn336 (3.28)

Gly305, Gly306,
Ala308, T1e309

-: Absence
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(a) (b)

(c) (d)

Figure 4.8: Docked conformations of BrCHSv2 with the ligands. (a) Malonyl-CoA; (b)
Cinnamoyl-CoA; (c) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e) feruloyl-CoA; (f) acetyl-
CoA; (g) CoA.
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Figure 4.8, continued.
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Table 4.9 depicts the docked energies of the BrCHSv3 receptor with the ligands.

Malonyl-CoA has the most negative docked energy among the substrate ligands.

Cinnamoyl-CoA recorded as the second most negative docked energy. p-Coumaroyl-CoA

recorded the least negative docked energy. Hence, p-Coumaroyl-CoA has lower binding

affinity for BrCHSv2 receptor than cinnamoyl-CoA.

Table 4.9: Docked energy of BrCHS variant 3 receptor with the ligands.

Ligand Docked energy  Electrostatic van der Waals
(kcal/mol) energy energy
(kcal/mol) (kcal/mol)
Malonyl- CoA -84.1+6.7 -280.4 + 59.1 -17.9 £ 2.0
Cinnamoyl- CoA —-61.2£2.6 —154.0 &£ 27.0 -16.7£2.2
p-Coumaroyl- CoA -52.8+6.2 —63.6 + 42.7 —22.0+44
Caffeoyl-CoA -56.6 £ 4.7 -92.7+85 —23.8+3.8
Feruloyl-CoA -57.1 £5.7 —149.2 + 443 -28.8 £5.0
Acetyl-CoA (Reference) —83.3 +3.3 -301.9+17.9 -13.9+29
CoA (Reference) -924+28 -305.7 £ 17.6 -18.8 £ 5.4

Residues of BrCHSv3 involved in the interactions with the ligands are as shown in

Table 4.10. Residue 1le254 of the receptor formed m-alkyl interaction with cinnamoyl-

CoA and p-coumaroyl-CoA, respectively. Salt bridge formed in between Arg58 of the

receptor and the ligand (cinnamoyl-CoA, malonyl-CoA, acetyl-CoA, CoA and p-

coumaroyl-CoA). Figure 4.9 shows the interactions formed between ligands and

BrCHSv3 receptor. Five hydrogen bonds were found in the malonyl-CoA-BrCHSV3

docked complex. The Arg58 residue of the BrCHSv3 formed three hydrogen bonds with

cinnamoyl-CoA. Whereas, p-coumaroyl-CoA formed two hydrogen bonds with the

receptor.
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Table 4.10: List of residues of BrCHSv3 formed interactions with the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Lys62 (2.47,2.81) Leu214, Phe215, - Arg58 Asn270
CoA Cys164 (3.02) [le254, Val271, Lys62
His303 (2.78) Pro272, Gly305,
Asn336 (2.81) Gly306, Pro307,
Ala308, 11e309,
Gly374
Cinnamoyl- Arg58 (2.64,2.70, Cysl64, Val210, Ile254, Leu271,  Arg58 -
CoA 2.74) Leu214, Phe215, His303 (m-
Gly305, Gly306, Alkyl)
11e309, Phe373,
Gly374
p- Lys55 (2.87) Met59, Leu206, Cysl64, lle254 Lys55 -
Coumaroyl- Cysl64 (3.13) Asp207, Val210, (m-Alkyl) Arg58
CoA Leu214, Phe215,
Leu267,
Pro272, His303,
Gly305, Gly306,
11e309, Asn336,
Gly374
Caffeoyl- Lys62 (2.77) Thr132, Glyl63, Ala308 (Alkyl) Lys62 -
CoA Argl94 (2.91) Leu214, Phe215, Cysl164, Phe265,
Asn270 (3.10) Ile254, Pro272,  Pro375 (m-
Gly305, Gly306, Alkyl)
Pro307, Asn336,
Ser338, Gly374
Feruloyl- Leu258 (3.13) Thr132, Vall35, Ala256, GInl61  Arg259 -
CoA Arg259 (2.54) Metl37, Glyl63, (m-Sigma)
Cysl64, Argl94, Ala256, Leu263,
Phe265 Pro375 (m-
Alkyl)
Acetyl- Arg58(2.59,2.65) Cysl64, Phe215, Leu267 (alkyl),  Arg58 -
CoA Lys269 (2.86) Ile254, Phe265,  His303 (- Lys62
(Reference) Val271 (2.77) Asn270, Pro272, sulfur)
Gly305,
Gly306, 11309,
Asn336, Ser338
CoA Arg58 (2.69,2.78) Met59, Leu214, His303 (m- Arg58 -
(Reference) Lys62 (2.62) Phe215, lle254,  Sulfur) Lys62
Cysl64 (3.23) Leu267, Val271, Val210 (Alkyl)

Ala308 (3.09)

Pro272, Gly305,
Gly306, Pro307,
11e309, Asn336

-: Absence
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(c) (d)

Figure 4.9: Docked conformations of BrCHSv3 with the ligands. (a) Malonyl-CoA; (b)
cinnamoyl-CoA; (c) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e) feruloyl-CoA; (f) acetyl-
CoA; (g) CoA.
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Figure 4.9, continued.
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Docked energy profile of the docked BrCHSv4 complexes is shown in Table 4.11.
Malonyl-CoA recorded the most negative docked energy which is —91.5 + 4.1 kcal/mol
and has the highest binding affinity for BrCHSv4 receptor. p-Coumaroyl-CoA showed
more negative docked energy compared to cinnamoyl-CoA. Therefore, p-coumaroyl-

CoA has higher binding affinity for B#CHSv4 receptor than cinnamoyl-CoA.

Table 4.11: Docked energy of BrCHS variant 4 receptor with the ligands.

Ligand Docked Electrostatic ~ van der Waals
energy energy energy
(kcal/mol) (kcal/mol) (kcal/mol)
Malonyl- CoA -9151+4.1 -333.4+£40.0 -19.1 £4.7
Cinnamoyl- CoA —-61.8+2.6 -104.0 £425 -247+%1.6
p-Coumaroyl- CoA -65.0+ 7.9 -89.2 + 30.2 -23.8+23
Caffeoyl-CoA -58.8+29 —76.0 £ 38.4 —28.6 £1.2
Feruloyl-CoA -50.5+ 6.7 —146.3 £ 544 -274+45
Acetyl-CoA (Reference) 742+ 1.9 -194.4 +53.1 253485
CoA (Reference) —76.6 £ 3.3 -2652+272 -21.1%+24

Table 4.12 shows the interactions formed between BrCHSv4 and the ligands. The
Cys164 residue of the receptor formed m-alkyl interactions with cinnamoyl-CoA and p-
coumaroyl-CoA, respectively. -t stacked interaction was seen between p-Coumaroyl-
CoA and the receptor. Hydrogen bonding interactions formed by substrate ligands with
the BrCHSv4 receptor are shown in Figure 4.10. p-Coumaroyl-CoA formed only one
hydrogen bond with the Cys164 residue of the BrCHSv4 receptor. On the other hand, a
hydrogen bond interaction was seen between the Lys62 residue of the receptor and
cinnamoyl-CoA. Malonyl-CoA formed two hydrogen bonds with residues in the active

site of the receptor which are His303 and Asn336.

55



Table 4.12: List of residues of BrCHSv4 formed interactions with the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- His303 (2.68) Cys164, Leu214, - Arg58 -
CoA Asn336 (2.67) Phe215, Ile254, Lys62
Phe265, Pro272,
Gly305, Gly306,
Pro307, Ala308,
11e309, Gly374
Cinnamoyl- Lys62 (2.75) Val210, Leu214, Cysl164, Phe215, Arg58 -
CoA [le254, Leu271, Phe265, Pro375  Lys62
Gly305, Gly306, (m-Alkyl)
Pro307, Asn336  Met59 (Alkyl)
Gly305 (Sulfur-
X)
p- Cysl64 (3.12) Glyl163, Phel65, Phe265 (-t Arg58 -
Coumaroyl- Val210, Leu214, Stacked) Lys62
CoA Phe215, lle254,  Cys164, Pro375
Leu271, Pro272, (m-Alkyl)
Gly305, Gly306, Lys62 (Alkyl)
11e309, Gly374
Caffeoyl- Arg58 (2.75) Cysl64, Val210, Phe265, Ile254,  Arg58 -
CoA Lys62 (2.90) Leu214, Phe215, Leu271 (m- Lys62
His303 (3.24) Leu267, Gly305, Alkyl)
Asn336 (2.85) Gly306, Pro307,
Gly374
Feruloyl- Argl56 (2.54, Thr132, Pro152, GlInl61 (mt- Arg259 -
CoA 3.17) Tyr160, Gly163, Sigma)
Met158 (3.22) Cys164, His257, Leu263, Pro375
Gly256 (2.74) Leu258 (m-Alkyl)
Arg259 (2.48,
2.74)
Acetyl- Lys55 (2.63) Met59, Lys62, Arg58 (m-Alkyl) Lys55 -
CoA Arg58 (2.76,2.90) Cysl64, Leu206, Ala308 (Alkyl)
(Reference) His303 (2.73) Lue214, Phe215, Phe265 (m-
Leu271, Gly305, Sulfur)
Gly306, Pro307,
11e309, Asn336
CoA Arg58 (2.73) Lys55, Met59, His303 (- Arg58 -
(Reference) Lys62 (2.66) Cysl64, Gly211, Sulfur) Lys62
Asn336 (2.95) Leu214, Phe215, Val210 (Alkyl)

Phe265, Leu267,
Gly305

-: Absence
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Figure 4.10: Docked conformations of BrCHSv4 with the ligands. (a) Malonyl-CoA; (b)
cinnamoyl-CoA; (c) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e) feruloyl-CoA; (f) acetyl-
CoA; (g) CoA.
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Figure 4.10, continued.
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Table 4.13 shows the docked energies of the BrCHSvS receptor with the ligands. The

most negative docked energy was recorded by malonyl-CoA. This shows that malonyl-

CoA has the highest binding affinity towards BrCHSv4 receptor. p-Coumaroyl-CoA

recorded more negative docked energy compared to cinnamoyl-CoA. Thus, cinnamoyl-

CoA has lower binding affinity for B#CHSv5 receptor than p-coumaroyl-CoA.

Table 4.13: Docked energy of BrCHS variant 5 receptor with the ligands.

Ligand Docked energy Electrostatic van der Waals
(kcal/mol) energy energy
(kcal/mol) (kcal/mol)
Malonyl- CoA 719 £2.8 —202.7 £ 13.6 —21.6 +4.2
Cinnamoyl- CoA -53.6 £ 1.7 -39.5+£17.1 -19.4+£23
p-Coumaroyl- CoA —63.71+9.2 —73.2+£249 -27.0 £3.1
Caffeoyl-CoA —61.3+29 —60.5 £ 15.8 285+ 1.8
Feruloyl-CoA —66.1 £ 4.6 —198.0 £+ 18.0 -30.0 £3.1
Acetyl-CoA (Reference) -77.6 +2.5 -249.9 + 11.1 -129+ 1.5
CoA (Reference) —-89.7+ 6.2 -301.6 +10.9 -162+ 3.5

Residues of BrCHSVS5 involved in the interactions with the ligands are shown in Table

4.14. p-Coumaroyl-CoA formed salt bridge interaction with the residues Arg58 and

Lys62 of the receptor, respectively. m-sigma interaction was observed between the [le254

residue of the receptor and p-coumaroyl-CoA. The Cys164 residue of the receptor formed

mt-sulfur interaction with malonyl-CoA. Figure 4.11 depicts the interactions formed in the

ligand-bound BrCHSv5 complexes. Malonyl-CoA formed a hydrogen bond with Asn336

residue at the catalytic triad of BrCHSvI. Both cinnamoyl-CoA and p-coumaroyl-CoA

formed one hydrogen bond with the receptor, respectively.
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Table 4.14: List of residues of BrCHSv5 formed interactions with the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Arg58(2.66,2.70) Cysl64, Leu214, His303 (m- Arg58 -
CoA Gly305 (3.29) Phe215, 1le254,  Sulfur)
Asn336 (3.04) Val271, Pro272, Lys62 (Alkyl)
Gly306, Gly374, Ala308 (Alkyl)
Pro375
Cinnamoyl- Lys62 (2.67) Val210, Leu214, His303, Cys164 - -
CoA Phe215, Val271, (m-Alkyl)
Pro272, Gly305, Ile254 (m-Alkyl)
Gly306, Ala308,
11e309, Asn336,
Gly374
p- Arg58 (2.79) Cysl64, Val210, Ile254 (m-sigma) Arg58 -
Coumaroyl- Leu214, Phe215, ArgS8, Lys62 Lys62
CoA Phe265, Leu267, (Alkyl)
His303, Gly305,
Gly306, Ala308,
11e309, Gly374,
Pro375
Caffeoyl- Lys62 (2.83) Met59, Cys164, - Arg58 -
CoA Val210, Leu214, Lys62
Phe215, 1le254,
Leu267, His303,
Gly305, Gly306,
Ala308, 11e309,
Asn336, Gly374
Feruloyl- Leu258 (2.63) Glyle6l, Glyl63, Leu263 (m- Arg259 Gly256
CoA Arg259 (2.58, Cys164, Phe215, Sigma)
2.86) lle246, Glu251,  Pro375 (m-
Ile254, Gly255,  Alkyl)
His257, Leu263,
Gly376
Acetyl- Arg58 (2.67) Cysl64, Val210, - Arg58 -
CoA Lys62 (2.63,3.29) Leu214, Phe215, Lys62
(Reference) His303 (3.13) Leu267, Pro272,
Asn336 (2.74) Gly305, Gly306,
Ala308, 11e309
CoA Arg58 (2.66,2.93) Met59, Leu214, Val210 (Alkyl) Arg58 -
(Reference) Lys62 (2.48) Phe215, Leu267, His303 (- Lys62
Gly305 (3.13) Val271, Gly306, sulfur)

Asn336 (2.89)

Ala308, 11e309

-: Absence
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Figure 4.11: Docked conformations of BrCHSv5 with the ligands. (a) Malonyl-CoA; (b)
cinnamoyl-CoA; (¢) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e) feruloyl-CoA; (f) acetyl-
CoA; (g) CoA.
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Figure 4.11, continued.
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4.4 Trajectory Analysis of Molecular Dynamics Simulations
4.4.1 Root-Mean-Square Deviation (RMSD)

The stability of protein-ligand complexes measured by RMSD and is shown in Figure
4.12 for all the BrCHS receptor variants. BrCHSvI-malonyl-CoA complex showed
fluctuations from 2 to 6 ns and became stable at the end of the simulation. All the ligand-
protein complexes fluctuated from 0.05 to 0.25 nm. Complexes of BrCHSv2 with ligands
showed fluctuations from 0.1 to 0.2 nm throughout 10 ns simulations. However, only
complex with malonyl-CoA showed high fluctuation for the last 5 ns of the simulations.
Fluctuations in the range of 0.1 to 0.25 nm were observed for the complexes of BrCHSV3.
Meanwhile, feruloyl-CoA showed high fluctuations compared to other ligands which are
about 0.25 nm. The complex of BrCHSv4-Cinnamoyl-CoA showed slightly higher
fluctuations than other ligands. On the other hand, ligand-bound BrCHSv5 complexes
also showed the same trend of fluctuations as in B#CHSv2 which is in the range of 0.1 —

0.25 nm.
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Figure 4.12: RMSD of BrCHS receptor variants with the substrate ligands after 10 ns
simulation. (a) Variant 1; (b) variant 2; (¢) variant 3; (d) variant 4; (e) variant 5.

64



(c)

(d)

Figure 4.12, continued.
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Figure 4.12, continued.

4.4.2 Root-Mean-Square Fluctuation (RMSF)

RMSF of all residues of BrCHS complexes were calculated throughout the 10 ns
simulation and depicted in Figure 4.13. All the residues of BrCHSvI receptors showed a
similar trend of fluctuations except for CoA bound receptor. The complex of p-
coumaroyl-CoA bound with BrCHSv1, BrCHSv2, BrCHSv3 and BrCHSv5 showed higher
fluctuations compared to cinnamoyl-CoA. Whereas, CoA and p-coumaroyl-CoA bound
BrCHSv2 complexes showed slightly higher fluctuations than other ligands. A similar
trend of fluctuations was observed in all residues of the ligand bound to BrCHSv3 and
BrCHSv4 complexes. Only p-coumaroyl-CoA bound to BrCHSvS5 receptor showed

slightly higher fluctuations compared to other ligand-bound complexes.
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(b)

Figure 4.13: RMSF of BrCHS receptor variants with the substrate ligands after 10 ns
simulation. (a) Variant 1; (b) variant 2; (¢) variant 3; (d) variant 4; (e) variant 5.
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Figure 4.13, continued.
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(e)

Figure 4.13, continued.

4.4.3 Radius of Gyration

The radius of gyration of all five BrCHS variant complexes shown as in Figure 4.14.
Ligands bound BrCHSvI and BrCHSv4 complexes showed a minor downward trend of
fluctuations in the radius of gyration. p-Coumaroyl-CoA bound BrCHSv4 complex
showed a slight decrease in the fluctuation of the radius of gyration towards the last 1 ns
of simulation. The radius of gyration of BrCHSv2 and BrCHSv3 complexes showed a
similar trend of fluctuations ranging from 2.075 to 2.125 nm. Cinnamoyl-CoA and p-
coumaroyl-CoA bound BrCHSv2 complexes showed a similar way of fluctuations
towards the last 5 ns of simulations. On the other hand, the radius of gyration of the
BrCHSv5 complexes a stable trend of fluctuations was seen except for cinnamoyl-CoA.
The radius of gyration of cinnamoyl-CoA-BrCHSv5 complex showed a sharp decrease in

fluctuations in the last 4 ns of MD simulation.
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Figure 4.14: Radius of gyration of BrCHS receptor variants with substrate ligands after
10 ns simulation. (a) Variant 1; (b) variant 2; (c) variant 3; (d) variant 4; (e) variant 5.
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Figure 4.14, continued.
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(e)

Figure 4.14, continued.

4.4.4 Binding Free Energy

Binding free energies of the protein-ligand complexes were calculated throughout the
10 ns simulation. Binding free energy profile of ligand bound to BrCHSvI complexes is
shown in Table 4.15. The most negative binding free energy was recorded by cinnamoyl-
CoA-BrCHSv4 complex which is —182.958 + 2.836 kJ/mol. It is followed by p-
coumaroyl-CoA with the binding free energy of —134.110 %+ 4.120. Hence, BrCHSvI has

a higher binding affinity towards cinnamoyl-CoA than p-coumaroyl-CoA.
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Table 4.15: Binding free energy of BrCHS variant 1 receptor with the ligands.

Ligand Overall Overall Polar Non-polar  Binding
Coulombic Lennard-  solvation solvation free energy
(kJ/mol) Jones (kJ/mol) (kJ/mol) (kJ/mol)
(kdJ/mol)
Malonyl- CoA  —54.106 + -154.823 + 201987+ 25346+ 32288+
33.496 1.988 28.620 0.134 5.631
Cinnamoyl- -300.557 £+ -228.677t 376.174+ -29.898 + —182.958 +
CoA 11.139 2.028 9.542 0.072 2.836
p-Coumaroyl- 422736 + -169.344 + 482451+ 24481+ -134.110%
CoA 18.966 2.113 16.675 0.106 4.120
Caffeoyl-CoA 971.081 £ -170369 £ -546.781 &£ -22.945+  230.985 £
12.790 2.298 10.770 0.194 4.642
Feruloyl-CoA 937.699 £ -219.002 £ -503.530+ -27.848%+ 187319+
11.972 2.466 9.785 0.183 4.168
Acetyl-CoA -38.954+ -104.089 + 126596+ -16.716 £ -33.163 +
(Reference) 13.558 2.073 10.226 0.142 3.593
CoA -345.549 £ -131.489 % 396.769 + 22.063+ —-102.332 %
(Reference) 14.405 1.726 10.673 0.079 4.256

Table 4.16 shows the residues of BrCHSvI involved in the interactions with the

ligands. Residues Lys55 and Arg58 of the receptor formed salt bridge with cinnamoyl-

CoA. Cys164 of the BrCHSvI formed m-alkyl interaction with cinnamoyl-CoA, whereas

m-sulfur interaction with p-coumaroyl-CoA. Ile254, on the other hand, formed m-alkyl

interaction with both cinnamoyl-CoA and p-coumaroyl-CoA, respectively. Arg58 of the

receptor formed unfavorable bonds with malonyl-CoA. Interactions formed in the

BrCHSvI complexes are shown in Figure 4.15. Cinnamoyl-CoA formed more hydrogen

bonds with the receptor compared to p-coumaroyl-CoA.
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Table 4.16: List of interactions formed between BrCHSvI and the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Arg58(2.63,3.22) Cysl64, Val210, Phe373 (m- Arg58  Arg58
CoA Lys62 (2.56,2.68) Leu214, Gly305, sulfur) Lys62
His303 (3.25) Gly306, Pro307, Lys55 (m-Cation,
Ala308 (3.21) 11e309 m-alkyl)
Leu296 (Alkyl)
Cinnamoyl- Thr50 (3.17) Glu51, Glu54, Lys62, ArgS8, Lys55  Arg58
CoA Lys55 (2.61,2.64) Val210, Leu214, Met59 (Alkyl) Arg58
Arg58 (2.79,2.84) Phe215, Phe265, Thr50, lle254,
Gly306 (2.88) Gly305, 11e309,  Cys164 (m-alkyl)
Gly374, Pro375
p- Arg58(2.69,2.72) Val210, Leu214, Cysl64 (m- Arg58 -
Coumaroyl- Lys62 (2.73) Phe215, Phe265, sulfur) Lys62
CoA Gly305, Gly306, Lys55, Arg58,
Gly374, Pro375  Met59 (Alkyl)
lle254 (m-Alkyl)
Caffeoyl- Arg259 (2.58, Thr132, Asp136, Gly256 (Amide- Arg259 Arg259
CoA 2.89) , GInl61, T stacked)
His257, Leu258, Metl58 (alkyl)
Leu263, Phe265 Metl37, Pro375
(m-alkyl)
Feruloyl- Gly139 (3.03) Metl137, Prol38, Leu258 (m- Arg259 Arg259
CoA GInl61 (3.25) Asnl5S, Alkyl)
Leu258 (3.02, Argl56, Argl56 (mt-donor
3.06) Metl158, Gly256, HB)
Arg259 (2.59, Pro375
2.81)
Acetyl- Lys57 (2.79) Met59, Ser63, - Arg58 -
CoA Arg58 (2.61) Val210, Leu214 Lys62
(Reference) Lys62 (2.66, 2.83)
CoA Arg58(2.63,2.69) Glus1, Glus4, Met59, Lys62 Arg58  Arg58
(Reference) Lys62 (2.61,2.62) Val210, (Alkyl) Lys62

Leu214, Tle254,
Phe265, Leu267

Lys55 (m-Alkyl)

-: Absence
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(a) (b)

(c) (d)

Figure 4.15: Interactions of BrCHSvI with the ligands after 10 ns simulation. (a)
Malonyl-CoA; (b) cinnamoyl-CoA; (c) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e)
feruloyl-CoA; (f) acetyl-CoA; (g) CoA.
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Figure 4.15, continued.
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Table 4.17 shows the binding free energies of ligands with the BrCHSv2 receptor.
Malonyl-CoA recorded less negative binding free energy than p-coumaroyl-CoA.
Cinnamoyl-CoA has the most negative binding free energy which is —181.575 + 4.214

kJ/mol. Therefore, cinnamoyl-CoA has higher binding affinity for BrCHSv2 than p-

coumaroyl-CoA.

Table 4.17: Binding free energy of BrCHS variant 2 receptor with the ligands.

Ligand Overall Overall Polar Non-polar  Binding
Coulombic Lennard-  solvation solvation free energy
(kJ/mol) Jones (kJ/mol) (kJ/mol) (kJ/mol)
(kJ/mol)
Malonyl- CoA  -556.254 + -147.609 + 679.662+ -26.778+ 50979 +
21.039 2.358 14.341 0.162 8.008
Cinnamoyl- —704.122 £ -135.843 + 682.663+ 24272+ -181.575 %
CoA 16.247 2.147 12.591 0.108 4.214
p-Coumaroyl- 150.178 £  —207.103 £ 11.703 + -26.749+ 71971 £
CoA 19.429 2.150 14.650 0.141 6.456
Caffeoyl-CoA 478579 + -129.525+ 477.562+ 21952+ 152495+
12.723 3.049 9.291 0.279 3.550
Feruloyl-CoA 1121.062 + -163.049 £+ —-844.146+ -20962+ 92905 +
16.406 1.994 11.352 0.240 6.787
Acetyl-CoA -532.167 £ -198.975+ 599.1124+ 26991+ -159.020 £
(Reference) 21.094 1.904 18.114 0.141 4.554
CoA -589.711 £ -148.138 + 585248+ 23264+ 175865+
(Reference) 13.829 2.237 10.464 0.101 4.100

Table 4.18 shows the interactions formed between BrCHSv2 and the ligands. Residues
Lys55, Arg58 and Lys62 of the receptor formed salt bridge with cinnamoyl-CoA and
between p-coumaroyl-CoA. Cysl164 of the receptor formed m-alkyl interaction with
cinnamoyl-CoA and p-coumaroyl-CoA, respectively. A repulsive interaction was formed
by the Glu54 residue of BrCHSv2 with p-coumaroyl-CoA. Figure 4.16 depicts the
interactions formed between the ligands and BrCHSv2 receptor after the simulations.
Hydrogen bonding was observed between Lys55 and Lys62 residues of the receptor with

the cinnamoyl-CoA, malonyl-CoA and p-coumaroyl-CoA.
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Table 4.18: List of interactions formed between BrCHSv2 and the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Lys55 (2.74) Cysl64, Leu206, Pro272, Ala308  Lys55  Asp31l
CoA Lys62 (2.56,2.84) Val210, Leu214, (m-alkyl) Lys62
Asp207 (2.76) Phe215, Gly305,
Asp270 (2.97) Gly306, Asn336
Cinnamoyl- Lys55(2.72,3.10) Asp207, Val210, Cysl164 (m-alkyl) Lys55 -
CoA Arg58 (2.60,2.68) Gly211, Leu214, Arg58
Lys62 (2.67,2.80) Phe215, Ile254, Lys62
Phe265, Leu267,
His303, Gly305,
Asn336, Gly374,
Pro375
p- Lys55 (2.63) Val210, Leu214, Lys55, Arg58, Lys55 Glu54
Coumaroyl- Arg58(2.57,3.10) Phe215, Met59 (alkyl) Arg58
CoA Lys62 (2.64) Phe265, Leu267, Cysl64, 1le254,  Lys62
Gly305, Leu377  Val271 (m-alkyl)
Caffeoyl- Arg58 (2.60, Cysl64, Val210, Lys55 (m- Arg58 -
CoA 2.64), Lys62 Leu214, Phe215, Cation) Lys62
(2.64,2.71) Ile254, Phe265,  Leu267(m-alkyl)
Gly305, Gly306, Ala308 (Alkyl)
Pro375
Feruloyl- GlIn244 (3.03, Ser243, Ile254, [le246 (Alkyl) - -
CoA 3.13) Phe265, Thr378  His257 (m-m
Gly256 (2.83) stacked)
His257 (3.07) Pro375 (m-alkyl)
Acetyl- Arg58 (2.67,2.69) Cysl64, Val210, Glu54 (Amide-mt  Arg58 -
CoA Lys62 (2.58,2.70) Ile254, Leu267,  Stacked) Lys62
(Reference) Val271, Pro272, Met59, Lys62,
His303, Gly305, Pro307 (Alkyl)
Gly306, Phe373  Lys55 (m-Alkyl)
CoA Arg58 (2.74, Glu54, Leu214, Met59, Leu206,  Arg58 -
(Reference) 3.03), Lys62 [le254, Leu267, Val210 (Alkyl) Lys62
(2.63, 2.68) Val271, Gly305, Lys55 (m-alkyl)
Asp207 (2.73, Gly306, 11e309
2.92)

-: Absence
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(a) (b)

(©) (d)

Figure 4.16: Interactions of BrCHSv2 with the ligands after 10 ns simulation. (a)
Malonyl-CoA; (b) cinnamoyl-CoA; (c¢) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e)
feruloyl-CoA; (f) acetyl-CoA; (g) CoA.
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Figure 4.16, continued.
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Binding free energies of ligand bound to BrCHSv3 complexes are shown as in Table
4.19. Malonyl-CoA recorded more negative binding free energy compared to p-
coumaroyl-CoA. Cinnamoyl-CoA recorded the most negative binding free energy among
the substrate ligands which is —255.234 + 4.826 kJ/mol. Hence, BrCHSv3 has a higher

binding affinity towards cinnamoyl-CoA than p-coumaroyl-CoA.

Table 4.19: Binding free energy of BrCHS variant 3 receptor with the ligands.

Ligand Overall Overall Polar Non-polar Binding
Coulombic Lennard-  solvation solvation free energy
(kJ/mol) Jones (kJ/mol) (kJ/mol) (kJ/mol)
(kJ/mol)
Malonyl- CoA  -1864.798  —-101.637 + 1782.147+ -20.758 +  -205.046 +
+ 18.275 2.513 12.304 0.156 5.985
Cinnamoyl- —1590.867 —198.490 = 1563.171 &+ -29.048 + 255234+
CoA + 17.595 2.488 13.887 0.162 4.826
p-Coumaroyl- -1416.737 —-165.740 £ 1463.582+ -25.700+ —144.596 =
CoA + 23.597 1.878 18.326 0.097 5.842
Caffeoyl-CoA  -2046.944 —-148.681 £ 1970232+ -26.893 + -252.286 %
+ 14.081 1.886 11.318 0.0.75 4.569
Feruloyl-CoA  —440.750 + -168.575+ 663.352+ 23730+ 30.297 +
13.165 2.508 9.956 0.172 4.700
Acetyl-CoA -1795.403  -170.547+ 1715303 £ 24995+ -275.642 +
(Reference) + 11.819 2.980 9.231 0.157 3.850
CoA -1864.798  —-101.637+ 1782.147+ -20.758+ -205.046 +
(Reference) + 18.275 2.513 12.304 0.156 5.985

Residues involved in the interaction between BrCHSv3 and the ligands are as shown
in Table 4.20. Cinnamoyl-CoA formed more van der Waals interactions with the receptor.
The phe215 residue of the receptor formed m-stacked interactions with cinnamoyl-CoA
and p-coumaroyl-CoA, respectively. Figure 4.17 shows the interaction of ligands with the
BrCHSv3 receptor after 10 ns simulation. Malonyl-CoA formed hydrogen bonds with
Asn270 and His303 residues of the BrCHSvI. Cinnamoyl-CoA formed more hydrogen

bonds with the receptor compared to p-coumaroyl-CoA.
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Table 4.20: List of interactions formed between BrCHSv3 and the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Arg58(2.58,2.62) Cysl64, lle254, - Arg58 -
CoA Lys62 (2.57,2.74) Leu267, Pro272, Lys62
Asn270 (2.99) Gly305, Ala308,
His303 (2.76) Asn336
Cinnamoyl- GIn51 (2.76) Glu54, Cysl64, Phe2l5(m-mT-  Arg58 -
CoA Arg58 (2.48,2.65, Val2lo, shaped) Lys62
2.72,2.74,3.09) Leu214, 1le254,  Lys55, Arg5s8,
Lys62 (2.62) Phe265, 1le267,  Met59 (Alkyl)
His303, Gly305,
Gly306, Asn336,
Pro375
p- Arg58 (2.60,2.66) Argl94, Thr197, Phe2l5 (- Arg58 -
Coumaroyl- Lys62 (2.60) Leu206, Val210, stacked) Lys62
CoA Asp207 (2.96) Gly211, GIn212, Lys55, Met59,
Phe215, 1le254,  Lys62 (Alkyl)
Leu267, Pro375
Caffeoyl- Lys55 (2.53) Glyl63, Cys164, Ala308 (Alkyl) Lys55 -
CoA Arg58(2.64,2.92, Val210, Leu214, Arg58
2.93) Phe215, Tle254, Lys62
Lys62 (2.70,2.78)  Phe265, Val271,
Asn270 (3.15) Gly305,
His303 (3.25) Gly306, Asn336,
Ser338
Feruloyl- Gly139 (2.88) Metl137, Prol38, Tyrl42 (m- Arg259 -
CoA Argl56 (2.74) GInlé61, Glyl63, sulfur)
Arg259 (2.66, Phel65, 11e254,  Tyr160 (Alkyl)
2.71) Gly376
Acetyl- Arg58(2.56,2.78) Cysl64, 1le254,  Lys55 (m-cation) Arg58  Arg58
CoA Lys62 (2.62,2.72)  Phe265, Leu267, Met59, Val210 Lys62
(Reference) Val271 (3.00) Asn270, His303, (Alkyl)
Gly305, I1e309,  Lys55 (m-alkyl)
Phe373, Gly374
CoA Lys55 (3.27) Leu214, 1le254,  Phe215 (m- Arg58 -
(Reference) Arg58(2.64,2.98) Phe265, Leu267, sulfur) Lys62

Lys62 (2.58, 2.63)

Val271, Gly305,
Gly306, Ala308,
11e309, Asn336

-: Absence
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(a) (b)

(©) (d)

Figure 4.17: Interactions of BrCHSv3 with the ligands after 10 ns simulation. (a)
Malonyl-CoA; (b) cinnamoyl-CoA; (c¢) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e)
feruloyl-CoA; (f) acetyl-CoA; (g) CoA.
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Figure 4.17, continued.
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Binding free energies of ligand bound BrCHSv4 complexes are shown in Table 4.21.

p-Coumaroyl-CoA recorded the most negative binding free energy among the substrate

ligands. It is followed by cinnamoyl-CoA and malonyl-CoA with binding free energies

of —94.321 + 4.319 kJ/mol and —88.861 + 4.181 kJ/mol, respectively. Thus, p-

coumaroyl-CoA has higher binding affinity for BrCHSv4 than cinnamoyl-CoA.

Table 4.21: Binding free energy of BrCHS variant 4 receptor with the ligands.

Ligand Overall Overall Polar Non-polar  Binding
Coulombic Lennard-  solvation solvation free energy
(kJ/mol) Jones (kJ/mol) (kJ/mol) (kJ/mol)
(kJ/mol)
Malonyl- CoA  —485.831 + -133.279+ 554283+ -24.034+ —-88.861 +
13.362 2414 10.338 0.100 4.181
Cinnamoyl- -325.135+ -159.894+ 414344+ -23.637+ 94321+
CoA 18.911 1.861 15.676 0.078 4.319
p-Coumaroyl-  —-1011.086  —153.084 + 959.235+ -23.631+ —228.567 &
CoA + 21.150 1.984 18.150 0.092 5.018
Caffeoyl-CoA  -180.722 + -142.166 + 282.113+ 22372+ -63.147 %
14.371 1.871 12.410 0.088 3.004
Feruloyl-CoA  28.796 + -163.658 + 81.561 + -22.852+ -76.153 &
11.398 1.623 9.274 0.068 3.227
Acetyl-CoA —631.249 + -133.325+ 685591+ 21969+ -100.951 %+
(Reference) 14.282 2.124 11.179 0.059 3.953
CoA 467968 £ -176.822+ 550994+ 26.172+ -119.967 £
(Reference) 14.810 2.107 12.330 0.100 4.225

Table 4.22 shows the residues of BrCHSv4 formed interaction with the ligands. p-

Coumaroyl-CoA formed more van der Waals interactions with the receptor. m-T stacked

interaction was found between p-coumaroyl-CoA and Phe265 residue of the receptor. The

hydrogen bonds and non-hydrophobic interactions of the BrCHSv4 complexes are

depicted in Figure 4.18. Hydrogen bonding was observed between Arg58 and Lys62

residues of the receptor and ligand. p-Coumaroyl-CoA formed a hydrogen bond with the

Cys164 residue of the BrCHSV4 receptor.
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Table 4.22: List of interactions formed between BrCHSv4 and the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals T-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Glu51 (2.91) Leu214, Phe215, Glu54 (Amide-m  Lys55 -
CoA Arg58(2.70,2.72) Phe265,Leu267, stacked) Arg58
Lys62 (2.54,2.72)  Gly305 Lys55 (m-alkyl)  Lys62
Cinnamoyl- Lys55 (2.98) Val210, Phe215, Leu214 (m-alkyl) Lys55 -
CoA Arg58(2.62,2.76) Phe265, Gly305, Lys55, Met59 Arg58
Lys62 (2.58) Gly306, Pro307  (alkyl) Lys62
Cys164 (1t-
sulfur)
p- Lys55 (2.75) Glyl63, Leu214, Phe265 (-1t Lys55 -
Coumaroyl- Arg58(2.67,2.95, ,Leu27l, stacked) Arg58
CoA 3.17) His303, Gly305, Pro375 (m-alkyl) Lys62
Lys62 (2.64,2.92) Gly306, 11e309,
Cys164 (3.05) Phe373, Gly374
Caffeoyl- Arg58 (2.61,2.67) Asp207, Val210, Phe265 (-t Arg58 -
CoA Lys62 (2.66,2.70) Gly211, Leu214, stacked) Lys62
Phe215, Leu267  Lys55, Met59
(Alkyl)
Feruloyl- Arg58 (2.61) Asp207, Met64 (Alkyl) Arg58 -
CoA Lys62 (2.67,2.73, Val210, Gly211, Leu214, Leu267 Lys62
3.00) Phe215, lle254,  (m-alkyl)
Phe265, Gly305,
Gly306, Pro307
Acetyl- Lys55 (2.60) Asp207, Val210, Glu54 (m-anion)  Lys55 -
CoA Arg58(2.57,2.68) Leu214, Phe215, Arg58 (m-cation) Arg58
(Reference) Lys62 (2.66,2.83) Leu267, Gly305, Lys62
Gly306, Ala308
CoA Arg58 (2.57, Gly211, Leu214, Phe265 (- Arg58  Arg58
(Reference) 2.64), Lys62 Phe215, Gly305  sigma) Lys62
(2.54, 2.86, 3.23) Lys55 (m-alkyl,
T-cation)
Ala308 (Alkyl)

-: Absence
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Figure 4.18: Interactions of BrCHSv4 with the ligands after 10 ns simulation. (a)
Malonyl-CoA; (b) cinnamoyl-CoA; (c) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e)
feruloyl-CoA; (f) acetyl-CoA; (g) CoA.
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Figure 4.18, continued.
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Table 4.23 shows the binding free energy profile of BrCHSv5 with substrate ligands.

Cinnamoyl-CoA recorded the most negative binding free energy among substrate ligands

which is —290.644 + 7.159 kJ/mol. p-Coumaroyl-CoA recorded more negative binding

free energy than malonyl-CoA. Hence, BrCHSvV5 has a higher binding affinity towards

cinnamoyl-CoA than p-coumaroyl-CoA.

Table 4.23: Binding free energy of BrCHS variant 5 receptor with the ligands.

Ligand Overall Overall Polar Non-polar  Binding
Coulombic Lennard-  solvation solvation free energy
(kJ/mol) Jones (kJ/mol) (kJ/mol) (kJ/mol)
(kJ/mol)
Malonyl- CoA 463423+ -96.035+ 448403+ 19779+ -130.834
23.804 2.129 20.817 0.166 4.844
Cinnamoyl- -1210.530  -105.369 = 1045975+ -20.719+ -290.644 +
CoA +32.212 2.533 26.411 0.163 7.159
p-Coumaroyl-  -207.996 + -149.704 + 233969+ 24803+ —-148.534+
CoA 13.829 1.799 11.001 0.067 3.259
Caffeoyl-CoA  -256.898 + —151.988 + 300.515+ -22.168+ —130.539
16.723 2.296 13.017 0.123 4.426
Feruloyl-CoA  490.854 + -131.815+ -289.898+ -16.720+  52.421
11.320 2.233 9.582 0.263 3.421
Acetyl-CoA -869.965 + -106.107+ 791.678 + 20930+ 205324+
(Reference) 24.525 2.467 22.479 0.145 4.881
CoA -1640.212 -89.714 £ 1372206 + -20.738 + -378.458 +
(Reference) + 17.981 2.459 13.672 0.055 4.673

Table 4.24 shows the residues of BrCHSv5 interacted with the ligands. Cinnamoyl-

CoA formed more salt bridge interactions with the receptor compared to p-coumaroyl-

CoA. Malonyl-CoA formed a repulsive interaction with the Arg58 residue of the receptor.

Hydrogen bonding between ligands and the BrCHSVS5 receptor is shown in Figure 4.19.

p-Coumaroyl-CoA formed fewer hydrogen bonds with the receptor compared to

cinnamoyl-CoA.
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Table 4.24: List of interactions formed between BrCHSv5 and the ligands.

Ligand Type of interaction
Hydrogen bond van der Waals  m-interaction Salt Repulsive
(length, A) bridge interaction
Malonyl- Arg58(2.61,2.77, Leu214, Leu267, Lys62 (Alkyl) Lys55 Arg58
CoA 3.18) Val271, Gly305, Arg58
Lys62 (2.55) Ala308 Lys62
Cinnamoyl- Lys55 (2.57,2.61) Cysl64, Phel65, Leu267, Val271, Lys55 -
CoA Arg58(2.58,2.90, Leu206, Val210, Pro272 (m-alkyl) Arg58
3.27) Lys269, Gly305 Lys62
Lys62 (2.69)
Asp207 (2.83)
p- Lys55 (2.67) Cysl164, Phel65, ArgS8, Met59 Lys55 -
Coumaroyl- Arg58(2.77,2.85) Val210, Leu214, (Alkyl) Arg58
CoA Lys62 (2.83) Phe215, lle254,  Val271 (m-alkyl)
Phe265, Pro272,
His303, Gly305,
Gly306
Caffeoyl- Lys55 (2.65) Leu206, Met59, Val210 Lys55 -
CoA Arg58(2.77,3.23)  Asp207, Gly211, (m-alkyl) Arg58
Lys62 (2.60, 2.60) Leu214, Phe215, Lys62
Phe265,
Feruloyl- Aspl36 (3.15) Vall35, Met137, Tyrl60 (m-mtT-  Arg259 -
CoA GlInl61 (2.90) lle254, Gly256  shaped)
Arg259 (2.65, Phe265, Pro375
2.80) (Alkyl)
Leu258, Leu263
(m-alkyl)
Acetyl- Arg58(2.73,3.15) 1le254, Phe265, Met59, Lys62, Lys55 -
CoA Lys62 (2.55,3.18) 11e267, Gly376,  Val210 (Alkyl) Arg58
(Reference) Asp207 (2.79, Leu377 Lys62
3.02)
CoA Lys55 (2.56,2.66) Cys164, Leu214, Phe2l15 (m- Lys55 -
(Reference) Arg58(2.67,2.80) Phe265, Gly305, sulfur) Arg58
Lys62 (2.68,2.70) Gly306, Pro375  Val210, Ala308  Lys62

(Alkyl)

-: Absence
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Figure 4.19: Interactions of BrCHSv5 with the ligands after 10 ns simulation. (a)
Malonyl-CoA; (b) cinnamoyl-CoA; (c¢) p-coumaroyl-CoA; (d) caffeoyl-CoA; (e)
feruloyl-CoA; (f) acetyl-CoA; (g) CoA.
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Figure 4.19, continued.
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CHAPTER 5: DISCUSSION

5.1 Molecular Modelling
5.1.1 Homology Modelling

Chalcone synthase (CHS) is known as the simplest enzyme in the family of type III
polyketide synthase (PKS) in terms of its structure and mechanism (Austin & Noel, 2002).
It is the key enzyme in the initial stage flavonoid biosynthetic pathway. The three-
dimensional structures of the five variants of BrCHS show that it shared similar
homodimeric structures. Stilbene synthase (STS), an enzyme of PKS type III family also
shares similar homodimeric structure with CHS (Tropfet al., 1995). The N-terminal helix
of both monomers A and B entwines each other. The cis-peptide bond between Met137
and Pro138 caused Met137 to become as a knob on the surface and it forms the cyclization

pocket by protruding into a hole at the surface of the adjacent monomer (Ferrer et al.,

1999).

The predicted molecular weights of BrCHS receptor variants are within the range of
42 to 44 kDa. The result shows a good agreement that fell within the protein size range
0f 40 to 45 kDa for CHS from different plant species (Abe & Morita, 2010). For instance,
the predicted molecular masses of CHS from Curcuma longa and Lamiophlomis rotata
42.75 kDa and 42.80 kDa, respectively (Wannapinpong et al., 2013; Q. Feng et al., 2015).
Secondary structure analysis revealed that the theoretical isoelectric points for all the
BrCHS variants were similar except for BrCHSv3. BrCHSv3 recorded slightly higher
isoelectric point which is 6.53 due to the presence of a higher amount of positively-
charged amino acid residues of arginine and lysine compared to other variants. The

computed pl which is less than 7 indicates these protein receptors were acidic in nature.
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The secondary structure of homology models is mainly made of a-helices, random
coils and (-strands. The former two structures comprise a higher percentage of extended
strand and B-turns among the BrCHS receptor variants. The results show similar structural
compositions with the other CHSs from Scutellaria viscidula (SvCHS) and Grewia
asiatica (GaCHS?2). The percentage for a-helices and random coils in the secondary
structure of SYCHS are 43.6% and 37.4%, respectively (Lei et al., 2010). Meanwhile, the
secondary structure of GaCHS2 consisted of 42.16% of a-helices and 30.08% of random
coils, respectively (Wani et al., 2017). The high percentage of a-helices may be due to
the presence of amino acid residues such as alanine, phenylalanine, leucine and isoleucine

(Mbah et al., 2012).

Ramachandran plot analysis revealed that the homology models of five BrCHS
receptor variants contain more than 90% of residues in the most favorable region. (Morris
et al., 1992) stated that a protein model with 90% over residues present in the most
favourable region is considered as a good quality model. The results show that all the
homology models were found to be of good quality. Only BrCHSv5 contained 0.3%

residue numbers in the outlier region which 1s Gly362.

Energy minimization was carried out in order to reduce steric collisions and strains
without any significant alteration in the overall structure of the receptor models
(Messaoudi et al., 2013). The refined models were assessed using the Ramachandran plot.
The results revealed that all the models consist of more than 95% of residues in the
favored region. Only BrCHSv3 does not contain any residues in the outlier region.
BrCHSv5 contain the same residue in the outlier region before and after energy
minimization which is Gly362. Residues Pro304 and Ser90 were found in the outlier
region in the BrCHS receptor variants 1 and 4, respectively. Meanwhile, BrCHSv2

contains residues Asp270 and Pro304 in the outlier region. The residues Ser90, Asp270,
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Gly362 which is in the outlier regions were located far from the binding site domains in
the receptors and will not affect the binding of the ligands towards the receptors. Whereas,
Pro304 is involved in the shaping of active site geometry of the receptors (Ferrer et al.,
1999). It may affect the interaction of ligand at the binding site of the protein. All the
post-minimized models of BrCHS receptor variants have good stereochemical quality and

reliable. Therefore, these models were chosen for molecular docking.

5.2 Multiple Sequence Alignment (MSA)

Information on the active site of a protein receptor can be obtained by comparing the
target protein with proteins in the same family that share similar functionality (Meng et
al., 2011). Multiple sequence alignment showed that three main amino acid residues
(Cys164, His303 and Asn336) are conserved in BrCHS receptor variants as well as in the
CHSs of other plants (Abe & Morita, 2010). The abovementioned amino acid residues
form a catalytic triad in the binding site domain of BrCHS receptor variants. Residues
Asp311 and Glu314 of the receptor interact with Arg328 that help to position residues
Cys164, His303 and Asn336 in a correct topology at the active site (Fukuma et al., 2007).
Alfalfa CHS2 also contain similar conserved active site residues as in BrCHSs. Besides
that, the catalytic triad residues also highly conserved in other CHS-like enzymes, for
instance, stilbene synthase and bibenzyl synthase (Jez & Noel, 2000). This catalytic triad

plays a vital role in the catalytic mechanism of CHS enzyme.

In general, the active site of CHS comprises three interconnected cavities that intersect
with the catalytic triad residues. The three cavities are the CoA-binding tunnel,
coumaroyl-binding pocket and cyclization pocket (Ferrer et al., 1999). The CoA-binding
tunnel is connected to the protein surface that allows the contact of a substrate to the
buried active site (Morita et al., 2010). On the other hand, coumaroyl-binding pocket

comprises five residues which are Ser133, Glul92, Thr194, Thr197 and Ser338. The
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residues showed a high degree of conservation in the multiple sequence alignment. The
coumaroyl-binding pocket is found in the CoA-binding tunnel at its lower left space
(Ferrer et al., 1999). Seven residues (Thr132, Metl137, Phe215, 1le254, Gly256, Phe265
and Gly375) form the cyclization pocket that assists in the elongation of polyketide during

the catalytic mechanism (Ferrer et al., 1999).

There are few amino acid residues showing strong conservation in all CHS-like
enzymes. The residues (Prol138, Gly163, Glyl67, Leu214, Asp217, Gly262, Pro304,
Gly305, Gly306, Gly335, Gly374, Pro375 and Gly376) involve in the formation of the
active site geometry in CHS (Ferrer et al., 1999). These residues were found in the B¥rCHS
receptor variants as well that shapes the geometry of the active site. The residues, Gly163
and Phel65 are highly conserved and surrounding one of the catalytic triad residues,

Cys164 (Mallika et al., 2011).

The GFGPG loop is a strictly conserved region that presents in all the BrCHS receptor
variants. The GFGPG loop consists of residues Gly372, Phe373, Gly374, Pro375 and
Gly376. 1t is also a signature loop not only strictly conserved in CHS but also in other
enzymes in the CHS superfamily. Other than that, the loop was also detectable in all non-
CHS plants (Mallika et al., 2011). The role of the loop might be different among the
different enzymes in the family though it is conserved (Suh et al., 2000). The signature
loop is found at the sidewall of the active site of the enzyme. Ferrer et al. (1999) reported
that GFGPG loop is a part of the sidewall of alfalfa CHS’s active site and plays a crucial
role during cyclization reactions. The ionic or hydrogen bond between Glu380 and
Argl72 maintains the configuration of the loop relative to one of the catalytic triad

residues, Cys164 (Fukuma et al., 2007).

Two phenylalanine residues, Phe215 and Phe265 also were found as conserved

residues in the multiple sequence alignment along with CHS from other plant species.
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Both residues are called “gatekeepers” because they were situated at the entrance of the
active site (Jez et al., 2002; Abe et al., 2003). During polyketide elongation, the
gatekeepers serve as mobile steric gates that separate CoA-binding tunnel from the
cyclization pocket by inhibiting the lower portion of the opening between the two sites
(Ferrer et al., 1999; Morita et al., 2010). Fukuma et al. (2007) reported that two highly
conserved residues Arg68 and Glu33 help in positioning Phe215 in the correct

configuration at the active site.

There are several residues that are different among the BrCHS receptor variants. The
most prominent changes were seen in the BrCHSv3 and BrCHSv5 receptors. BrCHSv3
contains two residues Tyr194 and Gly256 which are replaced with Argl94 and Ala256,
respectively. The residue 194 of the receptor is part of CoA binding pocket and was
replaced with more bulkier and positively charged residue, arginine. Whereas, changes of
Gly256 to Ala256 which is slightly bulkier than glycine residue might affect the
cyclization reaction of the variant receptor. On the other hand, the Thr132 residue of
BrCHSVS is replaced with Ser132 which is less bulky with the methyl group. The Ser132
residue is a part of the cyclization pocket and might affect the elongation of polyketide

intermediates.

5.3 Docked Conformation Analysis

Molecular docking is the most widely used method for modelling and calculation of
the interactions between ligand and protein (Sousa et al., 2013). The docking efficiency
can be increased when the location of the active site is known prior to docking processes
(Meng et al., 2011). The docking is a quick method for predicting the most favorable
structure of the protein-ligand complex and evaluating its binding affinity (Du et al., 2016;

Chandel et al., 2018).
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CHS belongs to type III polyketide synthase that produces diverse products by
catalyzing different starter molecules. It catalyzes both CoA-linked aliphatic and aromatic
starter molecules. For instance, CHS from parsley accepts p-coumaroyl-CoA as well as
hexanoyl-CoA, butyryl-CoA and benzoyl-CoA as the substrate molecules (Schiiz et al.,
1983). In addition, CHS from Scutellaria baicalensis produced various polyketides after
using isobutyryl-CoA, isovaleryl-CoA and phenylacetyl-CoA as starter molecules
(Morita et al., 2000). It also used methylmalonyl-CoA as extender substrate along with
the p-coumaroyl-CoA as a substrate to yield unnatural aromatic polyketide (Abe et al.,
2002). The substrate specificity of CHSs is influenced by relatively small changes in the
protein structures and alters its condensation reaction (Eckermann et al., 1998). Therefore,
this study is conducted mainly to investigate the substrate preference of CHS of

Boesenbergia rotunda whether p-coumaroyl-CoA or cinnamoyl-CoA.

Cinnamoyl-CoA, p-coumaroyl-CoA, feruloyl-CoA and caffeoyl-CoA are the CoA
esters that involved in the phenylpropanoid pathway to produce phenylpropanoids (Dixon
et al., 2002). Besides that, the ligands also are preferred substrates for CHS in some plants
(Christensen et al., 1998). Therefore, these ligands were chosen as substrates for the
BrCHS variant receptors. In addition, malonyl-CoA was selected as a substrate because

it is an extender molecule that plays a vital role in the mechanism of CHS.

Docking results revealed that the five BrCHS receptor variants preferred different
substrate ligands. The binding affinity of the substrate was determined by the docked
energies. The more negative the docked energy of docked complexes, the higher its
binding affinity. Docked conformation analysis revealed the interactions formed between
the docked complexes and the residues contributed to the respective interactions. The
protein-ligand interactions explain the binding affinity of the substrate molecules towards

the receptors. Generally, the interactions between protein and ligand are noncovalent
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contacts such as hydrogen bonds and van der Waals contacts (Zhou et al., 2012; Salentin

etal., 2014).

p-Coumaroyl-CoA is the main substrate ligand for most of CHS from different plant
species (Lanz et al., 1991; Ferrer et al., 1999; Jez & Noel, 2000). The enzyme utilizes one
molecule of p-coumaroyl-CoA and three molecules of malonyl-CoA and undergoes a
series of intramolecular Claisen condensation producing naringenin chalcone (Ferrer et
al., 1999; Jez et al., 2000). The naringenin chalcone will be converted into naringenin by
chalcone isomerase (CHI) in plants (Dao et al., 2011). Meanwhile, in an in vitro
environment, naringenin chalcone will be converted into naringenin non-enzymatically

(Sun et al., 2015).

p-Coumaroyl-CoA is a more preferred substrate for BrCHSv4 and BrCHSv5 compared
to cinnamoyl-CoA. This is because of the docked energies of p-coumaroyl-CoA are more
negative than cinnamoyl-CoA. The binding affinity is contributed by several interactions.
BrCHSv4 formed a hydrogen bond with p-coumaroyl-CoA via Cys164 residue. This is
similar to another docking study by Awasthi et al. (2016) that a hydrogen bond (2.47 A)
is formed between Cys164 of CfCHS and p-coumaroyl-CoA. The residues Arg58 and
Lys62 are mainly found at the outside of the CoA binding tunnel and located in the lower
portion of the tunnel (Jez et al., 2001b). Arg58 and Lys62 residues of BrCHSv4 and
BrCHSv5 receptors formed salt bridge interactions with p-coumaroyl-CoA, respectively
and contributed more negative electrostatic energy. Ferrer et al. (1999) also reported that
Phe215 involved in van der Waals interaction and Phe265 separates the cyclization pocket
from coumaroyl binding pocket. p-Coumaroyl-CoA formed van der Waals interaction
with Phe215 and Phe265 residues of BrCHSvS, respectively. Besides that, Phe265 of
BrCHSv4 formed m-mt stacked interaction with p-coumaroyl-CoA. It is a special case of

hydrophobic contact that is commonly formed by the aromatic ring of a ligand with the
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aromatic ring of amino acids such as phenylalanine, tyrosine, tryptophan and histidine
(de Freitas & Schapira, 2017). Besides that, p-Coumaroyl-CoA formed m-alkyl
interaction with residues Ile254 and Pro375 of BrCHSv4, respectively. Residues [le254
and Pro375 of the receptors play a vital role in its cyclization process upon binding of
ligands. Repulsive interaction may cause a significant decrease in binding affinity of
ligand towards its protein receptor. Glnl61 of BrCHSv2 formed an unfavorable
interaction with p-coumaroyl-CoA and recorded the least negative electrostatic energy
than cinnamoyl-CoA (Sanmugavelan et al., 2018). Thus, it reduced the binding affinity

of p-coumaroyl-CoA towards BrCHSv2.

On the other hand, cinnamoyl-CoA also preferred for CHS as a starter molecule.
Cinnamoyl-CoA is different from p-coumaroyl-CoA which has an additional hydroxyl
group at the position 3. CHS from Physcomirella patens accepts cinnamoyl-CoA as a
starter molecule and converts it into its corresponding chalcones (Jiang et al., 2006). It
produces pinocembrin through an intermediate molecule called pinocembrin chalcone by
the action of CHI or non-enzymatically in the in vitro environment (Guo et al., 2016).
Enzymatic assay and HPLC analysis of an in vitro studies revealed that BrCHSv2 yielded
pinocembrin chalcone when malonyl-CoA and cinnamoyl-CoA were added together
(Sanmugavelan et al., 2018). Besides that, cinnamoyl-CoA recorded the most negative
docked energy of CfCHS from Coleus forskohlii and showed that it has a higher binding

affinity towards the receptor (Awasthi et al., 2016).

BrCHS receptor variants 1 to 3 prefer cinnamoyl-CoA as substrate ligand compared to
p-coumaroyl-CoA. This is due to docked energies of the ligand is more negative than p-
coumaroyl-CoA that corresponds to its higher binding affinity of cinnamoyl-CoA towards
the receptors. Arginine is more likely to form hydrogen bonds than lysine due to its side

chains consisting of guanidinium group with three nitrogen atoms (de Freitas & Schapira,
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2017). Residue Arg259 of BrCHSv2 formed hydrogen bonds with cinnamoyl-CoA along
with residues GIn161 and Leu258 and responsible for more negative electrostatic energy
than p-coumaroyl-CoA and increased its binding affinity. Other than that, more hydrogen
bonds formed between cinnamoyl-CoA and BrCHSv3 resulted in a more negative
electrostatic energy and further strengthen the binding of the protein-ligand complex.
Besides that, Ala308 is a highly conserved residue that forms hydrogen bonds with CoA-
linked thioesters via amide nitrogen of its backbone (Ferrer et al., 1999). Residue Ala308
of BrCHSvI interact with cinnamoyl-CoA via hydrogen bond that results it recorded more
negative docked energy. Arg58, Lys62 and Arg259 are the residues involved in the
electrostatic interaction with cinnamoyl-CoA and contributed to its higher electrostatic

energies.

Ferrer et al. (1999) reported that van der Waals contact more prevalent interaction
between CoA-linked starter molecules and CHS. Phe373, Gly374, Pro375 and Gly376
are the residues forming the GFGPG loop that plays a vital role in the cyclization reaction.
Phe373 and Gly374 residues of BrCHSv3 formed van der Waals contact with cinnamoyl-
CoA. In addition, the same ligand formed van der Waals interaction with Pro375 of
BrCHSvI. Residues of the cyclization pocket which are Thr132, Met137, Phe215, [1e254,
Gly256 and Phe265 also formed van der Waals interactions with the cinnamoyl-CoA.
Other than that, residues of coumaroyl binding pocket (Argl94 and Ser338) and
coumaroyl binding tunnel (Gly305, Gly306, Gly374 and Pro375) involved in the
interaction of van der Waals with the ligands. Besides that, residues Pro138, Gly163 and
Leu214 that shape the active site geometry of the receptor also formed van der Waals
interaction with the receptors. The interaction formed by the residues strengthen the
binding of receptor and cinnamoyl-CoA.Cinnamoyl-CoA-BrCHSv2 complex has m-alkyl
interactions with Cys164 and His303 residues which also responsible for its binding

affinity.
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Malonyl-CoA is an extender substrate involved in the decarboxylation reaction
mechanism of BrCHS receptor variants. The substrate ligand has recorded the most
negative docked energies with all the BrCHS receptor variants. The results show that it
has a higher binding affinity towards the protein receptor. Malonyl-CoA contact with the
catalytic triad residues of B¥rCHS receptor variants via hydrogen bonding. This interaction
contributed to the highest docked energy compared to other substrate ligands. Malonyl-
CoA formed more hydrogen bonds ranging between 2.5 and 3.2 A. This shows that bonds
with moderate strength are mostly electrostatic and contributed to higher electrostatic
energies (Jeffrey, 1997). Hydrogen bonding between malonyl-CoA and Asn336 of all the
receptors was observed and support its role in decarboxylation. The reaction occurs
independently in the absence of transferring malonyl moiety to Cys164 (Kreuzaler et al.,
1978). The side chain amide of the residue formed a hydrogen bond with the carbonyl
oxygen of the thioester (Ferrer et al., 1999). The Gly305 residue of BrCHSv5 formed a
hydrogen bond with malonyl-CoA. Malonyl-CoA interacted with Lys58 of BrCHSvI via

cation-m interaction that results in more negative electrostatic energy.

In a previous study by (Hrazdina et al., 1976) revealed that parsley CHS accepts
feruloyl-CoA and produced products such as methylpyrone and tetraketide lactone. CHS2
from Hordeum vulgare preferred feruloyl-CoA and caffeoyl-CoA than cinnamoyl-CoA
and p-coumaroyl-CoA. Both caffeoyl-CoA and feruloyl-CoA converted into respective
chalcone intermediate products at a higher rate (Christensen et al., 1998). The small
molecules are different from cinnamoyl-CoA in term of substitutions in its ring structure.
Caffeoyl-CoA contains two hydroxyl groups at the 3 and 4 positions. Meanwhile,
feruloyl-CoA has similar substitutions as in caffeoyl-CoA, but its 3 position is O-
methylated (Austin & Noel, 2002). The substitutions made the ligands become bulkier
than cinnamoyl-CoA and p-coumaroyl-CoA. It might affect the binding affinity of the

caffeoyl-CoA and feruloyl-CoA with the receptors.
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Feruloyl-CoA is a more favourable ligand towards BrCHSvI and BrCHSv5 than
cinnamoyl-CoA and p-Coumaroyl-CoA, respectively because of its more negative
docked energies. A high number of hydrogen bonds formed between feruloyl-CoA and
the receptors contributed to a more negative electrostatic energy and resulted in higher
docked energies than cinnamoyl-CoA. The residue Gly256 of BrCHSv5 formed an
unfavorable bond with feruloyl-CoA and affects its binding affinity. Hence, it recorded
less negative docked energy than malonyl-CoA. Arg259 is the only one residue of the
receptors formed a salt bridge with feruloyl-CoA and contributed to a more negative
electrostatic energy. Caffeoyl-CoA recorded more negative docked energy with the
receptors of BrCHSvI, BrCHSv2 and BrCHSv3 than p-coumaroyl-CoA. Salt bridge
formed by residues Arg58 and Lys62 of BrCHSv2 with caffeoyl-CoA contributed to a
more negative electrostatic energy. Whereas, caffeoyl-CoA formed more hydrogen bonds
with BrCHSv3 than p-coumaroyl-CoA. These interactions have increased the binding

affinity of the receptors for caffeoyl-CoA than p-coumaroyl-CoA.

Acetyl-CoA and CoA were used as reference ligands for molecular docking. Both
acetyl-CoA and CoA are aliphatic small molecules. Acetyl-CoA and CoA were chosen
as reference ligands as both shared basic chemical structure with the substrate ligands.
CHS2 of Gerbera hybrida used acetyl-CoA as starter molecule and catalyze further
condensation with only two molecules of malonyl-CoA. The reaction has yielded
methylpyrone (Eckermann et al., 1998). Cation- interaction is an electrostatic interaction
because of the presence of an electron cloud of m systems that is negatively charged
(Mahadevi & Sastry, 2013). Based on the docking results, Lys55 residue of BrCSHv2
formed cation-m interactions with acetyl-CoA and contributed to a more negative
electrostatic energy. The catalytic triad residues of the receptors formed the hydrogen
bonds with the reference ligands which is in the range of 2.5 to 3.2 A. The hydrogen

bonds contributed a more negative docked energy. Besides that, hydrogen bonds also
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were formed between Arg58 and Lys62 residues of BrCHSvS and reference ligands. The
Gly305 residue of BrCHSv5 formed a hydrogen bond with CoA. The hydrogen bonds and
salt bridge interactions strengthened the binding between receptors and the reference

ligands.

54 Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were performed using the docked complexes
to elucidate the dynamic behavior of the ligands against the five BrCHS receptor variants.
The simulations take account of the effect of solvent and protein flexibility which is
lacking in the molecular docking procedure (Xie et al., 2015). MD simulations of 10 ns
were performed with the docked complexes. A long duration of MD simulations is not
always necessary to achieve better predictions (Hou et al., 2011). Therefore, a short period
of MD simulations was chosen. Dodecahedron shape was chosen because it is close to
being a spherical macromolecule that requires fewer solvent molecules to fill the periodic
box given and saves 29% of the central processing unit (CPU) time during simulation

(Abraham et al., 2015).

5.4.1 Trajectory Analysis

The protein stability relative to its conformation is measured by means of RMSD. It is
determined by the deviations produced by the protein throughout the simulation (Aier et
al., 2016). Smaller RMSD value indicates that the protein-ligand structure is less deviated
from its initial structure and has greater stability during the entire MD simulation (Rohini
& Srikumar, 2013; Zhao et al., 2015). Most of the BrCHS variant complexes converged
towards the end of simulation with smaller fluctuations. This indicates that the complexes
were stable during the course of the simulation. BrCHSv3-feruloyl-CoA complex showed

higher RMSD values compared to other ligands with the BrCHSv3 receptor. This shows
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that the complex is more stable. BrCHSv2-Malonyl-CoA complex showed high
fluctuations towards the last 5 ns of the simulations and indicates that the complex is not
stable. BrCHSv4-cinnamoyl-CoA complex also not stable as showed higher fluctuations

towards the end of the simulation.

RMSF is a measure for assessing the residues involved in the structural fluctuations of
the complex during the simulation (Liao et al., 2014). Residues with high fluctuations in
RMSF show high flexibility that reflects the unstable interactions (Firdayani et al., 2018).
In the BrCHSvI-p-coumaroyl-CoA complex, residue Pro138 showed a high level of
fluctuation. High level of fluctuation also observed in the residue Pro375 of both
BrCHSv4-cinnamoyl-CoA and BrCHSv5-p-coumaroyl-CoA complex, respectively. The
residues Pro138 and Pro375 are the key residues that form the active site geometry of the
receptor. This will eventually affect the binding of the ligand to the active site of the
receptor. On the other hand, well-structured regions with limited movements are reflected
by the low RMSF value. The catalytic triad residues showed a low RMSF value which is
lower than 0.2 nm. It indicates that the residues are distorted minimally upon binding of

the ligands during the simulations.

The radius of gyration is a characteristic that assesses the compactness changes of
ligand bound protein complexes (Liao et al., 2014). The radius of gyration profiles for
ligand-bound complexes of BrCHSv2 and BrCHSv3 showed no significant changes in the
fluctuations. Besides that, BrCHSv5 complexes showed a similar trend of fluctuation
except for cinnamoyl-CoA-BrCHSvS. Thus, the compactness of the complexes was not
changed and the complexes were stable throughout the MD simulations. BrCHSvI and
BrCHSv4 complexes showed a decrease in the radius of gyration towards the end of MD
simulations. The same trend was observed in the cinnamoyl-CoA-BrCHSv5 complex. The

compactness of ligand-protein complexes is higher when the radius of gyration is lower
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and strengthen the interactions between ligand and receptor (Sivashanmugam et al., 2013;

Liao et al., 2014).

5.4.1.1 Binding Free Energy

Calculation of binding free energy based on molecular dynamics simulation is the
potential approach that provides an accurate estimation of protein-ligand binding
affinities. MM-PBSA is an effective method to calculate the binding free energy of a
receptor-ligand complex (Wang et al., 2013). The approach enhances understanding of
binding affinity contributed by the electrostatic and van der Waals interactions along with
changes in entropy and solvation (Wang et al., 2016). In addition, MM-PBSA also a
useful method for rationalizing the observed differences between docked and post-
simulation structures (Genheden & Ryde, 2015). The single-trajectory method was used
for the calculation of MM-PBSA using GMXPBSA 2.1 tool (Paissoni et al., 2014). This
method can decrease the noise significantly and cancel errors as the internal energy can
be cancelled between the receptor, ligand and protein-ligand complex. Besides that, the
computational cost of this method is less expensive compared to the multiple trajectories

method (Hou et al., 2011).

Electrostatics and van der Waals interactions are the major contributors to the
interaction energies of the protein-ligand complexes. Coulomb and Lennard-Jones terms
were used to calculate the electrostatic and van der Waals interactions, respectively
(Meng et al., 2011). The van der Waals energy describes the protein steric interaction and
shape complementarity between the ligand and the protein. On the other hand, Coulomb
energy accounts for the electrostatic interactions within the protein in the bound and
unbound states (Griter et al., 2005). The binding free energy with negative value reflects
the spontaneous protein-ligand binding process (Du et al., 2016). The more negative the

binding free energy, the greater the binding affinity of ligands to its protein receptor. The
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binding affinity of the ligands with receptors can be explained further in terms of its
interactions. The protein-ligand interactions contribute to its binding free energy

significantly (Saini, 2017).

Cinnamoyl-CoA recorded the most negative binding free energy with BrCHSvI,
BrCHSv2 and BrCHSv3 compared to other substrate ligands. It showed that it is a more
preferred substrate for the above-mentioned receptors. It shows a good agreement with
the docking results that the receptor variants have a higher binding affinity towards
cinnamoyl-CoA. The Coulomb energy is found to be the main energy term favoring
binding of cinnamoyl-CoA to the receptors. Hydrogen bonds with distance ranges of 2.2
— 2.5 A and 2.5 — 3.2 A are categorised as “strong, mostly covalent” and “moderate,
mostly electrostatic,” respectively (Jeffrey, 1997). More hydrogen bonds ranging from
2.60 A to 3.17 A were formed within the protein-ligand complex. For instance, Gly306 of
BrCHSvI and GIn51 of BrCHSv3 formed hydrogen bonds with cinnamoyl-CoA,
respectively. On the other hand, cinnamoyl-CoA formed a hydrogen bond with GIn51 of
BrCHSv3. Residue Arg58 of BrCHSv3 formed a strong hydrogen bond (2.48 A) with
cinnamoyl-CoA. The hydrogen bonds along with the salt bridge interactions also have
contributed to a more negative Coulomb energy. The van der Waals interactions also play
arole in the stability of protein-ligand complex and enhanced by the presence of stronger
interactions for instance hydrogen bonds (Vladilo & Hassanali, 2018). A high number of
van der Waals interactions formed between cinnamoyl-CoA and the receptors. It has
increased the binding affinity of the receptors towards cinnamoyl-CoA. For instance,
residues Leu214, Pro305, Gly374 and Pro375 of the receptors (BrCHSvI, BrCHSV2,
BrCHSv3) that shape the active site geometry have formed van der Waals interaction with
the ligand and further strengthen its binding. Awasthi et al. (2016) reported that Phe266

of CfCHS interacted with cinnamoyl-CoA via m-m stacked interaction. The same
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interaction was observed between the residue Phe215 of BrCHSv3 receptor and

cinnamoyl-CoA and increased the binding affinity.

On the other hand, p-coumaroyl-CoA recorded the most negative binding free energy
with BrCHSv4. This supports the docking result that p-coumaroyl-CoA is the preferred
substrate for the BrCHSv4. p-Coumaoryl-CoA formed hydrogen bonds with the receptor
in the range of 2.64 A to 3.05 A which strengthen the binding. High numbers of hydrogen
bonds and salt bridge formed between the receptor and ligand have contributed to more
negative Coulomb energy and resulted in a higher binding affinity of the receptor for p-
coumaroyl-CoA than cinnamoyl-CoA. Moreover, the ligand has retained the hydrogen
bond with the Cys164 residue of BrCHSv4 as in the docked structure. Unfavorable bond
was formed between Glu54 of BrCHSv2 and p-coumaroyl-CoA. The repulsion interaction
decreased the Coulomb energy and binding free energies of the complex became less

negative. Hence, the ligands became a less preferred substrate for the BrCHSv2 receptor.

In contrast to the docking result, cinnamoyl-CoA has a higher binding affinity towards
BrCHSVS5 than p-coumaroyl-CoA. The ligand initially recorded less negative docked
energy than p-coumaroyl-CoA-BrCHSv5 complex. The radius of gyration of cinnamoyl-
CoA-BrCHSvV5 complex decreased rapidly than in p-coumaroyl-CoA towards the end of
simulations. This indicates that the compactness of the complex has been increased and
strengthen the interaction between cinnamoyl-CoA and BrCHSv5. Thus, it has
contributed to its higher binding affinity towards the receptor. On the other hand, residue
pro375 showed high fluctuations in the RMSF profile of the p-coumaroyl-CoA-BrCHSv5
complex. It resulted in the distortion of the active site geometry of the receptor and
reduced the binding affinity of p-coumaroyl-CoA towards receptor. In addition, the
increased binding affinity of BrCHSv5 for cinnamoyl-CoA contributed by the hydrogen

bonds and salt bridge interaction. Aspartic acid acts as a hydrogen bond donor because it
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is capable of forming hydrogen bonds thrice than glutamine (de Freitas & Schapira,
2017). Cinnamoyl-CoA formed hydrogen bonds with the residue Asp207 of BrCHSvS
receptor. The number of salt bridge interactions increased at the end of the simulation and

mainly formed by Lys55, Arg58 and Lys62 residues of the receptor with cinnamoyl-CoA.

Malonyl-CoA recorded less negative binding free energies with all five variants of
BrCHS receptor than cinnamoyl-CoA. It is also a preferred substrate ligand for the
receptors and validates the docking results. Arg58 of BrCHSvI, BrCHSv3, BrCHSv4 and
BrCHSV5 receptors formed a repulsive bond with malonyl-CoA as well. It has decreased
the Coulomb energy and resulted in less negative binding free energies than cinnamoyl-
CoA. Hence, the receptors have less binding affinity for malonyl-CoA than cinnamoyl-
CoA. Residues Arg58 and Lys62 of the receptors formed strong hydrogen bonds that

contributed to its negative binding free energy.

Caffeoyl-CoA showed the same trend of preference as in the docking result. It recorded
more negative binding free energies with B¥rCHSv2 and BrCHSv3 than in p-coumaroyl-
CoA. This indicates that it has a higher binding affinity towards the receptor variants
compared to p-coumaroyl-CoA. Only caffeoyl-CoA-BrCHSvI complex recorded positive
binding free energy due to the formation of repulsive interaction by Arg259. The
repulsive interaction resulted in a more positive Coulomb energy and reduced its binding

affinity. This shows that it is not a favourable ligand for the BrCHSvI receptor.

Results showed that feruloyl-CoA is the least favorable ligand among the substrate
ligand. The ligand recorded positive binding free energies with all BrCHS receptor
variants except for BrCHSv4. Though docking results showed that feruloyl-CoA has more
preference for BrCHSvI and BrCHSvVS5 than cinnamoyl-CoA, but the binding free energy
results contradict to the docking results. Therefore, feruloyl-CoA is not a preferred

substrate ligand for BrCHSvI, BrCHSv2, BrCHSv3 and BrCHSVS5 as it recorded a more
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positive binding free energies. Arg259 of the BrCHSvI receptor formed repulsive
interaction with feruloyl-CoA. It has resulted in more positive Coulomb energy decrease

of electrostatic energy and thus, reduced its binding affinity towards the receptor.

Both reference ligands (acetyl-CoA and CoA) recorded more negative binding free
energies and indicating that the ligands have a higher binding affinity towards the BrCHS
receptor variants. The binding free energy profiles of the reference ligands are in good
agreement with the docking results of both ligands which have a higher binding affinity
towards the BrCHS receptor variants. Its binding free energy is mainly contributed by
more negative Coulomb energy due to high numbers of hydrogen bonds and salt bridge

interactions.

Binding free energy calculation using the MM-PBSA method is useful indeed for post-
processing of the docked complexes and rationalize the observed differences in the
protein-ligand interactions. It can be summarized that cinnamoyl-CoA is the preferred
substrate for BrCHSv1, BrCHSv2, BrCHSv3 and BrCHSv5 receptors. Meanwhile, p-

coumaroyl-CoA is the only preferred substrate for the BrCHSv4 receptor.
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CHAPTER 6: CONCLUSION

Chalcone synthase of Boesenbergia rotunda shared high similarity with CHS from
other plants of the same superfamily. The homology models of the five variants of BrCHS
receptor showed good stereochemical quality as recorded more than 90% of residues in
the favored region of the Ramachandran plots. The five receptor variants have molecular
masses in the range of 42 — 44 kDa. Multiple sequence alignment revealed the presence
of highly conserved catalytic triad (Cys164, His303 and Asn336), gatekeeper residues
(Phe215 and Phe265) and GFGPG loop. Molecular docking results showed that
cinnamoyl-CoA has a higher binding affinity towards BrCHSvI, BrCHSv2 and BrCHSv3
receptors as shown by docking results. Whereas, BrCHSv4 and BrCHSv5 receptors have
a higher binding affinity for p-coumaroyl-CoA. Trajectory analysis based on the RMSD,
RMSF and radius of gyration showed that the protein-ligand complexes were stable
throughout the 10 ns simulations. Based on the binding free energy profiles, cinnamoyl-
CoA has a higher binding affinity towards BrCHSvI, BrCHSv2 and BrCHSV3 receptors.
On the other hand, p-coumaroyl-CoA has a higher binding affinity towards BrCHSv4 as
recorded more negative binding free energy. Contradicting to the docking result,
cinnamoyl-CoA has a higher binding affinity towards BrCHSvS5. In conclusion, molecular
docking and molecular dynamics studies revealed that cinnamoyl-CoA is the preferred
substrate for BrCHSvI, BrCHSv2, BrCHSv3 and BrCHSv5. Whereas, p-coumaroyl-CoA
is the only preferred substrate for BrCHSv4. The findings of this research are useful for
the production of pharmaceutically important polyketides. The information would pave
way for further in vitro and in silico studies of chalcone synthase and discloses the

underlying pathway mechanism of flavonoid biosynthesis.
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Abstract: In this study, transformation of BrCHS var 2 into B. rotunda cell suspension culture, followed by chalcone synthase enzymatic
assay and HPLC analysis was conducted to investigate whether the substrate specificity for BrCHS var 2 is either cinnamoyl-CoA
or p-coumaroyl-CoA. The HPLC profile showed an increase in the amount of pinocembrin chalcone when cinnamoyl-CoA and
malonyl-CoA were added but not p-coumaroyl-CoM. Molecular docking was performed to explore the binding of cinnamoyl-CoA and
p-coumaroyl-CoA to BrCHS var 2 receptor and the docking results showed that cinnamoyl-CoA formed numerous hydrogen bonds
and more negative docked energy than p-coumaroyl-CoA. Cinnamoyl-CoA showed good interactions with Cys 164 to initiate the
subsequent formation of pinocembrin chalcone, whereas the hydroxyl group of p-coumaroyl-CoA formed an unfavorable interaction
with Gln 161 that caused steric hindrance to subsequent formation of naringenin chalcone. Docked conformation analysis results also
showed that malonyl-CoA formed hydrogen bonding with Cys 164, His 303, and Asn 336 residues in BrCHS var 2. The results show that

cinnamoyl-CoA is the preferred substrate for BrCHS var 2.

Key words: Chalcone synthase, cell suspension culture, homology modelling, molecular docking

1. Introduction

Ginger was used as a food, spice, and herbal remedy over
2000 years ago. It is a monocot plant from the family
Zingiberaceae that can be found widely in Southeast Asia.
Common members of this family include root ginger
(Zingiber officinale), fingerroot (Boesenbergia rotunda),
turmeric (Curcuma longa), and myoga (Zingiber mioga
Roscoe). There has been increasing interest in its rhizome
as a good source of medical treatment for humans and it
has been utilized as a vital source to exhibit inhibitory
activities as an anticancer, antimicrobial, antiviral, and
antiinflammatory agent (Sohn et al., 2005; Kiat et al.,
2006; Voravuthikunchai et al., 2006; Kirana et al., 2007).
In most plants, chalcone synthase (CHS; EC 2.3.1.74) is
one of the key enzymes involved in the initiation of the
flavonoid biosynthesis pathway. CHS is a plant-specific
polyketide synthase type I11 (PKSIII) that forms chalcone
by the condensation of one molecule of p-coumaroyl
CoA with three molecules of malonyl-CoA to form
metabolites such as an intermediate naringenin chalcone.
To date, there are more than 2000 nonvolatile compounds
detected using (LCMS) in fresh ginger and rhizome, but
less than 100 have been structurally identified (Koo et al.,
2013).
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The CHS gene constitutes a multigene family in which
it has irregular copy number of CHS in different plant
species. Published studies have reported that only one
CHS was found in Arabidopsis thalian (Feinbaum and
Ausubel, 1988) and eight in Sorghum bicolor and Glycine
max, while Vitis vinifera and Physcomitrella patens have
three and seventeen copies, respectively (Goto- Yamamoto
et al,, 2002; Lo et al., 2002; Tuteja et al., 2004; Koduri et
al,, 2010). Initial results on gene isolation from B. rotunda
CHS (BrCHS) revealed multiple BrCHS variants that were
identified from different parts of the B. rotunda plant.
BrCHS variant 2 (BrCHS var 2) was found to be expressed
predominantly in the rhizome. As such, this variant was
chosen to be introduced into B. rofunda cell suspension
cultures for downstream HPLC analyses.

CHS has broad substrate preference toward aromatic
and aliphatic CoA esters (Jez et al,, 2002; Samappito et
al,, 2002; Abe et al., 2007). The first study on evaluating
catalytic activity of the CHS enzyme was performed in
cell suspension cultures of parsley (Petroselinum hortense)
(Kreuzaler and Hahlbrock, 1975). p-Coumaroyl-CoA
was reported to be the most preferential starter molecule
for CHS in many plants as well as cinnamoyl-CoA,
which is catalyzed at a considerable rate as compared to
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