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Thesis Abstract

De novo Sequencing and Analysis of Transcriptome from Azadirachta

indica to Characterize the Genes Involved in Limonoid Biosynthesis

Abstract

Neem (Azadirachta indica) is an evergreen tree, native to the Indian sub-
continent. It has potential use in medicine, agriculture, environment protection and
pest management. In neem, around 150 different limonoids were identified and
characterized. These limonoids are synthesized by the triterpenoid biosynthetic
pathway. In this study, we analyzed the neem transcriptome for identification of
putative genes involved in limonoid biosynthesis by correlating transcriptome data
with metabolite profiling. Metabolic fingerprinting data revealed that basic and C-seco
limonoids were abundant in pericarp and kernel, respectively and low in flowers.
Functional annotation of transcriptome predicted genes related to MVA and MEP
pathways, prenyl diphosphate synthases, squalene epoxidases, CYP450 reductases and
triterpene synthases. Expression profile data of genes related to terpenoid metabolism
in neem shows that triterpene biosynthetic genes were highly expressed in seeds
(kernel and pericarp), which is in line with metabolic fingerprinting data. Steroid
biosynthetic pathway genes such as methylsterol monooxygenase, sterol 14-a-
demethylase and 7-dehydrocholesterol reductase were highly expressed in flowers and
diterpenoid biosynthetic genes were highly expressed in leaves. From differential gene
expression studies, MVA pathway rate-limiting enzymes HMG-CoA synthase and
HMG-CoA reductase, mevalonate kinase, farnesyl diphosphate synthase (AiFDS),
squalene synthase (AiSQS), squalene epoxidase (AISQE) and triterpene synthase
(AITTS1) were over-expressed in the kernel as compared to flowers. These gene
expression profiles support the involvement of AITTS1 in triterpenoid biosynthesis.
Fifteen CYP450 genes were predicted to be involved in triterpenoid biosynthesis from

functional annotation and expression analysis of transcriptome.

Homomeric geranyl diphosphate synthase (AiGDS), AiFDS and AiSQE1 were
cloned and characterized in order to identify the genes involved in the formation of
triterpene intermediate from the basic isoprene units, IPP and DMAPP. The triterpene

cyclic product formed by AITTS1 was purified and analyzed by NMR studies.
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Heterologous expressed recombinant AiTTS1 produces tirucalla-7,24-dien-3p-ol and
it is one of predicted tetracyclic product in limonoid biosynthesis such as euphol,
tirucallol, butyrospermol and tirucallol-7,24-dien-33-ol. AiTTS2 gene codes for only
704 amino acids with missing C terminal f-sheet which is essential for cyclization of
2,3-oxidosqualene as it provides key residues/base, hence the gene was found to be
non-functional. Two CYP450 reductase genes, which transfer the electrons from
NADPH to the downstream CYP450 enzymes, have been characterized. Co-
expression of AISQEL and AiTTS1 resulted in an increase in production of tirucallol-
7,24-dien-3B-ol by two-fold in yeast. AICYP1 expression in neem reveals its
involvement in limonoid biosynthesis. This is the first report regarding functional
characterization of prenyltransferase, squalene epoxidase and triterpene synthases
from neem. Further, this study will help in the systematic understanding of limonoid

biosynthesis in neem and metabolic engineering in yeast.
Chapter 1
Introduction

Plants produce a diverse array of metabolites. Nearly 50000 compounds’
structure have been elucidated, but hundreds of thousands are yet to be identified™?,
the majority of which are secondary metabolites. These compounds play a critical role
in plant interactions with the environment such as pathogens and herbivores, abiotic
stress and attracting other organisms for pollination and seed dispersal®. Apart from
their role in plants, secondary metabolites are important to humans in numerous ways.
These compounds are used as medicines, drugs, dyes, fragrance and essential oils.
Based on biosynthesis and structural similarities, these compounds were divided into
alkaloids, phenolics and isoprenoids®. Alkaloids are nitrogen-containing plant
secondary metabolites, having pharmacologically active properties. Phenolics contain
aromatic rings with one or more hydroxyl groups, which has antioxidant properties®.
Isoprenoids are structurally the most diverse group of metabolites, derived from Cs
isoprene units (IPP and DMAPP). Over 75,000 isoprenoids have been identified in
different organisms. In plants, isoprenoids play a key role in plant-pathogen
interactions, membrane fluidity, respiration, growth and development, photosynthesis,
attraction of pollinators and seed-dispersing animals®. Triterpenoids are one of the
classes of isoprenoids synthesized from isoprene units through Cjz, squalene

intermediate®. Triterpenoids have various biological properties like anti-inflammatory,
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antiviral, anti-cancer, insecticidal and for the treatment of metabolic and vascular
diseases’. Limonoids are tetranortriterpenoids occurring in Meliaceae family. Total
300 limonoids were identified, majority of which were accounted to be in Azadirachta
indica (Neem) and Melia azedarach (Chinaberry)®°. Limonoids are abundant in neem
seeds as compared to other tissues. Based on structural similarities, neem limonoids
were divided into basic and C-seco limonoids. Gedunin, azadiradione, nimbin,
salannin and azadirachtin are the most important limonoids from neem showing
different biological activities’®*. The MVA and MEP pathways lead to the
biosynthesis of 2,3-oxidosqualene, which serves as the precursor for limonoid
biosynthesis. Further, 2,3-oxidosqualene is cyclized by triterpene cyclases. Based on
oxygenated Cgp, compounds isolated from Meliaceae, the precursor cyclic molecule
(protolimonoid skeleton) for limonoids biosynthesis have been predicted to be euphol
or tirucallol derivative. When tritium labelled euphol, tirucallol, A’-tirucallol and
butyrospermol were fed to the leaves of neem all were incorporated into nimbolide®”
28 However, euphol was more effectively incorporated into nimbolide as compared to
others. Hence, the predicted protolimonoid skeleton for limonoid biosynthesis in neem
was A’-isomer (butyrospermol) of euphane or tirucallane. Further, this cyclic product
undergoes modification like hydroxylation, dehydrogenation, epoxidation, acetylation
and tigloylation to form diverse limonoids in neem. The main aim of this work is to
identify the genes involved in limonoid biosynthesis and metabolic engineering for

large-scale production.
Chapter 2:
Neem Transcriptome Analysis

Sequencing and functional annotation of transcriptome are the primary tools
for the discovery of novel genes, especially in non-model plants for which full

genome sequencing is not economically feasible***®

. Integration of transcriptomics
and metabolic fingerprinting helps in the understanding of plant secondary

metabolism.

Levels of total and fifteen major individual limonoids were quantified in
various tissues of the neem plant. Tissue-specific variation in the abundance of
limonoids has been observed. The mature seed kernel and pericarp of initial stages

were found to contain the highest amount of triterpenoids. Furthermore, a wide
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diversity of triterpenoids especially C-seco triterpenoids were observed in the kernel
as compared to the other tissues, whereas pericarp, flower and leaf contain mainly
ring-intact limonoids***°. To extensively cover the transcriptome, RNA isolated from
limonoid rich tissues such as fruit stage 4, leaves and flowers were pooled. A total of
79,079,412 (79.08 million) paired-end reads each of 72 bp length were generated by
Illumina GA Il platform. These reads were given as input for Oases to generate 41,140
transcripts. The average length of transcripts obtained was 1,331 bp and the N50
length was 1,953 bp. Blastx, virtual ribosome, Pfam and KAAS (KEGG Automatic
Annotation Server) tools were used for functional annotation. Functional annotation
results helped in identification of genes related to MVA pathway, MEP pathway,
prenyltransferases, squalene epoxidases and triterpene cyclases.

To gain more insights into the secondary metabolism of neem, tissue-specific
transcriptome analysis was done (pericarp, kernel, flower and leaf). Total of 127,815
transcripts were generated and functional annotation was done as described earlier.
Based on these analyses, genes for each terpenoid metabolic pathways in neem were
predicted. Expression profile (RPKM) of genes involved in each terpenoid metabolite
pathway explains that MVVA pathway and triterpenoid related genes were highly
expressed in kernel and pericarp, which found a correlation with the metabolic
fingerprinting dataset (Figure 1). Genes encoding for steroid biosynthetic pathway,
short chain prenyltransferases and MEP pathway genes were highly expressed in
flower, which may help in mono- and sesqui-terpene biosynthesis for attracting
pollinators. MEP pathway, diterpenoid and short chain prenyltransferase genes were
highly expressed in leaves too. To identify the downstream enzymes, mainly
CYP450s, we applied differential gene expression. AIHMGS, AIHMGR (key genes
from MVA pathway), AIFDS, AiSQS, AISQE and AITTS1 were highly expressed in
the kernel as compared to flowers. Downstream enzymes of triterpene biosynthesis
(CYP 450, methyltransferases, acyltransferases, desaturase and glycosyltransferases)
were selected to be involved in limonoid biosynthesis based on gene expression
analysis.

XX



Color Key
and Histog,

0 20 -quCOIHp[ 80 100

0 -5 0 5 10
Column Z-Score

MVA Pathway
MEP/DOXP Pathway

[

FlOWer  qee e o rmprcmmna anes Www—mﬂr"ﬂ_——mﬁw .

Short-chain Prenyl Transferase

Wj
|

Zeatin Biosynthesis

Monoterpenoid Biosynthesis
Sesquiterpenoid Biosynthesis

e gt

Diterpenoid Biosynthesis
Triterpenoid Biosynthesis

Steroid Biosynthesis

Brassinosteroid Biosynthesis

P

Carotenoid Biosynthesis

L —r—————————— WhMFTI:r"‘V-‘- . ]

P

Ubiquinone Biosynthesis

Leaf
Kernel
Pericarp

Figure 1: Comparison of RPKM Levels of Neem Terpenoid Metabolic Pathways.

Chapter 3:
Cloning and Characterization of Prenyltransferases

Terpenoid biosynthesis starts with building blocks such as isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) are synthesized
through the mevalonate (MVA) or methylerythritol phosphate (MEP) pathway™®.
Allylic diphosphate, DMAPP undergoes condensation with one or more IPP in head-
to-tail fashion to produce linear diphosphates such as geranyl diphosphate (Cy, GPP),
farnesyl diphosphate (Cis, FPP) and geranylgeranyl diphosphate (Co, GGPP)'"*%,
Two molecules of FPP undergo 1-1' (head to head) condensation to form squalene via
NADPH dependent reduction of presqualene diphosphate intermediate catalyzed by
squalene synthase (SQS)™. Thus squalene is the first committed precursor for the
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biosynthesis of triterpenoids. Squalene undergoes oxidation to form (S)2,3-
oxidosqualene mediated by squalene epoxidase (SQE). Further triterpene cyclases
catalyzes the formation basic triterpene skeletons from SQE?°?'. Prenyltransferases
such as GDS and FDS play a key regulatory role in triterpenoid and phytosterol

22,23

biosynthesis Therefore, identification and functional characterization of

prenyltransferases will assist in better understanding of triterpenoid biosynthesis.

Out of the 10 prenyltransferases identified from neem transcriptome,
homomeric geranyl diphosphate synthase (AIGDS, Neem_transcript_10912) and
farnesyl diphosphate synthase (AiIFDS, Neem_transcript 25722) were selected for
cloning and functional characterization (Figure 2). Real-time PCR analysis of AiGDS

and AIFDS clearly indicates the involvement of AiFDS in limonoid biosynthesis.
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Figure 2: Total lon Chromatograms (TICs) of AiGDS and AiFDS Assays. (A) TICs of
AIGDS Assays and (B) TICs of AiFDS Assays.
Chapter 4:

Cloning and Functional Characterization of Squalene Epoxidase (SQE) and
Triterpene Synthases (TTS)

From neem, more than 150 limonoids and their derivatives were isolated and
characterized®*. Seed kernel found to be rich source of limonoids as compared to other

tissues. In seeds, basic limonoids and C-seco limonoids are distributed in pericarp and
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kernel, respectively™. This suggests that limonoids production and distribution are
highly regulated in neem. The first committed step for triterpenoid biosynthesis is the
production of cyclic triterpene from 2,3-oxidosqualene by triterpene cyclases.
Squalene epoxide is involved in the production of plant steroids and triterpenoids.
Plants have more than one triterpene cyclases?®®. In steroid biosynthesis, cycloartenol
is synthesized from 2,3-oxidosqualene by the action of cycloartenol synthase and
further modified to phytosterol, while other triterpene cyclases convert 2,3-
oxidosqualene into triterpene cyclic product, which is further modified by CYP450
enzymes into triterpenoids. According to triterpenoid biosynthesis prediction in neem,
euphol or tirucallol or butyrospermol or tirucalla-7,24-dien-33-ol may be the
triterpene cyclic products formed by cyclization of 2,3-oxidosqualene®®?. Till date,
there is no study reported on the involvement of these triterpene hydrocarbons in

limonoid biosynthesis.

In neem, six triterpene cyclases were identified from transcriptome analysis.
Neem_transcript_27436 (AICAS) showed 92 % similarity with cycloartenol synthase
[Q8W3Z3] from Betula platyphylla. Neem_transcript_28920 (AiTTS1) showed 86 %
similarity, while Master_Control_74892 (AiTTS2) showed 93 % similarity with -
amyrin synthase [Q8W3Z1] from Betula platyphylla. These two triterpene cyclases
have 76 % similarity at amino acid level. The phylogenetic analysis predicts that
AITTS1 is single- and AITTS2 is multi-product forming enzyme. TTSs genes were
cloned into a pYES2/CT vector and expressed in yeast INVSc cells. Saponification
and n-hexane extraction of yeast cells was carried out to isolate the metabolites. Silver
nitrate column was used to purify AiTTS1 metabolite. Based on GC-MS and NMR
analyses, AiTTS1 metabolite is identified as tirucalla-7,24-dien-3B-ol, which is A’-
tirucallol. In AITTS1, Phe 260 and Phe 729 stabilize the Markovnikov secondary
cation created at C-14 then C-20 (dammarenyl cation). Lupenyl cation and oleanyl
cation were not stabilized due to Val 550, Lue 553 and Tyr 125 of AiTTS1.

AITTS2 transcript was not full length, around 1000 bp were missing from 3'
end. 3' RACE was performed to get full-length AiTTS2. In AiTTS2, C terminal (-
sheet, which play a key role in cyclization of 2,3-oxidosqualene was found to be
missing. From these results, AiTTS2 can be predicted as an inactive enzyme. To
further confirm, the full-length gene was cloned into a pYES2/CT vector and

expressed in INVScl. As we predicted, triterpene cyclic product was not observed
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from yeast extracts. From the transcriptome, expression level studies as well as
functional characterization, clearly indicates that AiTTS1 is involved in limonoid
biosynthesis.

Total of three transcripts related to squalene epoxidase (AiSQE) are identified
by transcriptome analysis. Out of these, Neem_transcript 11701 (AIiSQE1l) was
selected and cloned into pRS315-TEF and pESC-LEU vector. Functional
characterization of AISQE was done by co-expressing with AITTS1. A two-fold
increase in the production of tirucalla-7,24-dien-3p3-ol was observed when AISQE1
was coexpressed with AITTS1, which confirms that AISQE1 involved in the

production of 2,3-oxidosqualene (Figure 3B).
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Figure 3: Characterization of AITTS1 and AISQE1l. A) NMR analysis of AITTS1
metabolite tirucalla-7,24-dien-3B-ol, B) Fold change in AiTTS1 metabolite in coexpression
with AISQEL under gal and tef promoter. The retention time of individual metabolite given in
parentheses.

Chapter 5:
Cloning and Functional Characterization of Cytochrome P450 Systems

Azadirachtin, nimbin and salannin are highly modified limonoids produced in
neem. Azadirachtin contains 16 stereocenters, of which 7 are quaternary, and is
nevertheless one of the most highly oxidized limonoids known®. The complexity of
limonoids is due to the action of different cytochrome P450 systems present in neem.
CYP450s are the largest gene family present in plants. These are involved in
numerous biosynthetic and xenobiotic pathways. Most of the CYP450s act by taking
electrons from CYP450 reductases for the oxidation of substrates. Analysing CYP450

systems in neem helps in understanding the biosynthesis and complexity of limonoids.
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A total of 134 transcripts predicted as CYP450s and two transcripts as
cytochrome P450 reductases were identified. Based on BLAST results, with reference
to Arabidopsis thaliana CYP450 database, Neem CYP450s were classified into 39
families and 78 subfamilies, out of which most of the CYP450s belonged to the
CYP71 family. Seven transcripts related to plant steroid biosynthesis and fifteen
transcripts related to triterpenoid biosynthesis were predicted. Two CYP450
reductases were cloned and functionally characterized by cytochrome C and
potassium ferricyanide reduction assays (Figure 4-A, B). To overexpress AICYP1 in
neem, the ORF was cloned into pRI101-AN. To silence AiCYP1 in neem, initial 300
bp fragment of sense and antisense strand of AiCYP1 were cloned into pRI101-Al
harbouring wheat starching branching intron. Agrobacterium-based syringe infiltration
method was used for transient transformation of AiCYP1 constructs into neem leaves.
In AICYP1 overexpression, azadirachtin A production was observed maximum in day
2 (3.5 folds) and Day 4 (2.09 folds) as compared to pRI101 vector control. In AiICYP1
silencing, Day 4 showed the highest effect i.e., 5 fold lesser was observed in AiCYP1
silenced neem leaves as compared to vector control. Based on metabolite extraction
and HRMS analysis of different time intervals of neem transient transformed leaves,

azadirachtin A level states that AiCYP1 is involved in limonoid biosynthesis.
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Chapter 1

Secondary Metabolites

Translation: “We can designate as by-products of metabolism such compounds which
are formed during metabolism but which are no longer used for the formation of new
cells. ... Any importance of these compounds for the inner economy of the plant is so
far unknown. Julius Sachs, 1873.

Abiotic stress Biotic stress

thili!
iyt

Chapter 1

Introduction

Secondary Metabolites
“A metabolic intermediate or product, found as a differentiation product in restricted
taxonomic groups, not essential to growth and life of the producing organism, and
biosynthesized from one or more general metabolites by a wider variety of pathways
than is available in general metabolism."

J.W.Bennett, Ronald Bentley, 2008.
Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 1




Chapter 1

1.1 Introduction

Metabolites are the molecules present in the living system and are the
substrates and products of enzymatic reactions. Based on their functional significance
in the cell, they can be classified as primary and secondary metabolites. Primary
metabolites, present in all living organisms are vital for life and includes
carbohydrates, nucleic acids, amino acids, lipids and vitamins. Secondary metabolites
are synthesized from the primary metabolites for enhancing particular biological
functions in living systems, mainly to help in their interaction with the environment!
(Figure 1.1). Investigation of the properties of secondary metabolites started around
200 years ago? (Figure 1.2). These secondary metabolites are majorly present in the
plant kingdom and are involved in communication and defence in plants®. Plants
synthesize very diverse, complex and most effective molecules as compared to other
organisms. Till now over 200,000 secondary metabolites have been discovered from
the plant kingdom and still hundreds of thousands yet to be identified and most of
them are complex in nature®*. Depending on physiological and developmental stages
of the plant, secondary metabolites are synthesized and are of very low quantity (less
than 1% of dry weight). Secondary metabolite biosynthesis is organized as complex
biosynthetic pathways, under the action of enzymes which are encoded by genes.
Approximately 20,000 - 60,000 genes are present in plant genome and among which
nearly 25 % of the genes encode for enzymes involved in secondary metabolite
biosynthesis.

Plants synthesize a wide range of secondary metabolites, in order to achieve
fitness during evolution and to defend themselves from competing plants, herbivores®
and pathogens®’ (Figure 1.1). For example, secondary metabolites in flowers act as
fragrance and attract pollinators®. In fruits, they help in attracting animals and birds
for seed dispersal. In roots, these metabolites are useful for better communication
with soil microorganisms’. Some of these metabolites serve for a cellular function
such as resistance to abiotic/biotic stress®. Each plant species have evolved a set of
secondary metabolites for defence and communication. For example, to attract a
specific class of pollinators, plants floral fragrances vary widely from species to
species®'?. Plants synthesize these secondary metabolites and store them in vacuoles,

resin ducts, trichomes, laticifers or cuticle, where they do not interfere with the
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plant’s own metabolism’. Plants not only synthesize and store specific class of
secondary metabolites, but a complex array of diverse metabolites of different classes
in order to obtain a synergistic effect as a response to environmental factors*’. These
secondary metabolites are produced at different concentrations varying from organ to

organ, within a developmental cycle of plant'?*3

. In addition to their biological
functions, plant secondary metabolites are very useful for mankind due to their

pharmacological and toxicological properties™,

Figure 1. 1 Secondary Metabolites in Plants.

Humans are dependent on plants for their secondary metabolites which have a
wide range of pharmacological property whereas, primary metabolites of plants act as
essential amino acids and vitamins which cannot be synthesized in the human body.
One-half of all the licensed drugs are natural products or their synthetic
derivatives™®. The earliest recording for use of the plant-derived substance was
around 2600 B.C. in Mesopotamia. In India, the earliest documentation for the use of
plant derivatives was in Atharva-veda around 1000 B.C.*’. Some important examples
are quinine (Cinchona species) and artemisinin (Artemisia annua) as antimalarial

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 3
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drugs, reserpine (Rauwolfia serpentina) as an antihypertensive agent, ephedrine
(Epheda sinica, Ephedraceae species) for the synthesis of antiasthma agents,
vinblastine and vincristine (Catharanthus roseus) and paclitaxel (Taxus species) for
treatment against cancer’’. Atropine (Solanaceae species), caffeine (Coffea arabica
and Theobroma cacao), cocaine (Erythroxylum coca), morphine (Papaver
somniferum) and nicotine (Nicotiana tabacum) are known to have effects on the
human brain'®. Capsaicin (Capsicum annuum) and reserpine (Rauwolfia serpentina)
have antiulcer activity'®. Furthermore, in agriculture, triterpene saponins have anti-
parasitic properties'®?°. Azadirachtin and salannin (Azadirachta indica) are the most
potent anti-insecticides®. Rotenone (Milletia pachycarpa, Trpterygium forrestii and
Rhododendron molle), asimicin (Asimina tribola) and daphnane, orthoester skeletons
(Excoecaria agallocha) are found to have insecticidal properties®. Apart from the
medicinal uses, plant secondary metabolites are useful in flavours, dye, and fragrance
industries. The wide range of properties that secondary metabolites have continuously

being unravelled, showing great promises for present and future needs.
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Figure 1. 2 Time Line of Plant Secondary Metabolites Investigation.
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1.2 Classification
Secondary metabolites were classified into phenolics, alkaloids and
isoprenoids, based on their structure and the pathway from which they are

synthesized®* (Figure 1.3).
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Figure 1. 3 Overview of Plant Secondary Metabolite Biosynthesis.
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1.2.1 Phenolics

Phenolics are the compounds which contain one or more aromatic rings and
hydroxyl groups. More than 8000 phenolic compounds are known until now.
Phenolics are synthesized from phenylpropanoid pathway, and include flavonoids,
phenolic acids, lignins and tannins. Flavonoids contain the flavan nucleus (15 carbons
arranged in three rings as C6-C3-C6) and differ in the position of hydroxylation,
methoxylation, prenylation or glycosylation. Phenolic acids are derivatives of benzoic
acid (gallic acid) or cinnamic acid (coumaric and caffeic acid). Ferulic acid is a

phenolic acid which is esterified to form hemicellulose in cereals. Tannins are
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synthesized from the flavan-3-ol as basic units and bind to enzymes or proteins and

act in defence against pathogens and herbivores®. Lignins are the polymer which acts
as a matrix for cellulose microfibrils in the cell wall. Lignins are synthesized by
phenolic oxidative coupling with monomers like hydroxyl cinnamoyl alcohol,

coniferyl alcohol or sinapoyl alcohol (Figure 1.4)%.

Phenolics are most abundant in dietary food and are also involved in
pigmentation in plants, defence against ultraviolet radiation and pathogens. They have
properties like antimicrobial, antioxidant, anti-inflammatory and anti-carcinogenic.
Phenolics are widespread constituents of plant foods and beverages and are partially

responsible for the overall organoleptic properties of plant foods®.
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Figure 1. 4 Plant Phenolics.

1.2.2 Alkaloids

Alkaloids are basic or alkaline in nature and contain nitrogen group. More
than 12,000 alkaloids structures were known and their roles in plants against
herbivores and pathogens. The first alkaloid isolated was morphine in 1806%%.
Alkaloids include pure alkaloids, tropane alkaloids, benzylisoquinoline alkaloids and
terpenoid indole alkaloids. Pure alkaloids are nitrogen-containing compounds which
are originated from amino acids. Morphine, nicotine and caffeine are characteristic
examples for pure alkaloids. Tropane alkaloids (cocaine) are synthesized from
putrescine, an intermediate in nicotine biosynthesis®®. Benzylisoquinoline alkaloids
are synthesized from dopamine and 4-hydroxyphenylacetaldehyde which includes

morphine (analgesic), colchicine (microtubule disrupter), sanguinarine (antimicrobial)
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and (+)-tubocurarine (neuromuscular blocker)®. Terpene indole alkaloids contain

indole moiety derived from amino acid tryptophan and terpenoid moiety derived from
terpene biosynthetic pathway?®. More than 3000 terpene indole alkaloids are known,
including vinblastine (antineoplastic), quinine (antimalarial) and strychnine (rat
poison). Alkaloids contain properties like anti-malarial, anti-asthma, anti-cancer,

analgesic, herbivore deterrents and anti-hyperglycemic activities®
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Figure 1. 5 Plant Alkaloids.
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1.2.3 Isoprenoids/Terpenoids

Isoprenoids/terpenoids are the compounds which are synthesized from five-
carbon isoprene units. Terpenoids are structurally and functionally most diverse group
of metabolites and are classified into hemi-, mono-, sesqui- di-, ses-, tri-, tetraterpenes
based on the number of isoprene units. They are of more than 75,000 compounds
which are found in all domains of life and play important biological functions. They
are usually linear hydrocarbons or chiral carbocyclic skeletons with different
modifications like hydroxyl, ketone, aldehyde and peroxide groups. In plants,
terpenoids are involved in primary metabolic processes such as membrane fluidity,
respiration, photosynthesis, and regulation of growth and development. Terpenoids
formed as a result of secondary metabolic processes are involved in the plant-
pathogen interaction, protect plants against herbivores and pathogens, attract
pollinators and seed dispersal animals®*. Natural rubber, formed by the cis-
polymerization of isoprene units have enormous application in polymer and medical
industries®**®, Terpenoids such as mono- and sesquiterpenes are used as flavours and
fragrances. These terpenoids have various biological properties such as anti-
microbial, anti-fungal, anti-viral, chemotherapeutic, anti-hyperglycemic, anti-allergic,
insecticidal, anti-parasitic, anti-inflammatory, immunomodulatory and anti-
spasmodic. Recently, terpenoids have emerged as a biofuel because of branches and
rings found in their hydrocarbon chain. Isopentanol and farnesane are potential
alternatives for gasoline. Advanced biofuels such as ring structure containing

bisabolene and pinene are used as an alternative source for jet-fuels®*.
1.3 Isoprenoids/Terpenoids Biosynthesis

Isoprenoid biosynthesis starts with condensation of isoprene units i.e.
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). These
isoprene units are synthesized by very well-known mevalonate pathway (MVA) or
HMG-CoA reductase pathway and the recently characterized 2-C-methyl-D-
erythritol-4-phosphate (MEP) pathway, also known as the 1-deoxy-D-xylulose-5-
phosphate (DXP) pathway. These isoprene units, by condensation in the head-to-tail

fashion form short or long chain diphosphates by the action of diphosphate synthases.
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These diphosphates undergo cyclization or modification to respective terpenes. By the
action of downstream tailoring enzymes, terpenes undergo further modifications like
skeletal rearrangement, addition of hydroxyl, ketone, aldehyde and peroxide groups,

acetylation, tigloylation, glycosylation to form terpenoids>>%.

1.3.1 Mevalonate Pathway

Bloch and Lynen established the MVVA pathway in the 1960s, for which they
received the Nobel Prize in Physiology in 1964. MVA pathway is present in all
eukaryotes (mammals, the cytosol of plants, fungi), archaea and some eubacteria.
MVA pathway operates in the cytosol and the synthesized isoprene units are used for

sesquiterpenoid, triterpenoid, sterols and side chains of ubiquinone®.

In this pathway, three molecules of acetyl-CoA are utilized to form isoprene
units in seven steps. MVVA pathway begins with condensation of two molecules of
acetyl-CoA to form acetoacetyl-CoA by the action of acetyl-CoA acyltransferase or
acetoacetyl-CoA thiolase (AACT; EC 2.3.1.9, Yeast; ERG10). AACT belongs to
class Il thiolase and having two conserved cysteine residues. Arabidopsis thaliana
AACT2 mutant is lethal, indicating that AtAACT2 has an essential role in isoprenoid
biosynthesis. Acetoacetyl-CoA condenses with one more acetyl-CoA to form 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) by the action of HMG-CoA synthase
(HMGS; EC 2.3.3.10, Yeast; ERG13). In plants, HMGS shows correlation with rapid
cell division and induction with methyl jasmonate, ozone, salicylic acid, which
suggest that it is one of the regulatory enzymes of MV A pathway. The most important
committed step is the reduction of HMG-CoA to mevalonic acid in the presence of
NADPH (Nicotinamide adenine dinucleotide phosphate) as a cofactor. This reaction
is catalyzed by HMG-CoA reductase (HMGR; EC 1.1.1.34, Yeast; HMG1 and
HMG2), which is encoded by several paralogous genes in most plants. Plant HMGR
protein is bound to endoplasmic reticulum, with catalytic domain towards cytosol. In
plants, HMGR determines the flux of isoprenoid biosynthesis, regulated by different
developmental and environmental signals. Mevalonate is converted into mevalonate-
5-diphosphate by two-step phosphorylation catalyzed by mevalonate kinase (MK; EC
2.7.1.36, Yeast: ERG12) and phosphomevalonate kinase (PMK; EC 2.7.4.2, Yeast;

ERGS) respectively. Both these kinases belong to GHMP kinase ATP-binding protein
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family. The last step in MVA pathway is ATP-dependent decarboxylation of
mevalonate-5-diphosphate into IPP by the action of mevalonate-5-diphosphate
decarboxylase (MDC; EC 4.1.1.33, Yeast; MVD1), also named as diphospho-
mevalonate decarboxylase. IPP isomerase (IPPI; EC 5.3.3.2, Yeast; IDI1) converts
IPP into its isomer DMAPP and maintains equilibrium between both isoprene units
and are of two types. Type | is a Zn®*-dependent metalloprotein and catalyzes through
carbocation intermediate®’. Whereas type Il requires Mg, redox coenzymes FMN
and NAD(P)H for its activity (Figure 1.6)%® *.

An alternate MVVA pathway was observed in most of archaea and some
bacteria like Chloroflexi bacterium and Roseiflexus castenholzii. In these organisms,
mevalonate-5-diphosphate is decarboxylated to isopentenyl phosphate (IP) by
phosphomevalonate decarboxylase. Then IPP is synthesized by the action of
isopentenyl phosphate kinase on IP***!, The third alternate MVA pathway was
observed in Thermoplasma acidophilum, in which mevalonate-3-phosphate and
mevalonate-3,5-diphosphate are intermediates. The homolog of MDC (mevalonate-5-
diphosphate decarboxylase) i.e, mevalonate-3-kinase converts MVA into mevalonate-
3-phosphate®”.  Mevalonate-3,5-diphosphate is synthesized from mevalonate-3-
phosphate by the action of mevalonate-3-phosphate-5-kinase*®. Mevalonate-3,5-
diphosphate is converted into IP by an unknown enzyme. By the action of isopentenyl

phosphate kinase, IP is converted to IPP (Figure 1.6)*.
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1.3.2 Methyl Erythritol Phosphate (MEP) Pathway/ 1-deoxy-D-xylulose-5-
phosphate (DXP) Pathway/ Non-mevalonate Pathway

For several decades, MVA pathway was believed to be the unique source for
isoprene units. In the 1990s, Rohmer and Arigoni’s research lead to the proposition of
an alternate 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose-5-phosphate
(MEP/DXP) pathway, in which glyceraldehyde-3-phosphate (GAP) and pyruvate are
the starting metabolites to synthesize IPP and DMAPP. MEP pathway is present in
most of the bacteria, plastids of plants and green algae. In plants, MEP pathway genes

have N-terminal plastid targeting sequence™.
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The first step in MEP pathway is condensation of pyruvate and GAP via
transketolase-like decarboxylation reaction to form 1-deoxy-D-xylulose-5-phosphate
(DXP), catalyzed by 1-deoxy-D-xylulose-5-phosphate synthase (DXS; EC 2.2.1.7).
Synthesis of DXP is irreversible and committed step for MEP pathway. DXS controls
the flow of carbon in MEP pathway by negative feedback inhibition from IPP and
DMAPP*4" Herbicide, ketoclomazone inhibits the activity of DXS whereas,
fosmidomycin blocks the activity of next step enzyme, DXP reductoisomerase and
hence can be used as an anti-bacterial or anti-malarial agent. Further, intermolecular
rearrangement and reduction of DXS into 2-C-methyl-D-erythritol-4-phosphate
(MEP) is catalyzed by DXP reductoisomerase (DXR; EC 1.1.1.267), in the presence
of NADPH. MEP is converted to 4-(cytidine-5'-diphospho)-2-C-methyl-D-erythritol
(CDP-ME) in a CTP dependent reaction catalyzed by 2-C-methyl-D-erythritol-4-
phosphate cytidylyltransferase (MCT; EC 2.7.7.60), which requires Mg for its
catalytic activity. In bacteria, DXR and MCT have phosphorylation sites which when
mutated to aspartate or glutamate (to mimic phosphothreonine) lead to the reduction
of their activity. 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase (CMK; EC
2.7.1.148) belonging to GHMP kinase family, catalyzes the phosphorylation of 2-
hydroxyl group in CDP-ME into 2-phospho-4-(cytidine-5'-diphospho)-2-C-methyl-D-
erythritol (CDP-MEP). CMK requires ATP and Mg?* for its activity. This
mechanism might be involved in regulation of carbon flow in MEP pathway. Cyclic
intermediate, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MEcPP) formed by
elimination of CMP from CDP-MEP and is catalyzed by 2-C-methyl-D-erythritol-
2,4-cyclodiphosphate synthase (MDS; EC 4.6.1.12)*. In bacteria, the accumulation of
MECPP is observed during oxidative stress caused by benzyl viologen or other redox
mediators, suggesting it is an important antistressor®. In plants, during stresses (high
light or wounding), MECPP in the leaves increase, which triggers stress-inducible
plastidial protein such as hydroperoxide lyase (HPL)®. MECPP is then reduced to 4-
hydroxy-3-methyl but-2-enyl diphosphate (HMBPP) by the action of HMBPP
synthase (HDS; EC1.17.7.1). HDS belongs to GCPE protein family and requires
flavodoxin/flavodoxin reductase/NADPH system. In photosynthetic tissues, HDS
takes electrons directly instead of NADPH to reduce MEcPP. HMBPP has converted
into IPP and DMAPP in a 5:1 ratio by HMBPP reductase (HDR; EC 1.17.1.2). HDR
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belongs to LytB protein family and requires FAD, NADPH and divalent cation for its
activity. Both HDS and HDR contains redox-active [4Fe-4S]** cluster suggesting the

involvement of radical intermediates (Figure 1.7)".

1.3.3 The crosstalk between MVA and MEP Pathways

The MVA and MEP pathways are compartmentalized in different cellular
locations in plants. The MVA pathway takes place predominantly in cytoplasm and
mitochondria synthesizing triterpenoids, sterols, certain sesquiterpenes and
ubiquinones. The MEP pathway localized in plastid to synthesize hemiterpenes,
monoterpenes, diterpenes (Figure 1.8). Systematic analysis of 130 isoprenoid
biosynthesis from 86 plants species revealed that triterpenoids, sterols, carotenoids
(tetraterpenoids) and phytol chain (diterpenoids) synthesis is strictly
compartmentalized®®. But monoterpenes, diterpenes, hemiterpenes, sesquiterpenes
and polyterpenes may be synthesized from both pathways under specific
environmental or ecological conditions®. Some studies show that cross-talk between
the two pathways depends on the supply of precursor, end product and cultivation
conditions™ *°. Plastid membranes possess Ca?* gated unidirectional proton symport
systems present to export isoprenoid intermediates involved in the crosstalk®.
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Figure 1. 8 Crosstalk between MVA and MEP pathways.
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1.3.4 Regulation of MVA and MEP Pathways

Isoprene biosynthetic pathways are regulated at different levels such as
transcription, translation, posttranslational modification and protein degradation. In
bacteria, MEP pathway is regulated at transcription level as operon model. In yeast
(Saccharomyces cerevisiae), during aerobic growth heme accumulation activates the
Hapl1P transcription factor, which further increases HMGR1 transcription. Sterol and
GGPP trigger endoplasmic reticulum (ER) associated degradation pathway to
recognize and ubiquitinate HMGR?2, thereby controlling protein turnover®. In
mammals, when sterol levels are low, Insulin-induced gene 1 (INSIG-1) is released
from SCAP (SREBP cleavage-activating protein) on ER membrane. Then SCAP
forms a complex with SREBP (sterol regulatory element binding protein) and moves
to the Golgi apparatus. The SREBP is then activated by cleaving off amino-terminal
domain which releases SREBP from the membrane and allows it to enter the nucleus
and activates HMGR transcription. When sterol levels are high, INSIG forms complex
with SCAP and prevents its transportation to Golgi apparatus and proteolytic
cleavage-dependent activation of SREBP. Along with this, INSIG binds to an amino-
terminal domain of HMGR and recruits the enzymes which ubiquitinate HMGR,

triggering its degradation (Figure 1.9A)>"%®,

Regulation of isoprene unit biosynthesis in plants is highly complex since both
MVA and MEP pathways occur in a cell, and also due to other factors such as several
pathway enzymes contain isozymes and a wide range of environmental stimuli are
involved in plants. In Arabidopsis thaliana, both MVVA and MEP pathway genes are
expressed in all the tissues and developmental stages. In seedling and mature plants,
MEP pathway genes are active primarily in photosynthetic tissues. Whereas, in the
case of MVVA pathway genes, they are most strongly expressed in radical, hypocotyl,
roots, flowers and seeds®. In plants, isozymes of MVA and MEP pathways are
evolved by gene duplication and may facilitate adaptation in dynamic
environments®®®!. Cis-regulatory motifs in the promoters of MVA pathway genes
helps for high expression in flowers and oxidative stress conditions. MEP pathway
genes are having cis-regulatory motifs related to light and circadian clock®. In A.
thaliana, DXS and HDR expression follow a circadian pattern, reaching high mRNA
levels during the day and decreasing levels during the night time (Figure 1.9B)%%%,
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ORCA3 (AP2 family) and AGL12 (MADS-box) transcription factors control tissue

and cell-specific expression of DXS in Catharanthus roseus®. In tobacco, MEK2-

SIPK/WIPK cascade activates HMGR expression during pathogen defence®. Sucrose
nonfermenting 1 (SNF1)-related kinase 1 (SnRK1) phosphorylates a conserved Ser
(Ser-577 in AtHMGR1S) and inactivates the catalytic domain of AtHMGRL1 in vitro.
PRL1 is a conserved WD protein and functions as a global regulator of sugar, stress,
and hormone responses, by inhibiting SnRK1 activity®®®’. A mitochondrial
pentatricopeptide repeat protein LOI1 (Lovastatin insensitive 1) has been identified as

a negative regulator of HMGR protein level®®.
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Figure 1. 9 Regulation of MVA and MEP Pathways in Mammals and Plants.
A) MVA Pathway regulation in mammals. B) Circadian pattern of MVA and MEP pathways
in plants. C) MEP pathway regulation in plants.
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1.3.5 Prenyl Diphosphates Synthases

Prenyl diphosphate synthases catalyze head-to-tail condensation and chain
elongation reactions of DMAPP and IPP to produce prenyl diphosphates like geranyl
diphosphate (GPP; Cy), farnesyl diphosphate (FPP; Cis), geranylgeranyl diphosphate
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(GGPP; Ci5) and other diphosphates. The discovery of IPP (biologically active
isoprene unit) by two individual groups Lynen and of Bloch in 1958 lead to several
enzymological studies®®™. Cornforth and Popjak established the stereochemical
details of the biosynthetic pathway from mevalonic acid to squalene’ . Poulter and
Rilling have established ionization-condensation-elimination mechanism by using
fluorinated substrate analogues™. Molecular biology work related to prenyl
diphosphate synthases started with the isolation of cDNA for FPP synthase from rat
liver™®. First prenyl diphosphate synthases crystal structure (Avian FPP synthase) is
reported in 1994 by Poulter and Sacchettini”®. Based on subunit composition, chain
length and stereochemistry of final product, prenyl diphosphate synthases are
classified into four groups; i) short-chain prenyl diphosphate synthases, ii) medium-
chain prenyl diphosphate synthases, iii) long-chain (E)-prenyl diphosphate synthases
and iv) (2)-polyprenyl diphosphate synthases. First three groups belong to (E)-prenyl
diphosphate synthases (Figure 1.10).

1.3.5.1 Short-Chain Prenyl Diphosphate Synthases

Short-chain prenyl diphosphate synthases include geranyl diphosphate
synthase (GDS), farnesyl diphosphate synthase (FDS) and geranylgeranyl
diphosphate synthase (GGDS). GDS catalyzes head to tail condensation of DMAPP
and IPP to form GDP (Cy). GPP acts as a universal precursor for monoterpenes. GDS
exists as homodimeric and heteromeric structures. Heteromeric GDS contains smaller
subunit (SSU) and lager subunit (LSU). SSU is catalytically inactive in nature but the
catalytic activity of LSU produces GGPP. When SSU interacts with LSU only GPP
results as the sole product. FDS catalyze the condensation of allylic diphosphates
(DMAPP, GPP) with IPP to form FPP, which act as a precursor for sesquiterpenes,
steroids and triterpenoids. GGDS catalyzes the condensation of allylic diphosphates
(DMAPP, GPP and FPP) with IPP to form GGPP, which then act as a precursor for

the synthesis of diterpenoids, vitamin E and carotenoids’®.

1.3.5.2 Medium-Chain Prenyl Diphosphate Synthases

This class is composed of enzymes which are involved in the synthesis of
prenyl diphosphates with length ranges from Cys to C3s. Bacteria is a good source for
prenyl diphosphate synthases, mainly for the synthesis of medium and long-chain
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diphosphates which are involved in the synthesis of ubiquinones. Geranylfarnesyl
diphosphate synthase (EC 2.5.1.81) catalyzes the condensation of allylic diphosphates
(DMAPP, GPP, FPP and GGPP) with IPP to form geranylfarnesyl diphosphate Cys,
which acts as a precursor for archaeal C,s-Cys ether lipids and methanophenazine (an

electron carrier utilized for methanogenesis)’’"

. Hexaprenyl diphosphate (EC
2.5.1.33) synthase (trans-pentaprenyltranstransferase) isolated from bacteria
(Micrococcus luteus) is capable of synthesizing (all-E)-hexaprenyl diphosphate Csp.
Similarly, heptaprenyl diphosphate synthase (EC 2.5.1.30) from Bacillus subtilis
synthesize (all-E)-heptaprenyl diphosphate Css. Both hexaprenyl diphosphate
synthase and heptaprenyl diphosphate synthase are two protein subunits; both
subunits are required for the catalytic activity’®. Both these Cs and Css prenyl
diphosphates are involved in the synthesis of coenzyme Q, menaquinone having

polyprenyl side chain length of Cso and Cas™.

1.3.5.3 Long-Chain Prenyl Diphosphate Synthases

The enzymes which synthesize prenyl diphosphate with length more than Css
belong to long-chain prenyl diphosphate synthases. (all-E)-octaprenyl diphosphate
(C40) synthase (EC 2.5.1.90), (all-E)-solanesyl diphosphate (Cy4s) synthase (EC
2.5.1.84) and (all-E)-decaprenyl diphosphate (Cso) synthase (EC 2.5.1.91) are
characterized from Escherichia coli, Micrococcus luteus and Paracoccus
denitrificans, respectively. All long-chain prenyl diphosphates are involved in
ubiquinone biosynthesis. The long-chain prenyl diphosphate synthases are

homodimers but require a protein factor to maintain efficient catalytic turnover®#,

1.3.5.4 (Z)-Prenyl Diphosphate Synthases

(2)-prenyl diphosphate synthases or cis-prenyltransferases catalyze the
condensation of IPP with allylic diphosphate to form long-chain prenyl diphosphates,
which can occur in the membrane fraction of bacteria and a microsomal fraction of
eukaryotic cells. Cis-prenyl diphosphates are the precursors of polyprenyl lipids
required as carbohydrate carriers in the biosynthesis of the bacterial cell wall and of
eukaryotic glycoproteins. In H. brasiliensis, it helps in the biosynthesis of rubber
which contains around 5000 isoprene units. Mycobacterium tuberculosis contains

E,Z-farnesyl diphosphate synthase (EC 2.5.1.68) to produce E,Z-farnesyl diphosphate
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from the condensation of allylic diphosphates (DMAPP, E-GPP) with IPP.

Decaprenyl diphosphate synthase catalyzes the chain elongation of E,Z-farnesyl
83,84

diphosphate with seven IPP units to synthesize E,Z-decaprenyl diphosphate Csg
Undecaprenyl diphosphate synthase (EC 2.5.1.31) catalyzes the condensation of eight
IPP units with E-farnesyl diphosphate to form undecaprenyl diphosphate®. The (2)-
prenyl diphosphate synthase present in eukaryotic cells was dehydrodolichyl
diphosphate synthase (EC 2.5.1.87) which catalyzes the chain elongation of E-
farnesyl diphosphate with 11 to 20 IPP units in the cis conformation. Dehydrodolichyl
diphosphate undergoes single dephosphorylation to form dolichyl phosphate which
acts as sugar carrier lipid in the biosynthesis of N-glycosylated proteins and GPI-
anchored proteins®®. Rubber cis-polyprenylcistransferase synthase (EC 2.5.1.20) has
been found and characterized from Hevea brasiliensis and Parthenium argentatum
which catalyzes the transfer of (Z)-polyprenyl diphosphates to IPP with the
elimination of diphosphate®”. In general, (Z)-polyprenyl diphosphates prefer the

synthesis of long-chain diphosphates®
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Figure 1. 10 Prenyl Diphosphate Synthases.

1.3.5.5 Structure and Mechanism of Prenyl Diphosphate Synthases

(E)-prenyl diphosphate synthases contain two conserved aspartate-rich motifs
(DDxxD motif). The crystal structure of FDS clearly shows that first DDxxD motif
binds with allylic diphosphate and the second motif binds with IPP. FDS contain 13
a-helices, out of which 10 are surrounding the large central catalytic cavity. Fourth
and fifth position to first DDxxD motif determines which type of prenyl diphosphate
has to be synthesized. GGDS contain aromatic amino acid in the fifth position but
FDS contains aromatic residue in fourth and fifth positions”>®°. The conserved
regions of (Z)-prenyl diphosphate synthases differ from (E)-prenyl diphosphate
synthases (Figure 1.11). Crystal structure of undecaprenyl diphosphate synthase from
Micrococcus luteus B-P 26 and E.coli shows that (Z)-prenyl diphosphate synthases
contain 20-23 a-helices and 12 parallel B-sheets. Two a-helices and 2-4 B-sheets

surrounding an active site which is a large elongated hydrophobic cleft®™ .

Z/Cis-Prenyl Diphosphate Synthase

Region1 Region 2 Region 3
e H X XX M D GNXRX A= G HXX G==T XX AF SXENXXRPAQEV XX LMXL:

Region 4 Region 5
e AXX Y G GRXE IXX A= D LX IRT X G EXRXS NF KK WQXXY XEXXF XXX LW PX e

E/Trans-Prenyl Diphosphate Synthase

Region 1 Region 2 Region 3
=G GXXKRXRPX\/=———=EXIHxXSLVHDDxXDxx DXRRGXP =G DXXX LXXXAr

Region 4 Region 5
GQxxD KTAXLXASXXX G A
Region 6 Region 7

GXxXFQIXDDXXDxxxxxxXLGKPXGxD LXXXX XXX XX R

Figure 1. 11 Conserved Regions of (E)-Prenyl Diphosphate and (Z)-Prenyl Diphosphate
Synthases.

An ionization—condensation—elimination mechanism has been proposed for
(E)-prenyl diphosphate synthases. The catalytic reaction starts with cleavage of a
carbon-oxygen bond in allylic prenyl diphosphate to form a cation. Addition of single

IPP units occurs with the stereospecific removal of a proton from 2-position, allowing
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a new C-C bond and new double bond in the product. The only difference is that in

(E)-prenyl diphosphate synthases, a pro-R proton is eliminated from 2-position of IPP
but in (Z)-prenyl diphosphate synthases pro-S proton is eliminated (Figure
1.12)73,87,92.

OPP OPP
N N\ N
H <H__H
Heptaprenyl i | Undecaprenyl |
Diphosphate Synthase ! ’\ Diphosphate Synthase Si
j ili HS Hy Bacillus subtilis SV OPP
Bacillus subtilis S OPP Hy H

Figure 1. 12 Absolute Stereochemistry of (E)-(left) and (Z)-Prenyl Chain (right)
Elongation Reactions by Preynl Diphosphate Synthases.

3-methyl-1-butyl is the basic unit of isoprenoid carbon skeletons, which are
joined in nine different patterns. In four different ways, C1' unit of 3-methyl-1-butyl
joins with single carbon of another unit (1'-1, 1’-2, 1’-3, and 1'-4). In three different
ways, C1' unit joins in a cyclic structure manner with another unit (C1'-1-2, C1'-2-3,
and C1’-2-3-2") and in one case, C1' unit inserted between other units (2-1'-3). The 4'-
4 pattern is observed in archaeal lipids. The 1’-4 linkage is the most commonly seen
in isoprenoid compounds, and this attachment between isoprene units are called as
head-to-tail or regular linkage. Other patterns are designated as non-head-to-tail or
irregular linkage. In regular isoprenoids, the chain elongation proceeds by a
dissociative electrophilic alkylation of the double bond in IPP by the allylic cations
generated from DMAPP/other diphosphates. In irregular isoprenoids, dissociative
electrophilic alkylation of the double bond in DMAPP by the dimethylallyl cation
results in a protonated cyclopropane intermediate, which was observed in first

pathway-specific step in the biosynthesis of sterols and carotenoids. The
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cyclopropane intermediate may undergo cyclization to form a cyclobutylcarbinyl

cation, which has been observed in mealybug mating pheromones (Figure 1.13)%
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- Ao
DA GO O
2-1'-3
-V
B cl’-1-2 c1'-2-3 c1'-2-3-2'

Chain Elongation

+ 3
PPOH"'H E“A'K ) H"' k_> im/\,
PP R z GPP k

OPP
DMAPP
Cyclopropanation, Branching, Cyclobutanation

o
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S
HhyZ” G g + Hby,
HhyZ” _> PPO! ~/\ _> —! PPO. "y,
PO H "'ll /(
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‘R (IR,3R)-CPP

OPP
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PPO

PPO
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Figure 1. 13 Different Ways for Isoprene Units Joining During Chain Elongation.
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A) Different ways of connecting isoprene units. Red and black colour indicates isoprene units
and green indicated bonds joining isoprene units. B) Electrophilic alkylation mechanism for
chain elongation, cyclopropanation, branching, and cyclobutanation.

1.4 Classification of Isoprenoids

Isoprenoids are divided into different classes based on carbon number and

precursor allylic diphosphate.

1.4.1 Hemiterpenoids

Hemiterpenoids are the smallest known terpenoids that are synthesized from
the Cs isoprene units i.e. IPP or DMAPP and are of volatile in nature. Most of the
plants emit the hemiterpenes such as isoprene and methylbutenol (MBO). These two
compounds are synthesized from DMAPP in chloroplasts®. Methylbutenol synthase
is a bifunctional enzyme that produces both MBO and isoprene in a ratio of ~90:1.
Plants that emit isoprenes are able to tolerate sunlight-induced rapid heating of leaves
(heat flecks)®. Isoprene moiety transfers to ATP or ADP and undergoes
hydroxylation to synthesize zeatin, a precursor for cytokinins. These cytokinins act as

hormones for plant development®®.

OPP
PP ot
fi -
HN
N,
NS J\/\ w\ NJI
)\/\OPP —> N N '\\NI I\?
DMAPP Isoprene Methylbutenol H
t-Zeatin

Figure 1. 14 Hemiterpenoids.

1.4.2 Monoterpenoids

Monoterpenoids are acyclic (linalool, myrcene and ocimene), or monocyclic
(limonene, carveol and carvone) or bicyclic (camphene, sabinene and pinene)
compounds synthesized from GPP catalyzed by monoterpene synthases. GPP binds to
active site of monoterpene synthases as a complex with the divalent metal ion. GPP
undergoes ionization to from linalyl cation which undergoes further isomerization and
cyclization to form diverse monoterpenes”. In plants, monoterpenoids are

synthesized through MEP pathway®. The storage sites are oil glands, glandular hairs
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and trichomes. These compounds play a key role in herbivore defence. Most of the
trees in forests release a-pinene into the troposphere, which plays a key role in ozone
balance. Monoterpenoids also have commercial values like industrial raw materials,

essential oil for perfumery and flavours®.

Linalool  B-myrcene (E)—B-ocimene

e

Linalyl cation Limonene Carvone Carveol

=

Pinene

+)- h
(+)-camp eneSabinene

Figure 1. 15 Monoterpenoids.

1.4.2 Sesquiterpenoids

Sesquiterpenoids are one of the most diverse class of isoprenoids with more
than 300 carbon skeletons and more than 7000 characterized compounds™®.
Sesquiterpenoids and their lactones have biological properties like anticancer

101)’

(michelenolide and micheliolide cytotoxic, antiviral (triptofordin C-2%?),

antimalarial (artemisinin'®

) and antibiotic. These compounds are very well known for
flavours and aromas. Sesquiterpenoids are synthesized by intramolecular cyclization
of FPP. Sesquiterpenes can be divided into four groups: acyclic (farnesol, nerolidol),
monocyclic (bisabolene, germacrene, curumene, zingiberene), bicyclic (selinene, B-
santalene, bergamotene, aristolochene, valencene, caryophyllene) and tricyclic (a-
cedrene, santalene, longifolene). In plants, sesquiterpenoid biosynthesis takes place in
the cytosol through the MVA pathway®. Farnesene and bisabolene skeletons are used

as advanced biofuels®.

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 24



Chapter 1

Micheliolide

Ph
OJ\O QAO

~ W\ Ph

HO eﬁ ”;‘(()

O

3 HO"
Artemisinin Triptofordin C-2

Figure 1. 16 Sesquiterpenoids.

1.4.3 Diterpenoids

Plants produce thousands of diterpenoids which are involved in primary and
secondary metabolisms. Gibberellins (phytohormones) and phytol chains of
chlorophyll are examples of diterpenes involved in primary metabolism. Most of the
diterpenoids are secondary metabolites and limited to some specific plant taxonomy
and acts as a signature for some plants. These metabolites are involved in defence
against pest, pathogen (rhizathalene, phytoalexins, diterpene resin acids) and
herbivores (17-hydroxygeranyllinalool glycosides). Major commercial diterpenoids
include anti-cancer drug taxol (Taxus brevifolia), sclareol (Salvia sclarea) as a
precursor for fragrance and fixatives in perfume manufacture, steviol (Stevia
rebaudiana) as a natural sweetener, and diterpene resin acids (conifer trees) as
feedstock for industrial coatings and inks'®. MEP pathway provides the isoprene

units for the synthesis of diterpenoids®®’.
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Figure 1. 17 Diterpenoids.
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1.4.4 Triterpenoids

In plants, thousands of triterpenoids are identified, and they are synthesized
from more than 100 different carbon skeletons. Triterpenoid biosynthesis takes place
in the cytosol and endoplasmic reticulum. All triterpenoids are synthesized from
cyclization of a common substrate, (3S)-oxidosqualene/2,3-oxidosqualene by
triterpene synthases'®. The cyclization of (3S)-oxidosqualene is activated by the
cationic attack on the 2,3-peroxide bond, which is followed by the cascade of cation-
olefin cyclizations resulting in cyclic carbocation. This cation undergoes 1,2 proton
and methyl shifts and is finally the stable triterpene usually arises by deprotonation*®.
Triterpenoids are further classified into monocyclic (achilleol A, camelliol C),
dicyclic (polypoda-7,13,17,21-tetraen-3-ol), tricyclic (Malabarica-14(27),17,21-trien-
3-ol, malabarica-17,21-dien-3,14-diol), tetracyclic (lanosterol, cycloartenol, parkeol,
cucurbitadienol, tirucallol, tirucalla-7,24-dien-3p-ol, euphol, butyrospermol,
shionone) and pentacyclic (lupeol, a-amyrin, B-amyrin, taraxerol, isomultiflorenol,

friedelin, P-taraxasterol)'®’

. Plants also accumulate triterpenoids in the form of
glycosylated form, saponin. Lanosterol and cycloartenol are further modified into
steroids and hormones which play a key role in the development and function of
organisms. Other triterpenoids and saponins play a key role in plant defence against
microbes, insects and herbivores. Triterpenoids have biological properties like anti-
inflammatory, anti-cancer, anti-viral, and insecticidal. Furthermore, saponin,

glycyrrhizin is used as natural sweetener'®.

The first committed step in triterpenoid biosynthesis is cyclization of 2,3-
oxidosqualene which is catalyzed by triterpene synthases (TTS). In plants, microalgae
and many protozoa have cycloartenol synthase (CAS), whereas animals and fungi
have lanosterol synthase for the synthesis of steroids. In the active site of triterpene
synthases, 2,3-oxidosqualene forced to take up a pre-organized conformation. The
protonation of epoxide ring starts a cascade cyclization through intermediate
carbocations. Aromatic amino acids present in the active site stabilize the
intermediate carbocations through cation—= interactions. Skeletal rearrangement of a
carbocation by 1,2 methyl and 1,2 proton shifts (from high to low 7 electron density)

takes place and finally, deprotonation occurs to form the triterpene cyclic product'®®

108
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Figure 1. 18 Triterpenoids.

1.4.5 Tetraterpenoids

Tetraterpenoids are C40 compounds derived from phytoene formed by the
head-to-head condensation of two molecules of GGPP*. Carotenoids are important
metabolites in this group. In plants, carotenoids are involved in various biological
processes like photoprotection, photomorphogenesis, photosynthesis, precursors for
plant isoprenoid volatiles, phytohormones (abscisic acid and strigolactones) and
colourants. MEP pathway provides a large part of carbon flux for carotenoid
biosynthesis'®. Carotenoids can be classified further as carotenes (B-carotene, a-
carotene and lycopene) and xanthophylls (lutein, p-cryptoxanthin, zeaxanthin)'.
Animals are incapable of producing carotenoids and provitamin A from plants acts as
a precursor for the synthesis of retinol, retinoid in animals. These are critical
antioxidants in the human diet. B-carotene, [3-apo-8'-carotenal, and canthaxanthin are

widely used as colouring agents for food**".

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 27



Chapter 1

X Q. D X -OPP

¢

NS AR
N NN NN N

Lycopene

M\(\/\‘/\:Q
I

B-carotene

OH
AN
NY W N N
HO

Zeaxanthin

OH
AN
NY W N N
HO Lutein

0O

AR AN
N NN N

0 Canthaxanthin

Figure 1. 19 Tetraterpenoids.

1.4.6 Polyprenoids

Polyisoprenoid alcohols are linear polymers of isoprene, consisting of 6-100
units with a terminal primary alcohol group. The reduction of a double bond at a-
residue gives rise to dolichols. Polyprenoids can be classified into di-trans-poly-cis
(dolichols, bacteria and plants origin), tri-trans-poly-cis and all-trans (solanesol,
spadicol) 2. The archaeal membrane contains polyprenyl through an ether bond,
which enables the organisms to survive in extreme conditions. Polyprenoids are
involved in cell wall synthesis of bacteria and yeast. Dolichols are present in the

113114~ polyprenoids

115

membrane and are involved in N-glycosylation of proteins
contain properties like antitumor, antithrombic and antiviral activities . Quinones
are one of the important groups in polyprenoids, containing polar head group and

non-polar isoprenoid side chain. These quinones are involved in electron transport
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chain. Menaquinones are most ancient quinones present in microbes and involved in
respiration, photosynthesis. Phylloquinone (Vitamin K1) are present in
cyanobacteria, algae and higher plants. Phylloguinone is required for blood clotting in
mammals. Ubiquinones are present in eukaryotes and play a key role in electron
transport chain. Rhodoquinone (RQ), the ubiquinone derivative with amino group
substituting one of a methoxy group, present in purple bacteria Rhodospirillaceae

family*'®.

= =/
T N B 0
n ~0.
Solesanol Menaquinones -0 X -
0 0 n
— = - z \/\/‘]\ Ubiquinones

DD el

7 7

Dolichols O Phylloquinone

e

Figure 1. 20 Polypenoids.

1.5 Azadirachta indica (Neem)

Azadirachta indica is very well known in Indian and neighbouring countries

for more than 2000 years as one of the most versatile medicinal plant*"8, |

n
Sanskrit, the neem tree is called as ‘Arishtha’ meaning ‘reliever of sickness’ and
hence is considered as ‘Sarbaroganibarini’. The Persian name of neem is ‘Azad-
Darakth- E- Hind’ which means ‘free tree of India’. Apart from these names neem is
famous with many other names like ‘Indian lilac’, ‘Margosa’ ‘Divine Tree’, ‘Heal
All’, ‘Nature’s Drugstore’, and ‘Village Dispensary’. The medicinal properties of
neem are listed in ancient documents ‘Charak-Sambhita’ and ‘Susruta-Samhita’, which
are foundations of Ayurveda. Along with Ayurveda, it was used in another medicinal
system like Unani, Chinese, and European “Materia Medica™**°. All the parts of neem
are used in different medicinal systems and household remedy. It has great potential
in the fields of pest management and environmental protection. From the 1970s,
scientists in Europe and United States have been interested in neem because of its

insecticidal properties and its low toxicity to mammals. In 1992, US National
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Academy of Sciences published a report “Neem—-A Tree for Solving Global
Problems” about the importance of neem in medicine, agriculture and for

environment protection?°,

Classification and distribution

Order: Rutales
Suborder: Rutinae
Family: Meliaceae
Subfamily: Melioideae
Tribe: Melieae
Genus: Azadirachta
Species: indica

Neem tree is indigenous to arid, semi-arid, wet-tropical, tropical and sub-
tropical regions of South and Southeast Asia. It is widely distributed in Indonesia,
Thailand, Myanmar, Bangladesh, Nepal, Sri Lanka, India and Pakistan. Neem has
been introduced and established throughout the tropics and subtropics, especially in
drier areas in Australia, North, South and Central America, the Caribbean, Africa and
the Middle East'*:. Neem tree is evergreen, perennial, deep-rooted, glabrous, attains a
height of 12-15 m, rarely up to 25 m and a girth of 1.8-3 m. Neem trees can grow well
in dry, stony shallow soils and even on soils having hard calcareous or claypan and
with rainfall ranges from 150 to 1200 mm. Neem thrives well in wide range of

temperatures of 0 °C to 49 °C*912?,

1.5.1 Neem Secondary Metabolites

Neem is widely used in medicine, agriculture and environment protection
because of its secondary metabolites. Most of these belong to limonoids which are
tetranortriterpenoids. The term limonoid was derived from limonin, the first
tetranortriterpenoid obtained from citrus bitter principles. More than 1300 limonoids
are identified till now with 35 different skeletons, out of which neem (Azadirachta
indica) limonoids has 4,4,8-trimethyl-17-furanyl steroid skeletons and its
derivatives*?*?, The first limonoid from neem was nimbin isolated by Siddiqui in
1942**_ The most potent insecticidal compound azadirachtin was isolated in 1968 by
Butterworth and Morgan®?®. Then further isolation of limonoids was continued and
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till date, around 150 compounds from neem have been identified'*°. Neem limonoids

are highly complex, rearranged and oxygenated triterpenoids. Based on the skeleton,

neem limonoids are classified into different groups?’

A) Protolimonoids: Triterpenoids having hydroxylated or with cyclic furan side
chain which is attached to C;7 of oxidosqualene cyclic compounds might be
euphol, tirucallol, butyrospermol, tirucalla-7,24-dien-33-ol (Figure 1.21).

B) Limonoids: 4,4,8-trimethyl-17-furanyl steroid skeleton compounds belong to
this group. Limonoids are formed from protolimonoids by the loss of four
terminal carbon units and followed by furan ring formation (Figure 22-25).
Limonoids are again divided into two groups, basic limonoids which contain
all four rings intact (azadirone skeleton, gedunin skeleton, vilasinin skeleton,
ring intact butenolide skeleton and other) and C-seco limonoids which have
opened C-ring (nimbin skeleton, salannin skeleton, nimbolide skeleton,

azadirachtin skeleton, nimbin skeleton and C-seco butenolide skeleton).
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Figure 1. 21 Neem Protolimonoids.
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Figure 1. 22 Azadirone Skeleton Triterpenoids.
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Figure 1. 23 Limonoids of Gedunin, Vilasinin and Ring intact Butenolide Skeleton.
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Figure 1. 24 Miscellaneous Ring intact Butenolide Skeleton.
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1.5.2 Literature Studies on Limonoid Biosynthesis

The research in triterpenoid biosynthesis started in the 1950s with studies like
the incorporation of C/°H labelled acetate and mevalonate®®*3, *“C/°H labelled
nimocinol, nimocinolide, nimbin, salannin, nimbolide and azadirachtin were observed
when neem seeds were incubated with **C/°H labelled acetate and mevalonate™*?***,
In general, isoprene units (IPP and DMAPP) are synthesized from MVA pathway and
utilized in triterpenoid biosynthesis®. Head to tail condensation of DMAPP and IPP
produced C;o GPP by the action of GDS/FDS. GPP combines with one more IPP to
form Cy5 FPP by the action of FDS. Two molecules of FPP condense in 1-1' position
to form Cgsp squalene by the action of squalene synthase (SQS) through presqualene

intermediate®”’.

Squalene is the first committed precursor for triterpenoid
biosynthesis. Squalene epoxidase oxidizes squalene to (3S)-oxidosqualene. Basic
triterpene cyclic product is formed by the action of triterpene synthase on (3S)-
oxidosqualene’®. In plant steroid biosynthesis cycloartenol synthase cyclizes (39)-
oxidosqualene into cycloartenol, which is further modified into phytosterol'®. Based
on oxygenated Czy compounds isolated from Meliaceae family, the precursor cyclic
molecule (protolimonoid skeleton) for limonoids biosynthesis is speculated to be a
euphol or tirucallol derivative. When tritium labelled euphol, tirucallol, A'-
tirucallol/(tirucalla-7,24-dien-3B-ol) and butyrospermol were fed to the neem leaves,
all were found to be incorporated into the limonoids, nimbolide. However, euphol
was more effectively incorporated into nimbolide as compared to others™®***.
Involvement of A™9® system was confirmed by effective incorporation of 8a,9a-
epoxyeuphol and diepoxyeuphol as compared to euphol***. The *H:'*C incorporation
ratio is 2:5 in nimocinol and nimocinolide confirms the involvement of

euphol/tirucallol in limonoid biosynthesis*®*%¢,

The biosynthesis of highly diverse, oxygenated complex limonoids was
understood very poorly. Predicted limonoid biosynthesis starts from epoxidation of
A’-double bond and rearrangement of a C-14 methyl group by the opening of 7a,80-
epoxide ring to form protolimonoids™’. Four terminal carbons from the side chain are
removed by oxidative degradation, and then the side chain undergoes cyclization
through cyclic hemiacetal to form basic limonoid skeletons™*®. Then, the third ring
opens and oxidizes further to form C-seco limonoid skeletons. It is predicted that
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azadirone undergoes third ring opening and further oxidation to form salannin which

is then heavily oxidized and cyclized to from azadirachtin* (Figure 1.26).
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Figure 1. 26 Biosynthesis of Neem Limonoids.

Although few transcriptomic analysis of neem is done to predict the genes
involved in limonoids biosynthesis, these predictions were upto oxidosqualene
synthases only, and there is no further information about downstream enzymes. Neem
is evolutionarily close to Citrus species, which was verified by both molecular
phylogenetic analyses and sequence similarity. Comparative transcript expression
analysis showed enhanced expression of initial genes involved in neem triterpenoid

140141 - Assembly of

biosynthesis as compared to other sequenced angiosperms
Illumina and 454 sequencing genome reads resulted in 267 Mb, which accounts for
70 % of the estimated size of neem genome. Comparative analysis anchored 62 %
(161 Mb) of assembled neem genomic contigs onto citrus chromomes**?. From the

transcriptome analysis, diphosphomevalonate decarboxylase and squalene epoxidase
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were up-regulated in adventitious roots, at the same time geranylgeranyl diphosphate
synthase type Il and 1-deoxy-xylulose-5-phosphate synthase were down-regulated as
compared to leaves'®. The MEP pathway genes 1-deoxy-xylulose-5-phosphate
synthase, 1-deoxy-xylulose-5-phosphate reductase showed low expression in all the
stages of fruits as compared to leaves, while in the case of MVA pathway genes, 3-
hydroxy-3-methylglutaryl-coenzyme A reductase was highly expressed in fruits as
compared to leaves. In contrast, FDS and SQS were highly expressed in leaves as
compared to fruits****. Still, further analysis is needed to identify the genes involved

in limonoid biosynthesis in neem.

Very few investigations were present regarding metabolic fingerprinting of
neem limonoids. The concentration of neem C-seco limonoids (azadirachtin, nimbin
and salannin) were high in mature seed as compared to other tissues like shoot, root,

cambium, pulp, flower, bark and leaf**?

. Azadirachtin was highly abundant in fruit
stage three. Nimbin is several times higher in different stages of fruits as compared to
leaves'®.  Neem kernel is the richest source of limonoids, including highly
biologically active limonoid, azadirachtin. In the kernel, idioblast/secretory cells are
the site for synthesis and storage of limonoids. After 40 days of flowering, idioblast
cells are differentiated in the kernel and characterized by enlarged nucleus within
vacuolated cells. Many terpenoid vesicles (50-100 nm diameter) are accumulated in

the cytoplasm and originated as vesiculations of endoplasmic reticulum™.

1.5.3 Biological Properties of Neem Limonoids

In 1959, Dr. Heinrich Schmutterer noticed that only neem tree remained green
and healthy while all other vegetation was completely destroyed by the locust plague.
In 1968, the azadirachtin was purified and showed to be the cause for insecticidal
properties'®®. Neem limonoids got tremendous focus for identification of their
biological properties. Neem limonoids are have properties like anti-carcinogenic, anti-
inflammatory, anti-microbial, anti-viral, analgesic, immunomodulatory, anti-diabetic,

insecticidal and anti-parasitic (Table 1.1).

1.5.3.1 Anti-Carcinogenic
Anticancer effects of neem extracts and neem limonoids such as azadirachtin,
azadirone, 6-deacetyl nimbin, gedunin, nimbin, nimbolide and salannin are mediated
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through preventing carcinogen activation; inhibiting cell proliferation, inflammation,
invasion and angiogenesis, inducing apoptosis; enhancing host antioxidant and
detoxification systems; modulating oncogenic transcription factors and signaling

kinases, thereby influencing the epigenome®"**®,

Table 1. 1 Biological Properties of Neem Limonoids.

Biological
Properties Neem Limonoids

Azadirachtin, azadiradione, epoxyazadiradione,
Anti-carcinogenic | nimbolide, 28-deoxonimbolide, gedunin, 7-
deacetylgedunin, azadirone, nimbin, 6-deacetyl nimbin,
salannin

o Epoxyazadiradione, 17-epi-17-hydroxyazadiradione, 7-
Anti-inflammatory | acetyl-16,17-dehydro-16-hydroxyneotrichilenone, 7-
deacetylgedunin, nimolicinol and nimbin

Anti-microbial Nimbolide, gedunin, mahmoodin, azadiradione

Anti-diabetic Azadiradione, gedunin and extracts of neem leaves,
stem, kernel and bark

Meldenin, isomeldnin, nimocinol, azadirachtin A,
Nimbolide, 6-deacetylnimbin

Anti-malarial

Insecticidal Azadirachtin A, azadirachtin B, salannin, azadirone,
azadiradione, gedunin

1.5.3.2 Anti-Inflamatory

Neem limonoid extracts show anti-inflammatory effects by inhibiting the pro-
inflammatory cytokine tumour necrosis factor (TNF-a), as well as NF-xB that plays a
key role in inflammation*’. In cells, epoxy azadiradione prevents the release of pro-
inflammatory cytokines interleukins, TNF-a, inhibition of translocation of NF-kB and
stimulates nitric oxide production. 17-epi-17-hydroxy azadiradione, 7-acetyl-16,17-
dehydro-16-hydroxy neotrichilenone, 7-deacetyl gedunin, nimocinol and nimbin
exhibits an inhibitory effect on 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced

inflammation®?*.

1.5.3.3 Anti-Microbial
The oil from the neem leaves possesses antibacterial activity against

Mycobacterium tuberculosis, streptomycin-resistant strains, Vibrio cholerae,
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Klebsiella pneumonia and Streptococcus pyogenes. The antifungal activity of neem

9

has been attributed to nimbolide and gedunin'*®. Mahmoodin and azadiradione

isolated from neem showed significant antibacterial activity™°*",

1.5.3.4 Anti-Diabetic activity

Neem leaves, stem, kernel and bark extract significantly decreases blood sugar
level and prevents adrenaline as well as glucose-induced hyperglycaemia'®?. Neem
leaves possess antihyperglycemic effect, which may be due to its antiserotonin
activity'*. The limonoids, azadiradione and gedunin could bind and inactivate o-
amylase and may reduce/control post-prandial hyperglycemia ™.

1.5.3.5 Anti-Malarial activity

Neem seed fractions are not only active against the human parasite stages but
also against the stages responsible for continued malaria transmission'?®. The
limonoids (meldenin, isomeldenin and nimocinol) isolated from fresh neem leaves
have been found to demonstrate anti-malarial activity against chloroquine-resistant
Plasmodium falciparum. Azadirachtin A, nimbolide and 6-deacetylnimbin appeared

to interfere with transmissible Plasmodium stages™>*.

1.5.3.6 Insecticidal Activity

More emphasis is being given to the biopesticides because of hazardous side
effects of chemically synthesized pesticides and insecticides. The World Health
Organisation has banned the use of endosulfan, a synthetic pesticide that causes
serious eye, kidney and liver problems. The need of eco-friendly pesticide for
agriculture has led research experts to turn their attention to plants. Neem limonoids
are extensively studied in the past 30 years and demonstrated to have insecticidal
activity against 413 species in 16 different insect orders. The biological properties of
limonoids against insects include repellence, feeding and oviposition deterrence,
growth disruption, reduced fitness and sterility*%.

Neem seed oil shows insect repellent effect; for example, crude extracts of
neem leaves repelled females of Crocidolomia binotalis from treated cabbage leaves
at a distance of about 25 cm. Azadirachtin inhibits feeding of locust when it was
offered with the concentration of 10-40 pug L', This antifeedant activity is due to

the inhibition of firing of neurons that signal phago stimulants, whereas in the case of
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larvae of Pieris brassicae, azadirachtin stimulates deterrent neuron of the sensilla'®.

Insect moulting process is affected by azadirachtin by lowering the dynamics of

156

ecdysteroid hormone™". Apart from these effects, azadirachtin influence the fecundity

of female insects by reduction of ovarian ecdysteroids™"**,

1.6 Metabolic Engineering of Isoprenoids
Plants are the major source of isoprenoids which have a great impact on
humans. However, the plant-based supply of isoprenoids is very low and isolation of
them leads to consumption of a large number of natural sources. Many of these
metabolites are very complex, and chemical synthesis often requires too many steps
and difficult reactions, resulting in low yield or incorrect stereochemistry and high
cost. For example, total chemical synthesis of highly complex triterpene azadirachtin
took nearly two decades of research and yield of 0.00015 %™**®. These reasons
result in an increase in the engineering of metabolic pathways for large-scale and
cost-effective production of metabolites in heterologous hosts. Metabolic engineering
of terpenoids includes following strategies:
a) Overexpression or increasing the copy number of MVA/MEP pathway
genes to increase metabolic flux for isoprene unit production.
b) Up-regulating prenyl diphosphate synthases for increasing production of
precursor prenyl diphosphates.
¢) Knockdown of biosynthetic pathways which uses the competitive
precursor prenyl diphosphates.
d) Manipulating transcription factors and promoters for rate-limiting

enzymes and cofactors metabolism.

1.6.1 Metabolic Engineering in Bacteria

Artemisinin is a highly effective antimalarial drug and produced in Artemisia
annua. But artemisinin occurs around 0.01-1% dry weight of leaves. An attractive
route of production is metabolic engineering in microbes for production of
artemisinin precursor such as amorpha-4,11-diene. The high level (24 mg L™ in 14 h)
of amorphadiene production occurred when MVA pathway genes from yeast were
transplanted into E.coli to increase the flux of FPP biosynthesis and also by

simultaneous optimization of fermentation conditions®®*. Additional improvements
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(seven folds) was done by increasing the promoter strength and plasmid copy number
of amorpha-4,11-diene synthase and mevalonate kinase. Further replacement'®® of
HMGR and HMGS with more active homolog from Staphylococcus aureus
eliminated the HMG-CoA accumulation resulting in 27 gm L™ of amorphadiene
production*>®3,

Taxadiene is a diterpene precursor for the production of anticancer drug taxol
(paclitaxel). Earlier, 1.3 mg L™ production of taxadiene in E. coli was achieved by
expression of DXS, IPPI, GGDS and taxadiene synthase'®. Optimization of copy
number and promoter for MEP pathway genes and taxadiene synthase result in the
production of 1 gm L™ in fed-batch fermentation. Further introduction of chimeric
fusion of taxadiene-Sa-hydroxylase with CYP 450 reductase resulted in the
production of 58 mg L™ of taxadiene-5a-0l'®®. Apart from these medicinal natural
products, other metabolites such as 8-epi-cedrol, &-cadenin, epi-aristolochene,
vetispiradiene and A-3-carene were successfully produced by metabolic engineering

in bacteria®® (Figure 1.27)

1.6.2 Metabolic Engineering in Yeast

Yeast (Saccharomyces cerevisiae) is a preferred host over E.coli as it contains
native MVA pathway and is considered as a better system for cytochrome P450
enzymes*®’. Amorphadiene synthase expression in yeast produced 4.4 mg L™ under
GAL1 promoter'®®. Further production was increased (40 g L™ on shaking flask) by
switching host from S288C to CEN.PK2 strain, transcription factor upc2-1 to globally
upregulate the MVA pathway expression, including integrating three copies of
HMGR, down-regulation of squalene synthesis, deleting the GAL1 gene to eliminate
the utilization of galactose and optimizing fermentation conditions*®. CYP71AV1
which catalyzes the oxidation of amorphadiene to artemisinic acid along with
cytochrome P450 reductase expressed in yeast resulted in the production of 2.5 g L™
of artemisinic acid. Further artemisinic acid production (7.7 g L™) was increased by
expressing aldehyde dehydrogenase from Artemisia annua™®®*™.

Triterpenoid production through metabolic engineering studies is in initial
stages. B-amyrin production in yeast was improved to 6 mg L™ (50%) by expression
B-amyrin synthase (Artemisia annua) and HMGR under GAL promoter while down-
regulating lanosterol  synthase’’*.  Overexpressing truncated  3-hydroxyl-3-
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methylglutaryl-CoA reductase, farnesyl diphosphate synthase, squalene synthase and
2,3-oxidosqualene synthase genes, together with increasing protopanaxadiol synthase
activity through codon optimization and two-phase extractive fermentation resulted in
the production of protopanaxadiol (1.2 gm L™), dammarenediol-I1 (1.5 gm L™)'"2.
Yeast is being used for the production of wide variety of products like biofuels,

protein drugs and non-ribosomal peptides®’
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1.7 Current Status on Study of Secondary Metabolite Biosynthesis

Secondary metabolites are synthesized from the primary metabolites for
enhancing functions and interaction with the environment in living systems. Plants
synthesize very diverse, complex and most effective secondary metabolites as
compared to other organisms*’®. Till now, over 200,000 secondary metabolites have
been discovered from the plant kingdom. Plants synthesize these metabolites, in order
to achieve fitness during evolution and to defend themselves from competing plants,
herbivores and pathogens*™. In addition to their biological functions, plant secondary
metabolites are very useful for mankind due to their pharmacological and
toxicological properties. One-half of all the licensed drugs are natural products or
their synthetic derivatives *.

In the past, identification and structural determination of natural products have
been restricted by the limitation of available techniques comparatively. However, in
the current era, high sensitive techniques like HRMS, NMR helps for the
identification, structural determination and quantification of secondary metabolites
across different tissues or conditions'’®. Biosynthesis of secondary metabolites is
under tremendous progress from last two centuries. In the past, the prospects for
identification of natural product biosynthesis have been limited by the availability of
known enzymes to concatenate into pathways. In the current era, automation and
decrease in sequencing costs help in identification and selection of enzymes that can

be involved*”’

. Bioinformatics tools like the basic local alignment search tool
(BLAST) and protein domain recognition databases, including the protein families
(Pfam) database, InterPro scan and the conserved domains database (CDD), give a
rapid prediction of enzyme function. Tools like MetaCyc'’®, KEGG"®, BRENDA®
helps in the prediction of secondary metabolic pathways based on genomic
sequencing data. Tools like differential gene expression’® and coexpression
analysis'® help in fishing out the genes involved in specific metabolite biosynthesis.
Correlating the expression profile data with metabolic profiling further helps in the
prediction of genes involved in biosynthesis'®. In addition, the number of secondary
metabolite gene clusters present in the plant genome is now realized. Hence genome
mining for clusters making an easy strategy for identification of genes related to

metabolite biosynthesis®*'%.
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In plants, the secondary metabolite synthesis is highly compartmentalized to a
specific tissues/condition. Within the cells, their synthesis is again
compartmentalized. For example, monoterpenoid and diterpenoid biosynthesis takes
place in plastids, whereas sesqui- and triterpenoid biosynthesis takes place in the
cytosol and endoplasmic reticulum membrane, respectivly'®®. Apart from
compartmentalization, the enzymes involved in specific secondary metabolite forms a
complex or metabolon'®. The reasons for metabolon formation are to improve
efficiency of synthesis by channeling an intermediate, to prevent kinetic constraints
that result from the dilution of intermediates, to convert labile and/or toxic
intermediates into more stable and less toxic metabolites, to control and co-ordinate
metabolic cross-talk that is mediated either by enzymes that function in different
pathways or by intermediates that are shared between different metabolic pathways.
The advantages associated with the organization of a portion or an entire biosynthetic
pathway in a metabolon are thus many-fold*®.

Plants synthesize secondary metabolites in low quantity and most of these
metabolites are very complex, chemical synthesis often requires many steps and

189

difficult reactions, resulting in low yield or incorrect stereochemistry and high cost™".

These reasons result in the engineering of metabolic pathways for large-scale and

190 191

cost-effective production of metabolites in heterologous hosts™ or plants™".
Advanced synthetic biology techniques like type 1IS restriction endonuclease-based
cloning, site-specific recombination-based cloning, long overlap based assembly,
circular polymerase extension cloning and ligase cycling reactions'®? help for
integrating the multigene cassette in heterologous host sytams'®. CRISPR/Cas9'*,
yeast homologous recombination and Agrobacterium-based transformation of
multigene cassette help in metabolic engineering for the plant secondary metabolite
production'®. Further development related to proteomic-based analysis, transcription

factor'®® and microRNAs®’

regulation of biosynthetic pathways, and high throughput
metabolic engineering is required for industrial-scale production plant secondary

metabolites.
1.8 Scope of Thesis

In plants, thousands of triterpenoids are identified and are synthesized from

more than 100 different carbon skeletons. Neem has widely used in medicine,
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agriculture and environment protection because of its secondary metabolites. Most of
these belong to limonoids, a tetranortriterpenoid. More than 1300 limonoids are
identified till now with 35 different skeletons out of which neem (Azadirachta indica)
limonoids are of 4,4,8-trimethyl-17-furanyl steroid skeletons and its derivatives'?**2*,
The most potent insecticidal compound azadirachtin was isolated in 1968 by
Butterworth and Morgan®?®. Then further isolation of limonoids is continued, till now
around 150 compounds were identified from neem'®. Neem limonoids contain
biological properties like anti-carcinogenic, anti-inflammatory, antimicrobial,

antiviral, analgesic, immunomodulatory, anti-diabetic, insecticidal and antiparasitic.

The research in triterpenoid biosynthesis was started with studies like the

128131 Based on tritium

incorporation of *C/°H labelled acetate and mevalonate
labelled studies euphol, tirucallol, A’-tirucallol/(tirucalla-7,24-dien-3p-ol) and
butyrospermol were predicted to be involved in limonoids biosynthesis***!**. Few
genomic and transcriptomic analysis of neem are done to predict the genes involved
in limonoids biosynthesis**®*!. still, there are no reports regarding the functional
characterization of genes involved in neem limonoids biosynthesis. The main aim of
this work is a systematic analysis of transcriptome to identify the putative genes
involved in limonoid biosynthesis, functional characterization and to understand the
mechanism of action. Targeted metabolic fingerprinting was carried out to identify
tissue-specific production of limonoids. Based on metabolic profiling, tissues are
selected for transcriptome analysis. The transcriptome is analysed by functional
annotation tools like BLAST, KAAS and Pfam analysis to identify the triterpenoid
biosynthetic genes. By applying differential gene expression analysis, the downstream
enzymes are selected. Prenyl diphosphate synthases (AiGDS and AiFDS), squalene
epoxidase (AISQE1L), triterpene synthesis (AITTS1 and AITTS2), NADPH-
cytochrome P450 reductases (AICPR1 and AiCPR2) and cytochrome P450 (AiCYP1
and AiCYP2) were cloned and functionally characterized. Further and ultimate scope
of the work is the large-scale production of neem limonoids and their intermediates

by heterologous expression of genes involved in biosynthesis.
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"When | started working, | thought of DNA as an inert substance. The notion of DNA

containing all the information for making a complete organism would have been
thought of as science fiction. But that is the way it is. The DNA is the genome and we
now know how to read the information contained in it "

Sanger, quoted in Fletcher and Porter, 1997, p. 72.

Leonhard Euler.

Chapter 2
Neem Transcriptome
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2.1 Introduction

2.1.1 Transcriptome

The order of nucleic acids in polynucleotide chains ultimately contains the
information for the hereditary, biochemical and physiological properties of terrestrial
life. Therefore sequencing of polynucleotides is very important in biological
research'. Concepts of DNA replication and protein encoding by nucleic acids was
understood very well followed by famous DNA structure solved by Watson and Crick
in 19532 by working on the crystallographic data produced by Rosalind Franklin®,
Linus Pauling® and Maurice Wilkins®. Successful efforts in the sequencing of DNA
came in 1977 by Sanger's chain-termination by dideoxynucleotides and Maxam,
Gilbert's chemical cleavage techniques®’. A number of improvements were made to
Sanger sequencing in the following years, which primarily involved the replacement
of cumbersome radiolabeling method with fluorometric based detection and improved
detection through capillary-based electrophoresis. Both of these improvements
contributed to the development of automated first-generation DNA sequencing
machines® that has been used for Human Genome Project®®. Till now, Sangers
method gives the maximum sequencing length of 1000 bp with an accuracy of
99.999%. Despite these methods, Sangers method suffers from following
disadvantages like gels or polymers used for separation of fluorescently labelled DNA
fragments, in which, only a low number of samples could be analyzed parallelly and
also the difficulty of total automation of sample preparation methods**. To overcome
these disadvantages, the next generation sequencing (NGS) platforms were developed
during the 20™ century. 454 pyrosequencing was the 1% next-generation sequencing
introduced in 2005 and with recent improvements, lead to read length of 400 - 500
bp'?. In 20086, lllumina (Solexa) Genome Analyzer was introduced with the principle
of sequencing by synthesis with reversible terminator nucleotides having fluorescent
dye and containing maximum read length of 150 bp*®. In October 2007, Applied
Biosystems SOLID sequencer was introduced with a principle of sequencing by oligo
ligation and detection™®. In 2010, ion torrent sequencing was introduced with the
principle of detection of a change in conductivity due to hydrogen ions released

during sequencing®. The limitations of next-generation sequences are low read length
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and inaccurate calling of homopolymer length®®. To overcome these problems, single
molecular sequencers are under development. Heliscope single molecular sequencer
was the first introduced in 2007, with the principle of true single molecule sequencing
or one base at a time technology. Other technologies like single molecular real-time
(SMRT™) and nanopore DNA sequencers are under development™>*°. Apart from

genome sequencing, NGS has numerous applications in biological research®’ such as

a) Transcriptome (sequencing of cDNA from cell or group of cells) analysis
helps in gene expression profiling, genome annotation, rearrangement
detection.

b) Noncoding RNA discovery and profiling.

c) Chromatin immune precipitation followed by sequencing (CHiP —Seq) helps
in identification of promoter regions, transcription factor or DNA binding sites
and methylation pattern in the genome, posttranslational modification of
histones and nucleosome positioning on a genome-wide scale.

d) Metagenomics.

Next-generation sequencing technologies are now in common use in biology.
However, short reads produced are large and complex, interpretation is not a
straightforward process. Bioinformatics tools used for analysis of NGS data are
critical for analyzing short reads®. In general, due to short reads, NGS would restrict
to resequencing applications such as single-nucleotide polymorphism, genetic
variations and expression profile*®?. In the absence of reference sequences, the key
step for analysis is de novo sequence assembly. This assembly is done by using
overlap layout consensus (OLC), de Bruijn graph and string graph®’. The first step in
OLC is finding overlaps between sequence reads to generate a layout and then derive
a consensus sequence. In de Bruijn graph, the short reads are cut into smaller pieces
called K-mers. The graph is generated by taking K-1 mers as vertices or nodes and K-
mers as edges and then finding the Eulerian path?’. Mayer proposed the string graph,
where the overlap graph is generated from all the sequence reads which are followed
by merging or reducing redundant overlaps or edges and removing the false vertices
and edges; finally assembly is done by identifying a Eulerian path in graph®®. Paired
reads which are a source of long-range information is applied to the above graphs and
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scaffolds are generated. The functional annotation of genes or transcripts are then
done by different software likes BLAST, KAAS, BLAST2GO, Pfam, InterPro scan,

gene ontology and others.

2.1.2 Profiling of Neem Triterpenoids

Identification of gene function is the main focus in the post-genomic era. A
major task in functional characterization of enzymes is the heterologous expression,
purification and in-vitro or ex-vivo assay. Plant functional genomics couples the
generation of transgenic, metabolic engineered and mutant plants to the multi-parallel
analysis of gene function at different levels such as mMRNA, protein and metabolite
2425 Metabolic profiling defines precisely the biochemical function of plant
metabolism in a particular tissue or condition. These analyses improve the functional
genomics methodologies while offering a direct link between a gene sequence and the
function of the metabolic network in plants®®?’. Targeted metabolomics is all about
the identification and quantification of known metabolites and their time and space
resolved distribution in a specific biological system®®. Hyphenated mass spectrometry
is a powerful and most utilized analytical technique in metabolomics due to its high
sensitivity, accuracy, resolution, low sample requirement and ability to monitor a

broad range of metabolites 2%,

Triterpenoids in neem are diverse in skeletal architecture, huge in the count
and their abundance is highly tissue-specific. From the different tissues amount of
crude extract obtained (by solvent partition technique) was directly correlated with
the triterpenoid content (Figure 2.1). The mature seed kernel and pericarp of initial
stages were found to contain the highest amount of total triterpenoids. The
quantitative level of individual fifteen triterpenoids across various tissues of neem has
been represented in Figure 2.2. Among the fifteen triterpenoids, C-seco triterpenoids
(nimbin, salannin, 6-deacetylnimbin, 3-deacetylsalannin, nimbanal, salannol acetate,
nimbinene, 6-deacetylnimbinene, azadirachtin A and B) were observed in the kernel
as compared to the other tissues. Fruit pericarp, flower and leaf contained majorly
ring-intact  triterpenoids  (azadirone,  azadiradione,  gedunin,  nimocinol,
epoxyazadiradione). Analysis of neem triterpenoid profile indicates that limonoid

biosynthesis takes place in different tissues of neem and is very high in fruits. The
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genes which are involved in basic limonoids are highly expressed in fruit kernel and

pericarp on the hypothesis of C-seco limonoids are synthesised from basic
limonoids®2.
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Figure 2. 1 Total Triterpenoid Content in Neem Tissues.
A) Different tissues of Neem and physical characteristics of Neem fruits at various stages.
(B) Amount of triterpenoid extracts obtained from various tissues of Neem.
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Figure 2. 2 Quantitative Abundance of Major Triterpenoids in Different Tissues of
Neem.

The transcriptome is one of the best methods for functional genomics in the
nonmodel organisms. Here, we present the isolation of RNA from tissues which

showed different levels of triterpenoid content (fruit, flower and leaf). Initially, the
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project was started with analyzing the transcriptome of pooled RNA from fruit,
flower and leaves in equal quantity, which resulted in the identification of three
triterpene synthases and CYP450s. However, which one of these involves in
limonoids biosynthesis was not clear. In order to understand this, we proceeded for
tissue-specific (pericarp, kernel, flower and leaves) transcriptome. The paired-end
reads were generated by NGS and then assembled to identify transcripts.
Transcriptome annotation was done by comparing with different databases such as
NCBI, KEGG and Pfam leading to the identification of the putative genes involved in

isoprenoid and triterpenoid biosynthesis.
2.2 Material and Methods

2.2.1 Plant Material
Neem tissues for transcriptome sequencing were collected from Pune region,
Maharashtra, India in the period March to May. The tissues were flash frozen in

liquid nitrogen and stored at -80 °C till further use.

2.2.2 Reagents and Kits

All the plastic and glassware used for RNA isolation were soaked in freshly
prepared 0.1 % diethyl pyrocarbonate (DEPC) water, dried, and sterilized in an
autoclave before use. All the solutions were prepared in 0.1 % DEPC and sterilized in
an autoclave. Spectrum™ Plant Total RNA Isolation Kit from Sigma-Aldrich, USA
was used for RNA isolation. High Sensitivity Bioanalyzer Kit (Agilent) was used for
analysis of RNA and transcriptome library quality. TruSeq RNA Sample preparation
Kits (lllumina) was used for library preparation. SuperScript IlIl Reverse
Transcriptase (Invitrogen), HighPrep PCR (MAGBIO) and Agencourt AMPure XP
SPRI beads (Beckman Coulter) were used for cDNA synthesis and PCR purification,

respectively.

2.2.3 RNA Integrity

Total RNA was quantified using NanoDrop (Thermo Scientific) by measuring
the optical density of isolated RNA in DEPC treated water. The integrity of total
RNA was analyzed by running on 1 % agarose gel and High Sensitivity Bioanalyzer
Chip (Agilent).
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2.2.4 Transcriptome Sequencing

Library preparation was performed at Genotypic Technology’s Genomics
facility following Illumina TruSeq RNA library protocol outlined in “TruSeq RNA
Sample Preparation Guide”. 1ug of total RNA (kernel, pericarp, flowers and leaves
and pooled RNA from seeds, flower and leaves) was subjected to Poly A purification
for mRNA. Purified mRNA was fragmented for 2-8 minutes at 94 °C in the presence
of divalent cations and reverse transcribed with Superscript 11l reverse transcriptase
by priming with random hexamers. Second strand cDNA was synthesized in the
presence of DNA polymerase | and RnaseH and cleaned up using HighPrep PCR.
Illumina adapters were ligated to the cDNA molecules after end repair and addition of
A base. SPRI cleanup was performed after ligation. The library was amplified using 8
cycles of PCR for the enrichment of adapter-ligated fragments. The prepared library
was quantified using Nanodrop and validated for quality by running an aliquot on

High Sensitivity Bioanalyzer Chip.

2.2.5 De novo Transcriptome Assembly

Paired-end reads were generated by using Illumina GAIl analyser and
Illumina Nextseg500 for pooled RNA and individual four tissues respectively. Raw
read quality was checked by using low SeqQC-2.1 and RNAseq. Then reads were
processed by the in-house script for adapters and low-quality bases trimming towards
3" end. The pooled RNA sample reads were assembled into contigs by using
Velvet 1.1.05% with optimized hash length 41. Contigs were submitted to
Oasis_0.2.01** to generate transcripts. Tissue-specific raw reads were assembled by
Trinity with hash length 25%. By using CD-HIT transcripts from all the tissues, they
were clustered. RPKM values were generated to the clustered transcripts based on

raw reads.

2.2.6 Transcriptome Functional Annotation

Neem transcripts were submitted to Blastx against non-redundant database
available at NCBI with an E-value cutoff of 10°. Pathway annotation was done by
bidirectional best hit method of KAAS®* (KEGG Automatic Annotation Server.
http://www.genome.jp/kegg/kaas) by selecting plant reference database. Virtual

ribosome®’, (http://www.cbs.dtu.dk/services/VirtualRibosome/) a web-based server,
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was used for deducing the ORFs of these transcripts. The peptide sequences of
transcripts with length more than 99 amino acids were submitted to Pfam batch search
%8 (http://pfam.xfam.org/search#tabview=tabl). The differential gene expression
analysis was done by using DESeq2* tools with p-adjust value <0.05.

2.3 Results and Discussion

2.3.1 RNA Isolation from Neem (Azadirachta indica)

Triterpenoid profiling in neem indicated that there is tissue-specific variation
in their abundance. The mature seed kernel and initial stages of pericarp were found
to contain the highest amount of limonoids. Furthermore, a wide diversity of
triterpenoids, especially C-seco triterpenoids were observed in the kernel as compared
to the other tissues. Pericarp, flower and leaf contained mainly ring-intact
triterpenoids. Neem tissues such as seeds (kernel and pericarp), flower and leaves
where the triterpenoids are abundant were selected further for transcriptome analysis.
RNA was isolated from all the tissues using Spectrum™ Plant Total RNA Isolation
Kit.

28S rRNA
18S rRNA

Figure 2. 3 Agarose Gel Electrophoresis of Total RNA Isolated from Different Tissues of
Neem.
Lanes 1 — 4: Kernel, pericarp leaves and flowers.

Total RNA extracted from the seeds, kernel, pericarp, leaves and flower
tissues of neem plant showed two distinct rRNA bands (28S rRNA and 18S rRNA)
on a 1 % agarose gel electrophoresis in the ratio of 2:1, without degradation and also
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showed no genomic DNA contamination (Figure 2.3). The A260/280 ratios were
found to be 2.09, 2.07, 2.04, 2.04 and 2.01 and the A260/230 ratios were found to be
1.79, 2.43, 2.15, 2.38 and 2.15 respectively, for RNAs from pooled kernel, pericarp,

leaves and flower tissues indicating no contamination of polysaccharides, protein,
polyphenolics, salts and solvents. To check the integrity of isolated total RNA, an

aliquot of the samples was run on an Agilent RNA Bioanalyzer chip (Figure 2.4).
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Figure 2. 4 Bioanalyzer Analyses of Total RNA from Different Neem Tissues.
A) Seeds, B) Kernel, C) Pericarp, D) Leaves, E) Flower and F) Reference.

2.3.2 Neem Transcriptome Sequencing and Assembly

2.3.2.1 Pooled RNA Transcriptome Sequencing and Assembly

Initially, the project was started by analyzing the transcriptome of pooled
RNA from fruit, flower and leaves in equal quantity. TruSeq RNA Sample
Preparation Guide was followed for production of sequencing library. The library was
amplified using 8 cycles of PCR for the enrichment of adapter-ligated fragments. The

library quality was checked by running a small aliquot on Bioanalyzer (Figure 2.5).
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Figure 2. 5 Bioanalyzer Analyses of Pooled RNA Sequencing Library.

A total of 79,079,412 (79.08 million) paired-end reads each of 72 bp length
were generated by Illumina GA 11 platform. 71,537,895 (90.46 %) high-quality reads
were obtained with more than 20 phred score and reads of low quality were trimmed
and used for further analysis. Total 27,390 contigs were generated using Velvet with a
hash length of 41. These contigs were given as input for Oases to generate 41,140
transcripts. The average length of transcripts obtained was 1331 bp and the N50
length was 1953 bp (Table 2.1).

Table 2. 1 Statistics of Pooled RNA Transcriptome Sequencing and Assembly.

Total number of reads 79079412
Total Number of HQ Reads 71537895
Hash length 41
Contigs generated 27390
Average contig length 897.431

N50 length of contigs 1479
Transcripts generated 41140
N50 length of transcripts 1953

Number of assembled reads 68871778
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2.3.2.2 Tissue-Specific Transcriptome Sequencing and Assembly

Tissue-specific (pericarp, kernel, flower and leaves) transcriptome was
analyzed to understand the biosynthesis of secondary metabolites in neem focusing on
triterpenoid biosynthesis. Tissue-specific sequencing library was constructed by
Guidelines of TruSeq RNA Sample Preparation. The quality of prepared libraries was
checked by running a small aliquot on Bioanalyzer (Figure 2.6). Illumina Nextseq500

was used to generate paired-end reads with read length 151 bp.
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Figure 2. 6 Bioanalyzer Analyses of Sequencing Libraries.
A) kernel, B) pericarp, C) leaves and D) flowers.

A total of 209,882,798 (209.88 million) paired-end reads were generated out
of which 192,730,444 (91.82 %) high-quality reads were obtained with more than 20
phred scores and read of low quality were trimmed and used for further analysis.
Total 68111 (kernel), 66257 (pericarp), 70484 (leaves) and 73354 (flower) transcripts
were generated by using Trinity with a hash length of 25. The average lengths of
transcripts obtained were 1383 bp (kernel), 1370 bp (pericarp), 1386 bp (leaves) and
1288 bp (flower). Total 127,518 transcripts were generated by clustering all the

transcripts from each tissue with CD-HIT* to remove the redundancy (Table 2.2).
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Table 2. 2 Tissue-Specific Transcriptome Sequencing and Assembly Statistics of Neem.

Sample Name Flower Kernel Leaf Pericarp
Tool used Trinity

Hash length 25

Transcripts Generated 73354 68111 70484 66257
Maximum Transcript Length 15952 15196 16031 15688
Minimum Transcript Length 300 300 300 300
Average Transcript Length 13355 1383.4 1386.7 1370.5
Median Transcript Length 1288 1227 424.5 3060
Total Transcripts Length 97960656 94225147 97737722 90806300
Transcripts >=300 b 73354 68111 70484 66257
Transcripts > 500 b 53148 51499 51851 48947
Transcripts > 1 Kb 35124 34432 35154 32687
Transcripts > 10 Kb 26 26 31 28
N50 value 2035 2039 2102 2057
Clustered Transcripts 127518

2.3.3 Neem Transcriptome Functional Annotation

2.3.3.1 Pooled RNA Transcriptome Functional Annotation

All the transcripts were submitted to Blastx against non-redundant database
available at NCBI with an E-value cutoff of 10™, where, a total of 32,856 (79.8 %)
transcripts were annotated. Pathway annotation was carried out by KAAS (KEGG
Automatic Annotation Server) with plant reference database. Out of the 41,140
transcripts, only 6281 transcripts were assigned 2749 unique KO numbers, which
covered 223 pathways. The virtual ribosome, a web-based server, was used for
finding the Open Reading Frame (ORF) of transcripts. 27,368 transcripts had an ORF
with length more than 99 amino acids and 67 transcripts without any ORF. The
peptide sequences of transcripts with length more than 99 amino acids were submitted
to Pfam analysis. 18,807 transcripts were assigned different Pfam IDs. A total of 3467

different Pfam IDs were assigned to the transcripts (Figure 2.7).
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Based on transcriptome annotation, all the genes involved in triterpenoid
back-bone biosynthesis, right from isoprene units (MVA pathway and MEP pathway)
to triterpene cyclases were found. A total of 134 transcripts predicted as cytochrome
P450 monooxygenases and two transcripts as cytochrome P450 reductases were
identified. Based on BLAST results, with reference to Arabidopsis thaliana
cytochrome P450, Neem CYP450s were classified into 39 families and 78
subfamilies, out of which most of the CYP450 belonged to the CYP71 family. Seven
transcripts were related to plant steroid biosynthesis and fifteen transcripts related to

triterpenoid biosynthesis were predicted (Table 2.3).
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Figure 2. 7 Statistics in Functional Annotation of Neem Transcriptome.

A) Blastx analysis with NCBI nr database, B) KEGG functional annotation to assign KO
(KEGG Orthology) numbers and pathways, C) Virtual ribosome analysis for identification of
ORF and D) Transcript domain identification with Pfam database.
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Table 2. 3 Predicted Genes Related to MVA, MEP and Triterpene Biosynthesis.

Predicted Genes for Triterpenoid Backbone Biosynthesis

Mevalonate Pathway

Blastx Results

Acetyl-CoA C-
acetyltransferase [EC:
2.3.1.9]

Neem_transcript_6172

96 % similarity with
acetyl-CoA C-
acetyltransferase Hevea
brasiliensis [BAF98276]

Neem_transcript_14672

90 % similarity with acetyl
Co-A acetyltransferase
Hevea brasiliensis
[AAL18924]

Master_Control_32747

75 % similarity with acetyl
Co-A acetyltransferase,
mitochondrial isoform X2
Pieris rapae
[XP_022124008]

Master_Control_32256

83 % similarity with acetyl
Co-A acetyltransferase,
mitochondrial isoform X1
Dufourea novaeangliae
[XP_015433043]

Hydroxymethylglutaryl-
CoA synthase [EC:
2.3.3.10]

Neem_transcript_13206

93 % similarity with
hydroxy methylglutaryl-
CoA synthase Hevea
brasiliensis [BAF98279]

Neem_transcript_36716

96 % similarity with
hydroxy methylglutaryl-
CoA synthase Citrus
clementina
[XP_024040489]

Hydroxymethylglutaryl-

Neem_transcript_11884

91 % similarity with 3-
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CoA reductase
(NADPH) [EC:
1.1.1.34]

hydroxy-3-methylglutaryl
coenzyme A reductase 1
Dimocarpus longan
[AET72044]

Neem_transcript_21736

91 % similarity with 3-
hydroxy-3-methylglutaryl
coenzyme A reductase 2
Dimocarpus longan
[AET72045]

Master_Control_39226

85 % similarity with 3-
hydroxy-3-methylglutaryl
coenzyme A reductase
Salvia miltiorrhiza
[ACD37361]

Master_Control_55031

60 % similarity with 3-
hydroxy-3-methylglutaryl
coenzyme A reductase 1
Nelumbo nucifera
[XP_010270571]

2.7.1.36]

Mevalonate kinase [EC:

Neem_transcript_9934

90 % similarity with
mevalonate kinase Hevea
brasiliensis [KM272630]

Phospho mevalonate
Kinase [EC: 2.7.4.2]

Neem_transcript_27403

88 % similarity with
PREDICTED: phospho
mevalonate kinase Vitis
vinifera [XP_002275808]

Diphosphomevalonate
decarboxylase [EC:
4.1.1.33]

Neem_transcript_5109

93 % similarity with
diphosphomevelonate
decarboxylase Hevea
brasiliensis [BAF98285]

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018

72




Chapter 2

Isopentenyl-
diphosphate delta-
isomerase [EC: 5.3.3.2]

Neem_transcript_31626

96 % similarity with
isopentenyl diphosphate
isomerase Bupleurum
chinense [ACV74320]

Non-Mevalonate Pathway (MEP/DOXP pathway)

1-deoxy-D-xylulose-5-
phosphate synthase [EC:
2.2.1.7]

Neem_transcript_584

94 % similarity with 1-
deoxyxylulose-5-
phosphate synthase,
putative Ricinus communis
[XP_002516843]

Neem_transcript_13351

96 % similarity with 1-
deoxyxylulose-5-
phosphate synthase,
putative Ricinus communis
[XP_002514364]

Neem_transcript_23240

92 % similarity with 1-
deoxyxylulose-5-
phosphate synthase,
putative Ricinus communis
[XP_002532384]

1-deoxy-D-xylulose-5-
phosphate
reductoisomerase [EC:
1.1.1.267]

Neem_transcript_31593

94 % similarity with 1-
deoxy-D-xylulose 5-
phosphate
reductoisomerase,
chloroplast precursor,
putative Ricinus communis
[XP_002511399]

2-C-methyl-D-erythritol 4-
phosphate cytidylyl
Transferase [EC: 2.7.7.60]

Neem_transcript_19227

88 % similarity with 2-C-
methyl-D-erythritol 4-
phosphate cytidylyl

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018

73



Chapter 2

transferase Hevea
brasiliensis [BAF98291]

4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase
[EC: 2.7.1.148]

Neem_transcript_4316

89 % similarity with 4-
diphosphocytidyl-2-C-
methyl-D-erythritol kinase,
putative Ricinus communis
[XP_002523216]

2-C-methyl-D-erythritol
2,4-cyclodiphosphate
synthase [EC: 4.6.1.12]

Neem_transcript_24304

88 % similarity with 2-C-
methyl-D-erythritol 2,4-
cyclodiphosphate synthase
Citrus jambhiri
[BAF73931]

(E)-4-hydroxy-3-
methylbut-2-enyl-
diphosphate synthase [EC:
1.17.7.1]

Neem_transcript_14312

95 % similarity with 4-
hydroxy-3-methylbut-2-
en-1-yl diphosphate
synthase Hevea
brasiliensis [BAF98296]

4-hydroxy-3-methylbut-2-
enyl diphosphatereductase
[EC: 1.17.1.2]

Neem_transcript_350

95 % similarity with
PREDICTED: 4-hydroxy-
3-methylbut-2-enyl
diphosphatereductase Vitis
vinifera [XP_002284659]

Prenyl Pyrophosphate Synth

ase

Geranyl diphosphate
synthase [EC: 2.5.1.1]

Neem_transcript_10912
(AIGDS)

88 % similarity with
geranyl diphosphat
synthase Quercus robur
[CAC20852]

Neem_transcript_10001

95 % similarity with
geranyl diphosphate
synthase Hevea
brasiliensis [BAF98300]
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Farnesyl diphosphate
synthase [EC: 2.5.1.10]

Neem_transcript_25722
(AIFDS)

90 % similarity with
farnesyl pyrophosphate
synthase Cyclocarya
paliurus [ACY80695]

Geranylgeranyl
diphosphate synthase [EC:
2.5.1.29]

Neem_transcript_1166

72 % similarity with
geranylgeranyl
pyrophosphate synthase 1
Solanum lycopersicum
[NP_001234087]

Neem_transcript_3894

86 % similarity with
geranylgeranyl
pyrophosphate synthase,
putative Ricinus communis
[XP_002529802]

Neem_transcript_16200

93 % similarity with
geranylgeranyl
diphosphate synthase
Medicago sativa
[ADG01841]

Neem_transcript_16736

69 % similarity with
geranylgeranyl
pyrophosphate synthase,
Jatropha curcas
[ADD82422]

Neem_transcript_28215

72 % similarity with
geranylgeranyl
pyrophosphate synthase
Nicotiana tabacum
[ADD49735]
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Neem_transcript_30369

81 % similarity with
geranylgeranyl
pyrophosphate synthase 1
Solanum pennellii
[ADZ24718]

Neem_transcript_18547

79 % similarity with
geranylgeranyl
pyrophosphate synthase,
putative Ricinus communis
[XP_002531191]

Triterpenoid Biosynthesis

Farnesyl-diphosphate
farnesyl transferase
[EC: 2.5.1.21]

Neem_transcript_33869

79 % Similarity with squalene
synthase Glycine max
[NP_001236365]

Squalene
monooxygenase [EC:
1.14.13.132]

Neem_transcript_11067
(AISQE1)

91 % Similarity with squalene
monooxygenase putative
Ricinus communis
[XP_002530610]

Neem_transcript_18229
(AISQE2)

90 % Similarity with
PREDICTED: squalene
monooxygenase Vitis vinifera
[XP_002271528]

Neem_transcript_18980
(AISQE3)

90 % Similarity with squalene
monooxygenase, putative
Ricinus communis
[XP_002510043]

Triterpene cyclases

Neem_transcript_27436

(AICAS)

92 % Similarity with
cycloartenol synthase Betula
platyphylla [Q8W3Z3]

Neem_transcript_28920

86 % Similarity with B-amyrin
synthase Betula platyphylla
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(AITTS1)

[Q8W3Z1]

Master_Control_74892
(AITTS2)

77 % Similarity with B-amyrin
synthase Betula platyphylla
[Q8W3Z1]

Master_Control_70149
(AITTS3)

71 % Similarity with B-amyrin
synthase Kalopanax
septemlobus [ALO23119]

Master_Control_70584
(AITTS4)

70 % Similarity triterpene
synthase Eugenia uniflora
[AIK19225]

Master_Control_101750
(AITTS5)

77 % Similarity with B-amyrin
synthase Quercus suber
[POF03376]

Putative CYP related
to triterpenoid
biosynthesis

Neem_transcript_26034

44 % Similarity with f-amyrin
11-oxidase Glycyrrhiza
uralensis [BAG68929]

Neem_transcript_26318

65 % Similarity with
Dammarenediol 12-hydroxylase
Panax ginseng [AEY75213]

Neem_transcript_34861
(AICYP1)

62 % Similarity with
Protopanaxadiol 6-hydroxylase
Panax ginseng [AFO63031]

Neem_transcript_10225

78 % Similarity with
Cytochrome P450 CYP72A219
Panax ginseng [AEY75218]

Neem_transcript_38933
(AICYP2)

53 % Similarity with Panax
ginseng [AF063032]

Neem_transcript_23030

59 % Similarity with
Cytochrome P450 CYP736A12
Panax ginseng [AEY75215]
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2.3.3.2 Tissue-Specific Transcriptome Functional Annotation

Tissue-specific transcriptomes were submitted to blastx against non-redundant
database available at NCBI with an E-value cutoff of 10”. Total of 36546 (78.95 %),
33947 (77.04 %), 37163 (79.99 %) and 37477 (78.38 %) transcripts were annotated
from kernel, pericarp, leaves and flower respectively (Figure 2.8 and 2.9). The
clustered 127518 transcripts were submitted to KAAS analysis by taking plant
reference database. 17823 (14 %) transcripts were assigned 4037 unique KO
numbers, which covered 250 pathways. In virtual ribosome analysis, 126258
transcripts had an ORF length more than 20 amino acids and 4 transcripts without any
ORF. The peptide sequences of transcripts with length more than 20 amino acids
were submitted to Pfam analysis. 53168 transcripts were assigned unique Pfam IDs.
A total of 4930 different Pfam IDs were assigned to the transcripts.

Gene Ontology (Neem Kernel)
Gene Ontology (Neem Pericarp)

Gene Ontology (Neem Lealy Gene Ontology (Neem Flowen

Figure 2. 8 Transcripts Distribution Based on Gene Ontology in Kernel, Pericarp,
Leaves and Flowers Respectively.
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Figure 2. 9 Functional Annotation of Tissue-Specific Transcriptome with KEGG and
Pfam Database.

Tissue-specific transcriptome annotation helped in-depth analysis and
identification of the genes related to MVA, MEP pathways and triterpenoid
biosynthesis as compared to the pooled transcriptome. Two genes related to acetyl-
CoA-acetyltransferase were known from pooled transcriptome and further two more
transcripts were identified Master_Control_32747 and Master_Control_32256 from
tissue-specific  transcriptome.  Master_Control 49393  was identified as
hydroxymethyl glutaryl-CoA synthase in additional to two transcripts identified from
pooled neem transcriptome (Table 2.3). Two more transcripts,
Master_Control_39226 and Master_Control 55031 were identified as HMG
reductases in addition to two identified hydroxymethyl glutaryl-CoA reductase from
pooled transcriptome. Four triterpene  synthases (Master_Control_74892,
Master_Control_101750, Master_Control_70149 and Master_Control_70584) were
identified in addition to two identified triterpene synthases from the pooled

transcriptome.
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2.3.4 Neem Terpenoid Metabolism

Secondary metabolites are synthesized from primary metabolites for
enhancing particular biological function in living systems, mainly to interact with
their environment. Analyzing the terpenoid metabolism in neem helps in
understanding the efficient utilization of isoprene units for biosynthesis of
triterpenoids from different tissues. The functional annotation of transcriptome by
Blastx, KEGG and Pfam resulted in the identification of genes related to terpenoid
biosynthetic pathways in neem such as MVVA pathway, MEP pathway, hemiterpenoid,
monoterpenoid, sesquiterpenoid, diterpenoid, triterpenoid, steroid biosynthesis,
carotenoid biosynthesis and ubiquinone biosynthesis. RPKM (Reads Per Kilobase of
transcript per Million mapped reads) values has helped to understand the differences

in terpenoid biosynthetic genes expression in different tissues (Figure 2.10 - 2.12).

Isoprene units are synthesized through MVVA and MEP pathways in cytosol
and plastids, respectively. In MVA pathway, the rate-limiting enzymes HMG
synthase and reductase were highly expressed in kernel and pericarp where limonoids
are abundant. In MEP pathway, the rate-limiting enzyme 1-deoxy-D-xylulose-5-
phosphate synthase was highly expressed in flowers. Cytokine synthase, and
cytokinin dehydrogenase of hemiterpenoids/zeatin biosynthetic pathway genes are
expressed highly in leaves and kernel followed by the flower. Only a few genes were
identified related to monoterpenoid biosyntheses such as linalool synthase, terpineol
synthase and neomenthol dehydrogenase and most of these genes were highly
expressed in flowers and leaves. Germacrene D synthase, a-farnesene synthase and
premnaspirodiene oxygenase were identified related to sesquiterpenoid biosynthesis.
Germacrene D synthase was highly abundant in leaves. Gibberellin biosynthetic
genes were identified related to diterpenoids. The Cytochrome P450 genes related to
gibberellins biosynthesis had low abundance in kernel as compared to other tissues.
All the genes related to steroid biosynthesis were observed and highly expressed in
leaves, kernel and pericarp and same pattern of expression was observed in case of
brassinosteroid biosynthesis. Most of the genes related to carotenoid biosynthesis
were highly expressed in leaves (involves in photosynthesis) followed by flowers.
Ubiquinone biosynthetic genes are almost expressed equally in all the tissues except
in kernel, where higher expression was observed.
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In triterpenoid biosynthesis, Farnesyl diphosphate (FDS) showed an almost
same pattern of expression in all the tissues. Squalene synthase (SQS) showed the
highest expression in kernel. Total three genes related to squalene epoxidase (SQE)
were observed, out of which Master_Control_800013/ Neem_transcript_18980 was
highly  expressed in  kernel and  pericarp.  Master_Control 31859/
Neem_transcript_11067 was highly expressed in flower and leaves. Total six
triterpene synthases were observed in neem, out of these Master_Control_74065/
Neem_transcript_27436 showed homology with cycloartenol synthase whereas,
others showed homology with p-amyrin synthase. Master_Control 24780/
Neem_transcript_28920 showed highest expression as compared to others, mainly in
kernel and pericarp. Master_Control_74892 and Master_Control_101750 were highly
expressed in flowers as compared to other tissues. Master_Control_70149 and
Master_Control_70584 were showing higher expression in leaves as compared to
other tissues. Cycloartenol synthase, which is involved in steroid biosynthesis,
showed almost similar levels of expression in all the tissues. From these expression
analyses, we were able to deduce that Master_Control_24780 might be involved in

triterpenoid biosynthesis (Figure 2.11).
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Figure 2. 10 RPKM Levels of Neem Terpenoid Metabolic Pathways.
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Comparison of terpenoid metabolism in different tissues revealed that
triterpenoid biosynthetic genes were highly expressed kernel and pericarp which is in
line with metabolic profiling (Figure 2.11). MVA pathway genes are also highly
expressed in pericarp and kernel. MEP pathway genes were expressed highly in
flower and leaves. In leaves, the MEP pathway and diterpenoid biosynthetic genes
showed high expression. In flowers MVA, MEP pathways, steroid, sesquiterpenoid
and carotenoid biosynthetic genes were highly expressed as compared to other

terpenoid biosynthetic pathways.
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Figure 2. 11 Comparison of RPKM Levels of Neem Terpenoid Metabolic
Pathways.
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2.3.5 Differential Gene Expression Analysis between Flower and Kernel
RNA-Seq can be used for both discovery and quantification of transcripts in a
single experiment. The expression level of each transcript is measured by the number
of reads that map to it, which is expected to correlate directly with its abundance
level. One of the applications of expression level of transcriptome is to identify
differentially expressed genes in two or more conditions*'. The selection of genes is
based on combination of expression change and score cutoff then validated by P
values generated by statistical modelling®. Since neem limonoids production is low
in flower and highest in kernel, the transcript information of flower and kernel was
used to analyze differentially expressed genes between these tissues. DESeq2 was

used to predict the genes involved in limonoids biosynthesis™.

DESeq2 (Flower vs Kernel)
B Transcripts
93577
47596
28724 23246 22735
5101 I I 7133 6227 4o
. |
N S > > > D >
%%\Q %%\O S cv}g) \‘5\‘@ \q'y& %QJ QO§ 69’Q &‘b’
© @ & & 4 o8 S
Q}*'Q 6\3 = & g & NG S $7
< A & R N S & S
2 QP & & & &
%6 A ‘b& . Q‘b\
&S < S

Figure 2. 12 Statistics of Differential Gene Expression Analysis Between Flower and
Kernel.

Transcripts which have RPKM value more than 0.5 in both tissues were
selected for differential gene expression analysis. Out of 93577 transcripts, 6227
transcripts were highly expressed in kernel as compared to flowers, 7133 transcripts
were down-regulated and 1771 transcripts were neutral in expression with validation
of adjusted P value <0.05 (Figure 2.12). In MVA pathway, HMG-CoA synthase,
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HMG-CoA reductase and mevalonate kinase are up-regulated in kernel as compared
to flowers, which is in line with triterpenoid content obtained through metabolic
fingerprinting data. In triterpenoid biosynthesis, FDS, SQS, SQE and one of triterpene
synthases were up-regulated in kernel which is in correlation with triterpenoid content
obtained through metabolic fingerprinting (Figure 2.13). Differential gene expression
analyzes helped in prediction of total 16 cytochrome P450 genes involved in limonoid

biosynthesis (Table 2.4).
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Figure 2. 13 Terpenoid Biosynthesis, Right from MVA Pathway to Triterpene Synthesis,
Showing Transcripts Which are Up-regulated in Kernel as Compared to Flowers.
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Table 2. 4 Predicted Cytochrome P450 Involved in Triterpene Biosynthesis.

Cytochrome P450

BLAST Results

Master_Control_119707

72 % Similarity with B-amyrin 24-hydroxylase Glycine
max [Q9XHC6]

Master_Control_33323

89 % Similarity with B-amyrin 28-oxidase-like
Herrania umbratica [XP_021297091]

Master_Control_120547

76 % Similarity with Cytochrome P450 CYP72A219
Panax ginseng [H2DH21]

Master_Control_57632
(AICYP2)

71 % Similarity with Beta-amyrin 11-oxidase
Glycyrrhiza uralensis [B5BSX1]

Master_Control_82633

90 % Similarity with Sterol 14-demethylase
Arabidopsis thaliana [Q9SAA9]

Master_Control_84673
(AICYP1)

63 % Similarity with Beta-amyrin 28-oxidase Panax
ginseng [ 17C6ES8]

Master_Control_25760

69 % Similarity with Premnaspirodiene oxygenase

Hyoscyamus muticus [A6YIH8]

Master_Control_8521

67 % Similarity with Premnaspirodiene oxygenase

Hyoscyamus muticus [A6YIH8]

Master_Control_21505

87 % Similarity withFull=Cytochrome P450 86A22;
AltName: Full=Long-chain acyl-CoA omega-
monooxygenase Petunia x hybrida [B3RFJ6]

Master_Control_47318

64% Similarity with Full=Cytochrome P450 94A1,
AltName: Full=P450-dependent fatty acid omega-
hydroxylase Vicia sativa [081117]

Master_Control_66055

69 % Similarity with Premnaspirodiene oxygenase

Hyoscyamus muticus [A6YIH8]

Master_Control 106114

60 % Similarity with Isoflavone 2'-hydroxylase
Glycyrrhiza echinata [P93147]

Master_Control 62316

89 % Similarity withEnt-kaurenoic acid oxidase 1

Arabidopsis thaliana [Ent-kaurenoic acid oxidase 1]

Master _Control 53970

90 % Similarity with Cytochrome P450 86A8
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Arabidopsis thaliana [080823]

Master _Control 38507 82 % Similarity withCytochrome P450 78A7
Arabidopsis thaliana [ Q9FIBO0]

Master_Control_61421 72 % Similarity with Premnaspirodiene oxygenase

Hyoscyamus muticus [A6YIH8]

2.4 Conclusion

Sequencing and transcriptome analysis are the primary tools for the discovery
of novel genes, especially in nonmodel plants for which full genome sequencing is
not economically feasible. Transcriptome sequencing represents relatively
economical method for analyzing the transcribed region of the genome.

Triterpenoid profiling in neem indicated that there is tissue-specific variation
in their abundance. The mature seed kernel and initial stages of pericarp were found
to contain the highest amount of limonoids. Furthermore, a wide diversity of
triterpenoids, especially C-seco triterpenoids were observed in kernel as compared to
the other tissues. Pericarp, flower and leaf contained mainly ring-intact triterpenoids.
Neem tissues such as seeds (kernel and pericarp), flower and leaves where the
triterpenoids were deemed to be abundant were further selected for transcriptome
analysis. A total of 79,079,412 (79.08 million) paired-end reads, each of 72 bp length
was generated from pooled RNA and assembled to 41,140 transcripts. Tissue-specific
(pericarp, kernel, flower and leaves) transcriptome helped in analyzing differential
gene expression related to triterpenoid biosynthesis. A total of 209,882,798 (209.88
million) paired-end reads were generated and assembled to generate transcripts of
127,518.

Based on transcriptome annotation, all the genes involved in triterpenoid
backbone biosynthesis, right from isoprene units (MVA pathway and MEP pathway)
to triterpene cyclases were found. A total of 134 transcripts predicted as cytochrome
P450 monooxygenases and two transcripts as cytochrome P450 reductases were
identified. In triterpenoid biosynthesis, FDS showed almost same pattern of
expression in all the tissues. Squalene synthase showed highest expression in kernel.

Total three genes related to squalene epoxidase were observed, out of which
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Master_Control_800013 was highly expressed in kernel and pericarp. Total six

triterpene synthases were observed in neem, out of which Master_Control 24780

showed highest expression among all tissues, mainly in kernel and pericarp and might

be involved in triterpenoid biosynthesis. Fifteen cytochrome P450 genes involved in

limonoids biosynthesis were predicted based on differential gene expression analysis.
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3.1 Introduction

Metabolites present in all the living systems and crucial for life are classified
as primary metabolites. Whereas, secondary metabolites are synthesized by a single
or a group of organism which helps them in enhancing their interaction with the
environment towards survival. Terpenoids are one of the main classes of secondary
metabolites. Till now more than 75,000 compounds have been identified
(http://dnp.chemnetbase.com). Terpenoids are involved in membrane fluidity,
respiration, photosynthesis, growth regulation, plant-pathogen interaction, protection
of plants against herbivores and pathogens, the attraction of pollinators and seed
dispersal animals’. Secondary metabolites from neem are widely used in medicine,
agriculture and environment protection. Most of these belong to limonoids which are
tetranortriterpenoids®. Neem (Azadirachta indica) contains more than 150 limonoids

which are 4,4,8-trimethyl-17-furanyl steroid skeletons and its derivatives®.

Terpenoid biosynthesis begins with isoprene units such as IPP and DMAPP.
These are allylic diphosphates synthesized through the MVA and MEP pathway”.
Allylic diphosphate, DMAPP condenses with one or more IPP molecules in head-to-
tail fashion to produce diphosphates such as geranyl diphosphate, farnesyl
diphosphate, geranylgeranyl diphosphate and long-chain prenyl diphosphates. Allylic
diphosphates condensation reaction is catalyzed by prenyltransferases such as geranyl
diphosphate synthase (GDS), farnesyl diphosphate synthase (FDS) and
geranylgeranyl diphosphate synthase (GGDS) and long chain diphosphate
synthases®®. Among different prenyl diphosphates, FPP undergoes head to head 1-1'
condensation to form presqualene diphosphate which undergoes NADPH dependent
reduction and rearrangement to form squalene’. In most of the organisms, squalene
acts as a precursor for the synthesis of primary metabolites such as steroids which
controls growth and division®. This molecule is the first committed precursor for the
biosynthesis of secondary metabolites such as triterpenoids. This indicates that
squalene acts as an important intermediate governing the balance between steroids
and triterpenoid biosynthesis. Squalene undergoes oxidation to 2,3-oxidosqualene
catalyzed by squalene epoxidase®. 2,3-oxidosqualene cyclizes to basic triterpene

skeletons catalyzed by triterpene cyclases. Furthermore, addition of functional groups
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and modification on the parental backbone of basic triterpene skeletons results in

diverse triterpenoids™.

Prenyltransferases, FDS is shown to play a key regulatory role in triterpenoid
and phytosterol biosynthesis. To show some instances, FDS was up-regulated when
hairy root culture of Panax ginseng was treated with methyl jasmonate (MJ) to
enhance the production of triterpenoids'’. In Panax ginseng hairy root culture,
overexpression of FDS and mevalonate-5-diphosphate decarboxylase resulted in
increased accumulation of phytosterols and triterepenes'®. In Centella asiatica,
overexpression of Panax ginseng FDS resulted in enhanced production of
triterpenes’®.  Therefore, identification and functional characterization of

prenyltransferases help in the understanding of triterpenoid biosynthesis.

3.2 Neem Prenyltransferases

Prenyltransferases catalyse head to tail condensation and chain elongation
reaction of isoprene units such as DMAPP and IPP. These prenyltransferases act at
the branching point of terpenoid metabolism and play a regulatory role in the
distribution of isoprene units into various terpenoid pathways. A total of ten
prenyltransferases was obtained from neem transcriptome (Chapter 2, Table 2.3).
Based on functional annotation studies, two geranyl diphosphate synthase (GDS), one
farnesyl diphosphate synthase (FDS) and seven putative geranylgeranyl diphosphate
synthases (GGDS) were identified. BLAST and KAAS studies indicated that
Neem_transcript_10912 (NCBI accession no - KM108315) was a homomeric GDS

and Neem_transcript_10001 may be the smaller subunit of heteromeric GDS.

According to in silico (targetP analysis) cellular localization study
Neem_transcript_10912 was highly localized to mitochondria, which is not involved
in triterpenoid biosynthesis. Analysis of characterized homomeric GDS from other
plants (Solanum lycopersicum™, Arabidopsis thaliana'®, Catharanthus roseus®,
Mangifera indica®’ and Picea abies (PaGDS3)®) showed mitochondrial localization.
Heteromeric GDS form other plants (smaller subunits of C.roseus'®, Madia sativa,
Salvia miltiorrhiza®® and larger subunits of Humulus lupulus®, Antirrhinum majus®,
Mentha piperita and C. roseus'®) showed plastidial localization. Neem_transcript_
10001 (smaller subunit of heteromeric GDS) was localized to mitochondria but RC
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score (5) was very poor (Table 3.1). Lager subunit of heteromeric GDS might be one
of seven predicted GGDS but only one showed plastidial localization (Table 3.1).
Subcellular localization of heteromeric GDPS will explain whether it is involved in
triterpenoid biosynthesis. In this study, Neem_transcript 10912 (AiGDS) and
Neem_transcript_25722 (NCBI accession no - KM108316, AiFDS) were selected for

cloning and functional characterization.

Table 3. 1 TargetP Analysis Prenyl Diphosphate Synthases.

Name Len cTP mTP  SP otherLoc RC
Neem_transcript_10912 420 0.068 0.882 0.007 0.064
Neem_transcript_10001 306 1.80 0.290 0.106 0.204 M
Neem_transcript 25722 342 0.056 0.093 0.106 0.891 -
Neem_transcript_1166 351 0.035 0.521 0.029 0.605 -
Neem_transcript_3894 333 0.238 0.194 0.260 0.155 S
Neem_transcript_16200 232 0.052 0.021 0.343 0.861 -
Neem_transcript_16736 286 0.124 0.071 0.094 0.863 -
Neem_transcript_18547 134 0.111 0.116 0.122 0.872 -
Neem_transcript_28215 355 0.301 0.352 0.022 0.116 M
Neem_transcript_30369 366 0.798 0.027 0.123 0.214 C
cutoff 0.000 0.000 0.000 0.000

<

W O DD NN W o1 o N O

3.3 Materials and Methods

3.3.1 Materials Used in this Study

3.3.1.1 Bacterial Strains and Plasmids Used in the Study

Escherichia coli TOP10 (Invitrogen/ Life Technologies, USA) cloning cells
were used for transformation of plasmids or ligation mixtures. pET32a expression
vector (Novagen, Addgene, USA) was used for cloning of AIFDS and AiGDS.
Expression of prenyl diphosphate synthases was done in E. coli BL21DE3 (Novagen,
Addgene, USA) and E. coli Lemo21DE3 (New England Biolabs, USA).
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3.3.1.2 Kits and Reagents Used in the Study
SuperScript® 111 Reverse Transcriptase (ThermoFisher Scientific, USA) was
used for cDNA synthesis. JumpStart™ Taq DNA Polymerase (Sigma-Aldrich, USA)
and AccuPrime™ Pfx DNA Polymerase (ThermoFisher Scientific, USA) were used

for amplification of prenyl diphosphate synthases. PCR products were gel eluted by
using GenElute™ PCR Clean-Up Kit (Sigma-Aldrich, USA). Plasmids were isolated
by using GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich, USA). GelRed™
(Biotium Inc., USA) was used for nucleic acid staining. Restriction enzymes (New
England Biolabs, USA) and T, DNA ligase (Invitrogen/ Life Technologies, USA)
used for cloning. SuperScript® Il Platinum® SYBR® Green One-Step gRT-PCR Kit
(ThermoFisher Scientific, USA) was used for real-time PCR.

3.3.1.3 Primers

3.3.1.3.1 Primers for AiGDS
Neem_Transcript_10912 was used as a template to design primers for real-
time PCR and cloning primers with restriction sites BamHI and Sacl. Primers were

analyzed by using software Oligoanalyzer.

Table 3. 2 Primers Used for AiGDS.

Name Primer Sequence

AiGDS_FP ATGACCGGATCCATGTTATTTTCTCGTG
AiGDS_RP CATGTCGAGCTCCTATTTATTTCTTGTGATG
AiGDS_RT_FP AGTTCCCTGAGTTGCGTAAAG
AiGDS_RT_RP TCATCGTTGCTTTCTGGTAGAG

3.3.1.3.2 Primers for AiFDS

Neem_Transcript_25722 was used as a template to design primers for real-
time PCR and cloning primers with restriction sites BamHI and Xhol. Primers were
analyzed by using software Oligoanalyzer.

Table 3. 3 Primers Used for AiFDS.

NET Primer Sequence
AIFDS_FP ATGAGCGGATCCATGAGTGATCTGCATTCC
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AIFDS_RP ACAGATCTCGAGTTACTTCTGCCTCTTG
AIFDS_RT_FP GGTGCATCGAATGGCTTCAA
AIFDS_RT_RP GTGCACATGGTTGCGTAGAA

3.3.1.3.3 Primers for GAPDH
Glyceraldehyde 3-phosphate dehydrogenase was used as intrinsic gene for

real-time PCR analysis. Primers were analyzed by using software Oligoanalyzer.

Table 3. 4 Primers Used for GAPDH.

Name Primer Sequence
AiFDS_RT_FP TCGGAATCAACGGTTTTGGAA
AiIFDS_RT_RP CACTTGACCGTGAACACTGT

3.3.1.4 Buffer Compositions

3.3.1.4.1 Buffers Used for Characterization of AiGDS
AiIGDS_Lysis buffer

100 mM MOPSO buffer containing NaCl (400 mM) with detergent (0.5 % CHAPS),
protease inhibitor (0.5 mM PMSF) and 1 mg/mL lysozyme in 10 % glycerol and the
pH was adjusted to 7.4 using 0.1 M NaOH.

AiGDS_Wash buffer

100 mM MOPSO buffer containing NaCl (400 mM) and imidazole (100 mM) in 10
% glycerol and the pH was adjusted to 7.4 using 0.1 M NaOH.

AiGDS_Elution buffer

50 mM MOPSO buffer containing NaCl (300 mM), imidazole (250 mM), and 0.2 %
CHAPS in 10 % glycerol and the pH was adjusted to 7.4 using 0.1 M NaOH.

AiGDS_Desalting buffer

50 mM MOPS buffer containing KCI (100 mM) in 10 % glycerol and the pH was
adjusted to 7.4 using 0.1 M NaOH.

AiIGDS_Enzyme assay buffer

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 95



Chapter 3
25 mM HEPES buffer containing KCI (100 mM), a reducing agent (2 mM DTT) and
10 mM MgCl; in 10% glycerol and the pH was adjusted to pH 7.4 using 0.1 M
NaOH.

3.3.1.4.2 Buffers Used for Characterization of AiFDS
AIFDS_Lysis buffer

50 mM phosphate buffer containing NaCl (300 mM), 10 mM MgCl, with detergent
(0.2 % CHAPS), protease inhibitor (0.5 mM PMSF) and 1 mg/mL lysozyme and the
pH was adjusted to 7.4 with 0.1 M NaOH.

AiFDS_Wash buffer

50 mM phosphate buffer containing NaCl (300 mM) and imidazole (50 mM) in 10 %
glycerol and the pH was adjusted to 7. 4 with 0.1 M NaOH.

AiIFDS_Elution buffer

50 mM phosphate buffer containing NaCl (300 mM) and imidazole (250 mM) in 10
% glycerol and the pH was adjusted to 7. 4 with 0.1 M NaOH.

AiIFDS_Desalting buffer

25 mM HEPES buffer containing KCI (100 mM) in 10% glycerol and the pH was
adjusted to 7.4 with 0.1 M NaOH.

AiFDS_Enzyme assay buffer

25 mM HEPES buffer containing KCI (100 mM), MgCl, (10 mM) and reducing agent
(2 mM DTT) in 10% glycerol and the pH was adjusted to 7.4 with 0.1 M NaOH.

3.3.1.5 GC and GC-MS analysis

1 uL of AIGDS and AIFDS enzyme assay extracts were injected in GC/GC-
MS equipped with 30 m x 0.25 mm x 0.25 pum capillary columns (HP-5 and HP-5
MS, J & W Scientific). The column was equilibrated at 70 °C followed by a
temperature gradient from 5 °C/min rise till 150 °C, 10 °C/min rise till 270 °C and

final hold for 5 min. Helium was used as the carrier gas with flow rate of 1 mL/min.
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Product formation were characterized by retenction time and by co-injection with

standard samples.
3.3.2 Cloning and Characterization of AiGDS and AiFDS

3.3.2.1 Cloning and Characterization of AiGDS

The Neem seed RNA was used for the synthesis of cDNA using SuperScript®
Il First-Strand Synthesis System (Invitrogen). Full-length primers (Table 3.2) for
predicted AIGDS ORF  were designed wusing  their  transcripts
(Neem_Transcript_10912) as a template. cDNA was used as a template for PCR
reaction using AccuPrime Pfx Supermix (Invitrogen) to amplify AiGDS. The
program for PCR was the following, 95 °C for 5 min, followed by 35 cycles at 95 °C
for 30 sec, 56 °C for 30 sec, 68 °C for 1 min followed by final extension at 68 °C for
5 min. Full-length AiGDS PCR product was cloned into BamHI and Sacl sites of
pPET32a expression vector using T, DNA ligase. The ligation mixture was
transformed into TOP10 competent cells and plated on LA containing 100 pg/mL of
ampicillin and incubated overnight at 37 °C. Then colony PCR was carried out (with
T7 promoter and T7 reverse primers) to identify the positive colonies. AiGDS cloning
was confirmed by analyzing the Sanger sequencing of plasmids obtained from

positive clones using T7 promoter forward and T7 reverse primers.

The expression of the recombinant plasmids containing AiGDS was carried
out in BL21 (DE3) cells under 1 mM IPTG overnight induction at 16 °C. Bacterial
cells were collected by centrifugation at 5000 x g for 10 min. The cell pellet was
resuspended in different lysis buffer (Table 3.5) at a ratio of 5 ml per gram of cell
pellet. Sonication was done for 10 cycles (30 sec pulse ON/ 30 sec pulse OFF,
Amplitude- 75%) then centrifuged at 10,000 x g for 10 min at 4 °C. The solubility of
recombinant AiGDS was analyzed by running on 12 % SDS-PAGE gel.
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Table 3. 5 Buffers Used for AiGDS Solubility.

Name

Buffer Composition

Buffer 1

Buffer 2

Buffer 3

Buffer 4

Buffer 5

Buffer 6

Buffer 7

Buffer 8

Buffer 9

50 mM phosphate buffer containg NaCl (300 mM) and detergent
0.2% CHAPS in 10% glycerol and the pH was adjusted to 7. 4 with
0.1 M NaOH.,

50 mM phosphate buffer containg NaCl (300 mM) and detergent
0.2% Triton X 100 in 10% glycerol and the pH was adjusted to 7.4
with 0.1 M NaOH.

50 mM Tris buffer containing NaCl (300 mM) and detergent 0.2%
CHAPS in 10% glycerol and the pH was adjusted to 7.4 with 0.1 M
HCI.

50 mM Tris buffer containg NaCl (300 mM) and detergent 0.2%
Triton X 100 in 10% glycerol and the pH was adjusted to 7.4 with 0.1
M HCI.

50 mM MOPSO buffer containing NaCl (300 mM) and detergent
0.2% CHAPS in 10% glycerol and the pH was adjusted to 7.4 with 0.1
M NaOH.

50 mM MOPSO buffer containg NaCl (300 mM) and detergent 0.2%
Triton X 100 in 10% glycerol and the pH was adjusted to 7.4 with 0.1
M NaOH.

50 mM HEPES buffer containing NaCl (300 mM) and detergent 0.2%
CHAPS in 10% glycerol and the pH was adjusted to 7.4 with 0.1 M
NaOH.

50 mM HEPES buffer containg NaCl (300 mM) and detergent 0.2%
Triton X 100 in 10% glycerol and the pH was adjusted to 7.4 with 0.1
M NaOH.

100 mM MOPSO buffer containing NaCl (400 mM) and detergent
0.5% CHAPS in 10% glycerol and the pH was adjusted to 7.4 with 0.1
M NaOH.
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In most of the buffers, recombinant AiGDS was insoluble. Expression of
AiGDS was changed to Lemo 21 (DE3) cells which did not show any improvement in
solubility. To obtain the soluble AIGDS protein, the bacterial cell pellet was
resuspended in lysis buffer which contains higher concentration of buffering agent
and salt (AiGDS _lysis Buffer) and proceed for sonication as mentioned above. The
pellet obtained after centrifugation at 10,000 x g was resuspended in lysis buffer. The
pH of resuspended pellet was increased to 11.0 with 0.1 M NaOH and then reduced to
7.0 with 0.1 M HCI (pH adjustment was done on ice with continuous stirring). The
resulting solution was centrifuged at 10,000 x g for 10 min at 4 °C. The supernatant
containing AiGDS protein was purified over Ni-NTA (1 mL resin / g cell pellet)
affinity chromatography. The column was washed with wash buffer (AiGDS_Wash
Buffer) till the OD reaches to zero at 280 nm. The protein was eluted out with elution
buffer (AiGDS_Elution Buffer). Recombinant AiGDS was desalted on Hi-Prep™
26/10 Desalting Columns with desalting buffer (AiGDS_Desalting Buffer) using
AKTA Avant (GE Healthcare). The desalted proteins were estimated using Bradford
reagent (Bio-Rad) and checked on 12 % SDS gel.

Enzyme assays for AiGDS were performed in assay buffer (AiGDS_Assay
Buffer) with DMAPP (100 pM) and IPP (100 puM) as substrates. The reaction
mixtures were incubated at 30 °C for 2 h. Further alkaline phosphatase (6 U) was
added and incubated at 37 °C for 1 h. Reaction mixtures were extracted thrice using
n-hexane. Samples were concentrated in a stream of dry nitrogen and analyzed by
GC-MS (GC_MS Program-3.3.1.5) by injecting 1uL of concentrated assay extract.
Geraniol formation was confirmed by co-injection with authentic standards and

comparing the mass fragmentation pattern and retention time.

3.3.2.2 Cloning and Characterization of AiFDS

Full-length primers (Table 3.3) for AiFDS ORF (Chapter 2, Table 2.1) were
designed using their transcript (Neem_Transcripts_25722) as a template. cDNA was
used for PCR reaction using AccuPrime Pfx Supermix (Invitrogen). The program for
PCR was 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 sec, 56 °C for 30
sec, 68 °C for 1.2 min followed by final extension at 68 °C for 5 min. PCR product
was cloned into BamHI and Xho cloning sites of pET32a expression vector using T,
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DNA ligase. The ligation mixture was transformed into TOP10 competent cells and
plated on LA containing 100 pg/mL of ampicillin and incubated overnight at 37 °C.
Then colony PCR was carried out (with T7 promoter and T7 reverse primers) to
identify the positive colonies. Cloning was confirmed by analyzing the Sanger
sequencing of plasmids obtained from positive clones using T7 promoter forward and

T7 reverse primers.

The expression of the recombinant plasmids containing AiFDS was carried
out in BL21 (DE3) cells under 1 mM IPTG at 16 °C for overnight. Bacterial cells
were collected by centrifugation at 5000 x g for 10 min. Cell pellet was resuspended
in lysis buffer (AiIFDS_Lysis Buffer) at a ratio of 5 ml per gram of cell pellet.
Sonication was done for 10 cycles (30 sec pulse on/ 30 sec pulse off, Amplitude- 75
%) then centrifuged at 10,000 x g for 10 min. The supernatant containing AiFDS
protein was purified over Ni-NTA (1 mL resin / g cell pellet) affinity
chromatography. The column was washed with wash buffer (AiFDS_Wash Buffer)
till the O.D. reaches to zero at 280 nm. The protein was eluted out with elution buffer
(AiIFDS_Elution Buffer). Protein was desalted on Hi-Prep™ 26/10 Desalting
Columns with desalting buffer (AiFDS_Elution Buffer) using AKTA Avant (GE
Healthcare). The desalted proteins were estimated using Bradford reagent (Bio-Rad)
and checked on 12 % SDS gel.

Enzyme assays for AIFDS were performed in assay buffer (AiFDS_Assay
Buffer) with DMAPP (100 uM)/GPP (100 puM) and IPP (100-200 uM) as substrates.
The reaction mixtures were incubated at 30 °C for 2 h. Further alkaline phosphatase
(6 U) was added and incubated at 37 °C for 1 h. Reaction mixtures were extracted
thrice using n-hexane. Samples were concentrated in a stream of dry nitrogen and
analyzed by GC-MS (GC_MS Program-3.3.1.5) by injecting 1uL of concentrated
assay extract. Farnesol formation was confirmed by co-injection with authentic
standards and comparing the mass fragmentation pattern and retention time.

3.3.3 RT-PCR Analysis of AiGDS and AiFDS

Real-time PCR was carried out using SuperScript™ 111 platinum™ SYBR™
Green One-step gRT-PCR Kit (Invitrogen, USA). In brief, for AiGDS and AiFDS
real-time analysis, 100 ng of DNase treated total RNA was added with AiGDS (Table
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3.2) and AIFDS (Table 3.3) primers and for intrinsic control, GAPDH primers (Table
3.4) were used. Quantification was performed as follows: Initial cDNA synthesis at
50 °C for 20 min, followed by 95 °C for 5 min, 40 cycles of 95 °C for 10 sec and 60
°C for 30 sec. GAPDH primers were used as an endogenous control to normalize the

expression levels between different tissues. Threshold (Ct) values were obtained and
ACt was calculated as Ct target gene — Ct endogenous reference gene. Relative fold
difference was calculated using 2°“‘. Experiments were carried out using three

biological replicates with five technical replicates each.
3.4 Results and Discussion

3.4.1 Cloning and Characterization of AiGDS and AiFDS
3.4.1.1 Cloning and Characterization of AiGDS

The ORF of AiGDS [GenBank: KM108315] was 1,263 bp, which coded for a
protein of 420 amino acids with theoretical molecular weight and calculated pl as
46.1 kDa and 6.33, respectively. AiGDS had a maximum identity with several plants
characterized homomeric GDSs such as 90 % identity to homomeric GDS from
Citrus sinensis [GenBank: CAC16851]", 86 % identity to GDS from Mangifera
indica [GenBank: AFJ52721]" and 76 % identity to GDS from Catharanthus roseus
[GenBank: AGL91647]*. The percentage identity matrix of AiGDS with another
plant homomeric GDS and heteromeric GDS larger subunits indicated that AiGDS
possesses 71 % to 89 % identity with homomeric GDS (Table 3.6).
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Table 3. 6 Identity Matrix of AiGDS with Homomeric GDS and Heteromeric GDS
Larger Subunits.

1 2 3 4 5 6 7 8 9 10
1 AIGDS 100
2 CsGDS 89.72 100
3 MiGDS 83.57 88.79 100
4 CrGDS 76.74 83.18 75.78 100
5 AtGDS 7115 80.69 70.74 68.02 100
6 TcGDS1 71.25 80.69 7059 70.52 65.53 100
7 CrGDS.LSU 26.22 27.86 25 26.59 23.7 26.04 100
8 HIGD.SLU 2781 2939 26.25 27.76 26.57 28.27 7248 100
9 MpGDS.LSU 2587 2863 2493 261 2463 27.03 7139 67.57 100

[y
o

AmGDS.LSU 2441 27.86 2522 2537 2448 2523 75 69.97 70.65 100

Amino acid sequences of AIGDS(A. indica, KM108315), CsGDS (C. sinensis,
CAC16851), MiGDS (M. indica, AFJ52721.), CrGDS (C. roseus, AGL91647),
AtGDS (Arabidopsis thaliana, CAC16849), TcGDS1 (Theobroma cacao,
EOY33650), CrGDS.LSU (C. roseus, AGL91645), HIGD.LSU (Humulus lupulus,
ACQ90682), MpGDS.LSU (Mentha x piperita, AAF08793) and AmGDS.LSU
(Antirrhinum majus, AAS82860) are used for identity matrix generation.
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AtGDS 1 TRSVA@SKFLRNR FYGSSQSMHAEHRFA- IIFDQG-[ESC] ----PHEG- -YV[E
TcGDS1 R --APLELL- RER[HVATATA -LSAYKCLESNSKTPSGIRWTSI
MiGDS 1 MLFSYGLSRISINP --BALTCR- HLTGSLS|YSTSS ----VHRVW- -G«
AiGDS 1 snsr..sn::p --Ef1GeR- 3& YRPDTI-LSGESESVG ----TQUVL- -Gy
CsGDS R e eI PP
AtGDS 53 BTTHS - LksPvFcErsERLYEfE- -

TcGDS1 45 JHAFSSKAAVND|

MiGDS 52 EA 'rwsti HFR.IEH

AiGDS 51 BIEAN-LWS (G pRH Opd:{sl0 5

CsGDS 1 memmcmcemmemecemmeemeememmmmmmememmmmmmmmmm e —————

AtGDS 110

TcGDS1 105

MiGDS 109

AiGDS 108

CeGDS EMlLASAAEYFFKMGVEGKRFRPTVLLLMATALNVRVPEPLEGVEDAB\TELRTRQQCIAEL

AtGDS 170
TeGDS1 165 TEMIEVASLLHDDVLDDADERRGIESLNAVMGNKLAVLAGDFLLSRACVELASLKNTEVV
MiGDS N TEMIHVASLLEDDVLDDADTRRGIGSLNMVMGNEKLAVLAGDFLLSRACVALASLENTEVY

AiGDS I TEMIHVASLLEDDVLDDADTRRGIGSLN)gVMGNKLAVLAGDFLLSRACVALASLENTEVYV
CsGDS (M TEMIEVASLLEDDVLDDADTRRGIGSLN§VMGNELAVLAGDFLLSRACVALASLENTEVY]
AtGDS PN AL LATHIVEHLVTGE TM3 T Sy QRP{SMDY YMOQETYYKTASLI SNSCKAA]

b L=Tch T-h M LA TVVES LVTGE TM QM T TRSIdQORI§S MDY YMOK TYRJK TAS LI SNSCKEIAHLAGETAEV
MiGDS 229 SLLATVVEHLVTGETMQMTTSSDQRCSMEYYMQKTYYKTASLISNSCKAIALLAGQEAEV

AiGDS b2 ML LATVVEHLVTGE TMOMT TEE}QOR)S MDY YMOK TY YK TAS LI SNSCKAIALLAGQTHEV|
CsGDS L LATVVEELVTGETMOMT TS SPIQR{MS MDY YMOKTYYKTASLISNSCKAIALLAGQTAEYV]

AtGDS PEN A LAFEY GINLGLAFQLIDDMLDFTGTSASLGKGSLSDIRHGYITAPILFAMEEFP QLR
TcGDS1 285 AMLAFEYGKNLGLAFQLIDDVLDFTGTSASLGKGELSDIRHGIITAPILFAMEEFPELER
MiGDS 289 AMLAFEEGKNLGLAEQLIDDVLDFTGTSASLGKGSLSDIRHGIETAPILFLMEEFPQLR-
AiGDs P E- M AMLAFRYGKNLGLAFQLIDDVLDFTGTSASLGKGSLSDIRHGIYTAP ILFAMEEFPELR)Y
CsGDS PR AR LAF|YYGENLGLAFQLIDDVLDFTGTSASLGKGSLSDIRHGIITAPILFAMEEFPQLRES

AtGDS 350
TcGDS1l 345
MiGDS 349
AiGDS 348
CsGDS 249

AtGDS 410
TcGDS1l 405
MiGDS [LEMLLDLTQRVITRNK
AiGDS EOEN L LDLEJORVI TRNK|

CaGDS 309

Figure 3. 1 Multiple Sequence Alignment of A. indica Geranyl Diphosphate Synthases
(AIGDS).

Amino acid sequences of TcGDS1 (T. cacao, XP_007016031), AtGDS (A. thaliana,
CAC16849), MiGDS (M. indica, AFJ52721.), AiGDS (A. indica, KM108315) and CsGDS
(C. sinensisi, CAC16851) are used for multiple sequence alignment. The highly conserved
Asp-rich motifs of prenyltransferases are indicated by solid line.

The multiple sequence alignment of AiGDS consisted of two aspartate-rich
motifs DDXpz4D and DDXXD which are highly conserved motifs in
prenyltransferases and involved in substrate and metal ion binding (Figure 3.1).
CxxxC motifs were not observed in AiGDS, which play a key role in the interaction
of heteromeric GDS?. The ORF of AiGDS was cloned into a pET32a expression

vector having an N-terminal thioredoxin domain and subsequently expressed in BL21
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(DEJ) cells. However, recombinant AiGDS protein was found in inclusion bodies

even after using different buffers (Table 3.1, Figure 3.3).

Figure 3. 2 AiGDS ORF Amplification.

Lane 1: AiGDS PCR product at 52 °C, Lane 2: AiGDS PCR product at 54 °C, Lane 3:
AiIGDS PCR product at 56 °C, Lane 4: AiGDS PCR product at 58 °C, Lane 5: Negative
control and Lane 6: 1 kb DNA ladder Sigma (Addendum Figure AL.A).

Figure 3. 3 AiGDS Solubility in Different Buffers.
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A) Lane 1: Novex® sharp pre-stained protein standard (Addendum Figure A4.A), Lane 2:
Buffer 1 supernatant fraction, Lane 3: Buffer 1 pellet fraction, Lane 4: Buffer 2 supernatant
fraction, Lane 5: Buffer 2 pellet fraction, Lane 6: Buffer 3 supernatant fraction, Lane 7:
Buffer 3 pellet fraction, Lane 8: Buffer 4 supernatant fraction, Lane 9: Buffer 4 pellet
fraction. B) Lane 1: Buffer 5 supernatant fraction, Lane 2: Buffer 5 pellet fraction, Lane 3:
Buffer 6 supernatant fraction, Lane 4: Buffer 6 pellet fraction, Lane 5: Buffer 7 supernatant
fraction, Lane 6: Buffer 7 pellet fraction, Lane 7: Buffer 8 supernatant fraction, Lane 8:
Buffer 8 pellet fraction, Lane 9: Novex® sharp pre-stained protein standard (Addendum
Figure A2.A).

To enhance solubility, AiGDS cloned construct was transformed into Lemo
21 (DE3) cells?®® and expression was carried out. Recombinant AiGDS protein
remained solely in the insoluble portion of the pellet. Eventually, we were able to
obtain soluble active AiGDS by re-suspending the pellets in lysis buffer and adjusting
the pH to 11.0 by drop-wise addition of 0.1 M NaOH with constant swirling on ice till
the solution became clear. The pH was then reduced to 7.0 using 0.1 M HCI under
similar conditions®. The resulting solution was centrifuged at 10,000 x g and
subjected to 12 % SDS-PAGE analyses. After this processing, AiGDS was found to
be in the soluble form in the supernatant, which was subjected to purification by Ni-
NTA affinity chromatography. The recombinant protein was approximately 94 %
pure as analyzed by SDS-PAGE (Figure 3.4).

60 KDa

58 KDa

Figure 3. 4 SDS-PAGE for AiGDS Protein Purification in pET32a.

Lane 1: Supernatant fraction, Lane 2: Pellet fraction, Lane 3: Supernatant fraction after pH
adjustment, Lane 4: Pellet fraction after pH adjustment, Lane 5: Unbound fraction, Lane 6:
Wash fraction, Lane 7: Novex® Sharp Pre-stained Protein Standard (Addendum Figure
A4.A) and Lane 8: Elution fraction.
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Purified recombinant AiGDS was incubated with equimolar concentrations of
IPP and DMAPP (Figure 3.5) followed by treatment with alkaline phosphatase to
hydrolyze the diphosphate esters to their corresponding alcohols. The extracted assay
mixture was analyzed by GC-MS and the products formed were confirmed by
comparing the retention time and co-injection studies with standard geraniol (Figure
3.6). GC-MS analyses of the extracts of alkaline phosphatase treated assay mixture of
AiIGDS with GPP/FPP and IPP indicated that AiGDS failed to synthesize chain
elongation products FPP (C;s) or GGPP (Cy) suggesting that AiGDS can catalyze the

chain elongation reaction to produce GPP (Cjp) as the sole enzymatic product.

PPO/\)\

NS
DMAPP X OPP OH
—
+ Homomeric | Alkaline
AiGDS Phosphatase
PPO ) .
PP Geranyl diphosphate Geraniol

Figure 3. 5 Schematic Representation of AiGDS Assay.

“ Nerol Standard
Jl Geraniol Standard

Co-injection of
Nerol and Geraniol
Standard

Substrate Control

Enzyme Control
h AiGDS with IPP
~+DMAPP

Co-injection with
Geraniol
9 9.5 10 105 11 115 12 125 13 135 14 145 15

Figure 3. 6 Total lon Chromatograms of AiGDS Assays With IPP and DMAPP as
Substrates.
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3.4.1.2 Cloning and Characterization of AiFDS

AIFDS [GenBank: KM10831] ORF of 1,029 bp length was found to be
encoded for a protein of 342 amino acids. The theoretical molecular weight and pl for
this polypeptide were 39.5 kDa and 5.59, respectively. The sequence comparison of
AIFDS exhibited 83 % identity with FDS from Mangifera indica [GenBank:
AFJ52720]", 82 % identity with that from Santalum album [GenBank: AGV01244.1]
and 81 % identity with FDS from C. roseus [GenBank: AD095193.1]*. The multiple
sequence alignment of AiFDS consisted of two aspartate-rich motifs DDX 4D and

DDXXD (Figure 3.7) which were highly conserved motifs in prenyltransferases.

AiFDS R e

AtFDS1 1 MSVSCCCRNLGKTIKKAIPSHHLHLRSLGGSLYRRRIQSSSHETDLKS F LI

AtFDS2 e R E

saFDS e GDEK KFLEEWYSVLKSE
CrFDS T T R FLEVYEILKSQ
MiFDS R e

AiFDS pECANLL)UDP AFEP$IDEISRQWVIZRMLDYNVPGGKLNRGLSVIAD SYKLLKEG)SELT)UDEMFLISA L
AtFDS1 61 )AAHINS S RFW VI RMLDYNVEIGGK LNRGLSVVD SFK LLK| FLE[EAL
AtFDS2 BE ML LD PIHFEF TI:$3S ROWASRMLDYNV)IGGK LNRGLSVVD S YK LLK[)|G} s L T)JJENF LEJ6A L
SaFDSs bR L)AD P A FF TDEVSRQWVINRMLDYNVPGGKLNRGLSVED S YHLLKEG|{ELT)NDEMFLINSA L
CrFDS PP L LIADP AFE[ TS RQWVIERMLDYNVPGGK LNRGLSVEID S YK LLEGYERTIZD EY FREIS A L
MiFDS PN L LI DPAFEF TDNSRQWVIZRMLDYNVPGGKLNRGLSVVDSYKLLKEGIIELTDEMFLEISAL

AiFDS 79 GWCIEWLQAYFLVLDDIMD“S PCWFRIPKVGE{IAVNDGSILRNH\EIRILKKHFR|
AtFDsS1l 121 GWCIEWLQAYFLVLDDIMDQS“TRRGQPCWFR PEVGMEA INDGILLRNHIGIRILKKHFR
AtFDS2 YEBGWCIEWLQAYFLVLDDIMDIS TRRGQPCWFREPKVGHIA INDGILLRNHIGRILKKHFR

SaFDS YENGWCIEWLQAYFLVLDD IMDESEHTRRGQPCWFRIAPEVGIAYAVNDGIJILRNHIJRI LKKHF[Y
CrFDS P EGWCIgWLQAYFLVLDD IMD[ESETRRGQPCWFRIYPKVGMIAVNDGLLRNHI)IRI LKFHFR
MiFDS YENGWCIEWLQAYFLVLDD IMDESEHTRRGQPCWFRIJPKHGMIAVNDGIFLRNHI}JJRI LKKHFR|

AiFDS 139 DLFNEVEFQTASGQUIDLITTLEGEKDLSKYS LygYyHRRIVQYKTAYYSFYL
AtFDS1 181 DLFNEVEMQTA[GOMIDLITTJEGEKDLEKYSLEIHRRIVQYKTAYYSFYL
PN - & M ET P Y Y VD L)Y DLFNEVEFQTA[GGOMIDLITT)JJGEKDLSKYSLMIHRRIVJYKTAYYSFYL

SaFDS 139
CrFDS 142
MiFDS PR BN K PYYVD LI DLFNEVEFQTASGOMIDLITTHEGEKD LisKY S LISfH[MO IVOQYKTAYYSFYL

KPYYVELDLFNEVEFQTHSGQOMIDLITTMEGEKDLSKYS]

AiFDS 199 SN FNFSARIS[SANAR (VNS S BSAYE

AtFDS1 241 NHIDVKNTLVDMGIYFQVQDDYLDCF-DPETLGKIGTDIEDFKCSW
AtFDS2 199 pASNeIRAAFNIHBAEINS:(T)ARS A
SaFDS XN P VACALLMEGENLDEHET LVEMG.YFQVQDDYLDCFGHPEVIGKIGTDIEDFKCSW

CrFDS 202
MiFDS 199

PVACALLMAGENLDNEH DVKNILIDMGIYFQVQDDYLDCFGEPEEIGKIGTDIEDFKCSW

AiFDS PAEMILVVKALEEGICNEEQKKIALYENYGKADEVA[eS K VKINL Y Kyy L DE§e]G A Fi J3XSYEKLTKS I
AtFDS1 301 LVVKALERCEEEQ K LYENYGKEDPENVAKVKDLYKE LD LIZGLF! SKSYEKLTEEI
AtFDS2 PAX M.V VKA LERCEEEQWKMLYENYGKAEPENVARVKALYKELDLIIGAF 183S YEKL TKIAI
SaFDS 259 LVVKALEEENEEQKKLLYENYGKADEASVAKVKALYKELDLEGAF p\S YEK| SI
CxrFDS 262 LVVKALERCNEEQKKILLEEYGKADPDDVAKVKALYN LDLQGWFE I34S YEKLTES I
MiFDS PAEM 1. VVKAJERCNEEQRKIALMENYGKADPA[SVAK VKEL Y S4¥iD Lo} A F SAERSORIAT G-

AiFDS ENR I EAHPSKANOAVLKSFLAKIYKRQK
AtFDsS1 IS EHPSKAMOAVLKS FLAKIYKRQK
AtFDS2 319
SaFDS8 319
CrFDS 322
MiFDS 319

Figure 3. 7 Multiple Sequence Alignment of A. indica Farnesyl Diphosphate Synthases
(AIFDS).

Amino acid sequences of AtFDS1 (A. thaliana, NP_199588), AtFDS2 (A. thaliana,
AABO07248), SaFDS (Santalum album, AEY80378), CrFDS (C. roseus, AD095193), AiFDS
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(A. indica, KM108316) and MiFDS (M. indica, AFJ52720) are used for multiple sequence
alignment. The highly conserved Asp-rich motifs of prenyltransferases are indicated by solid

line.

1.0kb
1.0 kb

Figure 3. 8 AiFDS ORF Amplification.

Lane 1: Negative control, Lane 2: 1 kb DNA ladder Invitrogen (Addendum Figure A2.C),
Lane 3: AIFDS PCR product at 52 °C, Lane 4: AiFDS PCR product at 54 °C, Lane 5:
AIFDS PCR product at 56 °C and Lane 6: AiFDS PCR product at 58 °C.

1 2 R G gs 60 KDa
18 =
e e 52 KDa
e NS - S

i

Figure 3. 9 SDS-PAGE for AiFDS Protein Purification in pET32a.

Lanel: Un-induced fraction, Lane 2: Supernatant fraction, Lane 3: Pellet fraction, Lane 4:
Unbound fraction, Lane 5: Wash fraction 1, Lane 6: Wash fraction 2, Lane 7: Novex® Sharp
Pre-stained Protein Standard (Addendum Figure A4.A), Lane 8 and 9: Elution fractions.

AIFDS was cloned into a pET32a expression vector. The cloned construct was

transformed into BL21 (DE3) cells and expressed. AiFDS was obtained as soluble
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form and purified by Ni-NTA affinity column chromatography. The recombinant
protein was approximate 98 % pure as analyzed by SDS-PAGE (Figure 3.9). The
purified prenyltransferase was incubated with DMAPP/GPP and IPP (Figure 3.10)
followed by treatment with alkaline phosphatase. GC-MS analyses of the assay
extracts indicated the formation of FPP which was further confirmed by comparing
the retention time, mass fragmentation pattern and co-injection studies with standard
(E,E)-farnesol (Figure 3.11). Further GC-MS analysis of alkaline phosphatase treated
assay mixture of AIFDS with FPP and IPP did not show the formation of
geranylgeraniol indicating that AIFDS catalyzes the chain elongation reaction to

produce FPP as the sole enzymatic product.

PPO/\/K Xopp
AiFDS AiFDS
/\)\
PPO

Farnesyl diphosphate

G 1 diphosphat
DMAPP eranyl diphosphate Alkaline
Phosphatase
> NS NS
OH
Farnesol

Figure 3. 10 Schematic Representation of AiFDS Assay.

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 109



Chapter 3

(E,E)-Farnesol Standard

Substrate Control

Enzyme Control

AiFDS with DMAPP and IPP_

Co-injection with (E,E)-Farnesol L

AiFDS with GPP and IPP

19 19.5 20 20.5 21 21.5 22 22.5 23

Figure 3. 11 Total lon Chromatograms of AiFDS Assays with DMAPP/GPP and IPP as
Substrates.

3.4.2 Real-Time PCR Analysis

To determine the role of prenyl diphosphate synthases in triterpenoid
biosynthesis, real-time PCR analysis of AiGDS and AiFDS was carried out by taking

GAPDH as an intrinsic control.

AIFDS (Figure 3.12) showed very high expression level in seeds as compared
to other tissues. Expression patterns of AiFDS were found to be similar to metabolic
profiling suggesting that these genes is involved in triterpenoid biosynthesis.
Overexpression of FDS in Panax ginseng and Centella asiatica resulted in increased
accumulation of phytosterols and triterepenes'?, which further confirms the
involvement of AIFDFS in triterpenoid biosynthesis. AiGDS (Figure 3.12) showed
very high expression in leaf and flower, compared to other tissues. These results

indicate that AiGDS might be involved in other class of terpene biosynthesis in neem.
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Figure 3. 12 Real-Time PCR Analysis of AiGDS and AiFDS.
A: AiGDS was highly expressed in leaf. B: AiGFS was highly expressed in seed.

3.5 Conclusion

Prenyltransferases catalyse head-to-tail condensation and chain elongation
reactions of DMAPP and IPP to produce prenyl diphosphates like geranyl
diphosphate, farnesyl diphosphate, geranylgeranyl diphosphate and other
diphosphates. Prenyltransferases are involved in branching point of terpenoid
metabolism and play a regulatory role in the distribution of isoprene units into various
terpenoid biosynthesis. A total of ten prenyltransferases were obtained from neem
transcriptome (Chapter 2, Table 2.3). Two geranyl diphosphate synthase (GDS), one
farnesyl diphosphate synthase (FDS) and seven putative geranylgeranyl diphosphate
synthases (GGDS) were identified. @ BLAST studies indicated that
Neem_transcript_10912 was a homomeric GDS and Neem_transcript_10001 may be
the smaller subunit of heteromeric GDS. Neem_transcript_10912 (AiGDS) and
Neem_transcript_25722 (AiFDS) were cloned into pET32a vectors and protein was
purified from expression system. DMAPP/GPP and IPP were used as substrates for
assay and enzyme activity was confirmed by GC-MS and co-injection with authentic
standards. AIFDS showed higher expression in seeds and its expression pattern
matches with limonoids profile, which indicates its involvement in the triterpenoid

biosynthesis.
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3.6 Appendix: Agarose Gel Electrophoresis for Colony PCR
Screening

3.6.1 Cloning of AiGDS in pET32a Vector

Colony PCR with T7 promoter forward and T7 reverse primer for the
screening of geranyl diphosphate synthase cloned into pET32a vector.

9= 0= 11~ =3~ 1415~ 16~ 17 18

1.6kb

1.4kb

Figure 3. 13 Colony PCR Screening for AiGDS Cloned in pET32a on an Agarose Gel.
Lane 1: Negative control, Lanes 2-17: PCR with T7 promoter and T7 reverse primer and
Lane 18: 1 Kb DNA ladder Invitrogen (Addendum Figure A2.A).

3.6.2 Cloning of AiFDS in pET32a Vector

Colony PCR with T7 promoter and T7 reverse primer for the screening of
farnesyl diphosphate synthase cloned into pET32a vector.

.6kb

1.2kb

Figure 3. 14 Colony PCR Screening for AiFDS Cloned in pET32a on an Agarose Gel.
Lane 1-9: PCR with T7 promoter and T7 reverse primer negative control, Lanes 10:
Negative control and Lane 11: 1 Kb DNA ladder Sigma (Addendum Figure A1.A).
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4.1 Introduction

Limonoids are a class of triterpenoids which are highly modified and
oxygenated with basic skeletons of 4,4,8-trimethyl-17-furanylsteroid and its
derivatives. These are present abundantly in plant Meliaceae family and are known as
meliacins'. Azadirachta indica (neem) belongs to Meliaceae family and contains
more than 150 triterpenoids or meliacins of which some are more complex and highly
oxygenated®. The abundance of total limonoids is high in neem kernel and pericarp
and lower in flower, stem and bark. Broadly neem limonoids were divided into ring
intact or basic type and C-seco type with opened C ring. These limonoids
distributions differ across neem tissues. For example, the basic limonoids are high in
pericarp and C-seco limonoids are high in the kernel®. The tissue-specific distribution

of limonoids in neem shows that their biosynthesis is very well regulated.

Farnesyl diphosphate, which is synthesized from allelic diphosphates (IPP and
DMAPP) act as the precursor diphosphate metabolite for the synthesis of steroids and
triterpenoids. Head-to-head condensation of two molecules of FPP results in the
formation of squalene, which is catalyzed by squalene synthase (SQS) in the presence
of cofactor NADPH. In 1953, Woodward R.B. and Bloch K proposed the
involvement of squalene in cholesterol biosynthesis®. Squalene epoxidase (SQE)
oxidizes squalene into 2,3-oxidosqualene, which act as the substrate for synthesis of
steroids and triterpenoids. Independent research from Corey and Van Tamelen stated
that 2,3-oxidosqualene acts as a substrate for lanosterol biosynthesis®® and further in
1975 Barton confirmed the same’®. In Panax ginseng, two SQE genes have been
identified. When PgSQEL transcription was suppressed through RNA interference a
reduction of ginsenoside production was found. Whereas, in roots, upregulation of
PgSQE2 and cycloartenol synthase resulted in enhanced phytosterol, which indicates
that PgSQE1 is involved in triterpenoid biosynthesis®. Similarly, in Arabidopsis
thaliana, three SQE genes were identified and out of the three, AtSQEL play a key
role in seed and root development. AtSQE1-3 mutant, accumulates squalene
indicating the blockage of triterpenoid biosynthesis'®*. Thus, we can interpret that
multiple SQE play a key regulatory role in steroid and triterpenoid biosynthesis in

plants.
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The first committed step in triterpenoid biosynthesis is cyclization of 2,3-
oxidosqualene which is catalyzed by triterpene synthases (TTS). Plants, microalgae
and many protozoa possess cycloartenol synthase (CAS), whereas animals and fungi
have lanosterol synthase for the synthesis of the respective steroids'?. In animals,
lanosterol further modified into steroids, which play key role in membrane fluidity
and act as hormones. In plants, cycloartenol further modified into brassinosteroids,
play a key role in cell elongation and seed germination. In most of the plants, more
than one TTS are found to be present in the genome. For example, two TTS are
observed in Ocimum basilicum*® whereas thirteen TTS were observed in A. thaliana.
These TTS can cyclize the 2,3-oxidosqualene into single or multiple triterpene
skeleton products. A. thaliana triterpene synthase PEN3 (at5g36150) makes tirucalla-
7,24-dien-3p-ol (~85%) and seven minor products**. Euphorbia tirucalli (AB206469)
B-amyrin synthase (EtBAS) can produce p-amyrin, tirucalla-7,24-dien-33-ol and

butyrospermol*®.

(S)2,3-oxidosqualene undergoes a series of cyclization, ring expansion,
rearrangement (1,2 methyl/hydride shifts) and deprotonation to form cyclic
triterpenes™®. Protonation of epoxide ring triggers cyclization in 2,3-oxidosqualene.
Neighbouring group participation (NGP) from double bond (C-6/C-7) facilitates the
initial protonation as well as A ring formation, which results in monocyclic C-10
cation. Deprotonation of C-19 and C-1 from monocyclic C-10 cation results in
camelliol C and achilleol A, respectively. Bicyclic C-8 cation B ring form when
monocyclic C-10 cation undergoes NGP from double bond (C-8/C-9). Bicyclic
triterpene, polypoda-7,13,17,21-tetraen-3p-ol, is generated by deprotonation of C-7
from bicyclic C-8 cation. C ring as well as 6,6,5-tricyclic C-14 cation forms when
NGP from double bond (C-13/C-14) on bicyclic C-8 cation. Protosteryl C-20 cation
and dammarenyl C-20 cation are formed from tricyclic cation having either C-B-C

(chair-boat-chair) or C-C-C (chair-chair-chair)*’ conformation (Figure 4.1).
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Figure 4. 1 Scheme for Cyclization of (S)2,3-Oxidosqualene into Tricyclic Cation and
Derivatives.

6,6,5-tricyclic C-14 cation (C-B-C conformation) undergoes C-ring expansion
(anti-markovnikov reaction) to from 6,6,6-tricyclic C-13 cation. Further, tetracyclic
protosteryl C-20 cation is formed by NGP from double bond (C-17/C-21) on tricyclic
cation. The formation of lanosteryl C-8 cation is a result of 1,2-shift of hydride ion
(H17-Cp20, H130-C17) and two methyl group (Me30B-C13, Mel8a-C14) from
tetracyclic cation. Parkeol and lanosterol are formed by deprotonation at C-11 and C-
9 from lanosteryl C-8 cation, respectively’’. Furthermore, lanosteryl cation undergoes
1,2 shifts of hydride (H9B-C8) resulting in lanosteryl C-9 cation. The rearrangement
(Mel9B-C9, H5a-C10) and deprotonation C-6 of lanosteryl cation results in
formation of cucurbitadienol. The deprotonation of C-19 from lanosteryl C-9 cation

results in cycloartenol*® (Figure 4.2).
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Figure 4. 2 Protosteryl C-20 Cation Synthesis and its Tetracyclic Triterpenes.

Triterpene malabarica-14(27),17,21-trien-3-ol synthesized is from 6,6,5-
tricyclic C-14 cation (C-C-C conformation) by deprotonation at C-30'°. C-ring
expansion through anti-markovnikov reaction forms 6,6,6-tricyclic C-14 cation. The
NGP from double bond (C-17/C-21) on tricyclic cation results in formation of
tetracyclic dammarenyl C-20 cation (C-C-C-B) and 17-epi-dammarenyl C-20 cation
(C-C-C-C). Tetracyclic triterpenes such as dammara-20(21),24-dien-33-ol, (20E)-
dammara-20(22),24-dien-3p-ol and (17E)-dammara-17(20),24-dien-33-ol are formed
by C-21, C-22 and C-17 deprotonation of dammarenyl C-20 cation, respectively.
Further, the 1,2-shift of hydride and methyl groups (H17a —C20, H13B-C17, Me30a-
C13, Me18B-C14) from (17E)- or dammarenyl C-20 cation results in tirucallane C-8
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cation and euphane C-8 cation. The deprotonation at C-9 and C-7 from tirucallane C-
8 cation produces tirucallol and tirucalla-7,24-dien-3B-ol, respectively. Similarly,
deprotonation of C-9 and C-7 from euphane C-8 cation produces euphol and
butyrospermol, respectively?® (Figure 4.3).
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i Y A~
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6,6,5-Tricyclic C-14 cation Malabarica-14(27),17,21-trien-3-ol
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dien-3B-ol

z o
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(20E) dammara Dammarenyl C-20 cation 6,6,6- Trlcycllc C-14 cation 17-epi-dammarenyl C-20 cation
20(22),24-dien-3B-ol / H17a -C20, H13B-C17,
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Qé%\/ﬁ/ Q:?bt\/\r Hogﬁ\pgvﬁ/ i %9}\/\(

Euphol Butyrospermol Tirucallol Tirucalla-7,24-dien-33-ol

Figure 4. 3 Dammarenyl C-20 Cation Synthesis and its Tetracyclic Triterpenes.

Dammarenyl C-20 cation undergoes D ring expansion leading to the 6,6,6,6-
fused baccharenyl C-18 cation. Further, E ring closure forms 6,6,6,6,5-fused lupanyl
C-20 cation. Deprotonation from Met29 gives lupeol whereas, its rearrangement and
deprotonation leads to formation of lup-12-en-3B-ol. Germanicyl C-19 cation is
produced by E ring expansion from lupanyl cation and the deprotonation from C-18
results in germanicol. 1,2-shift of hydrid ions (H18a-C19, H13B-C18) produces
oleanyl C-13 cation, C-12 deprotonation results in B-amyrin. When Oleanyl C-13
cation undergoes 1,2-shift of methyl group (Me27a-C13) it results in taraxareyl C-14
cation and the further deprotenation from C-15 leads to taraxerol formation.
Rearrangement of taraxareyl C-14 cation (Me26B-C14, H9a-C8, Me258-C9, H5a-
C10) results in glutinyl C-5 cation, deprotonation from C-6 leads to glutinol. Further,
glutinyl cation undergoes rearrangement (Me243-C5) resulting in fridelyl C-4 cation.
This rearrangement in turn leads to friedelin synthesis?*. Taraxasteryl C-20 cation is
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produced when germanicyl C-19 cation undergoes rearrangement (Me29p-C19). C-23

and C-30 deprotonation of taraxasteryl C-20 cation results in P-taraxasterol and
taraxasterol, respectively. Hydrid shift (H19-C20, H180-C19, H130-C18) in
tarasasteryl cation leads to the formation of ursanyl C-13 cation. Deprotonation from

C-12 and rearrangement leads to a-amyrin and isoursenol, respectively?® (Figure 4.4).
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Figure 4. 4 Mechanism for Pentacyclic Tritereene anthesis
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Euphol and tirucallol derivatives are predicted to be involved in limonoid
biosynthesis based on oxygenated Cz, compounds (protolimonoid skeleton) isolated
from Meliaceae plants®®. The difference between euphol (C-20 R) and tirucallol (C-
20 S) is the orientation of C-22 with respect to C-13. These two are epimers at C-20
and are formed by C17 (20)-bond rotation. Butyrospermol and tirucalla-7,24-dien-3p-
ol are A’-euphol and A’-tirucallol, respectively and are synthesized from 6/6/6/5-
fused tetracyclic dammarenyl cation?®. The confirmation of dammarenyl cation is in
euphol/A’-euphol and tirucallol/A’-tirucallol is chair-chair-chair-boat and chair-chair-
chair-chair, respectively. The dammarenyl cation undergoes 1,2-migration of hydride
and methyl groups (H17a,—C20, H13—C17, Me30a—C13, Mel83-C14) to form
C-8 carbocation®*. C-7 deprotonation and C-17 (20)-bond rotation results in the
formation of butyrospermol and tirucalla-7,24-dien-3p-ol. In case of euphol and
tirucallol, deprotonation occurs at C-9 position. Tritium labelled nimbolide was
observed when labelled euphol, tirucallol, A’-tirucallol and butyrospermol were fed
into leaves of neem and euphol was found to be more effectively incorporated. From
these experiments, either of A’-isomer of euphane (butyrospermol) or tirucallane
(tirucalla-7,24-dien-3p-ol) is predicted to be the protolimonoid skeleton for limonoid
biosynthesis in neem®%. Characterization of triterpene synthases from neem helps in
understanding the type of protolimonoid skeleton involved in neem limonoid

biosynthesis.

4.2 Neem Squalene Epoxidase and Triterpene Synthases

Squalene epoxidase catalyzes the oxidation of squalene into 2,3-
oxidosqualene and plays a key role in the synthesis of steroids and triterpenoids. In
neem, a total of three SQE were observed. AISQE1l (Master_Control 31859/
Neem_transcript_11067; NCBI JX997152) is highly expressed in flower and leaves.
AISQE2 (Master_Control_42537/ Neem_transcript_18229) is expressed low as
compared to other AISQEs. AiISQE3 (Master_Control_80013/
Neem_transcript_18980) shows considerably high expression in kernel and pericarp.
Based on the comparative expression levels, AiISQE3 is predicted to be involved in
limonoid biosynthesis. Triterpene synthase catalyzes the first committed step in

triterpenoid and steroid biosynthesis by cyclizing 2,3-oxidosqualene. In neem, six
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triterpene  synthases  were  observed.  AICAS  (Master_Control_74065/
Neem_transcript_27436) is cycloartenol synthase which is expressed almost equally
in all the tissues. A correlation can be drawn between expression profile of AITTS1
and neem limonoids profile (Master_Control_24780/ Neem_transcript_28920) which
are highly expressed in seed. AITTS1 is differently expressed in the kernel as
compared to flowers which give us an indication of its involvement in limonoid
biosynthesis. AITTS2 (Master_Control_74892) is highly expressed in flower and
leaves. AITTS3 (Master_Control _70149), AiTTS4 (Master_Control 70584) and
AITTS5 (Master_Control_101750) show a least expressions as compared to other
AITTSs. One squalene epoxidase (AISQEL) and two triterpene synthases (AiTTS1
and AITTS2) were selected for functional characterization.
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Figure 4. 5: RPKM of Squalene Epoxidases (AiSQE) and Triterpene Synthase (AITTS)
Across Different Tissues in Neem.
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4.3 Materials and Methods

4.3.1 Materials Used in this Study

4.3.1.1 Bacterial Strains and Plasmids Used in the Study

Escherichia coli Mach1™ T1® (ThermoFisher Scientific, USA) cloning cells
were used for transformation of plasmids or ligation mixtures. Zero Blunt™ PCR
Cloning Kit (ThermoFisher Scientific, USA) was used for cloning of RACE
products. pYES2/CT Yeast Expression Vector (ThermoFisher Scientific, USA),
PESC-LEU Yeast Expression Vector (Agilent Technologies, USA) and pRS315-TEF
Yeast Expression Vector (obtained from Dr. Anand Bacchwat, IISER, Mohali) were
used of cloning of AISQEL and AITTSs. Expression of AiSQE and AIiTTSs were
done in INVScl, Saccharomyces cerevisiae yeast Strain (ThermoFisher Scientific,
USA).

4.3.1.2 Kits and Reagents Used in the Study

SuperScript® 111 Reverse Transcriptase (ThermoFisher Scientific, USA) was
used for cDNA synthesis. JumpStart™ Taq DNA Polymerase (Sigma-Aldrich, USA)
and AccuPrime™ Pfx DNA Polymerase (ThermoFisher Scientific, USA) were used
for amplification of AISQE1 and AITTSs. PCR products were gel eluted by using
PureLink™ Quick Gel Extraction and PCR Purification Combo Kit (ThermoFisher
Scientific, USA). Plasmids were isolated by using GenElute™ Plasmid Miniprep Kit
(Sigma-Aldrich, USA). GelRed™ (Biotium Inc., USA) was used for nucleic acid
staining. Restriction enzymes (New England Biolabs, USA) and T, DNA ligase
(Invitrogen/ Life Technologies, USA) used for cloning. Postive clones were
transformed into yeast by using S.c. EasyComp™ Transformation Kit (ThermoFisher
Scientific, USA). Mutagenesis was performed by using QuikChange Lightning site-
directed mutagenesis kit (Agilent Technologies, USA). DNA contamination from
RNA was removed by using DNase | Amplification Grade Kit (Sigma-Aldrich,
USA). FastStart Universal SYBR Green Master (Rox) (Roche, Switzerland) was used
for real-time PCR.
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4.3.1.3 Primers

4.3.1.3.1 Primers for AiSQE1
Table 4. 1 Primers Used for Cloning of AiSQEL.

Primer Name Primer Sequence

AISQE1_pESC-LEU_FP ACACAGGATCCGATGGCGGCTGTGATTGAT
AISQE1_pESC-LEU_RP ATATTCAAGCTTTCAATGGTGATGGTGATGAT
GATCGTCAACAGGAGGAGC

AISQE1_ pRS315-TEF _FP ACGATCGGATCCCACACAATGTCCACCGGAAA
CTGCAATATCCAAAATG

AISQE1_ pRS315-TEF _RP GATTGCAAGCTTTTAATGGTGATGATGATGAT
GAGAAGAACCATCGTCAACAGGAGGAGCTCTG

GAL1_FP TCTGGGGTAATTAATCAGCGAAGCGATG
GAL1 RP CTAGACTTCAGGTTGTCTAACTCCTTC
GAL10_FP GATAATGGGGCTCTTTACATTTCCACAAC
GAL10_RP CAACGATTTGACCCTTTTCCATCTTTTCG
CYC Reverse Primer GCGTGAATGTAAGCGTGAC

4.3.1.3.2 Primers for AiTTS1
Table 4. 2 Primers Used for Cloning of AiTTS1.

Primer Name Primer Sequence

AITTS1 _FP ATGTGGAAGCTGAAGATTGCAGAG

AITTS1 _RP TTAATTAGGCAATGGAACTTTTCTTCTATATT
C
GATCACGAATTCAACACAATGTCTATGTGG

AITTS1_pYES2/CT _FP AAGCTGAAGATTG
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AITTS1_pYES2/CT _RP

CATGCAGCGGCCGCATTAGGCAATGGAACT
TTTC

AITTS1_RT-PCR _FP

GACCTTATTGTTGAGCATACTTA

AITTS1_RT-PCR_RP

CCATCAGCAGTTTGTTCAT

4.3.1.3.3 Mutation Primers for AiTTS1

Table 4. 3 Primers Used for Mutagenesis of AiTTS1.

Mutation

AITTS1_L553F_FP

Primer Sequence

CCTGTAGAGTTTITCGAGGACCTTATT

AITTS1_L553F_RP

AATAAGGTCCTCGAAAAACTCTACAGG

AITTS1_Y125F _FP

TCTGGCCCTATGITTTTCCTTCCTCCA

AITTS1_Y125F_RP

TGGAGGAAGGAAAAACATAGGGCCAGA

AITTS1_F260Y_FP

CAAATGTGGTGCTACTGCCGGCTGGTT

AITTS1_F260Y_RP

AACCAGCCGGCAGTAGCACCACATTTG

AITTS1_V550T_FP

TGGCTCAATCCTACAGAGTTTCTGGAG

AITTS1_V550T_RP

CTCCAGAAACTCTGTAGGATTGAGCCA

AITTS1_V534A_FP

GGTGGAATAGCAGCATGGGAGAAAGCTG

AITTS1_V534A_RP

CAGCTTTCTCCCATGCTGCTATTCCACC

AITTS1_T413S_FP

GAATGAAAGTTCAGTICATTTGGCAGTCAAAC

AITTS1_T413S_RP

GTTTGACTGCCAAATGACTGAACTTTCATTC

AITTSL_L5561_FP

GTTTCTGGAGGACATAATTGTTGAGCATAC

AITTS1_L5561_RP

GTATGCTCAACAATTATGTCCTCCAGAAAC

AITTS1_V484L_FP

GATCATGGTTGGCAACTTTCAGATTGTACTGCAG

AITTS1_V484L_RP

CTGCAGTACAATCTGAAAGTTGCCAACCATGATC

4.3.1.3.4 Primers for AiTTS2
Table 4. 4 Primers Used for Cloning of AiTTS2.

Primer Name

Primer Sequence
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AITTS2_3'RACE_FP TATGGGTTGGCGAAGATGGAATGAAG
AITTS2_3'RACE_NFP GAATGGGATGCTGGTTTTGCTATTC
Universal 3'RACE RP GCTGTCAACGATACGCTACGTAACG

Universal 3'RACE Nested RP CGCTACGTAACGGCATGACAGTG
GATCACGCGGCCGCAACACAATGTCTATGT

AITTS2_pYES2/CT _FP

GGAAGCTTAAGGTTGCAGATG
AITTS2_pYES2/CT _RP CAGTACTCTAGAGCTACTTAGCTGCACGGTG
AAAAGG
AITTS2_RT-PCR _FP AGGTCAAAGCTGGGGAGGAAATCAC
AITTS2_RT-PCR _RP GTCTTGGCAACCATCAGGTCCTTCT

4.3.1.3.5 Primers for Actin
Table 4. 5 Primers Used for Actin

Primer Name Primer Sequence

AGGCATCCACGAGACCACTT
Actin_FP

Actin_RP TGGCGCTAGAGCAGAAATTTC

4.3.1.6 GC-FID/GC-MS Program

Functional characterization of AISQEL and AITTS1 were carried out on GC-
FID or GC-MS equipped with 30 m x 0.25 mm x 0.25 um capillary columns (HP-5
MS, J & W Scientific and Restek Rtx-5) using the program: 80 °C for 1 min, 5
°C/min rise till 290 °C and hold for 20 min was used.

4.3.2 Cloning and Characterization of AISQE1, AiTTS1 and AiTTS2

4.3.2.1 Homology Model of AiTTS1 and AiTTS2
Easymodler 4.0 was used to generate homology model of AITTS1 and

AITTS2. Human lanosterol synthase coordinates were used as a template. The
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homology models were validated by using PROCHECK and images were generated
by PYMOL (v. 1.8).

4.3.2.2 Cloning and Characterization of AiTTS1

Full-length primers (Table 4.2, AITTS1_ pYES2/CT _FP and AITTS1_
pYES2/CT _RP) for AITTS1 ORF were designed from its transcripts
(Master_Control_24780/ Neem_transcript_28920) as a template. cDNA was used as a
template for PCR reaction using AccuPrime Pfx Supermix (Invitrogen) to amplify
full-length AiTTS1using the PCR program: 95 °C for 5 min, followed by 35 cycles at
95 °C for 30 sec, 60 °C for 30 sec, 68 °C for 2 min 20 sec followed by final extension
at 68 °C for 5 min. Full-length AITTS1 PCR product was cloned into EcoRI and Not/
cloning sites of pYES2/CT expression vector using T, DNA ligase. The ligation
mixture was transformed into Mach1™ T1® competent cells and plated on LA
containing 100 pg/mL of ampicillin and incubated overnight at 37 °C. Positive clones
were identified by carrying out colony PCR using with T7 forward and CYC reverse
primers. Full-length AITTS1 cloning was confirmed by analyzing the sequences
obtained by Sanger sequencing of positive clones by using T7 forward and CYC

reverse primers.

The expression of AITTS1 was carried out in INVScl, S. cerevisiae yeast
strain. The cloned AiTTS1 plasmid was transformed using S.c. EasyComp™
Transformation Kit and plated on CSM-URA plates. A single colony was inoculated
into 2 % glucose contain CSM-URA (50 ml) and incubated at 30 °C. The overnight
grown culture was induced by transferring it into 2 % galactose containing CSM-
URA (500 mL) and incubated at 30 °C for 24 h. Cells were collected by
centrifugation at 1500 x g for 10 min at 4 °C. Saponification was done with 10 %
KOH in 80 % ethanol at 70 °C for 2 h and then extracted thrice with equal volumes of
n-hexane. Metabolite extracts were passed through anhydrous sodium sulphate and
concentrated to 50 uL. The extracted samples were analyzed by GC-MS (4.3.1.6-GC-
FID/GC-MS Program).

To characterize the AiITTS1 metabolite, 25 L of yeast culture was grown in 2

% galactose containing CSM-URA medium. Crude metabolite extract was obtained
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from n-hexane extract of saponified yeast pellet as described above. 120 mg of crude
metabolite was loaded onto the column (1 x 50 cm) containing 5 % silver nitrate
impregnated silica gel (230 — 400 mesh size) and dichloromethane (DCM) was used
as a solvent. The column was passed through 100 % DCM in which lanosterol and
AITTS1 metabolic product were eluted. Squalene and ergosterol were eluted when
the polarity was increased to 5 % by methanol. All the eluted fractions were analyzed
by GC-MS. The AITTS1 metabolite mass, structure and stereochemistry were
analyzed using different techniques such as by GC-MS, *H-NMR, *C-NMR, DEPT,
HMBC, HSQC, COSY and NOSY.

4.3.2.3 Cloning and Characterization of AiTTS2

In order to get a full-length gene of AiTT2, 3' RACE PCR was performed by
using AITTS2 3' RACE forward primer (Table 4.4, AiTTS2_3' RACE_FP and
AITTS2_3'RACE_NFP) and universal 3' RACE reverse primer. RACE cDNA was
used as a template for PCR reaction using AccuPrime Pfx Supermix (Invitrogen) to
amplify 3' RACE product. A gradient PCR (95 °C for 5 min, followed by 35 cycles at
95 °C for 30 sec, 58 - 66 °C for 30 sec, 68 °C for 1 min 30 sec and a final extension at
68 °C for 5 min) was performed in order to amplify 3' RACE fragment. The amplified
3'RACE product was used as a template with AITTS2 3' nested RACE forward
primer and universal nested 3' RACE reverse primer to get desired 3' RACE product.
The program for PCR was 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 sec,
60 °C for 30 sec, 68 °C for 1 min 30 sec and the final extension at 68 °C for 5 min.
The 3' RACE product was cloned into pCR™-blunt vector. The ligation mixture was
transformed into Mach1™ TIR competent cells and plated on LA containing 100
pug/mL of ampicillin and incubated overnight at 37 °C. Positive clones were identified
by carrying out colony PCR using M13 forward and M13 reverse primers. The
sequence of AITTS 3' RACE was obtained by analyzing the sequences obtained by

Sanger sequencing of positive clones by M13 forward and M13 reverse primers.

Full-length primers for AiTTS2 ORF were designed using their transcript
(Master_Control_74892) and AITTS2 3' RACE product as a template. cDNA was
used as a template for PCR reaction using AccuPrime Pfx Supermix (Invitrogen) to

amplify full-length AITTS2. The program for PCR was 95 °C for 5 min, followed by

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 129



Chapter 4
35 cycles at 95 °C for 30 sec, 60 °C for 30 sec, 68 °C for 2 min 20 sec followed by
final extension at 68 °C for 5 min. Full-length AiTTS2 PCR product was cloned into

Notl and Xbal cloning sites of pYES2/CT expression vector using T4 DNA ligase.
The ligation mixture was transformed into Mach1™ T1® competent cells and plated
on LA containing 100 pg/mL of ampicillin and incubated overnight at 37 °C. Then
colony PCR was carried out (T7 forward and CYC reverse primers) to identify the
positive colonies. Full-length AITTS1 cloning was confirmed by analysing the
sequences of positive clones by Sanger sequencing using T7 forward and CYC

reverse primers.

The expression of AITTS2 was carried out in INVScl, S. cerevisiae yeast
strain. The cloned AiTTS2 plasmid was transformed by using S.c. EasyComp™
Transformation Kit and plated on CSM-URA plates. A single colony was inoculated
into 2 % glucose contain CSM-URA and incubated at 30 °C. The overnight grown
culture was induced by transfer to 2 % galactose containing CSM-URA and incubated
at 30 °C for 24 h. Cells were collected by centrifugation at 1500 x g for 10 min at
4 °C. Saponification was done with 10 % KOH in 80 % ethanol at 70 °C for 2 h and
then extracted thrice with equal volumes of n-hexane. Metabolite extracts were
passed through anhydrous sodium sulphate and concentrated. The extracted samples
were analyzed by GC-MS (4.3.1.6-GC-FID/GC-MS Program).

4.3.2.4 Cloning and Characterization of AiSQE1

Full-length primers (Table 4.2: AiISQE1 pESC-LEU_FP and AiSQE1_pESC-
LEU RP) for AISEQ1 ORF were designed from their transcripts
(Master_Control_31859/Neem_transcript_11067) as template. Apart from this,
primers (Table 4.2, AiISQE1_pRS315-TEF_FP and AiSQE1_pRS315-TEF_RP) were
designed by removing the putative membrane-binding domain of AiSQE1 to obtain
truncated form of the gene. cDNA was used as a template for PCR reaction using
AccuPrime Pfx Supermix (Invitrogen) to amplify full-length AISQE1. The program
for PCR was 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 sec, 62 °C for
30 sec, 68 °C for 1 min 30 sec followed by final extension at 68 °C for 5 min. Full-
length AISQE1 PCR product was cloned into BamHI and Sacl cloning sites of pESC-
LEU expression vector using T4 DNA ligase. The ligation mixture was transformed
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into TOP10 competent cells and plated on LA containing 100 pg/mL of ampicillin
and incubated overnight at 37 °C. Further colony PCR was carried out (with GAL1
forward and GAL1 reverse primers) to identify the positive clones. Full-length
AISQEL1 cloning was confirmed by analyzing the sequences obtained by Sanger

sequencing of positive clones by using GAL1 forward and GAL1 reverse primers.

The truncated AISQE1 was amplified using AccuPrime Pfx Supermix
(Invitrogen) using PCR program as follows: 95 °C for 5 min, followed by 35 cycles at
95 °C for 30 sec, 56 °C for 30 sec, 68 °C for 1 min 30 sec min followed by final
extension at 68 °C for 5 min. Truncated AISQE1 PCR product was cloned into
BamHI and Sacl cloning sites of pRS315-TEF expression vector using T, DNA
ligase. The ligation mixture was transformed into Mach1™ T1® competent cells and
plated on LA containing 100 pg/mL of ampicillin and incubated overnight at 37 °C.
Positive clones were identified by colony PCR with AiSQE1 forward primer and
CYC reverse primers. AiSQEL cloning was confirmed by analyzing the sequences

obtained by Sanger sequencing of positive clones by using CYC reverse primer.

The expression of AISQE1 was carried out in INVScl, Saccharomyces
cerevisiae yeast strain. AiSQE1 positive clone of pESC-LEU and pRS315-TEF
plasmids were transformed using S.c. EasyComp™ Transformation Kit and plated on
complete supplement mixture without URA (CSM-URA) and complete supplement
mixture without LEU (CSM-LEU) plates, respectively. Along with this, AISQE1
positive clone was transformed into INVScl cells containing AiTTS1-pYES2/CT. A
single colony was inoculated into 2 % glucose containing complete supplement
mixture (CSM) without respective amino acid selection marker and incubated at
30 °C. An overnight grown culture was induced by transferring it into 2 % galactose
containing (CSM, 500 ml) without respective amino acid selection marker (O.D at
600 nm was maintained as 0.4) and incubated at 30 °C for 24 h. Cells were collected
by centrifugation at 1500 x g for 10 min at 4 °C. To quantify the changes in the level
of sterol, 200 pg of cholesterol (Sigma-Aldrich) was added as an internal control to
each cell pellet. Saponification was done with 10 % KOH in 80 % ethanol at 70 °C
for 2 h and then extracted thrice with equal volumes of n-hexane. Metabolite extracts
were passed through anhydrous sodium sulphate and concentrated to 500 pL. The
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extracted samples were analyzed by GC-FID (4.3.1.6-GC-FID/GC-MS Program).

Quantification of metabolites was done by comparing with a standard graph of

cholesterol ranging from 0.1 to 0.75 mg/mL.
4.3.3 Mutational Analysis of AITTS1

4.3.3.1 Phylogenetic Analysis

AITTS1, AITTS2 and triterpene synthases characterized from other organisms
were considered for phylogenetic analysis. Sequences were aligned by ClustalW and
neighbour joining tree was constructed with MEGA version 7.0.21 software.
Confidence levels for branches were obtained by bootstrap analyses with 1000

replicates.

4.3.3.2 Site-Directed Mutagenesis

The mutation primers (Table 4.3) were designed based on phylogenetic
analysis. AiTTS1 in the pYES2/CT plasmid was used as a template for site-directed
mutagenesis. The mutations were carried out by using QuikChange Lightning site-
directed mutagenesis kit from Agilent. The mutation reactions were transformed into
XL10 gold ultra-competent cells and plated on LA containing 100 pg/mL of
ampicillin and incubated overnight at 37 °C. Plasmids were isolated from the
individual colonies and mutation was confirmed by analysing sequences obtained

through Sanger sequencing.

The expression of mutated AiTTS1 was carried out in INVScl, S. cerevisiae
yeast strain. The mutated AiTTS1 plasmid was transformed using S.c. EasyComp™
Transformation Kit and plated on complete supplement mixture without URA (CSM-
URA). Expression and metabolite extraction was done as mentioned above for
AITTS1.

4.3.4 RT-PCR Analysis of AiTTS1 and AiTTS2

gPCR primers were designed for AiTTS1, AiTTS2 (Table 4.2 and 4.4) and
actin (Table 4.5) as endogenous gene. RNA was isolated from neem kernel, pericarp,
leaves and flowers using the Spectrum™ plant total RNA isolation kit (Sigma).

DNase treatment was done for all RNA samples using DNase | Amplification Grade
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Kit (Sigma) followed by cDNA synthesis using SuperScript® 111 First-Stand Synthesis
System (Invitrogen). Real-time PCR was carried out with FastStart Universal SYBR
Green Master (Rox) (ROCHE, Switzerland) in AriaMx Real-time PCR System
(Agilent Technologies). Quantification was performed as follows: 95 °C for 5 min, 40
cycles of 95 °C for 30 sec and 57 °C for 1 min. Actin primers were used as an
endogenous control to normalize the expression levels between different tissues.
Threshold (Ct) values were obtained and ACt was calculated as Ct target gene — Ct
endogenous reference gene. Relative fold difference was calculated using AACt
method. Experiments were carried out using three biological replicates with five

technical replicates each.
4.4 Results and Discussion

4.4.1 Homology Model of AiITTS1 and AiTTS2

AITTS1 and AITTS2 crystal structure are not available; hence the model was
generated by using crystal structure co-ordinates from homologous proteins. Human
lanosterol synthase is the only available crystal structure among the 2,3-
oxidosqualene cyclases (triterpene synthases). AiITTS1 and AITTS2 showed 36.7 %
and 33.4 % identity with human lanosterol synthase (PDB ID:1W6K), respectively.
Homology model of AITTS1 and AITTS2 were validated by PROCHEK.
Ramachandran plot suggested that AiTTS1 (Figure 4.6) has 561 residues (84.5 %)
were present in the most favoured region, 80 residues (12 %) were in additional
allowed regions and 17 residues (2.6 %) were in generously allowed regions. Only 6
residues (0.9 %) were in disallowed regions. In homology modeled AiTTS2 (Figure
4.7), 525 residues (86.3 %) were present in most favoured region, 66 residues (10.9
%) were in additional allowed regions and 11 residues (1.8 %) were in generously
allowed regions. Only 6 (1 %) residues of AiITTS2 were in disallowed regions. These
results clearly indicate that AiTTS1 (Figure 4.8) and AiTTS2 (Figure 4.9) models are

valid and can be used for further studies.
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Figure 4. 6 Ramachandran Plot for AiTTS1.
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Figure 4. 7 Ramachandran Plot for AiTTS2.
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Figure 4. 8 Homology Model of AiTTS1.

A) AITTS1 model B) Superimposed image of human lanosterol synthase (1W6K; Surface
view and AiTTS1; helices and sheet view).

Figure 4. 9 Homology Model of AiTTS2

A) AITTS2 model B) Superimposed image of human lanosterol synthase (1W6K; Surface
view and AiTTS2; helices and sheet view).

4.4.2 Cloning and Characterization of AiTTS1

The ORF of AITTS1 was 2,283 bp, which coded for a protein of 760 amino
acids with theoretical molecular weight and calculated pl as 87.2 kDa and 6.7,
respectively. AiTTS1 showed a maximum identity with several characterized TTS
such as 71 % identity with B-amyrin synthase from Betula platyphylla [UniProt:
Q8W3Z1]*, Glycyrrhiza glabra [UniProt: Q9MB42]** and 70 % identity with
taraxerol synthase from Kalanchoe daigremontiana [UniProt: E2IUA6]*. The
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multiple sequence alignment of AiTTS1 consisted of DCTAE motif and six copies of
QW [(K/R)(GIA)XX(FIYIW)(L/INV)XXXQXXXGXW] motifs. The aspartate residue
in DCTAE motif involves in the protonation of epoxide ring of 2,3-oxidosqualene in
order to start a cascade cyclization. QW motifs are the structural elements present in
all triterpene synthase® (Figure 4.11).

AITTS1 was cloned into a pYES2/CT vector (Figure 4.10) and expressed in
INVScl yeast strain (Figure 4.12). Crude n-hexane metabolite extracts of saponified
AITTS1 yeast cells were analyzed on GC-MS along with standard triterpenes such as
tirucallol, euphol, lanosterol, ergosterol, lupeol, a-amyrin and pB-amyrin. The
metabolite formed by AiTTS1 showed same retention time with respect to a-amyrin
and lupeol (Figure 4.13). To characterize the metabolite produced from AITTS1,
large-scale yeast expression was carried for metabolite purification.

2.0kb 2.2 kb

Figure 4. 10 AITTS1 ORF PCR Amplification,

Lane 1: 1 kb plus DNA ladder Invitrogen (Addendum Figure A1.C), Lane 2: Negative
control, Lane 3: AiTTS1 PCR product at 54 °C, Lane 4: AiTTS1 PCR product at 56 °C and
Lane 5: AiTTS1 PCR product at 58 °C, Lane 6: AiTTS1 PCR product at 60 °C, Lane 7:
AITTS1 PCR product at 62 °C.
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Figure 4. 11 Multiple Sequence Alignment of A. indica Triterpene synthase 1 (AiTTS1)

Amino acid sequences of AITTS1 (A. indica), AITTS2 (A. indica), AiCAS (A. indica,
AGC82085), EtTTS (Euphorbia tirucalli, AB206469), RsTTS (Rhizophora stylosa,
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BAF80442), KcTTS (Kandelia candel, BAF35580) and AaTTS (Ailanthus altissima,
DD135972) are used for multiple sequence alignment. The highly conserved DCTAE motif is
indicated in orange, QW motifs are indicated in blue and active site residues in red colour
letters.

oS S P 4 w
{ H I L
A5E -~ A;&Kw Transformedwith {57 > N

N 2,3 Oxidosqualene Plant AlTTSl Squalene 2,3£xid0squalene
> 2%
S e
Sterol Cyclic v Sterol
Biosynthesis Triterpene Biosynthesis
INVScl INVSc1l+pYES2/CT-TTS1

Figure 4. 12 Schematic Representation of the AITTS1 Expression in INVScl Yeast
Strain.
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Figure 4. 13 Total lon Chromatograms of AiTTS1-INVScl Metabolite Extract with
Different Triterpene Standards.

To purify AITTS1 metabolite, 25 L of yeast culture was grown in synthetic
medium without uracil containing 2 % galactose. 120 mg of crude extract was
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obtained from saponification of 130 g of yeast cell pellet followed by n-hexane. The
crude extract was loaded onto the column (1x50 cm) containing 5% silver nitrate
impregnated silica gel (230 — 400 mesh size) and dichloromethane (DCM) was used
as a solvent. Pure DCM running on the column resulted in elution of lanosterol from
fraction 44 to 52. Further running the column with 100 % DCM, AiTTS1 metabolite
was eluted with fraction numbers 64 to 77. Based on the GC-MS analysis fractions 64
to 74 were combined and the pure AITTS1 metabolite was around 6 mg. When the
polarity was increased to 5 % by methanol, squalene (fractions 110 to 113) was eluted
and finally, ergosterol (fractions 119 to 123) was eluted. All the eluted fractions were
analyzed by GC-MS (Figure 4.14 and 4.15). The AiTTS1 metabolite was analyzed by
GC-MS, 'H-NMR, *C-NMR, DEPT, HMBC, HSQC, COSY and NOESY. The
AITTS1 product was identified as tirucalla-7,24-dien-3p-ol based on spectral data.
The spectarl data matched well with that of reported for tirucalla-7,24-dien-3p-ol
(Table 4.7)*. Two enzymes which produce tirucalla-7,24-dien-3f-ol synthases from
A. thaliana (AtPEN3)™ and Ailanthus altissima (AaTDS) were reported till now.
AITTS1shows 66 % identity with AtPEN3 which produces 85% tirucalla-7,24-dien-
3B-ol and several minor products. AiTTS1 shows 85 % identity with AaTDS which

produces tirucalla-7,24-dien-3p-ol.

Table 4. 6 Tirucalla-7,24-dien-38-ol Synthases from Other Plants

Identity with
Gene Name ) Products fromed
AITTS1
) 85% Tirucalla-7,24-dien-3p-
A. thaliana (AtPEN3) 66% ]
ol and several minor products
Ailanthus altissima (AaTDS) 85% Tirucalla-7,24-dien-3p-ol
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Solvent System: 100% DCM

120 mg hexane
extract from 130
gms of Yeast Pellet B
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230-400 silica gel

12 em, 230-400 silica F(41-52) F(62-71) F(73-82)
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2% MeOH/DCM 50/ MeOH/DCM
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.
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K F(83-92) F(92-103)
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Figure 4. 14 5 % AgNO; Silica Column of AiTTS1 Metabolite Purification.

A) Schematic representation of AITTS1 metabolite column, B) TLC plates of different
AITTS1 5 % AgNO; silica column fractions.
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Figure 4. 15 Total lon Chromatograms of Different 5% AgNO; Silica Column Fractions

from AiTTS1 Yeast Extraction.
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4.4.2.1 Characterization of AiTTS1 Metabolite

Table 4. 7 Comarison of NMR Chemical Shifts and Coupling Constants for Tirucalla-
7,24-dien-3p-ol from AiTTS1 and AtPEN3.

3C Chemical 'H Chemical Shifts
Shifts
Tirucalla- Tirucalla-7,24-
7,24-dien-3p- dien-3p-ol
ol
AITT AtPE AITTS1 AtPEN3™
S1 N3
Car &c d¢ Proto &y Scalar ‘H-'H &4 Scalar “H-
bon n couplings 'H
couplings
Cc-1 3719 372 H-la 112 - m,1H 1.143  td, 13.3,4.0
1.18
H-1p  1.68 br.s.,1H 1.681 dt, ~13,35
C-2 2767 27.69 H-2a 1.66 d, J=3.75 Hz, 1.657 dqg, 13.0,3.8
1H
H-2p 1.59 d, J=3.75 Hz, 1598  dddd, 13.9,
1H 13.0,11.8,
3.7
C-3 7925 79.26 H-3a  3.25 dd, J=11.41, 3.245  ddd, 11.6,
392Hz, 1H 5.7,4.0
C-4 3894 38.96 -
C-5 506 50.62 H-5a 1.32 dd, J=12.09, 1317 dd,12.1,5.6
5.62Hz,1H
C-6 2392 2393 H-6a  2.12- m1H 2139  dddd, 17.8,
2.17 5.6,4.3,2.6
H-6p 191- m, 2 H 1.964 dddd, 17.8,
2.00 12.1,29,1.1
Cc-7 1177 11779 H-7 5.26 dt, J=3.41 5256 dt, 4.3,2.9
8 Hz,295Hz 1
H
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C-8 1458 14589 -
8
C-9 48.93 48.96 H-9¢  2.18- m,1H 2.203  dtg, ~13.4,
2.24 3.7,2.8
C-10 3492 34.93 -
C-11 1811 1812 H-1le 145 dt, J=11.84, 1526 m
226 Hz,2H
H-11p 1.53 m, 2H 1489 m
C-12 33.77 33.78 H-120 1.62 - m,1H 1.619 ddd, 14.2,
1.64 10.3, 8.8
H-12p 1.79 dd, J=13.62, 1.782 brdd, 14.2,
9.88 Hz, 1H 9.9
C-13 435 43,51 -
C-14 5113 51.14 -
C-15 34.01 34.02 H-15a 1.53 m,2H 1.49 m
H-15p 1.47 m,1H 1434  ddd, 12.4,
93,23
C-16 282 28.21 H-16a0 1.26 br.s.,1H 1.265 dddd, 13.7,
11.0,8.3,25
H-16p 1.91- m,2H 1.939 dtd, 13.6,
2.00 94,73
C-17 5293 5294 H-17a 1.49 d1H 1472 brqg,~9
C-18 2189 219 H-18  0.82 s, 3H 0809 d,0.7
C-19 131 13.11 H-19 0.75 s,3H 0.747 d,0.8
C-20 3595 35.96 H-20 1.39 m.,1H 1.374 tqd, 9.1, 6.5,
2.7
C-21 1831 1832 H-21 0.89 d, J=6.47 Hz, 0882 d,6.4
3H
C-22 36.17 36.18 H-22R 1.01- m,1H 1.033  dddd, 13.7,
1.08 10.0,8.9,5.0
H-22S 145 dt, J=11.84, 1433  dddd, ~13.7,
2.26 Hz, 2 H 10.4,6.4, 2.7
C-23 25 25.01 H-23R  2.01- m,1H 2039 m
2.08
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H-23S 1.83- m1H 1.859 dq,~14,8
1.90
C-24 1252 12521 H-24 511 t,J=6.47 Hz,1 5.099 tof septet,
H 71,14
C-25 1309 13093 -
1
C-26 25.71 25.72 H-26  1.69 s,3H 1684 qd, 13,05
C-27 17.62 17.63 H-27 161 s,3H 1.604 m
C-28 2759 276 H-28  0.98 s,6 H 0971 d,04
C-29 1471 1472 H-29  0.87 s,3H 0.861 s
C-30 27.25 27.26 H-30 0.98 s,6H 0968 d,1.2

'H NMR (CDCls, 700 MHz, ppm): & 5.26 (1H, dt, J=3.41 Hz,2.95 Hz, H-7), 5.11
(1H, t, J=6.47 Hz, H-24), 3.25 (1H, dd, J=11.41, 3.92 Hz, H-30), 2.18-2.24 (1H, m,
H-9), 2.12-2.17 (1H, m, H-6a), 2.01-2.08 (1H, m, H-23R), 1.91-2.00 (2H, m, H-6p
and H-16B), 1.83-1.90 (1H, m, H-23S), 1.79 (1H, dd, J=13.62, 9.88 Hz, H-12p), 1.69
(3H, s, H-26), 1.68 (1H, br. s, H-1B), 1.66 (1H, d, J=3.75 Hz, H-2a), 1.62-1.64 (1H,
m, H-12a), 1.61 (3H, s, H-27), 1.59 (1H, d, J=3.75 Hz, H-2B), 1.53 (2H, m, H-11
and H-15a), 1.49 (1H, d, H-17p), 1.47 (1H, m, H-15p), 1.45 (2H, m, H-11a and H-
22S), 1.39 (1H, m, H-200), 1.32 (1H, dd, J=12.09, 5.62 Hz, H-5a), 1.26 (1H, br. s, H-
160), 1.12-1.18 (1H, m, H-1a), 1.01-1.08 (1H, m, H-22R), 0.98 (6H, m, H-28 and H-
30), 0.89 (3H, d, J=6.47 Hz, H-21), 0.87 (3H, s, H-29), 0.82 (3H, s, H-18), 0.75 (3H,
s, H-19).

3C NMR (CDCls, 700 MHz, ppm): & 145.88 (C-8), 130.91 (C-25), 125.2 (C-24),
117.78 (C-7), 79.25 (C-3), 52.93 (C-17), 51.13 (C-14), 50.6 (C-5), 48.93 (C-9), 43.5
(C-13), 38.94 (C-4), 37.17 (C-1), 36.17 (C-22), 35.95 (C-20), 34.92 (C-10), 34.01 (C-
15), 33.77 (C-12), 28.2 (C-16), 27.67 (C-2), 27.59 (C-28), 27.25 (C-30), 25.71 (C-
26), 25 (C-23), 23.92 (C-6), 21.89 (C-18), 18.31 (C-21), 18.11 (C-11), 17.62 (C-27),
14.71 (C-29), 13.1 (C-19).
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Figure 4. 16 *H and **C NMR Chemical Shifts of Tirucalla-7,24-dien-3p-ol. *Cé are
Shown in Blue colour and *Hé are Shown in Black Colour.
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Figure 4. 17 '"H NMR Spectrum of Tirucalla-7,24-dien-3p-ol.
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Figure 4. 18 *C NMR Spectrum of Tirucalla-7,24-dien-3p-ol.

3_DEPT135_AITTS1.ESP

2_13C_AITTS1.ESP

147

40 32 24 16

48

Chemical Shift (ppm)

128 120 112 104 96 88

136
Figure 4. 19 DEPT-135 NMR Spectrum of Tirucalla-7,24-dien-3p-ol.
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Figure 4. 20 HSQC DEPT-135 NMR Spectrum of Tirucalla-7,24-dien-3-ol.
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Figure 4. 21 HMBC NMR Spectrum of Tirucalla-7,24-dien-3p-ol.
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Figure 4. 22 COSY NMR Spectrum of Tirucalla-7,24-dien-3g-ol.
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Figure 4. 23 NOESY Spectrum of Tirucalla-7,24-dien-3p-ol.
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4.4.3 Cloning and Characterization of AiTTS2

AITTS2 (Master_Control_74892) was showing 87 % match with as p-amyrin
synthase from Betula platyphylla [UniProt: Q8W3Z1]* and lacked 3' sequence. To
obtain full-length AiTTS2, 3' RACE was performed and obtained the expected 1.2 kb
fragment. AITTS2 3' RACE fragment was cloned into pCR™-Blunt vector and
sequenced with M13 forward and reverse primers. Sequence analysis of 3' RACE
fragment showed 72 % match with Germanicol synthase from Rhizophora stylosa
[UniProt: A8C980].

A

1.2kb

1.3kb

Figure 4. 24 AITTS2 3'RACE PCR Product Amplification

A) AITTS2_3'RACE product amplification with 3'RACE primers. Lane 1: AiTTS2 3'RACE
PCR product at 58 °C,Lane 2: AiTTS2 3'RACE PCR product at 60 °C, Lane 3: AIiTTS2
3'RACE PCR product at 62 °C, Lane 4: AiTTS2 3'RACE PCR product at 64 °C, Lane 5:
AITTS2 3'RACE PCR product at 66 °C, Lane 6: Negative control and Lane 7: 1 kb plus
DNA ladder Invitrogen (Addendum Figure A1.C). B) AIiTTS2_3'RACE product
amplification with 3' Nested(N) RACE primers. Lane 1: 1 kb plus DNA ladder Invitrogen
(Addendum Figure A1.C), Lane 2: AITTS2 3'NRACE PCR product at 58 °C, Lane 3:
AITTS2 3'NRACE PCR product at 60 °C, Lane 4: AiTTS2 3'NRACE PCR product at 62 °C,
Lane 5: AiTTS2 3'NRACE PCR product at 64 °C and Lane 6: AiTTS2 3'NRACE PCR
product at 66 °C.

The ORF of AITTS2 is 2,115 bp, which coded for a protein of 704 amino
acids with theoretical molecular weight and calculated pl as 81.0 kDa and 6.28,
respectively. AiTTS2 had a maximum identity with several characterized TTS such as
77 % identity with p-amyrin synthase from Betula platyphylla [UniProt: Q8W3Z1]%,
germanicol synthase from Rhizophora stylosa [UniProt: A8C980] and 78% identity
with B-amyrin synthase from Bruguiera gymnorhiza [UniProt: A8CDT2]. The
multiple sequence alignment of AiTTS2 consists of DCTAE motif and five copies of
QW [(K/R)(G/IA)XX(FIYIW)(L/IIV)XXXQXXXGXW] motifs. The aspartate residue
in DCTAE motif involves in protonation of epoxide ring of 2,3-oxidosqualene in
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order to start a cascade cyclization. QW motifs are the structural elements present in
all triterpene synthases (Figure 4.11)*°. Apart from one missing QW motif, the C
terminal B-sheet which provide key active site residues for cyclization of 2,3-
oxidosqualene were missing from AITTS2. This clearly states that AITTS2 is an
inactive enzyme (Figure 26). To further confirm, AITTS2 was cloned into a
pPYES2/CT vector (Figure 4.25) and expressed in INVScl yeast strain. Crude n-
hexane metabolite extracts of saponified AiTTS1 yeast cells were analyzed on GC-
MS. No triterpene cyclic product was observed from GC-MS data analysis (Figure
4.27). This confirms that AITTS2 is inactive in nature.

2.0kb

Figure 4. 25 AITTS2 ORF PCR Amplification.

Lane 1: Negative control Lane 2: 1 kb plus DNA ladder Invitrogen (Addendum Figure
Al.C), Lane 3: AiITTS2 PCR product at 54 °C, Lane 4: AiTTS2 PCR product at 56 °C, Lane
5: AiTTS2 PCR product at 58 °C, Lane 6: AiTTS2 PCR product at 60 °C, Lane 7: AiTTS2
PCR product at 62 °C and Lane 8: AITTS2 PCR product at 64 °C.

Figure 4. 26 Predicted Structures of AiTTS1 and AiTTS2.
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A) Structure of AITTS1 with C-terminal -sheet (highlighted in the red circle), B) Structure
of AITTS2 which does not have C-terminal -sheet.

Squalene Ergosterol
Lanosterol
pYES2-CT
J Tirucalla-7,24-dien-3p-ol
A AITTS1
AITTS2

) T 1

35 3‘7 3‘9 4‘1 4‘3 45 47 4‘9 51 53 55
Figure 4. 27 Comparison of Total lon Chromatograms of AiTTS1-INVScl, AiTTS2-
INVScl Metabolite Extract with that of the Control Vector.
4.4.4 Cloning and Characterization of AiSQE1

The ORF of AiISQE1 [GenBank: JX997152] was 1,593 bp, which codes for a
protein of 530 amino acids with theoretical molecular weight and calculated pl as
57.8 kDa and 6.28, respectively. AiSQE showed a maximum identity with several
characterized SQEs such as 78 % identity to SQE from Arabidopsis thaliana
[UniProt: 081000]*, 46 % identity to SQE from Homo sapiens [UniProt: Q14534]%
and 37 % identity to SQE from Candida albicans SC5314 [UniProt: Q92206]°. The
multiple sequence alignment of AiSQE consisted of Rossman fold GXGXXG motif,
DG and GD moatifs, as present in fungus and vertebrates. The GXGXXG motif binds
with dinucleotide of a FAD, DG motif interacts with diphosphate group of FAD and
GD motif may interact with ribityl moiety of a FAD. Photoaffinity labeling®*° and
site-directed mutagenesis>* experiments rat and human SQE helped in identification

of active site residues and these were observed in AiSQE (Figure 4.28).
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Figure 4. 28 Multiple Sequence Alignment of A. indica Squalene Epoxidase 1 (AiISQEL)

Amino acid sequences of AISQEL (A. indica, AGC82087), RatSQE (Rattus norvegicus,
NP_058832), ScSQE (S. cerevisiae, NP_011691), PgSQE(Panax ginseng, 048651), AtSQE2
(A. thaliana, NP_179868), AtSQE3 (A. thaliana, NP_568033) and AtSQEG6 (A. thaliana,
NP_197804) are used for multiple sequence alignment. The highly conserved GXGXXG
motif, DG and GD motifs are indicated in blue colour and active site residues are in red
colour letters.

The full-length ORF of AISQE1 was cloned into a pESC-LEU expression

vector. Further, a truncated®” AAISQE1 without N-terminal putative membrane-
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binding domain was cloned into a pRS315-TEF vector. Both the constructs were

expressed in INVScl yeast strain. Saponification of expressed INVSc1 cells was done

to extract metabolites such as sterol and other triterpenes.

) '16 kb

Figure 4. 29 AISQE1ORF PCR Amplification

Lane 1: Negative control, Lane 2: AiSQE1 PCR product at 54 °C, Lane 3: AiSQE1 PCR
product at 56 °C, Lane 4: AiSQEL PCR product at 58 °C and Lane 5: 1 kb plus DNA ladder
Invitrogen (Addendum Figure A1.C).

- ‘16 kb

Figure 4. 30 AiISQE1 Truncated PCR Amplification

Lane 1: Negative control, Lane 2: AiSQE1 PCR product at 50 °C, Lane 3: AiSQE1 PCR
product at 52 °C, Lane 4: AiSQEL PCR product at 54 °C, Lane 5: AiSQE1 PCR product at
56 °C, Lane 6: AiSQE1 PCR product at 58 °C and Lane 7: 1 kb Plus DNA ladder Invitrogen
(Addendum Figure A1.C).
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The relative abundance of sterols including the enzymatic product was
estimated by comparing with a standard graph drawn for the internal standard,
cholesterol (Figure 4.31). Expression of AISQE1 (pESC-LEU-AISQE1L) under Gal
promoter showed a 45 % increase in lanosterol production as compared to vector
control. While co-expressing with pYES2/CT-AITTS1, there was a two-fold increase
in tirucalla-7,24-dien-3B-ol production and 23 % reduction in ergosterol production
(Figure 4.32 and 4.33). These results indicate that AiISQEL converts squalene into
2,3-oxidosqualene. Furthermore, it is clear that co expression of AITTS1 and
AISQEL in yeast resulted in production of tirucalla-7,24-dien-3p-ol around 1 mg/g of

the biomass.
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Figure 4. 31 Standard Graph of Cholesterol Obtained from GC-FID at Injection
Volume of 1 pL.
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Figure 4. 32 Schematic Representation of the AISQE1 Expression in INVScl Yeast
Strain.
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o 5 _MSqualene Ergosterol  mLanosterol = Tirucalla-7,24-dien-3p-ol

INVSc Vector Control MOF1Gal TTS1 MOF1Gal+TTS1

Figure 4. 33 Relative Fold Change of Squalene, Ergosterol, Lanosterol and Tirucalla-
7,24-dien-3p-ol in AiSQE1 Expression in INVSc1.

4.4.5 Mutational Analysis of AiTTS1

4.4.5.1 Phylogenetic Analysis

Triterpenes are one of the largest and structurally diverse groups derived from
squalene or 2,3-oxidosqualene. In general, squalene or 2,3-oxidosqualene undergoes
cationic attack, followed by a cascade of cation-olefine cyclization to generate cyclic
carbocations which can further modify into triterpene cyclic product. The enzymes
which catalyze these reactions are known as triterpene synthases. Squalene or 2,3-
oxidosqualene first gain a predefined structure, then undergoes cation attack, to
initiate cascade cyclization in order to generate carbocation. These carbocations are
stabilized by = interactions from active site residues. Based on the type of carbocation
stabilized in the active site, respective type of triterpene cyclic products are
synthesized. For example, the protosteryl C-20 cation is stabilized in the active site,
which leads to the synthesis of lanosterol and cycloartenol. Dammarenyl C-20 cation
stabilization leads to the synthesis of parkeol, euphol, tirucallol, butyrospermol and
tirucalla-7,24-dien-33-ol. Baccharenyl C-18 cation stabilization leads to shionone and

baccharis oxide. Lupanyl or lupyl C-20 cation stabilization leads to lupeol.
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Germanicyl C-19 cation stabilization leads to the synthesis of amyrins, taraxerol and
friedelin (Figure 4.1 - 4.4)'%%.

More than 50 triterpene synthases have been isolated and characterized. To
understand the evolution of triterpene synthases towards stabilizing different cations,
a phylogenetic analysis was carried out (Figure 4.34). This analysis revealed that
tetracyclic carbocations stabilizing triterpene synthases evolved to stabilize the
pentacyclic carbocations. In brief, the protosteryl C-20 cation stabilizing enzymes
(lanosterol synthase and cycloartenol synthase) evolved to stabilize dammarenyl C-20
cation as performed by tirucalla-7,24-dien-3p3-ol synthase and parkeol synthase. These
dammarenyl C-20 cation stabilizing enzymes are evolved into multi-product forming
enzymes, which can stabilize dammarenyl C-20, lupanyl C-20 and germanicyl C-19
cation. Further multiproduct forming triterpene synthases have evolved into enzymes
which stabilize germanicyl C-19 cation such as amyrins, taraxerol and friedelin
synthases. The aromatic amino acids play an important role in carbocation
stabilization through 7 interactions. During the course of an evolution, increase of
aromatic amino acids is seen in the active site such that pentacyclic carbocation will
be stabilized (Figure 4.35). Eight active site amino acids of AITTS1 (Y155, F260, T
413, V484, V534, V550, L553 and L556) showed a high variation in comparison with

-amyrin synthases.
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Figure 4. 34 Phylogenetic Analysis of Characterized Triterpene Synthases with Neem

Triterpene Synthases.

A) Phylogenetic analysis showing the evolution of triterpene synthases to stabilize different
carbocations, B) Schematic representation of different carbocations involved in cyclization of

2,3-oxidosqualene
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Gene Name & ID Active Site Amino Acid Product
QB8GSL7_MEDTR_XP_003604121 A B-amyrin
BAMS_PEA_BAA97558 B-amyrin
BAMS_GLYGL_BAA89815_GgBAS B-amyrin
ABAMS_PEA_BAA97559 B-amyrin
A3E7Y8_9CARY_ABK76265 B-amyrin
B1P7H3_ARTAN_ACA13386 B-amyrin
SHS1_ASTTA BAKS52535 Shionone

STBOS_STERE_BAH23676
DAMS_SOLLC_ADU52575

Baccharis oxide
A-amyrin and six other
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Germanicol, B-amyrin and lupeol
Taraxerol and B-amyrin

Lupeol, taraxerol, glutinol and friedelin
Taraxerol, B-amyrin and friedelin
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B-amyrin and lupeol
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Tirucalla-7,24-dien-3p-ol
Taraxerol, B-amyrin and lupeol

125 260 413 484 534 550 553
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AICAS Cycloartenol
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Figure 4. 35 Amino Acids Which Showed High Variation in AiTTS1 as Compared to p-
amyrin Synthase.

4.4.5.2 Mechanism of Action of AiTTS1

Herewith, to study its mechanism of action of the characterized AIiTTS1, it
was compared with human lanosterol synthase (HLS)®: Change in the confirmation
of the residues Tyr 237, Cys 233 and lle 524 or rearrangement of strained loops 516-
524 and 697-699 in HLS allows 2,3-oxidosqualene to enter the active site pocket.
Similar to HLS, AITTS1 contains Tyr 265, Cys 261 and Leu 556 whose conformation
changes when 2,3-oxidosqualene enters the active site (Figure 4.36). In the
cyclization process, 2,3-oxidosqualene is forced to take up a pre-organized

conformation, following which protonation of epoxide ring occurs in order to start a
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cascade cyclization and form the dammarenyl cation. Skeletal rearrangement of a
cation by 1,2 methyl and 1,2 proton shifts from high to low 7 electron density takes
place and finally, deprotonation occurs to form the cyclic product. The cyclization
reaction was initiated by protonation of epoxide ring of pre-folded 2,3-oxidosqualene
by Asp 486 (Asp 455 in HLS), which is a part of the highly conserved DCTAE motif
of triterpene synthases. The Cys 565 and Cys 487 act as hydrogen-bonding partners
with Asp 486 for the protonation of peroxide ring. In HLS, during A ring formation,
the C-6 cation is stabilized by Trp 581 located below the plane of the molecule by =
interaction, whereas in the case of AiTTSL, this C-6 cation is stabilized by Trp 613.
In HLS, during B ring formation, the positive charge shifts from C-6 to C-10. This
cation is stabilized by Phe 444 and Trp 581, and both these residues were conserved
in AITTS1 as Phe 475 and Trp 613. The boat conformation of B ring of lanosterol in
HLS is stabilized by the Tyr 98. In AiTTS1, the corresponding residue at the 120"
position is asparagine, due to which the chair conformation of B ring is established
(Figure 4.38). Furthermore, to stabilize A-ring and B-ring of lanosterol, additional
negative charges are provided by Tyr 707, Tyr 704 and Tyr 503 in HLS. In case of
AITTS1, the corresponding residues Tyr 740 and Tyr 737 provide the additional
negative charge but Tyr 503 (HLS) was replaced by Trp. Trp 535 was conserved in
lupeol and B-amyrin synthases (BAS) except for BAS from oats. In HLS, during C
and D ring formation, the cation is formed at C-14 which then shifts to C-20. These
are stabilized by 7 interactions of Phe 696 and His 232. In AiTTS1, Phe 260 and Phe
729 stabilizes the Markovnikov secondary cation created at C-14 then C-20. HLS
cyclization is terminated at C-20 cation because of instability provided by His 232.
But Phe 260 of AITTS1 stabilizes the cation at C14 and C20 more strongly, which
provides for further cyclization instead of termination like that in HLS. However,

dammarenyl cation in the AiTTS1 is not cyclized further.
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Figure 4. 36 Residues Which Allow 2,3-Oxidosqualene Entrance to Active Site.

A) Amino acids which involved in HLS, Violet colour highlighted molecules are detergents
which stabilizing membrane binding region and channel for 2,3-oxidosqualene. B) Amino
acids which involved in AiTTS1 for 2,3-oxidosqualene entrance.

74T

p

Acids Residues Involved in Initiation of Cyclization in 2,3-Oxiosqualene.
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!

Figure 4. 38 AITTS1 (Green) Superimposed Model with HLS (Blue) Showing Active Site
Amino Acids which Involved in A and B Ring Stabilization.

J 4 » y

Figure 4. 39 AiTTS1 (Green) Model Superimposed with HLS (Blue) Showing Active Site
Amino Acids which Involved in C and D Ring Stabilization.

In B-amyrin synthase of E. tirucalli (EtBAS), oleanyl cation C-25 (as per
dammarenyl cation) positive charge is stabilized by the Trp 257 and Tyr 259%.
Dammarenyl cation derived triterpenes were produced when Tyr 259 was replaced

with His or any aliphatic amino acids, because of the instability of C-20 cation. In
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EtBAS, when Trp 257 is replaced with another amino acid, in addition to B-amyrin,

lupeol formation was also observed, which explains that Trp 257 stabilizes the C-25
cation. When Leu 256 of lupeol synthase of Olea europaea (OeLS) was mutated to
Trp*, lupanyl cation was further cyclized to oleanyl cation to form 75 % B-amyrin.
When OeLS Tyr 258 was replaced with His, lupeol production was decreased by 50
% and remaining 50 % were dammarenyl cation derivatives. Based on these results
EtBAS Trp 257 and Tyr 259 are found to be important for dammarenyl cation
stabilization and its further cyclization to the oleanyl cation. In AITTS1, the
corresponding residues were found as Trp 258 and Phe 260. This confirms that
AITTS1 contains the residues which can stabilize the dammarenyl cation formation
and further cyclization to the oleanyl cation, but metabolic profiling shows the

presence of only dammarenyl cation derivatives.

Figure 4. 40 AITTS1 (Green) model superimposed with HLS (Blue) showing active site
amino acids which involves in amyrin synthesis.

On comparison of active site residues, it was observed that Phe 552 and Phe
124 of EtBAS varied as Leu 553 and Tyr 125 in AiTTS1. EtBAS Phe 124 and Phe
552 are highly conserved residues in all triterpene synthases, but when aliphatic
residues were observed in 552" position, cyclization was terminated at lupeol cation.
In OeLS, which contains Phe at 550" position, when Lue 256 was replaced by the
aromatic amino acid tryptophan (L256W), it resulted in 75% B-amyrin production,
suggesting that both these aromatic residues help in stabilizing the oleanyl cation. On
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the other hand, lupeol synthasel of Arabidopsis thaliana (AtLS1) containing Met at
550 position (corresponding to Phe 550 of OeLS) produced equal amounts of B-
amyrin and lupeol when Leu 255 was replaced with Tryptophan®, providing the
proof once again, the role of this aromatic residue in the stabilization of oleanyl
cation. These results, in comparison with EtBAS, aid to establish the importance of
Phe 552 for oleanly cation stabilization. But, in AiTTS1, instead of aromatic amino
acid at the corresponding position, Leu is present (Leu 553), due to which we can
predict that the oleanyl cation stabilization is affected. Tirucalla-7,24-dien-3p-ol
synthases from A. thaliana (AtPEN3)* and Ailanthus altissima (AaTDS) contain Leu
553 and lle 555, respectively, that are conserved with respect to Leu at 553" in
AITTS1 hence the oleanyl cation may not stabilize. In addition to this, AiITTS1 may
not stabilize the lupanyl cation because of the presence of Tyr at 125" position, as

compared to the conserved Phe in all other triterpene synthases.

4.4.5.3 AiITTS1 Mutations

In AITTS1, seven active site residues were considered for mutational analysis
based on phylogenetic. When (Maytenus ilicifolia) friedelin synthase was mutated at
Leu 482 to Val, the production of B-amyrin was increased®’. Similarly, in AiTTS1,
Val 484 was mutated to Leu resulting in the loss of enzyme activity. As mentioned
above, Phe550 of OeLS may be involved in germanicyl C-19 cation stabilization®’.
Similarly in AITTS1, when Leu 553 was mutated to Phe, it resulted in drastic
reduction of enzyme activity. Phylogenetic analysis revealed that Val 550 (AiTTS1)
was changed to Thr in B-amyrin synthases. V550T mutation of AiTTS1 resulted in
drastic reduction of enzyme activity. From these results, V484, F550 and V550 are
predicted to play a key role in stabilizing the dammarenyl C-20 cation. Change in
these amino acids results in a drastic change in AiTTS1 activity. In EtBAS, Tyr 259
involved in n interaction with dammarenyl C-20 cation and allows its further
cyclization to the oleanyl cation. Similarly in AiTTS1, Phe 260 was mutated to Tyr
resulting in increased production of tirucalla-7,24-dien-33-ol. Furthermore, Tyr 125
was mutated to Phe which resulted in increased production of tirucalla-7,24-dien-3[3-
ol. In AiTTS1, Y125F and F260Y resulted in an increased stability of dammarenyl C-

20 cation but this mutation is not stabilizing for further cyclization to oleanyl cation
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(Figure 4.41). Further analysis of mutations in the active site of AiTTS1 is required to

get the stabilize at oleanyl cation and germanicyl C-19 cation.

Ergosterol

anosterol
Squalene INVSCL

R AA

J /‘ AITTS1
X AITTS1

. /L\r-\_/\._/\ Y125F

N ,/I A A F260Y

A e A N\ T413S

J_M_L V484L

1 . s A A V534A

N A s

\/550T.

37

|
L
1
I
L

41 43 45

49 51

Figure 4. 41 Total lon Chromatograms of Mutated AiTTS1 Yeast Extracts.

Table 4. 8 Tirucalla-7,24-dien-3p-ol Production in AiITTS1 Mutations as Compared to

Lanosterol
AITTS1 Mutation % Lanosterol % Tirucalla-7,24-dien-3p-ol

AITTS1 36.6 63

Y125F 31.5 68.4

F260Y 21.32 78.68

T413S 29.89 70

V484L 99.02 1

V534A 57.04 42.6

L553F 95.6 4.3

V550T 84 15
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4.4.6 RT-PCR Analysis of AiITTS1 and AiTTS2

To determine the expression level of triterpene synthases, so as to correlate
with its involvement in limonoid biosynthesis, real-time PCR analysis of AiTTS1 and

AITTS2 was carried out by taking actin as an intrinsic control.

AITTS1 (Figure 4.42) showed very high expression level in seeds (kernel
followed by pericarp) as compared to other tissues as observed. Expression patterns
of AITTS1 were found to be similar to metabolic profiling suggesting its involvement
in limonoid biosynthesis. AiTTS2 (Figure 3.42) showed very high expression in
pericarp and flower, compared to other tissues. These results indicate that AiGDS

might not be involved in triterpene biosynthesis in Neem.
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Figure 4. 42 Real-Time PCR Analysis of AiTTS1 and AiTTS2.

A) AITTS1 was highly expressed in Kernel. B) AiTTS2 was highly expressed in pericarp and
flowers.
4.5 Conclusion

Neem is one of the richest sources for limonoids. The first committed step in
limonoid biosynthesis is cyclization 2,3-oxidosqualene which is catalyzed by
triterpene synthases (TTS). In steroid biosynthesis, cycloartenol synthase (CAS) is
involved in plants, microalgae and many protozoa whereas lanosterol synthase is
mostly involved in animals and fungi*. In most of the plants more than one TTS are

present in the genome.

Total six triterpene cyclases were identified from transcriptome analysis of

neem. However, AiTTS1 showed very high expression as compared to other and its
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expression is high in the seed. The expression profile of AITTS1 was in line with the
limonoids metabolic profiling. The AiTTS1 was cloned into a pYES2/CT vector and
expression yeast. Based on metabolite GC-MS and NMR data analysis, AiTTS1 is
tirucalla-7,24-dien-3p-ol synthase and this confirms its involvement in limonoid
biosynthesis. The next enzyme AITTS2 showed high expression in leaves and
flowers. When we analysed its conversed domains, AiTTS2 exhibited lack of C-
terminal B-sheets, which predicts its inactive nature. AITTS2 was cloned and
expressed in yeast but there is no formation of triterpene cyclic product, which
confirms its inactive in nature. AiTTS1 showed the lowest activity when mutated at
V484L, V550T and L553F, this explains their key role in stabilizing dammarenyl C-
20 cation. F260Y and Y125F increased the stability of dammarenyl C-20 cation.
Further analysis are required for understanding the mechanism and stabilization of
dammarenyl C-20 cation in AiTTS1.

Euphol and tirucallol derivatives are predicted to be involved in limonoid
biosynthesis based on oxygenated Cz, compounds (protolimonoid skeleton) isolated
from Meliaceae plants?’. From the present work, product of AiTTS1, Tirucalla-7,24-
dien-3B-ol can be proposed to be an intermediate in limonoid biosynthesis.

Squalene epoxidase is the enzyme which involved in the synthesis of 2,3-
oxidosqualene from squalene. In neem, total three squalene epoxidases were
observed. Out of this, AiISQE1 was cloned into pESC-LEU and pRS315-TEF vector.
When we expressed in yeast, there is an increase in production of lanosterol and
ergosterol. When coexpressed with AiTTS1, the production of tirucalla-7,24-dien-3f-
ol increased by two folds. This coexpression states that, apart from HMGR
overexpression, SQE overexpression enhances the production of triterpenoids

engineering in yeast.

4.6 Appendix: Agarose Gel Electrophoresis for Colony PCR

Screening

4.6.1 Cloning of AiISQEL in pESC-LEU vector
Colony PCR with Gall forward and reverse primers for the screening of
AISQEL1 (squalene epoxidase 1) cloned in the pESC-LEU vector.
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Figure 4. 43 Colony PCR Screening for AiISQEL Cloned into pESC-LEU in an Agarose
Gel.

Lane 1: 1 kb DNA ladder Sigma (Addendum Figure A1.B), Lane 2: Negative control and
Lanes 3-29: PCR with Gall forward and reverse primers.

4.6.2 Cloning of AiISQEL in pRS315-TEF vector
Colony PCR with AISQE1 _pRS315-TEF_FP and CYC reverse primer for the

screening of squalene epoxidase 1 cloned in the pRS315-TEF vector.

10 11 12

1.6 kb

Figure 4. 44 Colony PCR Screening for AiSQEL Cloned into pRS315-TEF in an Agarose
Gel.

Lane 1: 1 kb plus DNA ladder Invitrogen (Addendum Figure A1.C), Lanes 2-11: PCR with
AISQE1_pRS315-TEF_FP and CYC reverse primer and Lane 12: Negative control.

4.6.3 Cloning of AiTTS1 in pYES2/CT vector
Colony PCR with T7 promoter and CYC reverse primer for the screening of
AITTSL1 (triterpene synthase 1) cloned into the pYES2/CT vector.
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2.0kb

Figure 4. 45 Colony PCR Screening for AiTTS1 Cloned into pYES2/CT in an Agarose
Gel.

Lane 1: 1 kb plus DNA ladder Invitrogen (Addendum Figure A1.C), Lane 2: Negative
control and Lanes 3-20: PCR with T7 promoter and CYC reverse primer.

4.6.4 Cloning of AiTTS2 3' RACE product in pCR™-B|unt vector
Colony PCR with M13 forward and reverse primer for the screening of

AITTS2 3'RACE product cloned in pCR™-Blunt vector.

Figure 4. 46 Colony PCR Screening for AiTTS2 3' RACE Product Cloned into pCR™-
Blunt Vector in an Agarose Gel.

Lane 1-18: PCR with M13 forward and reverse primer, Lane 19: Negative control and Lanes
20: 1 kb plus DNA ladder Invitrogen (Addendum Figure A1.C)

4.6.5 Cloning of AiTTS2 Product in pYES2/CT Vector
Colony PCR with T7 promoter and CYC reverse primer for the screening of

AITTS2 (triterpene synthase 2) cloned into pCR™-Blunt vector.
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Figure 4. 47 Colony PCR Screening for AiTTS2 Product Cloned into pYES2/CT Vector
in an Agarose Gel.

Lane 1-18: PCR with T7 promoter and CYC reverse primer, Lane 19: Negative control and
Lanes 20: 1 kb plus DNA ladder Invitrogen (Addendum Figure Al1.C)
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5.1 Introduction

Neem (Azadirachta indica) is very well known for its medicinal and
agricultural use. Neem possesses limonoids which have 4,4,8-trimethyl-17-furanyl
steroid skeleton. Based on the skeleton, neem limonoids are further divided into
protolimonoids, basic limonoids and C-seco limonoids. As discussed in chapter 4,
neem limonoids are synthesized from tirucalla-7,24-dien-3p-ol. Predicted limonoid
biosynthesis starts from the rearrangement of C-14 methyl group by opening of 7a,
8a-epoxide ring to form protolimonoids. Four terminal carbons from the side chain are
removed by oxidative degradation, and then the side chain undergoes cyclization
through cyclic hemiacetal to form basic limonoid skeletons. Then the third ring opens
and oxidizes further to form C-seco limonoid skeletons. Hence, cytochrome P4540
enzymes (CYP450) are mainly involved in the tailoring of tirucalla-7,24-dien-3-ol to
synthesize limonoids.

CYP450 belongs to enzyme class monooxygenase (E.C: 1.1.14.-). The
characteristic feature of these enzymes is a shift in absorbance from 413 nm to 450 nm
in the carbon monoxide bound form'. Omura and Santo identified these as heme
proteins and have given the name cytochrome P450°. The enzymes which have more
than 40 % similarity are classified into the same family. The plant enzyme families start
from CYP71 to CYP99 and continue again from CYP701-999. The nomenclature starts
with root symbol 'CYP' (CYtochrome P450) followed by a number denoting family, a
letter designating the subfamily and a number to represent individual gene®. These
enzymes are found in all kingdoms of life including viruses. CYP450 gene content in
plant (mainly in angiosperm) genome can reach up to 1%, whereas in vertebrates
CYP450 content is less than 100 genes”.

Subfamily

CYP/71Al

|

Family Isoform

Figure 5. 1 Nomenclature of CYP450s.
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Monooxygenases incorporate a single atom of molecular oxygen into a substrate with
the concomitant reduction of the other atom to water. The monooxygenases are
divided into two classes, the internal and the external monooxygenases. Internal
monooxygenases extract two reducing equivalents from the substrate to reduce one
atom of dioxygen to water, whereas external monooxygenases utilize an external
reductase. Most of the CYP450 are external monooxygenases. They exist as three
different types. Most of the eukaryotes contain two-component system, comprising a
CYP450 and flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN)
containing NADPH-cytochrome P450 reductase (CPR) which are membrane-bound.
Bacteria contain soluble three component system, FAD-containing reductase, an iron-
sulfur protein, and CYP450. Whereas in mitochondria, reductase and CYP450 are

membrane-bound. In few cases, CYP450 and CPR exist as fused system>®

NADPH+H* RH+0,
NADPH+H* RH+0O, NAD{
' ROH
NADP* ROH
mitochondrial membrane
C
NADPH+H* RH+0, D

NADPH+H" RH+O,

ROH
+H,0

+

+H,0 NA

Membranof endoplasmic reticulum

Figure 5. 2 Schematic Representation of CYP450 Systems.
A) Bacterial three component system, B) Mitochondrial three component system, C)
Eukaryotic two-component system and D) Fused/self-sufficient system.

In Plants, CPR catalyzes electron transfer from NADPH through FAD / FMN
to CYP450. Apart from this, CPR transfers electrons to cytochrome b5, fatty acid and
sterol desaturase’. Mammals and yeast have only one CPR, but in plant species, such
as cotton®, Arabidopsis thaliana®, hybrid poplar’ and others have two to three CPR.
These CPR isoforms have different responses under stress conditions. For example, in
A. thaliana AtCPR1 expresses constitutively and AtCPR2 is inducible by

environmental stimuli. Hence, CPR plays a key role not only in secondary metabolism
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but also in electron transport chain and in stress conditions'®. The CPR is classified
into two classes, based on N-terminal hydrophobic region. Class I CPRs contain N-
terminal hydrophobic region and class Il CPRs contain an extended N-terminal ends
with high Ser/Thr content™*.

Triterpene cyclic product catalyzed by triterpene cyclases undergoes site-
specific oxidization by cytochrome P450s to produce triterpenoids. B-amyrin-24-
hydroxylase (CYP93E1) from Glycine max** was the first characterized CYP450
related to triterpenoid biosynthesis. Since then, more than 35 CYP450s related to
triterpenoid biosynthesis have been identified (Figure 5.3). This chapter deals with the
identification and characterization of CPR and CYP450s involved in limonoid

biosynthesis.

5.2 Neem CYP450 Systems

NADPH-cytochrome P450 reductases are the enzymes which transfer electrons
from NADPH to cytochrome P450 and plays a key role in different biosynthetic
pathways. In neem, two CPR were identified from the transcriptome. AICPR1
(Neem_Transcript_2277/Master_Control_115955; NCBI KM108318) and AiICPR2
(Neem_Transcript_ 1270/Master_Control_117874; NCBI KM108319) are expressed
equally in all the tissues. Out of these two, AICPR2 showed higher expression as
compared to AiCPR1. A total of 134 transcripts were predicted as cytochrome P450
monooxygenases. Based on Blast results, with reference to Arabidopsis thaliana
cytochrome P450, Neem CYP450s were classified into 39 families and 78
subfamilies, out of which most of the CYP450 belonged to the CYP71 family. Based
on functional annotation and differential gene expression analysis, fifteen CYPs were
predicted to be involved in limonoid biosynthesis. Among these the genes, the ones
which showed high expression in kernel and pericarp were selected for functional
characterization (Figure 5.4). AiIiCYP1 (Neem_transcript_34861
/Master_Control_84673) showed functional annotation of pB-amyrin 28-oxidase
(Panax ginseng) which was predicted to be involved in terminal chain modification in
protolimonoids. AICYP2 (Neem_transcript 38933/ Master_Control 57632) was
showing functional annotation of B-amyrin 11-oxidase (Glycyrrhiza uralensis) which

was predicted to be involved in C-ring opening in basic limonoids.
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Figure 5. 3 Characterized CYP450 Related to Triterpenoids.
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Figure 5. 4 Expression Levels of Neem Cytochrome P450 Systems between Different
Tissues of Neem

5.3 Materials and Methods

5.3.1 Materials Used in this Study

5.3.1.1 Bacterial Strains and Plasmids Used in the Study

Escherichia coli Mach1™ T1® (ThermoFisher Scientific, USA) cloning cells
were used for transformation of plasmids or ligation mixtures. pET32a (Novagen,
USA) pYES2/CT and pYES3/CT (ThermoFisher Scientific, USA), Pri101-AN vector
(Takara Bio, USA) were used of cloning of AiCPRs and AICYPs. Expression of
AiICPRs were done in Escherichia coli Rosetta 2 (DE3) cells (Novagen, Addgene,
USA). Expression of AICYPs were done in INVScl, S. cerevisiae yeast Strain
(ThermoFisher Scientific, USA). Agrobacterium LBA4404 strain was used for
transient transformation of AiCYPs in neem

5.3.1.2 Kits and Reagents Used in the Study

SuperScript® 111 Reverse Transcriptase (ThermoFisher Scientific, USA) was
used for cDNA synthesis. JumpStart™ Taq DNA Polymerase (Sigma-Aldrich, USA)
and AccuPrime™ Pfx DNA Polymerase (ThermoFisher Scientific, USA) were used
for amplification of AICPRs and AICYPs. PCR products were gel eluted by using
PureLink™ Quick Gel Extraction and PCR Purification Combo Kit (ThermoFisher
Scientific, USA). Plasmids were isolated by using GenElute™ Plasmid Miniprep Kit
(Sigma-Aldrich, USA). GelRed™ (Biotium Inc., USA) was used for nucleic acid
staining. Restriction enzymes (New England Biolabs, USA) and T, DNA ligase
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(Invitrogen/ Life Technologies, USA) used for cloning. pYES2/CT and pYES3/CT
Postive clones were transformed into yeast by using S.c. EasyComp™ Transformation
Kit (ThermoFisher Scientific, USA).

5.3.1.3 Buffers Compositions

5.3.1.3.1 Buffers Used for Characterization of AiCPR1
Lysis buffer

200 mM MOPSO buffer in 10 % glycerol containing NaCl (500 mM), imidazole (10
mM), detergents 1 % CHAPS, 1% Triton X-100, protease inhibitor PMSF (0.5 mM),
1 mg/mL lysozyme and the pH was adjusted to 7.4 with 0.1 M NaOH.

Wash buffer

200 mM MOPSO buffer in 10 % glycerol containing NaCl (500 mM), imidazole (100
mM) and the pH was adjusted to 7.4 with 0.1 M NaOH.

Elution buffer

200 mM MOPSO buffer in 10 % glycerol containing NaCl (500 mM), imidazole (250
mM) and the pH was adjusted to 7.4 with 0.1 M NaOH.

Desalting buffer

50 mM Tris buffer in 10 % glycerol containing KCI (100 mM) and the pH was
adjusted to 7.4 with 0.1 M HCI.

Enzyme assay buffer

50 mM Tris buffer in 10 % glycerol containing KCI (100 mM) and co-factors FMN
(5 uM), FAD (5 uM), NADPH (20 uM) and the pH was adjusted to 7.4 with 0.1 M
HCI.

5.3.1.3.2 Buffers Used for Characterization of AiCPR2
Lysis buffer

200 mM MOPSO buffer in 10 % glycerol containing NaCl (300 mM), imidazole (10
mM), detergents 1 % CHAPS, 1% Triton X-100, protease inhibitor PMSF (0.5 mM),
1 mg/mL lysozyme and the pH was adjusted to 7.4 with 0.1 M NaOH.
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Woash buffer

50 mM Tris HCI buffer in 10 % glycerol containing NaCl (300 mM), imidazole (80
mM) and the pH was adjusted to 7.4 with 0.1 M HCI.

Elution buffer

50 mM Tris HCI buffer in 10 % glycerol containing NaCl (300 mM), imidazole (250
mM and the pH was adjusted to 7.4 with 0.1 M HCI.

Desalting buffer

50 mM Tris buffer in 10 % glycerol containing KCI (100 mM) and the pH was
adjusted to 7.4 with 0.1 M HCI.

Enzyme assay buffer

50 mM Tris buffer in 10 % glycerol containing KCI (100 mM) and co-factors FMN
(5 uM), FAD (5 uM), NADPH (20 uM) and the pH was adjusted to 7.4 with 0.1 M
HCI.

5.3.1.4 Primers

5.3.1.4.1 Primers for AiCPRs
Table 5. 1 Primers Used for Cloning of AiCPRs

Primer Name Primer Sequence

AICPR1_FP ATGAGCAACTCTGGTACGGGTAACGATTTG
AICPR1_RP TCACCAGACATCTCTAAGATATCGTCCTTC

AICPR1_pET32_FP ATCAGGAATTCATGAGCAACTCTGGTACGGGTA
AC

AICPR1 pET32 RP  ATCTAGAAGCTTTCACCAGACATCTCTAAGATATC

AICPR2 _FP ATGCAATCATCGTCGTCATCAGCATCATC

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 181



Chapter 5

AICPR2 _RP TCACCACACATCACGTAGATACCTG

AICPR2_pET32_FP AAGTCTGAGCTCATGCAATCATCGTCGTCATC

AICPR2 pET32 RP  AAGTCTCTCGAGTCACCACACATCACGTAGATAC

AICPR2_pYES3_FP  ATCAGAAGCTTCACACAATGTCCATGCAATCATCG
TCGTCATC

AICPR2 pYES3 RP  ATCTAGCTCGAG TCACCACACATCACGTAGATAC

5.3.1.4.2 Primers for AiCYPs
Table 5. 2 Primers Used FOR Cloning of AiCYPs

Primer Name Primer Sequence
AICYP1_FP ATGGAGCTCTTCTTACTCTCCGTACTTCTC
AICYP1 RP TTAATTGTTGTAGGGATAGAGACGAACTGGAAG

AICYP1_pYES2_FP ATGCCAGGATCCAACACAATGTCTATGGAGCTCT
TCTTACTC

AICYP1 pYES2 RP GCATGATCTAGAATTGTTGTAGGGATAG

AICYP_pRI101_FP ATCGACCGTCGACATGGAGCTCTTCTTACTC

AICYP_pRI101_RP ATACAGGGTACCTCAATGATGATGATGATGGTGAGA
AGAACCATTGTTGTAGGGATAG

AICYP1_S1 FP ACTGTCGTCGACATGGAACTGTTCTTACTCTCCGT
ACTTC

AICYP1_S1_RP GCATATAGGTACCCACCAGGATCTAACAAGCTTG

AICYP1_S2_FP GCATACGGATCCCACCAGGATCTAACAAGCTTGT

AICYP1_S2_FP ATCGACGAGCTCATGGAACTGTTCTTACTCTCCGTACT
TC
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AICYP2_FP ATGGGTTTAGATTTGTTGTGGTTGATTCTTG

AICYP2_RP TCATTTGAGCTTAATAATTCTTGCAAGACATTG

AICYP2 pYES2 FP GTACCAGGTACCCACACAATGTCCATGGGTTTAGATT
TGTTGTG

AICYP2 pYES2 RP ACTAATCTCGAGTTTGAGCTTAATAATTC

5.3.2 Cloning and Characterization of AiCPRs

5.3.2.1 Cloning and Characterization of AICPR1 by Using Bacterial System

Full-length primers for AICPR1 ORF were designed using the transcript
(Neem_Transcripts_2277) as a template. cDNA was used for PCR reaction using
AccuPrime Pfx Supermix (Invitrogen). The program for PCR was 95 °C for 5 min,
followed by 35 cycles at 95 °C for 30 sec, 62 °C for 30 sec, 68 °C for 2.1 min
followed by final extension at 68 °C for 5 min. PCR product was cloned into EcoRI
and Hindlll cloning sites of pET32a expression vector using T, DNA ligase. The
ligation mixture was transformed into TOP10 competent cells and plated on LA
containing 100 pg/mL of ampicillin and incubated overnight at 37 °C. Then colony
PCR was carried out (with T7 promoter and T7 reverse primers) to identify the
positive clones. Cloning was confirmed by analyzing the sequence of positive clones

obtained by Sanger sequencing by using T7 promoter and T7 reverse primers.

The expression of the recombinant plasmids containing AiCPR1 was carried
out in Rosetta 2 (DE3) cells under 1 mM IPTG inducer at 16 °C incubation for
overnight. Bacterial cells were collected by centrifugation at 5000 x g for 10 min. Cell
pellet was resuspended in lysis buffer (200 mM MOPSO, 500 mM NaCl, 10 mM
imidazole, 1 % CHAPS, 1% Triton X-100, 10 % glycerol, 0.5 mM PMSF, 1 mg/mL
lysozyme, pH 7.4) at a ratio of 5 ml per gram of cell pellet. Sonication was done for
10 cycles (30 sec pulse on/ 30 sec pulse off, Amplitude- 75 %) then centrifuged at
10,000 x g for 10 min. The supernatant containing AiCPR1 protein was purified over
Ni-NTA (1 mL resin / g cell pellet) affinity chromatography. The column was washed
with wash buffer (200 mM MOPSO, 500 mM NaCl, 100 mM imidazole, 10 %
glycerol, pH 7.4) till the O.D. reaches to 0.0 at 280 nm. The protein was eluted out
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with elution buffer (200 mM MOPSO, 500 mM NacCl, 250 mM imidazole, 10 %
glycerol, pH 7.4). Protein was desalted on Hi-Prep™ 26/10 desalting column with
desalting buffer (50 mM Tris, 100 mM KCI, 10 % glycerol, pH 7.4) using AKTA
Avant (GE Healthcare). The desalted proteins were estimated using Bradford reagent
(Bio-Rad) and checked on 12 % SDS gel.

Enzyme assays for AiCPR1 were performed in assay buffer (50 mM Tris, 100
mM KCI, 10 % glycerol, pH 7.4) with cytochrome C (40 puM) and potassium
ferricyanide (40 pM) as substrates and reduction were observed at 550 nm and 424 nm
respectively at 25 °C. AICPR1 activity was confirmed by an increase in absorbance at
550 nm when cytochrome C was reduced and in the same way decrease in absorbance

at 424 nm when potassium ferricyanide was reduced.

5.3.2.2 Cloning and Characterization of AICPR2 by Using Bacterial System

Full-length primers for AICPR2 ORF were designed using the transcript
(Neem_Transcripts_1270) as a template. cDNA was used for PCR reaction using
AccuPrime Pfx Supermix (Invitrogen). The program for PCR was 95 °C for 5 min,
followed by 35 cycles at 95 °C for 30 sec, 60 °C for 30 sec, 68 °C for 2.1 min
followed by final extension at 68 °C for 5 min. PCR product was cloned into Sacl and
Xhol cloning sites of pET32a expression vector using T4 DNA ligase. The ligation
mixture was transformed into TOP10 competent cells and plated on LA containing
100 pg/mL of ampicillin and incubated overnight at 37 °C. Then colony PCR was
carried out (with T7 promoter and T7 reverse primers) to identify the positive clones.
Cloning was confirmed by analysing the sequence of positive clones obtained by

Sanger sequencing using T7 promoter forward and T7 reverse primers.

The expression of the recombinant plasmids containing AiCPR2 was carried out in
Rosetta 2 (DE3) cells under 1 mM IPTG inducer at 16 °C for overnight. Bacterial cells
were collected by centrifugation at 5000 x g for 10 min. Cell pellet was resuspended
in lysis buffer (50 mM MOPSO, 300 mM NaCl, 10 mM imidazole, 1 % CHAPS, 1%
Triton X-100, 10 % glycerol, 0.5 mM PMSF, 1 mg/mL lysozyme, pH 7.4) at a ratio of
5 ml per gram of cell pellet. Sonication was done for 10 cycles (30 sec pulse on/ 30
sec pulse off, Amplitude- 75 %) then centrifuged at 10,000 x g for 10 min. The
supernatant containing AiCPR1 protein was purified over Ni-NTA (1 mL resin / g cell
pellet) affinity chromatography. The column was washed with wash buffer (50 mM
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Tris HCI, 300 mM NacCl, 80 mM imidazole, 10 % glycerol, pH 7.4) till the O.D.
reaches to 0.0 at 280 nm. The protein was eluted out with elution buffer (50 mM Tris
HCI, 300 mM NaCl, 250 mM imidazole, 10 % glycerol, pH 7.4). Protein was desalted
on Hi-Prep™ 26/10 desalting column with desalting buffer (50 mM Tris, 100 mM
KCI, 10 % glycerol, pH 7.4) using AKTA Avant (GE Healthcare). The desalted
proteins were estimated using Bradford reagent (Bio-Rad) and checked on 12 % SDS

gel.

Enzyme assays for AICPR2 were performed in assay buffer (50 mM Tris, 100
mM KCI, 10 % glycerol, 5 yM FMN, 5 uM FAD, 20 uM NADPH, pH 7.4) with
cytochrome C (40 pM) and potassium ferricyanide (40 puM) as substrates and
reduction was observed at 550 nm and 424 nm respectively at 25 °C. AiCPR2 activity
was confirmed by an increase in absorbance at 550 nm when cytochrome C was
reduced and in the same way decrease in absorbance at 424 nm when potassium

ferricyanide was reduced.
5.3.3 Cloning and Characterization of AICYPs

5.3.3.1 Cloning and Characterization of AICYPL in Yeast by Co-expression of
AICPR2

5.3.3.1.1 Cloning of AiCPR2 into pYES3/CT

Full-length primers for AICPR2 ORF were designed using the transcript
(Neem_Transcripts_1270) as a template. cDNA was used for PCR reaction using
AccuPrime Pfx Supermix (Invitrogen). The program for PCR was 95 °C for 5 min,
followed by 35 cycles at 95 °C for 30 sec, 64 °C for 30 sec, 68 °C for 2.1 min
followed by final extension at 68 °C for 5 min. PCR product was cloned into HindllI
and Xhol cloning sites of pYES3/CT expression vector using T, DNA ligase. The
ligation mixture was transformed into TOP10 competent cells and plated on LA
containing 100 pg/mL of ampicillin and incubated overnight at 37 °C. Then colony
PCR was carried out (with T7 promoter forward and CYC reverse primers) to identify
the positive clones. Cloning was confirmed by analysing the sequence of positive
clones obtained by Sanger sequencing using T7 promoter and CYC reverse primers.
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5.3.3.1.2 Cloning of AiICYP1 in pYES2/CT

Full-length primers for AICYP1 ORF were designed using their transcript
(Neem_Transcripts_34861) as a template. cDNA was used for PCR reaction using
AccuPrime Pfx Supermix (Invitrogen). The program for PCR was 95 °C for 5 min,
followed by 35 cycles at 95 °C for 30 sec, 63 °C for 30 sec, 68 °C for 2.0 min
followed by final extension at 68 °C for 5 min. PCR product was cloned into BamHI
and Xbal cloning sites of pYES2/CT expression vector using T4 DNA ligase. The
ligation mixture was transformed into TOP10 competent cells and plated on LA
containing 100 pg/mL of ampicillin and incubated overnight at 37 °C. Then colony
PCR was carried out (with T7 promoter forward and CYC reverse primers) to identify
the positive clones. Cloning was confirmed by analysing the Sanger sequence of

positive clones using T7 promoter and CYC reverse primers.

5.3.3.1.3 Characterization of AiCYP1 in Yeast

The expression of AICYP1 was carried out in INVScl, S. cerevisiae Yeast
Strain. The cloned AiCPR2 plasmid was transformed by using S.c. EasyComp™
Transformation Kit and plated on CSM-URA plates. Then competent cells of INVScl
cells carrying AiCPR2 was made. Then cloned AiCYP1 plasmid was transformed into
the competent cells of INVScl carrying AiCPR2 plasmid and plated on CSM-URA-
TRPA plates. A single colony was inoculated into 2 % glucose containing CSM-
URA-TRP and incubated at 30 °C. The overnight grown culture was induced by
transferring to 2 % galactose contain CSM-URA-TRP and incubated at 30 °C for 24 h.
Triterpene intermediates such as tirucalla-7,24-dien-3p-ol, euphol and tirucallol (4
mg/ 100 mL) were added to induced culture and incubated at 30 °C for 12 h. Cells
were collected by centrifugation at 1500 x g for 10 min at 4 °C. Saponification was
done with 10 % KOH in 80 % ethanol at 70 °C for 2 h, and then extracted thrice with
equal volumes of n-hexane. Metabolite extracts were passed through anhydrous
sodium sulphate and concentrated. The extracted samples were analyzed by GC-MS
with Restek Rtx-5 (30 m x 0.25 mm x 0.32 um) capillary columns and the program
was 80 °C for 2 min, 5 °C/min till 290 °C and hold for 20 min.
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5.3.3.2 Cloning and Characterization of AICYPL1 in Neem

5.3.3.2.1 Cloning of AiCYP1 for Overexpression in Neem

To overexpress AICYP1 in neem, full-length primers for AiCYP1 ORF were
designed using the transcript (Neem_Transcripts_34861) as a template. cDNA was
used for PCR reaction using AccuPrime Pfx Supermix (Invitrogen). The program for
PCR was 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 sec, 57 °C for 30 sec,
68 °C for 1.4 min followed by final extension at 68 °C for 5 min. PCR product was
cloned into Sall and Kpnl cloning sites of pRI101-AN expression vector using T,
DNA ligase. The ligation mixture was transformed into TOP10 competent cells and
plated on LA containing 100 pg/mL of kanamycin and incubated overnight at 37 °C.
Then colony PCR was carried out (with pRI101 forward and reverse primers) to
identify the positive clones. Cloning was confirmed by analyzing the sequence
obtained by Sanger sequencing of positive clones using pRI1101 forward and reverse

primers.

5.3.3.2.2 Cloning of AiCYP1 for its Silencing in Neem

To silence AICYP1 gene in neem, sense primers for first 300 bp of AiCYP1
ORF were designed using their transcript (Neem_Transcripts_34861) as a template.
cDNA was used for PCR reaction using AccuPrime Pfx Supermix (Invitrogen). The
program for PCR was 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 sec, 54
°C for 30 sec, 68 °C for 30 sec followed by final extension at 68 °C for 5 min. PCR
product was cloned into Sall and Kpnl cloning sites of pRI101-AN (contains wheat
starch branching intron between Kpnl and BamHI) expression vector using T4 DNA
ligase. The ligation mixture was transformed into TOP10 competent cells and plated
on LA containing 100 pg/mL of kanamycin and incubated overnight at 37 °C. Then
colony PCR was carried out (with pRI1101 forward and reverse primers) to identify the
positive clones. Cloning was confirmed by analysing the sequence obtained by Sanger
sequencing of positive clones using the pR1101 forward and reverse primers.

Antisense primers for first 300 bp of AICYP1 ORF were designed using their
transcript (Neem_Transcripts_34861) as a template. cDNA was used for PCR reaction
using AccuPrime Pfx Supermix (Invitrogen). The program for PCR was 95 °C for 5
min, followed by 35 cycles at 95 °C for 30 sec, 55 °C for 30 sec, 68 °C for 30 sec
followed by final extension at 68 °C for 5 min. PCR product was cloned into BamHI
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and Sacl cloning sites of pRI1101-AN (contains AiCYP1 first 300 bp and wheat starch

branching intron) expression vector using T, DNA ligase. The ligation mixture was
transformed into TOP10 competent cells and plated on LA containing 100 pg/mL of
kanamycin and incubated overnight at 37 °C. Then colony PCR was carried out (with
pRI101 forward and reverse primers) to identify the positive clones. Cloning was
confirmed by analyzing the sequence of positive clones obtained by Sanger

sequencing using the pRI101 primers.

5.3.3.2.3 Characterization of AiCYP1 in Neem

Cloned AICYP1 overexpression and silencing constructs were transformed
into Agrobacterium tumefaciens (LBA4404) chemically competent cells and plated on
LA containing 50 pg/mL kanamycin and 25 pg/mL rifampicin. A. tumefaciens
(LBA4404) cells carrying AICYP1 constructs were grown in 2 mL LB media with the
antibiotics at 28 °C and 180 rpm for 2 days. The starter culture was used to inoculate
15 mL LB with the antibiotics and incubated overnight at 28 °C and 180 rpm. After
incubation, cells were centrifuged at 2500 x g for 10 mins at 4°C. Cells were washed
with half strength MS media, pH 5.4 and centrifuged again. The cell pellet was re-
suspended in half strength MS media and maintained O.D.gpo at 0.3-0.5.
Acetosyringone of 10 uM was added and incubated at 24 °C and 180 rpm for 4 h. This
suspension was used for syringe assisted infiltration of the adaxial surface of neem
leaves. Three plants each were taken for over-expression and silencing. A. tumefaciens
(LBA4404) cells harbouring empty pRI101-AN vector was used as a control. The
plants were kept at 25°C, 18 h light and 6 h dark for acclimatization (3 to 4 days)
before infection, and maintained at the same conditions for the entire course of the
experiment. Leaves were collected in alternate days and stored in -80 °C until further
use. Neem leaves (0.1 g) were extracted with methanol (5 mL x 3), by overnight
extraction for 16 h followed by 1 h extraction two times. The pooled methanol layer
after concentration under reduced pressure. The extract was partitioned between ethyl
acetate (5 mL) and water (5 mL). The organic layer was separated, passed through
anhydrous sodium sulphate and concentrated under similar conditions to obtain the
crude triterpenoid extract. Extraction of individual tissues was performed in

triplicates.
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UPLC-ESI(+)-HRMS runs were performed on Q Exactive Orbitrap associated
with Accela 1250 pump (Thermo Scientific, MA, USA). Samples were resolved
through Acquity BEH C18 UPLC column (2.1x100 mm) of particle size 1.7 uM with
a flow rate of 0.2 mL/min and gradient solvent program of 40 min (0.0 min, 40%
methanol/water; 5.0 min, 50.0% methanol/water; 10.0 min, 60% methanol/water; 25.0
min, 65% methanol/water; 30.0 min, 90% methanol/water; 32.0 min, 90%
methanol/water; 34.0 min, 40% methanol/water; 40.0 min, 40% methanol/water).
0.1% LC-MS grade formic acid was added to water (mobile phase). Profiling
experiments were performed in ESI-positive ion mode using the tuning method as
follows: sheath gas (nitrogen) flow rate 45 units, auxiliary gas (nitrogen) flow rate 10
units, sweep gas (nitrogen) flow rate 2 units, spray voltage (|[KV|) 3.60, spray current
(1A) 3.70, capillary temperature 320 °C, s-lens RF level 50, heater temperature 350
°C. ESI(+)-HRMS data were recorded in full scan mode within the mass range m/z

100 to 1000. Profiling data were analyzed through Thermo Xcalibur software.

5.3.3.3 Cloning and Characterization of AiCYP2

Full-length primers for AICYP2 ORF were designed using the transcript
(Neem_Transcripts_28933) as a template. cDNA was used for PCR reaction using
AccuPrime Pfx Supermix (Invitrogen). The program for PCR was 95 °C for 5 min,
followed by 35 cycles at 95 °C for 30 sec, 61 °C for 30 sec, 68 °C for 2.0 min
followed by final extension at 68 °C for 5 min. PCR product was cloned into Sall and
Kpnl cloning sites of pYES2/CT expression vector using T4 DNA ligase. The ligation
mixture was transformed into TOP10 competent cells and plated on LA containing
100 pg/mL of ampicillin and incubated overnight at 37 °C. Then colony PCR was
carried out (with T7 promoter and CYC reverse primers) to identify the positive
clones. Cloning was confirmed by analyzing the sequence of positive clones obtained

by Sanger sequencing using T7 promoter and CYC reverse primers.

The expression of AICYP2 was carried out in INVScl, S. cerevisiae yeast
Strain. The cloned AiCPR2 plasmid was transformed by using S.c. EasyComp™
Transformation Kit and plated on CSM-URA plates. Then competent cells were made
with an INVScl cell harbouring AiCPR2. Cloned AICYP2 plasmid was transformed
into INVSc1+AiICPR2 cells and plated on CSM-URA-TRPA plates. A single colony
was inoculated into 2 % glucose contain CSM-URA-TRP and incubated at 30 °C. The
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overnight grown culture was induced by transfer to 2 % galactose contain CSM-URA-
TRP and incubated at 30 °C for 24 h. Then tirucalla-7,24-dien-3p-ol, euphol and
tirucallol (4 mg/ 100ml) was added to induced cells and incubated at 30 °C for 12 h.
Cells were collected by centrifugation at 1500 x g for 10 min at 4 °C. Saponification
was done with 10 % KOH in 80 % ethanol at 70 °C for 2 h and then extracted thrice
with equal volumes of n-hexane. Metabolite extracts were passed through anhydrous
sodium sulphate and concentrated. The extracted samples were analyzed by GC-MS
with Restek Rtx-5 (30 m x 0.25 mm x 0.32 um) capillary columns and the program
was 80 °C for 2 min, 5 °C/min till 290 °C and hold for 20 min.

5.4 Results and Discussion

5.4.1 Cloning and Characterization of AiCPRs

5.4.1.1 Cloning and Characterization of AiCPR1

AICPR1 [GenBank: KM108318] ORF of 2088 bp length was found encode for
a protein of 695 amino acids. The theoretical molecular weight and pl for this
polypeptide were 77.2 kDa and 5.38, respectively. The sequence comparison of
AICPR1 exhibited 83 % identity with CPR from Gossypium hirsutum [GenBank:
NP_001313876]°, 77 % identity with that from Fallopia sachalinensis [GenBank:
BAU59414]* and Santalum album [GenBank: ANQ46483]*. Amino acid sequence
comparison between neem AiICPRs showed 70 % identity with each other. All the
functional domains involved in the binding of cytochrome P450 monooxygenase,
cytochrome C, and other cofactors NADPH, FAD and FMN were identified for both
AICPRs (Figure 5.5). AiCPR1 belongs to Class | family of dicot cytochrome P450
reductases classification as it shows a close relation to Arabidopsis thaliana CPR1
(Figure 5.6).
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AiCPRL 1
AiCPR2 1 SESASSSNTMKVS PRIR#MSARIKG-
AtCPR1 1 SIMFKOLKEI
AtCPR2 1 ¥
SaCPR 1
RaCPR 1
VsCPR 1
AiCPR1 51 129
BiCPR2 76 149
AtCPRL 49 127
AtCPR2 74 147
SaCPR 49 126
BaCPR 68 A2 vi B 142
VSCPR 49 BT VPEFTYKHED - -RDavinyy A JIR 125
FMN-isoalloxazine-ring
AiCPR1 130 208
BAiCPR2 150 228
b X¥e) 2 WY WD DO Y EEKLKKET LAF 206
AtCPR2 148 |NNENANEANIDVNY AKVVD] 226
SaCPR 127 INONGHIAINHGITIY 205
AaCPR 143 VENINEAITISIANY 221
VSCPR 126 GFRULA 205
Cytochrome C
BAiCPR1 209 N AWRELY/WPELDQLLRDEDDM by Y 288
AiCPR2 229 E§WRELNWPELDELLRDEDDPTT 2 3 308
AtCPR1 207 ! WEEELWQELDHLLEDEDDK—S 2 285
AtCPR2 227 ) WRELLWPELD L%ED‘ ; AR 305
SaCPR 206 WRELLWPELDQLLRENDEN AR Y 285
RaCPR 222 SELWPELDQLLRDEDD[gh=VEY AR/ 1 297
VSCPR 206 AWIERNLWPELDQLLRDEDD| N Mecr 285
FAD-Pyrophosphate
AiCPR1l 289 368
BAiCPR2 309 § 388
AtCPRL 286 365
AtCPR2 306 385
SaCPR 286 365
AaCPR 298 377
VSCPR 286 365
AiCPRL 369 I ALE 447
AiCPR2 389 : S PRGKDE YlOWIVASQRS LLEJRARN
AtCPRL 366 A 3y SPWGKDEYSQWIVASQRSLLEJREE
AtCPR2 386 YARLILEFPRKSALVALAAHA s 'GKDEYSHWE SORSLLERIK]
SaCPR 366 AL|3¢YADLLNPPRKLALVALAAHA A EESEEGKDEﬂiqwu SQRSLLESE
AaCPR 378 ASLPPPFPQPCTLREALASYAD I EEPTKSALIALAAHA 2 IS PLGKDE Y} OWI VASERS LLERRE]
\£101 2 STl D G TR GRle SLIP PFPGPCTIRTALASY ADLLNPPRKARVALAAHA KV 444
AiCPR1 448 527
BAiCPR2 468 547

AtCPR1 445 AR FPSAKPPLGVFFAAEAPRLQ A 524

AtCPR2 464 FPSAKPPLGVFFAEVAPRLQ E% 543
SaCPR 445 ‘i‘ FPSEK{PLGVFFAAVAPRLQ GPYPTGRIHFGVCSTWMKNEV! 524
AaCPR 457 ¥%1AFPSAKPPLGVFFA§VAPRLQ FOTPEGRHKGVCSTHMKNAV PV oS 536
VSCPR 445 \gurN ; 524
AiCPR1 528 606
BAiCPR2 548 626
AtCPRL 525 603
AtCPR2 544 Gl 623
SaCPR 525 603
RaCPR 537 615
VSCPR 525 603
AiCPR1 A A 686
AiCPR2 T A RTLHTIVQEQESVDSSKA 706
AtCPR1 A RTLHTIVQEQEEVESSEAE 683
AtCPR2 2 2 RELHT IRQEQESTDSHKA 703
SaCPR ; RTLHTEVQEQESVDS SKAESH 683
RaCPR ; RTLHTIVQEQESFDSSKA 695
VsCPR 2 RELHTIVQ) oA 683
BAiCPR1l 687 695

AiCPR2 707 715

AtCPRL 684 692

AtCPR2 704 712

SaCPR 684 692

RaCPR 696 704

VSCPR 684 692

Figure 5. 5 Multiple Sequence Alignment of A. indica NADPH-Cytochrome P450
Reductases.

Amino acid sequences of AiCPR1 (AIG15451, A. indica), AiCPR2 (AIG15452, A. indica),
AtCPR1 (CAA46814, A. thaliana), AtCPR (CAA46815, A. thaliana), SaCPR (ANQ46483,
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Santalum album), AaCPR (ABI198819, Artemisia annua) and VSCPR (CAA81211, Vicia
sativa) are used for multiple sequence alignment. The highly conserved DCTAE motifs are
indicated in blue colour letters.

35 AiCPR1
29 PtCPR1
AtCPR1
15
100 — CsCPR1
CaCPR1
SaCPR1
50 VsCPR
100 AtCPR2
—— CsCPR2
13 SaCPR2
100
AaCPR
45 CaCPR2
45 AiCPR2
80 PtCPR2
I |
0.050

Figure 5. 6 Phylogenetic Analysis of Neem Cytochrome P450 Reductases.

GeneBank Accession numbers used for construction of phylogenetic analysis are AiCPR1
(AlG15451, Azadirachta indica), AiICPR2 (AlIG15452, A. indica), AtCPR1 (CAA46814, A.
thaliana), AtCPR2 (CAA46815, A. thaliana), SaCPR1 (ANQ46483, Santalum album),
AaCPR (ABI98819, Artemisia annua), VSCPR (CAA81211, Vicia sativa), CsCPR2
(XP_010433014, Camelina sativa), CsCPR1 (XP_010433757, Camelina sativa), CaCPR1
(CDI59405, Capsicum annuum), CaCPR2 (CDI59406, Capsicum annuum), SaCPR2
(AHB33950, Santalum album), PtCPR1 (AAK15259, Populus trichocarpa x P. deltoids),
PtCPR2 (AAK15260, Populus trichocarpa x P. deltoids).
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> 0kb 2.08 kb

Figure 5. 7 AiICPR1 ORF Amplification.

Lane 1: 1 kb DNA ladder Invitrogen (Addendum Figure A1.B), Lane 2: Negative control,
Lane 3: AICPR1 PCR product at 61 °C, Lane 4: AiCPR1 PCR product at 62 °C, Lane 5:
AICPR1 PCR product at 63 °C and Lane 6: AiCPR1 PCR product at 64 °C.

8 9 10

90 KDa

Figure 5. 8 SDS-PAGE for AiCPRL1 Protein Purification in pET32a.

Lanel: Un-induced fraction, Lane 2: Supernatant fraction, Lane 3: Pellet fraction, Lane 4:
Unbound fraction, Lane 5: Wash fraction 1, Lane 6: BenchMark™ Protein Ladder
(Addendum Figure A2.B), Lane 7, 8, 9 and 10: Elution fractions.

AiICPR1 was cloned into a pET32a expression vector (Figure 5.7). The cloned
construct was transformed into Rosetta 2 (DE3) cells and expressed. AiCPR1 was
obtained as soluble form and purified by Ni-NTA affinity column chromatography.
The recombinant protein was approximately 50 % pure as analyzed by SDS-PAGE
(Figure 5.8). The partially purified AiCPR1 was incubated with cytochrome C and

potassium ferricyanide. Spectrophotometric analyses of the assay indicated the
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reduction of cytochrome C and potassium ferricyanide, which confirmes AiCPR1 was
NADPH-cytochrome P450 reductase (Figure 5.9).
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Figure 5. 9 Spectrophotometric Absorbances of Cytochrome C and Potassium
Ferricyanide Reduction by AiCPR1.

5.4.1.2 Cloning and Characterization of AiCPR2

AICPR2 [GenBank: KM108319] ORF of 2088 bp length was found to be
encoded for a protein of 695 amino acids. The theoretical molecular weight and pl for
this polypeptide were 78.9 kDa and 5.35, respectively. The sequence comparison of
AiICPR2 exhibited 82 % identity with CPR3 from Populus trichocarpa x Populus
deltoides [GenBank: AAK15261]’, 79 % identity with that from Camptotheca
acuminate [GenBank: AJW67229]" and 78% identity with Artemisia annua
[GenBank: ABI98819]**. All the functional domains involved in the binding of
cytochrome P450 monooxygenase, cytochrome C, and other cofactors NADPH, FAD
and FMN were identified for both AICPR2 (Figure 5.5). AICPR2 belongs to Class 2
family of dicot cytochrome P450 reductases classification as it shows a close relation
to Arabidopsis thaliana CPR2 (Figure 5.6).
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Figure 5. 10 AiCPR2 ORF Amplification.

Lane 1: 1 kb DNA ladder Invitrogen (Addendum Figure Al.2), Lane 2: Negative control,
Lane 3: AiCPR2 PCR product at 56 °C, Lane 4: AiCPR2 PCR product at 58 °C, Lane 5:
AICPR1 PCR product at 60 °C and Lane 6: AiCPR1 PCR product at 62 °C.

90 KDa

Figure 5. 11 SDS-PAGE for AiCPR2 Protein Purification in pET32a.

Lanel: Un-induced fraction, Lane 2: Supernatant fraction, Lane 3: Pellet fraction, Lane 4:
Unbound fraction, Lane 5: Wash fraction 1, Lane 6: BenchMark™ Protein Ladder
(Addendum Figure A2.B), Lane 7 and 8: Elution fractions.

AiICPR2 was cloned into a pET32a expression vector (Figure 5.10). The
cloned construct was transformed into Rosetta 2 (DE3) cells and expressed. AiCPR2
was obtained as soluble form and purified by Ni-NTA affinity column
chromatography. The recombinant protein was approximate 98 % pure as analyzed by
SDS-PAGE (Figure 5.11). The purified AiCPR1 was incubated cytochrome C and

potassium ferricyanide. Spectrophotometric analyses of the assay indicated the
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reduction of cytochrome C and potassium ferricyanide which confirmes AiCPR1 was
NADPH-cytochrome P450 reductase (Figure 5.12).

= Cytochrome C reduction assay
0.02

0.015

0.01

Absorbance at 550

0.005

-0.005

-0.01

-0.015
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Absorbance at424 nm

Potassium ferricyanide reduction assay

Figure 5. 12 Spectrophotometric Absorbances of Cytochrome C and Potassium
Ferricyanide Reduction by AiCPR2.

5.4.2 Cloning and Characterization of AiCYPs

5.4.2.1 Cloning of AiCPR2 in pYES3/CT Vector

AICPR2 was cloned into a pETYES3/CT expression vector and the construct
was expressed in INVScl yeast strain. Then competent cells were made with INVScl
cells having AiCPR2 in pYES3/CT vector.
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Figure 5. 13 AiCPR2 ORF Amplification.

Lane 1: 1 kb DNA ladder Invitrogen (Addendum Figure Al.B), Lane 2: Negative control,
Lane 3: AiCPR2 PCR product at 60 °C, Lane 4: AiCPR2 PCR product at 62 °C, Lane 5:
AiICPR1 PCR product at 64 °C and Lane 6: AiCPR1 PCR product at 66 °C

5.4.2.2 Cloning and Characterization of AiCYP1

5.4.2.2.1 Cloning and Characterization of AiICYP1 in Yeast

AICYP1 [Neem_Transcript_34861] ORF of 1437 bp length was found to be
encoded for a protein of 478 amino acids. The theoretical molecular weight and pl for
this polypeptide were 55.2 kDa and 9.21, respectively. The sequence comparison of
AICPR1 exhibited 43 % identity with protopanaxadiol 6-hydroxylase from Panax
ginseng [GenBank: 17CT85]", 42 % identity with dammarenediol 12-hydroxylase
[GenBank: H2DH16]™ and 41% identity with B-amyrin 28-oxidase [GenBank:
I7C6E8]***". N terminal transmembrane domain, Proline cluster, oxygen binding,
Heme binding motif and E-R-R triad for locking the heme pocket into position and to
assure stabilization of the conserved core structure are found in AiCYP1*? (Figure
5.14). AICYP1 belongs to CYP716 family and may be involved in the modification
of phytol chain in protolimonoids (Figure 5.15).
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Figure 5. 14 Multiple Sequence Alignment of A. indica Cytochrome P450 1 (AiCYP1)
Amino acid sequences of AICYP1 (A. indica), CYP716A53v2 (Panax ginseng, 17CT85),
CYP716A47 (Panax ginseng, H2DH16) and CYP716A52v2 (Panax ginseng, I7C6E8) are
used for multiple sequence alignment. The transmembrane domain is indicated in blue colour.
The highly conserved cluster of proline, oxygen binding, EER triad and heme binding motifs
is indicated in red colour letters.
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Figure 5. 15 Phylogenetic Analysis of AiCYP1 and AiCYP2.
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AICYP1 was cloned into a pYES2/ct expression vector (Figure 5.16). The

cloned construct was transformed into INVScl cells containing AiCPR2. Expression
was done under 2% galactose. It was then incubated with tirucalla-7,24-dien-3p-ol,
euphol and tirucallol (4 mg/ 100 mL) incubated for 12 h. Crude n-hexane metabolite
extracts of saponified AICYP1 yeast cells were analyzed on GC-MS. Hydroxylated
triterpene cyclic product was not observed from GC-MS data analysis (Figure 5.17).

Hence, tirucalla-7,24-dien-3p-ol, euphol and tirucallol may not be the substrates for
AICYPL1.

1.5kb

Figure 5. 16 AiCYP1 ORF Amplification.

Lane 1: 1 kb DNA ladder Invitrogen (Addendum Figure Al.B), Lane 2: Negative control,
Lane 3: AiICYP1 PCR product at 60 °C, Lane 4: AiCYP1 PCR product at 61 °C, Lane 5:
AiICYP1 PCR product at 62 °C and Lane 6: AiCYP1 PCR product at 63 °C.

INVScl/AICPR2/AICYP1
T - Ww
1
2 Incubated with
Euphol & Tirucallol
L
3 Incubated with
J | AA /L Tirucalla-7,24,dien-3p-ol
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1. Tirucallol, 2. Euphol and
3. Tirucalla-7,24-dien-3p-ol

Figure 5. 17 Total lon Chromatograms of AiICYP1/AiCPR2-INVScl Metabolite Extract.
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5.4.2.2.2 Cloning and Characterization of AiCYP1 in Neem

AICYP1 ORF was cloned into a pRI101-AN expression vector (Figure 5.18).
Sence (Figure 5.19) and anti-sense (Figure 5.20) primers are used to clone AiCYP1
first 300 bp in PRI101-AN which contains wheat starch branching intron. The cloned

construct was transformed into Agrobacterium tumefaciens (LBA4404).

1.5 ka143 kb

Figure 5. 18 AiCYP1 ORF Amplification for Cloning into pR1101-AN.

Lane 1: 1 kb DNA ladder Sigma (Addendum Figure A1.A), Lane 2: Negative control, Lane
3: AICYP1 PCR product at 55 °C, Lane 4: AiCYP1 PCR product at 57 °C, Lane 5: AiCYP1
PCR product at 59 °C, Lane 6: AiCYP1 PCR product at 61 °C and Lane 7: AiCYP1 PCR
product at 63 °C.

500 bp|3oo bp

Figure 5. 19 AiCYP1 Sence 300 bp Amplification.

Lane 1: 1 kb DNA ladder Sigma (Addendum Figure A1.A), Lane 2: Negative control, Lane
3: Sence PCR product at 58 °C and Lane 4: Sence AiCYP1 PCR product at 60 °C.

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 201



Chapter 5

500 bp
300 bp

Figure 5. 20 AiCYP1 Antisense 300 bp Amplification.

Lane 1: 1 kb Plus DNA ladder Thermo Fisher (Addendum Figure A1.C), Lane 2: Antisense
PCR product at 55 °C, Lane 3: Antisense PCR product at 57 °C, Lane 4: Antisense PCR
product at 59 °C, Lane 5: Antisense PCR product at 61 °C, Lane 6: Antisense PCR product at
63 °C and Lane 7: Negative control.

A. tumefaciens (LBA4404) harbouring AICYP1 constructs were transiently
transfected into neem leaves through syringe agroinfiltration. Neem leaves were
collected on alternate days for six days. Methanol extracts of leaves are analyzed
through Q Exactive Orbitrap associated with Accela 1250 pump (Thermo Scientific,
MA, USA). Quantitative profiling of azadirachtin A was analyzed through Thermo
Xcalibur software by considering azadirachtin A standard graph®’. In AiCYP1
overexpression, azadirachtin A production was observed maximum in day 2 (3.5
folds) and day 4 (2.09 folds) as compared to pRI101 vector control. In AiCYP1
silencing, day 4 showed the highest effect i.e., 5 fold lesser was observed in AiCYP1
silenced neem leaves as compared to vector control (Figure 5.21). This analysis

confirms the AICYP1 involves in neem limonoid biosynthesis.
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Figure 5. 21 Neem Transient Transformation of AiICYP1.

5.4.2.3 Cloning and Characterization of AICYP2 in Yeast

AICYP2 [Neem_Transcript_38933] ORF of 1473 bp length was found to be
encoded for a protein of 490 amino acids. The theoretical molecular weight and pl for
this polypeptide were 56.1 kDa and 8.38, respectively. The sequence comparison of
AICYP2 exhibited 51 % identity with B-amyrin 11-oxidase from Glycyrrhiza
uralensis [GenBank: B5BSX1]%, 49 % identity with ent-kaurenoic acid oxidase 2
from Arabidopsis thaliana [GenBank: Q9C5Y2]*® and 47% identity with ent-
kaurenoic acid oxidase 2 from A. thaliana [GenBank: 023051]*2*. N terminal trans-
membrane domain, proline cluster, oxygen binding, heme binding motif and E-R-R
triad for locking the heme pocket into position, to assure stabilization of the conserved
core structure are found in AiCYP2°? (Figure 5.22). AiCYP2 belongs to the CYP88
family and may be involved in hydroxylation at C-11 or 12 (Figure 5.15).
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Figure 5. 22 Multiple Sequence Alignment of A. indica Cytochrome P450 2 (AiCYP2).
Amino acid sequences of AICYP1 (A. indica), CYPP45088D6 (Glycyrrhiza uralensis,
B5BSX1), CYPP45088A4 (Arabidopsis thaliana, Q9C5Y2), CYPP45088A5 (A. thaliana,
Q5VRM7) and CYPP45088A3 (A. thaliana, 023051) are used for multiple sequence
alignment. The transmembrane domain is indicated in blue colour. The highly conserved
cluster of proline, oxygen binding, EER triad and heme binding motifs are indicated in red
colour letters.

AICYP2 was cloned into a pYES2/ct expression vector (Figure 5.23). The
cloned construct was transformed into INVScl cells containing AiCPR2. Expression
was done under 2% galactose. It was then incubated with tirucalla-7,24-dien-3p-ol,
euphol and tirucallol (4 mg/ 100 mL) for 12 h. Crude n-hexane metabolite extracts of
saponified AiCYP2 yeast cells were analyzed on GC-MS. No hydroxylated triterpene
cyclic product was observed from GC-MS data analysis (Figure 5.24). Triucalla-7,24-

dien-3-ol, euphol and tirucallol did not act as substrates for AiCYP2.
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Figure 5. 23 AiCYP2 ORF Amplification.

Lane 1: 1 kb DNA ladder Thermo Fisher (Addendum Figure A1.B), Lane 7: Negative
control, Lane 8: AiCYP2 PCR product at 60 °C, Lane 9: AiCYP2 PCR product at 57 °C,
Lane 10: AiCYP2 PCR product at 62 °C and Lane 7: AiCYP2 PCR product at 63 °C
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Figure 5. 24 Total lon Chromatograms of AiICYP2/AiCPR2-INVScl Metabolite Extract.

5.5 Conclusion

In order to identify the cytochrome P450 involved in limonoid biosynthesis in neem, a
total of two cytochrome P450 reductases and fifteen CYPs were selected based on
functional annotation and differential expression data. The two CPR genes ORF was
amplified and cloned into pET32a vector. Then expressed in Rosetta 2 (DE3) cells and
protein purification was done. The activity of AiCPRs was confirmed by reduction of
cytochrome C and potassium ferricyanide. Two CYPs were selected for functional
characterization. AICYP1 was predicted to modify the terminal side chain of
protolimonoids and AICYP2 was predicted to hydroxylate C12 or C13 in basic
limonoids/protolimonoids based on BLAST results. AiICPR2 ORF was amplified and
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cloned into pYES3/CT vectors and expressed in yeast along with AICPRs by
providing tirucalla-7,24-dien-3p-ol, euphol and tirucallol as substrates. However, the
GC-MS analysis indicates that the expressed AICYPs failed to carry out
hydroxylation. To overexpress AiCYP1, the ORF was cloned into pRI101-AN and to
silence, cloning of sense and antisense first 300 bp fragments into pRI101-Al
harbouring wheat for overexpression. Agrobacterium-based syringe infiltration
method was used for transient transformation of AiCYP1 constructs into neem leaves.
In AICYP1 overexpression, Azadirachtin A production was observed maximum in
day 2 (3.5 folds) and Day 4 (2.09 folds) as compared to vector control. In AiICYP1
silencing, Day 4 showed the highest effect i.e., 5 fold lesser was observed in AiCYP1
silenced neem leaves as compared to vector control. Based on metabolite extraction
and HRMS analysis of different time intervals of neem leaves, azadirachtin A levels
states that AICYP1 involves in limonoids biosynthesis. This analysis confirms the
AICYP1 involves in neem limonoids biosynthesis. Further analysis is needed to

characterize the genes involved in limonoids biosynthesis in neem.

5.6 Appendix: Agarose Gel Electrophoresis for Colony PCR

Screening

5.6.1 Cloning of AiCPR1 into pET32a Vector
Colony PCR with T7 forward and reverse primers for the screening of AiCPR1

cloned into pET32a vector.

10 12 13 14

Figure 5. 25 Colony PCR Screening for AiCPR1 Cloned into pET32a on an Agarose Gel.
Lane 1: 1 kb DNA ladder Sigma (Addendum Figure Al.A), Lane 2: negative control and
Lanes 3-15: PCR with T7 forward and reverse primers.
5.6.2 Cloning of AiCPR2 into pET32a Vector

Colony PCR with T7 forward and reverse primers for the screening of AiCPR2

cloned into pET32a vector.

Avinash Pandreka, Ph.D. Thesis, AcSIR, 2018 206



e Chapters

ZOkb'25kb

Figure 5. 26 Colony PCR Screening for AiCPR2 Cloned into pET32a on an Agarose Gel.
Lane 1: 1 kb DNA ladder Thermo Fisher (Addendum Figure A1.B) and Lanes 2-7: PCR with
T7 forward and reverse primers.

5.6.3 Cloning of AICPR2 into pYES3/CT Vector
Colony PCR with T7 forward and CYC reverse primers for the screening of
AiICPR2 cloned into pYES3/CT vector.

b '_~ h

Figure 5. 27 Colony PCR Screening for AiCPR2 Cloned into pYES3/CT on an Agarose

Gel.
Lane 1: 1 kb DNA ladder Sigma (Addendum Figure A1.A), Lane 2: negative control and

Lanes 3-7: PCR with T7 forward and CYC reverse primers.

5.6.4 Cloning of AICYP1 into pYES2/CT Vector
Colony PCR with T7 forward and CYC reverse primers for the screening of

AICYP1 cloned into pYES2/CT vector.
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Figure 5. 28 Colony PCR Screening for AiCYP1 Cloned into pYES2/CT on an Agarose

Gel.
Lane 1: 1 kb Plus DNA ladder Thermo Fisher (Addendum Figure A1.C) and Lanes 2-5: PCR

with T7 forward and CYC reverse primers.

5.6.5 Cloning of AiICYP1 ORF into pRI1101-AN Vector
Colony PCR with pRI101 forward and reverse primers for the screening of

AICYP2 cloned into pRI101-AN vector.

N v S S N
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2.0kb e e e 1.8kb

Figure 5. 29 Colony PCR Screening for AiCYP1 ORF Cloned into pRI101-AN on an

Agarose Gel.
Lane 1: 1 kb DNA ladder Thermo Fisher (Addendum Figure A1.B) and Lanes 2-15: PCR

with pRI101-AN forward and reverse primers.

5.6.6 Cloning of AiCYP1 Sence 300 bp into pRI101-AN Vector
Colony PCR with pRI101 forward and reverse primers for the screening of

AICYP2 cloned into pRI101-AN vector.
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Figure 5. 30 Colony PCR Screening for AiCYP1 Sence 300 bp into pRI101-AN on an

Agarose Gel.
Lane 1: 1 kb DNA ladder Thermo Fisher (Addendum Figure A1.B) and Lanes 2-14: PCR
with pRI101-AN forward and reverse primers.

5.6.7 Restriction Digestion of AICYP1 Antisense 300 bp into pRI101-AN
Vectors

BamHI and Sacl restriction digestion of AICYP1 antisense 300 bp into
PRI101-AN vectors.

500 bp 300 bp

Figure 5. 31 Restriction Digestion for AiCYP1 Antisense 300 bp Cloned into pRI101-AN
on an Agarose Gel.
Lane 1: 1 kb Plus DNA Ladder Thermo Fisher (Addendum Figure A1.C) and Lanes 2-7:
Restriction Digested AiCYP1 antisense 300 bp cloned in pRI1101-AN.
5.6.8 Cloning of AICYP2 into pYES2/CT Vector

Colony PCR with T7 forward and CYC reverse primers for screening of

AICYP2 cloned into pYES2/CT vector.
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1.5kb

1.5kb

Figure 5. 32 Colony PCR Screening for AiCYP2 Cloned into pYES2/CT on Agarose Gel.
Lanes 1-6: PCR with T7 forward and CYC reverse primers, Lane 7: 1 kb Plus DNA Ladder
Thermo Fisher (Addendum Figure A1.C) and Lane 8: negative control.
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Figure Al: Band distribution of A) 1 Kb DNA Ladder from Sigma Aldrich, B) 1 Kb
DNA Ladder and C) 1 Kb Plus DNA Ladder from Thermo Fischer Scientific, USA on
a 0.9 % agarose gel stained with Ethidium bromide.
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Figure A2: Band distribution of A) Novex® Sharp Pre-Stained Protein Standard and
B) BenchMark™ Protein Ladder from Thermo Fischer Scientific, USA on a 0.9 %
agarose gel stained with Ethidium bromide.
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Sequences of Genes isolated from Neem
1) Geranyl Diphospahte Synthase (AiGDS; Accession number: KM108315)

>Neem_transcript_10912

ATGTTATTTTCTCGTGGACTTTCTCGGATTTCTAGAATCCCGAGAAATAGTTTGATT
GGCTGCCGTTGGCTTGTTTCTTACCGACCCGATACCATTCTTTCCGGTAGTTCACAC
TCTGTTGGAGATTCTACTCAAAAGGTTTTGGGTTGCAGAGAAGCTTATTTATGGAGT
TTGCCTGCCCTGCATGGAATTAGGCATCAGATTCATCAACAGAGCAGCTCCCTAATT
GAGGAGGAACTTGATCCATTTTCCCTTGTTGCTGATGAACTATCACTAGTTGCTAAC
AGGTTGCGCTCCATGGTTGTTGCTGAGGTGCCTAAACTTGCCTCAGCTGCTGAATAT
TTCTTCAAAATGGGGGTGGAAGGAAAGAGGTTTCGTCCTACGGTTTTATTGTTGATG
GCATCGGCTTTGAATGTGCAAGTACCTCAGCCTCTTTCTGATGGAGTAGGAGATGCT
TTGACAACTGAACTCCGTACAAGACAACAATGTATAGCTGAGATTACAGAGATGATC
CATGTAGCTAGCCTTCTTCATGATGATGTCTTGGATGATGCAGATACCAGACGTGGT
ATTGGTTCATTGAATTTTGTAATGGGCAATAAGTTAGCTGTATTAGCTGGAGATTTT
CTGCTTTCTCGAGCTTGTGTTGCCCTTGCTTCTTTAAAAAACACTGAGGTTGTGTCA
TTACTGGCAACTGTTGTAGAGCATCTTGTTACTGGTGAAACCATGCAAATGACTACT
ACAGCAGAACAACGTCGTAGCATGGATTATTATATGCAAAAAACATACTACAAGACT
GCATCATTGATATCAAATAGCTGCAAGGCCATTGCCCTTCTTGCTGGACAAACAACT
GAAGTTGCAATGTTGGCTTTTGATTATGGCAAAAATCTGGGTCTGGCGTTTCAATTA
ATAGATGATGTTCTCGATTTCACAGGCACATCAGCTTCCCTTGGAAAGGGTTCTTTG
TCTGACATCCGACATGGAATTGTAACAGCTCCAATTCTGTTTGCAATGGAAGAGTTC
CCTGAGTTGCGTAAAGTAGTTGACAAGGGCTTTGACGATCCCTCAAATGTCGATATT
GCCTTGGAGTACCTTGGAAAGAGTCGAGGAATACAAAGAACGAGAGAACTAGCTCAG
AAGCATGCTAACCTAGCCACAGTTGCACTTGACTCTCTACCAGAAAGCAACGATGAC
GATGTGAAAAAGTCGAGGCGTGCACTTTTAGATCTCGCTCAAAGAGTCATCACAAGA
AATAAATAG

>AiIGDS_Protein_Sequence

MLESRGLSRISRIPRNSLIGCRWLVSYRPDTILSGSSHSVGDSTQKVLGCREAYLWS
LPALHGIRHQIHQQOSSSLIEEELDPFSLVADELSLVANRLRSMVVAEVPKLASAAEY
FFKMGVEGKRFRPTVLLLMASALNVQVPQPLSDGVGDALTTELRTROQOCIAEITEMI
HVASLLHDDVLDDADTRRGIGSLNEFVMGNKLAVLAGDEFLLSRACVALASLKNTEVVS
LLATVVEHLVTGETMOMTTTAEQRRSMDYYMOKTYYKTASLISNSCKATALLAGQTT
EVAMLAFDYGKNLGLAFQLIDDVLDFTGTSASLGKGSLSDIRHGIVTAPILFAMEEF
PELRKVVDKGFDDPSNVDIALEYLGKSRGIQRTRELAQKHANLATVALDSLPESNDD
DVKKSRRALLDLAQRVITRNK

2) Farnesyl Diphospahte Synthase (AiGDS; Accession number: KM10831)
>Neem_transcript_25722

ATGAGTGATCTGCATTCCAAATTCCGGGAGGCTTACCCTGTCTTAAAAGAAGAGCTC
CTCAATGACCCTGCATTTGAGTACGATGATGCTTCTCGTCAATGGGTCGAGCGTATG
CTGGACTACAATGTGCCTGGAGGAAAGCTGAACCGGGGACTATCTGTTCTTGACAGC
TACAAGTTACTAAAAGAAGGAAAAGAACTAACGGATGATGAACTTTTTCTTGCATCT
GCACTAGGCTGGTGCATCGAATGGCTTCAAGCATATTTTCTTGTTCTTGACGATATC
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ATGGACAACTCTGTGACACGCCGTGGTAACCCTTGCTGGTTCAGACTCCCCAAGGTT
GGCATAATTGCTGTAAATGATGGTGTAATTCTACGCAACCATGTGCACAGAATTCTT
AAGAAACATTTTAGAGAAAAGCCTTACTATGTGGAACTGGTGGATTTATTTAATGAG
GTGGAATTTCAAACAGCTTCAGGACAATTGATAGATTTAATTACCACACATGAAGGA
GAGAAAGATCTATCAAAGTACTCATTGACAGTTCATCGTCGCATTGTTCAGTACAAA
ACCGCTTACTATTCCTTTTACCTTTCGGTTGCTTGTGCATTGCTTATGTCAGGTGAG
AATCTTGACAATCATGTTAATGTCAAGAACATCCTTGTTGAAATGGGTGTCTATTTT
CAAGTACAGGATGATTATCTTGATTGTTTTGGTGCTCCAGAAGTGACTGGTAAGATT
GGAACTGATATCGAAGACTTTAAGTGTTCTTGGTTGGTCGTGAAAGCTCTGGAACAT
TGTAACGAGGAACAGAAAAAATTGCTATATGAGAACTACGGGAAGGCAGATGCAGCT
TGTATTTCAAAAGTGAAAGAGCTTTATAAAACTCTTGATATTCAGGGTGCATTTGAG
GAGTACGAGAGGGAGAGTTATGAAAAGCTGACAAAATCCATTGAAGCTCATCCAAGT
AAGGCAGTTCAAGCTGTGTTAAAATCATTCTTGGCAAAGATATACAAGAGGCAGAAG
TAA

>AIFDS_Protein_Sequence

MSDLHSKFREAYPVLKEELLNDPAFEYDDASROWVERMLDYNVPGGKLNRGLSVLDS
YKLLKEGKELTDDELFLASALGWCIEWLOAYFLVLDDIMDNSVTRRGNPCWFRLPKV
GITIAVNDGVILRNHVHRILKKHFREKPYYVELVDLENEVEFQTASGQLIDLITTHEG
EKDLSKYSLTVHRRIVQYKTAYYSFYLSVACALLMSGENLDNHVNVKNILVEMGVYF
QVODDYLDCFGAPEVTGKIGTDIEDFKCSWLVVKALEHCNEEQKKLLYENYGKADAA
CISKVKELYKTLDIQGAFEEYERESYEKLTKSTEAHPSKAVQAVLKSFLAKIYKROK

3) Squalene Epoxidase 1 (AiSQE1L; Accession number: JX997152)

>Neem_transcript_11067/ Master_Control_31859

ATGGCGGCTGTGATTGATCAATACATTGTTTGGACTTTCTGTGCCTCTCTCATTGGG
TTTCTTCTTCTCTTCATTTITGCGACTCAATGATAAGAACGAGTCAAAGGAGGATACC
GGAAACTGCAATATCCAAAATGACATTGTTAAGAGCTCTTCTAACGATGGAGATTCC
TCGCCGGAGCATGGCTCCCGCACTGACGTCATCATTGTTGGCGCCGGCGTTGCTGGT
ACTGCCTTGGCTCACACACTTGGCAAGGATGGAAGGCGAGTTCATGTGATAGAAAGA
GACTTGACAGAGCCTGACAGAATTGTTGGTGAACTGCTTCAGCCTGGGGAATACCTG
AAACTAGTTGAGTTGGGCCTTGAGGACTGTGTGGAAGAAATTGATGCCCAGCAAGTA
CTTGGTTATGCTCTTTTCAAGGATGGAAAAAATACTAGACTGTCATATCCCTTGGAG
AAATTTCATGCGGACGTCTCTGGGAGGAGCTTCCACAATGGGCGTTTCATTCAGCGG
ATGAGAGAAAAAGCAGCTACTCTTCCCAATGTACAGCTAGATCAAGGAACTGTAACA
TCCCTACTTGAAGAAAATGGGACTATAAAAGGGGTTCAGTACAAAACTAAGGATGGT
CAAGAACTTCAATCTTTTGCCCCTCTTACAATTGTGTGTGATGGTTGCTTCTCAAAT
CTGCGCCGTTCTCTTTGCAAACCAAAGGTTGATGTGCCCTCTTGTTTTGTGGGTTTA
GTCTTAGAGAACTGCCAGCTTCCATTTGCGAACCACGGGCATGTCATTCTGGCAGAT
CCTTCCCCCATCTTATTTTATCCAATCAGTAGCACAGAGATTCGATGCTTGGTTGAT
GTTCCTGGTCAGAAGATACCACCAATAGCTAATGGTGAAATGGCCAATTATTTGAAG
ACTGTGGTGGCACCGCAGGTTCCCCCTGAGCTTCATGATGCCTTCATTTCTGCAGTT
GAGAAAGGAAATATTAGAACTATGCCAAATAGAAGCATGCCAGCTGATCCCCAGCCT
ACTCCTGGAGCCCTTCTGATGGGTGATGCTTTCAACATGCGTCATCCTTTAACTGGC
GGCGGAATGACTGTGGCATTATCTGATATTGTTGTACTGCGGAATCTCCTTAAGCCA
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CTCAATGACTTTCATGATTCAGCTTCCCTTACCACATATCTTGAATCCTTTTATACC
TTACGCAAGCCAGTTGCATCGACAATAAATACTCTGGCAGGTGCTCTTTACAAGGTG
TTTTCCTCTTCCCCTGATCAAGCAAGAAAGGAAATGCGCCAAGCATGTTTTGACTAT
TTAAGTCTTGGAGGTGTCTTTTCATCCGGACCAATTGCTTTACTCTCTGGTCTAAAC
CCTCGCCCCTTAAGTTTAGTTCTGCATTTCTTTGCTGTGGCAATTTATGGTGTTGGT
CGTTTGCTACTTCCATTTCCATCGCTTAAGAGGATGTGGATTGGGGCTAGGCTAATA
TCGAGTGCATCAGGTATTATTTTTCCCATCATCAAGGCAGAAGGAGTTAGGCAAATG
TTCTTCCCTGCCACTATTCCTGCAATATACAGAGCTCCTCCTGTTGACGATTGA

>AISQEL Protein_Sequence

MAAVIDQYIVWTFCASLIGFLLLFILRLNDKNESKEDTGNCNIQNDIVKSSSNDGDS
SPEHGSRTDVIIVGAGVAGTALAHTLGKDGRRVHVIERDLTEPDRIVGELLOPGEYL
KLVELGLEDCVEEIDAQOQVLGYALFKDGKNTRLSYPLEKFHADVSGRSFHNGRFIQR
MREKAATLPNVQLDOGTVTSLLEENGTIKGVQYKTKDGOELOSFAPLTIVCDGCESN
LRRSLCKPKVDVPSCFVGLVLENCOQLPFANHGHVILADPSPILFYPISSTEIRCLVD
VPGOKIPPTANGEMANYLKTVVAPQVPPELHDAFISAVEKGNIRTMPNRSMPADPQP
TPGALLMGDAFNMRHPLTGGGMTVALSDIVVLRNLLKPLNDFHDSASLTTYLESEYT
LRKPVASTINTLAGALYKVFSSSPDQARKEMRQACFDYLSLGGVESSGPIALLSGLN
PRPLSLVLHFFAVATIYGVGRLLLPFPSLKRMWIGARLISSASGITIFPITKAEGVRQOM
FFPATIPAIYRAPPVDD

4) Triterpene synthase 1 (AiTTS1)

> Master_Control_24780/ Neem_transcript_28920

ATGTGGAAGCTGAAGATTGCAGAGGGTGACAAAAATAGCCCATATATTTCTACAACA
AACAATTTCGTTGGAAGGCAAATATGGGAATTTGATCCGAACGCCGGAACTGCTGAA
GAGCTTGCTGAAGTTGAAGAAGCTCGTCAGAATTTCTACAAGAATCGCCATCAAGTC
AAACCTGCTAGTGATCTTATTTTTCGTCTTCAGTTTCTTAGAGAGAAAAACTTCAAG
CAAACGATTCCTCAAGTGAAGGTTGAAGATGGGGAGGAGATCACATATGACACTGCC
ACAGCAGCAATGAAGAGGGCTGCTCACTACTTCTCAGCAATTCAGGCTAGCGATGGC
CATTGGCCTGCTGAAAATTCTGGCCCTATGTATTTCCTTCCTCCATTTGTATTCTGC
TTGTACATTACAGGACATCTTGATACTGTATTTACAGCTGCTCATCGCAGAGAAGTC
CTTCGTTACTTATACAATCATCAGCATGAAGATGGAGGATGGGGAATACACATAGAA
GCGCCAAGCAGTATGTTTGGTACAGTTTACAGTTATCTTACAATGCGTTTGCTAGGG
TTAGGACCCAACGATGGTGAAAACAATGCCTGCGCCAGAGCTAGAAAATGGATTCGT
GATAATGGTGGTGTCACTTACATTCCCTCTTGGGGAAAGAATTGGCTTTCGATTCTT
GGTTTGTTTGAATGGGCTGGAACACACCCAATGCCCCCAGAGTTCTGGATGCTTCCT
TCTCATTTTCCACTTCATCCAGCCCAAATGTGGTGCTTCTGCCGGCTGGTTTACATG
CCCTTGTGTTATTTATACGGCAAAAGATTTGTTGGTCCAATCACTCCACTTATCAAA
CAACTGAGAGAAGAACTTCATACAGAGCCTTACGATAAAATCAACTGGAGGAAAGTT
CGTCATCAATGTGCAAAGACTGATCTCTACTACCCCCATCCATTCGTACAAGAAGTT
CTATGGGATACTCTATACTTTGCTACAGAGCCTCTGCTTACTCGTTGGCCATTGAAC
AAGTATGTCAGAGAGAAGGCTTTGAAACAAACGATGAAGATCATTCATTATGAAGAC
CAAAGCAGTCGATATATTACTATTGGATGCGTCGAGAAGCCGCTGTGTATGCTTGCT
TGTTGGGTGGAGGATCCTGAAGGGGTTGCTTTCAAGAAGCATCTTGAGAGAATTGCT
GATTTTATTTGGATTGGAGAAGATGGAATGAAAGTTCAGACATTTGGCAGTCAAACA
TGGGATACTGCTCTTGGACTTCAAGCTTTGCTTGCTTGCAATATCGTTGATGAAATT
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GGACCTGCACTTGCTAAAGGACACGACTACTTGAAGAAAGCTCAGGTGAGGGATAAT
CCAGTGGGTGATTATACAAGCAATTTCCGACACTTTTCCAAAGGAGCATGGACTTTC
TCTGATCAAGATCATGGTTGGCAAGTTTCAGATTGTACTGCAGAAAGTTTGAAGTGC
TGCCTGCATTTCTCAATGCTGCCTCCAGAAATTGTTGGAGAGAAACATGATCCTGAG
AGATTATATGAAGCTGTCAATTTCATACTCTCTCTTCAGGATAAAAATGGTGGAATA
GCAGTTTGGGAGAAAGCTGGTGCCTCTTTGATGTTAGAGTGGCTCAATCCTGTAGAG
TTTCTGGAGGACCTTATTGTTGAGCATACTTACGTGGAATGCACTGCTTCAGCAATC
GAGGCATTTGTTATGTTCAAGAAATTATACCCACATCATCGCAAGAAGGAGATTGAA
AATTTCCTCGTAAAAGCTGTACAGTACATTGAAAATGAACAAACTGCTGATGGTTCA
TGGTATGGAAACTGGGGAGTTTGCTTCTTATATGGAACATGTTTTGCACTTGGAGGT
TTACATGCTGCTGGAAAGACTTACAACAATTCTCTTGCCATTCGTAGAGCAGTTGAG
TTTCTGCTTCAAGCACAGAGTGATGATGGTGGTTGGGGAGAGAGCTACAAATCTTGC
CCTAGTAAGATATACGTACCTCTTGATGGGAAAAGATCAACTGTGGTACACACTGCA
TTGGCTATTCTTGGTTTAATCCATGCTGGGCAGGCTGAAAGAGACCCAACCCCTATT
CATCGTGGTGTAAAATTGCTGATCAACTCTCAATTGGAGAATGGAGACTTCCCTCAA
CAGGAAATTATGGGAGTTTTTATGAGAAACTGTATGTTACACTATGCTCAATACAGG
AATATTTTTCCTTTGTGGGCTTTAGCTGAATATAGAAGAAAAGTTCCATTGCCTAAT
TAA

>AITTS1 Protein_Sequence

MWKLKIAEGDKNSPYISTTNNEVGROQIWEFDPNAGTAEELAEVEEARQNEYKNRHQV
KPASDLIFRLOQFLREKNFKOQTIPQVKVEDGEEITYDTATAAMKRAAHYFSATQASDG
HWPAENSGPMYFLPPEVFCLYITGHLDTVFTAAHRREVLRYLYNHQHEDGGWGIHIE
APSSMFGTVYSYLTMRLLGLGPNDGENNACARARKWIRDNGGVTYIPSWGKNWLSTL
GLFEWAGTHPMPPEFWMLPSHFPLHPAQMWCFCRLVYMPLCYLYGKREFVGPITPLIK
QLREELHTEPYDKINWRKVRHQCAKTDLYYPHPEVOEVLWDTLYFATEPLLTRWPLN
KYVREKALKQTMKITHYEDQSSRYITIGCVEKPLCMLACWVEDPEGVAFKKHLERTA
DFIWIGEDGMKVQTFGSQTWDTALGLOQALLACNIVDEIGPALAKGHDYLKKAQVRDN
PVGDYTSNFRHESKGAWTESDQDHGWQVSDCTAESLKCCLHFSMLPPEIVGEKHDPE
RLYEAVNFILSLODKNGGIAVWEKAGASLMLEWLNPVEFLEDLIVEHTYVECTASAT
EAFVMFKKLYPHHRKKEIENFLVKAVQYTIENEQTADGSWYGNWGVCFLYGTCFALGG
LHAAGKTYNNSLATIRRAVEFLLOAQSDDGGWGESYKSCPSKIYVPLDGKRSTVVHTA
LATLGLTHAGQAERDPTPIHRGVKLLINSQLENGDFPQQEIMGVFMRNCMLHYAQYR
NIFPLWALAEYRRKVPLPN

5) Triterpene synthase 2 (AiTTS2)

> Master_Control_74892

ATGTGGAAGCTTAAGGTTGCAGATGGAGGAAACGACCCGTACATTTACAGCACAAAT
AACTTTGTTGGGAGGCAAATATGGGAGTTTGATCCTGATGCTGGAACTCCTGAAGAA
AGAGCCGAGGTCGAAGCCGCTCGTCAAAATTTCTGCAAAAATCGTTTCCAAGTCAAG
CCTAGTGGTGATCTCCTCTGGCGAATGCAGTTTTTGAAGGAGAAAAGTTTCAAACAA
ACAATCCCACAAGTGAAGGTCAAAGCTGGGGAGGAAATCACATATGAAACTGCGACA
ACCTCATTGAGGAGAGCCGTTCATTTCTTCTCAGCCTTGCAAGCCAGTGATGGCCCT
TGGCCTGCCGAAAATGCTGGTCCCTTGTTTTTCCTTCCTCCCCTGGTCATGTGCATG
TACATAACCGGTCATCTCGATGCCGTGTTCCCACCCGAGTATCGCAAGGAAATCCTT
CGTTACATTTACTGCCATCAGAATGTAGATGGTGGGTGGGGGTTACATATCGAGGGT
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CACAGCACCATGTTTTGCACAGTTTTTAGCTATATTTGCATGCGTATTCTTGGAGAA
GGACCTGATGGTTGCCAAGACAATACTTGTGCCAGAGCTCGAAAGTGGTTTCTTGAC
CGCGGTGGTGTAATACACATTCCTTCTTGGGGAAAGACTTGGCTTTCGATACTTGGT
GTTTTTGAATGGTCCGGAAGCAACCCAATGCCTCCAGAATTTTGGATCCTTCCTTCG
TTTCTTCCCATGCACCCAGCAAAAATGTGGTGCTATTGCCGCATGGCGTACATGCCG
ATGTCATATTTATATGGTAAGAAGTTTGTCGGATTAATTACACCTCTCATTTTGCAA
TTGAGAGAAGAACTCTACACCCAACCTTATCATGAAGTTAATTGGAGGAAATCACGC
CATTTATGTGCAAAGGAGGATCTTTACTATCCCCATCCTTTAATACAAGACTTGATT
TGGGACAGTCTGTATATATTCACAGAGCCTTTTCTTTCTCGTTGGCCTTTTAACAAG
TTAATCAGAGAGAAAGCACTTCAAGTGACAATGAAGCACATTCATTATGAAGATGAG
AACAGTCGATACATCACAATTGGGTGTGTAGAAAAGGTATTATGCATGCTTTCTTGT
TGGGTCGAAGATCCAAATGGAGAATATTTTAAGAAGCATCTTGCTAGGATTCCGGAT
TATTTATGGGTTGGCGAAGATGGAATGAAGATGCAGAGTTTTGGGAGCCAAGAATGG
GATGCTGGTTTTGCTATTCAAGCTTTGCTCGCTAGTAATCTCGTTGACGAAATTGGA
CCCGTACTTAAGAGAGGACATGAATTCATCAAGGCATCTCAGGTAAAAGACAATCCT
TCTGGCGACTTTAAGGGAATGCACCGTCATATCTCAAAAGGATCTTGGACTTTCTCT
GATCAAGATCATGGATGGCAAGTTTCTGATTGCACTGCTGAAGGATTGAAGTGTTGC
CTGCTCTTTTCAATGATGCCGCCAGAAATTGTTGGCGAGAAGATGGAACCTGAGCGG
TTACATGATTCTGTGAATATCATACTTTCACTCCAGAGTAAAAATGGAGGTTTAGCA
GCCTGGGAGCCGGCCGGTGCTCAAGAATGGTTGGAACTGCTGAATCCCACAGAATTT
TTTGCGGACATTGTCGTTGAACATGAATATGTTGAGTGCACTGCATCGGCTATCCAT
TCCTTAATTTTGTTTAAGAAGTTATATCCAGGACATAGGAAGAAAGAAATCGAAAAT
TTCATAGCAAATGCTGTTCGATACTTGGAAGACGTACAATTGCCTGATGGTTCATGG
TATGGAAATTGGGGAGTTTGCTTCACATACGGTACGTGGTTTGCACTTGGAGGGTTA
GCTGCTGCTGGTAGAACTTATTATAATAGTCCAACCATGCGCAAAGCTGTTGATATT
TTTTTGAAATCACAGAGAGATAATGGTGGCTGGGGAGAGAGCTATCGTTCTTGTCCA
GAGAAGAAAAATATACCACTTGAAGGAAACAGATCGAATTTGGTGCATACTGGATGG
GCTATGATGCTGGACAGGCGGAAAGAGATCCAACTCCTTTTCACCGTGCAGCTAAGT
AGCTAA

>AITTS2_Protein_Sequence

MWKLKVADGGNDPYIYSTNNEVGRQIWEFDPDAGTPEERAEVEAARONFCKNREFQVK
PSGDLLWRMQFLKEKSFKQTIPOQVKVKAGEEITYETATTSLRRAVHFEFSALQASDGP
WPAENAGPLFFLPPLVMCMYITGHLDAVFPPEYRKEILRYIYCHONVDGGWGLHIEG
HSTMECTVESYICMRILGEGPDGCQDNTCARARKWELDRGGVIHIPSWGKTWLSILG
VFEWSGSNPMPPEFWILPSFLPMHPAKMWCYCRMAYMPMSYLYGKKEFVGLITPLILQ
LREELYTQPYHEVNWRKSRHLCAKEDLYYPHPLIQDLIWDSLYIFTEPFLSRWPENK
LIREKALQVTMKHIHYEDENSRYITIGCVEKVLCMLSCWVEDPNGEYFKKHLARIPD
YLWVGEDGMKMQSFGSQEWDAGFATQALLASNLVDEIGPVLKRGHEFIKASQVKDNP
SGDFKGMHRHISKGSWTESDODHGWQVSDCTAEGLKCCLLESMMPPEIVGEKMEPER
LHDSVNIILSLOSKNGGLAAWEPAGAQEWLELLNPTEFFADIVVEHEYVECTASATH
SLILFKKLYPGHRKKEIENFTITANAVRYLEDVQLPDGSWYGNWGVCFTYGTWFALGGL
AAAGRTYYNSPTMRKAVDIFLKSORDNGGWGESYRSCPEKKNIPLEGNRSNLVHTGW
AMMLDRRKEIQLLEFTVQLSS
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6) NADPH Cytochrome P450 reductase 1 (AiCPR1; Accession number:
KM108318)

> Neem_Transcript_2277/Master_Control_115955

ATGAGCAACTCTGGTACGGGTAACGATTTGGTCAAATTCGTGGAATCAGCGCTAGGG
GTGTCGTTGGGGAGTTCCGTGACGGACACGGTCATCGTGATTGCAACGACGTTGTTT
GCGGTGGTAATTGGTTTGCTGGTGCTGGCTTGGAAGAAATCATCGGATCGCAGTAAA
GAAGTGAAGCCGGTGGTGCCGCTTAAGTCGCCGGTGTTGAAGAAGGAGGACCATGAC
GAAGCTGATATTGTTTGGGGCAAGACTAAAGTCACTATATTTTACGGTACTCAGACC
GGAACTGCGGAGGGGTTTGCTAAGGCTTTGGCTGAAGAAATCAAGGCAAGATATGAA
AAAGCAGCTGTCAAAGTTGTTGATCTGGATGATTATGCTGCGGATGATGAGCAATAT
GGAGAAAAACTGAAGAAAGAGACTTTGACATTTTTCATGGTGGCCACTTATGGAGAT
GGAGAGCCTACTGATAATGCAGCAAGATTCTACAAATGGTTTACTGAGGAAAATGAT
CGGGGAGTCTGGCTTCAACAGCTCAGATATGGCGTGTTTGGGCTGGGTAACCGTCAG
TATGAACATTTTAACAAGATAGGGAAGGTGCTTGATGAAGAACTTTGCAAGCAAGGT
GGAAAGCGTCTAGTCCCTGTGGGTCTTGGGGATGATGATCAGTGCATTGAGGATGAT
TTTGCTGCCTGGAGAGAATTAGTGTGGCCTGAGTTAGATCAATTGCTCCGTGATGAA
GATGATGCAAATACTGTATCTACACCATACACAGCAGCTATTCCTGAATATCGAGTA
GTGATTCATGATCCCACTGCTACTTCTTTTGTGGATAAGTACTCAAACATTCCAAAT
GGCAATGCTTCTTTTGACATCCACCATCCATGCAGAGTCAATGTGGCTGTCCAGAGA
GAGCTGCACAAACCTGAATCTGACCGCTCTTGCATACATCTGGAGTTCGATATATCT
GGGACTGGTATCACATATGAAACTGGAGACCATGTGGGCATTTATGCAGAGAATTGT
GATGAAACTGTTGAACAAGCCGGAAAGTTATTGGGTCAACCTCTAGAGCTGCTGTTC
TCTATTCATGCTGACAATGAAGATGGCACTCCAATTGGAAGCTCATTGCCGCCTCCT
TTCCCTGGTCCATGCACACTTCGCTCTGCAATAGCACAATATGCAGATTTATTGAAT
CCTCCTCGTAAGGCTGCTCTGACTGCTTTGGCTGCACATGCCACTGAACCTAGTGAG
GCAGAGAGACTCAAGTTTTTGTCATCACCTCAGGGGAAGGATGAGTACTCACAATGG
ATTGTAGCCAGTCAGAGAAGTCTTATTGAGGTAATGGCTGAGTTTCAGTCAGCAAAA
CCTCCCATTGGTGTATTTTITTGCAGCTGTAGCCCCTCGCTTACAGCCTCGTTACTAC
TCTATCTCTTCTTCACCCAGATTTGGTCCCAATAGAGTTCATGTAACATGTGCTTTA
GTTTATGGTCCTACTCCCACTGGTAGAATACACAAGGGGGTCTGTTCAACCTGGATG
AAGAATGCAATTCCCCTCGAGAAAAGTCAAGACTGTAGCTGGGCTCCTGTTTTCATC
AGACCATCTAATTTCAAGTTACCAACCAATCCTTCTGTTCCTGTTATCATGATAGGA
CCTGGTACTGGATTGGCACCTTTCAGAGGGTTTCTACAGGAAAGAATGGCCTTGAAA
CTGGATGGTAATGACCTTGGTCCTGCCCTACTATTCTTTGGATGTCGAAATCGCCGA
ATGGATTTTATTTACAAGGATGAGCTCTATAATTTTGTGGATCAAGGCGTTATATCT
GAGCTGATTGTTGCATTCTCACGGGAGGGGCCACAGAAGGAATATGTTCAACATAAG
ATGATGGACAAAGCAGCATACTTGTGGAGCCTACTTTCTAAGGATGGATATCTTTAC
GTGTGTGGAGATGCCAAGGGAATGGCAAGAGACGTTCATCGCACTTTGCACACCATT
ATTCAGGAGCAGGAAAATGTGGACTCATCAACGGCAGAAGCCACAGTGAAGAAACTC
CAGATGGAAGGACGATATCTTAGAGATGTCTGGTGA

>AICPR1_Protein_Sequence

MSNSGTGNDLVKFVESALGVSLGSSVIDTVIVIATTLFAVVIGLLVLAWKKSSDRSK
EVKPVVPLKSPVLKKEDHDEADIVWGKTKVTIFYGTQTGTAEGFAKALAEETKARYE
KAAVKVVDLDDYAADDEQYGEKLKKETLTFFMVATYGDGEPTDNAARFYKWETEEND
RGVWLOQLRYGVEFGLGNRQYEHFNKIGKVLDEELCKQGGKRLVPVGLGDDDQCIEDD
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FAAWRELVWPELDQLLRDEDDANTVSTPYTAATPEYRVVIHDPTATSEFVDKYSNIPN
GNASFDIHHPCRVNVAVORELHKPESDRSCIHLEFDISGTGITYETGDHVGIYAENC
DETVEQAGKLLGQPLELLFSTHADNEDGTPIGSSLPPPFPGPCTLRSATAQYADLLN
PPRKAALTALAAHATEPSEAERLKEFLSSPOGKDEYSQWIVASQRSLIEVMAEFQSAK
PPIGVFFAAVAPRLOPRYYSISSSPREGPNRVHVTCALVYGPTPTGRIHKGVCSTWM
KNAIPLEKSQODCSWAPVEIRPSNEFKLPTNPSVPVIMIGPGTGLAPFRGFLOERMALK
LDGNDLGPALLFFGCRNRRMDFIYKDELYNEFVDOGVISELIVAFSREGPOKEYVQHK
MMDKAAYLWSLLSKDGYLYVCGDAKGMARDVHRTLHTIIQEQENVDSSTAEATVKKL
OMEGRYLRDVW

7) NADPH Cytochrome P450 reductase 2 (AICPR2; Accession number:
KM108319)

>Neem_Transcript_1270/Master_Control_117874

ATGCAATCATCGTCGTCATCAGCATCATCTTCCAACACGATGAAAGTATCACCGTTT
GATTTGATGTCCGCAATCATTAAAGGCAAAACGGATCCATCCAACGTGTCGTCGTCG
GGTTCCGGTTTGGAAGTGGCGTCTATTGTTCTTGAGAATAAAGAGTTTGTTATGATC
TTGACTACCTCTATAGCCGTCTTGATTGGCTGCGTTGTTGTTTTGATATGGCGGAGA
TCCAGCAGCCAGAAACCGAAGAAGATTGAGCCACTTAAGCCGTTGGTCGTTAAAGAA
CCAGAAGTGGAGGTTGATGATGGTAAGCAGAAGATTACCATTTTCTTCGGCACTCAA
ACCGGCACAGCTGAAGGTTTTGCTAAGGCTTTGGCTGACGAGGCCAAAGCGCGATAT
GATAAGGCCATTTTTAAAGTTGTTGATTTGGATGATTACGCTGCTGATGATGAGGAA
TATGAGGAGAAACTGAAAAAAGAATCTATAGCATTTTTCTTCTTGGCTACATATGGT
GATGGTGAGCCAACCGATAATGCTGCTAGGTTTTATAAATGGTTCACGGAGGGAAAA
GAGAGAGGGGAGTGGTTACAGAACCTTAAGTACGGAGTGTTTGGTCTTGGAAACAGG
CAATATGAACATTTCAACAAGATTGCAAAGGTGGTGGATGATGTTCTTGCTGAACAG
GGTGGGAAACGCCTTGTCCCTGTGGGTCTTGGAGATGATGATCAGTGCATTGAAGAT
GACTTTTCTTCATGGCGAGAATTGGTGTGGCCTGAGCTGGATAAGTTGCTTCGGGAT
GATGATGATCCAACAACTGTTTCTACACCTTACACCGCTGCCATATCAGAATATCGG
GTTGTATTTTATGACTCTGCCGATGCATCAATAGGGGAGAACAACTGGAGCAATGCA
AATGGCCATGCTGTTTATGATGCTCAACACCCCTGCAGGTCTAATGTGGCGGTAAGG
AAGGAGCTTCACACTCCATTATCGGATCGCTCTTGCACCCATCTAGAATTTGAAATT
GCTGGAACTGGATTAATGTATGAAACAGGGGATCATGTTGGTGTTTTCTGTGAGAAT
CTAACTGAGACTGTGGAGGAGGCATTGTCATTGTTAGGCTTGTCACCAGATACTTAC
TTCTCCGTCCATACCGATAAAGAGGATGGCACACCACTTGGTGGAAGCTCCTTGCCT
CCTCCTTTCCCACCATGCTCTTTAAGAACAGCTTTGGCTCAATATGCTGATCTTTTG
AGTTCCCCGAAAAAGTCTGCATTGCTTGCTTTAGCAGCTCATGCATCTGACCCCACT
GAAGCTGATCGATTGAGACATCTTGCATCACCTGCTGGAAAGGATGAATATGCACAG
TGGATTGTTGCAAGTCAGAGAAGCCTCCTTGAGGTCATGGCTCAATTTCCATCTGCC
AAGCCCCCACTCGGTGTCTTCTTTGCAGCAGTTGCCCCACGCTTGCAACCAAGATAT
TATTCAATTTCATCTTCCCCAAGGGTGGCACCATCTAGAATTCATGTTACCTGTGCA
CTAGTTTATGAGAAAACACCAACAGGTCGCATTCACAAAGGAGTGTGCTCTACTTGG
ATGAAGAATTGTGTGCCTATGGAGAAAAGCAATGACTGCGGCTGGGCACCCATTTTT
GTTAGGCAATCAAACTTCAGACTCCCAGCAGATCCTAAAGTTCCTGTCATTATGATT
GGCCCTGGCACTGGCTTGGCTCCTTTCAGGGGTTTCCTGCAGGAACGATTTGCTCTG
AAGGAAGCTGGAGCAGAACTGGGACCATCTGTATTATTTTTCGGCTGCCGGAATCGT
CAGATGGATTACATATATGAGGACGAGCTCAACAACTTTGTTCAAAGTGGTGCTCTT
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TCAGAGTTGGTTGTTGCCTTCTCACGTCAGGGACCCACCAAGGAGTATGTGCAGCAT
AAAATGATGGAGAAGGCTTCGGATATCTGGAACATGATATCTCAGGGAGGTTACTTG
TATGTTTGCGGTGATGCCAAAGGCATGGCCAGAGATGTCCACCGAACTCTGCACACC
ATTGTGCAAGAGCAGGGATCTGTGGACAGCTCTAAGGCTGAGAGCATCGTGAAGAAC
TTGCAAATGACTGGCAGGTATCTACGTGATGTGTGGTGA

>AICPR2_Protein_Sequence

MQOSSSSSASSSNTMKVSPEDLMSAITIKGKTDPSNVSSSGSGLEVASIVLENKEEFVMI
LTTSIAVLIGCVVVLIWRRSSSQKPKKIEPLKPLVVKEPEVEVDDGKQKITIFFGTQ
TGTAEGFAKALADEAKARYDKATIFKVVDLDDYAADDEEYEEKLKKESIAFFFLATYG
DGEPTDNAARFYKWETEGKERGEWLONLKYGVEFGLGNRQYEHFNKIAKVVDDVLAEQ
GGKRLVPVGLGDDDQCIEDDFSSWRELVWPELDKLLRDDDDPTTVSTPYTAATISEYR
VVEYDSADASIGENNWSNANGHAVYDAQHPCRSNVAVRKELHTPLSDRSCTHLEFET
AGTGLMYETGDHVGVEFCENLTETVEEALSLLGLSPDTYFSVHTDKEDGTPLGGSSLP
PPFPPCSLRTALAQYADLLSSPKKSALLALAAHASDPTEADRLRHLASPAGKDEYAQ
WIVASQRSLLEVMAQFPSAKPPLGVFFAAVAPRLOQPRYYSTISSSPRVAPSRIHVTCA
LVYEKTPTGRIHKGVCSTWMKNCVPMEKSNDCGWAPIFVRQSNFRLPADPKVPVIMI
GPGTGLAPFRGFLQERFALKEAGAELGPSVLFFGCRNRQMDY IYEDELNNEVQSGAL
SELVVAFSROGPTKEYVQOHKMMEKASDIWNMISQGGYLYVCGDAKGMARDVHRTLHT
IVQEQGSVDSSKAESIVKNLOMTGRYLRDVW

8) Cytochrome P450 1 (AiCYP1)

>Neem_transcript_34861 /Master_ Control_84673

ATGGAGCTCTTCTTACTCTCCGTACTTCTCATTCTTACTGTCTTCTGCTTCTATTAT
CTCTTCAAACCCAAGCAAACCCAGAATGCTCCTCTCCCACCAGGTCATGTGCATTGG
CCTCAGAAGATTTTTGAAACTTTAGATTACATTTCCAAGGCCAGAACCAACACTATT
CACAAATTCATTGCTGCGAGGAAAAACAAATACAACACCAAGCTTTTCAAGACGTCT
CATATTGGTCAAAACATGGTGTTTITATGCACTCCTGAGGGGAACAAGTTCTTGTTT
GCTAATGATTACAAGCTTGTTAGATCCTGGTGGCCTATAACTTTTCTCAGAGTGTTT
GAAAACGCCGAGGAAGAGATTACTCCGGAGCAAGTTCTCAGAGCTCGCAAGCAGTTT
CTCTCCTCCTTCAATGAGCCTGAGGCTCTTGCAAAACATGTTGGTATTACTGATGAG
GTCGTGAAAGATCACTTCAAGTTGTTCTGGGACGGGTCTGATGAAGTTACTGTTTAC
CCTATTGCAAGGAAGTTGACGTTTGCGATATCTTGTAGATTGCTTGCTGATATCAGG
GATCGGGAAATTCTCGACGAGCTTCTGCCTGCGATGGGAGATGTTGTGGCTGCGTTC
TTTGCGTTGCCTATAAACCTTCCAGGTACAAAATTCAATCGTGCTGTTAAAGGGTCG
AGAAAATGTCGCAAGATATTCGTGGACATCATTAAGCAGAGAAAGATTGATTTGTTT
GAGAAGGATAGAAAAGAAGCAAACGACGTTCTGTCGAACATATTACTGGAGAATCAT
AGGGATGGTATAGAAACAAAGGACGTCGTACTTGCTAAGAACTTGGTATCATTGCTT
TCAGCTGCGTTTGATAATCCCAGTGTAACCATTGTTTCCATTATAAAAAATCTTGCA
GAGAATCCTGAAATCTATGCAAGAGTTCGTTCAGAGCAATTGGAGATAGCGAAAGGA
AAAGCACCAGGAGAGAATTTGACAATGGAGGACCTGAAAAAGATGAAGTTCTCAATG
AATGTGTTGAGTGAATCTCTGAGAATGGAGGCACCTGCTTCTGGGACTTTCAGGGAA
GCCCTCAATGACTTCACCTATGAAGGATATTTGATTCCAAAGGGATGGAAGGTACAC
TGGAGTGTTCATGCAACACACAGGAATCCACAGTACTTCAAAGACCCAGAAAAGTTT
GATCCATCAAGATTCGAACGAAATGACCCAATTGTCCCATACTCATATGTACCATTC
GGAGGAGGCCATCACATTTGCCCTGGAAAAGATTTTGCCAAGCTACAAATTCTTATC
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TTCATTCATCATGTTGTCAAGAAATTCAACTGGGAAAAGGTTAATCCTGACGAGCAA
ATGGTCAGAGTTCCAAACTTAAAGGCAGCCAAGGGGCTTCCAGTTCGTCTCTATCCC
TACAACAATTAA

>AICYP1_Protein_Sequence

MELFLLSVLLILTVFCEYYLFKPKQTONAPLPPGHVHWPOQKIFETLDYISKARTNT I
HKFIAARKNKYNTKLFKTSHIGONMVELCTPEGNKFLEFANDYKLVRSWWPITELRVE
ENAEEETITPEQVLRARKQFLSSEFNEPEALAKHVGITDEVVKDHFKLEFWDGSDEVTVY
PIARKLTFAISCRLLADIRDREILDELLPAMGDVVAAFFALPINLPGTKENRAVKGS
RKCRKIFVDIIKQRKIDLFEKDRKEANDVLSNILLENHRDGIETKDVVLAKNLVSLL
SAAFDNPSVTIVSITKNLAENPETIYARVRSEQLETAKGKAPGENLTMEDLKKMKESM
NVLSESLRMEAPASGTFREALNDFTYEGYLIPKGWKVHWSVHATHRNPQYFKDPEKF
DPSRFERNDPIVPYSYVPFGGGHHICPGKDFAKLOQILIFIHHVVKKENWEKVNPDEQ
MVRVPNLKAAKGLPVRLYPYNN

9) Cytochrome P450 2 (AICYP2)

>Neem_transcript_38933/ Master_Control 57632

ATGGGTTTAGATTTGTTGTGGTTGATTCTTGCAATTGTGGTAGGCACTTATGTTGTT
CTGTTTGGGTTTCTGAGGAGAGCAAATGAGTGGTACTATTCCATAAAATTGGGTGAC
AAGAGCCGTTATCTTCCTCCAGGAGACATGGGATGGCCTATAATTGGTAACATGATA
CCCTATTTCAAAGGCTTCAGATCTGGTGAACCTGAAAGTTTCATCTTCGACTTATTT
GAAAAGTATGGTCGAAAAGGGATATACAGAAATCACATATTCGGAAGCCCCAGTATA
ATAGTTTTGGCTCCTGAAGCTTGCAGGCAGGTATTTCTGGACGATGATAACTTTAAA
ATGGGTTATCCTGAATCTACCAATAAGTTAACATTCAGAGGATCGTTCAATACTGCT
TCTAAAGAAGGGCAGAGGCGTATAAGGAAGCTAGCAACAAGTCCGATAAGAGGACAC
AAGGCAATCGCCATTTACATTGACAACATTGAAGACATTGTGGTTAAATCTCTGAAA
GAATGGGCAAGTAAGGATAAACCAATCGAGTTCTTATCCGAAATGAGGAAAGCAACT
TTCAAGGTCATTTCCAACATCTTCCTGGGATCAAGCAGTGATTCTGTCATCGGTTCA
GTGGAGCAATACTACGTTGATTATGCCAACGGGTTGATCTCTCCTCTGGCCATTAAT
TTGCCTGGTTTCGCTTTCCATAAAGCAATGAAGGCAAGAGATATGTTGGGAGAGATC
TTGGAACCAATCCTGAGGGAAAGAAGATCAATGAAGGAAAAGGATCAGCTGAAGGGA
AAGAGGGGATTGGTTGATTTATTGATGGAGGTTGAAGATGAGAATGGTGAAAAGCTG
GAGGATGTCGATATTGTAGATATGCTCATCGCATTTTTGTCAGCTGGTCATGAAAGC
TCAGCGCATATTGCAACATGGGCAATAATCCACCTCCATAGACATCCTGAAATGCTT
CAAAAAGCAATAAAAGAGCAAGAGGAGATTGTAAAGAAAAGACCAGCTTCACAGCAA
GGATTCAGTGTTGAGGATTTTAAACGAATGGAATATATTGCCAAGGTAATAGATGAA
ACATTACGCATAACCAATCTTTCATCATCAAGCTTTCGAGAGGCAGAAGCAGATGTC
AACTTACAAGGTTATATAATACCAAAAGGATGGAAAGTTTTGCTTTACAATAGAGGT
GTTCATCGAAATCCTGAAAATTATCCAAACCCAAAGGAATTCGATCCTTCAAGATGG
GATAATTATGCGAACAGACCAGGATATTTCATTCCCTTTGGAGGAGGACCAAGGATT
TGCCCTGGAGCTGATCTAGCCAAACTTGAAATGTCCATTTTCATTCATTATTTTCTT
CTTAACTATAGACTCGAACCACTGAATCCTGAGTGTCCAACTGAGTACTTACCTGTA
CCAAGGCCTTCAGATCAATGTCTTGCAAGAATTATTAAGCTCAAATGA

>AICYP2_Protein_Sequence
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MGLDLLWLILAIVVGTYVVLEFGFLRRANEWYYSIKLGDKSRYLPPGDMGWPIIGNMI
PYFKGFRSGEPESFIFDLFEKYGRKGIYRNHIFGSPSIIVLAPEACRQVEFLDDDNFEK
MGYPESTNKLTFRGSEFNTASKEGOQRRIRKLATSPIRGHKATIAIYIDNIEDIVVKSLK
EWASKDKPIEFLSEMRKATFKVISNIFLGSSSDSVIGSVEQYYVDYANGLISPLAIN
LPGFAFHKAMKARDMLGEILEPILRERRSMKEKDQLKGKRGLVDLLMEVEDENGEKL
EDVDIVDMLIAFLSAGHESSAHIATWAT THLHRHPEMLOKATKEQEETIVKKRPASQQ
GEFSVEDFKRMEYIAKVIDETLRITNLSSSSFREAEADVNLQGY ITPKGWKVLLYNRG
VHRNPENYPNPKEFDPSRWDNYANRPGYFIPFGGGPRICPGADLAKLEMSIFIHYFL
LNYRLEPLNPECPTEYLPVPRPSDQCLARITKLK
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Thesis Summary

Neem (Azadirachta indica) is an evergreen tree, native to the Indian sub-
continent. It has potential use in medicine, agriculture, environment protection and
pest management. Neem has more than 150 different limonoid skeletons and their
derivatives, which play a key role in its potential use. These limonoids are
synthesized by triterpenoid biosynthetic pathway. Fifteen different limonoids were
previously isolated and the metabolic fingerprinting across different tissues of neem
was done by my senior in this lab. The resulting analysis of these data showed that
basic and C-seco limonoids were abundant in pericarp and kernel, respectively and
low in flowers. To understand biosynthesis of limonoids in neem, pooled RNA (fruit,
flower and leaves) transcriptome was analyzed. The library preparation, sequencing
and assembly were performed at Genotypic Technology Pvt. Ltd, Bengaluru, India.
Assembly was done by Velvet 1.1.05 followed by Oasis_0.2.01 with hash length 41.
Functional annotation of transcripts was carried out by using BLASTx (nr database),
KAAS (KEGG Automatic Annotation Server), Virtual ribosome (translation and ORF
finding) and Pfam domain. From the transcriptome analysis, we were able to predict
genes related to MVA and MEP pathways viz., prenyltransferases, squalene synthase,
squalene epoxidases, CYP450 reductases, three triterpene synthases and CYP450

genes.

The pooled transcriptome analysis identified three triterpene synthases and CYP450s.
Tissue-specific (pericarp, kernel, flower and leaves) transcriptome analysis was done
to understand the involvement of identified genes in limonoid biosynthesis.
Expression profile data (RPKM) of terpenoid biosynthesis (manually curetted) in
neem stated that triterpene biosynthetic genes (from MVA pathway rate-limiting
genes to triterpene synthases) were highly expressed in seeds (kernel and pericarp),
which correlated with limonoid fingerprinting data. Steroid biosynthetic pathway
genes showed higher expression in flowers and diterpenoid biosynthesis genes were
highly expressed in leaves. This helped us to understand how the terpenoid pathway
genes expression is regulated in order for production of limonoids abundantly in
seeds as compared to other tissues. From differential gene expression (DESeq2)

studies, MVA pathway rate-limiting enzymes, mevalonate kinase, farnesyl
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diphosphate synthase (AiIFDS), squalene synthase (AiSQS), squalene epoxidases
(AISQEJ)and triterpene synthase 1 (AITTS1) were over-expressed in kernel as
compared to flowers. These gene expression analyses predicted the involvement of
AITTS1 in triterpenoid biosynthesis. Further, AITTS1 involvement in limonoid
biosynthesis was confirmed by real-time PCR. fifteen CYP450 genes were predicted
to be involved in triterpenoid biosynthesis from annotation and expression analysis of

the transcriptome.

Two short-chain prenyltransferases, homomeric AiGDS and AIFDS, were
cloned and functionally characterized. The real-time PCR analysis revealed that
AIFDS is involved in limonoids biosynthesis. The functional characterization of
AiISQE was done by checking the change in sterol production in yeast. When AiSQE1
was expressed in yeast, two to three-fold increase in ergosterol and lanosterol was
observed. Based on literature, euphol, tirucallol, butyrospermol, tirucalla-7,24-dien-
3B-ol could possibly be involved in limonoids biosynthesis. The triterpene cyclic
product formed by AITTS1 was purified and analysed by NMR studies. The
recombinant AITTS1 produces tirucalla-7,24-dien-38-ol which confirms its
involvement in limonoids biosynthesis. AiTTS2 gene analysis showed a missing C
terminal B-sheet which provides key active site amino acid for cyclization of 2,3-
oxidosqualene. This was confirmed by 3'-RACE sequencing analysis. AiTTS1 was
coexpressed with AISQEL resulting in two-fold increase in the production of
tirucalla-7,24-dien-3p-ol. Two CYP450 reductase genes, which transfer the electrons
from NADPH to CYP450, were cloned and characterized by cytochrome C reduction
assay. One cytochrome P450 gene was cloned and transient transformation
(overexpression) was done into neem, which resulted in increased production of

azadirachtin A as compared to normal plants.

In the active site of triterpene synthases, 2,3-oxidosqualene forced to take up a
pre-organized conformation. The protonation of the epoxide ring starts a cascade
cyclization through intermediate carbocations. Aromatic amino acids present in the
active site stabilize the intermediate carbocations through cation-n interactions.
Skeletal rearrangement of carbocation by 1,2 methyl and 1,2 proton shifts (from high

to low = electron density) takes place and finally deprotonation occurs to form the
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triterpene cyclic product. Phylogenetic analysis of triterpene synthases revealed that
synthases, which stabilize complex higher triterpene cyclic carbocations (ex: oleanyl
C-19 cation) are evolved from synthases which stabilizes low complex triterpene
cyclic carbocation (ex: protosteryl C-20 cation). This hypothesis is also observed in
the active site residues of triterpene synthases. To prove this hypothesis, we started
mutating AITTS1 in such a way that it stabilizes oleanyl C-19 cation to form amyrins.
Eight active site amino acids showed significant variation with amyrin synthase.
AITTS1 became inactive/showed lowest activity when mutated at VV484L, V550T and
L553F, this explains their key role in stabilizing dammarenyl C-20 cation. F260Y and
Y125F increased the stability of dammarenyl C-20 cation. Further analyses are

required for mutating AiTTS1 such that it can stabilize the oleanyl C-19 cation.

Thus the study on “De novo Sequencing and Analysis of Transcriptome from
zadirachta indica to Characterize the Genes Involved in Limonoid Biosynthesis” is
the first to carryout and report the functional characterization of genes involved in
limonoid biosynthesis. This work states that tirucalla-7,24-dien-3p3-ol is involved in
limonoids biosynthesis, which proves to be a novel finding. The overall work helps in

identification of the downstream enzymes involved in limonoids biosynthesis.
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e Elucidation of biosynthetic pathways and regulation

e Bioinformatics
e Molecular biology
e Protein and metabolic engineering
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Awards and Honors:

e Cleared national entrance exam CSIR- Junior Research Fellowship (JRF) and Lectureship
award (LS) in Dec 2010 (Rank 212 UGC - JRF) for a PhD Fellowship conducted by University
Grant Commission (UGC) and Council of Scientific & Industrial Research (CSIR), Human
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o Cleared (Graduate Aptitude Test in Engineering) GATE-2011 with rank 411 in the Life Science
field conducted by Department of Higher Education, Ministry of Human Resource Development
(MHRD), Government of India.

Research Experience:

e August 2011 onwards (PhD Title “De novo Sequencing and Analysis of Transcriptome from
Azadirachta indica to Characterize the Genes Involved in Limonoid Biosynthesis™)

RNA isolation, transcriptome analysis by BLAST, KO number, Pfam, differential
gene expression analysis (DESeq2), co-expression analysis (SOM and WGCNA)
and correlating limonoids profiling to predict genes involved in limonoids
biosynthesis in A. indica

Elucidation of gene expression profile of terpenoid biosynthesis in different tissues
and correlating with limonoids profiling of A. indica

Cloning and characterization of prenyltransferases (Homomeric geranyl diphosphate
synthase - AiGDS, farnesyl diphosphate synthase - AiFDS), squalene epoxidase -
AISQE, tirucalla-7,24-dien-3p-ol synthase - AiTTS1, inactive triterpene synthase -
AITTS2, cytochrome P450 reductases - AICPR1 and AiCPR2 from A. Indica
Cloning and characterization (in progress) of two cytochrome P450 genes involved
in limonoids biosynthesis

Transient transformation of predicted cytochrome P450 involved in limonoids
biosynthesis in A. Indica

Attempting site-directed mutagenesis in the active site residues of tirucalla-7,24-
dien-3p-ol synthase for cyclization of 2,3-oxidosqualene into higher cyclic
triterpene (lupeol or amyrin)

Co-expression of squalene epoxidase and tirucalla-7,24-Dien-3p-ol synthase in
yeast for metabolic engineering

Real-time PCR analysis of AiGDS, AiFDS, AiTTS1 and AiTTS2

Involved in analysing transcriptome from Santalum album Linn (santalene
biosynthesis), Catharanthus roseus (Indole alkaloids), Euphorbia tirucalli
(Triterpenoid) and Euphorbia grantii (Triterpenoid)

Involved in genomic integration or gene knockdown in yeast for metabolic
engineering

Research Expertise:

e Bioinformatics

Bioedit and MS Excel for transcriptome data analysis and handling

Functional annotation software: BLAST2GO, KAAS, Virtual Ribosome, TargetP
and Pfam domain

Pathway analysis through online databases: KEGG, BRENDA and METACYC
Hands-on: RStudio, DESeqg2, SOM and WGCNA

Transcription factor identification and CYP450 classification

EasyModeller 4.0 for protein modeling and PyMol for visualization

Multiple sequence alignment using ClustalW, BoxShade server, phylogenetic analysis
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¢ Molecular Biology:

= RNA isolation from various tissues of A. indica and cDNA synthesis

» Gene RACE (Rapid amplification of cDNA ends) to obtain full-length 5' and 3' ends of
transcripts

= Cloning techniques such as primer designing, plasmid isolation, PCR amplification,
PCR purification, restriction digestion, gel elution, competent cell preparation.

= Primer designing for site-directed mutagenesis and screening of mutants by analysing
Sanger sequences.

= Real-time PCR analysis

= Designing cassette for yeast genome integration

e Protein Biology:

= Protein expression, high-speed centrifuge, ultra-centrifuge, microsome preparation,
homogenization, protein solubilization

= Affinity chromatography from protein purification, AKTA Avant, Western blotting
and enzyme characterization

= Spectrophotometric assays from enzyme characterization

e Organic Chemistry Techniques:

= Metabolites extraction from various systems such as enzyme assays, plants and yeast

= Thin layer chromatography and silica gel column chromatography for metabolite
separation

= GC/FID, GC/MS, GC/Q-TOF, LC/HRMS analysis for characterization of
metabolites

» Hands-on 1D and 2D NMR data analysis

= ChemDraw

Research Publications:

e Pandreka, Avinash, Devdutta S. Dandekar, Saikat Haldar, Vairagkar Uttara, Shinde G.
Vijayshree, Fayaj A. Mulani, Thiagarayaselvam Aarthy, and Hirekodathakallu V.
Thulasiram. "Triterpenoid profiling and functional characterization of the initial genes
involved in isoprenoid biosynthesis in neem (Azadirachta indica)." BMC Plant Biology
15, no. 1 (2015): 214.

e Srivastava, Prabhakar Lal, Pankaj P. Daramwar, Ramakrishnan Krithika, Avinash
Pandreka, S. Shiva Shankar, and Hirekodathakallu V. Thulasiram. "Functional
characterization of novel sesquiterpene synthases from Indian sandalwood, Santalum
album.” Scientific reports 5 (2015): 10095.

e Pandreka, Avinash., Chaya, P. S., Bhagyashree D. B., Ashish R. K., Aarthy, T., Mulani,
F.A., and Hirekodathakallu V. Thulasiram, “Characterization of Tirucalla-7,24-dien-3[3-ol
synthase which involves in limonoids biosynthesis”. (Manuscript under preparation)

e Thiagarayaselvam Aarthy, Fayaj A. Mulani, Pandreka Avinash, Ashish Kumar, Sharvani
S Nandikol and Hirekodathakallu V. Thulasiram “Tracing the biosynthetic origin of
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limonoids and their functional groups through stable isotope labeling and pathway
inhibition in Azadirachta indica cell suspension”. (Manuscript under Revision)

Conferences and Symposia:

e Poster presentation in “Indo-Mexican workshop on Biotechnology: Beyond Borders”
organized by CSIR-NCL, Pune, October 2013.

e Poster presentation in “10™ International Symposium on Bio-Organic Chemistry-ISBOC-
2015, IISER, Pune, January 2015.
e Conducted tutorial for pathway analysis during “Training Course on Methodologies Used in

Gene Expression analysis” organized by Department of Botany, Savitribai Phule Pune
University, Pune, October 2015.
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