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Thesis abstract 

The Catharanthus alkaloids comprise a group of about 130 terpenoid indole 

alkaloids1 of which Vinblastine and Vincristine have emerged as promising anti-cancer 

agents. These two compounds are synthesized via an intermediate, secologanin, the 

formation of which greatly depends on the formation of iridoids. This work describes the 

isolation and extensive characterization of the genes involved in the biosynthesis of iridoids 

in Catharanthus roseus, their scope for metabolic engineering and directed evolution of two 

important enzymes in the pathway. We have explored the identification and characterization 

of five genes involved in the Iridoid Biosynthetic Pathway, namely, Geranyl diphosphate 

synthase (CrGDS), Geraniol synthase (CrGS), Geraniol 10-hydroxylase (CrG10H), 10-

hydroxygeraniol dehydrogenase (Cr10HGO) and Iridoid synthase (CrIDS) from the 

transcriptomic data of leaves, roots and stem tissues. Substrate specificity studies indicated 

that, Cr10HGO has good activity on substrates such as 10-hydroxygeraniol, 10-oxogeraniol 

or 10-hydroxygeranial over monohydroxy linear terpene derivatives. It was also observed 

that incubation of 10-hydroxygeraniol with Cr10HGO and CrIDS in the presence of NADP+ 

yielded a major metabolite, which was characterized as (1R, 4aS, 7S, 7aR)-nepetalactol by 

comparing its retention time, mass fragmentation pattern, and co-injection studies with that 

of the synthesized compound2. These results indicate that there is concerted activity of 

Cr10HGO with iridoid synthase in the formation of (1R, 4aS, 7S, 7aR)-nepetalactol, an 

important intermediate in iridoid biosynthesis, and this paved the way for a combinatorial 

reaction between the first five enzymes of the pathway. Further, analysis of the homology-

based models of Cr10HGO and CrIDS built using co-ordinates of highest similarity 

structures, led to the identification of residues that may affect their activity. Site-directed 

mutagenesis studies of Cr10HGO and CrIDS enabled us to better understand the activity 

profile of these two enzymes and also to pinpoint the amino acids to which the activity 

profiles are attributed. In an attempt to complete the biosynthetic pathway of secologanin, 

transcripts matching with 7- deoxyloganin synthase (Cr7DLS), 7-deoxyloganetic acid 

glucosyltransferase (CrDLGT), 7-deoxyloganin hydroxylase (7DLH), Loganic acid 

methyltransferase (CrLAMT) and Secologanin synthase (CrSLS) were identified. Their 

cloning and characterization is in progress. 
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Chapter 1 

Introduction 

A wide array of secondary metabolites is produced by plant as a part of their defense 

system against herbivores3, pests and pathogens4. Terpenes are a large class of secondary 

metabolites produced in plants, which are known to possess numerous biological properties.  

They are the major building blocks of various biosynthetic pathways. Terpenes and their 

chemical modifications terpenoids (isoprenoids) possess various properties, especially 

insecticidal. They are the primary constituents of the essential oils of many plants and have 

strong aromatic properties. Owing to these properties, they are widely used in the fragrance 

industry5, as flavor additives in food, in medicines, etc. Terpene Indole Alkaloids (TIAs) are 

a class of secondary metabolites in plants, which are known to possess varied biological 

properties like antimicrobial, antioxidant, anthelmintic, antifeedant, antisterility, 

antidiarrheal, antidiabetic, etc6.  Catharanthus roseus, an evergreen shrub, is a rich source of 

these (TIAs), which are known for their pharmacological and therapeutic importance. 

Serpentine and ajmalicine are employed for their relaxing properties, in the treatment of 

hypertension7; 3,4-anhydrovinblastine, for its anti-tumor activity8; and vincristine and 

vinblastine as anti-cancer drugs9, after they were initially used as anti-diabetic agents. These 

terpenes are produced in minute quantities in plants and take many years for their 

biosynthesis in most cases. Hence, in an attempt to produce these therapeutic compounds in 

sufficient amounts in heterologous systems poses a great challenge in the field of metabolic 

engineering. 

Chapter 2 

Transcriptome sequencing, de novo assembly and functional annotation to gain insights 

for the secologanin biosynthetic pathway 

Study of the transcriptome at a global level can provide insights into the gene function, 

transcriptional pattern and molecular basis of various cellular processes in plants. 

Transcriptome analysis has been comprehended as an essential step for basic and applied 

research in any organism. This chapter deals with optimization of the conventional and kit-

based protocols for the isolation of total RNA from the various tissues of Catharathus 

roseus.  
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These RNA samples were further used for sequencing on Illumina GAII Analyzer and 

Fastq file of 4.88 GB was generated. The 15485359 high quality paired-end reads were 

assembled into 76075 contigs with an optimized hash length of 49, average contig length of 

1024 bp and an N50 value of 2375. This transcriptome raw reads were submitted to NCBI 

database with the accession ID: SRR1693842. Functional annotation was carried out using 

KEGG database, KAAS server, NCBI Nr-database, SwissProt/ Uniprot database and Pfam 

database. These analyses finally led to the identification of the unigenes related to 

Secologanin biosynthesis. This data was used for cloning and functional characterization of 

the genes involved in secologanin biosynthesis in Catharanthus roseus. 

Chapter 3 

Cloning, expression and characterization of the genes involved in iridoid biosynthesis 

Catharanthus roseus is a major source of the monoterpene indole alkaloids (MIAs), 

which are of significant interest due to their therapeutic value. These molecules are formed 

through an intermediate, cis-trans-nepetalactol, a cyclized product of 10-oxogeranial. One of 

the key enzymes involved in the biosynthesis of MIAs is an NAD(P)+ dependent 

oxidoreductase system, 10-hydroxygeraniol dehydrogenase (Cr10HGO), which catalyses the 

formation of 10-oxogeranial from 10-hydroxygeraniol via 10-oxogeraniol or 10-

hydroxygeranial.  

 
Figure 1: Concerted reaction of Cr10GO and CrIDS 

This chapter describes the cloning and functional characterization of Cr10HGO from 

C. roseus and its role in the iridoid biosynthesis. We have shown that Cr10HGO possesses 

broad substrate specificity for 10-hydroxygeraniol, 10-oxogeraniol or 10-hydroxygeranial 

over monohydroxy linear terpene derivatives. Concerted enzymatic function in the 

biosynthesis of cis-trans-nepetalactol has been demonstrated using 10-hydroxygeraniol and 
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NADP+ with Cr10HGO and CrIDS combined assay system. The stereochemistry of the 

enzymatic product was determined and is (1R, 4aS, 7S, 7aR)-nepetalactol, which is a key 

intermediate in the biosynthesis of iridoids and MIAs. 

Further, the full-length unigenes, which showed high ranking with known Geranyl 

diphosphate synthase and Geraniol synthase from various sources, were used for the cloning 

and functional characterization of Geranyl diphosphate synthase (CrGDS) and Geraniol 

synthase (CrGS) from C. roseus. CrG10H was cloned using the primers designed from the 

reported gene10, which encodes geraniol hydroxylase in C. roseus as the unigene 742 had 

similar sequence to that of the reported one. Their concerted reaction was also carried out. 

 
Figure 2: Concerted reaction of CrGDS, CrGS, CrG10H, Cr10HGO and CrIDS 

Chapter 4 
Dissection of the activity of 10-hydroxygeraniol dehydrogenase (Cr10HGO) by site-

directed mutagenesis studies  

10-hydroxygeraniol dehydrogenase (Cr10HGO) is an essential enzyme in the 

biosynthesis of Monoterpene Indole Alkaloids (MIAs). Cr10HGO catalyzes the formation of 

10-oxogeranial via two intermediates, 10-hydroxygeranial and 10-oxogeraniol, in the 

presence of NADP+. Homology model was built using the co-ordinates of Populus 

tremuloides Sinapyl Alcohol Dehydrogenase11 as a template with Schrodinger-Maestro 1.6. 

The model was validated using Ramachandran plot and used for docking. 

Docking studies of the substrate with the homology-based model of Cr10HGO was 

studied in order to identify the substrate specificity of the enzyme. Mutation of the polar 

residue N115 to another polar amino acid residue, H resulted in notable decrease in product 

formation, which can be considered as an indication that the reaction is getting terminated 

prematurely. Another mutation at S301, replacing polar serine with hydrophobic alanine, also 

caused a substantial drop in product formation, such that 3/4th of the substrate was left 

unchanged and the remaining 1/4th constituted of only one of the intermediates.  
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Figure 3. Total Ion Chromatograms (TICs) for reactions catalyzed by 10-hydroxygeraniol 
dehydrogenase wild type and mutants causing significant changes;1: 10- oxogeraniol, 2: 10-
hydroxygeraniol, 3: 10-oxogeranial, 4: 10- hydroxygeranial. 

The mutation W61 to Leucine resulted in lower levels of 10-hydroxygeraniol, 

indicating significant suppression of the reverse reaction, which would lead to the formation 

of substrate. This may be due to the removal of the aromatic ring of tryptophan. Mutation at 

the T170 position resulted in a 0.59 fold increase in the formation of 10-oxogeranial, which 

serves as a substrate for the next enzyme in the MIA biosynthetic pathway. These residues 

seem to be playing a major role in the stabilization of the carbocation intermediates. This 

study, thus, provides an insight into the residues that affect the catalytic activity of Cr10HGO 

and also provides a gateway for increasing the production of intermediates in the MIA 

pathway, which, in turn, would cause an increase in the biosynthesis of the final product of 

the pathway. 

Chapter 5 

Engineering of iridoid synthase (CrIDS) by site-directed mutagenesis to understand its 

activity profile 

Iridoid synthase (CrIDS) is an NADPH-dependent enzyme, belonging to a class of 

monoterpene indole cyclases, which utilizes the linear 10-oxogeranial as a substrate and by a 

sequential reduction and cyclization, produces an equilibrium mixture of nepetalactols and 

iridoids, the final product in iridoid biosynthesis. Homology model was built using the co-

ordinates of Progesterone 5β-Reductase from Digitalis lanata12 as template with 
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Schrodinger-Maestro 1.6. The model was validated using Ramachandran plot and used for 

docking. 

Based on their affiliation with the substrate, 6 residues were identified to be interacting 

strongly with the substrates and 10 mutations were designed. The mutant I38A did not have 

much of an effect on the activity of the enzyme, whereas the mutation at Y156, replacing 

tyrosine with phenylalanine reduced the product (1R, 4aS, 7S, 7aR)-nepetalactol 

substantially. Although, this mutation only involved removal of the OH group from tyrosine, 

which was found to be involved in H-bonding with NADPH, it drastically reduced the 

activity of the enzyme. On the other hand, the mutants F175M and M211A increased the 

ratio of (1R, 4aS, 7S, 7aR)-nepetalactol in the product pool to a notable extent. Depending on 

these results, 4 more mutations were designed, M211F, M211S, M211K and M211H, which 

increased the desired stereospecific product formation by 23.3 %, 23.7 %, 21.3 % and 22.8 

%, respectively.  

 
Figure 4. Product Profiles of CrIDS wild type and mutations; Peaks 1, 2, 3: Cis-trans Iridodials and 
Cis-trans Nepetalactols, Peak 4: (1R, 4aS, 7S, 7aR)-nepetalactol. 

 

These product profiles indicated that the methionine at the 211th position is very 

essential for the product profile. Also, the OH group of tyrosine at the 156th position, forming 

a bond with NADPH is very essential for the overall activity of the enzyme. These mutants 

will aid in increasing the flux of Secologanin formation. 

Chapter 6 

Screening and cloning of genes involved in the biosynthesis of secologanin from iridoid 

Secologanin is a major intermediate in the formation of the potent anti-cancer agents, 

vincristine and vinblastine in Catharanthus roseus. Full-length unigenes showing matches 

with 7 deoxyloganin synthase (Cr7DLS), 7-deoxyloganetic acid glucosyltransferase 
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(CrDLGT), 7-deoxyloganin hydroxylase (7DLH), Loganic acid methyltransferase 

(CrLAMT) and Secologanin synthase (CrSLS) were identified, and their cloning in 

respective vectors is in progress. CrDLGT has been cloned in pET28a vector and CrLAMT 

in pRSETB vector. Their expressions were carried out. 
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Chapter 1 

Introduction

 
A wide array of secondary metabolites is produced by plants as a part of their defense 

system against herbivores, pests and pathogens. Terpenes are a large class of 

secondary metabolites in plants, which are known to possess numerous biological 

properties such as flavor and fragrance industries, in medicine, aromatherapy, as 

insecticides and pesticides, as antibacterial and antifungal agents. Terpenoids, also 

known as isoprenoids are modified terpenes, in which methyl groups have been 

moved or removed, or oxygen atoms added and also possess various insecticidal 

properties. They are the primary constituents of the essential oils of many plants and 

have strong aromatic properties. Owing to these properties, they are widely used in 

the fragrance industry, as flavor additives in food, in medicines, etc. Terpene Indole 

Alkaloids (TIAs) are a class of secondary metabolites produced in plants, which are 

known to possess varied biological properties.  Catharanthus roseus, an evergreen 

shrub, is a rich source of these (TIAs), which are known for their pharmacological and 

therapeutic importance. For instance, serpentine and ajmalicine are employed for their 

relaxing properties, in the treatment of hypertension; 3,4-anhydrovinblastine, for its 

anti-tumor activity; and vincristine and vinblastine as anti-cancer drugs, after they 

were initially used as anti-diabetic agents. These terpenes are produced in minute 

quantities in plants and take many years for their biosynthesis.  Hence, in an attempt 

to produce these therapeutic compounds in sufficient amounts in bacterial or yeast 

hosts poses a great challenge in the field of metabolic engineering. 
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1.1 Plant biosynthetic pathways 

Plants have evolved specialized secondary biosynthetic pathways for the 

synthesis of structurally and functionally complex small molecules, which aid in the 

growth and development of the plants but are not required for the survival of the 

plants. In plants, the pattern of secondary metabolites is highly complex and well co-

ordinated as it changes in a tissue- and/or organ-specific manner. Secondary 

metabolites play a key role in the protection of plants against microbial infections 

(fungal, bacterial), viral infections, herbivory, UV radiation, attraction of pollinators 

and frugivores, allelopathy and signalling1. The abundance of secondary metabolites 

in plants is often less than 1 % of the total storage in a dedicated tissue. The unique 

ability to synthesize secondary metabolites is the result of a highly complex and 

sophisticated metabolic process, which has been selected throughout the course of 

evolution in different plant lineages. Plant genomes are estimated to contain 20,000-

60,000 genes out of which 15-25 % of genes encode for the enzymes involved in 

secondary metabolism2,3. Since ancient times, secondary metabolites have been used 

for several purposes, such as flavors, fragrances, dyes, stimulants, insecticides, 

hallucinogens as well as therapeutic agents4. Secondary metabolites have been 

classified into three major classes such as phenolic compounds, isoprenoids, and 

alkaloids depending on their structure and biosynthetic pathways, which are derived 

from primary metabolic pathways. These metabolites are unique to plants and are 

essential for adaptation to diverse and inconstant surroundings. Phenolic compounds 

are highly diverse and include phenylpropanoids, flavonoids, etc. which are derived 

from phenylalanine and acetyl-CoA and play important roles in defense, signaling, 

pathogenesis and symbiosis5. They are also known for providing pigments to flowers, 

fruits, leaves and seeds. Isoprenoids represent the largest class of secondary 

metabolites derived from two basic five carbon units, Isopentenyl diphosphate (IPP) 

and dimethylallyl diphosphate (DMAPP). They play diverse functional roles in plants 

as hormones, photosynthetic pigments, electron carriers, structural components of 

membrane, as well as in communication and defense6. Alkaloids are nitrogen 

containing compounds found in about 20 % of plant species and play an important 

role in the defense of plants against herbivores and pathogens7. The genes responsible 

for generating great diversity of secondary metabolites arise from gene duplication, 

origin of new genes for secondary metabolism, gain and loss of function for specific 
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compounds, etc. The biosynthesis and accumulation of plant secondary metabolites is 

usually restricted to the specific organs/tissues at particular developmental stages. 

Owing to their wide industrial and pharmaceutical applications, the secondary 

metabolites can be produced in genetically tractable heterologous systems using 

synthetic biology tools, after the individual enzymes involved in the biosynthesis of 

the natural products have been characterized. 

Metabolic engineering essentially deals with the genetic manipulation of 

microorganisms in order to increase productivity of a specific metabolite, like 

mutations, over-expressions, modifications in copy number of particular genes, etc. It 

is also applied for decreasing the production of some by-products, toxic substances, 

etc. In the last few years, metabolic engineering has been applied to various pathways 

for the large-scale production of metabolites of medical and commercial significance. 

Certain biosynthetic pathways in Artemisia annua and Taxus brevifolia have been 

subject to metabolic engineering to aid in semi-synthesis of commercially significant 

end-products. Catharanthus roseus is an excellent candidate for metabolic 

engineering due to the vast array of pharmaceutically significant metabolites that are 

produced in the plant. 

1.2 Catharanthus roseus 

Catharanthus roseus is an evergreen shrub, belonging to the Apocynaceae 

family. It is also commonly known as Madagascar periwinkle (due to its abundance in 

the Madagascar area) and Vinca rosea. C. roseus has been used extensively in 

Ayurvedic and ancient Chinese medicine for the treatment of diabetes, lymphoma, 

malaria, etc. in continuation, the plant extracts of C. roseus have been found to have 

antimicrobial, antioxidant, anthelmintic, antifeedant, antisterility, antidiarrheal, 

antidiabetic activities8. The main reason for these activities has been attributed to the 

presence of terpene indole alkaloids (TIAs), which are a type of secondary plant 

metabolites. Vincristine and vinblastine, which are potent anti-cancer agents, are 

TIAs, primarily produced through a key intermediate, secologanin in C. roseus (Vinca 

rosea). The main significance of this study is that these TIAs are produced at a very 

low level in C. roseus leaves (about 0.0002 % of dry weight)9. Hence, a better 

understanding of the pathway enzymes leading to the production of these anti-tumor 

compounds would aid in applying strategies for their large-scale production.	
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1.3 Isoprenoids / Terpenoids 

Isoprenoids, also known as terpenoids, are the most abundant and structurally 

diverse class of plant secondary metabolites. Over 70,000 individual structures, 

containing a truly incredible array of carbon skeletons and functional groups have 

been reported. All isoprenoid compounds are constructed from two simple five-

carbon building blocks, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate 

(DMAPP) which in turn, is synthesized through mevalonate (MVA) or 

methylerythritol phosphate (MEP) pathways. The MVA and MEP pathways converge 

at DMAPP.  The reactions in isoprenoid biosynthesis and the structures of the 

enzymes in the pathway beyond DMAPP are similar in all organisms.  After DMAPP, 

the pathway branches to give the multitude of metabolites found in nature. The basic 

building reactions in the isoprenoid biosynthetic pathway can be conveniently divided 

into four steps: the first is biosynthesis of the basic building blocks, isopentyl 

diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP), by the 

mevalonate (MVA) and non-mevalonate (MEP) pathways; the second step is the 

chain elongation by head to tail condensation of the basic C5 isoprene unit, to form 

chain elongated products such as geranyl diphosphate (GPP), farnesyl diphosphate 

(FPP) and geranylgeranyl diphosphate (GGPP)10,11; the third step is where terpene 

synthases act upon respective prenyldiphosphates to produce a diverse array of 

terpene skeletons by cyclization or rearrangement and in the final step, modification 

on the parental backbone by tailored enzymes to form the final terpenoids or 

isoprenoids. Terpenes and their derivatives form the major constituents of the 

essential oils of various plants, and are known to have numerous applications in flavor 

and fragrance industries12, in medicine13,14, aromatherapy, as insecticides and 

pesticides15, as antibacterial and antifungal agents16, to name a few. 

1.4 Classification of terpenes / isoprenes 

The basic molecular formulae of terpenes are multiples of five carbon isoprene 

units (C5H8)n, where n is the number of linked isoprene units (IPP or DMAPP). This 

is called the isoprene rule of C5. The isoprene units may be linked together in a head 

to tail fashion to form linear chains or they may be arranged to form rings, as well. 

Depending upon the number of isoprene units linked, terpenes are classified as 

hemiterpenes, monoterpenes, sesquiterpenes, diterpenes, sesteterpenes, triterpenes, 

tetraterpenes and polyterpenes. 



Chapter 1 

Krithika Ramakrishnan Ph.D. Thesis, AcSIR, 2016 6   

1.4.1 Hemiterpenes (C5) 

Hemiterpenes are formed from a single isoprene unit, having five carbon 

atoms. Isoprenes are themselves considered the only hemiterpenes. Their oxygenated 

derivatives are termed as hemiterpenoids, for example, tiglig, angelic and isovaleric 

acids. Although several plant species such as mosses, fern, and trees emit isoprenes in 

large amounts, their occurrence is termed rare. Isoprenes are synthesized by 

chloroplastic enzymes directly by diphosphate elimination from DMAPP17-19 (Scheme 

1.1). 

 

Scheme 1.1: Biosynthesis of hemiterpenes 

Most hemiterpenes occur in oils and are hence, mostly, water insoluble. Two 

new hemiterpenes, namely utililactone  and epiutililactone have been recently isolated 

from the plant Prinsepia utilis20, which is known to have antioxidative activity. Also, 

two new hemiterpene glucosides named pubescenosides A and B have been isolated 

from the root of Ilex pubescens21. These were found to possess potent anti-platelet 

aggregation activity. 

1.4.2 Monoterpenes (C10)  

Monoterpenes derived by the combination of two isoprene units (one unit each 

of IPP and DMAPP) with the molecular formula C10H16, are extensively distributed in 

secretory tissues such as oil glands or chambers of higher plants, insects, fungi and 

marine organisms. Monoterpenes are the major components of plant essential oils and 

are highly volatile. This volatile nature is lost when these molecules are in their 

glycosidic forms. Monoterpenes are biosynthesized from geranyl diphosphate (GPP) 

catalyzed by monoterpene synthases (Scheme 1.2) and divided into three subgroups: 

acyclic (citronellol, geraniol, linalool), monocyclic (menthol, limonene) and bicyclic 

(thujane, fenchane, carane). Due to their fragrance, they are major ingredients in 

flavor and fragrance and cosmetic industries. For example, menthol has been used in 

toothpastes, mouth-fresheners, etc.  
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Scheme 1.2: Biosynthesis of monoterpenes 

In addition to the flavor and fragrance properties, monoterpenes also possess 

various pharmacological activities including sedative, antitumor, cytotoxic, anti-

inflammatory, insecticidal, antibacterial, antifungal and antioxidant22-24. For instance, 

linalool has been found to be able to moderately inhibit cell proliferation25. In plants, 

monoterpenes are synthesized in plastids through the MEP pathway, whereas in other 

higher organisms and in yeast, they are synthesized through the MVA pathway26. 

1.4.3 Sesquiterpenes (C15) 

Sesquiterpenes are a diverse group of isoprenoids, derived by the combination 

of three isoprene units (2 units of IPP and 1 unit of DMAPP) with the molecular 

formula C15H24 (Scheme 1.3). This abundant group of isoprenoids consists of over 

7300 molecules with over three hundred stereo-chemically distinct hydrocarbon 

skeletons. Sesquiterpenes are derived from the linear substrate, farnesyl diphosphate 

(C15).  
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Scheme 1.3: Biosynthesis of sesquiterpenes 

They represent one of the most important components of plant essential oils 

along with monoterpenes. The large carbon skeleton of Farnesyl diphosphate (FPP) 

and the presence of three double bonds greatly increase the structural diversity of the 

resulting products catalyzed by sesquiterpene synthases. Sesquiterpenes can be 

divided into subgroups depending on the number of cyclic rings as: acyclic 

(farnesene, farnesol), monocyclic (zingiberene, humulene), bicyclic (caryophyllene, 

vetivazulene) and tricyclic (copaene, longifolene)27. 

Sesquiterpenes have been used as flavors and fragrances but they also have the 

potential to serve as anti-cancer28 and anti-malarial29 agents. In recent years, 

sesquiterpenes have been recognized as replacements for petroleum-derived fuels30. 

Modifications of sesquiterpenes, such as oxidation, produce sesquiterpenoids. 

1.4.4 Diterpenes (C20) 

Diterpenes are composed of four isoprene units with the molecular formula 

C20H32. The diterpene compounds are derived from geranylgeranyl diphosphate 

(GGPP) and divided into several subgroups depending on the basis of cyclization such 

as: linear (geranylgeraniol, phytane), monocyclic (cembrene A), bicyclic (sclarene, 

labdane), tricyclic (abietane, taxadiene), tetracyclic (stemarene, stemodene, 

gibberellins) and macrocyclic (daphnanes, tiglianes) (Scheme 1.4). In addition to 
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these, taxanes are a class of diterpenoids featuring a taxadiene core and are produced 

by the plants of the genus Taxus. They are potent chemotherapy agents31. 

 

Scheme 1.4: Biosynthesis of diterpenes 

Diterpenes have magnificent biological and pharmacological activities such as 

anti-bacterial, anti-fungal, anti-inflammatory and anti-leishmanial activity (for 

example, retinol, retinal and phytol). 

1.4.5 Triterpenes (C30)  

Triterpenes are composed of six isoprene units and are derived from squalene, 

which is synthesized by head to head (1-1') condensation of two units of farnesyl 

diphosphate catalyzed by squalene synthase (Scheme 1.5). It has the molecular 

formula C30H48. Triterpenes are synthesized in plants, animals and fungi and exhibit a 

wide range of structural diversity32. Till date, at least 4000 triterpenes are known with 

great structural diversity. Sterols are precursors for a vast array of compounds (steroid 

hormone and bile acids in mammals, ecdysteroids, antheridiol and oogoniol in 
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fungi33,34), involved in important cellular processes in animals whereas plant sterols 

are linked to brassinosteroids synthesis35,36. Brassinosteroids are polyhydroxy plant 

steroids essential for normal growth and development and present in all parts of 

plants37. 

 

Scheme 1.5: Biosynthesis of triterpenes 

1.4.6 Tetraterpenes (C40)  

Tetraterpenoids, which consist of eight isoprene units, having the molecular 

formula C40H56 instead of C40H64, and are found in all plants, bacteria and fungi. 

Carotenes and carotenoids, like lycopene and xanthophylls, are the biologically 

important tetraterpenoids38,39. The first committed step in carotenoid biosynthesis is 

condensation of two molecules of geranylgeranyl diphosphate (GGPP) to form a 40C 

linear phytoene, with a central 15-15′-cis- double bond, catalyzed by phytoene 

synthase. Further 15-cis-phytoene undergoes several rearrangements including 

desaturation and isomerization of double bonds, via neurosporene and ζ-carotene as 
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an intermediate compound to create all-trans form of lycopene. In plants two related 

desaturases, phytoenedesaturase (PDS) and ζ-carotene desaturase (ZDS) catalyze the 

conversion of phytoene into lycopene along with the action of two cis-trans 

isomerases (Z-ISO and CRTISO) to generate suitable geometric isomeric form for 

lycopene cyclases (Scheme 1.6).  

	

Scheme 1.6: Biosynthesis of tetraterpenes	

Oxygenated derivatives of carotenoids such as lutein and zeaxanthin are 

known as xanthophylls, whereas non-oxygenated carotenoids such as α-carotene, β-

carotene and lycopene are known as carotenes. The presence of conjugation system in 

carotenoids enables them to possess light absorbing properties in the range of visible 

spectrum. Photosynthetic organisms exploit this property of carotenoids. 

Xanthophylls are necessary pigments for light harvesting antennae of chloroplast 

which prevents chlorophyll bleaching in intense light40. Carotenoids play another 

important role in providing distinct colours to flowers and fruits of plants. It has been 
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well established that diversity in carotenoids structure and specific carotenoid 

accumulation in plant, highly depends on the geometric isomeric states of substrates 

utilized by carotene desaturases. 

Some carotenoids such as β-carotene, lycopene and astaxanthin are 

commercially available and widely used as food colorants; food supplements, in 

cosmetics, etc. Carotenoids are known to possess antioxidant properties and an ability 

to assuage chronic diseases41. 

1.4.7 Polyterpenes 

Polyterpenes are formed from many isoprene units joined head to tail, with the 

molecular formula (C5H8)n. Polyprenyl diphosphate is converted to dolichol by 

dephosphorylation and saturation of α-isoprene unit42-44, which serve as glycosyl 

carriers in protein glycosylation. Rubber is the most well-known polyisoprenoid 

produced by more than 2000 plant species45,46 and is used in the preparation of tyres, 

surgical gloves, balloons, conveyer belts various other  industrial applications. The 

source for natural rubber is Hevea brasiliensis46, and it occurs on the surface of rubber 

particles suspended in latex47. Rubber consists of polymers of isoprenes. FPP can bind 

to rubber transferase and elongate a new rubber polymer. 

1.5 Biosynthesis of Isoprenoids / terpenoids 

Isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are 

two important units in the formation of terpenoid molecules. These two molecules can 

be synthesized by the mevalonate (MVA) pathway or the non-mevalonate/ 1-deoxy-

D-xylulose-5-phosphate (DXP)/ methylerythritol phosphate (MEP) pathway.  Non-

mevalonate pathway occurs in plant plastids48 as well as many bacteria such as 

Escherichia coli, Mycobacterium tuberculosis, Neisseria meningitides, etc. synthesize 

IPP and DMAPP through the non-mevalonate pathway49. 

The Mevalonate pathway (MVA) or HMG-CoA reductase pathway was first 

discovered in yeasts and animals in 1950, and it was thought to be responsible for the 

biosynthesis of IPP and DMAPP in all the organisms in six enzymatic steps starting 

from Acetyl-CoA50,51, followed by IPP isomerase (IDI) which maintains the balance 

between IPP and DMAPP. This pathway occurs in cytosol and is present in animals, 

plants, fungi, archaea and some bacteria. The MVA pathway mainly leads to the 

formation of triterpenes and sesquiterpenes52,53 (Figure 1.1). Acetoacetyl-CoA 
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thiolase (EC 2.3.1.9; AACT; JF739870) catalyzes the condensation of two molecules 

of acetyl-CoA to acetoacetyl-CoA, the first step of the MVA pathway (Scheme 1.7). 

3-hydroxy-3-methylglutaryl-CoA synthase (EC 4.1.3.5; HMGS), which catalyzes the 

condensation of acetoacetyl-CoA with acetyl-CoA to yield 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA), is the second enzyme in the pathway. 3-Hydroxy-

3-methylglutaryl-CoA reductase (EC 1.1.1.34; HMGR) catalyzes the reduction of 

HMG-CoA to mevalonate54. Mevalonate kinase (MVK) and mevalonate 5- phosphate 

(MVAP) kinase (PMK) catalyze the phosphorylation of mevalonate to form 

mevalonate 5-diphosphate55-57. Finally, mevalonate 5-diphosphate is converted to IPP 

by the ATP-dependent mevalonate 5-diphosphate decarboxylase (MVD). Then IPP is 

isomerized to DMAPP by the catalysis of IPP isomerase (IDI)58. Table 1.1 

summarizes current knowledge regarding the molecular and functional 

characterization of the MVA pathway enzymes throughout the plant kingdom in 

various organisms. 

 

Scheme 1.7: Biosynthesis of IPP and DMAPP by the Mevalonate Pathway (MVA pathway). 
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Table 1.1: Current knowledge of characterized plant MVA pathway genes 

Enzyme Plant Year(s) Work done 

Acetoacetyl-CoA 

thiolase (AACT1, 

AACT2 

A. thaliana59,60 2007, 2008 Histochemical, functional and GFP-fusion 
analysis 

C. roseus61 1994 Purification and determination of enzyme activity 

H. annuus62,63 2002, 2009 Enzyme purification & activity 

R. sativus64 1996 cDNA characterization 

Hydroxymethylglutaryl-

CoA synthase (HMGS) 

A. thaliana65,66 1995, 2010 cDNA isolation/ characterization 

B. juncea67-69 2000, 2004, 2006 Kinetic analysis of WT & active-site mutants, 
crystal structure 

C. roseus61 1994 Purification & determination of enzyme activity 

H. brasiliensi70s 2004 Expression and activity 

P. sylvestris71 1997 cDNA characterization in response to ozone 
treatment 

Taxus72 2006 Plant homolog expression in needles & stem 

Hydroxymethylglutaryl-

CoA reductase (HMGR) 

A. thaliana73-87 

2005, 2009, 2004, 
2006, 2007, 1995, 
1997, 1998, 1994, 

1996, 2003 

Isozyme identification & characterization, 
subcellular localization, regulation of gene 
expression & enzyme activity 

B. oleracea88 1994 Enzyme activity assays 

B. orellana89 2001 Gene family identification, gene expression & 
enzyme activity 

C. arabica90 1997 Characterization of gene expression 

C. melo L.91 2001 cDNA isolation/ characterization, heterologous  
expression for functional analysis 

D. minor92,93 2007 Characterization of transgenics 

H. brasiliensis93 1991 cDNA isolation/ characterization of two isoforms  

H. vulgare94 1996 Kinetic assay with partially purified enzyme 

L. latifolia95 2007 Characterization of transgenics 

M. domestica96 2002 cDNA isolation/ characterization 

O. sativa L.97 2001 Sequence & transcript analysis of HMG2 

P. sativum98,99 1975 Activity assay, subcellular localization study 
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R. sativus100 1986 Enzyme purification, kinetic analysis 

S. lycopersicum101 1989 cDNA characterization 

S. tuberosum102 1985 Effects of wounding and fungal infection on 
enzyme activity 

T. aestivum103 1993 cDNA characterization 

Mevalonate Kinase 
(MK) 

A. 
americana104,105 1972, 1973 MVA biosynthesis of cell-free extracts 

A. thaliana106,107 1994, 2000 cDNA characterization 

C. roseus55,56 1999, 2000 Enzyme kinetics 

H. brasiliensis108 1965 Reaction characteristics 

P. strobus109 2006 Enzyme activity assays 

P. pinaster110 1974 Enzyme kinetics 

P. vulgaris111 
1965 Enzyme activity assays, MK inhibition by prenyl 

diphosphates 

Phosphomevalonate 
Kinase (PMK) 

C. roseus56,112 1999 Enzyme kinetics 

H. brasiliensis113 1966 Enzyme kinetics 

S. tuberosum114 
1996 Effects of wounding and pathogen-elicitation on 

enzyme activity 

Diphosphomevalonate 
decarboxylase (MPDC1, 

MPDC2) 
A. thaliana115 

1999 Complementation assay of an enzyme-deficient 
yeast strain 

H. brasiliensis116 
1968 Enzyme kinetics 

 

Earlier it was believed that synthesis of terpenoids occur through MVA 

pathway, however, in the early 1990s Rohmer and co-workers discovered an 

alternative pathway for the synthesis of terpenoids when 13C-labelled studies of 

isoprenoid biosynthesis in bacteria differed from those expected from the classical 

isoprenoid biosynthetic route (MVA pathway). This newly discovered pathway is 

present in many eubacteria and plant plastids, but absent in humans, therefore, could 

be an excellent target for developing broad-spectrum antibiotics.  
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Scheme 1.8: Biosynthesis of IPP and DMAPP by Methylerythritol pathway (MEP pathway)/ 

1-deoxy-D-xylulose 5-phosphate pathway (DXP pathway). 

The MEP or DXP pathway is found to be highly responsible for the formation 

of monoterpenes, diterpenes, tetraterpenes and polyprenols. In the MEP pathway 

(Scheme 1.8), the first step involves a condensation of pyruvate with D-

glyceraldehyde-3-phosphate to yield 1-deoxy-D-xylulose-5-phosphate (DXP), 

catalyzed by the enzyme 1-deoxy-D-xylulose-5-phosphate synthase (DXS)117. 1-

Deoxyxylulose-5-phosphate reductoisomerase (DXR) catalyzes the rearrangement 

and subsequent reduction of DXP to 2-C-methylerythritol-4-phosphate (MEP)118. 

MEP is conjugated with 4-phosphocytidyl (CDP) by MEP cytidyltransferase (MCT) 

to form 44-(cytidine 5'-diphospho)-2-C-methylerythritol119.  

4-(Cytidine 5'-diphospho)-2-C-methylerythritol kinase (CMK), which 

catalyzes the phosphorylation of 4-(cytidine 5'-diphospho)-2-C-methylerythritol120 is, 

like MK and PMK of the MVA pathway, a member of the GHMP family of 

metabolite kinases. 4-(Cytidine 5'-diphospho)-2-C-methylerythritol 2-phosphate, the 

product of the reaction catalyzed by CMK, is then converted to 2-C-methylerythritol 

2,4-cyclodiphosphate (MEcPP) by the action of 2-C-methylerythritol 2,4-
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cyclodiphosphate synthase (MECPS)121. MEcPP is then converted to (E)-4-hydroxy-

3-methyl-but-2-enyl diphosphate (HMBPP) by the HMBPP synthase enzyme.  

HMBPP is finally reduced by HMBPP reductase to form isopentenyl diphosphate 

(IPP) and dimethylallyl diphosphate (DMAPP). IPP is the basic carbon building block 

of long chain prenyl phosphates. It has been reported that the IPP and DMAPP 

required for Secologanin synthesis in C. roseus cell culture is derived from the DXP 

Pathway122. 

Table 1.2: Current knowledge of characterized plant MEP pathway genes 

Enzyme Plant Year(s) Work done 

DOXP synthase 
(DXS) 

A. thaliana123,124 2000 Putative plastidic localization 

C. annuum125 1998 Gene isolation & cloning 

C. roseus117 2000 
Gene isolation & cloning, Positive correlation between DXS 
transcript and 

terpene indole alkaloid production 

L. esculentum126 2000 Positive correlation between DXS transcript and lycopene 
production 

M. piperita127 1998 
Gene isolation & cloning, Positive correlation between DXS 
transcript and 

carotenoid production 

M. truncatula128 2002 Gene isolation & heterologous expression 

DOXP 
reductoisomerase 

(DXR) 

A. thaliana129,130 2002, 1999 
Gene isolation & heterologous expression, presence of an N-
terminal transit 

peptide located to plastids 

C. roseus131 2000 
Positive correlation between DXR transcript and indole 
alkaloid production in 

suspension cultures 

M. piperita52,132 1999, 2001 

Gene isolation & heterologous expression, Positive correlation 
between DXR 

overexpression and essential oil production in transgenics, 
fosmidomycin as an 

inhibitor 

CDP-ME 
synthase 

A. thaliana133 2000 Gene isolation & heterologous expression 

C. annuum120 2000 Radiolabelled CDP-ME is incorporated efficiently into 
carotenoids 

CDP-ME kinase  C. annuum134 2000 C14-labelled CDP-ME was efficiently converted into 
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carotenoids by isolated 

Chromoplast 

L. esculentum134 2000 Gene isolation & heterologous expression 

M. piperita135 1999 Partially purified enzyme assays 

MECP synthase 

C. annuum121,136 2000, 2001 Radiolabelled studies 

C. roseus131 2000 cDNA isolation/ characterization 

N. 
pseudonarcissus137 1999 Cell free conversion of CDP-MEP into MECP 

HMBPP synthase A. thaliana138 2001 Gene identification by homology studies 

HMBPP 
reductase C. annuum139 2002 

Catalytic activity from isolated chromoplasts of red pepper 
enhanced on addition 

of purified HMBPPR 

The MVA pathway occurs in animals, plants, fungi and archea, whereas the 

MEP pathway is found to occur in bacteria, green algae and plants. In the case of 

plants, the MVA pathway occurs in the cytosol and the MEP pathway in the plastid 

(Figure 1.1). 

 

Figure 1.1: Compartmentalization of the MVA and MEP Pathways. 

IPP and DMAPP are considered as the building blocks for the formation of 

isoprenoids across all living systems. The carbon skeletons of isoprenoid compounds 
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are constructed from 3-methyl-1-butyl units, which are joined in one of nine different 

patterns (Figure 1.2).  

 

Figure 1.2: Isoprenoid carbon skeletons; 1’-carbon of one of the units (red) is joined to one of 

the four butyl carbons the other unit (black). 

IPP and DMAPP are the elementary units of isoprenoid biosynthesis, which is 

found to occur by similar types of reactions in all living systems. DMAPP leads to the 

formation of hemiterpenes, whereas, IPP and DMAPP condense to form Gernayl 

diphosphate (GPP), which in turn, forms monoterpenes. GPP is further converted to 

farnesyl diphosphate (FPP) by the addition of an IPP molecule, which serves as the 

precursor for the biosynthesis of a number of classes of secondary metabolites (Figure 

1.3) such as carotenoids, withanolides, ubiquinones, dolichols, sterols among others. 

The enzyme FPP synthase (FDS) is a chain elongation enzyme, which carries out 

head to tail condensation of two molecules of IPP with DMAPP to form FPP. FPP is 

directly involved in the biosynthesis of Heme A, Sesquiterpenes, farnesylated 

proteins, ubiquinones, while forms dolichol through dehydrodolichol diphosphate and 

sterols and triterpenoids through squalene. FPP is further condensed to geranylgeranyl 

diphosphate (GGPP) by additions of another IPP molecule, which is the precursor for 

carotenoids, gibberellins, diterpenes, polyterpenes, etc. Rational approaches for 

exploitation of isoprenoid metabolism in drug development against human diseases 

depend on understanding how the pathway functions and how enzymes in the 

pathway catalyze reactions.  Isoprenoid enzymes are not abundant in their host 

organisms and have only become readily available for study as the result of 

recombinant DNA studies. All organisms have an absolute requirement for isoprenoid 

compounds, and differences in the pathways and enzymes for biosynthesis of IPP and 

DMAPP offer an attractive opportunity for development on new drugs. Humans 
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synthesize isoprenoid compounds from acetyl-CoA by the MVA pathway, while most 

eubacteria, both gram negative and gram positive, and the plasmodium species 

responsible for malaria use the MEP pathway.  Thus, the biosynthetic intermediates 

and the biosynthetic enzymes for humans and these microorganisms are orthogonal. 

Figure 1.3: Overview of terpene biosynthesis. 

1.6 Alkaloids 

Alkaloids are a collection of naturally occurring nitrogen containing chemical 

compounds produced by a variety of organisms including bacteria, fungi, plants and 

animals. In addition to carbon, hydrogen and nitrogen, some alkaloids contain 

oxygen, sulfur, chlorine, bromine and phosphorous. 

Alkaloids possess a wide array of pharmacological activities including anti-

malarial (e.g. quinine)140, anti-asthma (e.g. ephedrine)141, anti-cancer (e.g. 

homoharringtonine)142, cholinomimetic (e.g. galantamine)143, vasodilatory (e.g. 

vincamine)144, anti-arrhythmic (e.g. quinidine)145, analgesic (e.g. morphine)146, anti-

bacterial (e.g. chelerythrine)147 and anti-hyperglycemic activities (e.g. piperine)148. 

1.6.1 Types of Alkaloids 

Based on the similarity of the carbon skeleton, alkaloids are classified into true 

alkaloids, protoalkaloids, polyamine alkaloids, peptide and cyclopeptide alkaloids and 

pseudoalkaloids. 

1.6.1.1 True alkaloids 

These are alkaloids containing nitrogen in the heterocyclic ring and are known 

to originate from amino acids149. Their characteristic examples are atropine, nicotine, 

and morphine. This group also includes some alkaloids which in addition to nitrogen 

contain heterocyclic terpene (e.g., evonine149) or peptide fragments (e.g., 
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ergotamine149). This group also includes piperidine 

alkaloids coniine and coniceine149 although they do not originate from amino acids149 

(Figure 1.4).  

 

Figure 1.4: Some examples of true alkaloids from plants and fungi. 

1.6.1.2 Protoalkaloids 

Some examples of protoalkaloids include mescaline, adrenaline and ephedrine 

(Figure 1.5). These alkaloids contain nitrogen and also originate from amino acids149. 

They are also known to possess adrenergic (stimulant) activity149. 

 

Figure 1.5: Some examples of Protoalkaloids from plants.	

1.6.1.3 Polyamine alkaloids 

Polyamine alkaloids are derivatives of putrescine (toxin), spermidine, 

and spermine (Figure 1.6). These alkaloids are found in ribosomes and living tissues, 

and have various metabolic functions within organisms like maintaining membrane 

potential and controlling intracellular pH and volume. They were primarily isolated 

from semen. 

 

Figure 1.6: Some examples of polyamine alkaloids from plants and animals. 

 



Chapter 1 

Krithika Ramakrishnan Ph.D. Thesis, AcSIR, 2016 22   

1.6.1.4 Peptide and cyclopeptide alkaloids 

Cyclopeptide alkaloids are the compounds composed of simple, natural amino 

acids linked by amide bond (-CONH-) structure incorporated in them, in which a 10- 

or 12-membered peptide-type bridge spans the 1,3 or 1,4 positions of a benzene ring, 

which are used to heal ulcers and wounds150. Some examples are sativanine, 

nummularine, rugosanine and sanjoinenine (Figure 1.7). 

 

Figure 1.7: Some examples of Peptide and cyclopeptide alkaloids from plants. 

1.6.1.5 Pseudoalkaloids 

Compounds that do not originate from amino acids, but are alkaloid-like in 

nature, are classified as pseudoalkaloids149. This group includes terpene-like 

and steroid-like alkaloids149, as well as purine-like alkaloids such 

as caffeine, theobromine, theacrine and theophylline, used mainly as central nervous 

system stimulant, heart stimulant, as diuretic and for treatment of lung diseases149 

(Figure 1.8). Some authors classify compounds such as ephedrine and cathinoneas 

pseudoalkaloids. These are structures originate from the amino acid phenylalanine, 

but acquire their nitrogen atom not from the amino acid but through transamination149.  

 

Figure 1.8: Some examples of pseudoalkaloids from plants. 
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1.6.1.6 Isoquinoline alkaloids 

Some alkaloids do not have the carbon skeleton, which is characteristic of 

their group, but are still classified as isoquinoline alkaloids, like galantamine, 

homoaporphines, etc (Figure 1.9). These are mainly used for treatment of dementia. 

 

Figure 1.9: Some examples of isoquinoline alkaloids from plants. 

1.6.2 Terpene Indole Alkaloids / Isoprenoid Indole Alkaloids (TIAs) 

TIAs are made up of isoprenoid building blocks derived from IPP and 

DMAPP, along with residues of tryptophan or tryptamine. They are one of the major 

group of alkaloids with over 4000 known different compounds, mainly in plants. They 

are found mainly in eight plant families, of which the Apocynaceae, the Loganiaceae, 

and the Rubiaceae provide the best sources. Many TIAs are known to possess 

significant bioactivity. These are classified into ergot alkaloids, monoterpene indole 

alkaloids (MIAs) and bisindole alkaloids. 

1.6.2.1 Ergot alkaloids 

These are formed by multi-stage reactions involving tryptophan and DMAPP, 

related to lysergic acid and are hemiterpenoids (Figure 1.10).  

 

Figure 1.10: Some examples of ergot alkaloids from fungi. 
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Some examples are ergometrine (water soluble amino alcohol derivatives used 

to cause contraction of the uterus during childbirth), ergotamine, ergostine and 

ergocristine (water-insoluble polypeptide derivatives). They are also used to treat 

headaches due to migraine. 

1.6.2.2 Monoterpene Indole alkaloids (MIAs) 

The MIAs mainly include a C9 or C10 fragment (Figure 1.11) originating 

from secologanin, which is formed from IPP and DMAPP through 10 enzymatic 

steps. Secologanin combines with tryptamine to form strictosidine, which further is 

converted to various MIAs. Depending on the structure of this fragment, they are 

divided into Corynanthe (ajmaline, sarpagin, reserpine), Iboga (ibogaine, voacangine) 

and Aspidosperma (eburnamin, tabersonine, vindoline). They are mainly used as anti-

hypertensive drugs in the treatment of high blood pressure. 

 

Figure 1.11: Some examples of monoterpene indole alkaloids (MIAs) from plants.  

1.6.2.3 Bisindole alkaloids 

These are also known as dimeric indole alkaloids and have more than 200 

alkaloids classified under this category, for which MIAs serve as the precursor. Some 

examples are voacamine, villalstonine, toxiferine, vinblastine and vincristine (Figure 

1.12). Most of these are used in combination therapy for the treatment of various 

types of cancer8. 
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Figure 1.12: Some examples of bisindole alkaloids from plants. 

1.6.3 Biosynthesis of Alkaloids 

1.6.3.1 Biosynthesis of Secologanin 

The monoterpene mndole alkaloids (MIAs) biosynthesis diverges from the 

isoprenoid biosynthetic pathway at 1´-4 chain elongation intermediate geranyl 

diphosphate (GPP) formed through head-to-tail condensation of isopentenyl 

diphosphate (IPP) with dimethylally diphsophate (DMAPP) catalyzed by Geranyl 

diphosphate synthase (GDS)151. Further, geraniol synthase (GS)152 hydrolyses GPP 

into geraniol, which undergoes hydroxylation at C10 to form 10-hydroxygeraniol 

catalysed by the cytochrome P450 system, Geraniol 10-hydroxylase (G10H)153 

(Scheme 1.18). Feeding experiments with labelled 10-hydroxygeraniol, 10-

hydroxynerol, iridodiol in Catharanthus roseus and Lonicera morrowii suspension 

cultures clearly indicated that 10-hydroxygeraniol is oxidized to 10-oxogeranial by 

the oxidoreductase system, 10-hydroxygeraniol dehydrogenase (10HGO)154-157 

(Scheme 1. 18). Recently, a short chain reductive cyclase, iridoid synthase (IDS)158, 

which cyclises 10-oxogeranial into an equilibrium mixture of cis-trans-nepetalalcol 

and iridodials, has been characterized. This mixture of nepetalactols is converted into 

7-deoxyloganetic alcohol, 7-deoxyloganetic aldehyde and then 7-deoxyloganetic acid 

by a single enzyme, 7-deoxyloganetic acid synthase (7DLS) in a series of reactions. 

Glycosylation of 7-deoxyloganetic acid by the 7-deoxyloganetic acid 

glucosyltransferase (DLGT) enzyme results in the formation of 7-deoxyloganic acid, 
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which is then hydroxylated by 7-deoxyloganic acid hydroxylase (7DLH) to form 

loganic acid. Loganic acid is acted upon by a methyltransferase enzyme, Loganic acid 

methyltransferase (LAMT) to form loganin, which is then converted to secologanin 

by Secologanin Synthase (SLS)159 (Scheme 1.9). 

 

Scheme 1.9: Secologanin Biosynthetic Pathway 

1.6.3.2 Biosynthesis of Tryptamine 

Tryptamine is produced by the action of tryptophan decarboxylase (TDC) on 

tryptophan. TDC is encoded by a single gene in C. roseus160. The first committed step 

of tryptophan synthesis is the conversion of chorismate into anthranilate by 

Anthranilate synthase (AS). AS and TDC are thought to be the key regulated enzymes 

in the production of tryptamine (Scheme 1.10). 
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Scheme 1.10: Biosynthesis of Tryptamine 

1.6.3.3 Biosynthesis of Vinblastine and Vincristine 

Strictosidine is the vital intermediate in the biosynthesis of many indole 

alkaloids, not only in C. roseus, but a host of other organisms too. It is derived from 

the condensation of secologanin and tryptamine by strictosidine synthase (STR). The 

complete genomic sequence of STR gene was cloned by Pasquali et al.161. The 

expression of the STR gene is down regulated by auxin and upregulated by methyl 

jasmonic acid (MeJA)161. 

The first committed step in the vincristine and vinblastine biosynthesis is the 

removal of glucose moiety of stricosidine by the enzyme strictosidine β–D-

glucosidase (SGD) to form strictosidine aglycoside and then it undergoes a series of 

reactions to produce 4,21-dehydrogeissoschizine162,163. SGD shares ∼ 60 % homology 

with other plant glucosidases. 
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Scheme 1.11: Biosynthetic pathway of tabersonine, vindoline, vincristine and vinblastine. 

 

This 4,21-dehydrogeissoschizine is further divided into two branches of 

which, in one branch, it is converted to form an important metabolite catharanthine. 

The available information on catharanthine biosynthetic pathway is very limited. 

Another branch leads to the formation of tabersonine, from which vindoline is 

produced. The vindoline pathway (Scheme 1.19) is composed of six steps, where, in 

the first step, tabersonine is converted to 16-hydroxytabersonine by tabersonine 16-

hydroxylase (T16H)164-166. 16-hydroxytabersonine is then converted to 16-

methoxytabersonine by o-methyltransferase (16OMT)167. A cytochrome P450 

(CYP71D1V2; tabersonine-3-oxygenase (T3O)) and an alcohol dehydrogenase 

(ADHL1; tabersonine-3-reductase (T3R)) were identified as the genes involved in the 

conversion of tabersonine or 16-methoxytabersonine to 3-hydroxy-2,3-

dihydrotabersonine or 3-hydroxy-16-methoxy-2,3-dihydrotabersonin by virus-induced 

gene silencing (VIGS) technology in 2015. This is then converted to 

desacetoxyvindoline by N-methyltransferase (NMT)168, then to deacetylvindoline by 

the hydroxylase enzyme, desacetoxyvindoline 4-hydroxylase (D4H)169, and finally to 
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vindoline by deacetylvindoline-4-O-acetyltransferase (DAT)170. The enzymes, T16H, 

D4H and DAT are thought to be the main regulatory targets of transcription factors 

(Scheme 1.11). 

Catharanthine and vindoline condense together to form α-3',4'-

anhydrovinblastine (AVLB), the reaction mediated by AVLB synthase171. The 

mechanism of formation of vinblastine and vincristine from AVLB remains unclear 

till date. 

1.7 Metabolic Engineering 

Catharanthus roseus is an evergreen herbaceous plant belonging to the family 

Apocynaceae, with flowers ranging from white to dark pink. It has been long raised 

for herbal medicine and also as an ornamental plant. It is native to the Indian Ocean 

island of Madagascar, and hence the name Madagascar periwinkle. It can be found 

commonly in tropical and sub-tropical regions of the world172,173. 

The leaf extracts of C. roseus have been used in ancient medicine against 

various disorders and deficiencies174. Leaf and flower extracts are found to be used as 

a treatment for wasp sting, as an anti-hemorrhagic, to treat laryngitis, as an eyewash 

for infants, for menorrhagia, rheumatism, asthma, tuberculosis, etc173,175. Studies have 

shown that C. roseus leaf extracts reduce blood glucose level in rabbits176 and mice177; 

act as in vitro anti-angiogenesis agents178, cause larval mortality of the malarial 

vector, Anopheles stephensi179, exhibit anti-proliferative activity180. Extracts of all 

parts of C. roseus have been used to treat malaria, diarrhea, diabetes, cancer and skin 

diseases181. 

The activities of C. roseus tissues are attributed to the wide range of terpene 

indole alkaloids (TIAs) present in the plant. C. roseus is known to produce more than 

200 alkaloids in various tissues. These TIAs are a multifarious class of natural 

products with significant structural diversity. They possess various pharmaceutical 

properties such as the anti-cancer activity of vincristine and vinblastine182,183, the anti-

hypertensive activity of reserpine and ajmalicine184 and the anti-arrhythmic activity of 

ajmaline185. Certain TIAs even have potent activities against pathogens163. 

Only very small quantities of these alkaloids can be obtained from plant 

extracts as the alkaloid content in C. roseus is only 0.005 % dry weight186. Owing to 

this, it is very difficult to isolate these alkaloids in sufficient amounts from plant 
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tissue samples to meet the requirement. Hence, an insight into their biosynthesis is 

very valuable and can be used for in vivo production of the alkaloids in bacterial or 

yeast hosts, by means of metabolic engineering. 

Metabolic Engineering essentially deals with the genetic manipulation of 

microorganisms in order to increase productivity of a specific metabolite, like 

mutations, over expressions, modifications in copy number of particular genes, etc. It 

is also applied for decreasing the production of some by-products, toxic substances, 

etc. In the last few years, metabolic engineering has been applied to various pathways 

for the large-scale production of metabolites of medical and commercial significance. 

1.7.1 Metabolic engineering for the production of isoprenoids 

Isoprenoids are the most structurally diverse natural products and have found 

various applications in medicine (artemisinin as antimalarial, taxol as anticancer), 

nutrition (carotenoids), flavours and fragrances (essential oils). Plants are one of the 

major sources for the production of these isoprenoids. However the supply of these 

products suffers from low yields, impurities and consumption of large amounts of 

natural resources. Chemical synthesis of these natural isoprenoids is difficult and 

costly because of their structural complexity and low yields. Engineering of metabolic 

pathway in microbial systems for the production of terpenes in large scale presents a 

cost-effective alternative tool for isoprenoid biosynthesis. Recent advances in 

molecular techniques have enabled the engineering of microorganisms for the 

production of isoprenoids. Metabolic engineering for the production of isoprenoids 

requires two main steps: (i) the production of common intermediate 

prenyldiphosphate (farnesyldiphosphate) by FDS from basic building blocks (IPP and 

DMAPP) synthesized by either MVA or MEP pathway, and (ii) conversion of 

prenyldiphosphate into products of interest by incorporating heterologous genes into 

Escherichia coli or yeast (like Saccharomyces cerevisiae) through synthetic biology 

tools, examples are microbial engineering of artemisinin and taxol. 

Artemisinin, a sesquiterpene lactone extracted from Artemisia annua is an 

antimalarial drug and highly effective against multidrug resistant strains of P. 

falciparum187. Artemisinin is accumulated in glandular trichome to the level of 0.01-1 

% of dry weight188. Supply from natural resource is limiting because of low yield. 

Although, chemical synthesis is possible, structural complexity, multiple time-
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consuming steps and low yield makes it economically nonviable for drug 

production189 (Scheme 1.12).  

 

Scheme 1.12: Chemical synthesis of Artemisinin 

The cost of one ton leaves was 1200-1500 USD. The global demand of 

malarial treatments is 230 – 260 million per year and subsequently, the global 

requirement of artemisinin is 130-150 tons per year. The lower content in the leaves 

leads to an increase in the price of artemisinin. The market price of artemisinin was 

750 USD/Kg in 2004 and 1100 USD/Kg in 2005. Therefore, a semi-synthetic route 

for the production of artemisinin could be utilized by starting from artemisinic acid190. 

25 g/litre of artemisinic acid was produced in an engineered yeast strain (S. 

cerevisiae) starting from a simple inexpensive carbon source by fermentation191 

(Figure 1.13). This result would constitute a superior route for the development of 

economically viable processes for the production of semi synthetic artemisinin. 



Chapter 1 

Krithika Ramakrishnan Ph.D. Thesis, AcSIR, 2016 32   

 

Figure 1.13: Metabolic Engineering for the production of Artemisinic acid191. 

Over expression of tHMGR resulted in a 5-fold increase in amorphadiene 

production; where downregulation of ERG9 (Squalene Synthase) resulted in a 2-fold 

increase in amorphadiene production. Over expression of the gene encoding FPP 

Synthase had little effect on amorphadiene production. Combining all these 

modifications resulted in a 500-fold increase in amorphadiene production than normal 

ADS gene expression. 

This construct was further expressed in yeast (S. cerevisiae), wherein by 

increasing FPP production, expressing the ADS gene and expressing a novel CYP450 

and its redox partner, 25 g/litre of artemisinic acid was produced (Figure 1.14). This 

reduced the total cost of artemisinin to 230-215 USD/Kg. 
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Figure 1.14: Semi-synthesis of Artemisinin and Taxol in S. cerevisiae. 

Taxol is a polyoxygenated cyclic diterpene and is well-established as an anti 

cancer molecule192 and as a potent antineoplastic drug against a wide range of 

cancer193. Naturally, taxol is isolated from the bark of taxus sp. with a yield of 0.001-

0.05 % of dry weight194. Total synthesis of taxol is reported but the approach is 

commercially not viable195, therefore increased demand for drug shifted from large 

scale destruction of low yielding Taxus sp. to semi-synthetic approach196 (Scheme 

1.13). 
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Scheme 1.13: Chemical synthesis of Taxol. 

Taxol can be produced semi-synthetically from more abundant taxoid like 

baccatin III and 10-deacetyl baccatin III isolated from needles or cell cultures of 

various Taxus species as renewable resources197-200. However, the extraction of semi-

synthetic precursors from Taxus is also very difficult and expensive. It takes 3 trees to 

give 10 Kg bark, from which a meager 1 g Taxol is obtained201 and its cost is 200,000 

USD/ Kg. Therefore, the production of taxol or its precursor in a genetically 

engineered microorganism (Figure 1.14) is a desirable alternative for economic 

viability and increase in yield.  

The use of T. chinensis geranylgeranyl diphosphate synthase and T. chinensis 

Taxadiene Synthase in the construct resulted in a 67 % increase in taxadiene 

production. The implementation of the truncated HMGR gene increased the 

production of IPP for terpenoid production and resulted in a further 50 % increase in 

taxadiene production. The UPC2-1 aided in an exogenous steroid uptake, which only 

marginally increased taxadiene production. The heterologous expression of S. 

acidocaldarius geranylgeranyl diphosphate synthase in addition to T. chinensis 

taxadiene synthase, tHMG-CoA reductase and upc2-1 resulted in marginal increase in 

taxadiene production, but a 100-fold increase in GGPP production. A further codon-
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optimized T. chinensis taxadiene synthase, truncated HMG-CoA reductase, the UPC2-

1 transcription factor gene and S. acidocaldarius geranylgeranyl diphosphate synthase 

resulted in a 40-fold increase in taxadiene production. 

1.8 Scope of the work in Monoterpenoid Biosynthetic Pathway  

Monoterpene indole alkaloids (MIAs) are a multifarious class of natural 

products with distinct chemical and biological properties202-204 found in numerous 

species of plants belonging to the Apocynaceae, Loganiaceae and Rubiaceae families. 

To date, over 3000 MIAs are known with diverse structures and biological activities.  

 

Figure 1.15: Scope of the work in monoterpenoid biosynthesis. 

These MIAs are inclusive of the anticancer alkaloids vincristine/ 

vinblastine182,183 and camptothecin205, the anti-malarial quinine206, the 

antihypertensive drug ajmalicine207, the anti-arrhythmic drug, sarpagine208 and rat 

poison/ pesticide strychnine-n-oxide209. These MIAs are synthesized by the 
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condensation of tryptamine and the iridoid monoterpene, secologanin to give 

strictosidine, which is the precursor for all the afore-mentioned therapeutic 

compounds.  

Over 200 indole alkaloids are known from C. roseus, with catharanthine and 

vindoline present in greatest abundance. Like in the case of metabolic engineering of 

taxol and artemisinin, the pathway enzymes leading to the formation of IPP and 

DMAPP can be modified to boost the biosynthesis of terpene indole alklaoids. This 

can further aid in large-scale production of the anti-cancerous compounds, vincristine 

and vinblastine (Figure 1.15), by suitable scaling-up experiments. Owing to these 

prospective, the objectives of this thesis were designed. 

 

OBJECTIVES OF THE THESIS 

Ø Identification of the genes involved in Secologanin biosynthesis in Catharanthus 

roseus by total RNA isolation and transcriptome sequencing. 

Ø Cloning and characterization of the genes involved in the Secologanin 

biosynthetic pathway. 

Ø Employing strategies to gain insights into the factors involved in the formation of 

iridoids. 
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Chapter 2 

Transcriptome sequencing, de novo assembly and 

functional annotation to gain insights for the 

secologanin biosynthetic pathway 
 

 

RNA-sequencing (RNA-seq) or Transcriptome sequencing is a technique that employs 

next-generation DNA-sequencing technology to simultaneously sequence all of the RNA 

transcripts in a cell. It is a quick and cost effective method to profile complete gene space 

of any organism due to its high throughput accuracy and reproducibility. Isolation of total 

RNA from stem, leaves, roots and flowers of Catharanthus roseus posed certain 

degradation problems, which were overcome by adopting a method for RNA isolation, 

which is an extensively modified version of an earlier reported procedure. The total 

RNA, thus obtained from each tissue was mixed in equal ratio and used for transcriptome 

sequencing using Illumina GAII Analyzer. Following de novo assembly, further 

screening for identification of transcripts involved in secologanin biosynthesis was 

carried out by annotation of the assembled transcriptome data. 
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2.1 Introduction 

Catharanthus roseus is an evergreen shrub belonging to the family Apocynaceae. 

It is a rich source of the monoterpene indole alkaloids (MIAs), many of which possess 

magnificent pharmacological and therapeutic interest such as the tranquillizer reserpine1 

or the ergot alkaloids2 employed for their relaxing and migraine relieving properties, the 

biggest breakthrough being the discovery of vincristine and vinblastine as anti-cancer 

drugs3,4. These MIAs were synthesized from the condensation of tryptamine and the 

iridoid monoterpene, secologanin. The monoterpene alcohols themselves possess 

chemopreventive activities against various forms of cancer. For example, perillyl alcohol, 

formed by the hydroxylation of limonene, has been proved to cause apoptosis of liver 

tumors in rats5. Also, the acyclic monoterpene alcohol, geraniol, possesses anti-tumor 

activity against rat and mice hepatoma, leukemia and melanoma cells6. 

 

Isolation of total RNA from the stem, leaf and root tissues of C. roseus white-

flowering and pink-flowering plants was carried out primarily using various kits, but 

posed several problems in the form of degradation and genomic DNA contamination. The 

quality of RNA is very important for downstream processing so as to avoid interference 

in reverse transcription, as well as in PCR reactions. In this study, a protocol for the 

isolation of high quality total RNA from the leaf, stem and root tissues of C. roseus was 

used, with extensive modifications of the protocol reported for isolation of high quality of 

RNA from gymnosperm and angiosperm tissue7. This protocol was developed earlier in 

our lab for the isolation of high quality total RNA from the interface of heartwood and 

sapwood of Indian Sandalwood, Santalum album8. Later on, high quality total RNA 

could be obtained using SpectrumTM Plant Total RNA Isolation Kit from Sigma-Aldrich, 

USA, also, by including a few modifications. 

 

Transcriptome sequencing is a powerful technique for profiling transcriptome 

because of its high-throughput accuracy and reproducibility. In plants, high-throughput 

RNA sequencing has accelerated the discovery of novel genes, transcription pattern, and 

functional analysis. In the present study, we have performed RNA sequencing on 

Illumina GAII Analyzer, and used for screening of unigenes involved in the biosynthesis 
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of secologanin in Catharanthus roseus. The raw RNA-seq paired reads from stem, root 

and leaf RNA have been assembled using various assembly tools such as Velvet_1.1.059 

and Oases10. Various approaches for functional annotation of the assembled transcripts 

have been used to identify the unigenes, which are involved in MIA biosynthesis in C. 

roseus. 

2.2 Materials and Methods  

2.2.1 Plant Sample Source 

The various plant tissues such as leaves, stem and roots were collected from C. 

roseus white-flowering and pink-flowering plants of height 26 cm above the ground, 

grown in a greenhouse (temperature: 25 °C, humidity: 40 % relative humidity). The 

plants were grown in shade with a 12-hour light and dark period. The tissues were flash 

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

 

2.2.2 Reagents 

All the reagents and chemicals were procured from Sigma-Aldrich or Invitrogen 

(Life Technologies/ Thermo-Scientific), USA. All the solutions were prepared in 0.1 % 

diethylpyrocarbonate (DEPC) and sterilized in an autoclave, except Tris buffer, which 

was prepared in sterile DEPC treated water. All the plastic and glasswares were soaked in 

freshly prepared DEPC water, dried, and sterilized in the autoclave before use. 

Extraction buffer 

♦ Lithium dodecyl sulphate (1.5 %), Lithium Chloride (300 mM), EDTA disodium 

salt (20 mM), Sodium Deoxycholate (1 % w/v), Tergitol nonidet NP-40 (1 % v/v). 

The buffer containing these constituents was autoclaved and the Tris-HCl (200 

mM) pH 8.5 was added thereafter and following constituents were added just 

before use: Thiourea (5 mM), Aurintricarboxylic acid (1 mM), and DTT (10 

mM). 

♦ PVPP (Polyvinylpolypyrrolidone) 

♦ Chloroform/Isoamylalcohol (24:1; v/v) 

♦ 3.3 M Sodium Acetate pH 6.1 (prepared in DEPC treated water and autoclaved)  

♦ 5 M NaCl (prepared in DEPC treated water and autoclaved) 
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♦ 10 % CTAB (prepared in DEPC treated water and autoclaved) 

♦ Isopropanol 

♦ TE: 10 mM Tris-HCl; 1 mM EDTA; pH 8.0 

♦ 10 M LiCl (prepared in DEPC treated water and autoclaved)  

♦ 70 % Ethanol (prepared with DEPC treated autoclaved water)  

♦ DEPC treated water (DEPC from Sigma-Aldrich) 

♦ Centrifuges  

♦ Water bath (wet and dry) 

 

2.2.3 Modified protocol for RNA isolation 

1. 1 g of each plant tissue was ground in liquid nitrogen in presence of 0.3 g of 

PVPP per gram of tissue in bead-beater at a frequency of 30 vibrations/second for 

5 minutes.  

2. 20 mL extraction buffer/g of tissue was added.  

3. This was vortexed at 25-30 °C for 10 minutes.  

4. This was centrifuged at 3000 × g for 20 minutes at 4 °C.  

5. The supernatant was transferred into a fresh tube and kept on ice.  

6. To this, 2 mL 10 % CTAB solution was added at 25-30 °C and incubated for 5 

minutes at 60 °C, to remove the residual polysaccharides.  

7. This mixture was extracted with Chloroform: Isoamyl alcohol (24:1) till the 

interface became clear and the supernatant was retrieved each time. 

8. The supernatant was transferred into another tube and to this, 1/9th volume of 3.3 

M Sodium acetate and 0.6 volume of ice-cold isopropanol were added. 

9. This was incubated at -20 °C for 3 h and then centrifuged at 14000 × g for 20 

minutes at 4 °C and the supernatant was discarded. 

10. To the pellet, 1 mL of TE Buffer (10 mM) and 1 mL of 5M NaCl were added and 

incubated on ice for 30 minutes, with periodic vortexing. 

11. This mixture was extracted with chloroform: isoamyl alcohol (24:1) and the 

supernatant was retrieved each time. This was repeated till the interface became 

clear. 
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12. To the supernatant, 2.5 M final concentration of LiCl was added and incubated 

overnight at -20 °C. 

13. The RNA was pelleted down by centrifugation at 14000 × g for 30 minutes at 4 

°C. 

14. The resultant pellet was washed with 70 % ethanol by centrifugation at 14,000 × g 

for 10 minutes at 4 °C. 

15. The pellet was air dried at room temperature and re-suspended in 50 µl DEPC 

treated water. 

 

2.2.4 Modified protocol for Isolation of total RNA using SpectrumTM Plant Total 

RNA Isolation Kit from Sigma-Aldrich, USA 

Initially, 0.1 g of each plant tissue was ground in liquid nitrogen with 0.3 g of 

PVPP per gram of tissue in bead-beater at a frequency of 30 vibrations /second for 5 

minutes. Then the sample was processed as per the manufacturer’s instructions. Before 

binding the RNA to the column, extractions were carried out using Chloroform: Isoamyl 

alcohol mixture, in the ratio of 24:1, to remove protein/polysaccharide/lipid 

contamination. Elution of RNA at the final step was carried out in DEPC-treated water. 

 

2.2.5 Quantification of total RNA 

Total RNA was quantified using a spectrophotometer (NanoDrop, Thermo 

Scientific) by measuring optical density of isolated RNA (re-suspended in DEPC-treated 

water), at wavelengths 230, 260, and 280 nm. As RNA absorbs strongly at 260 nm, its 

purity can be assessed by the ratios A260/A280 and A260/A230, which should be over 1.8 to 

guarantee the absence of proteins and other organic compounds. The integrity of total 

RNA was assessed by sharpness of rRNA (28S and 18S rRNA) bands on a 1 % agarose 

gel and visualized by GelRedTM (Biotium Inc., USA). 

 

2.2.6 RT-PCR 

To test RNA quality, 5 µg of total RNA was used for cDNA synthesis using 

SuperScript® III First-Strand Synthesis System for RT-PCR from Invitrogen (Life 

Technologies), USA, according to manufacturer’s instructions. This cDNA was used in a 
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PCR reaction with the full length primers of the Loganic acid methyltransferase 

(CrLAMT) gene11 as follows: Initial denaturation at 95 °C for 5 min, followed by 35 

cycles of denaturation at 95 °C for 30 sec, annealing at 60 °C for 30 sec and extension at 

72 °C for 1 min 20 sec and a final extension at 72 °C for 10 min. The samples were run 

on a 1 % agarose gel and visualized by GelRedTM (Biotium). 

 

2.2.7 Transcriptome sequencing 

Transcriptome library was constructed according to the IlluminaTruSeq RNA 

library protocol outlined in “TruSeq RNA Sample Preparation Guide” (Part # 15008136; 

Rev. A; Nov 2010) by Genotypic Pvt. Ltd. In brief, mRNA was purified from 1 µg of 

high quality intact total RNA (pooled as an equivalent mixture of total RNA isolated 

from leaves, stem and roots) using oligo dT beads (TruSeq RNASample Preparation Kit, 

Illumina). The purified mRNA was fragmented for 2 minutes at an elevated temperature 

(94 °C) in the presence of divalent cations and reverse transcribed with Superscript II 

Reverse transcriptase by priming with random hexamers. Second strand cDNA was 

synthesized in the presence of DNA polymerase I and RnaseH. The cDNA was cleaned 

up using Agencourt Ampure XP SPRI beads (Beckman Coulter). Illumina adapters were 

ligated to the cDNA molecules after end repair and addition of an ‘A’ base, and SPRI 

cleanup was performed after ligation. The library was amplified using 8 cycles of PCR 

for 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 (Agilent). 

 

2.2.8 Raw data processing 

The raw reads generated were 150 bp paired-ends. Primary QC check of the raw 

data was done using the in-built tool SeqQC-V2.1. In order to obtain better quality of 

reads, the raw reads were filtered using adapter trimming, B trimming and Low quality 

trimming throughout the read sequences (Phred score <20). 
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2.2.9 Transcriptome assembly 

The clean reads were first assembled into contigs using the Velvet_1.1.059 with 

an optimized hash length of 49. Assembled contigs were submitted as inputs for 

Oasis_0.2.0112 to generate transcripts. These transcripts were further subjected to cluster 

and assembly analysis using CD-HIT to remove the redundancy and generate unique 

unigenes (transcripts). 

 

2.2.10 Transcriptome annotation 

In order to assign molecular function, biological processes and cellular 

components of unigenes, functional annotation of the assembled transcriptomic data was 

carried out. The transcript sequences (DNA sequences) were translated into their 

corresponding peptide sequences (all 6 reading frames) using the online tool “Virtual 

Ribosome – version 1.1”13, which has an integrated ORF finder and a full support for the 

IUPAC alphabet of nucleotides, including degenerate nucleotides. The longest ORFs 

were selected for each of the unigenes and submitted to Pfam-A database14, to identify 

protein domains and architecture. The FASTA formats of all the unigenes were submitted 

to KEGG (Kyoto Encyclopedia of Genes and Genomes)15 database to assign KO (KEGG 

Orthology) numbers and to KAAS (KEGG Automatic Annotation Server) to generate 

KEGG pathways. 
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2.3 Results and Discussion 

 

2.3.1 Optimization of protocol for isolation of total RNA from various tissues of 

Catharanthus roseus 

Several standard protocols have been reported for isolation of total RNA from 

various plant tissues. Initially, total RNA isolation from the root, stem and leaf tissues (of 

white and pink flowering plants) was carried out using SpectrumTM Plant Total RNA 

Isolation Kit from Sigma-Aldrich, USA. Although the 28S rRNA and 18S rRNA bands 

were slightly visible, degradation was observed each time using this protocol (Figure 

2.1).  

 
Figure 2.1: Agarose gel electrophoresis of total RNA isolated using SpectrumTM Plant Total 
RNA Isolation Kit from Sigma; Lanes 1 – 2: Total RNA isolated from leaves and stem of white-
flowering plant, Lanes 3 – 4: Total RNA isolated from leaves and stem of pink-flowering plants, 
Lane 5: 1 Kb Plus DNA Ladder (Appendix Figure A1). 

 

Hence, a conventional protocol standardized in our lab for the isolation of total 

RNA from the interface of heartwood and sapwood from Sandalwood8, was used with 

slight modifications. The initial solvent washes were eliminated, as the phenolics released 

by the tissues of C. roseus were not as high as in the case of the bark of wood. The initial 

crushing with PVPP was sufficient to remove the sparse phenolic content in the tissues of 

C. roseus and preventing them from degrading the RNA at a later stage. Treatment with 
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CTAB and heating is known to remove polysaccharide contamination, which might co-

precipitate with nucleic acid and lead to degradation of RNA. 

 
Figure 2.2: Agarose gel electrophoresis of total RNA isolated using modified conventional 
protocol; Lane 1: 1 KB Plus DNA Ladder (Appendix Figure A1), Lanes 2 – 4: Total RNA 
isolated from leaves, stem and roots of white-flowering plants, Lanes 5 – 7: Total RNA isolated 
from leaves, stem and roots of pink-flowering plants. 

 

Total RNA extracted from the root, stem and leaf tissues of Vinca 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 showed no genomic DNA 

contamination (Figure 2.2). 

The A260/280 ratios were found to be 1.95, 1.85, 1.96, 1.95, 2.04 and 1.97 and the 

A260/230 ratios were found to be 2.17, 2.18, 2.13, 2.19, 2.13 and 2.10 respectively, for 

RNAs from root, stem and leaf tissues of white and pink flowering plants, indicating no 

contamination of protein, polysaccharides, polyphenolics, salts and solvents. Total RNA 

in the range of 40-130 µg/g of root tissues, 250-400 µg/g of stem tissues and 500-700 

µg/g of leaf tissues were obtained. To check the integrity of isolated total RNA, it was 

reverse transcribed as discussed earlier, and PCR amplification with primer of CrLAMT 

resulted in amplification of the expected ≈1150 bp amplicon (Figure 2.3). 
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Figure 2.3: Agarose gel electrophoresis of PCR of cDNAs with CrLAMT full-length primers for 
cDNA verification; Lane 1: Negative control, Lanes 2, 3 and 4: PCR of cDNA from leaves, 
stem and roots of white-flowering plants, Lane 5: 1Kb DNA Ladder (Appendix Figure A1), 
Lanes 6, 7 and 8: PCR of cDNA from leaves, stem and roots of pink-flowering plants 
 

On employing certain modifications (initial crushing with PVPP, extraction with 

chloroform:isoamyl alcohol::24:1 mixture and final elution in DEPC-treated water), high 

quality RNA could also be obtained using the SpectrumTM Plant Total RNA Isolation Kit 

from Sigma-Aldrich, USA (Figure 2.4).  

 
Figure 2.4: Agarose gel electrophoresis of total RNA isolated using modified kit protocol; Lane 
1: 1 Kb DNA Ladder (Appendix Figure A1), Lanes 2 – 4: Total RNA isolated from root, stem 
and leaves of pink-flowering plants, Lanes 5 – 7: Total RNA isolated from roots, stem and leaves 
of white-flowering plants. 
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Similarly, the RNA samples isolated by this protocol were also checked for their 

integrity by construction of cDNA and PCR amplification using full-length CrLAMT 

primers (Figure 2.5 (a) and Figure 2.5 (b)). 

 
Figure 2.5: Agarose gel electrophoresis of PCR of cDNAs with CrLAMT full-length primers for 
cDNA verification; Lane 1: 1 Kb DNA Ladder (Appendix Figure A1), Lane 2: Negative 
Control, Lane 3-8: PCR of cDNA from leaves, stem and roots of pink-flowering plants and 
white-flowering plants, respectively. 

 

In summary, the modified protocol used by us is simple and highly effective for 

extraction of high quality total RNA from the various tissues rich in polysaccharides and 

polyphenolics. The use of PVPP along with tissue crushing aided in avoiding 

contaminations that are usually caused during the breakage of cells. The optimized 

protocol enabled us to isolate high quality total RNA without degradation and 

contamination, which was used for downstream processing such as reverse transcription, 

EST library preparation and PCR amplifications. 

 

2.3.2 Transcriptome sequencing and screening of genes involved in the biosynthesis 

of Secologanin in Catharanthus roseus 

 

2.3.2.1 cDNA library preparation and sequencing 

cDNA library was constructed from the mRNA purified from total RNA isolated 

from the root, leaf and stem tissues of Catharanthus roseus and was subjected to RNA 
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sequencing using Illumina GAII Analyzer. cDNA library was constructed as discussed 

earlier and amplified by PCR to enrich the adaptor ligated fragments. The cDNA library 

was sequenced on one lane of the flow cell using paired end sequencing. A total of 

15485359 raw reads were generated with a length of 150 bp corresponding to 4.88 GB. 

Primary QC check for raw reads was performed using the inbuilt tool SeqQC-V2.1. From 

the observation of QC report, adapter trimming and low quality reads (Phred score <20) 

trimming was performed throughout the sequence to get better quality of reads. 

 

2.3.2.2 De novo transcriptome assembly 

A total 15485359 high quality paired end reads were generated with read length 

of 150 bp using deep sequencing. These high quality reads were preliminarily assembled 

into contigs using Velvet_1.1.059 with varying hash lengths (k-mer) from 49 to 121. A 

Total 76075 contigs were generated with an optimized hash length of 49 with largest 

average contig length (548.5 bp) and an N50 length (881 bp). These contigs were given 

as input for Oasis_0.2.0112 to generate 70779 transcripts having N50 length of 2485 bp 

and average transcript length 1594.83 bp. The total transcripts were further subjected to 

cluster and assembly analysis using CD-HIT16 to remove the redundancy. Finally, it 

resulted in a total of 62352 unique transcripts with an average size of 1024 bp and N50 

length 2375 bp, which contains 28429 transcripts (45.59 %) with length greater than 1 kb 

and 37088 transcripts (59.48 %) with length greater than 500 bp. These results showed 

that the high throughput sequencing and assembly quality is good, which could be used 

for functional annotation. 

 

2.3.2.3 Functional annotation of unigenes 

Functional annotation mainly provides an insight into the biochemical functions, 

biological processing and information relating to regulation, interactions and expression 

of the unigenes represented in an organism. Various approaches were employed to 

functionally annotate the assembled transcripts based on the sequence similarity with 

proteins/transcripts in the publically available databases. 

 

2.3.2.3.1 KAAS analysis 
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In order to identify the various terpenoid and alkaloid biosynthetic pathways 

present in Catharanthus roseus, all the 62352 unigenes were submitted to KAAS 

database, a web-based server, which carries out bi-directional BLAST comparisons 

against the manually curated KEGG GENES database and provides functional annotation 

of genes. 

 
Figure 2.6: KAAS analysis of unigenes for KEGG pathway mapping 
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Figure 2.7: KEGG Pathway analysis for unigenes present in the Terpenoid Biosynthetic Pathway 

(highlighted in colour) 
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A total of 4335 unigenes were assigned with KO number representing 327 

KEGG15 pathways, from which 2810 unigenes represent unique KO number. The 

predicted pathways represented the majority of plant biochemical pathways including 

metabolism, cellular processes and genetic information processing.  A KEGG pathway 

representing the Indole alkaloid biosynthetic pathway is represented in figure 2.7. 

According to KEGG pathway mapping of our sequence dataset, forty-five (45) 

unigenes were found to be involved in terpenoid backbone biosynthesis, ten (10) in 

Indole Alkaloid Biosynthesis and twenty-eight (28) in Monoterpenoid Biosynthesis 

(Figure 2.8). 

 

 
Figure 2.8: KEGG Pathway analysis for unigenes present in the Monoterpenoid Biosynthesis 

(highlighted in colour) 

 

2.3.2.3.2 Virtual Ribosome 

Virtual Ribosome13 is a DNA translation tool with two features: 1) providing a 

tool for translation using an integrated ORF finder and 2) a feature for providing 

additional sequence annotation such as genes and associated coding regions, variation 

information, especially exon-intron information, etc. This tool (Virtual Ribosome-V1.1) 
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was employed for predicting the largest ORF of the transcripts, which can be made use of 

for further analysis. 

 
Figure 2.9: ORF Prediction using Virtual Ribosome-V1.1 

 

All the unique unigenes (62352) were submitted to Virtual Ribosome to predict 

the largest ORF for each of the unigenes, in all six reading frames. Total 62290 unigenes 

(99.90%) were identified as having ORFs starting at an ATG codon, out of which 22224 

unigenes (35.64 %) were found to have the ORFs with length ≥70 amino acids without 

redundancy, 10120 (16.23 %) unigenes contained ORFs with length 69 ≥ 50 amino acids 

and 29946 (48.03 %) unigenes had ORFs with length <50 amino acids, whereas only 62 

(0.01 %) unigenes were found without having any ORFs in any of the frames (Figure 

2.9). 

 

2.3.2.3.3 Pfam analysis 

Pfam is a database of protein families, which contains functional descriptions 

based on protein domain and a profile hidden Markov models14. The hidden Markov 

model is searched on sequences based on UniProt Knowledge base (UniProtKB) for 

information pertaining to the protein family14. 
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Figure 2.10: Pfam Analysis of transcripts with length ≥ 50 amino acids 

 

The 32344 unigenes having ORFs ≥50 amino acids were submitted to Pfam-A 

database, which contains entries that are curated to eliminate false positives (Figure 

2.10). From the Pfam analysis only 13251 unigenes were assigned with Pfam IDs. 

Further analysis of the 13251 unigenes having Pfam IDs revealed that 8 unigenes 

belonged to terpenoid biosynthesis, represented by the Pfam IDs: PF01397 (terpene 

synthase N-terminal domain) and PF03936 (terpene synthase family metal binding 

domain) and 6 unigenes belonged to Indole Alkaloid Biosynthesis with Pfam ID: 

PF03088 (strictosidine synthase). 

13251 unigenes assigned with Pfam ID were subjected to Blast2Go analysis 

against NCBI Nr-database, Swissprot/ Uniprot database to screen for the genes involved 

in monoterpenoid indole alkaloid biosynthesis in Catharanthus roseus. 

 

2.3.3 Identification of transcripts involved in the MVA, MEP and Secologanin 

Biosynthetic Pathways 

A compilation of the results of KAAS analysis, Virtual Ribosome and Pfam 

analysis resulted in the identification of transcripts matching with the various genes 
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involved in the MVA, MEP and Secologanin Biosynthetic Pathways. These results are 

summarized in Table 2.1. 
Table 2.1: Transcripts involved in the MVA, MEP and Secologanin biosynthetic pathway 

Transcript ID Length of 
ORF BLAST Results % Similarity 

MEP Pathway Transcripts 

Vinca_1853 2151 Catharanthus roseus mRNA for 1-
deoxyxylulose 5-phosphate synthase 99 % 

Vinca_1617 1425 

Catharanthus roseus 1-deoxy-D-

xylulose-5-phosphate 

reductoisomerase (dxr) mRNA, 

complete cds 

99 % 

Vinca_9009 936 

Catharanthus roseus 4-

diphosphocytidyl-methylerythritol 2-

phosphate synthase mRNA, complete 

cds 

99 % 

Vinca_2073 1227 

Catharanthus roseus 4-

diphosphocytidyl-2-C-methyl-D-

erythritol kinase (CMK) mRNA, 

complete cds 

99 % 

Vinca_2177 711 

Catharanthus roseus 2C-methyl-D-

erythritol 2,4-cyclodiphosphate 

synthase (MECS) mRNA, complete 

cds 

98 % 

Vinca_481 2223 
Catharanthus roseus GCPE protein 

mRNA, complete cds 99 % 

Vinca_465 1389 

Catharanthus roseus 1-hydroxy-2-

methyl-butenyl 4-diphosphate 

reductase mRNA, complete cds 
99 % 

Vinca_775 939 

Catharanthus roseus plastid 

isopentenyl 

pyrophosphate:dimethylallyl 
99 % 
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pyrophosphate isomerase isoform 1 

mRNA, complete cds; nuclear gene 

for plastid product 

MVA Pathway Transcripts 

Vinca_1158 1218 
Catharanthus roseus acetoacetyl-CoA 

thiolase mRNA, complete cds 98 % 

Vinca_2418 1392 

Catharanthus roseus 

hydroxymethylglutaryl-CoA synthase 

mRNA, complete cds 
99 % 

Vinca_1892 

1614 (3’ and 

5’ ends 

missing) 

Camellia sinensis cultivar Longjing 

43 HMG-CoA reductase (HMGR1) 

mRNA, complete cds 
79 % 

Vinca_4366 1163 
Catharanthus roseus mevalonate 

kinase mRNA, complete cds 99 % 

Vinca_9276 1497 

Catharanthus roseus 5-

phosphomevalonate kinase mRNA, 

complete cds 
99 % 

Vinca_8419 1265 

Catharanthus roseus mevalonate 5-

diphosphate decarboxylase mRNA, 

complete cds 
99 % 

Vinca_775 939 

Catharanthus roseus plastid 

isopentenyl 

pyrophosphate:dimethylallyl 

pyrophosphate isomerase isoform 1 

mRNA, complete cds; nuclear gene 

for plastid product 

99 % 

Secologanin Biosynthetic Pathway Transcripts 

Vinca_5406, 

Vinca_48434 
1263 

Geranyl diphosphate synthase 

(CrGDS) 
99 % 

Vinca_2171, 1770 Geraniol synthase (CrGS) 99 % 



Chapter 2 

Krithika Ramakrishnan, Ph. D. Thesis, AcSIR, 2016  72 

Vinca_3238 

Vinca_742, 

Vinca_20416 
1482 Geraniol 10-hydroxylase (CrG10H) 100 % 

Vinca_536, 

Vinca_18357 
1083 

10-hydroxygeraniol dehydrogenase 

(Cr10HGO) 
99 % 

Vinca_2280, 

Vinca_1143 
1161 Iridoid synthase (CrIDS) 96 % 

Vinca_734, 

Vinca_6889 
1548 7-deoxyloganin synthase (Cr7DLS) 99 % 

Vinca_1690, 

Vinca_15559 
1671 

7-deoxyloganetic acid 

glucosyltransferase (CrDLGT) 
100 % 

Vinca_2445, 

Vinca_891 
1566 

7-deoxyloganic acid hydroxylase 

(Cr7DLH) 
98 % 

Vinca_917, 

Vinca_34458 
1116 

Loganic acid methyltransferase 

(CrLAMT) 
99 % 

Vinca_263, 

Vinca_2131 
1575 Secologanin synthase (CrSLS) 100 % 
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2.4 Conclusion 

 

Study of the transcriptome at a global level can provide insights into the gene 

function, transcriptional pattern and molecular basis of various cellular processes in 

plants. Transcriptome analysis has been comprehended as an essential step for basic and 

applied research in any organism.  

The present work deals with the optimization of conventional and kit-based 

protocols for the isolation of high quality total RNA from the various tissues of 

Catharathus roseus. These total RNA samples were further used for RNA sequencing on 

Illumina GAII Analyzer and Fastq file of 4.88 GB was generated. The 15485359 high 

quality paired end raw reads were assembled into 76075 contigs with an optimized hash 

length of 49, largest average contig length of 548.5 bp and an N50 value of 881 bp.  

Functional annotation was carried out using KEGG database, KAAS server, 

NCBI Nr-database, SwissProt/ Uniprot database and Pfam database. These analyses 

finally led to the identification of the unigenes related to Secologanin biosynthesis. This 

data was used for cloning and functional characterization of the genes involved in 

Secologanin biosynthesis in Catharanthus roseus. 
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Chapter 3 

Cloning, expression and characterization of the 

genes involved in iridoid biosynthesis

 
Catharanthus roseus [L.] is a major source of the monoterpene indole alkaloids 

(MIAs), which are of significant interest due to their therapeutic value. These 

molecules are formed through an intermediate, cis-trans-nepetalactol, a cyclized 

product of 10-oxogeranial. One of the key enzymes involved in the biosynthesis of 

MIAs is an NAD(P)+ dependent oxidoreductase system, 10-hydroxygeraniol 

dehydrogenase (Cr10HGO), which catalyzes the formation of 10-oxogeranial from 

10-hydroxygeraniol via 10-oxogeraniol or 10-hydroxygeranial. This chapter describes 

the cloning and functional characterization of Cr10HGO from C. roseus and its role in 

the iridoid biosynthesis. Substrate specificity studies indicated that, Cr10HGO has 

good activity on substrates such as 10-hydroxygeraniol, 10-oxogeraniol or 10-

hydroxygeranial over monohydroxy linear terpene derivatives. Further it was 

observed that incubation of 10-hydroxygeraniol with Cr10HGO and iridoid synthase 

(CrIDS) in the presence of NADP+ yielded a major metabolite, which was 

characterized as (1R, 4aS, 7S, 7aR)-nepetalactol by comparing its retention time, mass 

fragmentation pattern, and co-injection studies with that of the synthesized compound. 

These results indicate that there is concerted activity of Cr10HGO with iridoid 

synthase in the formation of (1R, 4aS, 7S, 7aR)-nepetalactol, an important 

intermediate in iridoid biosynthesis. Further, the full-length unigenes, which showed 

high-ranking with known Geranyl diphosphate synthase and Geraniol synthase from 

various sources, were used for the cloning and functional characterization of Geranyl 

diphosphate synthase (CrGDS) and Geraniol synthase (CrGS) from C. roseus. 

CrG10H was cloned using the primers designed from the reported gene, which 

encodes Geraniol hydroxylase in C. roseus as the unigenes 742 had similar sequence 

to that of the reported one. 
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3.1 Introduction  
Monoterpene indole alkaloids (MIAs) are a multifarious class of natural 

products with distinct chemical and biological properties1-3. To date, over 3000 MIAs 

are known with diverse structures and biological activities. The Apocynaceae family 

plant, C. roseus is a rich source of the iridoid derived MIAs and is known to contain 

over 200 alkaloids in various tissues. Two MIAs from this plant, vincristine and 

vinblastine, are widely prescribed as potent anti-cancer agents4,5. These MIAs were 

synthesized from the condensation of tryptamine and the iridoid monoterpene, 

secologanin. The MIAs’ biosynthesis diverges from the isoprenoid biosynthetic 

pathway at the 19-4 chain elongation intermediate geranyl diphosphate (GPP) formed 

through head-to-tail condensation of isopentenyl diphosphate (IPP) with dimethylallyl 

diphsophate (DMAPP) catalyzed by Geranyl diphosphate synthase (CrGDS)6. 

Geraniol synthase (CrGS)7 hydrolyses GPP into geraniol, which undergoes 

hydroxylation at C10 to form 10-hydroxygeraniol by the cytochrome P450 system, 

Geraniol 10-hydroxylase (CrG10H)8. Feeding experiments with labelled 10-

hydroxygeraniol, 10-hydroxynerol and iridodiol in C. roseus and Lonicera morrowii 

suspension cultures clearly indicated that 10-hydroxygeraniol is oxidized to 10-

oxogeranial by the oxidoreductase system, 10-hydroxygeraniol dehydrogenase 

(10HGO)9-12  (Figure 3.1.1).  

 

Figure 3.1.1: Iridoid Biosynthetic Pathway cyclizes 10-oxogeranial into equilibrium mixture 
of cis-trans-nepetalactol and iridodials. The bicyclic compound, cis-trans-nepetalactol is the 
key intermediate. 

Recently, a short chain reductive cyclase, iridoid synthase (CrIDS)13, which 
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cyclises 10-oxogeranial into an equilibrium mixture of cis-trans-nepetalactol and 

iridodials, has been characterized. The bicyclic compound, cis-trans- nepetalactol, is 

the key intermediate involved in the biosynthesis of a structurally diverse array of 

MIAs. Experiments using labelled intermediates indicated that one of the committed 

steps during the biosynthesis of iridoids is the oxidation of 10-hydroxygeraniol to its 

dialdehyde cognate, 10-oxogeranial11. Ikeda et al.14 had purified the NADP+ 

dependent oxidoreductase protein from Rauwolfia serpentina cells, which could 

convert 10-hydroxygeraniol into 10-oxogeraniol, 10-hydroxygeranial and 10-

oxogeranial. However, it was found to have better activity on nerol and geraniol. The 

present work describes the cloning and functional characterization of Cr10HGO and 

the study on the orchestration of enzyme activity of Cr10HGO with CrIDS in the 

biosynthesis of desired (1R, 4aS, 7S, 7aR)-nepetalactol (Figure 3.1.1). Also, substrate 

specificity studies of Cr10HGO indicated that, it has broad substrate specificity with 

10-hydroxygeraniol, 10-oxogeraniol or 10-hydroxygeranial over monohydroxy linear 

terpene derivatives. 
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3.2 Materials and Methods 

3.2.1 Materials used in the study 

3.2.1.1 Strains and plasmids used in the study 

Escherichia coli TOP10 (Invitrogen/ Life Technologies, USA) 

Escherichia coli BL21DE3 (Invitrogen/ Life Technologies, USA) 

Escherichia coli Rosetta2DE3 (Novagen, Addgene, USA) 

pRSET expression vector (Invitrogen/ Life Technologies, USA) 

pET32 expression vector (Novagen, Addgene, USA) 

pET28 expression vector (Novagen, Addgene, USA) 

pYES2 Yeast Vector (Invitrogen/ Life Technologies, USA) 

Saccharomyces cerevisae Invsc1 (Invitrogen/ Life Technologies, USA) 

Restriction enzymes (New England Biolabs, USA) 

3.2.1.2 Kits and reagents used in the study 

SuperScript® III Reverse Transcriptase (ThermoFisher Scientific, USA) 

JumpStart™ Taq DNA Polymerase (Sigma-Aldrich, USA) 

AccuTaq™ LA DNA Polymerase (Sigma-Aldrich, USA) 

AccuPrime™ Pfx DNA Polymerase (ThermoFisher Scientific, USA) 

GenElute™ PCR Clean-Up Kit (Sigma-Aldrich, USA) 

GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich, USA) 

GelRedTM (Biotium Inc., USA) 

3.2.1.3 Buffer compositions 

3.2.1.3.1 CrGDS 

Lysis buffer 

25 mM MOPSO, 300 mM NaCl, pH 8.0, 10 % glycerol, containing 1 mg/mL 
lysozyme, 1 mM PMSF and 0.5 % CHAPS. 

Wash buffer  

25 mM MOPSO, 300 mM NaCl, 30 mM Imidazole, pH 8.0, 10 % glycerol. 



Chapter 3	
	

Krithika Ramakrishnan, Ph. D. Thesis, AcSIR, 2016	 	
	

81 

Elution buffer  

25 mM MOPSO, 300 mM NaCl, 250 mM Imidazole, pH 8.0, 10 % glycerol. 

Desalting buffer 

25 mM MOPSO, 10 % glycerol, pH 7.0. 

Enzyme assay buffer 

50 mM MOPSO, pH 7.0, 10 % v/v glycerol, containing 2 mM DTT and 10 mM 
MgCl2. 

3.2.1.3.2 CrGS 

Lysis buffer 

50 mM Tris-HCl, 300 mM NaCl, pH 8.0, 10 % glycerol, containing 1 mg/mL 
lysozyme, 1 mM PMSF and 0.5 % CHAPS. 

Wash buffer  

50 mM Tris-HCl, 300 mM NaCl, 30 mM Imidazole, pH 8.0, 10 % glycerol. 

Elution buffer  

50 mM Tris-HCl, 300 mM NaCl, 250 mM Imidazole, pH 8.0, 10 % glycerol. 

Desalting buffer 

100 mM HEPES-KOH, 10 % glycerol, pH 7.0. 

Enzyme assay buffer 

100 mM HEPES-KOH, pH 7.0, 10 % v/v glycerol, containing 1 mM MgCl2, 100 µM 
MnCl2. 

3.2.1.3.3 CrG10H 

Lysis buffer 

50 mM Tris-HCl, 1 mM EDTA, pH 7.4, containing 600 mM Sorbitol, 5 mM DTT, 
0.25 mM PMSF. 

Wash buffer – TEK buffer 

50 mM Tris-HCl, 100 mM KCl , 1 mM EDTA, pH 7.4. 

Suspension buffer – TEG buffer 

50 mM Tris-HCl, 1 mM EDTA, 30 % glycerol, pH 7.5. 

Enzyme Assay Buffer 

100 mM K2HPO4, pH 7.6, 1 mM EDTA, 1 mM DTT. 
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3.2.1.3.4 Cr10HGO 

Lysis buffer 

50 mM NaH2PO4, 300 mM NaCl, pH 8.0, 10 % glycerol, containing 1 mg/mL 
lysozyme, 1 mM PMSF and 0.5 % CHAPS. 

Wash buffer  

50 mM NaH2PO4, 300 mM NaCl, 30 mM Imidazole, pH 8.0, 10 % glycerol. 

Elution buffer  

50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole, pH 8.0, 10 % glycerol. 

Desalting buffer 

20 mM MOPS, 10 % glycerol, pH 8.0. 

Enzyme assay buffer 

20 mM Sodium bicarbonate, 10 % v/v glycerol, pH 10.0. 

3.2.1.3.5 CrIDS 

Lysis buffer 

50 mM NaH2PO4, 300 mM NaCl, pH 8.0, 10 % glycerol, containing 1 mg/mL 
lysozyme, 1 mM PMSF and 0.5 % CHAPS. 

Wash buffer  

50 mM NaH2PO4, 300 mM NaCl, 30 mM Imidazole, pH 8.0, 10 % glycerol. 

Elution buffer  

50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole, pH 8.0, 10 % glycerol. 

Desalting buffer 

20 mM MOPS, 10 % glycerol, pH 8.0. 

Enzyme assay buffer 

20 mM MOPS, 10 % glycerol, pH 7.0 

 

3.2.2 RNA isolation and cDNA preparation 

As discussed in Chapter 2, total RNA was isolated from the leaf, stem and root 

tissues of white and pink-flowering plants. 5 µg of total RNA was used for first strand 

cDNA synthesis using SuperScript® III Reverse Transcription Kit (ThermoFisher 

Scientific, USA). The cDNA thus constructed, was stored at -20 °C till further use. 
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3.2.3 Sequence analysis and ORF construction 

After identification of the genes involved in Iridoid biosynthesis, sequences 

were analyzed by NCBI GenBank database and overlapped with the EST fragments to 

generate full-length sequences. ORFs were selected using online ORF finder software 

for all the genes for their cloning and functional characterization. Full length ORF 

primers were designed, both blunt and those containing restriction enzyme sites at 

both the ends, for all the genes for cloning them in expression vector(s). 

Table 3.2.1 Primer sequence for isolation of full length ORF of the genes involved in Iridoid 
biosynthesis. 

Primer name 5'-3' Primer sequence 

CrGDS_F ATGTTGTTTTCCAGAGGATTGTATA 

CrGDS_R TCACTTTCTTCTTGTAATAACGCGT 

CrGDS_RE_F GATATCATGTTGTTTTCCAGAGGATTGTATA 

CrGDS_RE_R 

CrGDS_trnc_RE_F 

CTCGAGTCACTTTCTTCTTGTAATAACGCGT 

GCATATGGTAGTTGCAGAGGTCC 

CrGS_F ATGGCAGCCACAATTAGTAACCTTT 

CrGS_R TTAAAAACAAGGTGTAAAAAACAAAGC 

CrGS_RE_F GGATCCATGGCAGCCACAATTAGTAACCTTT 

CrGS_RE_R GCGGCCGCTTAAAAACAAGGTGTAAAAAACAAA 

CrG10H_F ATGGATTACCTTACCATAATATTAA 

CrG10H _R TTAAAGGGTGCTTGGTACAGCACGC 

CrG10H _RE_F GTCGACATGGATTACCTTACCATAATATTAA 

CrG10H _RE_R CTCGAGTTAAAGGGTGCTTGGTACAGCACGC 

Cr10HGO_F ATGGCGAAATCACCGGAAGTCGAGC 

Cr10HGO _R TTATGCAGATTTCAGTGTGTTGGCT 

Cr10HGO _RE_F GATATCATGGCGAAATCACCGGAAGTCGAGC 

Cr10HGO _RE_R CTCGAGTTATGCAGATTTCAGTGTGTTGGCT 

CrIDS_F ATGAGTTGGTGGTGGAAGAGGTCCA 

CrIDS _R CTAAGGAATAAACCTATAATCCCTC 

CrIDS _RE_F GGATCCATGAGTTGGTGGTGGAAGAGGTC 

CrIDS _RE_R GCGGCCGCCTAAGGAATAAACCTATAATCCCTC 
Bold sequences are the Restriction site sequences used in cloning strategy 
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3.2.4 Full-length gene isolation and cloning into expression vector 

3.2.4.1 Isolation and cloning of ORF of CrGDS in pET 32a expression vector 

Full-length primers for Geranyl diphosphate Synthase ORF were designed 

using the transcript of GDS as a template. Synthesized cDNA was used for PCR 

reaction using Accuprime Pfx Supermix (Invitrogen) using 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 1 min 

20 sec followed by final extension at 68 °C for 10 min. PCR product of 1263 bp was 

cloned in Zero blunt vector and sequenced. CrGDS was sub-cloned in pET32a 

expression vector after digesting both with EcorV and XhoI restriction sites, using T4 

DNA ligase (Invitrogen) by incubating overnight at 14 °C. The ligation mixture was 

transformed in TOP10 chemically competent cells, plated on LA containing 100 

µg/mL of ampicillin and incubated overnight at 37 °C. Positive clones were screened 

by colony PCR with T7 promoter and T7 terminator primers. Plasmids were isolated 

from 3 positive clones of colony PCR and sequenced with T7 promoter and T7 

reverse primers to check for the sequence in the correct vector frame. The gene was 

expressed in Rosetta 2DE3 cells, but when the pellet was lysed, it was found that the 

protein was completely insoluble. Hence, according to previous reports of GDS from 

other plant systems, the CrGDS gene was truncated from the 5' end till the second 

Methionine residue (1-99 amino acids) and sub-cloned in pET 28a vector using the 

same protocol as before with the restriction enzymes BamHI and XhoI.  

3.2.4.2 Isolation and cloning of ORF of CrGS in pET 28a expression vector 

Full-length primers for Geraniol Synthase ORF were designed using the 

transcript of CrGS as a template. Synthesized cDNA was used for PCR reaction using 

Accuprime Pfx Supermix (Invitrogen) using the PCR program: 95 °C for 5 min, 

followed by 35 cycles at 95 °C for 30 sec, 58 °C for 30 sec, 68 °C for 2 min followed 

by final extension at 68 °C for 10 min. PCR product of 1770 bp was cloned in Zero 

blunt vector and sequenced. CrGS was sub-cloned in pET 28a expression vector by 

digesting both with BamHI and NotI restriction enzymes and ligating them using T4 

DNA ligase (Invitrogen) by incubating overnight at 14 °C. Ligation mixture was 

transformed in TOP10 chemically competent cells, plated on LA containing 100 

µg/mL of ampicillin and incubated overnight at 37 °C. Positive clones were screened 

by colony PCR with T7 promoter and T7 terminator primers. Plasmids were isolated 
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from 2 positive clones of colony PCR and sequenced with T7 promoter and T7 

reverse primers to check for the sequence in the correct vector frame.  

3.2.4.3 Isolation and cloning of ORF of CrG10H in pYES2 expression vector 

Full-length primers for Geraniol 10-hydroxylase ORF were designed from the 

reported gene, which encodes geraniol hydroxylase in C. roseus. Synthesized cDNA 

was used for PCR reaction using Accuprime Pfx Supermix (Invitrogen) using 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 1 min 35 sec followed by final extension at 68 °C for 10 min. PCR product 

of 1482 bp was cloned in Zero blunt vector and sequenced. CrG10H was sub-cloned 

in pYES2 expression vector (Yeast Expression Vector from Invitrogen) after 

digesting both with KpnI and XhoI restriction sites, using T4 DNA ligase (Invitrogen) 

by incubating overnight at 14 °C. Ligation mixture was transformed in TOP10 

chemically competent cells, plated on LA containing 100 µg/mL of ampicillin and 

incubated overnight at 37 °C. Positive clones were screened by colony PCR with T7 

promoter and gene-specific reverse primers. Plasmids were isolated from 4 positive 

clones of colony PCR and sequenced with T7 promoter primer to check for the 

sequence in the correct vector frame. 

3.2.4.4 Isolation and cloning of ORF of Cr10HGO in pRSET B expression vector 

Full-length primers for 10-hydroxygeraniol dehydrogenase ORF were 

designed using the transcript of Cr10HGO as a template. Synthesized cDNA was used 

for PCR reaction using LA DNA Polymerase (Sigma-Aldrich) using the PCR 

program: 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 sec, 58 °C for 30 sec, 

68 °C for 1 min 20 sec followed by final extension at 68 °C for 10 min. PCR product 

of 1083 bp was cloned in Zero blunt vector and sequenced. Cr10HGO was sub-cloned 

in pRSET B expression vector after digesting both with EcorV and XhoI restriction 

sites, using T4 DNA ligase (Invitrogen) by incubating overnight at 14 °C. Ligation 

mixture was transformed in TOP10 chemically competent cells, plated on LA 

containing 100 µg/mL of ampicillin and incubated overnight at 37 °C. Positive clones 

were screened by colony PCR with T7 promoter and gene-specific reverse primers. 

Plasmids were isolated from 5 positive clones of colony PCR and sequenced with T7 

promoter and T7 terminator primers primer to check for the sequence in the correct 

vector frame. 
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3.2.4.5 Isolation and cloning of ORF of CrIDS in pET 32a expression vector 

Full-length primers for Iridoid synthase ORF were designed using the 

transcript of CrIDS as a template. Synthesized cDNA was used for PCR reaction 

using Accuprime Pfx Supermix (Invitrogen) using the PCR program: 95 °C for 5 min, 

followed by 35 cycles at 95 °C for 30 sec, 52 °C for 30 sec, 68 °C for 1 min 20 sec 

followed by final extension at 68 °C for 10 min. PCR product of 1161 bp was cloned 

in pET 32a expression vector after digesting both with BamHI and NotI restriction 

sites, using T4 DNA ligase (Invitrogen) by incubating overnight at 14 °C. Ligation 

mixture was transformed in TOP10 chemically competent cells, plated on LA 

containing 100 µg/mL of ampicillin and incubated overnight at 37 °C. Positive clones 

were screened by colony PCR with T7 promoter and gene-specific reverse primers. 

Plasmids were isolated from 4 out of the 10 positive clones of colony PCR and 

sequenced with T7 promoter and T7 terminator primers to check for the sequence in 

the correct vector frame. 

3.2.5 Heterologous expressions and protein purifications 

3.2.5.1 Heterologous expression and protein purification of CrGDS 

Expression was carried out in Rosetta2 DE3, cells were grown in Terrific 

Broth at 37 °C and induced with IPTG at a final concentration of 1 mM and incubated 

for 18 hours at 16 °C. After the induction, the culture was harvested by centrifugation 

at 4500 × g for 20 minutes. The cell pellet (5 g/L) was re-suspended in 10 mL/g of 

cell pellet of Lysis buffer (50 mM MOPSO, 10 % Glycerol, pH 8.0) with 1 mg/mL 

concentration of lysozyme and 100 µL/5 mL of protease inhibitor cocktail from 

Sigma and incubated on ice for 30 minutes. After the incubation period, the cells were 

sonicated with a pulse of 30 sec ON and 30 sec OFF for 10 cycles. The sample was 

then centrifuged at 3,000 × g for 10 minutes at 4 °C. The crude lysate was purified 

using Ni-NTA column (2 mL resin / g cell pellet). The protein was finally eluted out 

in the elution buffer (50 mM MOPSO, 10 % Glycerol, pH 7.0, 250 mM Imidazole) 

each. Purified protein fractions (after checking on 12 % SDS gel) were pooled 

together and desalted on Hi-PrepTM 26/10 Desalting Columns with desalting buffer 

(20 mM MOPS, pH 7.0, 10 % v/v Glycerol) using AKTA (GE Healthcare). The 

desalted proteins were estimated using Bradford reagent (Bio-Rad) and a Bovine 

Serum Albumin standard. 
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 3.2.5.2 Heterologous expression and protein purification of CrGS  

Expression was carried out in Rosetta2 DE3, cells were grown in Terrific 

Broth at 37 °C and induced with IPTG at a final concentration of 1mM and incubated 

for 12 hours at 16 °C. After the induction, the culture was harvested by centrifugation 

at 4500 × g for 20 minutes. The cell pellet (5 g/L) was re-suspended in 10 mL/g of 

cell pellet of Lysis buffer (20 mM Tris, 250 mM NaCl, 1 % TritonX100, pH 8.0) with 

1 mg/mL concentration of lysozyme and 100 µL/5 mL of protease inhibitor cocktail 

from Sigma and incubated on ice for 30 minutes. After the incubation period, the cells 

were sonicated with a pulse of 30 sec ON and 30 sec OFF for 10 cycles. The sample 

was then centrifuged at 10,000 × g for 10 minutes at 4 °C. The crude lysate was 

purified using Ni-NTA column (2 mL resin / g cell pellet). The protein was finally 

eluted out in the elution buffer (20 mM Tris, 250 mM NaCl, 1 % Triton X100, pH 8.0, 

250 mM Imidazole) each. Purified protein fractions (after checking on 12 % SDS gel) 

were pooled together and desalted on Hi-PrepTM 26/10 Desalting Columns with 

desalting buffer (25 mM HEPES, 100 mM KCl, pH 8.0, 10 % v/v Glycerol) using 

AKTA (GE Healthcare). The desalted proteins were estimated using Bradford reagent 

(Bio-Rad) and a Bovine Serum Albumin standard. 

3.2.5.3 Yeast Expression and Microsome Preparation of CrG10H 

Expression of active protein was carried out in INVSc1 yeast competent cells. 

Cells were grown overnight in synthetic complete medium without Uracil (SC-U), 

containing 2 % glucose at 30 °C, then transferred to induction medium (SC-U, 

containing 2 % galactose) and further incubated at 30 °C for 12 hours. The cells were 

centrifuged at 3000 × g for 10 minutes at 4 °C. The cell pellet obtained was washed 

with TEK buffer (50 mM Tris-HCl, 1 mM EDTA, pH 7.4, 100 mM KCl) (1 mL/g of 

cell pellet) and centrifuged. The cell pellet (1 g/5 mL) was re-suspended in TES 

buffer (50 mM Tris-HCl, 1 mM EDTA, 600 mM Sorbitol, 5 mM DTT, 0.25 mM 

PMSF and pH 7.4) and cells were lysed using a bead-beater (with acid washed glass 

beads, 425–600 mm) for 6 cycles (pulse on 30 sec, pulse off 30 sec, manual rocking 

for 3 × 30 sec). The lysed cells were centrifuged at 1000 × g for 5 min at 4 °C to 

remove the glass beads. Further, the supernatant was subjected to centrifugation at 

10,000 × g for 30 min at 4 °C. The 10,000 × g supernatant was centrifuged at 

1,00,000 × g for 1 hr 30 min at 4 °C. The microsomal pellet, thus obtained, was 

suspended in TEG buffer (50 mM Tris-HCl, 1 mM EDTA, 30 % glycerol, pH 7.5) 
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and homogenized. The homogenized microsomal fraction was aliquoted (0.2 mL), 

flash-frozen in liquid nitrogen and stored at -80 °C. 

3.2.5.4 Heterologous expression and protein purification of Cr10HGO  

Expression was carried out in BL21 DE3, cells were grown in Luria Bertani 

Broth at 37 °C and induced with IPTG at a final concentration of 1mM and incubated 

for 6 hours at 30 °C. After the induction, the culture was harvested by centrifugation 

at 4500 × g for 20 minutes. The cell pellet (5 g/L) was re-suspended in 10 mL/g of 

cell pellet of Lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 0.5 % CHAPS, pH 8.0, 

10 % v/v Glycerol) with 1 mg/mL concentration of lysozyme and 100 µL/5 mL of 

protease inhibitor cocktail from Sigma and incubated on ice for 30 minutes. After the 

incubation period, the cells were sonicated with a pulse of 30 sec ON and 30 sec OFF 

for 10 cycles. The sample was then centrifuged at 5,000 × g for 10 minutes at 4 °C. 

The crude lysate was purified using Ni-NTA column (2 mL resin / g cell pellet). The 

protein was finally eluted out in the elution buffer (50 mM NAH2PO4, 300 mM NaCl, 

pH 8.0, 250 mM Imidazole, 10 % v/v Glycerol) each. Purified protein fractions (after 

checking on 12 % SDS gel) were pooled together and desalted on Hi-PrepTM 26/10 

Desalting Columns with desalting buffer (20 mM MOPS, pH 8.0, 10 % v/v Glycerol) 

using AKTA (GE Healthcare). The desalted proteins were estimated using Bradford 

reagent (Bio-Rad) and a Bovine Serum Albumin standard. 

3.2.5.5 Heterologous expression and protein purification of CrIDS  

Expression was carried out in Rosetta2 DE3, cells were grown in Terrific 

Broth at 37 °C and induced with IPTG at a final concentration of 1mM and incubated 

for 12 hours at 16 °C. After the induction, the culture was harvested by centrifugation 

at 4500 × g for 20 minutes. The cell pellet (5 g/L) was re-suspended in 10 mL/g of 

cell pellet of Lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 0.5% CHAPS, pH 8.0, 

10 % v/v Glycerol) with 1 mg/mL concentration of lysozyme and 100 µL/5 mL of 

protease inhibitor cocktail from Sigma and incubated on ice for 30 minutes. After the 

incubation period, the cells were sonicated with a pulse of 30 sec ON and 30 sec OFF 

for 10 cycles. The sample was then centrifuged at 5,000 × g for 10 minutes at 4 °C. 

The crude lysate was purified using Ni-NTA column (2 mL resin / g cell pellet). The 

protein was finally eluted out in the elution buffer (50 mM NaH2PO4, 300 mM NaCl, 

pH 8.0, 250 mM Imidazole, 10 % v/v Glycerol) each. Purified protein fractions (after 
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checking on 12 % SDS gel) were pooled together and desalted on Hi-PrepTM 26/10 

Desalting Columns with desalting buffer (20 mM MOPS, pH 8.0, 10 % v/v Glycerol) 

using AKTA (GE Healthcare). The desalted proteins were estimated using Bradford 

reagent (Bio-Rad) and a Bovine Serum Albumin standard. 

3.2.6 Enzymatic characterization 

3.2.6.1 Enzyme assay of geranyl diphosphate synthase (CrGDS) 

CrGDS was assayed for its activity using 100 µg desalted protein and 1mM 

each of Isopentenyl pyrophosphate (IPP) and Dimethylallyl pyrophosphate (DMAPP) 

as the substrates MOPSO buffer (50 mM MOPSO, pH 7.0, 10 % v/v Glycerol, 2 mM 

DTT, 10 mM MgCl2), incubated at 30 °C for 6 hours with 0.2 mM each of IPP and 

DMAPP. Further incubation at 30 °C, overnight, with 5 U Alkaline phosphatase to 

hydrolyze the GPP formed. The reaction mixture was extracted twice with 500 µL 

Dichloromethane. The combined organic phase was dried over sodium sulphate, 

reduced to ~50 µL with a stream of dry nitrogen and subjected to GC and GC-MS 

analyses for product characterization by comparing with authentic standards. 

3.2.6.2 Enzyme assay of Geraniol synthase (CrGS)  

CrGS was assayed for its activity using 100 µg desalted protein and 200 µM 

Geranyl pyrophosphate (GPP) as the substrate in 500 µl HEPES buffer (100 mM 

HEPES-KOH, pH 7.0, 1 mM MgCl2, 100 µM MnCl2, 10 % v/v Glycerol) at 30 °C for 

1 hour. Assay mixtures were extracted with Tertiary Butyl Methyl Ether (TBME).  

The combined organic phase was dried over sodium sulphate, reduced to ~50 µL with 

a stream of dry nitrogen and subjected to GC and GC-MS analyses for product 

characterization by comparing with authentic standards. 

 3.2.6.3 Enzyme assay of Geraniol 10-hydroxylase (CrG10H)  

CrG10H was assayed for its activity using 1 mg of microsomal fraction in 1 

ml potassium phosphate buffer (0.1 M K2HPO4, pH 7.6, 1 mM EDTA, 1 mM DTT), 

in the presence of 1 mM NADPH, 2.5 µM Glucose 6-phosphate, 1U Glucose 6-

phosphate dehydrogenase, 10 µM FAD, 10 µM FMN, with the addition of 0.5 mM 

Geraniol and incubation at 30 °C for 1 hour. Assay mixtures were extracted with 

Tertiary Butyl Methyl Ether (TBME). The combined organic phase was dried over 

sodium sulphate, reduced to ~50 µL with a stream of dry nitrogen and subjected to 
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GC and GC-MS analyses for product characterization by comparing with authentic 

standards. 

3.2.6.4 Enzyme assay of 10-hydroxygeraniol dehydrogenase (Cr10HGO)  

Cr10HGO was assayed for its activity using 100 µg desalted protein and 1 

mM 10-hydroxygeraniol as the substrate in 500 µl Sodium bi-carbonate buffer (20 

mM Sodum bi-carbonate, 10 % v/v Glycerol, pH 10.0) at 30 °C for 30 minutes. Assay 

mixtures were extracted with dichloromethane (DCM). The combined organic phase 

was dried over sodium sulphate, reduced to ~50 µL with a stream of dry nitrogen and 

subjected to GC and GC-MS analyses for product characterization by comparing with 

authentic standards. Product-ratio studies of Cr10HGO were carried out with various 

substrates using the same procedure. 

3.2.6.5 Enzyme assay of Iridoid synthase (CrIDS)  

CrIDS was assayed for its activity using 100 µg desalted protein and 1 mM 

10-Oxogeranial as the substrate in 500 µl MOPS Buffer (20 mM MOPS, pH 7.0, 10 

% v/v Glycerol), in the presence of 200 µM NADPH at 30 °C for 1 hour. Assay 

mixtures were extracted with Tertiary Butyl Methyl Ether (TBME). The combined 

organic phase was dried over sodium sulphate, reduced to ~50 µL with a stream of 

dry nitrogen and subjected to GC and GC-MS analyses for product characterization 

by comparing with authentic standards. 

3.2.7 GC/GC-MS analyses 

1 µl of the extract was injected onto a i) 30 m × 0.25 mm × 0.25 µm HP-5 

capillary GC column with a temperature gradient from 60 to 120 °C at 20 °C per min, 

followed by a temperature gradient from 120 to 170 °C at 2.5 °C per min and a final 

temperature gradient from 170 to 190 °C at 20 °C per min (program 1) or ii) 30 m × 

0.25 mm × 0.12 µm Astec CHIRAL DEXTM B-DA capillary column (Sigma-Aldrich, 

USA) with a temperature gradient from 60 to 100 °C at 4 °C per min, followed by a 

temperature gradient from 60 to 160 °C at 1 °C per min, followed by a temperature 

gradient from 160 to 215 °C at 10 °C per min (program 2) or iii) 30 m × 0.25 mm × 

0.12 µm Astec CHIRAL DEXTM B-DA Capillary Column (Sigma-Aldrich, USA) 

with a temperature gradient from 60 to 160 °C at 1 °C per min, followed by a 

temperature gradient from 160 to 215 °C at 10 °C per min (program 3). Nitrogen was 
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used as a carrier gas at a flow rate of 1 mL/min. Analyses by GC-MS were carried out 

under similar conditions at a helium flow rate of 1 mL/min. 

3.2.8 Determination of optimum temperature for Cr10HGO Enzyme assays 

The enzyme assay was carried out at 22 °C, 25 °C and 30 °C for the same 

duration. The samples were extracted with DCM, injected in GC / GC-MS and 

analyzed. It was observed that the percentage of product formation was higher at 30 

°C than at the lower temperatures. 

3.2.9 Determination of optimum pH 

For determining the optimum pH, the enzyme assay was carried out in 20 mM 

of each of the buffers of different pH: sodium citrate (pH 3.0 – 4.0), Bis-tris (pH 5.0 – 

7.0), Trizma (pH 8.0 – 9.0) and sodium bi-carbonate (pH 10.0). The extent of product 

formation was analyzed by injecting the extracted samples in GC / GC-MS. The 

enzyme showed minimal activity at pH 3.0, the product formation increasing with 

increase in pH, and maximum activity at pH 10.0. Also, the buffers with glycerol 

showed very high activity when compared to those without glycerol. 

 3.2.10 Determination of Kinetic Parameters of Cr10HGO 

Steady-state kinetics was performed in 20 mM Sodium bi-carbonate, 10 % v/v 

Glycerol, pH 10.0 at 30 °C with varying substrate concentrations, ranging from 0.25 

to 500.0 mM with saturation concentration of cofactor, NADP+ (500.0 mM) and vice 

versa. The reactions were followed by measuring changes in NADPH concentration at 

340 nm. The kinetic data were fitted with the Graph Pad Prism software and the 

parameters calculated using Michaelis-Menten plots. Similarly, kinetic parameters for 

10-hydroxygeraniol (with NAD+), 10-oxogeraniol (with NADP+ or NADPH), 10-

oxogeranial (with NADPH), 10-hydroxygeranial (with NADP+ or NADPH) and 10-

hydroxynerol (with NADP+) were determined. 

3.2.11 Combined Assays 

The combined assay of CrGDS, CrGS and CrG10H was carried out by adding 

0.1 mg of each purified protein (microsomal pellet in case of CrG10H) to an assay 

mixture containing IPP (0.1 mM), DMAPP (0.1 mM), NADPH (1 mM), Glucose 6-

phosphate (2.5 µM), Glucose 6-phosphate dehydrogenase (1U), FAD (10 µM), FMN 

(10 µM) in buffer (100 mM K2HPO4, 50 mM MOPSO, pH 7.6, 1 mM EDTA, 1 mM 
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DTT, 10 mM MgCl2, 0.1 mM MnCl2) and incubated on a metabolic shaker for 3 

hours at 50 rpm. After this incubation period, the aqueous phase was extracted three 

times with 0.5 mL of dichloromethane. The combined organic phase was dried over 

sodium sulphate, concentrated and subjected to GC and GC-MS analyses. 

The Cr10HGO and CrIDS combined assay was carried out by adding 0.1 mg 

of each purified protein to an assay mixture containing 0.2 mM 10-hydroxygeraniol 

and 0.2 mM of NADP+ in assay buffer (20 mM MOPS, pH 7.0, 10% v/v Glycerol) 

and incubated at 30 °C on a rotary shaker. Incubations were carried out for different 

time intervals (30 min to 6 hours). After this incubation period, the assay samples 

were extracted thrice with 0.5 mL dichloromethane. Similarly, the combined assay for 

CrG10H, Cr10HGO and CrIDS was carried out in 2 mL assay buffer (100 mM 

K2HPO4, 50 mM MOPS, pH 7.6, 1 mM EDTA, 1 mM DTT, 10 mM MgCl2, 0.1 mM 

MnCl2) containing the required cofactors and geraniol as the substrate. 

3.2.12 Phylogenetic analysis 

A phylogenetic tree was constructed for all the five genes from Vinca, in 

comparison with terpene synthases from other species. Multiple sequence alignments 

were performed using software Clustal Omega and phylogenetic tree was generated 

using the nearest neighbour joining method15,16 through MEGA617. The evolutionary 

distances were computed using the Poisson correction method18. 
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3.3 Results and Discussion 

3.3.1 Isolation, cloning, expression and characterization of Geranyl 

diphosphate synthase (CrGDS) 

3.3.1.1 Isolation and cloning of Geranyl diphosphate synthase (CrGDS) 

Analysis of the transcriptomic data revealed that one transcript, Locus_5406, 

with an Open reading frame (ORF) of 1263 bp (Figure 3.3.1), encoding a polypeptide 

of 420 amino acids, displaying 79 % sequence identity with geranyl pyrophosphate 

synthase from Nicotiana tabacum (Genbank ID: AHL84161.1) and 77 % sequence 

identity with geranyl pyrophosphate synthase from Solanum lycopersicum (GenBank 

ID: NP_001234089.1) at the amino acid level, was identified as geranyl diphosphate 

synthase (CrGDS: KF561462). Deduced amino acid sequence of CrGDS was found to 

have a calculated molecular weight of 46.4 kDa, comprising a polyprenyl synthase 1 

domain (positions 176–190) with the PROSITE ID: PS00723, and another polyprenyl 

synthase 2 domain (positions 298-310) with the PROSITE ID: PS00444 containing 

the consensus sequences LLhDDvl..DdaetRRG and LGlaFQLiDDVlD, respectively.  

 
Figure 3.3.1: CrGDS full length ORF amplification, Lane 1: 1 Kb DNA ladder (Addendum 
Figure A1), Lane 2: PCR of CrGDS full-length primers with Root cDNA, Lane 3: PCR of 
CrGDS full-length primers with Leaf cDNA, Lane 4: PCR of CrGDS full-length primers 
with Stem cDNA, Lane 5: Negative Control 

The ORF of CrGDS was cloned in pET32a vector frame with N terminal His6 

tag for affinity purification under the control of T7-RNA polymerase promoter for 
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expression of active protein in E.coli Rosetta2 (DE3) cells. Positive clones were 

screened by colony PCR, followed by sequencing with T7 promoter and T7 reverse 

primer.  

3.3.1.2 Bacterial expression and protein purification 

Expression was carried out in Rosetta2 DE3. The recombinant protein was 

expressed and purified as discussed earlier. But, solubilization of the CrGDS protein 

proved to be very difficult even after administering several buffers like HEPES, Tris, 

sodium phosphate and MOPSO (all at pH 8.0), with a combination of detergents like 

CHAPS, Triton X100, etc., the highest solubilization obtained with the combination 

of MOPSO and CHAPS, even after which purification could not be achieved (Figure 

3.3.2). Hence, the CrGDS was truncated of 99 amino acids (1-99) and sub-cloned in 

pET 28a vector and once again expression and purification was carried out.  

 

Figure 3.3.2: SDS-PAGE for CrGDS protein purification in pET 32a, Lane 1: BenchMarkTM 
Protein Ladder (Addendum Figure A2), Lane 2: Pellet fraction, Lane 3:  Crude lysate 
(supernatant fraction), Lane 4:  Unbound fraction, Lanes 5-7:  Wash fractions, Lanes 8-10: 
Elution fractions.  

The purified protein fractions gave a band at 40 kDa on a 12 % SDS-PAGE (Figure 

3.3.3). The purified fractions were desalted, flash-frozen and store at -80 °C till used. 
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Figure 3.3.3: SDS-PAGE for truncated CrGDS protein purification in pET 28a, Lane 1: 
BenchMarkTM Protein Ladder (Addendum Figure A2), Lane 2: Uninduced Pellet fraction, 
Lane 3:  Uninduced Crude lysate (supernatant fraction), Lane 4: Induced Pellet fraction, 
Lane 5:  Induced Crude lysate (supernatant fraction), Lane 6:  Unbound fraction, Lanes 7-8:  
Wash fractions, Lanes 9-10: Elution fractions. 

 

3.3.1.3 Enzymatic characterization of CrGDS 

Scheme 3.3.1: Schematic representation of CrGDS assay 

Geranyl diphosphate, also known as geranyl pyrophosphate (GPP), is an 

important intermediate in the Terpene biosynthetic pathways. CrGDS was 

characterized by incubating it with IPP and DMAPP, which resulted in the formation 

of GPP, which on subsequent treatment with alkaline phosphatase yielded the 

hydrolyzed product, geraniol (Scheme 3.3.1). This product was characterized by mass 

fragmentation pattern and co-injection with standard geraniol (Figure 3.3.4). 

OPP OH

Geranyl diphosphate Geraniol

Alkaline 
phosphataseCrGDS

OPP

Isopentyl diphosphate 
(IPP)

Dimethylallyl 
diphosphate (DMAPP)
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Figure 3.3.4: Total Ion Chromatogram (TIC) of Assay of CrGDS with IPP and DMAPP as 
substrates; 1-geraniol. 

 

3.3.2 Isolation, cloning, expression and characterization of Geraniol 
synthase (CrGS) 

3.3.2.1 Isolation and cloning of Geraniol synthase (CrGS) 

Analysis of the transcriptomic data revealed that one transcript, Locus_2171, 

with an Open reading frame (ORF) of 1770 bp (Figure 3.3.5), encoding a polypeptide 

of 589 amino acids, displaying 67 % sequence identity with geraniol synthase from 

Phyla dulcis (Genbank ID: ADK62524.1) and 66 % sequence identity with geraniol 

synthase from Valeriana officinalis (GenBank ID: AHE41084.1), at the amino acid 
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level, was identified as geraniol synthase (CrGS: KF561459). Deduced amino acid 

sequence of CrGS was found to have a calculated molecular weight of 67.8 kDa, 

comprising a Serine-rich motif (positions 6-54) with the PROSITE ID: PS50324, 

containing the consensus sequences Snlsflak…ssssssssssmS and another Plant 

Terpene Cyclase domain, which includes a diverse group of monomeric plant terpene 

cyclases (Tspa-Tspf) that convert the acyclic isoprenoid diphosphates into cyclic 

monoterpenes, diterpenes, or sesquiterpenes; a few form acyclic species. 

 

Figure 3.3.5: CrGS full length ORF amplification, Lane 1: 1 Kb DNA ladder (Addendum 
Figure A1), Lane 2: Negative Control, Lane 3: PCR of CrGS full-length primers with Root 
cDNA, Lane 4: PCR of CrGS full-length primers with Leaf cDNA, Lane 5: PCR of CrGS 
full-length primers with Stem cDNA. 

The ORF of CrGS was cloned in pET 28a vector frame with N terminal His6 

tag for affinity purification under the control of T7-RNA polymerase promoter for 

expression of active protein in E.coli Rosetta2 (DE3) cells. Positive clones were 

screened by colony PCR, followed by sequencing with T7 promoter and T7 reverse 

primer. 

3.3.2.2 Bacterial expression and protein purification 

Expression was carried out in Rosetta2 DE3. The recombinant protein of 

CrGS in pET28a was expressed and purified as discussed earlier. The purified protein 

fractions gave a band at 71 kDa on a 12 % SDS-PAGE (Figure 3.3.6). The purified 

fractions were desalted, flash-frozen and store at -80 °C till used. 
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Figure 3.3.6: SDS-PAGE for CrGS protein purification in pET 28a, Lane 1: BenchMarkTM 
Protein Ladder (Addendum Figure A2), Lane 2: Pellet fraction, Lane 3:  Crude lysate 
(supernatant fraction), Lane 4:  Unbound fraction, Lanes 5-7:  Wash fractions, Lanes 8-10: 
Elution fractions. 

3.3.2.3 Enzymatic characterization of CrGS  

 

Scheme 3.3.2: Schematic representation of CrGS assay 

CrGS carries out the hydroxylation of Geranyl diphosphate, to geraniol. 

Geraniol is present as a major component of rose oil, palm oil and also present in 

minute quantities in lemon and other essential oils. CrGS was characterized by 

incubating it GPP, which resulted in the formation of geraniol (Scheme 3.3.2). This 

product was characterized by mass fragmentation pattern and co-injection with 

standard geraniol (Figure 3.3.7). 

OPP OH

Geranyl diphosphate
Geraniol
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Figure 3.3.7: Total Ion Chromatogram of Assay of CrGS with GPP as substrate; 1-geraniol. 
 
 

3.3.3 Isolation, cloning, expression and characterization of Geraniol 
10-hydroxylase (CrG10H) 

3.3.2.1 Isolation and cloning of Geraniol 10-hydroxylase (CrG10H) 

Analysis of the transcriptomic data revealed that one transcript, Locus_742, 

with an open reading frame (ORF) of 1482 bp (Figure 3.3.8), encoding a polypeptide 

of 493 amino acids, displaying 83 % sequence identity with geraniol 10-hydroxylase 

from Ophiorrhiza pumila (Genbank ID: BAP90522.1) and 66 % sequence identity 

with geraniol 10-hydroxylase from Swertia asarifolia (GenBank ID: ALJ75585.1), 

was identified as CrG10H (KF561461). Deduced amino acid sequence of CrG10H 

was found to have a calculated molecular weight of 55.7 kDa, comprising a 
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CYTOCHROME_P450 domain (positions 429-438) with the PROSITE ID: PS00086, 

containing the consensus sequences FGaGRRICPG. 

 

Figure 3.3.8: CrG10H full length ORF amplification, Lane 1: 1 Kb DNA ladder (Addendum 
Figure A1), Lane 2: Negative Control, Lane 3: PCR of CrG10H full-length primers with 
Root cDNA, Lane 4: PCR of CrG10H full-length primers with Leaf cDNA, Lane 5: PCR of 
CrG10H full-length primers with Stem cDNA. 

The ORF of CrG10H was cloned in pYES2 vector frame under the control of 

T7-RNA polymerase promoter for expression of active protein in Saccharomyces 

cerevisiae INVSc1 cells. Positive clones were screened by colony PCR, followed by 

sequencing with T7 promoter primer. 

 

3.3.2.2 Yeast expression and microsome preparation 

Expression was carried out in INVSc1 cells. The recombinant protein of 

CrG10H in pYES2 was expressed and microsomes prepared, as discussed earlier. The 

protein fractions at each stage were loaded on a 12 % SDS-PAGE (Figure 3.3.9). A 

band at 55.7 KDa confirmed expression of CrG10H. The microsomal fractions were 

flash-frozen and store at -80 °C till used. 
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Figure 3.3.9: SDS-PAGE for CrG10H protein in pYES2, Lane 1: BenchMarkTM Protein 
Ladder (Addendum Figure A2), Lane 2: Uninduced Pellet fraction, Lane 3:  Uninduced 
Crude lysate (supernatant fraction), Lane 4:  Induced Pellet fraction, Lane 5:  Induced 
Supernatant fraction, Lane 6: Supernatant 1 (10000 × g centrifugation), Lanes 7: Microsomal 
fraction, Lane 8: Supernatant 2 (100000 × g centrifugation). 

3.3.2.3 Enzymatic characterization of CrG10H  

 

Scheme 3.3.3: Schematic representation of CrG10H assay 

CrG10H carries out the hydroxylation of geraniol at the 10th position to give 

10-hydroxygeraniol. 10-hydroxygeraniol is an important intermediate in the formation 

of Terpene indole alkaloids. CrG10H was characterized by incubating it with 

geraniol, which resulted in the formation of 10-hydroxygeraniol (Scheme 3.3.3). This 

product was characterized by mass fragmentation pattern and co-injection with 

standard 10-hydroxygeraniol (Figure 3.3.10). CYP450 mono-oxygenase enzymes 

normally require a reductase partner for activity, which in the case of CrG10H has 

been played by the yeast reductase. Due to this complementation, only very little of 

the substrate (geraniol) has been utilized by CrG10H to produce the small peak of 10-

hydroxygeraniol (Figure 3.3.10). 

OHOH

OH

Geraniol 10-hydroxygeraniol
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Figure 3.3.10: Total Ion Chromatogram of Assay of CrG10H with geraniol as substrate; 1-
geraniol, 2-10 hydroxygeraniol, 3-nerol. 
  

3.3.4 Isolation, cloning, expression and characterization of 10-
hydroxygeraniol dehydrogenase (Cr10HGO) 

3.3.4.1 Isolation and cloning of 10-hydroxygeraniol dehydrogenase (Cr10HGO) 

An Open reading frame (ORF) of 1083 bp (Figure 3.3.11), encoding a 

polypeptide of 360 amino acids, displaying 78 % sequence identity with both 

cinnamyl alcohol dehydrogenase from Populus trichocarpa (Genbank ID: 

ACC6387415) and geraniol dehydrogenase from Ocimum basilicum (GenBank ID: 

Q2KNL616), was identified as Cr10HGO (KF561458). Deduced amino acid sequence 

2 
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of Cr10HGO was found to have a calculated molecular weight of 38.9 kDa, 

comprising zinc binding alcohol dehydrogenase signature sequence (positions 71–85) 

with the PROSITE ID: ADH_ ZINC (PS00059), and the consensus sequence G-H-E-

x-EL-G-7-x(4)- [GA]-x(2)-[IVSAC]. Although the sequence of this gene was shown 

to be similar to the gene AY35204719 found in the data bank, its functional 

characterization has not been published. 

 

Figure 3.3.11: Cr10HGO full length ORF amplification, Lane 1: 1 Kb DNA ladder 
(Addendum Figure A1), Lane 2: Negative Control, Lane 3: PCR of Cr10HGO full-length 
primers with Stem cDNA, Lane 4: PCR of Cr10HGO full-length primers with Leaf cDNA, 
Lane 5: PCR of Cr10HGO full-length primers with Root cDNA. 

This unigene was cloned in pRSET B expression vector with N-terminal His6-

tag under the control of T7-RNA polymerase promoter for expression of soluble 

active proteins in E. coli BL21 (DE3) cells. Recombinant His6-tagged proteins were 

purified to homogeneity by Ni2+-affinity chromatography with the yield of 12 mg/L. 

3.3.4.2 Bacterial Expression and protein purification 

  Expression was carried out in Rosetta2 DE3. The recombinant protein of 

Cr10HGO in pRSETB was expressed and purified as discussed earlier. The purified 

protein fractions gave a band at 40 kDa on a 12 % SDS-PAGE (Figure 3.3.12). The 

purified fractions were desalted, flash-frozen and store at -80 °C till used. 
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Figure 3.3.12: SDS-PAGE for Cr10HGO protein purification in pRSET B, Lane 1: 
BenchMarkTM Protein Ladder (Addendum Figure A2), Lane 2: Uninduced Pellet fraction, 
Lane 3:  Uninduced Crude lysate (supernatant fraction), Lane 4: Induced Pellet fraction, 
Lane 5:  Induced Crude lysate (supernatant fraction), Lane 6:  Unbound fraction, Lanes 7-8:  
Wash fractions, Lanes 9-10: Elution fractions. 

3.3.4.3 Enzymatic characterization of Cr10HGO  

 

Scheme 3.3.4: Schematic representation of Cr10HGO assay. NADP+ is utilized in the 
forward reaction, whereas NADPH is utilized in the reverse reactions, generating vice-versa 
in the process. 

Gas chromatography and mass spectrometric analyses of the reaction products 

after incubation of purified Cr10HGO protein with 10- hydroxygeraniol in the 

presence of NADP+ resulted in the formation of 10-oxogeranial along with 10-

oxogeraniol and 10-hydroxygeranial as minor products (Figure 3.3.13). The formation 

of these products was further confirmed by comparing the fragmentation pattern as 



Chapter 3	
	

Krithika Ramakrishnan, Ph. D. Thesis, AcSIR, 2016	 	
	

105 

well as co-injection studies using corresponding synthesized compounds, 10-

oxogeranial, 10-oxogeraniol and 10-hydroxygeranial. Further, Cr10HGO efficiently 

converted 10-oxogeraniol and 10-hydroxygeranial into 10-oxogeranial in the presence 

of NADP+. However, when NADPH was used as cofactor, 10-hydroxygeraniol was 

found to be the major enzymatic product with substrates, 10-oxogeraniol, 10-

hydroxygeranial and 10-oxogeranial, indicating that the Cr10HGO mediated reaction 

is reversible. The NADP+ dependent oxidoreductase protein purified from R. 

serpentina catalyzes dehydrogenation of nerol and geraniol in an efficient manner 

compared to 10-hydroxygeraniol14. Similarly, the oxidoreductase purified from 

Nepeta racemosa20 also showed better activity towards geraniol, nerol and 10-

hydroxynerol than towards 10-hydroxygeraniol. The recently reported 8-HGO, which 

encodes the NADP+ dependent oxidoreductase from C. roseus carries out the 

dehydrogenation of 10-hydroxygeraniol and also other acyclic monoterpenes21, but 

does not possess much sequence similarity with Cr10HGO. In contrast to these 

observations, monohydroxy terpene derivatives such as geraniol, nerol, and farnesol 

were found to be poor substrates for Cr10HGO as compared to the reported 8HGO21 

(Figure 3.3.14). Studies on the effects of temperature on Cr10HGO mediated reaction 

revealed that the Cr10HGO activity was found to be optimum at 30 °C. 
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Figure 3.3.13: Total ion chromatograms (TICs) for 10-hydroxygeraniol dehydrogenase 
(Cr10HGO) catalyzed reactions with  

a) 10-hydroxygeraniol 
b) 10-hydroxygeraniol and NADP+  
c) 10-oxogeraniol standard 
d) 10-oxogeranial standard 
e) 10-hydroxygeranial standard 
f) 10-oxogeraniol and NADP+ 
g) 10-oxogeraniol and NADPH 
h) 10-oxogeranial and NADPH 
i) 10-hydroxygeranial and NADP+ 
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j) 10-hydroxygeranial and NADPH.  
The peaks represent (2) 10-hydroxygeraniol, (3) 10-oxogeraniol, (4) 10- hydroxygeranial and 
(5) 10-oxogeranial. 
  

 
Figure 3.3.14: Product-ratio studies of Cr10HGO 

3.3.4.4 Kinetic characterization of Cr10HGO 
Table 3.3.1: Kinetic Constants for Cr10HGO with various substrates 

Substrate 
Km 

(µM) 

Vmax 

(µM/sec-1) 

Vmax/Et 

(sec-1) 

10-hydroxygeraniol 1.50 0.019 7.25 

NADP+ 1.34 0.020 7.75 

NAD+  0.39 0.008 3.29 

10-hydroxygeranial 1.10 0.016 6.10 

10- oxogeraniol 1.40 0.013 5.05 

NADPH 1.07 0.014 5.65 

10-oxogeranial 1.32 0.014 5.44 

10-hydroxynerol 1.35 0.013 4.90 

The apparent Km values were found to be 1.5 mM for 10-hydroxygeraniol, 1.0 

mM for 10-oxogeraniol and 10-hydroxygeranial at saturated concentrations of 

NADP+ (Figures 3.3.15–3.3.21). The kinetic studies also indicated that between 

NAD+/(H) and NADP+/(H), the latter was found to be the preferred coenzyme for 

Cr10HGO (Table 3.3.1). 
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Figure 3.3.15: Michaelis-Menten Plot for 10-hydroxygeraniol kinetics of Cr10HGO 

 

Figure 3.3.16: Michaelis-Menten Plot for NADP+ kinetics of Cr10HGO 

 

Figure 3.3.17: Michaelis-Menten Plot for 10-oxogeraniol kinetics of Cr10HGO 
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Figure 3.3.18: Michaelis-Menten Plot for NADPH kinetics of Cr10HGO 

 

Figure 3.3.19: Michaelis-Menten Plot for 10-hydroxygeranial kinetics of Cr10HGO 

 

Figure 3.3.20: Michaelis-Menten Plot for 10-oxogeranial kinetics of Cr10HGO 
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Figure 3.3.21: Michaelis-Menten Plot for 10-hydroxynerol kinetics of Cr10HGO 

3.3.5 Isolation, cloning, expression and characterization of Iridoid 
synthase (CrIDS) 

3.3.5.1 Isolation and cloning of Iridoid synthase (CrIDS) 

Full length cDNA sequence of CrIDS unigene was obtained by using the 

primers designed from the transcript number 2280. The ORF of CrIDS (KF56146) 

composed of 1161 bp (Figure 3.3.22) encoding a polypeptide of 386 amino acids, 

with a calculated molecular weight of 43.69 KDa.  

 

Figure 3.3.22: CrIDS full length ORF amplification, Lane 1: 1 Kb DNA ladder (Addendum 
Figure A1), Lane 2: PCR of CrIDS full-length primers with Root cDNA, Lane 3: PCR of 
CrIDS full-length primers with Leaf cDNA, Lane 4: PCR of CrIDS full-length primers with 
Stem cDNA, Lane 2: Negative Control. 
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While cloning of this gene was in progress, a report on the same gene from the 

same source appeared13. The polypeptide sequence of CrIDS showed high sequence 

similarity with the reported IDS13 but was shorter by six nucleotides (nucleotides from 

47–52 missing), thereby causing a deletion of two amino acids (at positions 16 and 

17), Pro and Asn (Figure 3.3.23). In addition to this major change, the amino acids at 

a few other positions were changed (N27S, V56G, A71V, N87D, I198D). 

Nevertheless, this shorter CrIDS efficiently carried out the reductive cyclization of 

10- oxogeranial into four compounds. The reason these changes did not effect the 

substrate specificity of the two enzymes may be that these particular amino acids do 

not have a close interaction with the substrate / co-factor, and hence, no change in 

activity. 

 
Figure 3.3.23: Box-shade analysis of CrIDS protein sequences 

The ORF of CrIDS was cloned in pET 32a vector frame with N terminal His6 

tag for affinity purification under the control of T7-RNA polymerase promoter for 

expression of active protein in E.coli Rosetta2 (DE3) cells. Positive clones were 

screened by colony PCR, followed by sequencing with T7 promoter and T7 reverse 

primer. 

3.3.5.2 Bacterial expression and protein purification 

Expression was carried out in Rosetta2 DE3. The recombinant protein of 

CrIDS in pET32a was expressed and purified as discussed earlier. The purified 
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protein fractions gave a band at 61.5 kDa on a 12 % SDS-PAGE (Figure 3.3.24). The 

purified fractions were desalted, flash-frozen and store at -80 °C till used. 

 

Figure 3.3.24: SDS-PAGE for CrIDS protein purification in pET 32a, Lane 1: BenchMarkTM 
Protein Ladder (Addendum Figure A2), Lane 2: Uninduced Pellet fraction, Lane 3:  
Uninduced Crude lysate (supernatant fraction), Lane 4: Induced Pellet fraction, Lane 5:  
Induced Crude lysate (supernatant fraction), Lane 6:  Unbound fraction, Lanes 7-8:  Wash 
fractions, Lanes 9-10: Elution fractions. 

3.3.5.3 Enzymatic characterization of CrIDS  

 

Scheme 3.3.5: Schematic representation of CrIDS assay 

CrIDS, in the presence of NADPH, carries out the cyclization of 10-

oxogeranial to an equilibrium mixture of cis-trans-nepetalactol and iridodials 

(Scheme 3.3.5, Figure 3.3.25). Iridoids belong to a class of plant secondary 

metabolites. They normally form an integral part of plant defense mechanisms. They 

are also produced in some animals/ insects as part of their defense mechanisms and 

are characterized by a bitter taste. Iridoids are known to exhibit wide range of 

pharmacological activities like anti-tumor, anti viral, hypoglycemic, analgesic, etc. 

This product was characterized by mass fragmentation pattern. 
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Figure 3.3.25: Total Ion Chromatogram of Assay of CrIDS with 10-oxogeranial as substrate. 
 
3.3.6 Cascaded enzyme activity 

Surprisingly, when 10-hydroxygeraniol was incubated with Cr10HGO and 

CrIDS for 30 min, in the presence of NADP+, it yielded a major metabolite (Scheme 

3.3.6).  
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Scheme 3.3.6: Concerted reaction of Cr10HGO and CrIDS on 10-hydroxygeraniol to form 
(1R, 4aS, 7S, 7aR)-nepetalactol. 

The major metabolite (Rt: 9.2 min) (Figure 3.3.26) formed was identified as 

cis-trans-nepetalactol with stereochemistry 4aS, 7S, 7aR by comparing the retention 

time and co-injection studies in GC and GC-MS analyses with the synthesized 

diastereomeric mixture of cis-trans- nepatalactols [containing (1R, 4aS, 7S, 7aR)-

nepetalactol as a major diastereomer]22-24 arising due to the asymmetry at carbon 1.  

 

Figure 3.3.26: Concerted reaction of Cr10HGO and CrIDS. Comparison of TICs of A) 
Synthesized (1R, 4aS, 7S, 7aR)-nepetalactol, B) CH2Cl2 extract of combined assay of 
Cr10HGO and CrIDS with 10-hydroxygeraniol and NADP+ as substrates, and C) CH2Cl2 
extract of CrIDS assay with 10-oxogeranial and NADPH as substrates. 
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These two diastereomers were not resolved under the GC conditions even with 

chiral capillary column. However, the acetylated diastereomers were separated under 

similar GC conditions (Figure 3.3.27). The stereochemistry of the major enzymatic 

product formed was determined as (1R, 4aS, 7S, 7aR)-nepetalactol acetylation of 

assay mixture, followed by GC and GC-MS analyses and comparing the retention 

time and co-injection studies with that of acetylated derivatives of synthesized 

nepetalactols’ mixture containing (1R, 4aS, 7S, 7aR)-nepetalactol as a major 

diastereomer23. 

 

Figure 3.3.27: Comparison of TICs of CrIDS, Cr10HGO+CrIDS and 
CrG10H+Cr10HGO+CrIDS assays with standard (1R, 4aS, 7S, 7aR)-nepetalactol on Astec 
CHIRALDEXTM B-DA column; (6): (1R, 4aS, 7S, 7aR)-nepetalactol. 
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Further, when 10-hydroxygeraniol was incubated with Cr10HGO and CrIDS 

in the presence of NADP+ for prolonged incubation beyond 30 min led to the 

formation of open structures of iridodials in equilibrium with cis-trans-nepetalactol 

(Figure 3.3.26). The formation of a major metabolite by the combined action of two 

enzymes clearly indicates the concerted enzymatic action of Cr10HGO and CrIDS in 

the formation of desired (1R, 4aS, 7S, 7aR)-nepetalactol, an important intermediate in 

iridoids and MIAs biosynthesis. As both Cr10HGO and CrIDS are cytoplasmic 

enzymes, presumably, the products of Cr10HGO [10-oxogeranial and NAD(P)H] will 

be used by CrIDS to synthesize (1R, 4aS, 7S, 7aR)-nepetalactol, indicating a 

physiological enzyme cascade. 

 

Scheme 3.3.7: Concerted reaction of CrGDS, CrGS and CrG10H 

To understand the combinatorial action of these enzymes on their cognate 

substrates, we incubated dimethylallyl diphosphate (DMAPP) and isopentenyl 

diphosphate (IPP) with purified CrGDS and CrGS proteins and yeast expressed 

microsomal pellet containing CrG10H, in the presence of coenzymes, which yielded 

10-hydroxygeraniol as the enzymatic product (Scheme 3.3.7, Figure 3.3.28).  
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Figure 3.3.28: Comparison of TICs of CrGDS, CrGDS+CrGS and CrGDS+CrGS+CrG10H 
enzyme assays; (1):geraniol, (2):10-hydroxygeraniol, (3):nerol. 

Furthermore, incubation of geraniol in combination with CrG10H, Cr10HGO 

and CrIDS revealed the formation of (1R, 4aS, 7S, 7aR)-nepetalactol by GC and GC-

MS analyses (Scheme 3.3.8, Figure 3.3.28).  
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Scheme 3.3.8: Concerted reaction of CrG10H, Cr10HGO and CrIDS  

These experiments suggest in vivo proximity and ‘‘cross talk’’ of the enzymes 

involved in the biosynthetic cascade leading to the formation of the desired product.  

As CrG10H is localized on endoplasmic reticulum, the product of this 

enzyme, 10-hydroxygeraniol might be sequestered out to the subsequent enzymes of 

MIAs pathway. These observations are further supported by the studies on cellular 

localization of MIAs biosynthetic pathway enzymes in a particular cell type in C. 

roseus24–27. It also appears that the formation of 10-hydroxygeraniol through CrG10H 

catalyzed reaction is the rate-limiting step for iridoid biosynthesis. 
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Figure 3.3.29: Comparison of TICs of CrG10H, CrG10H+Cr10HGO and 
CrG10H+Cr10HGO+CrIDS enzyme assays; (6): (1R, 4aS, 7S, 7aR)-nepetalactol. 
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3.3.7 Phylogenetic analysis of monoterpene synthases isolated from 

Catharanthus roseus 

A neighbor joining phylogenic tree placed all the full-length sequence of 

monoterpene synthase isolated from C. roseus in separate clades. CrIDS seems to 

have evolved from a family of Progesterone reductases, having a link with 

monoterpene alcohol synthases, from which CrGS showed lineage. CrGDS was 

placed in a separate clade for Terpene diphosphate synthases. While Cr10HGO was 

clustered with a family of alcohol dehydrogenases, CrG10H showed similarity with 

other geraniol 10-hydroxylases. 

 

Figure 3.3.30: Phylogenetic analysis of the monoterpene synthases isolated from C. roseus; 
Sequences used for phylogenetic tree construction are: Iridoid synthase from Catharanthus 
roseus (AHA82033), Progesterone 5-β reductase from Catharanthus roseus (AIW09147), 
Progesterone 5-β reductase from Digitalis purpurea (ACZ66261), Geranyl diphosphate 
synthase from Mangifera indica (AFJ52721), Geraniol synthase from Catharanthus roseus 
(AHA82032), Copalyl diphosphate synthase from Solanum lycopersicum (BAA84918), 
Geranyl diphosphate synthase from Catharanthus roseus (AHA82035), Kaurene synthase 
from Stevia rebaudiana (AAD34295), Cinnamyl alcohol dehydrogenase from Rauvolfia 
serpentina (ALW82980), 10-hydroxygeraniol dehydrogenase from Catharanthus roseus 
(AHA82031), Linalool synthase from  Solanum lycopersicum (NP_001233805), Geraniol 10-
hydroxylase from Catharanthus roseus (AHA82034), Geraniol 10-hydroxylase from 
Ophiorrhiza pumila (BAP90522), Cineol synthase from  Solanum lycopersicum 
(AEM05857), Myrcene synthase from  Abies grandis (AAB71084), (-)-4S-limonene synthase 
from  Solanum lycopersicum (AAB70907). 
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 Although the terpene synthases from Abies grandis fall under the class of 

monoterpene synthases of secondary metabolite origin, they are quite distinct from the 

other monoterpene synthases represented in the phylogenetic tree due to the 

divergence between angiosperms and gymnosperms25. It is due to this bifurcation that 

the gymnosperm monoterpene synthases are more closely related to each other than to 

their counterpart angiosperms. Copalyl diphosphate synthase and kaurene synthase 

are genes of the primary metabolism seem to be expressed as single copy genes26 and 

hence are places in separate clades. They have very low similarity to the five genes of 

C. roseus. 
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3.4 Conclusion 

Cloning and functional characterization of 10- hydroxygeraniol 

dehydrogenase (Cr10HGO) system from C. roseus indicated that Cr10HGO showed 

broad substrate specificity for 10-hydroxygeraniol, 10-oxogeraniol or 10-

hydroxygeranial over monohydroxy linear terpene derivatives. Concerted enzymatic 

function in the biosynthesis of cis-trans-nepetalactol has been demonstrated using 10-

hydroxygeraniol and NADP+ with Cr10HGO and CrIDS combined assay system. The 

stereochemistry of the enzymatic product was determined and is (1R, 4aS, 7S, 7aR)-

nepetalactol, which is a key intermediate in the biosynthesis of iridoids and MIAs. 

Further, we have demonstrated the in vitro formation of (1R, 4aS, 7S, 7aR)- 

nepetalactol when geraniol was incubated with CrG10H, Cr10HGO and CrIDS. 

 

Scheme 3.3.9: Concerted reaction of CrGDS, CrGS, CrG10H, Cr10HGO and CrIDS 
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3.5 Appendix: Agarose gel electrophoresis for colony PCR screening 

for gene cloning 

3.5.1 Cloning of CrGDS in pET 28a vector frame 

Colony PCR screening of geranyl diphosphate synthase cloned in pET 28a 

vector frame with T7 promoter primer and T7 reverse primer.  

 
Figure 3.5.1: Colony PCR screening for CrGDS truncated ORF cloned in pET 28a on 1 % 
agarose gel, Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: negative control, 
Lanes 3-20:  PCR with T7 promoter and T7 reverse primer (encircled is band for 966 bp). 

 

3.5.2 Cloning of CrGS in pET 28a vector frame 

Colony PCR screening of geraniol synthase cloned in pET 28a vector frame 

with T7 promoter primer and T7 reverse primer.  

 
Figure 3.5.2: Colony PCR screening of full-length ORF of CrGS cloned in pET 28a on 1 % 
agarose gel, Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: negative control, 
Lanes 3-6:  PCR with T7 promoter and T7 reverse primer  
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3.5.3 Cloning of CrG10H in pYES2 vector  

Colony PCR screening of geraniol 10-hydroxylase cloned in pYES2 vector 

frame with T7 promoter primer and CrG10H reverse primer. 

 

Figure 3.5.3: Colony PCR Screening for CrG10H full length ORF cloned in pYES2 on 1 % 
agarose gel, Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: negative control, 
Lanes 3-9: PCR with T7 promoter primer and CrG10H reverse primer 

 
3.5.4 Cloning of ORF of Cr10HGO in pRSET B vector frame 

Colony PCR screening of 10-hydroxygeraniol dehydrogenase, cloned in 

pRSET B vector frame with T7 promoter and T7 reverse primers. 

 

Figure 3.5.4: Colony PCR screening for full-length ORF cloning of Cr10HGO in pRSETB 
vector on 1 % agarose gel, Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: no 
insert control Lanes 3-7: PCR with T7 promoter and T7 reverse primer 
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3.5.5 Cloning of ORF of CrIDS in pET 32a 

Colony PCR screening of ORF of CrIDS cloned in pET 32a vector frame with 

T7 promoter and T7 reverse primers. 

 
Figure 3.5.5: Colony PCR screening for ORF of CrIDS cloned in pET 32a vector on 1 % 
agarose gel, Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: no insert control, 
Lanes 3-12: PCR amplicon with T7 promoter and T7 reverse primer  
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Chapter 4 

Dissection of the activity of 10-hydroxygeraniol 

dehydrogenase (Cr10HGO) by site-directed 

mutagenesis studies 

 
Catharanthus roseus 10-hydroxygeraniol dehydrogenase (Cr10HGO) catalyzes a 

crucial step in the biosynthesis of Monoterpene Indole Alkaloids (MIAs), resulting in 

the formation of 10-oxogeranial via two intermediates, 10-hydroxygeranial and 10-

oxogerniol, in the presence of NADP+ in a reversible reaction. In order to understand 

the structural basis for the catalysis of Cr10HGO, homology model was built and 

molecular docking studies were performed using substrate and intermediates. We 

selected the amino acids residues lining the first tier of active site pocket, which might 

play a crucial role in the catalysis of Cr10HGO. Mutation of the residue N115 to H 

resulted in a notable decrease in substrate conversion, which could be due to 

premature termination of the enzymatic reaction. Another mutation at S301, where 

serine was replaced with alanine, also caused a substantial drop in substrate 

conversion such that 3/4th of the substrate was left unutilized and the remaining 1/4th 

constituted of only one of the intermediates. Mutation at W61 resulted in the lower 

levels of the substrate, 10-hydroxygeraniol, indicating suppression of the reverse 

reaction. Mutation at the T170 position resulted in an increase in the formation of the 

dialdehyde, 10-oxogeranial, which serves as a substrate for the next enzyme in the 

MIA biosynthetic pathway. These residues seem to be playing a major role in the 

stabilization of the carbocation intermediates. This study, thus, provides an insight 

into the residues that affect the catalytic activity of Cr10HGO and also provides a 

gateway for increasing the production of intermediates in the MIA pathway, which, in 

turn, would cause an increase in the biosynthesis of the final product of the pathway. 
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4. 1 Introduction  
Catharanthus roseus is an evergreen shrub belonging to the family 

Apocynaceae. It is a rich source of the monoterpene indole alkaloids, many of which 

possess considerable pharmacological and therapeutic interests such as the 

tranquillizer reserpine1 or the ergot alkaloids1-3 employed for their relaxing and 

migraine relieving properties, the biggest breakthrough being the discovery of 

vincristine and vinblastine as anti-cancer drugs4,5. These anti-cancer compounds are 

produced via the Monoterpene Indole alkaloid pathway, where secologanin is a major 

intermediate. In order to establish the pathway from IPP and DMAPP to secologanin, 

the genes involved in the pathway were isolated and characterized. Of this, one of the 

major enzymes is 10-hydroxygeraniol dehydrogenase (Cr10HGO), belonging to the 

alcohol dehydrogenase family and catalyzing the reaction from an alcohol to di-

aldehyde.  

Monoterpene alcohols and aldehydes have several therapeutic values. The 

monoterpene alcohols themselves possess chemopreventive activities against various 

forms of cancer. For example, perillyl alcohol, formed by the cyclization of limonene, 

has been proved to cause apoptosis of liver tumors in rats6. Also, the acyclic 

monoterpene alcohol, geraniol, possesses anti-tumor activity against rat and mice 

hepatoma, leukemia and melanoma cells7,8. Monoterpene aldehydes are also known to 

possess various therapeutic qualities, like citral (a racemic mixture of geranial and 

neral). Citral has been proved to be an antimicrobial, anti-inflammatory, antiparasitic, 

allelopathic and mosquito repellant9. These monoterpene alcohols and aldehydes are 

produced in various plants. In most plant species, the leaf epidermis plays a very 

crucial role in the biosynthesis of a wide range of these secondary metabolites like 

flavonoids, terpenes and alkaloids, and their accumulation. Similarly, in C. roseus, the 

leaf epidermal cells are specialized in the biosynthesis of monoterpene indole 

alkaloids10. 

All Terpene indole alkaloids are derivatives of the tryptamine moiety, 

tryptophan and the iridoid terpene, Secologanin11, which are condensed into 

strictosidine, the precursor for the indole alkaloids. The initial committed step for the 

synthesis of secologanin is the hydroxylation of geraniol to produce 10-

hydroxygeraniol12,13. The diol thus formed, is subsequently oxidized to the dialdehyde 
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cognate, 10-oxogeranial, which is further cyclized to form the basic iridoid 

backbone14. 

In order to assess the substrate specificity and catalytic domain of Cr10HGO, 

homology modeling and site-directed mutagenesis studies were adopted. In this 

chapter, a homology-based model of Cr10HGO has been created and used for 

identifying the residues, which may affect the catalytic activity of the enzyme. 
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4.2 Materials and Methods 

4.2.1 Computational modeling and docking 

10-hydroxygeraniol dehydrogenase (Cr10HGO) homology model was built 

using the co-ordinates of Populus tremuloides Sinapyl Alcohol Dehydrogenase15 as 

the template with Schrodinger-Maestro 1.6. The lowest energy structures were 

validated using Ramachandran plot. 3D structure for reaction intermediates were 

constructed using ChemBioDrawUltra 13.0 for docking studies. To determine the 

amino acid interactions involved in the product formation, docking was performed 

using the substrate, 10-hydroxygeraniol and images were generated by PYMOL 

(v.1.6). 

4.2.2 Site–Directed mutagenesis 

Table 4.2.1 Primers for Cr10HGO site-directed mutagenesis. The mutagenesis bases are 
shown in red. Double mutants were generated using plasmid of Cr10HGO_M3 as template 
and primers of Cr10HGO_M10 and Cr10HGO_M12, respectively. 

 

Cr10HGO_M1 
His55Asn_F CACTCGGATCTTAACATGATCAAGAAC 

His55Asn_R GTTCTTGATCATGTTAAGATCCGAGTG 

Cr10HGO_M2 
His55Phe_F CACTCGGATCTTTTCATGATCAAGAAC 

His55Phe_R GTTCTTGATCATGAAAAGATCCGAGTG 

Cr10HGO_M3 
Val277Thr_F AAGCTAATTCTTACTGGTGCACCAGAA 

Val277Thr_R TTCTGGTGCACCAGTAAGAATTAGCTT 

Cr10HGO_M4 
Ala279Ser_F ATTCTTGTTGGTTCACCAGAAAAGCCA 

Ala279Ser_R TGGCTTTTCTGGTGAACCAACAAGAAT 

Cr10HGO_M5 
Asn115His_F AAAGATCTTGAACATTATTGTCCGGGC 

Asn115His_R GCCCGGACAATAATGTTCAAGATCTTT 

Cr10HGO_M6 
Asn115Leu_F AAAGATCTTGAACTTTATTGTCCGGGC 

Asn115Leu_R GCCCGGACAATAAAGTTCAAGATCTTT 

Cr10HGO_M7 
His51Phe_Fwd TGCGGGATCTGTTTCTCGGATCTTCAC 

His51Phe_Rev GTGAAGATCCGAGAAACAGATCCCGCA 

Cr10HGO_M8 
Ser256Tyr_Fwd ATTGACACCGTTTATGCAATTCATCCA 

Ser256Tyr_Rev TGGATGAATTGCATAAACGGTGTCAAT 

Cr10HGO_M9 
Thr170Ala_Fwd TGTGCTGGGATTGCTACATACAGTCCA 

Thr170Ala_Rev TGGACTGTATGTAGCAATCCCAGCACA 
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Cr10HGO_M10 
Trp61Leu_Fwd ATCAAGAACGAATTGGGCTTCACGAAA 

Trp61Leu_Rev TTTCGTGAAGCCCAATTCGTTCTTGAT 

Cr10HGO_M11 
Ser301Ala_Fwd ATAATAGCTGGAGCTGCAATTGGAGGG 

Ser301Ala_Rev CCCTCCAATTGCAGCTCCAGCTATTAT 

Cr10HGO_M12 
Ala302Phe_Fwd ATAGCTGGAAGTTTCATTGGAGGGTTG 

Ala302Phe_Rev CAACCCTCCAATGAAACTTCCAGCTAT 

Cr10HGO_M13 
Cys98Ala_Fwd GTAGGAGTGGGTGCCCTTGTGGGATCA 

Cys98Ala_Rev TGATCCCACAAGGGCACCCACTCCTAC 

Cr10HGO_M14 
Tyr116Phe_Fwd GATCTTGAAAATTTTTGTCCGGGCCAA 

Tyr116Phe_Rev TTGGCCCGGACAAAAATTTTCAAGATC 

 

All the mutation reactions were carried out with a pRSET B expression vector 

(Invitrogen) harboring the coding sequence for 10-hydroxygeraniol dehydrogenase as 

a template. The mutants were generated using the QuikChange Lightning site directed 

mutagenesis kit from Stratagene according to the manufacturer’s instructions. The 

mutagenesis reaction mixtures were transformed into Escherichia coli XL10 Gold 

Cells and plated onto LB- agar plates containing ampicillin. Individual colonies were 

picked and grown in selection media. Plasmid DNA was then isolated and the mutant 

clones were identified by sequencing. The mutagenic primers (with mutagenic bases 

shown in boldface and underlined), which were designed on the basis of homology-

based model of Cr10HGO are listed in the table 4.2.1.  

4.2.3 Heterologous Expression and Purification of Cr10HGO mutants 

pRSET B vector harboring Cr10HGO mutants were expressed and purified as 

done earlier16. Protein expression was carried out in BL21 DE3 cells in Luria Bertani 

Broth at 37 °C and induced with IPTG at a final concentration of 1 mM and incubated 

for 6 hours at 30 °C. After the induction, the culture was harvested by centrifugation 

at 4500 × g for 20 minutes. The cell pellet was re-suspended in 10 mL/g of Lysis 

buffer (50 mM NaH2PO4, 300 mM NaCl, 0.5 % CHAPS, pH 8.0, 10 % v/v Glycerol) 

with 1 mg/mL concentration of lysozyme and 100 µL/5 mL of protease inhibitor 

cocktail from Sigma and incubated on ice for 30 minutes. After the incubation period, 

the cells were sonicated with a pulse of 30 sec ON and 30 sec OFF for 10 cycles. The 

sample was then centrifuged at 5,000 × g for 10 minutes at 4 °C. The crude lysate was 

purified using Ni-NTA column (2 mL resin / g cell pellet lysate). The protein was 
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finally eluted out in the elution buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0, 250 

mM Imidazole, 10 % v/v Glycerol) each. Purified protein fractions (after checking on 

12 % SDS gel) were pooled together and desalted on Hi-PrepTM 26/10 Desalting 

Columns with desalting buffer (20 mM MOPS, pH 8.0, 10 % v/v Glycerol) using 

AKTA (GE Healthcare). The desalted proteins were estimated using Bradford reagent 

(Bio-Rad) and a Bovine Serum Albumin standard. 

4.2.4 Enzymatic Characterization and Product Analysis 

Cr10HGO was assayed for its activity using 100 µg desalted protein and 1 

mM 10-hydroxygeraniol as the substrate in 500 µL Sodium bi-carbonate Buffer (20 

mM Sodium bi-carbonate, 10 % v/v Glycerol, pH 10.0) at 30 °C for 30 minutes. 

Assay mixtures were extracted with dichloromethane (DCM). The combined organic 

phase was dried over sodium sulphate, reduced to ~50 µL with a stream of dry 

nitrogen and subjected to GC and GC-MS analyses for product characterization by 

comparing with authentic standards. 1 µL of the extract was injected onto a 30 m × 

0.25 mm × 0.25 µm HP-5 capillary GC column with a temperature gradient from 60 

to 120 °C at 20 °C per min, followed by a temperature gradient from 120 to 170 °C at 

2.5 °C per min and a final temperature gradient from 170 to 190 °C at 20 °C per min. 

4.2.5 Determination of Kinetic Parameters of Cr10HGO mutants 

Steady-state kinetic constants were determined for all the mutants in 20 mM 

Sodium bi-carbonate, 10 % v/v Glycerol, pH 10.0 at 30 °C with varying substrate 

concentrations, ranging from 0.25 to 500.0 mM with saturation concentration of 

cofactor, NADP+ (500.0 mM) and vice versa. The reactions were followed by 

measuring changes in NADPH concentration at 340 nm. The kinetic data were fitted 

with the Graph Pad Prism software and the parameters calculated using Michaelis-

Menten plots.  

4.2.6 Substrate Specificity Studies 

Various alcohols namely, geraniol, farnesol, nerol, α-bisabolol, α-santalol, β-

citronellol, chrysanthemol, eugenol, linalool and menthol were assayed with the 

prominent Cr10HGO mutants and checked for their activity on different substrates. 

The enzyme assay, characterization and product analysis were the same as in Section 

4.2.4.  



Chapter 4	
	

Krithika Ramakrishnan, Ph. D. Thesis, AcSIR, 2016	  
	

135 

4.3 Results 

4.3.1 Homology Modeling and Docking 

A  

B  

Figure 4.3.1 A. Homology model of 10-hydroxygeraniol dehydrogenase built using co-
ordinates of sinapyl alcohol dehydrogenase from Populus tremuloides as a template. B. 10-
hydroxygeraniol docked with Cr10HGO model. 
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Alcohol dehydrogenases are a group of enzymes belonging to the 

oxidoreductase family, found in various living organisms. They are known to catalyze 

the reversible oxidation of primary or secondary alcohols to aldehydes or ketones, 

respectively. The Cr10HGO amino acid sequence displays 78 % sequence identity 

with Sinapyl Alcohol Dehydrogenase from Populus tremuloides (PDB ID: 1YQD15) 

and 52 % with Cinnamyl Alcohol Dehydrogenases from Arabidopsis thaliana (PDB 

ID: 2CF517).  

 

Figure 4.3.2: Ramachandran Plot of the built model of Cr10HGO, showing maximum 
residues (90.1 %) in the most favored region.  

Deduced amino acid sequence of Cr10HGO was found to contain zinc binding 

alcohol dehydrogenase signature sequence (positions 71–85) with the PROSITE ID: 

ADH_ ZINC (PS00059), and the consensus sequence G-H-E-x-EL-G-7-x(4)- [GA]-
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Residues in most favoured regions  [A,B,L]              272  90.1%
Residues in additional allowed regions  [a,b,l,p]        29   9.6%
Residues in generously allowed regions  [~a,~b,~l,~p]      1   0.3%
Residues in disallowed regions                            0   0.0%
                                                       ---- ------
Number of non-glycine and non-proline residues          302 100.0%
Number of end-residues (excl. Gly and Pro)                2       
Number of glycine residues (shown as triangles)          34       
Number of proline residues                               19       
                                                       ----       
Total number of residues                                357       

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 

to have over 90% in the most favoured regions.
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x(2)-[IVSAC]. In order to understand the basis for the product profile of Cr10HGO, 

homology based model was built using the co-ordinates of sinapyl alcohol 

dehydrogenase from Populus tremuloides (PDB ID: 1YQX15) as a template, based on 

an overall sequence similarity of 77 % at amino acid level, using Schrodinger (Figure 

4.3.1 A & B). 

The homology model of Cr10HGO built using Schrodinger was validated 

using Ramachandran plot18 (Figure 4.3.2) with default parameters. Ramachandran 

PROCHEK validation tools suggested that 272 residues (90.1 %) of the modeled 

Cr10HGO were present in the most favored region, whereas 29 residues (9.6 %) were 

found to be present in the additional allowed regions. There were no residues (0.0 %) 

present in the disallowed region. This result clearly suggests that the quality of model 

built is appropriate and can be used for further docking studies. 

4.3.2 Catalytic mechanism of Cr10HGO on 10-hydroxygeraniol 

Cr10HGO acts on the alcohol, 10-hydroxygeraniol, converting the alcohols at 

the positions 1 and 10 into aldehydes, forming 10-hydroxygeranial and 10-

oxogeraniol, respectively. Through these intermediates, the di-aldehyde, 10-

oxogeranial is formed. Cr10HGO is an NADP+ and NADPH dependent enzyme19, 

and is active only in their presence. As it is a reversible enzyme, it utilizes NADP+ in 

the forward reaction and NADPH in the reverse reaction. In the usual reaction of wild 

type Cr10HGO with 10-hydroxygeraniol and NADP+, 83.2 % of the substrate was 

found to be converted into two intermediates and 1 product, namely 10-oxogeraniol 

(49.5 %), 10-hydroxygeranial (12.8 %) and 10-oxogeranial (20.9 %). 

(A)  
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(B)  

Figure 4.3.3 (A) Cr10HGO mediated reaction in C. roseus for biosynthesis of iridoids (B) 
Product profile of Cr10HGO enzyme assay, (1): 10-oxogeraniol; (2): 10-hydroxygeraniol 
(substrate); (3): 10-oxogeranial; (4): 10-hydroxygeranial. 

4.3.3 Site-directed mutagenesis and characterization 

In order to understand the exact role of various residues present in close 

vicinity of substrate, 12 amino acid residues were identified based on their 

interactions with the docked substrate, which may affect the product profile of 

Cr10HGO significantly, and 14 mutations were designed.  These mutants were 

expressed in E. coli and the purified proteins were assayed for their activity with 10-

hydroxygeraniol as substrate, in the presence of NADP+ as the co-factor. The products 

of the reaction were analyzed on a HP-5 capillary GC column. In addition, two double 

mutants were also designed based on the preliminary results.  
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Figure: 4.3.4 Homology model of Cr10HGO showing amino acid interactions with the 
substrate. 

4.3.4 Heterologous Expression and Purification of Cr10HGO mutants 

  Expression was carried out in Rosetta2 DE3 cells. The recombinant protein of 

Cr10HGO in pRSETB was expressed and purified to the homogeneity as discussed 

earlier. The purified protein fractions showed distinct bands of 40 kDa on a 12 % 

SDS-PAGE (Figure 4.3.5). The purified fractions were desalted, flash-frozen and 

store at -80 °C till used. 
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Figure 4.3.5 SDS gel images of Cr10HGO mutants’ protein purification (M. Wt: 40 KDa) 
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4.3.5 Residues not significantly affecting the activity 

 

Figure 4.3.6 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_H55N Assay, D. Cr10HGO_N115L Assay;10-oxogeraniol (1), 
10-hydroxygeraniol (2), 10-oxogeranial (3), 10-hydroxygeranial (4). 
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On replacing asparagine 115 (N115) with the positively charged leucine 

(N115L), there was not much change observed in the activity of the protein or in the 

product profile. The substitution of leucine for asparagine does not affect the ability of 

the protein to bind to the substrate and produced similar product profile as the wild 

type protein. Whereas, when this asparagine (N115) was replaced with histidine 

(N115H), the activity of the protein was drastically reduced. When Histidine was 

replaced with asparagine at H55 position, we would expect a similar result. But, 

surprisingly, this mutation did not cause any change in the activity of the protein 

which seemed to be interacting well with the substrate, as can be observed from the 

model. However, when this histidine was replaced with the bulkier aromatic residue, 

phenylalanine, the intermediate 10-oxogeraniol reduced by half, while the other 

intermediate, 10-hydroxygeranial was increased by 18.6 %, reducing the formation of 

10-oxogeranial by 5.3 %. In another case, valine 277, present near the 1-hydroxy 

position of the substrate, was mutated to threonine, where introduction of a hydroxyl 

group increased the polarity near the 1-hydroxy position. This change in polarity 

caused a slight decrease in the formation of the final di-aldehyde product, i.e., caused 

a stunted forward reaction. Although, the substrate conversion was increased by 

almost 10 %, this was compensated in the intermediate, 10-oxogeraniol and not the 

final di-aldehyde product. 

4.3.6 Residues causing significant changes in the product profile of Cr10HGO 

Among the 14 mutants, two mutants were identified as being able to reduce 

the substrate conversion. The mutants S301A and N115H reduced the substrate 

conversion from 83.2 % in the wild type to 25.7 % and 24.4 %, respectively. 

4.3.6.1 Serine 301 (S301A) 

The residue S301, which is found to be conserved among alcohol 

dehydrogenases across species, plays an important role in the activity profile of 

Cr10HGO. The corresponding serine-301 residue in the sinapyl alcohol 

dehydrogenase was shown to be involved in H- bond formation with the substrate 

near the 1-hydroxy position of the substrate, 10-hydroxygeraniol. When Serine was 

replaced with alanine (S301A), causing a dehydroxylation, only 25.7 % of the 

substrate was converted into product and only one product, 10-hydroxygeranial at 
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that. The other intermediate, 10-oxogeraniol and the final di-aldehyde product, 10-

oxogeranial were not formed at all. The change in polarity caused due to the 

replacement of serine with alanine may have affected the H- bond interaction. It may 

also be affecting the stabilization of the intermediate for further activity. By these 

observations, we may predict that the first reaction might be the oxidation of the –OH 

at 1C position. 

4.3.6.2 Asparagine 115 (N115H) 

When the residue N115, which is also conserved across species, was mutated, 

varied results were observed. This residue is present in the active site pocket and on 

replacing asparagine with the positively charged leucine (N115L), there was not much 

change observed in the activity of the protein or in the product profile, as described 

earlier. On the other hand, when asparagine was replaced with another positively 

charged amino acid, histidine (N115H), there was a drastic change in the product 

profile of Cr10HGO. The mutant N115H caused 75.6 % retention of the substrate. 

The intermediates and the final product formed comprised the remaining 24.4 % of 

the total, with the di-aldehyde being formed only to the effect of 2.6 %. In the case 

where N115 was mutated to leucine, there is only a replacement of one linear chain 

with another, whereas, in the second case, the linear chain in asparagine is replaced by 

the heterocyclic chain in histidine, which seems to be affecting the oxidation of the 

substrate, and hence the conversion of alcohol to aldehydes. It can also be predicted 

that an increase in the polarity of the active site pocket due to the change from 

asparagine to histidine is causing the product formation to decrease, i.e, the reaction to 

decrease. 

In another case, when a change was incorporated in A279 position in the form 

of serine, there was once again a reduction in the enzyme activity. In this case, 33.7 % 

of the substrate remained unchanged as opposed to 16.8 % in the case of wild type. 

Here again, this decrease in activity could be attributed to the increase in polarity. 

Interestingly, all three amino acids at the different positions (H55, N115 and S301) 

were conserved and corresponded to the same amino acid in the model sequence, as 

well.  
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The product profiles of these three mutations leads us to an observation that 

serine plays a very essential role in governing the activity of the enzyme. 

 

Figure 4.3.7 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_S301A Assay, D. Cr10HGO_N115H Assay; 10-oxogeraniol (1), 
10-hydroxygeraniol (2), 10-oxogeranial (3), 10-hydroxygeranial (4). 
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4.3.7 Residues involved in the increased production of the di-aldehyde 

The di-aldehyde, 10-oxogeranial, which is the final product of the reaction 

carried out by Cr10HGO, is the substrate for the next enzyme in the iridoid 

biosynthetic pathway. It is very essential that this product should form in a significant 

quantitie so as to facilitate the increased production of iridoids. Some of the residues 

mutated in our study resulted in increase in the formation of this product and hence 

were identified as essential to the retention of the di-aldehyde.  

4.3.7.1 Tyrosine 116 (Y116F)  

Tyrosine at 116th position is a conserved one among alcohol dehydrogenases 

of related species and hence corresponds to the same in the model enzyme too. The 

mutant Y116F increases the formation of 10-oxogeranial only marginally, however 

reduces the substrate retention by 1.8 times, wherein only 9.3 % of the substrate 

remained unchanged as opposed to 16.8 % in the case of wild type. In the case of the 

intermediates, both showed only a marginal increase. As was the case before, an 

increase in hydrophobicity supports the forward reaction to a higher extent. 
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Figure 4.3.8 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_Y116F Assay; 10-oxogeraniol (1), 10-hydroxygeraniol (2), 10-
oxogeranial (3), 10-hydroxygeranial (4). 

4.3.7.2 Serine 256 and Alanine 302 (S256Y and A302F) 

The mutation to S256Y and A302F resulted in the increase level of the 10-

oxogeranial production by 3 – 4 %, the former only marginally decreased the 
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retention of the substrate while the latter was successfully able to convert 93.1 % of 

the substrate to products.  

 

Figure 4.3.9 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_S256Y Assay, D. Cr10HGO_A302F Assay; 10-oxogeraniol (1), 
10-hydroxygeraniol (2), 10-oxogeranial (3), 10-hydroxygeranial (4). 
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As before, in this case also these two residues, S256 and A302 were highly 

conserved among similar species. However, where S256 in C. roseus corresponded to 

S256 in Sinapyl alcohol dehydrogenase, A302 in C. roseus corresponded with G302 

in Sinapyl alcohol dehydrogenase. Here both the residues in Cr10HGO were replaced 

by amino acids with aromatic side chains, and both caused an almost similar effect. 

Once again, we can observe here that both S256Y and A302F mark an increase in 

hydrophobicity, which subsequently causes an increase in the forward reaction. 

4.3.7.3 Cysteine 98 (C98A)  

 

Figure 4.3.10 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_C98A Assay; 10-oxogeraniol (1), 10-hydroxygeraniol (2), 10-
oxogeranial (3), 10-hydroxygeranial (4). 
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The cysteine at the 98th position is also a highly conserved residue, and upon 

replacement with the much smaller alanine, resulted in a 29-fold increase in the 

formation of 10-oxogeranial making its contribution in the final product pool to 26.9 

% from 20.9 %. This mutation also played a very vital role in the substrate conversion 

factor, where it resulted in 73-fold decrease in the retention of the substrate. Hence, 

where normally in the case of wild type, 16.8 % of the substrate is retained, in this 

mutant, only 9.7 % of the substrate is retained. An increase in the hydrophobicity can 

be attributed the reason for the increase in the forward reaction. 

4.3.7.4 Histidine 51 and Tryptophan 61 (H51F and W61L) 

The Histidine at the 51st position and Tryptophan at the 61st position are quite 

conserved across various species. While H51 is found to be involved in H-bond 

formation with the substrate at the C10 position, W61 and A302 envelop the binding 

site pocket. Mutations at H51 to phenylalanine, replacing the heterocyclic ring of 

histidine with the aromatic ring in phenylalanine and W61 to leucine, removing the 

aromatic ring of tryptophan, caused almost an 8 % increase in the formation of the di-

aldehyde. Whilst these two mutants had the exact same effect on the di-aldehyde 

formation, their influence on substrate retention was quite divergent. The former 

caused only a marginal decrease in substrate retention, whereas, the latter decreased 

the substrate percentage by 3.7 times (4.6 %), the lowest among all mutants. In the 

case of the W61L mutant, 95.4 % of the substrate was converted to products. These 

results indicate that when a bulkier group like tryptophan is replaced by the lighter 

leucine, the interaction between the substrate and the protein increases substantially to 

push higher product formation. 
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Figure 4.3.11 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_H51F Assay, D. Cr10HGO_W61L; 10-oxogeraniol (1), 10-
hydroxygeraniol (2), 10-oxogeranial (3), 10-hydroxygeranial (4). 
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4.3.7.5 Threonine 170 (T170A) 

In the case of the mutant T170A, where the replacement of threonine with 

alanine caused demethylation and dehydration of a 2° alcohol, the formation of 10- 

 

Figure 4.3.12 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_T170A Assay; 10-oxogeraniol (1), 10-hydroxygeraniol (2), 10-
oxogeranial (3), 10-hydroxygeranial (4). 
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oxogeranial increases from 20.9 % to 33.7 %. The threonine residue at this position 

belongs to the dinucleotide binding domain, interacting with the NADP+ molecule. 

The mutation causes a drastic change in polarity, which affects the interaction of the 

protein with the substrate and co-factor. At the same time, the amount of substrate 

contributing to the product profile dropped from 16.8 % to 9 %. Of all the mutations 

carried out in this study, T170A resulted in diverting the highest flux towards 10-

oxogeranial (33.7 %). 

Table 4.3.1 Product profiles of assays of Cr10HGO wild type and mutants with 10-
hydroxygeraniol. 

		
Peak 1 : 10-
oxogeraniol  

Peak 2 : 10-
hydroxygeraniol  

Peak 3 : 10-
oxogeranial 

Peak 4 : 10-
hydroxygeranial  

Rt: 12.802 Rt: 13.033 Rt: 13.308 Rt: 13.921 
Cr10HGO WT 49.5 % 16.8 % 20.9 % 12.8 % 

Cr10HGO M1 H55N 49.2 % 17.1 % 20.7 % 13.0 % 

Cr10HGO M2 H55F 25.0 % 28.1 % 15.6 % 31.4 % 

Cr10HGO M3 V277T 57.2 % 7.2 % 15.5 % 20.1 % 

Cr10HGO M4 A279S 29.8 % 33.7 % 14.9 % 21.6 % 

Cr10HGO M5 N115H 8.8 % 75.6 % 2.6 % 13.0 % 

Cr10HGO M6 N115L 48.4 % 17.0 % 19.7 % 14.9 % 

Cr10HGO M7 H51F 45.2 % 13.6 % 28.5 % 12.8 % 

Cr10HGO M8 S256Y 47.8 % 14.7 % 24.1 % 13.4 % 

Cr10HGO M9 T170A 43.6 % 9.0 % 33.7 % 13.7 % 

Cr10HGO M10 W61L 52.3 % 4.6 % 28.5 % 14.6 % 

Cr10HGO M11 S301A 0.0 % 74.3 % 0.0 % 25.7 % 

Cr10HGO M12 A302F 51.5 % 6.9 % 24.5 % 17.1 % 

Cr10HGO M13 C98A 48.4 % 9.7 % 26.9 % 15.0 % 

Cr10HGO M14 Y116F 54.8 % 9.3 % 22.0 % 13.9 % 

Cr10HGO M3+M12 24.2 % 66.7 % 1.8 % 7.4 % 

Cr10HGO M3+M10 31.7 % 51.2 % 2.5 % 10.7 % 

4.3.8 Double Mutants 

Based on the low substrate retention, two double mutants were designed by 

combining a) V277T and W61L and b) V277T and A302F, to check if these double 

mutations would help in completely eliminating the substrate from the profile.  
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Figure 4.3.13 Total Ion Chromatograms (TICs) of A. Substrate Control, B. Cr10HGO Wild 
Type Assay, C. Cr10HGO_DM1 Assay, D. Cr10HGO_DM2 Assay; 10-oxogeraniol (1), 10-
hydroxygeraniol (2), 10-oxogeranial (3), 10-hydroxygeranial (4). 
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As is evident form the product profiles that three mutants showed the lowest 

substrate presence in the ratio, namely V277T (7.2 %), W61L (4.6 %) and A302F (6.9 

%). In an attempt to completely nullify the presence of the substrate completely, 

which may contribute to an increase in the final product formation, we thought of 

combining these changes to obtain a combined activity. Hence two double mutants, 

namely V277T+W61L (DM1) and V277T+A302F (DM2) were prepared. We 

expected to see complete elimination of the substrate in the final product profile, but, 

as a consequence, these double mutants increased the substrate retention to 51.2 % 

and 66.7 %, respectively (Figure 4.3.13), these being the highest substrate retaining 

enzymes of all the mutants. Although the individual mutant V277T showed high 

substrate conversion, when combined with W61, the pushing of the substrate due to 

increase in the size from valine to threonine is enhanced due to the increase in the 

cavity size due to W61L, causing the substrate to get further displaced and hence 

causing a decrease in the activity. In the second case, since V277 and A302 are 

present towards the same end of the substrate (10C position), the decrease in cavity 

size triggered due to replacement of both residues by bulkier groups causes to push 

the substrate in the opposite direction, which once again displaces the substrate and 

causes a disruption in its interactions with the enzyme. 

4.3.9 Substrate Specificity Studies 

Cr10HGO wild type and some of the mutants were studied for their substrate 

specificity with a host of substrates, namely, geraniol, farnesol, nerol, α-bisabolol, α-

santalol, β-citronellol, chrysanthemol, eugenol, linalool and menthol.  

Table 4.3.2 Substrate specificity study of Cr10HGO wild type and mutants 

 

 
WT W61L C98A N115H H51F T170A 

Geraniol 88.7 % 83.5 % 86.9 % 100.0 % 80.9 % 68.7 % 

Geranial 16.3 % 16.5 % 13.1 % 0.0 % 19.1 % 31.3 % 

Farnesol 96.6 % 94.7 % 96.4 % 100.0 % 95.7 % 91.7 % 

Farnesal 8.4 % 5.3 % 3.6 % 0.0 % 4.3 % 8.3 % 

Nerol 89.4 % 66.0 % 66.6 % 100.0 % 53.0 % 59.4 % 
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Neral 10.6 % 

30.8 % 30.1 % 

0.0 % 

42.4 % 37.1 % 

Geraniol: 
2.1 % 

Geraniol: 
1.9 % 

Geraniol: 
0.5 % 

Geraniol: 
2.0 % 

Geranial: 
1.1 % 

Geranial: 
1.5 % 

Geranial: 
4.1 % 

Geranial: 
1.5 % 

β -Citronellol No 

activity 

95.4 % 93.5 % 100.0 % 92.4 % 94.8 % 

β -Citronellal 4.6 %  6.5 % 0.0 % 7.6 % 5.2 % 

Chrysanthemol No 

activity 

95.4 % 95.4 % 100.0 % 94.6 % 95.1 % 

Chrysanthemal 4.6 % 4.6% 0.0 % 5.4 % 4.9 % 

 

While Cr10HGO wild type only reacted with the linear alcohols, geraniol, 

farnesol and nerol, converting them to their respective aldehydes, the case with the 

mutants was quite different (Table 4.3.2). 

The mutant N115H did not show significant activity with any of the 

substrates, which agrees with the fact that it had very low activity with the native 

substrate as well. Whereas, the other mutants, such as W61L, C98A, H51F and 

T170A, all showed activity with geraniol, farnesol, nerol, β-citronellol and 

chrysanthemol. In the case of nerol as substrate, all the mutants produced geraniol and 

geranial in addition to neral which is not observed in case of the wild type protein. 

The mutant T170A instigated maximum conversion of geraniol (31.3 %) and farnesol 

(8.3 %) to their respective aldehydes, while the mutant H51F converted nerol (47 %), 

β-citronellol (7.6 %) and chrysanthemol (5.4 %) to the maximum extent. All these 

results point towards the fact that an increase in hydrophobicity favors the effective 

conversion of alcohol group to aldehyde. 

4.3.10 Kinetic characteristics of the Cr10HGO mutants 

Table 4.3.3 Steady state kinetics values of Cr10HGO mutants 

  

Km  

(µM) 

Vmax  

(µM/sec) 

Kcat  

(sec-1) 

10HGO 
Wild type 

NADP+ 1.50 0.019 3.63 
Substrate 1.34 0.020 3.88 

10HGO_M5  
N115H 

NADP+ 6.05 0.018 3.51 
Substrate 6.67 0.019 3.70 
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10HGO_M7  
H51F 

NADP+ 1.65 0.017 3.31 
Substrate 2.03 0.019 3.70 

10HGO_M9  
T170A 

NADP+ 1.88 0.052 10.12 
Substrate 2.06 0.044 8.56 

10HGO_M10  
W61L 

NADP+ 2.02 0.083 16.15 
Substrate 2.03 0.074 14.40 

10HGO_M11  
S301A 

NADP+ 4.03 0.052 10.12 
Substrate 4.18 0.054 10.51 

10HGO_M13  
C98A 

NADP+ 2.32 0.060 11.67 
Substrate 2.12 0.065 12.65 

 

The mutant N115H showed very less activity with the natural substrate, 10-

hydroxygeraniol. This observation finds support in the kinetic data of the enzyme, 

where the mutant is shown to possess a high Km of 6.67 µM (substrate) and 6.05 µM 

(NADP+). The mutant S301A, which also shows reduced activity, has higher Km 

values as compared to the wild type protein. However, the Vmax and turnover numbers 

of these two mutants are the same or slightly lower than those of the wild type. The 

kinetic constants for the other mutants, namely, N115H, H51F, T170A, W61L and 

C98A are all higher than those of the wild type, with the mutant W61L having highest 

Vmax values (0.083 µM/sec for NADP+ and 0.074 µM/sec for substrate), 

supplementing its prominent activity (Table 4.3.3). These kinetic parameters also 

support the higher activity of these mutants with the other substrates such as geraniol, 

nerol, farnesol, etc, when compared to the wild type. 
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4.4 Discussion 

Alcohol dehydrogenases are NADP+- or NAD+- dependent oxidoreductase 

enzymes, which carry out reversible reduction of ketones and aldehydes. In this study 

also, Cr10HGO is an oxidoreductase, which catalyzes the reversible reaction(s) 

between four substrates, 1-hydroxygeraniol, 10-oxogeraniol, 10-hydroxygeranial and 

10-oxogeranial. We have performed the site directed mutagenesis of residues present 

in active site cleft so that the flux of this reaction can be directed more in forward 

direction for the formation of the di-aldehyde, this would cause a potential increase of 

flux in the pathway. Similar studies have been performed in the case of the isozymes 

of Horse Liver Alcohol Dehydrogenases (HLADH)20, and observed that small 

variation in the amino acid sequences of the two isozymes played a crucial role in 

differing their substrate specificities21. This attribution of difference in susbstrate 

specificity with differences in the active site pocket residues was also explicitly 

described while studying the crystal structure of Arabidopsis cinnamyl alcohol 

dehydrogenases22. In order to alter the substrate specificity, site-directed mutagenesis 

has been widely used on alcohol dehydrogenases from a range of sources23-26. 

Ben-David, Lynn Kamerlin and co-workers have described in their study27 

how manipulating the active site hydrophobicity of enzymes, their substrate 

specificities can be altered. This deduction was based on the saturation mutagenesis 

carried out on a tryrosine residue in the active site pocket. Studies on altering 

substrate specificity concerned with branched chain alcohols was conducted by 

Benner and co-workers28 to identify residues affecting the activity of yeast alcohol 

dehydrogenases and demonstrated that, W54L showed better activity with straight 

chain than branched alcohols. However, mutation to corresponding residue in 

Cr10HGO to W61L resulted in the highest substrate conversion, with a substantial 

increase in the formation of the desired di-aldehyde product, 10-oxogeranial.  

A study on the proton/ hydride transfer pathways in liver alcohol 

dehydrogenase shed light that H51 and S48 were the residues most likely to affect the 

proton/ hydride transfers29. The residues R47, D49, D50, E267, R363 and R369, all 

interact with H5129. H51 is also one of the residues found in the active site of Yeast 

alcohol dehydrogenase, along with T45, H48 and D5330. Any change at H51 position 

would influence coenzyme binding and further trigger changes in the catalytic 
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activity. As expected, when this residue was mutated to phenylalanine, there was a 

notable change in the product profile, which illustrates the importance of this residue 

in Cr10HGO as well.     

In the alcohol dehydrogenase family of enzymes, the residues W54, L116, 

M270, I290 were specified by Branden et al.31, as side chains that could be altered in 

order to improve activity because of their location at the entrance of the active site. In 

Cr10HGO, N115 was mutated to L115 (N115L), but this mutant did not show much 

change in activity of the protein. In the cases of Horse Liver alcohol dehydrogenase 

and Yeast alcohol dehydrogenase, the corresponding residue at 116 is already a 

Leucine residue. This mutant of Cr10HGO (N115L) emphasizes that the change from 

Asparagine to Leucine does not cause a notable change in the activity of the protein. 

However, when this residue (N115) was mutated to Histidine (N115H), the activity of 

the protein was substantially decreased (only 24.4 % of the substrate was converted to 

products). Following this mutation, the active site cavity was increased due to 

replacement of a bigger residue by a smaller one, increasing the polarity and altering 

the hydrophobicity of the active site. However, either a saturation mutagenesis at this 

position and comparison with the role of this residue in other alcohol dehydrogenases 

would put us in a better position to ascertain its effect on the activity of the protein. 

The mutations carried out at the identified residues of Cr10HGO played with 

the hydrophobicity of the active site pocket and we were able to perceive how this 

change in polarity directly affected the activity of the protein.  
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4.5 Conclusion 

In order to establish the structure-function relationship, we have identified 12 

amino acids present in the active site pocket. Functional characterization of the 14 

mutants generated from these amino acids suggests the crucial role in the catalysis of 

Cr10HGO (Figure 4.4.1). The mutants S301A and reduce the activity of the enzyme 

to a substantial amount. Serine at 301st position and asparagine at the 115th are highly 

conserved residues among alcohol dehydrogenases across the species. When these 

residues were replaced with smaller residues, the activity showed a sudden decline, 

probably not allowing for enough interactions between the substrate and the mutated 

residues in the enzyme. Furthermore when T170, C98 and W61 were replaced with 

residues smaller than present, alanine and lysine, respectively, the activity was once 

again affected. In this case, the formation of the di-aldehyde metabolite, 10-

oxogeranial, shows an increase. The residues W61 and A302 envelop the binding site 

pocket and the mutations W61L and A302F, causing a change in the hydrophobicity 

greatly affect the forward reaction.  

 

Figure 4.5.1 Total Ion Chromatograms (TICs) of Cr10HGO_WT, Cr10HGO_M5, 
Cr10HGO_M7, Cr10HGO_M9, Cr10HGO_M10, Cr10HGO_M11 and Cr10HGO_M13; 10-
oxogeraniol (1), 10-hydroxygeraniol (2), 10-oxogeranial (3), 10-hydroxygeranial (4). 
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As can be evident from both the different scenarios, replacement of the highly 

conserved residues with smaller amino acids affects the interaction of the substrate 

and the protein, which in turn affects the activity of the protein. The results observed 

indicate that an increase in the hydrophobicity surrounding the active site pocket 

greatly favors the reaction in the forward direction, and hence enhances the 

percentage formation of the di-aldehyde, 10-oxogeranial. The kinetic parameters of 

these significant mutants are in well agreement with the characteristics of their 

product profile. Conclusively, mutation of Cr10HGO so as to increase the production 

of 10-oxogeranial facilitates higher substrate availability for the next enzyme in the 

Iridoid biosynthetic pathway, which would substantially increase the flux of iridoid 

formation. 

 

Figure: 4.5.2 Mutated amino acid positions around the substrate 10-hydroxygeraniol and 
NADP+. 
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Chapter 5 

Engineering of iridoid synthase (CrIDS) by site-

directed mutagenesis to understand its activity 

profile 

 
Iridoid synthase (CrIDS) is an NADPH-dependent enzyme, belonging to a class of 

monoterpene indole cyclases, which utilizes the linear 10-oxogeranial as a substrate 

and through a sequential reduction and cyclization, produces an equilibrium mixture 

of nepetalactols and iridoids, the final product in iridoid biosynthesis. In an attempt to 

establish the structure-function relationship, a homology model of CrIDS was built 

and used for docking studies. Based on amino acid interaction with the substrate (10-

oxogeranial) in active site pocket, 6 residues were identified and 10 mutations were 

designed. Analysis of these mutants revealed that I38A did not have much effect on 

the activity of the enzyme, whereas the mutation at Y156 (replacing tyrosine with 

phenylalanine) reduced the product (1R, 4aS, 7S, 7aR)-nepetalactol to a notable 

extent. On the other hand, the mutants F175M and M211A increased the ratio of (1R, 

4aS, 7S, 7aR)-nepetalactol in the product pool to 17 folds. Depending on these results, 

another 4 mutations were designed, M211F, M211S, M211K and M211H, which 

increased the desired stereospecific product formation substantially. These site-

directed mutagenesis studies established the importance of the methionine at the 211th 

position for the determination of product profile of CrIDS. These studies would 

greatly benefit in increasing the flux towards secologanin formation.   
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5.1 Introduction  
Iridoids are a class of monoterpenoids that are distinctly bicyclic in nature and 

are found in a wide family of plants like Apocynaceae, Loganiaceae, Rubiaceae, 

Lamiaceae, etc. and some animal species. They are mostly known to occur as 

glycosides in plants, i.e., bound to glucose. Iridoids possess a range of significant 

biological and pharmacological activities like Geniposidic acid from Alibertia 

myrcifolia serves as an antifungal agent, Phlomiol from Eremostachys laciniata as an 

anti-bacterial agent, the anti-cancer agent, Acevaltrate from Valeriana glechomifolia 

and Catalpol from Rahmannia glutinosa, an anti-hyperglycemic agent1,2. Paederia 

scandens, a Rubiaceae plant, produces paederoside, an iridoid glycoside that acts as a 

potent restraint against the ladybird beetle3,4. The anti-inflammatory activities of 

several iridoid glycosides reptoside5, boschnaloside6, 8- epideoxyloganic acid7, etc 

have been well studied. 

Iridoids are made up of a six-membered ring containing an oxygen, bound to a 

cyclopentane ring. The iridoid skeleton is formed by the cyclisation of 10-

oxogeranial, which is biosynthesized from geraniol through 10-hydroxygeraniol to 

yield iridodials. Further, iridodial is subsequently oxidised into iridotrial. 

Catharanthus roseus Iridoid synthase (CrIDS)8 is an NADPH-dependent enzyme, 

belonging to a class of monoterpene indole cyclases. The deduced amino acid 

sequence of CrIDS was found to have a calculated molecular weight of 43.69 kDa and 

pI 7.08, comprising 5-β progesterone reductase-like active site domain (positions 29–

326) and the NAD dependent epimerase/dehydratase family (positions 30–255). 

CrIDS utilizes the linear 10-oxogeranial as a substrate and by a sequential reduction 

and cyclization, produces an equilibrium mixture of nepetalactols and iridoids, the 

ultimate product in iridoid biosynthesis. This cyclization leading to the formation of 

the basic iridoid skeleton is a very significant step in the biosynthesis of strictosidine, 

which is the precursor for the formation of a number of pharmaceutically valuable 

potent drugs like quinine, camptothecin, ajmalicine, serpentine, vinblastine and 

vincristine9.  

In order to carry out the structure-function studies of Catharanthus roseus 

Iridoid synthase (CrIDS), site-directed mutagenesis of the residues that seem to be 

affecting the catalytic site pocket were carried out and studied.   
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5.2 Materials and Methods 

5.2.1 Computational modeling and docking 

Homology model of Iridoid synthase (CrIDS) was built using the co-ordinates 

of Progesterone 5β-Reductase from Digitalis lanata10 as template using Schrodinger-

Maestro 1.6. The lowest energy structures were validated using Ramachandran plot. 

Reaction substrates were constructed using ChemBioDraw Ultra 13.0 for docking 

studies. To determine the amino acid interactions involved in the product formation, 

docking was performed using the substrate, 10-oxogeranial and images were 

generated by PYMOL (v.1.6). 

5.2.2 Site–Directed mutagenesis 

All the mutation reactions were carried out with a pET32a expression vector 

(Invitrogen) harboring the coding sequence for Iridoid synthase as a template8. The 

mutants were generated using the QuikChange Lightning site directed mutagenesis kit 

from Agilent according to the manufacturer’s instructions. The mutagenesis reaction 

mixtures were transformed into Escherichia coli XL10 Gold Cells and plated onto 

Luria Bertani agar plates containing ampicillin. Individual colonies were picked and 

grown under selection. Plasmid DNA was then isolated and the mutant clones were 

identified by sequencing. The mutagenic primers (with mutagenic bases shown in 

boldface and underlined), which were designed on the basis of homology-based 

model of CrIDS, are listed in the table 5.2.1. 

Table 5.2.1. Primers for CrIDS site-directed mutagenesis. The mutagenesis bases are shown 
in red. 

 

CrIDS_M1 
IDS_I38A_FWD GGAGTCACCGGCGCTGTTGGCAGCAGT 

IDS_I38A_REV ACTGCTGCCAACAGCGCCGGTGACTCC 

CrIDS_M2 
IDS_W107F_FWD TTCTATGTTTCTTTTATTGGATCAGAA 

IDS_W107F_REV TTCTGATCCAATAAAAGAAACATAGAA 

CrIDS_M3 
IDS_K144L_FWD CAAACAGGAATCCTACATTATTTTGGT 

IDS_K144L_REV ACCAAAATAATGTAGGATTCCTGTTTG 
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CrIDS_M4 
IDS_F175M_FWD AATGTCCAAAATATGTACCATGATCTT 

IDS_F175M_REV AAGATCATGGTACATATTTTGGACATT 

CrIDS_M5 
IDS_Y176F_FWD GTCCAAAATTTCTTCCATGATCTTGAA 

IDS_Y176F_REV TTCAAGATCATGGAAGAAATTTTGGAC 

CrIDS_M6 
IDS_M211A_FWD CCATGTAGTATGGCGAACATTGTCAGT 

IDS_M211A_REV ACTGACAATGTTCGCCATACTACATGG 

CrIDS_M7 
IDS_M211F_FWD CCATGTAGTATGTTCAACATTGTCAGT 

IDS_M211F_REV ACTGACAATGTTGAACATACTACATGG 

CrIDS_M8 
IDS_M211S_FWD CCATGTAGTATGAGCAACATTGTCAGT 

IDS_M211S_REV ACTGACAATGTTGCTCATACTACATGG 

CrIDS_M9 

IDS_M211L_FWD CCATGTAGTATGAAGAACATTGTCAGT 

IDS_M211L_REV ACTGACAATGTTCTTCATACTACATGG 

CrIDS_M10 

IDS_M211H_FWD CCATGTAGTATGCATAACATTGTCAGT 

IDS_M211H_REV ACTGACAATGTTATGCATACTACATGG 

 

5.2.3 Heterologous expression and purification of CrIDS mutants 

pET32a vector harboring CrIDS mutants were expressed and purified as done 

earlier8. Expression was carried out in Rosetta2 (DE3) cells, cells were grown in 

Terrific Broth at 37 °C and induced with IPTG at a final concentration of 1mM and 

incubated for 12 hours at 16 °C. After the induction, the culture was harvested by 

centrifugation at 4500 × g for 20 minutes. The cell pellet (5 g/L) was re-suspended in 

10 mL/g of cell pellet of Lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 0.5 % 

CHAPS, pH 8.0, 10 % v/v Glycerol) with 1 mg/mL concentration of lysozyme and 

100 µL/5 mL of protease inhibitor cocktail from Sigma and incubated on ice for 30 

minutes. After the incubation period, the cells were sonicated with a pulse of 30 sec 

ON and 30 sec OFF for 10 cycles. The sample was then centrifuged at 5,000 × g for 

10 minutes at 4 °C. The crude lysate was purified using Ni-NTA column (2 mL resin / 
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g cell pellet). The protein was finally eluted out in the elution buffer (50 mM 

NaH2PO4, 300 mM NaCl, pH 8.0, 250 mM Imidazole, 10 % v/v Glycerol) each. 

Purified protein fractions (after checking on 12 % SDS gel) were pooled together and 

desalted on Hi-PrepTM 26/10 Desalting Columns with desalting buffer (20 mM 

MOPS, pH 8.0, 10 % v/v Glycerol) using AKTA (GE Healthcare). The desalted 

proteins were estimated using Bradford reagent (Bio-Rad) and a Bovine Serum 

Albumin standard. 

5.2.4 Enzymatic characterization and product analysis 

CrIDS was assayed for its activity using 100 µg purified protein and 1 mM 10-

oxogeranial as the substrate in 500 µl MOPS Buffer (20 mM MOPS, 10 % v/v 

Glycerol, pH 7.0) at 30 °C for 2 hours. Assay mixtures were extracted with 

dichloromethane (DCM). The combined organic phase was dried over sodium 

sulphate, reduced to ~50 µL with a stream of dry nitrogen and subjected to GC and 

GC-MS analyses for product characterization by comparing with authentic standards. 

1 µL of the extract was injected onto a 30 m × 0.25 mm × 0.25 µm HP-5 capillary GC 

column with a temperature gradient from 60 to 120 °C at 20 °C per min, followed by 

a temperature gradient from 120 to 170 °C at 2.5 °C per min and a final temperature 

gradient from 170 to 190 °C at 20 °C per min, with a final hold temperature for 2.5 

min. For better resolution, the M211 mutants were analyzed on the following 

temperature program: 60 to 120 °C at 5 °C per min, followed by a temperature 

gradient from 120 to 135 °C at 1 °C per min and a final temperature gradient from 

135 to 190 °C at 20 °C per min, with a final hold temperature for 2.5 min. 

5.2.5 Determination of kinetic parameters of CrIDS mutants 

Steady-state kinetics was performed in 20 mM MOPS, 10 % v/v Glycerol, pH 

7.0 at 30 °C with varying substrate concentrations, ranging from 1 to 100 µM with 

saturation concentration of cofactor, NADPH (200.0 µM), using 5 nmoles of the 

enzyme, and vice versa. The reactions were followed by measuring changes in 

NADPH concentrations at 340 nm. The kinetic data were fitted with the Graph Pad 

Prism software and the kinetic parameters calculated using Michaelis-Menten plots.  
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5.3 Results  

5.3.1 Homology modeling and docking 

The CrIDS amino acid sequence displays 59 % sequence identity with 

Progesterone 5-β-reductase from Digitalis lanata (PDB ID: 2V6F10). As mentioned, 

the deduced amino acid sequence of CrIDS was found to have a calculated molecular 

weight of 43.69 kDa and pI 7.08, comprising 5-beta progesterone reductase-like 

active site domain (positions 29–326) and the NAD dependent epimerase/dehydratase 

family (positions 30–255). To understand the basis of the product profile of CrIDS, 

homology based model was built using co-ordinates of Progesterone 5-β-

reductase from Digitalis lanata (PDB ID: 2V6F) as a template, based on an overall 

sequence similarity of 59 %, using Schrodinger (Figure 5.3.1). 

A  

B  

Figure 5.3.1 A. Homology model of Iridoid synthase (CrIDS) built using co-ordinates of 
Progesterone 5β-Reductase from Digitalis lanata as a template. B. 10-oxogeranial docked 
with CrIDS model.  
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The homology model of CrIDS was validated using Ramachandran plot with 

default parameters. Ramachandran PROCHEK validation tools suggested that 282 

residues (87.3 %) of the modeled CrIDS were present in the most favored region, 

whereas 32 residues (9.9 %) were present in the additional allowed regions. There 

were only 2 residues (0.6 %) present in the disallowed region (Figure 5.3.2). This 

result clearly suggests that the model built is satisfactory and can be used for further 

docking studies. 

  

Figure 5.3.2: Ramachandran Plot of the built model of CrIDS, showing maximum residues 
(90.1 %) in the most favored region  

5.3.2 Mechanism of action of CrIDS on 10-oxogeranial 

CrIDS acts on the di-aldehyde, 10-oxogeranial, converting it into an 

equilibrium mixture of cis-trans-iridodials and cis-trans-nepetalactols. CrIDS is an 

NADPH dependent enzyme, and is active only in its presence. Iridoids are basically a 

type of cyclopentanopyrans, i.e., they are bicyclic cis-fused cyclopentane-pyrans 

found in numerous plants and a few animals. In the wild-type assay of CrIDS, 4 

distinct peaks can be observed (Figure 5.3.3), of which the first 3 are the mixtures of 

cis-trans-iridodials and cis-trans-nepetalactols, and the fourth peak represents 
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nepetalactol, particularly, (1R, 4aS, 7S, 7aR)-nepetalactol (21.7 %), which is utilized 

in further reactions in the pathway. 

 

Figure 5.3.3: CrIDS mediated reaction in C. roseus for biosynthesis of iridoids (top) and 
product profile of CrIDS enzyme assay (bottom); Peaks 1,2 and 3: Cis-trans-iridoids/ cis-
trans-nepetalactols, Peak 4: (1R, 4aS, 7S, 7aR)-nepetalactol. 

5.3.3 Site-directed mutagenesis and characterization 

In order to understand catalytic determinants of CrIDS, 6 residues were 

identified based on their interactions with the docked substrate as well as co-factor 

(NADPH) and mutations were designed. After incorporating the site-specific 

mutations, the CrIDS mutants were expressed in E. coli Rosetta 2(DE3) cells and the 

purified proteins were assayed for their activity with 10-oxogeranial as substrate, in 

the presence of NADPH as the co-factor (Figure 5.3.4). The products of the reaction 

were analyzed on a GC fitted with HP-5 capillary column. Taking into account the 

initial results, 4 additional mutations were designed and studied as before. 
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Figure 5.3.4: Homology model of CrIDS showing amino acid interactions with the substrate. 

5.3.4 Heterologous expression and purification of CrIDS mutants 

Protein expression was carried out in Rosetta2 DE3 cells. The recombinant 

protein of CrIDS in pET32a was expressed and purified as discussed earlier. The 

purified protein fractions resulted in bands at 61.5 kDa on a 12 % SDS-PAGE (Figure 

4.3.5). The purified fractions were desalted, flash-frozen and stored at -80 °C till used. 

The product profiles of all the mutants are summarized in Table 5.3.1. 
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Figure 5.3.5: SDS gel images of CrIDS mutants’ protein purification (M. Wt: 61.5 KDa). 

5.3.5 Residues showing a sharp decline in the activity of CrIDS 

Of the 10 mutations carried out, almost all of them seemed to significantly 

affect the activity of the protein. 

5.3.5.1 Tyrosine 176 (Y176F) 

As is characteristic in short-chain dehydrogenase/reductase (SDRs) 

superfamily, progesterone reductases possess a catalytic triad comprising Tyr/ Lys/ 

Ser11, which seemed to be lacking in the case of CrIDS. However, the residue Tyr176 

was found to be present in CrIDS, where it played a crucial role in the stability of the 

enzyme as the –OH of tyrosine was found to be involved in a hydrogen-bond 

formation with NADPH. Also, this tyrosine was near the 10-CHO of the substrate. 
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Figure 5.3.6: Total Ion Chromatograms (TICs) of A. Substrate Control, B. CrIDS Wild Type 
Assay, C. CrIDS_Y176F Assay, 1-3: Cis-trans-iridodials and cis-trans-nepetalactols, 4: Cis-
trans-nepetalactol. 

It is also predicted to be involved in rotation about C4-C512, so as to enable 

cyclization and lactol production, leading to the formation of the final product, 

nepetalactol. The significance of Tyr176 was emphasized when tyrosine was replaced 
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with phenylalanine, which has a similar backbone, except for an –OH group, thus 

causing an increase in hydrophobicity and eliminating the group that was involved in 

the interactions. Upon enzymatic characterization, it was observed that the activity of 

CrIDS was drastically reduced, also affecting the formation of nepetalactol. 

5.3.6 Residues not significantly affecting the activity 

 

Figure 5.3.7: Total Ion Chromatograms (TICs) of A. Substrate Control, B. CrIDS Wild Type 
Assay, C. CrIDS_I38A Assay; 1-3: Cis-trans-iridodials and cis-trans-nepetalactols, 4: Cis-
trans-nepetalactol. 
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Isoleucine at the 38th position (I38) is found to be positioning NADPH for 

CrIDS catalysis near the 1-CHO end of the substrate. One would expect any change in 

this residue to affect the activity profile of CrIDS, but surprisingly, the mutant I38A 

seemed to cause but a little change in the activity profile. This difference can be 

attributed to the incorporation of a smaller residue and a minute increase in polarity. 

5.3.7 Residues involved in the enhanced formation of nepetalactol 

Cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol is formed by the 

cyclization of 10-oxogeranial by the enzyme Iridoid synthase (CrIDS). The 

downstream enzyme to complete the secologanin biosynthetic pathway, and in turn 

the strictosidine and vinblastine/ vincristine pathways further utilizes this nepetalactol. 

It, however, forms only a portion of the product profile of CrIDS. If the formation of 

this metabolite could be enhanced, it would greatly aid in affecting the flux of the 

pathway. Some residues were identified in CrIDS, mutations of which led to an 

enhancement in the ratio of this metabolite, which would in turn, would enhance the 

further reactions of the pathway. 

5.3.7.1 Lysine 144 (K144L) 

The crystal structure of Progesterone 5-β-reductase (P5βR-Dl) from D. lanata 

exemplifies that the protein belongs to short-chain dehydrogenases/ reductases, which 

can be said in the case of Iridoid synthase also. In the case of P5βR-Dl, the residue 

K147 is present in its active site and is the part of novel sequence motifs. This is 

analogous to K144 in CrIDS, which is present in the hydrophobic active site pocket 

surrounding NADPH, near the 10-CHO end of the substrate. When this residue was 

mutated to the linear hydrophobic leucine (K144L) residue, an increase in 

hydrophobicity was caused and there was a 25 % increase cis-trans-nepetalactol / (1R, 

4aS, 7S, 7aR)-nepetalactol (Figure 5.3.8). This may due to the removal of the –NH2, 

which causes for a better interaction between the substrate and the now –CH2 group in 

the enzyme at the 144th position.  
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Figure 5.3.8: Total Ion Chromatograms (TICs) of A. Substrate Control, B. CrIDS Wild Type 
Assay, C. CrIDS_K144L Assay; 1-3: Cis-trans-iridodials and cis-trans-nepetalactols, 4: Cis-
trans-nepetalactol. 
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5.3.7.2 Tryptophan 107 (W107F) 

 

Figure 5.3.9: Total Ion Chromatograms (TICs) of A. Substrate Control, B. CrIDS Wild Type 
Assay, C. CrIDS_W107F Assay; 1-3: Cis-trans-iridodials and cis-trans-nepetalactols, 4: Cis-
trans-nepetalactol. 

In addition to the Y176 and K144, the nicotinamide ring of NADP+ is found to 

be buried in a hydrophobic pocket with the residues W107, F175, M211 and F34013. 

These residues are highly conserved in the binding pocket. Naturally a change in the 

highly conserved W107 would cause a change in the activity of the protein. When this 
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residue was mutated to phenylalanine (W107F), there was a 51 % increase in cis-

trans-nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol, resulting in 32.8 % of this 

product. The smaller size of the phenylalanine introduced (in comparison with 

tryptophan) would also increase the cavity size. 

5.3.7.3 Phenylalanine 175 (F175M) 

 

Figure 5.3.10: Total Ion Chromatograms (TICs) of A. Substrate Control, B. CrIDS Wild 
Type Assay, C. CrIDS_F175M Assay; 1-3: Cis-trans-iridodials and cis-trans-nepetalactols, 4: 
Cis-trans-nepetalactol. 

As mentioned earlier, F175 is another residue present in the hydrophobic 

pocket surrounding NADPH. This residue, present near the 10-CHO end of the 

substrate, was mutated to methionine (F175M) and resulted in a 70 % increase in the 
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formation of cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol. This mutation 

suggests that the aromatic ring of phenylalanine seems to have a great impact on the 

interaction between the substrates and protein and hence the change in product ratio. 

Also, the thiol group introduced because of methionine may be responsible for this 

increase. 

5.3.7.4 Methionine 211 (M211A, M211F, M211S, M211K, M211H) 

 
Figure 5.3.11: Total Ion Chromatograms (TICs) of A. Substrate Control, B. CrIDS Wild 
Type Assay, C. CrIDS_M211A Assay; 1-3: Cis-trans-iridodials and cis-trans-nepetalactols, 
4: Cis-trans-nepetalactol. 

Methionine 211 is another one of the residues which is highly conserved and 

present in the hydrophobic pocket surrounding NADPH. A change at this position 

from methionine to the smaller residue alanine (M211A) resulted in a 72 % increase 

in the formation of cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol. Once 
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again, replacement by a smaller residue seems to have enhanced our desired product 

formation. As the change at this residue caused highest formation of our desired 

product, which would in turn increase the flux towards the subsequent products of the 

pathway, four more mutations were designed at this position. 

 

Figure 5.3.12 Total Ion Chromatograms (TICs) of CrIDS Wild Type, CrIDS-M211F, CrIDS-
M211S, CrIDS-M211K and CrIDS-M211H. 

The non-polar linear chained Methionine-211 was mutated to the hydrophobic 

phenylalanine (M211F), which has an aromatic ring and this yielded a 107.4 % 

increase in the formation of cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol. In 

this change, the aromatic ring of phenylalanine may enhance the activity of the 

enzyme towards the formation of cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-

nepetalactol. In the case where the non-polar linear residue was replaced by the polar 

serine (M211S), this change was to the effect of 109.2 %. This residue was then 

mutated to the basic linear residue lysine (M211K) and histidine (M211H), which has 

a cyclopentane side chain. This yielded a 98 % and 105 % respective increase in the 

formation of our desired product. Serine is one of the amino acids normally forming a 

catalytic triad in most enzymes, mutation of which normally results in a drastic 

change in the activity of the enzyme. Although, serine was missing in the catalytic 

triad in this case, an introduction of serine in place of methionine, which is also an 



Chapter 5	

Krithika Ramakrishnan, Ph. D. Thesis, AcSIR, 2016	  
	

182 

essential residue present in the hydrophobic pocket enveloping NADP+, also caused a 

change in the activity of the enzyme. This fact emphasises on the importance of serine 

for the activity of the protein.  

Table 5.3.1 Product profiles of assays of CrIDS wild type and mutants with 10-oxogeranial. 

		
Peak 1  Peak 2  Peak 3  

Peak 4 : Cis-trans-
nepetalactol  

RT: 7.061 RT: 7.237 RT: 7.355 RT: 7.740 
CrIDS_WT 16.90 % 18.60 % 42.70 % 21.70 % 

CrIDS_M1_I38A 17.50 % 18.50 % 42.20 % 21.90 % 

CrIDS_M2_W107F 20.20 % 11.20 % 35.90 % 32.80 % 

CrIDS_M3_K144L 15.20 % 18.00 % 38.80 % 28.00 % 

CrIDS_M4_F175M 19.20 % 10.10 % 33.90 % 36.90 % 

CrIDS_M5_Y176F 10.40 % 30.20 % 44.60 % 14.80 % 

CrIDS_M6_M211A 13.40 % 17.40 % 31.80 % 37.40 % 

CrIDS_M7_M211F 16.80 % 9.30 % 28.90 % 45.00 % 

CrIDS_M8_M211S 17.50 % 9.00 % 28.10 % 45.40 % 

CrIDS_M9_M211K 17.80 % 9.50 % 29.80 % 43.00 % 

CrIDS_M10_M211H 17.60 % 8.80 % 29.10 % 44.50 % 

 

5.3.8 Kinetic characterization of the CrIDS mutants 

The mutant Y176F showed very less activity with the natural substrate, 10-

oxogeranial. This observation finds support in the kinetic data of the enzyme, where 

the mutant is shown to possess a high Km of 5.77 µM (substrate) and 5.26 µM 

(NADPH). In addition to this, their turnover number(s), Kcat, was very low, i.e., 0.3 

sec-1 (NADPH) and 0.61 sec-1 (substrate), in comparison with that of the wild type 

(9.70 sec-1 for NADPH and 10 sec-1 for substrate). The Km for all other mutants, 

especially the ones at Methionine-211, was lower than the wild type (Table 5.3.2).  

Table 5.3.2 Steady state kinetics values of CrIDS mutants. 

  

Km  

(µM) 

Vmax  

(µM/sec) 

Kcat  

(sec-1) 

CrIDS 

Wild type 

NADPH 4.33 0.032 9.70 

10-oxogeranial 4.49 0.033 10.00 
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CrIDS_M4  

F175M 

NADPH 2.38 0.005 1.52 

10-oxogeranial 2.01 0.025 7.58 

CrIDS_M5  

Y176F 

NADPH 5.26 0.001 0.30 

10-oxogeranial 5.77 0.002 0.61 

CrIDS_M6  

M211A 

NADPH 2.91 0.003 0.91 

10-oxogeranial 3.12 0.007 2.12 

CrIDS_M7  

M211F 

NADPH 1.53 0.007 2.12 

10-oxogeranial 1.16 0.009 2.73 

CrIDS_M8  

M211S 

NADPH 2.63 0.007 2.12 

10-oxogeranial 2.74 0.009 2.73 

CrIDS_M9  NADPH 0.77 0.011 3.33 

M211K 10-oxogeranial 0.83 0.111 3.64 

CrIDS_M10 NADPH 6.93 0.088 6.67 

M211H 10-oxogeranial 6.82 0.031 9.39 
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5.4 Discussion 

CrIDS belongs to a family of progesterone 5β -reductase (P5βR) family, 

which has been shown by way of transcriptome mining13. Although it might be 

confusing as it belongs to short chain dehydrogenases / reducatses family, sequence 

alignments and structural studies of various P5βRs suggests its diversification from 

SDRs. This P5βR family contains six other progesterone 5β-reductase genes from C. 

roseus. Due to this similarity of CrIDS with P5βR, homology model of CrIDS was 

built using the co-ordinates of Progesterone 5β-Reductase from Digitalis lanata to 

understand the catalytic mechanism. 

CrIDS, in the presence of NADPH, carries out the cyclization of 10-

oxogeranial to an equilibrium mixture of cis-trans-nepetalactol and iridodials8,14. In 

order to understand the structural determinants responsible for the formation of this 

mixture of products, we have manipulated the CrIDS active site pocket to cause a 

considerable change in this product ratio profile such that it leans more towards the 

formation of cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol using site-

directed mutagenesis of certain identified residues.  

A close observance into the SDR-specific catalytic triad residues15, Tyr/ Lys/ 

Ser, shows that the conserved motifs of this triad are missing in CrIDS. Although, in 

comparison with the crystal structure of P5βR from D. lanata, it can be predicted that 

the residue Tyr-176 might serve the purpose of the tyrosine in the triad. This Tyr-176 

is found to interact with the nicotinamide ring in both 17β-hydroxysteroid 

dehydrogenase type 116 and P5βR. Due to this interaction, we can say is the reason 

that the mutation at this position (Y176F) causes CrIDS to lose its activity to such an 

extent.  

Characteristically in SDRs there is a lysine residue, which is considered to be 

catalytically important in order to provide binding affinity for the co-factor10,17. In 

P5βR, the corresponding residue was identified as K147 and in the case of CrIDS as 

K144. When this residue was mutated to leucine (K144L) there was a substantial 

increase in the formation of cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol, 

which is quite surprising as previous reports suggested a loss in the activity of the 

protein when this lysine residue was mutated18,19. This variance cannot be explained 

without further detailed studies from various other related proteins. 
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Mutations at F175 and M211 further enabled us to obtain cis-trans-

nepetalactol / (1R, 4aS, 7S, 7aR)-nepetalactol in higher amounts than the wild type. In 

addition to the Y176 and K144 residues, these 2 residues (F175 and M211) have also 

previously been shown to affect the activity of the protein, upon modifications, as has 

been observed in the case of CrIDS as well10,19. 

The pharmaceutical significance of CrIDS poses its structural and mutational 

studies as a broad topic of interest. Our mutagenesis study has led us to the 

identification of essential residues governing the substrate specificity of CrIDS, which 

can be further manipulated for subsequent modification of the downstream 

metabolites of CrIDS. 
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5.5 Conclusion 

The main aim of carrying out directed mutagenesis of CrIDS was to identify 

the amino acids controlling the substrate specificity of the enzyme. Through these 

studies, it could be observed that Y176 is most essential for the activity of the 

enzyme, which distorted the activity of the enzyme greatly upon mutation. The 

residues F175 and M211 were responsible for the substrate specificity and product 

profile, selective mutations of which led to higher formation of cis-trans-nepetalactol. 

In the case of CrIDS, it was observed that an increase in polarity near the active site 

pocket favored the formation of cis-trans-nepetalactol / (1R, 4aS, 7S, 7aR)-

nepetalactol more than normally. The lactol ring formation of iridoids/ nepetalactol is 

a very essential step in secologanin biosynthesis as it forms the backbone of 

secologanin-derived alkaloids in Catharanthus roseus. Hence, these mutants would be 

of great value for the metabolic engineering of the vindoline pathway in C. roseus. 

Considering the therapeutic significance of iridoids and their metabolites, 

these studies can also be effectively put to use in the medical field for the selective 

production of desirable molecules. Multiple site mutations can also be further 

designed for enhancing the activity of CrIDS.   

 

Figure 5.5.1: Amino acids of CrIDS chosen for mutation, positioned around the substrate, 10-
oxogeranial and NADP+. 
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Chapter 6 

Screening and cloning of genes involved in the 

biosynthesis of secologanin from iridoid

 
Secologanin is a major intermediate in the formation of the potent anti-cancer agents, 

vincristine and vinblastine in Catharanthus roseus. In order to complete the secologanin 

biosynthetic pathway, full-length unigenes showing matches with 7 deoxyloganin synthase 

(Cr7DLS), 7-deoxyloganetic acid glucosyltransferase (CrDLGT), 7-deoxyloganin 

hydroxylase (Cr7DLH), loganic acid methyltransferase (CrLAMT) and secologanin synthase 

(CrSLS) were identified, and their cloning have been carried out. CrDLGT has been cloned in 

pET28a and CrLAMT in pRSETB bacterial vectors, whereas, the cytochrome 450 

hydroxylase enzymes Cr7DLS, Cr7DLH and CrSLS were cloned in the MCS2 of the yeast 

duet vector pESC-URA containing cytochrome P450 reductase (CrCPR) from C. roseus in its 

MCS1.  
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6.1 Introduction  
Monoterpene indole alkaloids (MIAs) are a multifarious class of natural 

products with distinct chemical and biological properties1-3 found in numerous species 

of plants belonging to the Apocynaceae, Loganiaceae and Rubiaceae families. To 

date, over 3000 MIAs are known with diverse structures and biological activities. 

These MIAs are inclusive of the anticancer alkaloids vincristine/ vinblastine from 

Catharanthus roseus4,5 and camptothecin from Camptotheca acuminate6/Ophiorhiza 

pumila7, the anti-malarial quinine from Cinchona ledgeriana/C. succirubra8, the 

antihypertensive drug ajmalicine from Catharanthus rosues/Rauvolfia serpentina 9, 

the anti-arrythmic drug, sarpagine from Alstonia macrophylla 10 and rat poison/ 

pesticide strychnine-n-oxide from Strychnos nux-vomica 11. These MIAs are 

synthesized by the condensation of tryptamine and the iridoid monoterpene, 

secologanin to give strictosidine, which is the precursor for all the afore-mentioned 

therapeutic compounds.  

 Over 200 MIAs are known from C. roseus, with catharanthine and vindoline 

present in greatest abundance. Chapter 3 dealt with the cloning and characterization of 

the genes from geranyl diphosphate synthase to iridoid synthase, the final product of 

which was cis-trans iridoids and cis-trans nepetalactols. This chapter deals with the 

screening and cloning of genes for the production of secologanin from iridoids, in an 

attempt to complete the secologanin biosynthetic pathway. 

 The gene 7-deoxyloganetic acid synthase (7DLS)12 or iridoid oxidase (IO)13 

converts nepetalactol to 7-deoxyloganetic acid via a three-step oxidation mechanism 

where nepetalactol is converted to an alcohol, then an aldehyde, and finally to a 

carboxylic acid, 7-deoxyloganetic acid. This acid is converted to 7-deoxyloganic acid 

by a glucosylation reaction catalyzed by the 7-deoxyloganetic acid 

glucosyltransferase (7-DLGT)13,14 enzyme, using UDP-glucose as the sugar donor. 7-

deoxyloganin hydroxylase (7DLH)13,15 catalyzes the conversion of 7-deoxyloganic 

acid into loganic acid by a hydroxylation reaction. Loganic acid is converted to 

loganin by the oanic acid methyltransferase (LAMT)16,17 enzyme. The cytochrome 

P450 enzyme, secologanin synthase18, catalyzes the final step in the secologanin 

biosynthesis, which involves the conversion of loganin to secologanin. 
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Figure 6.1.1: Biosynthesis of strictosidine via the key intermediate secologanin. 
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6.2 Materials and Methods 

6.2.1 Materials used in the study 

6.2.1.1 Strains and plasmids used in the study 

Escherichia coli DH5α (Invitrogen) 

Escherichia coli BL21DE3 (Invitrogen) 

Escherichia coli Rosetta2DE3 (Novagen) 

Saccharomyces cerevisae Invsc1 (Invitrogen) 

pRSET expression vector (Invitrogen) 

pET28 expression vector (Novagen) 

pESC-URA Yeast Duet Expression Vector (Agilent) 

Restriction enzymes (New England Biolabs) 

6.2.1.2 Kits and reagent used in the study 

SuperScript® III Reverse Transcriptase (ThermoFisher Scientific) 

JumpStart™ Taq DNA Polymerase (Sigma-Aldrich) 

AccuPrime™ Pfx DNA Polymerase (ThermoFisher Scientific) 

GenElute™ PCR Clean-Up Kit (Sigma-Aldrich) 

GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich) 

GelRedTM (Biotium) 

6.2.1.3 Buffer compositions 

6.2.1.3.1 Cr7DLS, Cr7DLH and CrSLS 

Lysis buffer – TES buffer 

50 mM Tris-HCl, 1 mM EDTA, pH 7.4, containing 600 mM Sorbitol, 5 mM DTT, 

0.25 mM PMSF. 

Wash buffer – TEK buffer 

50 mM Tris-HCl, 100 mM KCl , 1 mM EDTA, pH 7.4. 
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Suspension buffer – TEG buffer 

50 mM Tris-HCl, 1 mM EDTA, 30 % glycerol, pH 7.5. 

6.2.1.3.2 CrDLGT  

Lysis buffer 

50 mM Tris-HCl, 300 mM NaCl, pH 8.0, 10 % glycerol, containing 1 mg/mL 

lysozyme, 1 mM PMSF and 0.5 % CHAPS. 

Wash buffer  

50 mM Tris-HCl, 300 mM NaCl, 30 mM Imidazole, pH 8.0, 10 % glycerol. 

Elution buffer  

50 mM Tris-HCl, 300 mM NaCl, 250 mM Imidazole, pH 8.0, 10 % glycerol. 

Desalting buffer 

100 mM HEPES-KOH, 10 % glycerol, pH 7.0. 

6.2.1.3.3 CrLAMT  

Lysis buffer 

50 mM NaH2PO4, 300 mM NaCl, pH 7.4, 10 % glycerol, containing 1 mg/mL 

lysozyme, 1 mM PMSF and 0.5 % CHAPS. 

Wash buffer  

50 mM NaH2PO4, 300 mM NaCl, 30 mM Imidazole, pH 7.4, 10 % glycerol. 

Elution buffer  

50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole, pH 7.4, 10 % glycerol. 

Desalting buffer 

100 mM HEPES-KOH, 10 % glycerol, pH 7.0. 
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6.2.2 RNA isolation and cDNA preparation 

As discussed in Chapter 2, total RNA was isolated from the leaf, stem and root 

tissues of white and pink-flowering plants. 5 µg of total RNA was used for first strand 

cDNA synthesis using SuperScript® III Reverse Transcription Kit (ThermoFisher 

Scientific). The cDNA thus constructed, was stored at -20 °C till further use. 

6.2.3 Sequence analysis and ORF construction 

After identification of the genes involved in secologanin biosynthesis, 

sequences were analyzed by NCBI GenBank database and overlapped with the EST 

fragments to generate full-length sequences. ORFs were selected using online ORF 

finder software for all the genes for their cloning and functional characterization. Full 

length ORF primers were designed, both blunt and those containing RE sites at both 

the ends, for all the genes for cloning them in expression vector(s). 

Table 6.2.1 Primer sequence for isolation of full length ORF of the genes involved in the 
biosynthesis of Secologanin from Iridoids 

Primer name 5'-3' Primer sequence 

CrCPR_F ATGGATTCTAGCTCGGAGAAGTTGT 

CrCPR_R TCACCAGACATCTCGGAGATACCTT 

CrCPR_RE_F GACGACGCGGCCGCATGGATTCTAGCTCGGAGAAG 

CrCPR_RE_R GACGACTTAATTAATCACCAGACATCTCGGAGATA 

Cr7DLS_F ATGGCGACCATCACTTTCGATTCACT 

Cr7DLS_R GATATGAACTCTCTTCTTAGGGATG 

Cr7DLS_RE_F GACGACGTCGACATGGCGACCATCACTTTC 

Cr7DLS_RE_R GACGACGGTACCGATATGAACTCTCTTCTTAG 

CrDLGT_F ATGGGTTCTCAAGAAACAAAT 

CrDLGT_R TCAAATAATCAGTGATTTTATGTA 

CrDLGT_RE_F GACGACGAGCTCATGGGTTCTC 

CrDLGT_RE_R GACGACCTCGAGTCAAATAATCAG 

Cr7DLH_F ATGGAATTGAACTTCAAATCAATT 

Cr7DLH_R TTAGAGTTTGTGCAGAATCAAATGA 

Cr7DLH_RE_F GACGACGTCGACATGGAATTGAACTTC 

Cr7DLH_RE_R GACGACGGTACCTTAGAGTTTGTGCAG 

CrLAMT_F ATGGTTGCCACAATTGATTCCATT 
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CrLAMT_R TTAATTTCCCTTGCGTTTCAAGAC 

CrLAMT_RE_F GATATCATGGTTGCCACAATTGATTCCATTG 

CrLAMT_RE_R CTCGAGTTAATTTCCCTTGCGTTTCAAGACA 

CrSLS_F ATGGAGATGGATATGGATACCATT 

CrSLS_R TTAAAAATTCTGTCTCTCAAGCTT 

CrSLS_RE_F GACGACGTCGACGAATGGAGATGGATATG 

CrSLS_RE_R GACGACGGTACCTTAAAAATTCTGTCT 
Bold sequences are the Restriction site sequences used in cloning strategy 

6.2.4 Full-length gene isolation and cloning into expression vector 

6.2.4.1 Isolation and cloning of ORF of CrCPR in MCS1 of pESC-URA yeast 

duet vector 

Full-length primers for Cytochrome P450 reductase ORF were designed using 

the transcript of CPR as a template. Synthesized cDNA was used for PCR reaction 

using Accuprime Pfx Supermix (Invitrogen) using the PCR program: 95 °C for 5 min, 

followed by 35 cycles at 95 °C for 30 sec, 65 °C for 30 sec, 68 °C for 2 min 20 sec 

followed by final extension at 68 °C for 10 min. PCR product of 2145 bp was cloned 

in the MCS1 of pESC-URA yeast expression vector by digesting both with NotI and 

PacI restriction sites, using T4 DNA ligase (Invitrogen) by incubating overnight at 14 

°C. Ligation mixture was transformed into DH5α chemically competent cells, plated 

on LA containing 100 µg/mL of ampicillin and incubated overnight at 37 °C. Positive 

clones were screened by colony PCR with Gal10 forward and reverse primers. 

Plasmids were isolated from 4 positive clones of colony PCR and sequenced with 

Gal10 forward and reverse primers to check for the sequence in the correct vector 

frame.  

6.2.4.2 Isolation and cloning of ORF of Cr7DLS in the MCS2 of pESC-URA 

expression vector 

Full-length primers for 7-deoxyloganin synthase ORF were designed using the 

transcript of Cr7DLS as a template. Synthesized cDNA was used for PCR reaction 

using Accuprime Pfx Supermix (Invitrogen) using the PCR program: 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 50 sec 

followed by final extension at 68 °C for 10 min. PCR product of 1548 bp was cloned 

in the MCS2 of pESC-URA yeast expression vector by digesting both with SalI and 
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KpnI restriction sites, using T4 DNA ligase (Invitrogen) by incubating overnight at 14 

°C. Ligation mixture was transformed in DH5α chemically competent cells, plated on 

LA containing 100 µg/mL of ampicillin and incubated overnight at 37 °C. Positive 

clones were screened by colony PCR with Gal1 forward and reverse primers. 

Plasmids were isolated from 4 positive clones of colony PCR and sequenced with 

Gal1 forward and reverse primers to check for the sequence in the correct vector 

frame.  

6.2.4.3 Isolation and cloning of ORF of CrDLGT in pET28a expression vector 

Full-length primers for 7-deoxyloganetic acid glucosyltransferase ORF were 

designed using the transcript of CrDLGT as a template. Synthesized cDNA was used 

for PCR reaction using Accuprime Pfx Supermix (Invitrogen) using the PCR 

program: 95 °C for 5 min, followed by 35 cycles at 95 °C for 30 sec, 57 °C for 30 sec, 

68 °C for 1 min 35 sec followed by final extension at 68 °C for 10 min. PCR product 

of 1449 bp was cloned in pET28a expression vector by digesting both with SacI and 

XhoI restriction sites, using T4 DNA ligase (Invitrogen) by incubating overnight at 14 

°C. Ligation mixture was transformed in DH5α chemically competent cells, plated on 

LA containing 50 µg/mL of kanamycin and incubated overnight at 37 °C. Positive 

clones were screened by colony PCR with T7 promoter and T7 reverse primers. 

Plasmids were isolated from 4 positive clones of colony PCR and sequenced with T7 

promoter and reverse primer to check for the sequence in the correct vector frame. 

6.2.4.4 Isolation and cloning of ORF of Cr7DLH in MCS2 of pESC-URA yeast 

expression vector 

Full-length primers for 7-deoxyloganin hydroxylase ORF were designed using 

the transcript of Cr7DLH as a template. Synthesized cDNA was used for PCR 

reaction using Accuprime Pfx Supermix (Invitrogen) using 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 1 min 

50 sec followed by final extension at 68 °C for 10 min. PCR product of 1566 bp was 

cloned in the MCS2 of pESC-URA expression vector by digesting both with SalI and 

KpnI restriction sites, using T4 DNA ligase (Invitrogen) by incubating overnight at 14 

°C. Ligation mixture was transformed in DH5α chemically competent cells, plated on 

LA containing 100 µg/mL of ampicillin and incubated overnight at 37 °C. Positive 

clones were screened by colony PCR with Gal1 forward and reverse primers. 
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Plasmids were isolated from 4 positive clones of colony PCR and sequenced with 

Gal1 forward and reverse primers to check for the sequence in the correct vector 

frame. 

6.2.4.5 Isolation and cloning of ORF of CrLAMT in pRSET B expression vector 

Full-length primers for loganic acid methyltransferase ORF were designed 

using the transcript of CrLAMT as a template. Synthesized cDNA was used for PCR 

reaction using Accuprime Pfx Supermix (Invitrogen) using 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 1 min 

20 sec followed by final extension at 68 °C for 10 min. PCR product of 1116 bp was 

cloned in Zero Blunt vector and sub-cloned in pRSET B expression vector by 

digesting both with EcorV and XhoI restriction sites, using T4 DNA ligase 

(Invitrogen) by incubating overnight at 14 °C. The ligation mixture was transformed 

in TOP10 chemically competent cells, plated on LA containing 100 µg/mL of 

ampicillin and incubated overnight at 37 °C. Positive clones were screened by colony 

PCR with T7 promoter and T7 reverse primers. Plasmids were isolated from 6 

positive clones of and sequenced with T7 promoter and T7 terminator primers to 

check for the sequence in the correct vector frame. 

6.2.4.6 Isolation and cloning of ORF of CrSLS in the MCS2 of pESC-URA yeast 

expression vector 

Full-length primers for Loganic acid methyltransferase ORF were designed 

using the transcript of CrSLS as a template. Synthesized cDNA was used for PCR 

reaction using Accuprime Pfx Supermix (Invitrogen) using the PCR program: 95 °C 

for 5 min, followed by 35 cycles at 95 °C for 30 sec, 58 °C for 30 sec, 68 °C for 1 min 

40 sec followed by final extension at 68 °C for 10 min. PCR product of 1575 bp was 

cloned in Zero Blunt vector and sub-cloned in pRSET B expression vector by 

digesting both with SalI and KpnI restriction sites, using T4 DNA ligase (Invitrogen) 

by incubating overnight at 14 °C. The ligation mixture was transformed in DH5α 

chemically competent cells, plated on LA containing 100 µg/mL of ampicillin and 

incubated overnight at 37 °C. Positive clones were screened by colony PCR with Gal1 

forward and reverse primers. Plasmids were isolated from 4 positive clones of and 

sequenced with Gal1 forward and reverse primers to check for the sequence in the 

correct vector frame. 
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6.2.5 Expression and protein purification 

6.2.5.1 Yeast expression of Cr7DLS 

Expression of active protein was carried out in INVSc1 yeast competent cells. 

Cells were grown overnight in synthetic complete medium without uracil (SC-U), 

containing 2 % glucose at 30 °C, then transferred to induction medium (SC-U, 

containing 20 % galactose) and further incubated at 30 °C for 12 hours. The cells 

were centrifuged at 3000 × g for 10 minutes at 4 °C. The cell pellet obtained was 

washed with TEK buffer (1 mL/g of cell pellet) and centrifuged. The cell pellet (1 g/5 

mL) was re-suspended in TES buffer and cells were lysed using a bead-beater (with 

acid washed glass beads, 425–600 mm) for 6 cycles (pulse on 30 sec, pulse off 30 sec, 

manual rocking for 3 × 30 sec). The lysed cells were centrifuged at 1000 × g for 5 min 

at 4 °C to remove the glass beads. Further, the supernatant was subjected to 

centrifugation at 10,000 × g for 30 min at 4 °C. All the fractions were run on a 12 % 

SDS gel. 

 6.2.5.2 Heterologous expression and protein purification of CrDLGT  

Expression was carried out in Rosetta2 DE3, cells were grown in Terrific 

Broth at 37 °C and induced with IPTG at a final concentration of 1 mM and incubated 

for 12 hours at 16 °C. After the induction, the culture was harvested by centrifugation 

at 4500 × g for 20 minutes. The cell pellet (5 g/L) was re-suspended in 10 mL/g of 

cell pellet of lysis buffer (20 mM Tris, 300 mM NaCl, 10 % glycerol, 0.5 % CHAPS, 

pH 8.0) with 1 mg/mL concentration of lysozyme and 100 µL/5 mL of protease 

inhibitor cocktail from Sigma and incubated on ice for 30 minutes. After the 

incubation period, the cells were sonicated with a pulse of 30 sec ON and 30 sec OFF 

for 10 cycles. The sample was then centrifuged at 10,000 × g for 10 minutes at 4 °C. 

The crude lysate was purified using Ni-NTA column (2 mL resin / g cell pellet). The 

protein was finally eluted out in the elution buffer (20 mM Tris, 300 mM NaCl, 10 % 

glycerol, pH 8.0, 250 mM Imidazole) each. Purified protein fractions were checked on 

12 % SDS gel. 

6.2.5.3 Yeast Expression of Cr7DLH 

Expression of active protein was carried out in INVSc1 yeast competent cells. 

Cells were grown overnight in synthetic complete medium without uracil (SC-U), 

containing 2 % glucose at 30 °C, then transferred to induction medium (SC-U, 
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containing 20 % galactose) and further incubated at 30 °C for 12 hours. The cells 

were centrifuged at 3000 × g for 10 minutes at 4 °C. The cell pellet obtained was 

washed with TEK buffer and centrifuged. The cell pellet (1 g/5 mL) was re-suspended 

in TES buffer and cells were lysed using a bead-beater (with acid washed glass beads, 

425–600 mm) for 6 cycles (pulse on 30 sec, pulse off 30 sec, manual rocking for 3 × 

30 sec). The lysed cells were centrifuged at 1000 × g for 5 min at 4 °C to remove the 

glass beads. Further, the supernatant was subjected to centrifugation at 10,000 × g for 

30 min at 4 °C. All the fractions were run on a 12 % SDS gel. 

6.2.5.4 Heterologous expression and protein purification of CrLAMT 

Expression was carried out in C41 DE3, cells were grown in Luria Bertani 

Broth at 37 °C and induced with IPTG at a final concentration of 4 mM and incubated 

for 12 hours at 30 °C. After the induction, the culture was harvested by centrifugation 

at 4500 × g for 20 minutes. The cell pellet (10 g/L) was re-suspended in 5 mL/g of 

cell pellet of Lysis buffer (50 mM NAH2PO4, 300 mM NaCl, 0.5 % CHAPS, pH 7.4, 

10 % v/v Glycerol) with 1 mg/mL concentration of lysozyme and 1 mM PMSF and 

incubated on ice for 30 minutes. After the incubation period, the cells were sonicated 

with a pulse of 30 sec ON and 30 sec OFF for 10 cycles. The sample was then 

centrifuged at 5,000 × g for 10 minutes at 4 °C. The crude lysate was purified using 

Ni-NTA column (2 mL resin / g cell pellet). The protein was finally eluted out in the 

elution buffer (50 mM NAH2PO4, 300 mM NaCl, pH 7.4, 250 mM Imidazole, 10 % 

v/v Glycerol) each. Purified protein fractions were checked on 12 % SDS gel. 

6.2.5.5 Yeast expression of CrSLS  

Expression of active protein was carried out in INVSc1 yeast competent cells. 

Cells were grown overnight in synthetic complete medium without uracil (SC-U), 

containing 2 % glucose at 30 °C, then transferred to induction medium (SC-U, 

containing 20 % galactose) and further incubated at 30 °C for 12 hours. The cells 

were centrifuged at 3000 × g for 10 minutes at 4 °C. The cell pellet obtained was 

washed with TEK buffer (1 mL/g of cell pellet) and centrifuged. The cell pellet (1 g/5 

mL) was re-suspended in TES buffer and cells were lysed using a bead-beater (with 

acid washed glass beads, 425–600 mm) for 6 cycles (pulse on 30 sec, pulse off 30 sec, 

manual rocking for 3 × 30 sec). The lysed cells were centrifuged at 1000 × g for 5 min 

at 4 °C to remove the glass beads. Further, the supernatant was subjected to 
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centrifugation at 10,000 × g for 30 min at 4 °C. All the fractions were run on a 12 % 

SDS gel. 

6.2.6 Phylogenetic analysis 

The evolutionary history of the six genes from Vinca described in this chapter 

was inferred using the Neighbor-Joining method19. The evolutionary distances were 

computed using the Poisson correction method20. The analysis involved 16 amino acid 

sequences. All positions containing gaps and missing data were eliminated. 

Evolutionary analyses were conducted in MEGA621. 
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6.3 Results  

6.3.1 Isolation, cloning and expression of Cytochrome P450 

Reductase (CrCPR) 

6.3.1.1 Isolation and cloning of Cytochrome P450 Reductase (CrCPR) 

Analysis of the transcriptomic data revealed that one transcript, Locus_375, 

with an Open reading frame (ORF) of 2145 bp (Figure 6.3.1), encoding a polypeptide 

of 714 amino acids, displaying 100 % sequence identity with Full=NADPH--

cytochrome P450 reductase from Catharanthus roseus (Genbank ID: Q05001.122) at 

the amino acid level, was identified as Cytochrome P450 reductase (CrCPR). 

Deduced amino acid sequence of Cr7DLS was found to have a calculated molecular 

weight of 78.96 kDa, comprising the NADPH cytochrome P450 reductase (CYPOR) 

domain (positions 310-714) and FAD binding domain (positions 310-531).  

 

Figure 6.3.1: CrCPR full length ORF amplification, Lane 1: 1 kb DNA Ladder (Addendum 
Figure A1), Lane 2: Negative control, Lane 3: PCR product of CrCPR from cDNA  

 It functions in electron transfer to cytochrome P450 mono-oxygenases 

and  that functional domains involved in binding of the cofactors FMN, FAD and 

NADPH are highly conserved between all kingdoms22. 
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6.3.2 Isolation, cloning and expression of 7-deoxyloganin synthase 

(Cr7DLS) 

6.3.2.1 Isolation and cloning of 7-deoxyloganin synthase (Cr7DLS) 

Analysis of the transcriptomic data revealed that one transcript, Locus_734, 

with an Open reading frame (ORF) of 1548 bp (Figure 6.3.2), encoding a polypeptide 

of 516 amino acids, displaying 88 % sequence identity with CYP1 from Gentiana 

rigescens (Genbank ID: AKJ26120.123) at the amino acid level, was identified as 7-

deoxyloganin synthase (Cr7DLS). Deduced amino acid sequence of Cr7DLS was 

found to have a calculated molecular weight of 58.73 kDa, comprising the P450 

superfamily domain (positions 39-505) and cytochrome P450 [Secondary metabolites 

biosynthesis, transport and catabolism, defense mechanisms] (positions 37-512).  

 
Figure 6.3.2: Cr7DLS full length ORF amplification, Lane 1: 1 kb DNA Ladder (Addendum 
Figure A1), Lane 2: PCR product of Cr7DLS from stem cDNA, Lane 3: PCR product of 
Cr7DLS from leaf cDNA, Lane 4: PCR product of Cr7DLS from root cDNA, Lane 5: 
Negative control  

 
The ORF of Cr7DLS was cloned in the MCS2 of pESC-URA vector, containing 

the cytochrome P450 reductase (CrCPR) in the MCS1, so that the hydroxylase 

activity of Cr7DLS can be complemented with the activity of the reductase for 

expression of active protein in S. cerevisiae InvscI cells. Positive clones were 

screened by colony PCR, followed by sequencing with Gal1 forward and reverse 

primers. The sequence analysis revealed that the ORF of the transcript, Locus_734, 
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was successfully cloned in the MCS2 of the pESC-URA vector containing the 

cytochrome P450 reductase (CrCPR) in the MCS1.  

6.3.2.2 Yeast expression 

Expression was carried out in INVSc1. The recombinant protein of Cr7DLS in 

pESC-URA was expressed and processed, as discussed earlier. The protein fractions 

were loaded on a 12 % SDS-PAGE (Figure 6.3.3). A band at ~58 KDa confirmed 

expression of Cr7DLS. The microsomal fractions were flash-frozen and stored at -80 

°C till used. 

 

Figure 6.3.3: SDS-PAGE for Cr7DLS protein in pESC-URA+CrCPR, Lane 1: 
BenchMarkTM Protein Ladder (Addendum Figure A2), Lane 2: Pellet fraction, Lane 3:  
Crude lysate (supernatant fraction). 

6.3.3 Isolation, cloning and expression of 7-Deoxyloganetic Acid 
Glucosyltransferase (CrDLGT) 

6.3.3.1 Isolation and cloning of 7-Deoxyloganetic Acid Glucosyltransferase 

(CrDLGT) 

Analysis of the transcriptomic data revealed that one transcript, Locus_1690, 

with an Open reading frame (ORF) of 1449 bp (Figure 6.3.4), encoding a polypeptide 

of 482 amino acids, displaying 97 % sequence identity with UGT4 from Panax 

ginseng  (Genbank ID: AIE12477.124) at the amino acid level, was identified as 7-

deoxyloganetic acid glucosyltransferase (CrDLGT). Deduced amino acid sequence of 

CrDLGT was found to have a calculated molecular weight of 54.3 kDa, comprising a 

UDP-glucoronosyl/UDP-glucosyl transferase family protein (positions 12-480). 
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Figure 6.3.4: CrDLGT full length ORF amplification, Lane 1: PCR product of CrDLGT 
from root cDNA, Lane 2: PCR product of CrDLGT from stem cDNA, Lane 3:  PCR product 
of CrDLGT from leaf cDNA, Lane 4: 1 kb DNA Ladder (Addendum Figure A1), Lane 5: 
Negative control  

The ORF of CrDLGT was cloned in pET 28a vector frame with N terminal 

His6 tag for affinity purification under the control of T7-RNA polymerase promoter 

for expression of active protein in E.coli Rosetta2 (DE3) cells. Positive clones were 

screened by colony PCR, followed by sequencing with T7 promoter and T7 reverse 

primer.  

6.3.3.2 Bacterial expression and protein purification 

Expression was carried out in Rosetta2 DE3 cells. The recombinant protein of 

CrDLGT in pET28a was expressed and purified as discussed earlier. The purified 

protein fractions gave a band at ~55 kDa on a 12 % SDS-PAGE (Figure 6.3.5). The 

purified fractions were desalted, flash-frozen and stored at -80 °C till used. 

 

Figure 6.3.5: SDS-PAGE for CrDLGT protein purification in pET 28a, Lane 1: 
BenchMarkTM Protein Ladder (Addendum Figure A2), Lane 2: Pellet fraction, Lane 3:  
Crude lysate (supernatant fraction), Lane 4:  Unbound fraction, Lanes 5-6:  Wash fractions, 
Lanes 7-9: Elution fractions. 
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6.3.4 Isolation, cloning and expression of 7-deoxyloganin hydroxylase 
(Cr7DLH) 

6.3.4.1 Isolation and cloning of 7-deoxyloganin hydroxylase (Cr7DLH) 

Analysis of the transcriptomic data revealed that one transcript, Locus_2445, with an 

open reading frame (ORF) of 1566 bp (Figure 6.3.6), encoding a polypeptide of 521 

amino acids, displaying 100 % sequence identity with CYP72A224 7-deoxyloganic 

acid 7-hydroxylase from Catharanthus roseus (Genbank ID: AGX93062.125) was 

identified as 7-deoxyloganin hydroxylase (Cr7DLH). Deduced amino acid sequence 

of Cr7DLH was found to have a calculated molecular weight of 60 kDa, comprising a 

CYTOCHROME_P450 domain (positions 99-496) with the PROSITE ID: PS00086, 

containing the consensus sequences FGaGRRICPG. 

 

Figure 6.3.6: Cr7DLH full length ORF amplification, Lane 1: 1 kb DNA Ladder (Addendum 
Figure A1), Lane 2: Negative control, Lane 3: PCR product of Cr7DLH from leaf cDNA, 
Lane 4: PCR product of Cr7DLH from stem cDNA, Lane 5: PCR product of Cr7DLH from 
root cDNA  

The ORF of Cr7DLH was cloned in the MCS2 of pESC-URA vector, 

containing the cytochrome P450 reductase (CrCPR) in the MCS1, so that the 

hydroxylase activity of Cr7DLH can be complemented with the activity of the 

reductase for expression of active protein in S. cerevisiae InvscI cells. Positive clones 

were screened by colony PCR, followed by sequencing with Gal1 forward and reverse 

primers.  
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6.3.4.2 Yeast expression 

Expression was carried out in INVSc1. The recombinant protein of Cr7DLH 

in pESC-URA was expressed and processed, as discussed earlier. The protein 

fractions were loaded on a 12 % SDS-PAGE (Figure 6.3.7). A band at ~60 KDa 

confirmed expression of Cr7DLH. The protein fractions were flash-frozen and stored 

at -80 °C till used. 

 

Figure 6.3.7: SDS-PAGE for Cr7DLH protein in pESC-URA+CrCPR, Lane 1: 
BenchMarkTM Protein Ladder (Addendum Figure A2), Lane 2: Pellet fraction, Lane 3: Crude 
lysate (supernatant fraction). 

 

6.3.5 Isolation, cloning, expression and characterization of Loganic 
acid Methyltransferase (CrLAMT) 

6.3.5.1 Isolation and cloning of Loganic acid Methyltransferase (CrLAMT) 

An Open reading frame (ORF) of 1116 bp (Figure 6.3.8), encoding a 

polypeptide of 371 amino acids, displaying 100 % sequence identity with loganic acid 

methyltransferase from Catharanthus roseus (GenBank ID: ABW38009.117), was 

identified as loganic acid methyltransferase (CrLAMT). Deduced amino acid 

sequence of CrLAMT was found to have a calculated molecular weight of 42 kDa, 
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comprising SAM dependent carboxyl methyltransferase domain (positions 52–367) 

and the indole-3-acetate carboxyl methyltransferase domain (positions 22-352).  

 

Figure 6.3.8: CrLAMT full length ORF amplification, Lane 1: 1 Kb DNA ladder 
(Addendum Figure A1), Lane 2: Negative Control, Lanes 3-5: PCR of CrLAMT full-length 
primers with Stem, Leaf and Root cDNAs, respectively. 

This unigene was cloned in pRSET B expression vector with N-terminal His6-

tag under the control of T7-RNA polymerase promoter for expression of soluble 

active proteins in E. coli C41 (DE3) cells. Recombinant His6-tagged proteins were 

purified to homogeneity by Ni2+-affinity chromatography. 

6.3.5.2 Bacterial Expression and protein purification 

  Expression was carried out in C41 DE3. The recombinant protein of CrLAMT 

in pRSETB was expressed and purified as discussed earlier. The purified protein 

fractions gave a band at 42 kDa on a 12 % SDS-PAGE (Figure 6.3.9). The purified 

fractions were desalted, flash-frozen and store at -80 °C till used. 

 

Figure 6.3.9: SDS-PAGE for CrLAMT protein purification in pRSET B, Lane 1: 
BenchMarkTM Protein Ladder (Addendum Figure A2), Lane 2: Pellet fraction, Lane 3: Crude 
lysate (supernatant fraction), Lane 4:  Unbound fraction, Lanes 5-6:  Wash fractions, Lanes 
7-10: Elution fractions. 
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6.3.6 Isolation, cloning and expression of secologanin synthase 
(CrSLS) 

6.3.6.1 Isolation and cloning of secologanin synthase (CrSLS) 

Full length cDNA sequence of CrSLS unigene was obtained by using the 

primers designed from the transcript number 263. The ORF of CrSLS composed of 

1575 bp (Figure 6.3.10) encoding a polypeptide of 524 amino acids, with a calculated 

molecular weight of 60.6 KDa. This showed a 98 % identity with cytochrome P450 

from Catharanthus roseus (GenBank Accession: AEX07771.126) comprising the 

cytochrome P450 domain (positions 102-497). 

 

Figure 6.3.10: CrSLS full length ORF amplification, Lane 1: 1 Kb DNA ladder (Addendum 
Figure A1), Lane 2: Negative Control, Lane 3: PCR of CrSLS full-length primers with Stem 
cDNA, Lane 4: PCR of CrSLS full-length primers with Leaf cDNA, Lane 5: PCR of CrSLS 
full-length primers with Root cDNA. 

The ORF of CrSLS was cloned in the MCS2 of pESC-URA vector, containing 

the cytochrome P450 reductase (CrCPR) in the MCS1, so that the hydroxylase 

activity of CrSLS can be complemented with the activity of the reductase for 

expression of active protein in S. cerevisiae InvscI cells. Positive clones were 

screened by colony PCR, followed by sequencing with Gal1 forward and reverse 

primers.  

6.3.6.2 Yeast expression  

Expression was carried out in INVSc1. The recombinant protein of CrSLS in 

pESC-URA was expressed and processed, as discussed earlier. The protein fractions 

were loaded on a 12 % SDS-PAGE (Figure 6.3.11). A band at ~61 KDa confirmed 

expression of CrSLS. The protein fractions were flash-frozen and store at -80 °C till 

used. 
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Figure 6.3.11: SDS-PAGE for CrSLS protein expression in pESC-URA+CrCPR, Lane 1: 
BenchMarkTM Protein Ladder (Addendum Figure A2), Lane 2: Crude lysate (supernatant 
fraction), Lane 3: Pellet fraction. 

 

6.3.7 Phylogenetic analysis of monoterpene synthases isolated from 

Catharanthus roseus 

A neighbor joining phylogenic tree placed all the full-length sequence of 

monoterpene synthase isolated from C. roseus in separate clades. All the cytochrome 

P450 enzymes, Cr7DLS, CrSLS and Cr7DLH were grouped together as branches of 

one clade, with CrSLS and Cr7DLH having the closest proximity. CrDLGT was 

grouped in a separate clade with other glucosyltransferase, while CrLAMT and 

CrCPR were placed in a separate clade. Kaurene synthase is a terpene synthase of 

primary metabolism and are only distantly related to those of secondary metabolism. 

Although the terpene synthases from Abies grandis (Abietadiene, Camphene and 

Pinene synthases) belong to that of secondary metabolism, they are branched 

separately due to the evolutionary separation between angiosperms and gymnosperms. 

It can be deciphered from the tree that monoterpene synthases from the angiosperm 

family are quite distinct from the monoterpene synthases from the gymnosperm 

family. Hence, the terpene synthases from gymnosperms are seen to form a separate 

branch from those of angiosperms. This indicates that the functional specialization of 

these terpene synthases has occurred after the divergence of gymnosperms and 

angiosperms from the common ancestor. 
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Figure 6.3.12: Phylogenetic analysis of the monoterpene synthases isolated from C. roseus; 
Sequences used for phylogenetic tree construction are: Cytochrome P450 reductase from 
Catharanthus roseus, Cytochrome P450 reductase from Salvia miltiorrhiza (AGL46979.1), 
7-Deoxyloganin Synthase from Catharanthus roseus, CYP1 from Gentiana rigescens 
(AKJ26120.1), Secologanin synthase from Catharanthus roseus, Secologanin synthase from 
Ophiorrhiza pumila (BAP90521.1), 7-deoxyloganin hydroxylase from Catharanthus roseus, 
7-deoxyloganin hydroxylase from  Gentiana rigescens (ALJ10970.1), 7-deoxyloganetic acid 
glucosyltransferase from Catharanthus roseus, UDP-Glucosyltransferase-4 from Panax 
ginseng (AIE12477.1), Loganic acid methyltransferase from Catharanthus roseus, Loganic 
acid O-methyltransferase from Lonicera japonica (AMB61019.1), Kaurene synthase from 
Helianthus annus (CBL42917), Abietadiene synthase from Abies grandis (AAK83563), 
Camphene synthase from Abies grandis (AAB70707), Pinene synthase from  Abies grandis 
(AAB71085). 
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6.4 Discussion and Conclusion 

The transcriptome was screened for the remaining genes of the Secologanin 

biosynthetic pathway resulting in the identification of 6 transcripts, cytochrome P450 

reductase (CrCPR), 7-deoxyloganin synthase (Cr7DLS), 7-deoxyloganetic acid 

glucosyltransferase (CrDLGT), 7-deoxyloganin hydroxylase (Cr7DLH), loganic 

acid methyltransferase (CrLAMT) and secologanin synthase (CrSLS). Each of the 

cytochrome P450 genes, namely, Cr7DLS, Cr7DLH and CrSLS were coned in the 

MCS2 of the pESC-URA yeast duet vector, containing CrCPR in its MCS1, and their 

expressions were carried out. CrDLGT was cloned in pET28a, whereas, CrLAMT 

was cloned in pRSETB bacterial vectors and their expressions were carried out under 

T7 promoter. These bacterial proteins were then purified. 

 

Scheme 6.4.1: Formation of Secologanin from Iridoids 

 While we were carrying out this work, the cloning and characterization studies 

of these genes were published by different groups working on this plant12,14,15,17,22,26. 

However, their cloning and characterization were carried out in an attempt to carry 

out the seven steps of the pathway (from nepetalactol to secologanin) in a single step 

either by way of co-expression of these six genes or by constructing an operon model 

of the same, which is under progress. In comparison with the reported data on these 

genes12,14,15,17,22,26, the sequences show a 100 % similarity. CrDLGT and CrLAMT 

were expressed in E. coli and purified. Although CrLAMT enzyme has been partially 

purified from Vinca rosea27, this is the first report for its purification after 

heterologous expression in a host.  
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Phylogenetic analyses of these monoterpene synthases was carried out with 

various other terpene synthases, which showed the distinct bifurcation between 

gymnosperm and angiosperm terpene synthases as well as the diverse evolutionary 

branching of primary terpene synthases from secondary terpene synthases. 
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6.5 Appendix: Agarose gel electrophoresis for colony PCR screening 

for gene cloning 

6.5.1 Cloning of CrCPR in MCS1 of pESC-URA vector frame 

Colony PCR screening of Cytochrome P450 reductase cloned in MCS1 of 

pESC-URA vector frame with Gal10 forward and reverse primers.  

 
Figure 6.5.1: Colony PCR screening for CrCPR ORF cloned in MCS1 of pESC-URA vector, 
Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: Negative control, Lanes 3-6: 
Colony PCR with Gal10 forward and reverse primers. 

 

6.5.2 Cloning of Cr7DLS in MCS2 of pESC-URA+CrCPR vector frame 

Colony PCR screening of 7-deoxyloganin synthase cloned in MCS2 of pESC-

URA+CrCPR vector frame with Gal1 forward and reverse primers.  

 
Figure 6.5.2: Colony PCR screening of full-length ORF of Cr7DLS in MCS2 of pESC-
URA+CrCPR, Lane 1: Negative control, Lane 2: 1 Kb DNA ladder (Addendum Figure A1), 
Lanes 3-8: Colony PCR with Gal1 forward and reverse primers.  
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6.5.3 Cloning of CrDLGT in pET28a vector  
Colony PCR screening of 7-deoxyloganetic acid glucosyltransferase cloned in 

pET28a vector frame with T7 promoter and reverse primers. 

 

Figure 6.5.3: Colony PCR Screening for CrDLGT full length ORF cloned in pET28a, Lanes 
1 & 21: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: Negative control, Lanes 3-35: 
Colony PCR with T7 promoter and reverse primers. 

 
6.5.4 Cloning of ORF of Cr7DLH in MCS2 of pESC-URA+CrCPR vector frame 

Colony PCR screening of 7-deoxyloganin hydroxylase cloned in MCS2 of pESC-

URA+CrCPR vector frame with Gal1 forward and reverse primers.  

 

Figure 6.5.4: Colony PCR screening for full-length ORF Cr7DLH in MCS2 of pESC-
URA+CrCPR, Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: Negative control, 
Lanes 3-15: Colony PCR with Gal1 forward and reverse primers. 
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6.5.5 Cloning of ORF of CrLAMT in pRSETB 
Colony PCR screening of ORF of CrLAMT cloned in pRSETB vector frame with T7 

promoter and reverse primers. 

 
Figure 6.5.5: Colony PCR screening for ORF of CrLAMT cloned in pRSETB vector, Lane 1: 
1 Kb DNA ladder (Addendum Figure A1), Lane 2: Negative control, Lanes 3-10: Colony 
PCR with T7 promoter and reverse primers. 

 
6.5.6 Cloning of ORF of CrSLS in MCS2 of pESC-URA+CrCPR vector frame 

Colony PCR screening of Secologanin synthase cloned in MCS2 of pESC-

URA+CrCPR vector frame with Gal1 forward and reverse primers.  

 

Figure 6.5.6: Colony PCR screening for full-length ORF CrSLS in MCS2 of pESC-
URA+CrCPR, Lane 1: 1 Kb DNA ladder (Addendum Figure A1), Lane 2: Negative control, 
Lanes 3-15: Colony PCR with Gal1 forward and reverse primers. 
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DNA and Protein Ladders 

 

 
Figure A1: Comparison between 1 Kb Plus DNA Ladder and 1 Kb DNA Ladder 
from Thermo Fischer Scientific, USA on a 0.9 % agarose gel stained with Ethidium 
bromide. 

 
Figure A2: Band distribution of the BenchMark™ Protein Ladder from Thermo 
Fischer Scientific, USA on a 12.5% Tris-Glycine Gel stained with Coomassie® 
Brilliant Blue R-250. 
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1) Geranyl diphosphate synthase (CrGDS; Accession Number: KF561462) 

>Vinca_5406_CrGDS_1263bp 
ATGTTGTTTTCCAGAGGATTGTATAGGATCGCAAGGACGAGTTTGAACAGAAGTCGATTGCT
TTACCCGTTACAAAGTCAGTCGCCGGAGCTGCTGCAGTCTTTTCAGTTTCGCTCTCCTATTG
GTTCTTCTCAAAAGGTTTCAGGTTTCAGAGTAATCTATTCATGGGTCTCAAGTGCCCTGGCC
AATGTTGGACAGCAGGTACAGCGCCAGAGCAACTCTGTTGCCGAGGAGCCACTAGATCCATT
TTCACTTGTTGCTGATGAATTGTCCATTCTTGCTAATAGACTGAGGTCAATGGTAGTTGCAG
AGGTCCCGAAGCTTGCTTCAGCTGCCGAATATTTTTTCAAGTTAGGGGTGGAAGGAAAGAGG
TTTCGACCAACAGTTTTGCTATTGATGGCGACAGCTATAGATGCACCAATATCTAGAACACC
TCCTGATACATCACTTGATACTTTATCCACAGAACTACGCCTAAGGCAGCAGTCGATTGCTG
AGATCACTGAGATGATCCATGTTGCTAGTCTTCTTCATGACGATGTATTAGATGATGCTGAA
ACAAGGCGAGGGATTGGTTCTCTAAATTTTGTGATGGGAAATAAGTTAGCAGTGTTGGCTGG
TGATTTCCTGCTATCAAGAGCCTGTGTTGCACTTGCCTCTTTGAAAAATACAGAGGTCGTGT
CCCTCTTGGCAACAGTTGTGGAGCATCTTGTTACGGGTGAAACGATGCAAATGACCACCACA
TCTGATCAACGTTGTAGCATGGAGTACTATATGCAAAAGACATACTATAAGACGGCATCCTT
GATCTCAAACAGTTGCAAAGCAATTGCCCTTCTTGCTGGGCAAACATCAGAAGTTGCAATGT
TGGCTTATGAGTATGGAAAAAATCTGGGATTGGCGTTTCAGTTAATAGATGATGTTCTTGAT
TTCACTGGCACATCAGCTTCCCTTGGCAAGGGCTCTCTGTCTGACATTCGCCACGGAATTGT
TACTGCTCCAATATTATTTGCCATAGAAGAGTTCCCTGAACTACGTGCTGTTGTTGACGAGG
GATTTGAAAATCCATATAATGTAGATCTTGCTCTACATTACCTTGGAAAGAGTAGAGGAATA
CAACGAACGAGGGAACTGGCAATAAAGCATGCTAACCTTGCCTCTGATGCAATCGACTCTCT
TCCGGTGACCGATGATGAACATGTTTTAAGGTCAAGAAGAGCTCTTGTGGAACTTACTCAAC
GCGTTATTACAAGAAGAAAGTGA 
	
>CrGDS_Protein Sequence 
MLFSRGLYRIARTSLNRSRLLYPLQSQSPELLQSFQFRSPIGSSQKVSGFRVIYSWVSSALA
NVGQQVQRQSNSVAEEPLDPFSLVADELSILANRLRSMVVAEVPKLASAAEYFFKLGVEGKR
FRPTVLLLMATAIDAPISRTPPDTSLDTLSTELRLRQQSIAEITEMIHVASLLHDDVLDDAE
TRRGIGSLNFVMGNKLAVLAGDFLLSRACVALASLKNTEVVSLLATVVEHLVTGETMQMTTT
SDQRCSMEYYMQKTYYKTASLISNSCKAIALLAGQTSEVAMLAYEYGKNLGLAFQLIDDVLD
FTGTSASLGKGSLSDIRHGIVTAPILFAIEEFPELRAVVDEGFENPYNVDLALHYLGKSRGI
QRTRELAIKHANLASDAIDSLPVTDDEHVLRSRRALVELTQRVITRRK- 
 

2) Geraniol Synthase (CrGS; Accession Number: KF561459) 

>Vinca_2171_CrGS_1770bp 
ATGGCAGCCACAATTAGTAACCTTTCTTTCTTAGCAAAATCTAGGGCACTTTCAAGGCCTTC
TTCTTCTTCACTTTCATGGCTAGAAAGGCCTAAAACTTCATCGACTATTTGCATGTCTATGC
CATCATCTTCATCATCATCATCATCTTCATCCATGTCTCTGCCTTTGGCAACTCCATTGATC
AAAGACAATGAATCTCTCATCAAGTTCTTGCGCCAACCCATGGTGCTTCCTCATGAGGTTGA
TGACAACACCAAAAGGAGGGAATTGCTGGAAAGAACAAGAAAAGAACTAGAATTAAATGCAG
AAAAACCATTGGAGGCCTTGAAGATGATAGATATAATTCAAAGATTGGGATTATCATATCAT
TTTGAAGATGATATTAATTCAATTCTCACAGGATTTTCAAATATTAGCAGCCAAACTCATGA
AGATCTCCTCACTGCTTCACTTCGTTTTCGATTGCTTCGACACAATGGGCATAAGATCAGTC
CTGATATATTCCAAAAATTCATGGACAACAATGGAAAGTTTAAAGATTCATTAAAGGATGAC
ACATTAGGCATGTTAAGCTTATATGAAGCTTCATATTTGGGAGCCAATGGAGAAGAAATATT
GATGGAAGCCCAAGAATTCACCAAAACTCACCTGAAAAACTCATTGCCAGCCATGGTACCAT
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CTCTTTCTAAGAAGGTTTCTCAAGCTTTAGAGCAACCAAGACATAGAAGAATGTTGAGGTTA
GAAGCTAGAAGATTTATTGAAGAATATGGTGCTGAAAATGACCATAATCCAGACCTTCTTGA
GCTTGCAAAATTGGATTATAACAAAGTCCAATCTCTACACCAAATGGAATTGTCTGAGATAA
CAAGGTGGTGGAAACAATTAGGGCTTGTGGATAAACTCACCTTTGCTCGAGATCGACCCCTT
GAATGCTTTCTTTGGACAGTGGGATTATTACCAGAGCCTAAGTATTCAGGTTGCAGAATTGA
GCTTGCAAAAACCATAGCCATTTTGCTTGTCATTGATGATATCTTTGATACTCATGGTACCC
TAGATGAGCTTCTTCTATTCACTAATGCCATTAAAAGATGGGATCTTGAGGCCATGGAAGAT
TTACCAGAATATATGAGAATTTGTTACATGGCATTGTACAATACTACTAATGAAATTTGCTA
TAAAGTTCTTAAGGAAAATGGTTGGAGTGTTCTTCCTTACCTAAAGGCAACGTGGATTGATA
TGATTGAAGGATTCATGGTTGAAGCAGAATGGTTCAATTCTGATTATGTACCAAACATGGAA
GAATATGTAGAAAATGGAGTTAGAACAGCAGGATCATATATGGCCTTAGTCCATTTGTTCTT
TCTAATAGGGCAAGGTGTCACACAAGATAATGTGAAATTACTGATTAAACCCTATCCAAAGC
TCTTTTCCTCCTCAGGAAGAATCCTTCGACTTTGGGATGATTTGGGAACTTCAAAGGAGGAA
CAAGAAAGAGGAGACTTGGCATCAAGCATACAATTGTTTATGAGAGAGAAAGAGATAAAATC
AGAAGAAGAAGGAAGGAAAGGAATATTGGAAATTATAGAGAATTTATGGAAAGAATTGAATG
GAGAATTAGTTTATAGAGAAGAAATGCCTCTTGCAATAATCAAGACAGCATTCAACATGGCA
AGAGCTTCCCAAGTTGTGTATCAACATGAAGAAGACACCTATTTTTCAAGTGTAGATAATTA
TGTAAAAGCTTTGTTTTTTACACCTTGTTTTTAA 
 
>CrGS_Protein_Sequence 
MAATISNLSFLAKSRALSRPSSSSLSWLERPKTSSTICMSMPSSSSSSSSSSMSLPLATPLI
KDNESLIKFLRQPMVLPHEVDDNTKRRELLERTRKELELNAEKPLEALKMIDIIQRLGLSYH
FEDDINSILTGFSNISSQTHEDLLTASLRFRLLRHNGHKISPDIFQKFMDNNGKFKDSLKDD
TLGMLSLYEASYLGANGEEILMEAQEFTKTHLKNSLPAMVPSLSKKVSQALEQPRHRRMLRL
EARRFIEEYGAENDHNPDLLELAKLDYNKVQSLHQMELSEITRWWKQLGLVDKLTFARDRPL
ECFLWTVGLLPEPKYSGCRIELAKTIAILLVIDDIFDTHGTLDELLLFTNAIKRWDLEAMED
LPEYMRICYMALYNTTNEICYKVLKENGWSVLPYLKATWIDMIEGFMVEAEWFNSDYVPNME
EYVENGVRTAGSYMALVHLFFLIGQGVTQDNVKLLIKPYPKLFSSSGRILRLWDDLGTSKEE
QERGDLASSIQLFMREKEIKSEEEGRKGILEIIENLWKELNGELVYREEMPLAIIKTAFNMA
RASQVVYQHEEDTYFSSVDNYVKALFFTPCF 
  

3) Geraniol 10-hydroxylase (CrG10H; Accession Number: KF561461) 

>Vinca_742_CrG10H_1482bp 
ATGGATTACCTTACCATAATATTAACTTTACTATTTGCCTTGACTCTCTATGAAGCCTTCAG
CTACCTATCCAGAAGAACCAAAAACCTTCCTCCAGGACCATCGCCATTGCCGTTCATCGGAA
GCCTCCATTTATTAGGCGACCAACCACACAAATCCTTAGCAAAACTTTCCAAAAAACACGGT
CCAATTATGAGTCTCAAATTAGGCCAGATCACTACAATCGTCATATCTTCATCAACAATGGC
GAAAGAAGTTCTTCAAAAACAGGATTTAGCATTTTCAAGCAGATCAGTTCCAAACGCACTCC
ACGCTCACAATCAATTCAAATTCTCCGTTGTATGGCTTCCGGTAGCCTCACGATGGAGAAGT
CTTCGAAAAGTTTTGAATTCTAATATATTTTCCGGCAATCGGCTCGACGCTAATCAACATTT
GAGAACTAGAAAAGTACAGGAACTAATTGCGTATTGCCGGAAAAATAGCCAGAGCGGAGAAG
CGGTTGACGTCGGCCGAGCTGCTTTTAGAACTTCGTTGAATTTGTTGTCGAATTTGATTTTT
TCAAAGGATTTGACGGATCCTTATTCGGATTCTGCCAAGGAATTCAAGGATTTGGTTTGGAA
TATAATGGTTGAGGCGGGGAAACCTAATTTGGTCGATTTTTTTCCCCTGCTTGAAAAAGTTG
ATCCTCAAGGTATACGACATCGTATGACGATTCACTTTGGGGAAGTTCTTAAGCTTTTTGGT
GGACTTGTTAATGAAAGATTGGAGCAAAGAAGATCAAAAGGGGAAAAAAATGATGTGTTGGA
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TGTACTTCTAACTACCAGCCAAGAAAGCCCTGAGGAAATCGATAGAACTCACATTGAGCGAA
TGTGCTTGGACCTGTTTGTAGCAGGGACGGACACAACATCAAGCACATTAGAATGGGCAATG
TCAGAAATGCTTAAAAACCCAGACAAAATGAAGAAAACCCAAGATGAACTTGCACAAGTAAT
CGGCAGAGGAAAAACAATAGAAGAATCCGATATTAACCGCTTACCTTACTTAAGATGCGTTA
TGAAAGAAACCTTAAGGATACATCCACCAGTTCCCTTCTTAATTCCTCGCAAAGTGGAACAA
AGTGTTGAGGTTTGTGGATACAATGTCCCTAAAGGATCACAAGTTCTTGTGAATGCTTGGGC
AATTGGACGTGATGAAACTGTTTGGGATGATGCTTTGGCATTCAAACCCGAGAGATTTATGG
AATCTGAATTGGATATCCGTGGAAGAGATTTCGAGCTGATTCCGTTCGGTGCTGGCCGAAGA
ATTTGCCCAGGGTTGCCATTGGCACTAAGGACTGTGCCTTTGATGCTTGGTTCTTTGTTGAA
CTCTTTTAATTGGAAGCTTGAAGGTGGGATGGCTCCAAAAGATTTGGATATGGAGGAGAAGT
TTGGTATTACACTGCAGAAGGCTCATCCTTTGCGTGCTGTACCAAGCACCCTTTAA 
 
	
>CrG10H_Protein Sequence 
MDYLTIILTLLFALTLYEAFSYLSRRTKNLPPGPSPLPFIGSLHLLGDQPHKSLAKLSKKHG
PIMSLKLGQITTIVISSSTMAKEVLQKQDLAFSSRSVPNALHAHNQFKFSVVWLPVASRWRS
LRKVLNSNIFSGNRLDANQHLRTRKVQELIAYCRKNSQSGEAVDVGRAAFRTSLNLLSNLIF
SKDLTDPYSDSAKEFKDLVWNIMVEAGKPNLVDFFPLLEKVDPQGIRHRMTIHFGEVLKLFG
GLVNERLEQRRSKGEKNDVLDVLLTTSQESPEEIDRTHIERMCLDLFVAGTDTTSSTLEWAM
SEMLKNPDKMKKTQDELAQVIGRGKTIEESDINRLPYLRCVMKETLRIHPPVPFLIPRKVEQ
SVEVCGYNVPKGSQVLVNAWAIGRDETVWDDALAFKPERFMESELDIRGRDFELIPFGAGRR
ICPGLPLALRTVPLMLGSLLNSFNWKLEGGMAPKDLDMEEKFGITLQKAHPLRAVPSTL- 

 

4) 10-hydroxygeraniol dehydrogenase (Cr10HGO; Accession Number: 

KF561458) 

>Vinca_536_Cr10HGO_1083bp 
ATGGCGAAATCACCGGAAGTCGAGCATCCAGTTAAGGCCTTTGGATGGGCTGCTAGAGACACTTCTGGG
CATCTCTCTCCTTTTCATTTCTCCCGAAGGGCTACCGGAGAACATGATGTGCAATTCAAAGTTTTATAC
TGCGGGATCTGTCACTCGGATCTTCACATGATCAAGAACGAATGGGGCTTCACGAAATATCCCATTGTA
CCTGGGCATGAAATTGTGGGTATAGTTACAGAGGTTGGTAGTAAGGTTGAGAAATTCAAGGTTGGGGAT
AAAGTAGGAGTGGGTTGCCTTGTGGGATCATGCCGGAAATGTGATATGTGCACTAAAGATCTTGAAAAT
TATTGTCCGGGCCAAATACTCACATACAGCGCTACTTATACTGATGGAACAACTACCTATGGAGGCTAT
TCTGATCTAATGGTTGCTGATGAACACTTTGTGATTCGTTGGCCTGAGAATTTGCCTATGGATATTGGT
GCTCCTTTGCTTTGTGCTGGGATTACTACATACAGTCCATTGAGATATTTTGGACTTGATAAACCAGGA
ACCCATGTTGGCGTCGTTGGTCTTGGTGGTCTTGGCCATGTAGCTGTGAAATTTGCCAAGGCTTTTGGT
GCCAAAGTTACTGTCATTAGCACATCTGAGAGTAAAAAACAGGAAGCCTTAGAGAAACTTGGTGCTGAT
TCTTTCTTGGTTAGTCGTGACCCTGAACAGATGAAGGCAGCAGCGGCTAGTTTGGATGGAATTATTGAC
ACCGTTTCTGCAATTCATCCAATCATGCCCCTGCTTAGCATATTGAAGTCTCATGGGAAGCTAATTCTT
GTTGGTGCACCAGAAAAGCCACTTGAGTTGCCATCGTTCCCTCTTATTGCTGGGAGGAAAATAATAGCT
GGAAGTGCAATTGGAGGGTTGAAAGAAACTCAAGAAATGATAGATTTTGCAGCAAAGCACAATGTTTTG
CCTGATGTGGAACTTGTCTCGATGGATTATGTAAACACTGCAATGGAGAGGCTACTGAAAGCTGATGTT
AAATATCGTTTTGTCATTGATGTAGCCAACACACTGAAATCTGCATAA 
 
	
>Cr10HGO_Protein Sequence 
MAKSPEVEHPVKAFGWAARDTSGHLSPFHFSRRATGEHDVQFKVLYCGICHSDLHMIKNEWG
FTKYPIVPGHEIVGIVTEVGSKVEKFKVGDKVGVGCLVGSCRKCDMCTKDLENYCPGQILTY
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SATYTDGTTTYGGYSDLMVADEHFVIRWPENLPMDIGAPLLCAGITTYSPLRYFGLDKPGTH
VGVVGLGGLGHVAVKFAKAFGAKVTVISTSESKKQEALEKLGADSFLVSRDPEQMKAAAASL
DGIIDTVSAIHPIMPLLSILKSHGKLILVGAPEKPLELPSFPLIAGRKIIAGSAIGGLKETQ
EMIDFAAKHNVLPDVELVSMDYVNTAMERLLKADVKYRFVIDVANTLKSA- 

5) Iridoid synthase (CrIDS; Accession Number: KF561460) 

>Vinca_2280_CrIDS_1161bp 
ATGAGTTGGTGGTGGAAGAGGTCCATTGGTGCTGGAAAGAACTTACAGAACAAAGAAAATGG
AGTTTGTAAAAACTACAAGAGTGTGGCACTAGTAGTAGGAGTCACCGGCATTGTTGGCAGCA
GTTTAGCCGAAGTTCTAAAGCTACCAGACACTCCTGGCGGTCCCTGGAAGGTATACGGCGTG
GCAAGGCGCCCATGCCCTGCATGGCTAGCCAAAAAACCAGTTGAGTACATCCAATGTGATGT
CTCAAATAATCAAGAAACAATTTCTAAATTATCTCCACTTAAGGACATAACTCATATATTCT
ATGTTTCTTGGATTGGATCAGAAGATTGCCAAACAAATGCTACAATGTTCAAAAACATCCTT
AATTCAGTGATTCCTAATGCTTCAAATCTCCAACATGTGTGTCTACAAACAGGAATCAAACA
TTATTTTGGTATTTTTGAAGAAGGTTCTAAAGTTGTACCACATGATTCGCCTTTTACCGAGG
ATTTACCTAGGCTAAATGTCCAAAATTTCTACCATGATCTTGAAGATATACTGTATGAAGAA
ACTGGCAAGAACAATTTAACATGGTCTATCCATAGACCAGCTCTGGTTTTCGGGTTTTCCCC
ATGTAGTATGATGAACATTGTCAGTACATTATGCGTTTACGCCACAATTTGTAAACATGAAA
ATAAGGCCTTGGTTTATCCAGGTAGTAAAAATTCATGGAATTGTTATGCTGATGCTGTTGAT
GCAGATTTAGTAGCCGAGCACGAAATTTGGGCAGCAGTTGATCCTAAGGCTAAAAATCAAGT
ATTGAATTGTAACAATGGGGATGTTTTTAAATGGAAACATATTTGGAAGAAATTAGCAGAGG
AATTTGGGATTGAAATGGTGGGATATGTTGAAGGTAAAGAACAAGTTAGTTTGGCTGAGTTA
ATGAAAGATAAAGATCAAGTTTGGGATGAAATTGTTAAGAAGAACAATTTAGTACCTACTAA
ATTGAAAGAAATTGCTGCCTTTTGGTTTGCTGATATTGCTTTTTGTTCTGAGAATTTGATTA
GTAGTATGAACAAAAGTAAGGAATTAGGGTTCTTGGGGTTTAGAAATTCGATGAAATCGTTT
GTTTCTTGTATTGATAAGATGAGGGATTATAGGTTTATTCCTTAG 
 
	
>CrIDS_Protein Sequence 
MSWWWKRSIGAGKNLQNKENGVCKNYKSVALVVGVTGIVGSSLAEVLKLPDTPGGPWKVYGV
ARRPCPAWLAKKPVEYIQCDVSNNQETISKLSPLKDITHIFYVSWIGSEDCQTNATMFKNIL
NSVIPNASNLQHVCLQTGIKHYFGIFEEGSKVVPHDSPFTEDLPRLNVQNFYHDLEDILYEE
TGKNNLTWSIHRPALVFGFSPCSMMNIVSTLCVYATICKHENKALVYPGSKNSWNCYADAVD
ADLVAEHEIWAAVDPKAKNQVLNCNNGDVFKWKHIWKKLAEEFGIEMVGYVEGKEQVSLAEL
MKDKDQVWDEIVKKNNLVPTKLKEIAAFWFADIAFCSENLISSMNKSKELGFLGFRNSMKSF
VSCIDKMRDYRFIP- 

6) 7-deoxyloganetic acid synthase (Cr7DLS) 

>Vinca_734_Cr7DLS_1548bp 
ATGGCGACCATCACTTTCGATTCACTAAACCCGGTGACCGTCGCCATCTCAGCCGGTTTTCT
TCTCCTCCTTATCATCTTTGTGAAATCAAGAACTGGTTCATCCAAAAGAAAACCGCCGGGTC
CTCCAGGATGGCCGATTTTCGGCAATATGTTCGACCTCGGAGATTTACCTCACCAAACGCTG
TACAAGCTCAAGTCCAAATACGGGCCGATCGTATGGCTCCAGCTCGGCTCAATTAATACTAT
GGTTGTTCAAAATGCAGTTTCCGCCGCCGAGCTTTTTAAGAAACACGATGTCCCCTTTTGTG
ACCGAAAAGTCCCTGATACTCTCACTGCCTTCAATTTCAACCAGGGCTCCCTGGGTATGAAT
ACTTACGGCGGACATTGGCGAGTGCTTAGACGCCTCTGTTCCATGGAGTTTTTGGTAAATAA
ACGTATGAACGAAACTACAGATCTAAGAAGGAGAATTGAGGACAATATGGTCCGTTGGATTG
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AAGAAGATTCATTGGCATCTAAAGCACAAGGAGGAACCGGAGCGGTTCAATTGAGCAGGTTT
CTTTTTCTAATGGCGTTTAATTTGGTGGGTAACCTTATGTTATCGAGAGATTTAATGGATAA
TAAGGATCCAGAAGGAAGGGAATTTTTTGATTGTATGAATGAGATATTGGAATTGGCTGGTA
CTCCTAATATTGCTGATTTTTTGCCTTTGTTGAAGAAATTGGATCCACTTGGAATGAAGAAA
AGGATGGTTGATAATATGTCTAGAACTATGAAAATTTCTTCAAAGTTTGTTCAAGAAAGACT
TGATAATAGAAAAGCTGGAAAGATTAATGAAAAGAAAGATTTCTTGGATGTTATGCTTGAAT
ACCAAGGTGATGGTAAAGATGGTCCCGATAAATTCACTGAGCAACATGTCAACATTGTCATC
ATGGAAATGTTTTTTGCAGGATCAGAGACAACAAGTATCAGCATTGAATGGGGATTCACAGA
ACTTCTCCGAAACCCACACGCATTCAAGAAAGTAAGGGAAGAGATCGACAGAGTAGTGGGAG
TAAACAGAATGGTCGAAGAGAGCGACATGGAGAATTTGCCGTATTTGCAAGCAGTTGTAAAG
GAGACGCTTAGATTGCATCCGGCACTTCCAATGCTTCTACCAAGAAACACAATGGAAGACAC
TGAATACATGGGATACCTCATTCCTAAAGGCACACAAGTTTTCGTGAATGCATGGGCAATCG
GAAGGGATCCTGAGTACTGGCAGGACCCTTTGAGTTTCAAACCAGAAAGGTTTATCAATTCC
AGTGTTGAATATAAAGGACAACATTTTGAATTGATTCCTTTTGGTTCTGGAAGAAGAATTTG
TGTGGGATTTCCTTTGGCTCATAGAGTTGTTCATCTCACTTTGGCTACATTAGTCCAGGCTT
TTGATTGGGATCTTGGTGCTGGCGTTAAACCACAAGATATTGATTTGGAAGAGAGATTGGGA
TTGACTCTGAGGAAGAAGAATCCATTGAATGTCATCCCTAAGAAGAGAGTTCATATCTAA 
	
>Cr7DLS_Protein Sequence 
MATITFDSLNPVTVAISAGFLLLLIIFVKSRTGSSKRKPPGPPGWPIFGNMFDLGDLPHQTL
YKLKSKYGPIVWLQLGSINTMVVQNAVSAAELFKKHDVPFCDRKVPDTLTAFNFNQGSLGMN
TYGGHWRVLRRLCSMEFLVNKRMNETTDLRRRIEDNMVRWIEEDSLASKAQGGTGAVQLSRF
LFLMAFNLVGNLMLSRDLMDNKDPEGREFFDCMNEILELAGTPNIADFLPLLKKLDPLGMKK
RMVDNMSRTMKISSKFVQERLDNRKAGKINEKKDFLDVMLEYQGDGKDGPDKFTEQHVNIVI
MEMFFAGSETTSISIEWGFTELLRNPHAFKKVREEIDRVVGVNRMVEESDMENLPYLQAVVK
ETLRLHPALPMLLPRNTMEDTEYMGYLIPKGTQVFVNAWAIGRDPEYWQDPLSFKPERFINS
SVEYKGQHFELIPFGSGRRICVGFPLAHRVVHLTLATLVQAFDWDLGAGVKPQDIDLEERLG
LTLRKKNPLNVIPKKRVHI- 

 

7) 7-deoxyloganetic acid glucosyltransferase (CrDLGT) 

>Vinca_1690_CrDLGT_1449bp 
ATGGGTTCTCAAGAAACAAATTTGCCTCCTCATGTTCTCATATTCCCTTTGCCAATTCAAGG
CCATGTGAACTCCATGCTCAGACTAGCAGAACTTCTCTGTCTAGCTGAATTAGATATCACTT
TTATTGTTTCAGAGTTCAGCCACAGTCGCTTAATTAAGCATACAAATGTTGCCTCCCGTTTT
GCCCGTTACCCAGGATTTCAGTTCCAGCCCATATCCGATGGCCTTCCCGATGATCACCCCAG
AGCAGGCGAAAGAGTCATGGATATTTTGCCTTCAACTAAAAATGTAACGGGACCCCTGTTTA
AGCAGATGATGGTTGAGAATAAGTGCTTTTCTTCTGCTACTCGAAGGCCGATTACTTGCATA
ATCGCTGATGGGGTTTTGAGCTTTGCTGGGGATTTCGCTCAAGAAAAAGGAATCCCTCTTAT
TTACTTCAGAACTGTTTCTGCTTGTTCTTTCTGGGCTTGTTTTTGTATGCCTGAACTAATTG
AATCTGGTGACATTCCGATTAAAGGAAATGGTATGGATCTGATAGTGAAAAGCGTGCCGGGG
ATGGAAACTTTTCTCAGGCGACGAGATCTGCCGGGGTTTTGCCGAGTCAATGACATTAATGA
ACCGAAACTCCAGATCCTGAAAACAGAGACAAGACAGACAACGAGAGCCCAAGCGGCTATTT
TGAACACTTTTGAGGATTTGGAAGGACCAATTCTATCTCAAATTCGCAAACACATGCCAAGA
CTTTTCACAATTGGACCAAGTCATTCCCACCTAACATCTAGACTTGAAACCAAGAATATCAA
GACTTTAATTTCCTCCGGTAGTTTCTGGGAAGAAGATCGAAGCTGTGTGGATTGGCTTGATG
CACAGCCACCAAGATCTGTTTTATATGTAAGTTTTGGAAGTATTACAGTTGTAACAAGAGAC
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CAACTCCTGGAATTCTGGTATGGTCTTGTTAATAGTGGACAACGGTTCTTGTGGGTAATGAG
GCCAGATTCAATTATGGGCAAAGATGGGCAAAGCCAGATTCCTGCAGATCTTGAAGAGGGCA
CAAAAGCCAGAGGTTATATGGTGGGATGGGCACCTCAAGAAGAGGTCTTGAATCACCCTGCC
ATTGGAGGATTTCTGACTCACAGTGGGTGGAATTCAACTTTAGAGAGTATTGTGGCTGGTGT
CCCAATGATATGTTGGCCATACTTTGCGGACCAAATGATAAACAGCAGATTTGTGAGTGAAA
TTTGGAAGATTGGATTGGATATGAAAGATACATGTGATAGAGAGACAATTGTGAAGATGGTT
AGGGAGTTGATGGAGATTAGGAAAGATGAGTTCTTGCAAAGGGCTGATCATATGGCTAAATT
GGCAAAAGAGGCTGTTAGTGAAGGCGGATCCTCATATTCTAACTTGGATGGCCTCGTTGATT
ACATAAAATCACTGATTATTTGA 
 

>CrDLGT_Protein Sequence 
MGSQETNLPPHVLIFPLPIQGHVNSMLRLAELLCLAELDITFIVSEFSHSRLIKHTNVASRF
ARYPGFQFQPISDGLPDDHPRAGERVMDILPSTKNVTGPLFKQMMVENKCFSSATRRPITCI
IADGVLSFAGDFAQEKGIPLIYFRTVSACSFWACFCMPELIESGDIPIKGNGMDLIVKSVPG
METFLRRRDLPGFCRVNDINEPKLQILKTETRQTTRAQAAILNTFEDLEGPILSQIRKHMPR
LFTIGPSHSHLTSRLETKNIKTLISSGSFWEEDRSCVDWLDAQPPRSVLYVSFGSITVVTRD
QLLEFWYGLVNSGQRFLWVMRPDSIMGKDGQSQIPADLEEGTKARGYMVGWAPQEEVLNHPA
IGGFLTHSGWNSTLESIVAGVPMICWPYFADQMINSRFVSEIWKIGLDMKDTCDRETIVKMV
RELMEIRKDEFLQRADHMAKLAKEAVSEGGSSYSNLDGLVDYIKSLII- 
 

8) 7-deoxyloganic acid hydroxylase (Cr7DLH) 

>Vinca_2445_Cr7DLH_1556bp 
ATGGAATTGAACTTCAAATCAATTATTTTCTTGGTTTTTGTTAGTCTAACCCTTTACTGGGT
CTATAGAATCTTGGATTGGGTATGGTTTAAGCCCAAGAAGCTGGAAAAATGCTTAAGAGAAC
AAGGGTTTAAGGGAAATCCTTACAGATTGTTCTTGGGAGATCAGTATGATAGTGGAAAATTG
ATCAGACAAGCCTTGACTAAACCTATTGGTGTTGAAGAAGATGTTAAGAAACGAATTGTACC
TCATATACTCAAAACTGTTGGGACTCATGGCAAGAAGTCTTTTATGTGGGTTGGAAGAATAC
CAAGGGTGAATATCACAGATCCAGAGCTGATTAAAGAGGTCTTAACAAAATACTATAAGTTC
CAGAAGAATCATCATGATCTTGACCCAATTACCAAATTGCTTTTGACTGGAATTGGAAGCTT
AGAAGGTGACCCTTGGGCTAAACGCCGAAAAATCATCAATGCTGCTTTTCACTTTGAAAAGT
TAAAGCTTATGCTTCCTGCATTCTATTTGAGTTGCCGTGATATGGTGACAAAATGGGATAAT
AAGGTCCCTGAAGGAGGATCAGCAGAGGTGGATGTGTGGCATGATATTGAAACCTTAACTGG
AGATGTAATTTCAAGAACATTATTTGGAAGTAACTTCGAGGAAGGGAGAAGAATATTTGAAC
TCATGAAAGAACTTACTGCTCTTACTATTGATGTCATTCGCTCGGTTTATATCCCTGGACAG
AGGTTTCTTCCAACTAAGAGGAACAATAGGATGAGAGCAATTGACAAAGAAGTTAGAGTAAG
AATAACAGAAATTATCAATAAGAAAATGAAGGTAATGAAATCAGGAGAAGCAGCAAGTGCTG
CTGATGATTTTTTGGGAATATTGTTGGAATGCAATCTGAATGAAATAAAGGAGCAAGGAAAT
AACAAAAGTGCTGGAATGACTATTGGAGAGATTATTGGTGAGTGCAAACTCTTCTATTTTGC
TGGCCAGGACACTACCTCGACTTTACTCGTGTGGACAATGGTCCTCTTGTCTAGATTCCCCG
AATGGCAAACTCGTGCCAGAGAAGAAGTTTTTCAAGTCTTTGGTAATAAAACCCCGGACTAT
GATGGTATCAGCCATCTTAAAGTTATAACGATGATCTTGTACGAGGTTTTGAGGTTATATAC
TCCAGTGGCTGAACTGACAAAAGTGGCTCATGAAGCTACACAACTGGGAAAATACTTCATTC
CAGCGGGCGTGCAGCTAATGATGCCACAAATCCTACTTCATCATGACCCTGAAATATGGGGT
GAAGATGTAATGGAGTTCAAACCAGAAAGATTTGCAGAGGGAGTTCTCAAGGCAACTAAGAG
CCAAGGCTCTTTTTTTCCATTTAGCTTGGGACCAAGAATGTGCATTGGCCAAAACTTTGCTC
TATTGGAAGCCAAAATGGCGATGTCTCTAATCTTGAGACGTTTTTCTTTCGAGCTTTCTCCC
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TCCTATGTTCATGCTCCTTTCACTCTCATCACAATGCAACCCCAATATGGTGCTCATTTGAT
TCTGCACAAACTCTAA 
 

>Cr7DLH_Protein Sequence 
MELNFKSIIFLVFVSLTLYWVYRILDWVWFKPKKLEKCLREQGFKGNPYRLFLGDQYDSGKL
IRQALTKPIGVEEDVKKRIVPHILKTVGTHGKKSFMWVGRIPRVNITDPELIKEVLTKYYKF
QKNHHDLDPITKLLLTGIGSLEGDPWAKRRKIINAAFHFEKLKLMLPAFYLSCRDMVTKWDN
KVPEGGSAEVDVWHDIETLTGDVISRTLFGSNFEEGRRIFELMKELTALTIDVIRSVYIPGQ
RFLPTKRNNRMRAIDKEVRVRITEIINKKMKVMKSGEAASAADDFLGILLECNLNEIKEQGN
NKSAGMTIGEIIGECKLFYFAGQDTTSTLLVWTMVLLSRFPEWQTRAREEVFQVFGNKTPDY
DGISHLKVITMILYEVLRLYTPVAELTKVAHEATQLGKYFIPAGVQLMMPQILLHHDPEIWG
EDVMEFKPERFAEGVLKATKSQGSFFPFSLGPRMCIGQNFALLEAKMAMSLILRRFSFELSP
SYVHAPFTLITMQPQYGAHLILHKL- 
 

9) Loganic acid methyltransferase (CrLAMT) 

>Vinca_917_CrLAMT_1116bp 
ATGGTTGCCACAATTGATTCCATTGAAATGCCTGCTCTTCCAACAGCTGTGGAAGCCCACCC
AATGAAAGGTGGTGATGACTCCCACAGTTACTCCCAAAATTCTTGCTACCAGAAAGGAGTAA
TTGATGCAGCCAAGGCAGTGATTGTTGAAGCAGTGAATGAAAAATTGGATCTTGAAAATAAT
CCAATCTTTGATCCAATCAAACCTTTCCGCATTGCAGATTTTGGATGTTCAACAGGACCAAA
TACTTTCCATGCTATGCAAAACATAGTAGAATCAGTTGAAACAAAATACAAATCACTTCAAA
AAACCCCTGAATTCCATGTTTTCTTCAATGATCATGTTAACAATGATTTCAATGTTCTCTTT
AGATCCCTTCCACCAAACAGGGAATTTTTTGCTGCTGGTGTTCCTGGATCTTTCTACACTAG
AGTTTTTCCCAAAAATAGCATTCATTTTGCTCATTGTTCTTATGCACTTCATTGGTTATCTA
AAGTGCCCAAGGAAATTCAAGATAAAAATTCTTTGGCTTATAATAAGGGAAGAATTCATTAC
ACTGGTACTGAAAAACATGTTGTTAAGGCTTATTTTGGTCAATTCCAAAGAGATTTTGAAGG
GTTTTTAAAAGCAAGAGCTCAAGAAATTGTTGTTGGAGGGTTGATGGTGATTCAAATACCTG
GGCTTCCTAGTGGTGAAGTCCTTTTCTCAAGGACTGGTGCTGGTTTGCTTCACTTCCTTTTG
GGAACTTCCTTGATGGAATTGGTTAACAAGGGAATCATCAATGAAGAAAGTGTAGATTCCTT
CAATTTGCCTCAATATCATCCCTCAGTTGAAGACTTGGAAATGGTGATAGAAATGAACGATT
GTTTCACAATTGAAAGGGTTGGAACTTTACCTCATCCCATGAAGAATTTACCATTTGATGTT
CAAAGGACTTCTTTACAAGTAAGAGCAATCATGGAATGCATTCTCACTGAACATTTTGGGGA
AAATATTTTGGATCCATTATTTGAAATCTACACCAAAAATTTGCAAGAGAATTTCCATGTTT
TTGATAAGGAAATTAGAAAGGATGCAGATTTGTACCTTGTCTTGAAACGCAAGGGAAATTAA 
 

>CrLAMT_Protein Sequence 
MVATIDSIEMPALPTAVEAHPMKGGDDSHSYSQNSCYQKGVIDAAKAVIVEAVNEKLDLENN
PIFDPIKPFRIADFGCSTGPNTFHAMQNIVESVETKYKSLQKTPEFHVFFNDHVNNDFNVLF
RSLPPNREFFAAGVPGSFYTRVFPKNSIHFAHCSYALHWLSKVPKEIQDKNSLAYNKGRIHY
TGTEKHVVKAYFGQFQRDFEGFLKARAQEIVVGGLMVIQIPGLPSGEVLFSRTGAGLLHFLL
GTSLMELVNKGIINEESVDSFNLPQYHPSVEDLEMVIEMNDCFTIERVGTLPHPMKNLPFDV
QRTSLQVRAIMECILTEHFGENILDPLFEIYTKNLQENFHVFDKEIRKDADLYLVLKRKGN 
 

10) Secologanin synthase (CrSLS) 

>Vinca_917_CrSLS_1116bp 
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ATGGAGATGGATATGGATACCATTAGAAAGGCAATTGCTGCCACTATTTTTGCATTGGTAAT
GGCTTGGGCATGGAGAGTGTTGGATTGGGCATGGTTTACTCCTAAGAGGATCGAGAAACGTC
TAAGGCAGCAAGGTTTTAGAGGAAATCCTTATAGATTCTTGGTTGGAGATGTTAAGGAGAGT
GGAAAAATGCATCAAGAAGCCTTGTCTAAACCCATGGAGTTCAACAATGATATTGTTCCTCG
CCTCATGCCACATATTAACCACACTATCAATACTTACGGTAGGAATTCCTTTACATGGATGG
GAAGGATTCCAAGAATTCATGTTATGGAACCTGAACTTATTAAGGAAGTATTGACCCACTCA
AGCAAATACCAAAAGAACTTTGATGTTCACAATCCCCTTGTTAAGTTCCTTCTCACCGGAGT
TGGAAGCTTTGAGGGTGCAAAATGGTCAAAACACAGAAGAATTATTTCCCCTGCCTTCACTC
TTGAGAAACTAAAGTCAATGCTGCCAGCTTTTGCCATATGCTACCATGACATGTTGACCAAA
TGGGAGAAAATAGCTGAAAAACAAGGATCCCATGAAGTTGATATCTTTCCCACGTTTGATGT
TTTAACAAGTGATGTGATTTCAAAGGTTGCATTTGGTAGCACATATGAAGAAGGAGGCAAAA
TCTTCAGACTATTGAAAGAACTCATGGATCTCACAATTGACTGCATGAGAGATGTCTACATT
CCAGGATGGAGCTACTTGCCAACCAAGAGGAACAAGAGGATGAAAGAAATTAACAAAGAGAT
CACAGATATGCTAAGGTTCATCATCAACAAGAGAATGAAGGCTTTGAAGGCTGGAGAGCCAG
GTGAGGATGACTTGCTGGGAGTATTGTTGGAATCAAACATTCAAGAAATTCAAAAGCAAGGA
AACAAGAAGGATGGTGGAATGTCAATCAATGATGTAATTGAGGAGTGCAAATTGTTCTACTT
TGCTGGTCAAGAAACTACTGGAGTTTTACTGACATGGACCACCATCTTATTGAGCAAGCACC
CTGAGTGGCAAGAACGAGCCAGAGAAGAAGTTCTCCAAGCCTTTGGCAAGAATAAACCTGAG
TTTGAACGCTTAAATCACCTCAAATATGTGTCTATGATCTTGTACGAGGTTCTAAGGTTGTA
CCCACCAGTGATTGATCTAACAAAGATTGTCCACAAGGACACAAAGTTAGGGTCGTACACAA
TCCCTGCAGGAACACAAGTGATGTTGCCGACAGTAATGCTTCACAGAGAGAAGAGCATTTGG
GGAGAAGATGCAATGGAATTCAACCCAATGAGATTTGTTGATGGAGTTGCCAATGCAACCAA
GAACAATGTAACATATTTGCCATTCAGCTGGGGACCTAGGGTTTGTCTTGGCCAAAACTTTG
CACTTCTGCAAGCAAAATTAGGATTGGCAATGATTTTACAACGCTTCAAGTTTGATGTTGCT
CCATCCTATGTTCATGCTCCTTTTACTATTCTCACAGTTCAACCCCAGTTTGGTTCTCATGT
CATCTACAAGAAGCTTGAGAGCTAG 
 

>CrSLS_Protein Sequence 
MEMDMDTIRKAIAATIFALVMAWAWRVLDWAWFTPKRIEKRLRQQGFRGNPYRFLVGDVKES
GKMHQEALSKPMEFNNDIVPRLMPHINHTINTYGRNSFTWMGRIPRIHVMEPELIKEVLTHS
SKYQKNFDVHNPLVKFLLTGVGSFEGAKWSKHRRIISPAFTLEKLKSMLPAFAICYHDMLTK
WEKIAEKQGSHEVDIFPTFDVLTSDVISKVAFGSTYEEGGKIFRLLKELMDLTIDCMRDVYI
PGWSYLPTKRNKRMKEINKEITDMLRFIINKRMKALKAGEPGEDDLLGVLLESNIQEIQKQG
NKKDGGMSINDVIEECKLFYFAGQETTGVLLTWTTILLSKHPEWQERAREEVLQAFGKNKPE
FERLNHLKYVSMILYEVLRLYPPVIDLTKIVHKDTKLGSYTIPAGTQVMLPTVMLHREKSIW
GEDAMEFNPMRFVDGVANATKNNVTYLPFSWGPRVCLGQNFALLQAKLGLAMILQRFKFDVA
PSYVHAPFTILTVQPQFGSHVIYKKLES- 	
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Thesis Summary 

A wide array of secondary metabolites is produced by plant as a part of their 

defense system. Terpenes are a large class of secondary metabolites produced in 

plants, which are known to possess numerous biological properties.  Catharanthus 

roseus, an evergreen shrub, is a rich source of a class of compounds called terpene 

indole alkaloids (TIAs), which are known for their pharmacological and therapeutic 

importance. The Catharanthus alkaloids comprise a group of numerous terpenoid 

indole alkaloids, of which vinblastine and vincristine have emerged as promising anti-

cancer agents. These two compounds are synthesized via an intermediate, 

secologanin, the formation of which greatly depends on the formation of iridoids. This 

thesis describes the isolation and extensive characterization of the genes involved in 

the biosynthesis of iridoids in Catharanthus roseus, their scope for metabolic 

engineering and directed evolution of two important enzymes in the pathway.  

Isolation of high quality total RNA from the various tissues of Catharathus 

roseus was carried out after optimization of conventional and kit-based protocols. 

These total RNA samples were further used for RNA sequencing on Illumina GAII 

Analyzer and Fastq file of 4.88 GB was generated. The raw RNA-seq paired reads 

were deposited with NCBI (Accession ID: SRR1693842). The 15485359 high quality 

paired end raw reads were assembled into 76075 contigs with an optimized hash 

length of 49, largest average contig length of 548.5 bp and an N50 value of 881 bp. 

Functional annotation was carried out using KEGG database, KAAS server, NCBI 

Nr-database, SwissProt/ Uniprot database and Pfam database. These analyses finally 

led to the identification of the unigenes related to secologanin biosynthesis.  

Using the data from transcriptome analysis, five genes involved in the 

biosynthesis of iridoids were identified as geranyl diphosphate synthase (CrGDS), 

geraniol synthase (CrGS) and geraniol 10-hydroxylase (CrG10H), 10-

hydroxygeraniol dehydrogenase (Cr10HGO) and iridoid synthase (CrIDS) and their 

cloning and functional characterizations were carried out. Cr10HGO showed broad 

substrate specificity for 10-hydroxygeraniol, 10-oxogeraniol or 10-hydroxygeranial 

over monohydroxy linear terpene derivatives. Concerted enzymatic function in the 

biosynthesis of cis-trans-nepetalactol has been demonstrated using 10-

hydroxygeraniol and NADP+ with Cr10HGO and CrIDS combined assay system. The 

stereochemistry of the enzymatic product was determined as (1R, 4aS, 7S, 7aR)-
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nepetalactol, which is a key intermediate in the biosynthesis of iridoids and MIAs. 

Further, we demonstrated the in vitro formation of (1R, 4aS, 7S, 7aR)- nepetalactol 

when geraniol was incubated with CrG10H, Cr10HGO and CrIDS. 

Cr10HGO catalyzes the formation of 10-oxogeranial via two intermediates, 10-

hydroxygeranial and 10-oxogeraniol, in the presence of NADP+. In order to establish 

the structure-function relationship, we identified 12 amino acids present in the active 

site pocket. Functional characterization of the 14 mutants generated from these amino 

acids suggests the crucial role in the catalysis of Cr10HGO. The product profiles of 

the 14 mutants suggested that, replacement of the highly conserved residues with 

smaller amino acids affects the interaction of the substrate and the protein, which in 

turn affects the activity of the protein. The results observed indicate that an increase in 

the hydrophobicity surrounding the active site pocket greatly favors the reaction in the 

forward direction, and hence enhances the percentage formation of the di-aldehyde, 

10-oxogeranial. The kinetic parameters of these significant mutants were well in 

agreement with the characteristics of their product profile. 

Iridoid synthase (CrIDS) is an NADPH-dependent enzyme, belonging to a class 

of monoterpene indole cyclases, which utilizes the linear 10-oxogeranial as a substrate 

and by a sequential reduction and cyclization, produces an equilibrium mixture of 

nepetalactols and iridoids, the final product in iridoid biosynthesis. The main aim of 

carrying out directed mutagenesis of CrIDS was to identify the amino acids 

controlling the substrate specificity of the enzyme. Studies of the activity profiles of 

the 10 CrIDS mutants constructed, led to the observation that an increase in polarity 

near the active site pocket favored the formation of cis-trans-nepetalactol / (1R, 4aS, 

7S, 7aR)-nepetalactol more than normally. 

Full-length unigenes showing matches with 7 deoxyloganin synthase (Cr7DLS), 

7-deoxyloganetic acid glucosyltransferase (CrDLGT), 7-deoxyloganin hydroxylase 

(7DLH), loganic acid methyltransferase (CrLAMT) and Secologanin synthase 

(CrSLS) were identified. Their cloning and expressions were carried out and this 

study gives scope for the extension for metabolic engineering of the ten genes of the 

secologanin biosynthetic pathway for expression in heterologous systems. 
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