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Triterpenes, thirty-carbon compounds derived from five-carbon isoprene units, are among the largest and diverse classes of
natural productslo date, over 20,000 distinct triterpene structures having more than 100 skeletal variations are indentified
from natural sources. The majority of this triterpene diversity is found within the plant kingdom. Plants often accumulate
triterpenes in their glycosylated forms that are known as saponins. Plants usually produce triterpenes in tissue-specific,
organ-specific and developmentally specific manners, and in response to environmental perturbation, and pest and pathogen
attacks Although, the biological function of majority of the triterpenes is yet to be determined, some triterpenes are
suggested to play specialized/secondary function as defence compounds. On the stetolrand steroid hormones

that share common biosynthetic precursor (i.e. 2,3-oxidosqualene) with triterpenes play primary function during plant
growth and development. The first diversifying step in triterpene/sterol biosynthesis is catalyzed by a family of enzymes
known as oxidosqualene cyclases (OSCs) that convert 2,3-oxidosqualene into various triterpene/sterol scaffolds. In recent
years, remarkable progress has been made in enzymatic characterization of OSCs from diverse plant species, besides
isolation, structural elucidation and studying pharmacological activities of triterpenes. These efforts led to the identification

of OSCs with diverse product specificities and, also helped us understand the evolution of OSC family in plants. In this
review article, besides presenting an overview of triterpenes with respect to their structural doveliegizal functions

and biosynthetic pathways, the role of OSCs in generating triterpene skeletal diversity in plants is highlighted.
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Introduction demanding environmental conditions and therefore,
referred as secondary or specialized metabolites
. _ o ?Gershenzon and Dudareva, 2007). The biological
of low-molecular-weight organic compounds. Majority functions of plant secondary metabolites include

g,f theshe nat(ljjraldproductsllphé/t_oct}emw_als arg attracting pollinators/seed dispersal agents, interacting
losynthesized and accumulated in plants in a subs;, neighbouring plants, and responding to the attacks

ceIIu_Iar compgrtment/tissu'e/developmental age/ by pathogens/herbivores (Pichersky and Gershenzon,
species-specific manner (Mise4 al, 2015). More 2002)

than 100,000 different structures of natural products

are revealed. Howevghe actual number is certainly A vast diversity of the plant secondary
more because only about 30% of the plant specieanetabolites has been exploited for thousands of years
are studied for the purpose of natural products isolationby the human cultures to treat several diseases and
and characterization (Mk, 2010). Unlike primary  health disorders, and also used as flavours, fragrances
metabolites; such as amino acids, sugars, lipids andand pesticides. Majority of the worldpopulation is
nucleic acids, the majority of the phytochemicals do still dependent on plants or plant extracts as a prime
not play direct role in plant growth and development. source of healthcare. More than half of the top 150
However they help plants to acclimatize to the prescribed drugs in the US comprise of at least one

Plants biosynthesize and accumulate a diverse typ
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plant-derived compound. In India, traditional medicine cosmetic additives (Laszczyk, 2009; Sawai and Saito,
is still practiced by up to 80% of the population 2011; Moseset al, 2013). Several plant-origin
(Williams and Ellis, 2013)At present, several plant- triterpenes are now being marketed as dietary
origin secondary metabolites are directly utilized as supplements and over-the-counter (OTC) drugs, and
drugs; howevermany are leading models for the a couple of synthetic triterpene derivatives are
development of semi-synthetic and synthetic drugsundegoing clinical trials (Sheng and Sun, 200oses
(Canteret al, 2005; De Lucat al, 2012). Some of et al, 2013). Unfortunatelysecondary metabolites
the plant-origin life-saving drugs are in extensive including triterpenes are produced at a very low level
medical use for the treatment of malaria (artemisinin, as a mixture of structural/stereo-isomers in plants.
guinine), cancer (vinblastine, vincristine, taxol), Therefore, complex extraction and isolation procedures
hypertension (reserpine), pain (morphine, codeine) etcare followed, which lead to low product yield.
Moreover several phytochemicals including comprehensive knowledge about the biosynthetic
farnesane, bisabolene, pinene dimmers, isopentengbathways and their regulation shall be useful to
and botryococcene are emerging as valuable biofuebvercome low product yield of the secondary
feedstocks (Jiangt al,, 2016). metabolites and also to design a specific chemotype,
_ , _ . following pathway engineering and molecular breeding
According to the bl_osynthetlc origin, natural approaches (Lange aAtikami 2013; Paddoet al,
products are grouped into three major classes "2013). 2,3-Oxidosqualene serves as a common

teuzpler_gas ((_jerlved from_ f|_ve-carbon |sdopdrer_1e g;uts), precursor for the biosynthesis of diverse triterpenes
alkaloids (nitrogen-containing compounds derived from in plants. Oxidosqualene cyclase (OSC)-mediated

am(ijno _acidls)fand phhenyl/lr)rqpanoi(;js (delrived cyclization of 2,3-oxidosqualene is the initial
predominantly from phenylalanine and, to a esserdiversifying step for the biosynthesis of diverse

extent from tyrosine)Among these three classes, triterpenes (Misra&t al, 2014). Furthercytochrome
terpenes constitute the largest family of natural P450-dependent monooxygenase (CYP450)
plr o;lg;:lts YI'V ith more thafn 62’00? m‘?fr_”z‘?rség]%@sa' acyltransferase (B and glycosyltransferase (GT)-
al. ). Terpenes are further classified int nt mediated oxidation, acetylation and glycosylation,

_subgroups, _based on the .number'of five-carbon @C)respectivelyof the product of OSC-catalyzed reaction
Isoprene units they contain. Hemiterpenes contain a5 14 generation of additional triterpene structural
single ISoprene unit, whereas; mono (10C)-, Sesqu'diversity This review article presents an overview of
(15C)-, i (20C)-, sester (25C)-, tr (30C)-,tetra_1 (40C)- triterpenes with respect to the structural diversity
and poly-terpenes are made of wo, three, fioue, biological roles and biosynthetic pathways. Morepver

siX, elg_ht and more than eight Isoprene units, an important role of OSCs in generating triterpene
respectively Majority of low-moleculajweight diversity is highlighted

terpenes such as hemiterpenes (e.g. isoprene),
monoterpenes (e.g. geraniol), and sesquiterpenes (€.Jriterpene Sructural Diversity

farnesene) are volatile in nature and are emitted from

plants to attract/repel other organisms during Triterpenes constitute Ige and structurally divgrs_,e
interaction with the environment. Howeyérigh- types of natural products. More than 100 distinct
molecular-weight terpenes, such as diterpenes (e.glliterpene scaffolds are currently known. These
taxol), triterpenes (e.g. ursolic acid), tetraterpenesScaffolds are found to be decorated with various
(e.g. carotenoid) and polyterpenes (e.g. rubber) ardunctional groups; such as hydroxyl, carboxyl, carbonyl,

non-volatile and therefore, most of them are believed@/kyl, malonyl and glycosyl to produce over 20,000
to play localized biological function. distinct triterpene structures that are known to date

(Thimmappaet al, 2014).Triterpenes are derived
Triterpenes are one of the diverse groups of from either of two acyclic 30-carbon precursors:
natural products with more than 20,000 different squalene (bacteria) and 2,3-oxidosqualene (fungi,
triterpene structures reported to date (Thimmatpa plants and animals). These are also common
al., 2014)Triterpene class of secondary metabolites precursors for the biosynthesis of membrane sterols,
have commercial applications for their diverse such as bacterial hopanoids, plant phytosterols, animal
pharmacological activities and, also as food andcholesterol and fungal ergosterol, and steroid
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hormones such as plant brassinosteroids, animahl., 2004). Other monocyclic triterpenes are
corticosteroids and insect ecdysone (Bishopiristectorone K (a triterpene ester) and
and Koncz, 2002). Most triterpene scaffolds are monocyclosqualene that were isolated from rhizomes
tetracyclic and pentacyclic in nature, howeweyclic, of Iris germanica(Orhanet al, 2002) and leaves of
monocyclic, bicyclic, tricyclic, and hexacyclic Ligularia fischeri (Lee et al, 2002), respectively
triterpenes have also been reported from naturalMyrrhanones, (+)-myrrhanol C, lamesticumins, lansic
sources. Based on their carbon skeleton, triterpenescid and its 3-ethyl ester are the examples of bicyclic
are commonly classified as squalene derivative,triterpenes reported fror@ommiphora mukuyl
cucurbitane, cycloartane, dammarane, euphanePistacia lentiscusand Lansium domesticurfDong
friedelane, gammacerane, holostane, hopanegtal, 201 ; Mallavadhanet al, 2015)Among these
lanostane, lupane, oleanane, protostane, quassinoidicyclic triterpenes, myrrhanone C derivatives and (+)-
saponin, serratane, tetranortriterpene, tirucallane andnyrrhanol C are the potential anti-cancer leads
ursane (Hill and Connolly2012).These triterpene  (Domingoet al, 2013; Mallavadharet al, 2015).
classes (Fig. 1) are briefly discussed in the following Tricyclic triterpenes are also reported from plants,

sections. such asKadsura coccineaA. odorata and
_ ) Schisandra glaucescem®ntaining kadcotriones,
Acyclic Triterpene achilleol B and schiglautorfe respectively (Barrero

Squalene and squalene epoxide (2,3-oxidosqualene§t &l 1990; Menget al, 2011 Lianget al, 2013).

are acyc_lic triterpe_nes th_at serve as genera_l precurs_or%,[racyCIi ¢ Triterpene

for the biosynthesis of diverse triterpenes in bacteria

and eukaryotic @anisms, respectivelj{However Tetracyclic triterpenes are frequently classified as
plants also produce acyclic triterpenes which arelanostane, protostane, dammarane, euphane and
known as squalene derivatives (Fig. 1). Examples ardirucallane (Fig. 1). Examples of lanostane-type
sapelenins isolated from bark of the Camerooniantetracyclic triterpenes are lanosterol and parkeol.
medicinal planEntandophragma cylindricumand Lanosterol is the universal precursor for the
callicarpol isolated from dried fruit ofallicarpa biosynthesis of sterols in animals (cholesterol) and
maciophylla(Hill and Connolly 2012) Some of the  fungi (emgosterol), howeverlanosterol-derived
acyclic triterpenes such as ekeberins isolated frommetabolites are also found in plants and some
stem bark of Ekebegia capensis an myxobacteria (Bodet al, 2003; Kolesnikovat al,
African medicinal plant, are the potential anti-malarial 2006). Parkeol serves as sterol precursor in sea
compounds (Amoa Onguémé al, 2013).Another cucumbers and is a wide-spread metabolite in plants
squalene derivative, squalene-1,10,24,25,30-pentol thafXu et al., 2004). Cucurbitane, euphane, tirucallane
exhibits moderate anti-mycobacterial actiitgs been  and holostane are lanostane derived triterpenes.
isolated from leaves and twigsRhus taitensigHill Cucurbitacins are widespread in cucurbits such as
and Connolly2013). Cupaniol isolated froBupania cucumbermelon, watermelon, squash, and pumpkin,
latifolia and lobophytene isolated from the and are considered as responsible for the bitter taste
Vietnamese soft cordlobophytumsp. are also  of these plants. Cucurbitacins are suggested to protect
classified as squalene derivatives. Other acyclicplants from most pests and also shown to have
triterpenes are botryococcene and their methylatedantitumor properties (Shareg al, 2014). Euphane
derivatives produced by the green algae and tirucallane triterpenes are reported from roots of

Botryococcus brauni{Jianget al, 2016). Euphorbia kansuand from bark oBroussonetia
o o . papyrifera (Wang et al, 2003; Hill and Connolly
Monocyclic, Bicyclic and Tricyclic Triterpene 2013). Holostanes, such as cucumariosides and

Triterpenes having one-to-three ring structure are alsdUScocinerosides are commonly found in sea
found in plants, although less abundant compared tgeucumber (Hilland Connoll013). Dammaranes are
triterpenes with four-to-five ring structure (Fig. 1). the well known ploactlve components of the medicinal
Monocyclic triterpenes achilledl and camelliol ¢ PlantsPanaxginsengandP. notoginsengThese

are isolated fromAsteridae subclass members Plants accumulate dammarane glycosides, such as
Achillea odorataand Camellia sasanqu#&Xu et ginsenosides, notoginsenosides and gypenosides.
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Fig. 1: Triterpene skeletal diversity. (A-G) Acyclic-to-hexacyclic triterpenes, (H) quassinoid (15-O-acetylbruceolide) and
tetranortriterpene (limonin), (1) saponins. Sructur es ar obtained from Chemical Entities of Biological Interest
(ChEBI, http://www .ebi.ac.uk/chebi), ChemSpider(http://www.chemspidercom) and cited eferences
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Dammarane glycosides are also reported to presendleananes have limited species distribution, such as;
in other plant species: centellosides fr@antella arjunic acid inTerminalia arjunaand glycyrrhetinic
asiaticaand betalnosides froBetula alnoidegHill acid inGlycyrrhizasp. Oleanolic acid is one of the
and Connolly2013). Protostane is a stereoisomer of most widely distributed triterpenes in plants. Oleanolic
dammarane. More than fifty protostane structures areacid has been isolated from more than 1600 plant
known in nature. Protostanes are primarily limited to species. Howeveit is more prevalent in the plant
the genusAlisma of the Alismataceae family of  species of Oleaceae famiigcludingOlea euopaea,
aquatic plants, although, these triterpenes are alsdased on which it was named (Pollier and Goossens,
infrequently found in plants of the other genera such2012). Oleanolic acid is also widely distributed among
as Lobelia, Garcinia, andLeucas Some of the the Lamiaceae family members includi@gimum
protostanes, such as alisAlderivatives are species (Misrat al, 2014). Oleanolic acid and its
recognised for their anti-microbial and anti-cancer derivatives have been shown to have promising

activities (Zhacet al, 2013). pharmacological activities, including hepatoprotective,
o anti-inflammatory anti-oxidant and anti-cancer
Pentacyclic Triterpene activities. Glycyrrhizic acid, a natural sweeteears

Pentacyclic triterpenes are known for the variety of &S0 been shown to possess multiple pharmacological
pharmaceutical activities, such as anti-inflammatory ctivities (Ming and 1, 2013).

hepatoprotective, anti-cancemti-hyperlipidemic, Plant-origin bioactive ursane-type pentacyclic
anti-diabetic, anti-oxidant and anti-microbial iterpenes include ursolic acid, corosolic acid, asiatic
(Laszczyk, 2009; Kongt al, 2013; da Silva Ferreira  a¢id, weigelic acid, actinidic acid, madecassic acid
et al, 2013). Pentacyclic triterpenes are now being etc. Ursolic acid has been isolated from several plant
marketed as dietary supplements, as well as, OVerzpecies, including herbs and fruits, sucidasmum
the-counter (OTC) drugs, and some of the syntheticspecies and apple (Miset al, 2014). Ursolic acid
derivatives are undergoing clinical trials (Sheng nas been shown to have a wide spectrum of
and Sun, 20L; Moseset al, 2013). Pentacyclic  pharmacological activities including anti-cancer and
triterpenes are commonly classified as friedelane, gnti-microbial activities (WYniak et al, 2015:
gammacerane, hopane, lupane, oleanane, serratanRgshyapet al, 2016). Corosolic acid, a bioactive
taraxastane and ursane (Fig. 1). Lupane, oleanangomponent of agerstoemia speciosaxhibits anti-
and ursane are the three major classes of pentacyclifyperiipidemic, anti-inflammatopgnti-fungal and anti-
triterpenes widely distributed in plants. The examples microbial activities. The beneficial effects of corosolic
of the plant-origin lupane-type pentacyclic triterpenes gcid. with respect to various aspects of glucose and
are betulinic acid, bacosine, bevirimat, melaleucic acid,"pid metabolism appear to be well studied (Stehs
cylicodiscic acid, calenduladiol, glochidonol émong 5|, 2012). Corosolic acid is considered as a potential
these, betulinic acid, bevirimat and bacosine are We”drug for management of diabetes and its complications
known for their pharmacological activities, including; (Miura et al,, 2012; Sivakumaet al., 2009).
anti-cancer anti-HIV and anti-hypeglycemic  Taraxastane is a stereoisomer of ursaamaxasterol,
activities (Martinet al, 2008; Ghoshtal, 2011; Potze 5 taraxastane-type triterpene isolated from medicinal
et al, 2014). Bacosine and bevirimat have a limited nherp Taraxacum officinale has several
species distribution and predominantly found in pharmacological activities, including anti-inflammatory

Bacopa monnieriand Syzygium claviflorum  gnd anti-cancer (Zhangt al., 2012; Sharma
respectively However betulinic acid is widely  gnqg Zafar2015).

distributed in plant species includiBgtula spafter
which this compound was named. Hydroxyhopanone, one of the constituents of

dammar gum obtained from the Dipterocarpaceae
Oleanolic acid, maslinic acid, arjunic acid, family of trees, was the first known pentacyclic
glycyrrhetinic acid, germanicol, moronic acid, quillaic - triterpene of hopane class. Its name was based on
acid, and hederagenin are the examples of oleanangpe genudiopea one of the sources of the dammar
type pentacyclic triterpenes. Oleananes are generallyyym. Howeverhopanoids are found abundantly in
widely distributed among plant species, howgle®v  pacteria as a component of cell membrane. Simjlarly
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bacterial tetrahymanol is an examplepehtacyclic ~ Saponin

triterpenenes with al3(21a-) hydroxy-substituted

gammacerane structure. Pentacyclic triterpenes oi‘Sapor’nns (derllved f:jom Lat": qud Sapo, means
serratane-type are common in herbs of the soap’) are glycosides containing one or more

Huperziaceae familysuch adHuperzia serata, H. Ihydrcr)ﬁ_hilic Iglycosidg moieties comb_i;e;d \,Nith_ a
phlegmaria(Zhou et al, 2004; Shiet al, 2005). ipophilic aglycone triterpene or steroid derivative

Friedelane-type pentacyclic triterpenes, such as(Sawai and Saito, 2Q). Thus, saponins are classified

friedelin and endodesmiadiol are common constituents®> triterpene or steroidal saponin, based on the

of cork and these by-products of the cork processing"’“:"chone skelet(_)ns i.e: sz_apogéenins (Figé\\lenac_in d
industry are targeted for biovalorization (Moite@b A-1, soyasaponins, asiaticosides, gypsosaponins an

al., 2006). Cycloartenol, the general sterol precursorgins‘:‘\nOSiOIes are the examples of triterpene saponins,

in plants, is also classified under pentacyclic triterpene,WhereaS_' asparasaponins, W|thalongol|de_s,
avenacosides and digoxin are the examples of steroidal

although it is based on tetracyclic lanostane structure. X . ) -
saponins. Saponins are also recognised as hemolytic
or non-hemolytic based on their hemolysis ability
(Biazziet al, 2015). Hemolytic activity is dependent
Hexacyclic triterpenes are rarely found in nature (Fig. on affinity of the saponin for the membrane sterols
1). Few hexacyclic triterpene acids namelyscaphic  and is determined by the nature of aglycone
acidA-F and a taraxerene-type hexacyclic triterpene sapogenin. Soyasapogenols-derived saponins with
acid have been isolated froBuscaphis japonica oxidation on C-24 position are devoid of hemolytic
(Chenget al, 2010 and Let al, 2016)Among these,  activity; howevey hederagenin, zanhic acid and
euscaphic acid C and D were found to be cytotoxic medicagenic acid-derived saponins with oxidation on
against diferent cancer cell lines. Howevyer C-28 position show hemolytic activity (Caredlial,
taraxerene-type hexacyclic triterpene showed 2011). The oxidation on C-28 of triterpene moiety was
promising inhibitory activity on oleic acid-induced found to be compatible with further oxidative
triglyceride accumulation. Mudanpinoic aéddand modification on C-23, but not on C-24 position. These
kadlongilactones are other examples of additional modifications on triterpene structure might
hexacyclic triterpenes obtained froRaeonia  have a role in determining the degree of hemolytic
suffructicosaandKadsura longipedunculata  activity of the saponins. Similarlgxidation on C-24
respectively (Linet al, 1998; Puet al, 2005). is compatible with additional modifications on C-21
Kadlongilactoné and B exerted significant inhibitory and/or C-22 positions of the triterpenes. Howgver
effects against human tumor cells @ual, 2005). C-24 oxidation prevents oxidation on C-28 position
(Tavaet al, 201).

Hexacyclic Triterpene

Quassinoid andTetranortriterpene Saponins have utilities as medicines, food

C,» Cy, and G, skeletons. This class of triterpenes example, gensinosides®énax sp.withalongolides

are mostly found in plants of tf&imaoubaceae  ©f Physalis longifoliaasparasaponimg Asparagus,
family. 15-O-acetylbruceolide is an example of vaccarosides ddaponaria vaccariand glycyrrhizin
quassinoid that was isolated fr@drucea javanica  ©f Glycyrrhiza sp have potential pharmacological
andB. sumatrana(Fig. 1). Tetranortriterpenes are activities and are considered as the major bioactive
highly oxygenated triterpenes and have a prototypicalcomponents of th_e'corresponding medicinal plants.
structure, either containing or derived from a precursor Moreover glycyrrhizin (150 times sweeter than sugar)
with a 4,4,8-trimethyl-17-furanylsteroid skeleton (Fig. 1S als0 used as a natural sweeteirerthermore,

1). Several tetranortriterpenes are isolated from neen$@ponins oQuillaja saponarigsoapbark) are useful
(Azadirachta indicd and citrus have shown @s soap, and emulsifiers in cosmetics and foods
insecticidal activity (Roy and Saraf, 2006). (Sawaiand Saito, 2}

Tetranortriterpenes are also known as limonoid base
on the first isolated tetranortriterpenes, limonin from
citrus. All terpenes, including triterpenes are derived from

dTriterpene Biosynthetic Pathway
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isopentenyl diphosphate (IPP) and dimethylallyl as the sole precursor for sterol biosynthesis in plants
diphosphate (DMAPP), two universal 5-carbon (Ohyamaet al, 2009).After initial cyclization,
building blocks for the terpene biosynthesis (Getrg  triterpene backbones undergo a plethora of
al., 2015). In fungi and animals, IPP and DMAPP modifications, like oxidation, methylation, acetylation,
are produced from acetyl-CoA via the mevalonic acid malonylation and glycosylation, catalysed by
(MVA) pathway In prokaryotes, IPRnd DMAPP  CYP450sATs and G, to form bioactive compounds
are produced from pyruvic acid and glyceraldehyde- (Osbourret al,, 2011).

3-phosphate via the methylerythritol phosphate (MEP) _ _

pathway In higher plants, both MA¥ and MEP ~ Biological Role and Spatio-Bmporal
pathways exist and these pathways operateAccumulation Pattern of Triterpenes
independently in separate sub-cellular compantments e ro)s and steroid hormones play basic function in
The cytoplasmic M¥ pathway of plants is  ants and thus, are considered as primary metabolites.
predominately responsible for the supply of IPP and Phytosterols such asmpesterolp-sitosterol and
DMAPP for the biosynthesis of sesquiterpenes (C15), gtigmasterol are the vitatructural components of
triterpenes (C30), and polyprenols (>45). HOWEVer o ool membranes. It has been shown that impaired

IPP and DMAPP derived from the plastidial MEP o, tosterol biosynthesis affects plant growth and
pathway are channelled for .the biosynthesis of development (Gas-Pasceahl, 2014). Similarlythe
monoterpenes  (C10), diterpenes  (C20), gpjjity of the plants to biosynthesize and, also to
sesterterpenes (C25), carotenoids (C40) and longyerceive and respond to steroidal hormones
chain phytol (Jiangt al, 2016; Liuetal, 2016).Two 5 qqinosteroids (BRs) is essential to normal growth
units of IPP and a DMAPP are joined to generate ;4 development (Haubrick aAdsmann, 2006). In
C15 farnesyl pyrophosphate (FPP) that serves agqniaqt; triterpene secondary metabolites are not
precursor for the biosynthesis of sesquiterpenes (Figyenerally regarded as essential for normal growth and

2). Two units of FPRare fused to generate the linear e, eionment of the plants; although, the biological roles
C30 triterpene squalene, the predominant triterpen€ys most of them are yet to be determined. The

precursor for the prokaryotes. Howevequalene  ,qacticidal and antimicrobial activities of several

might also serve as a precursor for the biosynthesigjiernenes led to a speculation of general protective
of acyclic triterpenes in plants (Fig. 1). Epoxidation o of triterpenes against pests and pathogens

of squalene results in the formation of 2,3- (G4n,4lez-Colomat al, 201; Kureket al, 2012;
oxidosqualene which is the ubiquitous precursor for \jisy4 et al, 2014). The first direct evidence for the
the biosynthesis of membrane sterol and diverse,|q of triterpene saponin in plant defence arose from
triterpenes in plants. Cyclization of 2,3-oxidosqualene . genetic analysis of saponin-deficiesat mutants

to basic triterpene scaffolds is the first diversifying ;¢ o5 (vena strigosp(Papadopouloet al, 1999)
step in triterpene biosynthesis and also marks the, o4t " antimicrobial triterpene saponins, known as
branch point between the pathways for the 5,enacins, accumulate constitutively in rostad
biosynthesis of primary membrane sterols and steroid, .tants were deficient in biosynthesis of root

hormones, and secondary triterpene metabolites inyenacing and were compromised in their resistance
plants. Cycloartenol, one of the pentacyclic triterpene, 5 variety of root-infecting fungal pathogens,

skeletons formed from 2,3-oxidosqualene serves as "i‘ncluding Gaemannomyces graminis, Fusarium
primary precursor for the sterols and steroid hormones, ;imoum andE avenaceunﬁPapadopOl;Iom al

in plants, whereas in case of fungi and animal, 1999y However sadmutants were not susceptible
tetracyclic Ianos_terpl serves thg same purpose (Figy, leaf-infecting fungal pathogens, suggesting the
2). Howeveycyclization of 2,3-oxidosqualene to other g qii_temporal role of avenacins in mediating disease
triterpene skeletons described in the previous section qgistance Similarlytissue- and @an-specific
initiates the formation of structurally diverse triterpenes _ .. ,\mulation of saponins in other plant species was
in plants. Recentlyplant genome mining also revealed ¢ reported. For example, glycyrrhizin and
the occurrence of enzymes in plants that can Converbinsenosides ilGlycyrrhiza sp. andPanax sp
2,3-oxidosqualene to lanosterol. These °bservationﬁ*espectivelyaécumuIate in roots (Shanal, 2001

initiated a debate over consideration of cycloartenol . ,daet al 2006). Consistent with the root-specific
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accumulation of saponins, biosynthetic pathway genedo the aglycone triterpenes (Mylomé al, 2008).

also express specifically in roots (Myloetzal., 2008; Because cuticle is considered as protective barrier
Mugfordet al, 2009). against pathogens and water lossegf¢ and Rose,
2013), accumulation of triterpenes in cuticle signifies
their role in plant defense against biotic and abiotic
stress. These observations also suggested the

bi heli h | d levedf b o differences in the site of biosynthesis and storage for
losynthetic pathwaElevated lev -amyrin in the triterpenes, and possible involvement of

sad2mutants triggers a “superhairy” root phenotype, y.nsoorter(s) for the secretion of these triterpenes
because of transformation of a greater proportion Ofinto cuticle from epidermal cells or filamentous

epidermal cells into root hair cells, rather than non- trichomes (Misrzt al, 2014). The accumulation of

halr.gelollsd_(Keme_;et al, hZOlt)' Thelse flndlnlgg ursolic acid and oleanolic acid was found to be tissue-
provided direct evidence that abnormal accumu atlonspecific and developmentally regulated, and also

of a triterpene can f&ct root development. Similarly responsive to MeJAreatment in plants (Yet al

a role for lupeol biosynthesis inotus japonicas 2013; Misraet al, 2014). Moreovethe biosynthetic

n(r)]dule formSaCt:io_n walts p;rpplosed I(Eei’lsal.,hzo_]l). pathway genes also show spatio-temporal expression
The geneQ@SC3 involved in lupeol biosynthesis was Cgattern in plants. IMArabidopsis and oat, the

fo_und_to exclusively expre.ssin roots an_d nodules_, an iosynthetic pathways for triterpenes thalianol/
silencing ofOSC3resulted in amore rapid nod_ulanc_)n marneral, and avenacins, respectiyéigve been
phenot_ype. Furthgrmore, genetic and physwlogwalshown to be organized as metabolic gene clusters
analysis ofA. thalianaknock-out mutantsngrnl) (Field and Osbourn 2008; Fiedtal, 2011: Qiet al,

that are unable to biosynthesize monocyclictriterpene2004. Mugfordet al, 2013). Clustering of genes is
marneral, revealed the critical role of marneral-derived Iikely’to facilitate co-inheritance of the bi osynthetic

triterpene(s) in plant growth and development éGo
al., 2012).mrn1 mutants were affected in the level
of triterpenes and sterols, and in cell division and
elongation processarnlmutants displayed abnormal - Oxidosqualene Cyclase: Catalyzing the Initial
shoot and root phenotypes, late flowering, and delayebiversifying Step in Triterpene Biosynthesis
embryogenesis as compared to the wild type _ _ _ _
counterpart. The gene responsible for marneral2,3-Oxidosqualene is a common biosynthetic
biosynthesis MRN1) was found to specifically intermediate for plant triterpenes, sterols and steroid

express in shoot and root apical meristems. hormones (Fig. 2). The initial diversifying step in
triterpene/sterol pathway is catalyzed by a family of

Triterpenes are biosynthesized by plants often enzymes, known as oxidosqualene cyclases (OSC),
in response to biotic and abiotic stress, and also inthat can convert 2,3-oxidosqualene into a variety of
response to treatment with methyl jasmonate (MeJA), cyclic triterpenesA. thalianacycloartenol synthase
a phytohormone that mediates stress responses ifAtCAS1) was the first OSC to be cloned from a
plants. Similarly the expression of triterpene plant species (Coregt al, 1993).AtCAS1 was
biosynthetic pathway genes is induced when plantsidentified while screening for CAS activity by
are subjected to stressful conditions or applied with transforming am\. thalianacDNA expression library
MeJA (Suzuket al,, 2002; Phillipset al, 2006; Misra in a yeast $acchaomyces ceavisia@ mutant
et al, 2014; Mose=t al, 2015a,b). Furthermore, background that accumulates 2,3-oxidosqualene
triterpenes, particularly pentacyclic triterpenes suchpecause of mutation in lanostepl synthasegene
as ursolic acid, oleanolic acid and amyrones (LAS. LAS, an OSC, is required for the biosynthesis
accumulate in cuticle of plant surface, and the genesf lanosterol, an ergosterol precursor in yeast and
involved in their biosynthesis express in epidermal cells other fungi. The cyclization of 2,3-oxidosqualene into
or in filamentous trichomes (Muratt al, 2008;  cycloartenol by the CAS is considered as the first
Misra et al, 2014; Moseet al, 2015b). However  committed step and also as the major contributor for
vacuole is considered as the sub-cellular location forthe biosynthesis of essential phytosterols (e.g.

saponins because of their increased polarity comparedampesterolp-sitosterol and stigmasterol) and steroid

Interestingly one of thesad mutants ¢ad? of
oat accumulatesbnormally high levels of pentacyclic
triterpeneb-amyrin, an intermediate for tlawenacin

pathway and co-regulation of the genes at the level
of chromatin (Nitzmann and Osbourn, 2014).
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Fig. 2: Triterpene biosynthetic pathway Triterpenes produced from farnesyl pyrophosphate, squalene and 2,3-oxidosqualene
are shown. Oxidosqualene cyclase-mediated conversion of 2,3-oxidosqualene into diverse triterpene skeletons is
highlighted. Oxidosqualene cyclases are abbreviated as CPQ (cucurbitadienol synthase), PS (parkeol synthase), DDS
(dammarenediol Il synthase), BARS (baruol synthase), LSS (lanosterol synthase), CAS (cycloartenol synthase), FRS
(friedelin synthase), LUP (lupeol synthase), BASbtamyrin synthase), MOSC (multi-functional oxidosqualene cyclase),
THAS (thalianol synthase), MRN (marneral synthase) and CAMS (camelliol C synthase). SSL and SHC denote squalene
synthase-like and squalene hopene cyclase, respectively

hormones (BRs) in plant3he recent identification  following sections, plant OSCs will be discussed with
of LAS in plants also suggested a possible role ofrespect to their product specificities and reaction
lanosterol as sterol/triterpene precursor in plantsmechanisms.
(Suzukiet al., 2006; Ohyamat al.,, 2009); although, ,

the contribution of LAS towards major phytosterol Mono-functional
biosynthesis and physiology of the plants might be Oxidosqualene Cyclases

minor (Gas-Pascuaét al, 2014).After the  \ith the availability of genomic and transcriptomic
identification ofAtCAS1, several other OSCs were sequences, a number of plant OSCs are now being
cloned from plants, mostly following homology-based qentified and characterized for their product
mining of the sequence databases and Polymerasgpecificities, mostly based on enzyme expression on
Chain Reaction (PCR) using degenerate Primers.peterologous hostdo date, nearly 90 OSCs from
These efforts led to the discovery of several divergenty|anis are biochemically characterized for their product
plant OSCs that can convert 2,3-oxidosqualene togpecificities (Bble 1).The occurrence of several
products othe'r th_an cycloartenol such as amyrins,pomologues in a single plant species suggests that
lupeol, cucurbitadienol, marneral, etc. (Fig. 2). Inthe 5gcs are encoded by multi-gene family and thus, a

and Multi-functional



1198 Sumit Ghosh

single plant is able to produce multiple triterpene A list of the mono-functional and multifunctional
scaffolds. For examplé). thalianaand O. sativa plant OSCs are provided in thable 1 The presence
genomes encode 13 and 9 OSCs, respectitélly  of mono-functional CAS in all examined plant lineages,
the OSCs oA. thalianaare studied for their product including angiosperm, gymnosperm, pteridophyte, and
specificities, howeveenzymatic characterization of primary function of cycloartenol-derived sterols and
four of theO. sativaOSCs is completed so farafle steroid hormones in plants (Gas-Pasetal, 2014),
1). Five of theA. thalianaOSCs are monéinctional suggest that CAS has evolved for the purpose of
and catalyze the cyclization of 2,3-oxidosqualene into primary function in plant kingdom. Moreovehe
either of the cyclic triterpenes, cycloartenol, lanosterol, similarity of plant CASs with amoebae and bacteria
b-amyrin, marneral and thalianol. Howeyegst of CASs suggests that CAS activity possibility originated
theArabidopsis OSCs are mufiinctional in nature  before the emergence of plant species (Phidiiad,
and are able to convert 2,3-oxidosqualene into multiple2006). Although, b-amyrin synthase is widely
cyclic triterpenes that can range from 2 to 23 in number distributed among angiosperms, it is not so far identified
with at least one major triterpene product such asin gymnosperms and lower plantsaple 1). OSCs
baruol, camelliol C, B 20-dihydroxylupandy-amyrin, that hare limited species distribution, had possibly
tirucalla-7,21-dien-B-ol, arabidioltirucalla-7,24-dien- originated from CAS following gene duplication and
3beta-ol, lupeolAmong the characterized rice OSCs, neo-functionalization to perform secondary functions
three are mono-functional and convert 2,3- in plants. The high degree of amino acid identities
oxidosqualene into either of cycloartenol, parkeol and among OSCs of different plant species with diverse
isoarborinol. Howeverthe fourth one produces product specificities, further supports this view (Fig.
achilleol B as major product along with few other 3). The mono-functional LAS which provide general
minor products (@ble 1). sterol precursor lanosterol for animals, fungi, and
trypanosomatids, is also found in few plant species

OSCAiISLifefnti::;atig%of the gSt multiflunZ(S[:)oonal (Table 1).The presence of both LAS and CAS in
( ) fromArabidopsis (Seguret al, ), plants suggests that plants need some cycloartenol-

a number of multi-functional OSCs are being isolated derived metabolites that cannot be produced from

and characterized from plants. It is now well lanosterolArabidopsis LAS is 65% identical with the

recognised that the diversity of plant triterpenes icasj at the amino acid level (Fig. 3). Interestingly
originates not only from the occurrence of the diverseA,[CASl can be engineered to an accurate LAS

monofunctional OSCs but also from the ability of some following only two amino-acid substitutions (H477N/

OSCs to produce multiple productsafiie 1). 1481V), suggesting that only a small change in the

Redcenrtlly our Ia_borqtory ?as regosrtgd ioé()ag'tai\fisciation q DNA sequence could transform CAS to LAS during
and characterization of two s ( an enzyme evolution (Lodeiret al, 2005).

ObAS?2) fromO. basilicum(Misra et al., 2014).

Heterologous expression of these OSCsSin Although, the identified OSCs will be useful in
cerevisiaerevealed their identity ab-amyrin enhancing triterpene yield in native plants and also in
synthase (ObAS1) and mixed amyrin synthasth heterologous systems, the major challenge is

a product preference faramyrin (ObAS2). Prduct engineering of a multi-functional OSC to a more
specificities of ObAS1 and ObAS2 suggested that accurate mono-functional OSC. In this wiayvill be
their major roles are to provide precursors for the possible to reduce chemical complexity of triterpene
biosynthesis of oleanane-type and ursane-typeextracts in engineering plants or in other hosts. For

pentacyclic triterpenes, respectivelplulti- example, ObAS1 is a morfanctional b-amyrin
functionalities of OSCs have possibly arisen repeatedlysynthaseThus, expression of ObAS1$ ceevisiae
in plant kingdom during evolution. Moreovenulti- led to formation ob-amyrin. HoweverObAS2 is a

functional nature of an OSC might reflect evolution multi-functional OSC with a product preference for
of a mono-functional enzyme in progress. Directed a-amyrin. Therefore, expression of ObAS2 $
evolution and mutagenesis studies have revealed thaterevisiaeled to formation of botla-amyrin andb-
minor changes iDSCsequences can lead to product amyrin (Misraet al, 2014). Since, these amyrins are
diversity (Segurat al, 2003). structural isomers, their separation will require
complex extraction and isolation protocol. It will be
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Table 1. Product specificity of plant oxidosqualene cyclases

Product(s) of the oxidosqualene cyclaseProduct(s)
catalyzed reaction flux into
major triter-

Source Plants*

pene pathway

Cycloartenol Phytosterol
Lanosterol Phytosterol
Lupeol Pentacyclic
b-Amyrin Pentacyclic
Cucurbitadienol Tetracyclic
Marneral Monocyclic
Thalianol Tricyclic
Parkeol Tetracyclic
Isomultiflorenol Pentacyclic
Isoarborinol Pentacyclic
Dammarenediol Il Tetracyclic
Baccharis oxide Pentacyclic
a-amyrin (major) b-amyrin, Pentacyclic
y -taraxasterol, and butyrospermol

a-Amyrin andb-amyrin in 5:3 ratio Pentacyclic
Baruol (89.7%) along with 22 minor Tetracyclic
products

Camelliol C (98%), achilled\ (2%) Monocyclic

andb-amyrin (0.2%)
3b,20-dihydroxylupane (majorp-amyrin, Pentacyclic
germanicol, taraxastergl;taraxasterol

b-amyrin and taraxasterol (major) along Pentacyclic
with at least 7 minor products

Tirucalla-7,21-dien-B-ol and additional
products

Tetracyclic

Abies magnificd AF216755) Adiantum capillus-veneridAB368375)
Arabidopsis thaliandAt2g07050) Artemisia annugKM670093),Betula
platyphylla(AB055509) Chlamydomonas reinhard{iEDP09612)Costus
speciosugAB058507) Cucurbita pepqAB116237) Dioscorea
zingiberensigAM697885) Glycyrrhiza glabra(AB025968) Kalanchoe
daigremontiangHM623872) Kandelia cande{AB292609) Lotus
japonicas(AB181246) Luffa cylindrical(AB033334) Oryza sativa
(AK121211) Panax ginsen¢AB009029) Pisum sativuniD89619)
Polypodiodes niponicéAB530328) Rhizophora stylosgAB292608)
Ricinus communi€DQ268870) Wthania somniferdHM037907)

A. thaliana(At3g45130) L. japonicagAB244671) P. ginsendAB009031)

B. platyphylla ABO55511), Bruguiera gymnatiza(AB289586) G glabra
(AB116228) L. japonicagAB181245, Olea europaeAB025343) R.
communigDQ268869) Taraxacum officinal§ AB025345) W somnifera
(JQ728552)

A. thaliana(At1g78950)A. annug EU330197)Aster sedifoliugAY836006)
Avena strigosgAJ311789) B. platyphyllai(AB055512) B. gymnorhiza
(AB289585) Euphorbia tirucalliAB206469) Gentiana straminea
(FJ79041), G glabra(AB037203) L. japonicagAB181244) Medicago
truncatula(AJ430607) Maesa lanceolatékF425519) Nigella sativa
(FJ013228)Ocimum basilicuniKF636411), P. ginseng{AB009030) P.
sativum(AB034802) Polygala tenuifolidEF107623)Saponaria vaccaria
(DQY15167) Solanum lycopersicuiQ266579) W somnifera
(JQ728553)

C. pepdAB116238)

A. thaliana(At5g42600)

A. thaliana(At5g48010)

O. sativa(AK066327)

L. cylindrical (AB058643)

O. sativa(AK067451)

P. ginsendAB265170) Centella asiatic§AY520818)
Stevia rebaudianéAB455264)

0. europaedAB291240)

0. basilicum(JQ809437)
A. thaliana(At4915370)

A. thaliana(At1g78955)
A. thaliana(At1g78970)
A. thaliana(At1g78960)

A. thaliana(At1g66960)




1200

Sumit Ghosh

Arabidiol (major) and arabidiol 20,21-
epoxide

Tirucalla-7,24-dien-B-ol (85%) and five Tetracyclic
minor products including butyrospermol

(6%), tirucallol (6%), isotirucallol (1.5%),
13bH-malabarica-14(27),21-trien-3-ol (1%),
dammara-20,24-dienk3ol (0.5%)

Tricyclic

Lupeol,a-amyrin, bauerenoh- and Pentacyclic
b-seceamyrin

b-Amyrin, germanicol, lupeol and Pentacyclic
additional uncharacterized products
Lupeol,b-amyrin anda-amyrin in 2:1:1  Pentacyclic
ratio

b-amyrin and lupeol in approximately  Pentacyclic
equal amounts, and additional minor

products

Achilleol B (90%), tetracyclic (5.12%)  Tricyclic
and pentacyclic scaffolds (4.37%), and

unidentified triterpenes (0.51%)

a-amyrin andd-amyrin in 3:2 ratio along Pentacyclic
with at latest six minor products
Germanicolp-amyrin and lupeol in the  Pentacyclic
ratio of 63:33: 4

Taraxerolp-amyrin and lupeol in the Pentacyclic

proportions 70 : 17 : 13

d-amyrin (48%)a-amyrin (18%)b-amyrinPentacyclic
(13%) and four additional minor products

including multiflorenoly -taraxasterol,

taraxasterol

a-amyrin (major) b-amyrin andd-amyrin Pentacyclic
in 5.5:2.7:1.8 ratio

Lupeol and additional uncharacterized Pentacyclic
products

a-Amyrin (major) andb-amyrin Pentacyclic
Lupeol (93%)b-amyrin (7%) Pentacyclic
Taraxerol (60%)b-amyrin (40%) Pentacyclic
Glutinol (67%), friedelin (14%)-amyrin Pentacyclic
(11%), taraxerol (8%)

Friedelin (72%)b-amyrin (18%), Pentacyclic

taraxerol (10%)

Shionone (90%)-amyrin (2%), friedelin Tetracyclic
(2%), dammara-20,24-dienol (1.5%),
4-epishionone (1.5%)

a-Amyrin andb-amyrin in 5:1 ratio Pentacyclic

A. thaliana(At4g15340)

A. thaliana(At5g36150)

A. thaliana(At1g78500)

C. speciosugAB058508)

K. candel(AB257507)

L. japonicas(AF478455)

O. sativa(AK070534)

P. sativum(AB034803)

R. stylosgd AB263203)

R. stylosgAB263204)

S. lycopersicunfHQ266580)

A. annua(KF309252)

A. annua(KM670094)

Catharanthus roseugAFJ19235)
K. daigremontiangHM623871)
K. daigremontiang HM623868)
K. daigremontiangd HM623869)

K. daigremontiang HM623870)

A. tataricus(AB609123)

Malus domesticg~J032006)

*Source plants for the identified oxidosqualene cyclases along with GenBdRKD are mentioned.

quite helpful if the multi-functional ObAS2 can be conversion of 2,3-oxidosqualene into cyclic triterpenes
engineered to a precise mofumctional a-amyrin is essential.

synthase. For this purpose, understanding of the

structural and biochemical basis of OSC-mediated
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Fig. 3: Sequence alignment of some oxidosqualene cyclases commonly distributed among plant spegiesbidopsis cycloartenol
synthase (AtCAS1,AT2G07050) and lanostenl synthase (AtLAS1,AT3G45130),Betula platyphyllalupeol synthase (BpLUPR
BAB83087), O. basilicumb-amyrin synthase (ObAS1, KF63641) and mixed amyrin synthase (ObAS2, JQ809437) ar
the representative OSCs. QWMWCYCR and DCTAE motifs are marked with boxes, single line and double line,
respectively Multiple sequence alignment and shading of amino acids wercarried out following CLUSTAL Omega
(http://www .ebi.ac.uk/) and BOXSHADE version 3.21 (http://wwwch.embnet.org/)
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Structural and Biochemical Basis of rearrangement steps, (ll) a chaperone that guides
Oxidosqualene Cyclase Catalyzed Reactions flexible substrate and highly reactive carbocation
intermediates through a sequence of accurate

The study of OSC-mediated cyclization reaction has .\t mational changes for the formation of correct

attracted organic chemists and biochemists for morecyclization product(Ill), a shield that protects

th:_an past f'“Y years. T_he conversion _Of 2,3- carbocation intermediates from premature
oxidosqualene into cyclic triterpenes is considered asdeprotonation or addition of watend (IV) provides
one of the most complex enzymatic reactions thatan electron-rich environment that stabilizes proper

ggilir '2: terpene (;netaboclll_sm (Tig_mn;}apgaall.,b ._carbocation intermediate, through catipn-
). Current understanding on biochemica aSSinteractions, for promoting carbararbon bond

of OSC-gataIyzed rea_ctions suggests that CyCIiZationforming reactions (Abe, 2007). Thus, mono-functional
of 2,3-oxidosqualene involves a cascade of Processeg g present their precise control over cyclization

thtat stzrt with sful;)dstrat(ei: R:ndlng tto E[he_?#zyrr}ellactlv;and rearrangement steps towards a single triterpene
E' € and proper ? |ng% P}ZU3S rgde. |s||s OSW(; product. Howevermulti-functional OSCs possibly
y protonation of epoxide of 2,3-oxidosqualene by the e o their failure to precisely control cyclization and

enzyme which |n|tf|atesba cascade of cyc(l;l_zatlon jla_?]d rearrangement steps for a particular triterpene product
rearrangement of carbocation intermediates. The, o “A< for example, the diérential product

reaction is finally terminated by either deprotonation specificities ofO. basilicumamyrin synthases

or addition of water molecule to a carbocation (ObAS1 and ObAS?2) are discussed (Fig. 5; Migra
intermediate to yield triterpene product (Abe, 2007). o “514) The differential stability of the C-19 oleanyl

Varl_atlo_n in substrate folding, and carchatlon and C-13 ursanyl carbocations bound to the enzyme
cychzatlon and rearrangeme_nt steps Con”'b‘_“?_ 10jg likely to affect the product specificities of these
triterpenes scaffold diversity (Figs. 4 and 5). The initial y5~" The precise control over the hydride shifts
substrate folding step is crucial in determining which _ 4 deprotonation of the C-19 oleanyl carbocation by
of the cyclization pathways to be followed. Folding of ObAS1 results in theofmation of onlyb-amyrin.
substrate into Chair-Boat-Chair (CBC) conformation However ObAS? catalyzes the formation of more
directs a cyclization reaction for the formation of the a-amyrin thanb-amyrin: therefore, it might favour

protosteryl cation that generally gives rise to sterol the formation of the ursane-type over the oleanane-

Precursors, cycloartenol and Ianr(])sterol, althl? uglh Son(]ﬁype pentacyclic triterpene by directing the reaction
triterpene precursors such as parkeol and, ¢ 13 ursanyl carbocation following a C-20

guhcu_rbiéa;]di_enolcag%also pfroduce_d. Hcl)wed@ilair- h methyl shift, instead of completely stabilizing the C-
q alr- allr ( g f) ccr)]n format_|on fea S (th the 19 oleanyl carbocation (Moritat al, 2000;Abe et
ammarenyl cation for the formation of more diverse al., 2007; Misraet al, 2014).

triterpene skeletons based on further variation in
carbocation cyclization and rearrangement steps (Figs. A well known example of multi-functionality in
4 and 5). OSC family is provided by th&rabidopsis BARS1
Unlike cl | h h that makes tetracyclic baruol as a major cyclization
niike class _terpene synthases SL_’C as roduct; howeverit also produces 22 additional
monoterpene, sesquiterpene, and class _I d_'terpengiterpenes as minor products (Lodeétal, 2007).
(e.g. kaurene) synthases that catalyze ionization—r,o number of products obtained from BARS1-

initiated cyclization with the help of a divalent cation catalyzed reaction is the highest for any known muli-
(Mg?* or Mr?") as cofactqrOSCs are classified as functional OSCs. BARS1 catalyzes formation of

class Il terpene synthases, simi!ar to class Il diterpengy e ge triterpene skeletons including monocycles,
synthases such as copalyl dilp_hiosphate S,ynt_hasetricycles, tetracycles and pentacycles. Thus, it was
which catalyzes protonation-initiated cyclization proposed that BARSL is able to deprotonate at 14

(M'isra etal, 2015)',Th? roles of OSCs dqring 2,3- distinct sites, ranging frolto E ring of the triterpene
oxidosqualene cyclization are well recognized as (1) skeleton. Therefore, multi-functionality of BARS1

a catal?/]st that presents a _gdene][azl gmd_:j)f SUffI(I:'emmight be due to its failure to provide a tight control
strength to protonate epoxide of 2,3-oxidosqualene, o, 2,3-oxidosqualene cyclization towards baruol.

and therebyinitiates sequential cyclization and ‘Negative catalysis’, a concept that was proposed to
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Fig. 4: Oxidosqualene cyclase-mediated cyclization of 2,3-oxidosqualene to different triterpenes. Folding of 2,3-oxidosqualene
into Chair-Boat-Chair (CBC) or Chair-Chair-Chair (CCC) conformation leads to a protonation-initiated cyclization
reaction for the formation of protosteryl or dammarenyl cation, respectively Based on variation in cyclization and
rearrangement of carbocations, diverse triterpene skeletons are formed

explain the mechanism by which enzymes deal with role of an OSC might be to block alternative cyclization
highly reactive intermediates, seems to fit very well paths, instead of stabilizing a reaction intermediate,
with the mechanism of OSC-catalyzed reaction that is being directed towards a particular product.
(Retey 1990).According to this concept, the actual Therefore, product diversity might be the default for
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Fig. 5: Oxidosqualene cyclase-mediated cyclization of 2,3-oxidosqualene to ursane-tyme-gmyrin) and oleanane-type b-
amyrin) pentacyclic triterpenes. Different carbocation intermediates and their routes for the formation of alternate
triterpenes (e.g. dammarenediol-Il, shionone, lupeol and taraxasterol) are shown

OSCs, considering the mechanism of ‘negative they have very similar structural architectures,
catalysisand howeveithe specificity for a particular  including two highly consrved @a) barrel domains

product type might be due to the exclusion of (domain | and Il) and a hydrophobic membrane-
alternative pathways (Lodeiet al, 2007). insertion helix. Domain | and Il connect a large active

_ site cavity present at the centre of the enzyfe.
Although, crystal structure of plant OSC is yet channel is led to the active site cavity from the

to be determined, crystal structures of a human OSG,embrane-inserted regiofiomaet al, 2004) The
(LAS) and anAlicyclobacillus acidocaldarius  ceniral section of the cavity is lined with a chain of
squalene hopene cyclase (SHC) which catalyzesgnserved aromatic amino acids that possibly function
conversion of squalene to hopene, are resolved@V i, apilizing the carbocation intermediates through
etal, 1997, 1999; Thomet al, 2004). These crystal  ationy interactions. Howevethe top and bottom
structures provided important structural insights into regions of the cawjtare formed by polar hydrogen-

OSC-catalyzed reaction. Human LAS aAd  p5nding networks around the charged amino acids,
acidocaldariusSHC utilize different substrates (2,3- g function in the initial substrate protonation and in

oxidosqualene and squalene, respectively) and sharge fina| carbocation deprotonation, respectively (Abe
only about 25% amino acid sequence idettitywever et al, 2007). OSCs and SHC are monotopic
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membrane proteins without any protruding through diversity of the mono-functional OSCs as well as
the phospholipid bilayet.ipophilic substrate enters evolution of multifunctional OSCs contributed to the
the enzyme active site cavity through membrane andbiosynthesis of structurally diverse triterpenes in plants.
product is released from the active site cavity to the OSC family has possibly evolved in plant following
membrane (Reineet al, 2004; Thomat al, 2004). duplication and neofunctionalization of CAS that plays
Directed evolution and site-directed mutational studies primary function in plants by supplying biosynthetic
on OSCs and SHC led to identification of several precursor cycloartenol for membrane sterols and
conserved motifs and amino acids that are importantphytohormones (BRs)To date, most of the
for protonation of substrate, cyclization, rearrangementcharacterized OSCs are from angiosperms. Future
and deprotonation of carbocation intermediates studies on OSCs from basal plants will clarify this
(Kushiro et al, 1999; Hartet al, 1999; Dang and orthologous relationship.

Prestwich, 2000; Joubegt al, 2000; Herrerat al,

2000; Kushiroet al, 2000; Segurat al, 2003; ) Bifsy”,theSiS of tl”te_rpe”els n p/g‘”tslusua”y |
Lodeiroet al., 2004' Lodeircet al., 2005, Chan@t takes place in aparthU ar tissue organ/aeve Opmenta

al., 2013). OSCs have a conserved catalytic motif Stage. Besides, triterpene biosynthesis is induced when
DéTAEA in which aspartic acid serves as general plants are subjected to biotic/abiotic stress conditions
acid that protonates the substrate (Fig. 3). In case of' treatgd W'th ehutqrs such as_MeJA. Simila@gC
SHC, DDTAVV motif performs the same function. expression in plants is also spatio-temporally regulated.
Interéstinglya SHC mutant in which DDV motif Based on the spatio-temporal accumulation patterns,
was changed to DGEA was unable to accept the role of triterpenes in plant physiology/defense
squalene as substrate; howetse mutant protein against pathogens is expected. Howgherbiological
was still able to catalyze cyclization of 2,3- role of most of the triterpenes is yet to be determined.
oxidosqualene (Dang and Prestwich, 2000). Phenotypic analysis of the plants that silence or
MWCYCR. another common motif for OSCs. °verexpressan OSC will be helpful to understand the

possibly functions in determining product specificities biological function of triterpenes.

for the OSCs (Kushiret al, 2000). In addition, OSC initiates cyclization of 2,3-oxidosqualene

conserved QW motifs of OSCs located at the Surfacethrough protonation of epoxide group, then guides the
of the enzyme have been proposed to function inhighly reactive carbocation for a series of cyclization
stabilizing the enzyme during highly exothermic and rearrangement steps, followed by termination of
cyclization reaction (\&hdtet al, 1997). the reaction either through deprotonation or addition
of water Although, crystal structure of plant OSC is

yet to be resolved, crystal structure of human LAS

Triterpenes are among thedest and diverse classes and another relevant enzyme from bacterial source
of phytochemicals with both primary and secondary (SHC) have provided crucial structural and
functions in plants. The cyclization of 2,3- biochemicalinsights for the OSC-mediated cyclization
oxidosqualene into diverse triterpene scaffolds, reaction. Moreoverdirected evolution and site-
catalyzed by OSC is the initial diversifying step in directed mutational studies on few OSCs revealed
triterpene biosynthesis. Further diversification of critical amino acids that determine the enzyme function
triterpene scaffolds is carried out by the tailoring and product specificityElucidation of crystal
enzymes such as CYP45@d;s and G§. With the structures of plant OSCs and extending mutagenesis
increasing availability of genomic and transcriptomic studies on different OSCs will be useful to understand
sequences, a growing number of plant OSCs are beinghe underlying structural and biochemical basis for
identified. To date, nearly 90 plant OSCs are diverse product specificities for OSCs. This
biochemically characterized for their product knowledge is essential for ongoing efforts towards
specificities. More than two third of the characterized €nzyme engineering for conversion of a multi-
OSCs are mono-functional and have product specificityfunctional OSC to an accurate mono-functional OSC
towards single triterpene. Rest of the characterizedwith desired product specificity and also for
OSCs are multifunctional with triterpene products developing OSCs with novel product specificities.
ranging from 2 to 23 in numbdiherefore, the product ~ Since OSCs share high degree of sequence similarity

Conclusion and Future Prospects
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