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Abstract

In isoprenoid metabolism, cyclisation is the important gateway to chemical diversity. Terpene synthase is responsible for
the cyclisation of a few universal substrates forming hundreds of often stereo-chemically complex mono- and poly-cyclic
terpene hydrocarbons with a broad spectrum of functions in pharmaceuticals, flavours and fragrance industry. Although
they are discovered and characterised mainly from plants and fungi, yet only a small share of bacterial terpenes has been
investigated so far owing to their low level of expression in wild-type microorganisms. Extensive bacterial genome mining
has revealed a treasure trove of terpene synthase genes and their regulated heterologous overexpression has pitched-in to
describe the biochemical function of putative genes and sequester new terpene metabolites. This review deals with the
modern genome mining techniques and molecular methods, providing more experimental tools for studying the structure
and functions of terpenoid metabolites and strongly supports the idea that genome mining is a utile approach in deciphering
the terpenoid diversity in bacteria.
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Graphic abstract

Destroying natural resources to obtain natural products
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Abbreviations

PKS Polyketide synthase

NRPS Non-ribosomal peptide synthetase

TC Terpene cyclase

BGC Biosynthetic gene cluster

TPS Terpene synthase

PS Pentalenene synthase

IPP Isopentenyl diphosphate

DMAPP  Dimethylallyl diphosphate

MVA Mevalonic acid

DOXP Deoxyxylulose phosphate

GPP Geranyl diphosphate

FPP Farnesyl diphosphate

GGPP Geranyl geranyl diphosphate

SC Sesquiterpene cyclase

HMM Hidden Markov model

BLASTp Basic Local Alignment Sequence Tool for
proteins

2-MIB 2-Methylisoborneol

SAM S-Adenosyl-L-methionine

2-MeGPP  2-Methyl geranyl diphosphate

2-MB 2-Methylbornane

LPP Linalyl diphosphate

GS Geosmin synthase

EIZS epi-Isozizaene synthase

GC/MS Gas chromatography mass spectroscopy
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CFE Cell free extract

voC Volatile organic compounds
NMR Nuclear magnetic resonance
DTS Diterpene synthases

TDP Terpentetrienedienyl diphosphate
TTE Terpentetriene

ORF Open reading frame

CPP Copalyl diphosphate

Bds Bonnadiene synthase

Pms Phomopsene synthase

Sas Spiroalbatene synthase
CAS Cembrene A synthase
Introduction

Isoprenoids (terpenoids or terpenes), occupy a special space
among the principal metabolites, being the most structurally
diverse and the largest group of natural compounds com-
monly produced in plants (Sacchettini and Poulter 1997).
They have a wide range of physiological properties and have
a myriad of applications. Isoprenoids comprise natural rub-
ber; flavour compounds like limonene, menthol and cam-
phor; and six drug classes, including steroids, artemisinins,
ingenoids, toxoids, cannabinoids and tocopherols (Roach and
Shenvi 2015); as well as linear isoprenoid pyrophosphates
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involved in post-translational protein modification (Knorre
et al. 2009).

Terpenoids are, in general, regarded as plant or fungal
metabolites; but only a few have been commercially used
because of the inefficient and economically unprecedented
production in their native hosts. Also, extensive extrac-
tion from plants leads to their death and extinction. It is,
therefore, commercially formidable to harvest terpenoids
from plant sources due to the requirement of large natural
resources for obtaining substantial quantities, and also the
associated ecological and environmental impacts, making it
necessary to find an alternative source of such compounds.
Taking taxol, a blockbuster anticancer agent, as an illus-
trative example, its chemical synthesis has proven difficult
and expensive (Wender et al. 1997a, b) due to the struc-
tural complexity and hence, a semi-synthetic approach was
adopted from the biotechnologically produced taxol precur-
sors (Wuts 1998). However, microbial biosynthesis offers an
opportunity for a more reliable, intensive and efficient way
of terpenoid production in a renewable manner.

Until recently, the bacteria were wrongly perceived to be
incapable of producing terpenoids due to lack of screening
strategies for these kinds of complex molecules, primarily
because of their miniscule level of production by a few bac-
terial species. This roadblock of terpenoid discovery in bac-
teria could be overcome with the development of advanced
genome mining platforms for terpene biosynthetic gene
clusters (BGCs) like has already been achieved to quite an
extent for polyketide synthases (PKSs)/ non-ribosomal pep-
tide synthetases (NRPSs). Due to the co-linearity logistics
followed by these modular megasynthases, the discovery of
novel PKS/NRPS products was made possible that was aided
by the predictive power of the bioinformatics computational
tools (Singh et al. 2017). However, no such rules exist for the
prediction of the cyclic hydrocarbon backbones produced by
terpene cyclases (TCs) (Helfrich et al. 2019).

Historical overview

The knowledge of a small number of odoriferous terpene
metabolites of bacterial origin spans various human civili-
sations. However, the very first report on terpene came in
the year 1891 when Berthelot and Andre investigated the
characteristic odour of the freshly ploughed soil and found
that a vaporescent substance, evidently the cause of the typi-
cal musty scent of soil, could be extracted by steam distil-
lation. Gerber and co-workers carried out the first modern
attempt to study these volatile compounds from bacteria and
presumed that the peculiar odour of the cultures of Actino-
mycetales, which extensively occur in soil, might be due to
the volatile terpenes they produce (Gerber and Lechevalier
1965; Gerber 1967). Gerber also isolated and determined the

structure of the Berthelot’s volatile substance, geosmin and
the methylated monoterpene, 2-methylisoborneol (2-MIB)
as along with many different cyclic sesquiterpenes, produced
by Streptomycetes (Gerber and Lechevalier 1965; Gerber
1968, 1971, 1973). In 1981, both geosmin and 2-MIB were
reported to be isoprenoid derivatives (Bentley and Megana-
than 1981). In the years that followed, a variety of terpene
hydrocarbons and alcohols, having broad range of biological
activities and pharmacological properties, have been isolated
from various bacterial sources (Wilkins and Scholler 2009;
Citron et al. 2012, 2015; Rabe et al. 2013; Yamada et al.
2015b; Dickschat 2016).

Over 55,000 terpenes have been identified, isolated and
characterised; and with every passing decade, their number
is consistently increasing (Wang et al. 2018). However, the
targeted isolation of terpenes remained highly challenging
until the discovery of bacterial pathways encoded by terpene
BGCs, the identification of which has been facilitated by
the bioinformatics computational tools and the ever-growing
bacterial genome sequence database. The sequence infor-
mation of terpene BGCs was the point of conception for
pathway engineering and the thought of applying synthetic
biology tools to expand the molecular diversity of these
high value metabolites (Helfrich et al. 2019). We hereby
review the bacterial terpene cyclases and the BGCs encoding
them that have been identified mainly using bioinformatics
approach. The biosynthetic insights thus gained have led
to the cloning and heterologous production in well charac-
terised hosts and has paved the way for more economical,
sustainable and efficient production of high value terpenoids.

Terpene biosynthesis

TCs or terpene synthases (TPSs) are divalent metal-depend-
ent enzymes which catalyse the conversion of linear, achi-
ral isoprenoid diphosphates into diverse structural and ste-
reochemically complex terpene hydrocarbons. Apart from
geosmin, a sesquiterpenoid antibiotic, pentalenolactone has
been isolated from more than 30 species of Streptomyces
(Takeuchi et al. 1969; Martin et al. 1970). Its biosynthetic
enzyme, pentalenene synthase (PS) was initially isolated
from Streptomyces exfoliatus UC5319, subsequently cloned
and heterologously expressed in E. coli (Cane et al. 1994).
PS was the first bacterial TPS for which the full sequence
was determined and further, comprehensive experiments
with stereo-specifically tagged farnesyl diphosphate (FPP)
have proven the detailed mechanism and stereochemistry of
cyclisation of FPP to pentalenene (Cane et al. 1990). Since
then, PS has been used as a reference to mine novel bac-
terial TPSs. Metabolically, the terpenoid biosynthesis can
be divided into three steps (Sacchettini and Poulter 1997)

(Fig. 1):
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Fig. 1 Schematic representation
of the steps of terpenoid biosyn-
thesis. Step 1—Synthesis of 5C
building blocks viz. isopentenyl
diphosphate (IPP) and dimethy-
lallyl diphosphate (DMAPP) via
two individual pathways namely
mevalonate (MVA) pathway
and non-mevalonate deoxyxy-
lulose (DOX) pathway; Step
2—Successive condensation of
IPP and DMAPP to form allylic
isoprenoid precursors geranyl DOX
diphosphate (GPP), farnesyl Pyruvic Acid
diphosphate (FPP) and geranyl +
geranyl diphosphate (GGPP);
Step 3—The enzyme catalysed
cyclisation of allylic precursors
to form different cyclic terpene
metabolites

MVA

Pathway

Glyceraldehyde-3-
phosphate

(i) formation of the five carbon (Cs) isoprene units, iso-
pentenyl diphosphate (IPP) and dimethylallyl diphos-
phate (DMAPP), by two independent pathways viz
Mevalonate (MVA) and Deoxyxylulose phosphate
(DOXP) pathway

(ii) successive condensation of IPP and DMAPP and
chain elongation resulting into linear isoprenyl
diphosphate precursors of varying chain lengths
such as geranyl diphosphate or GPP (C,,)), FPP (C,5),
geranyl geranyl diphosphate or GGPP (C,,), etc. and

(iii) enzyme catalysed cyclisation and modification of
linear isoprenoid precursors

This cyclisation mechanism of the linear isoprenoid pre-
cursors to (poly)cyclic terpene hydrocarbons or alcohols
belongs to the most interesting and complex enzymatic reac-
tions occurring in nature and essentially add to the exquisite
chemodiversity to this largest family of natural products.

Mining of novel TPSs

“Genome-mining” has proven to be a good paradigm for
the discovery and characterisation of the natural product
biosynthetic genes (Corre and Challis 2009; Ikeda 2017).
However, the actual biochemical role of a prospect TPS
can be attributed only by incubating it with the allylic iso-
prene precursors and the subsequent sophisticated analysis
of the product formed. Most of the bacterial TPSs reported
are sesquiterpene cyclases (SCs) (Nakano et al. 2011a),
which show no significant amino acid sequence identity
with plant and fungal type SCs. However, two character-
istic metal ion binding motifs are universally conserved
among SCs: the aspartate-rich motif (DDXXD/E) usually
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found ~ 80-120 amino acids downstream of the N-terminus
of microbial synthases and NSE triad (NDXXSXX(K/
R)E), modified in plants to DTE triad (DDXXTXX(K/
R)E) (Starks et al. 1997), located 140 +5 amino acids
downstream of the aspartate-rich motif and these motifs
are responsible for the binding of tri-nuclear magnesium
cluster (Cane and Ikeda 2012).

On the basis of these motifs, local sequence alignment
searches with BLAST algorithm can identify many prob-
able TPSs. Besides this, the profile hidden Markov models
(HMM) provide the alternative strategy to identify putative
TPSs, which operate by means of codifying the fundamen-
tal pattern of functional motifs and search for the proteins
with similar function, irrespective of the presence of sig-
nificant levels of primary sequence similarity (Eddy 1998).
The leading profile HMM can discern members of the appli-
cable protein functional families from non-members, with
high precision (Finn et al. 2009; Punta et al. 2012). Similar
strategy has now been in practice to harvest the probable
TPS sequences from the bacterial genome sequence data-
bases. Mining of the increasing number of bacterial genome
sequences has already unveiled a treasure trove of novel
TPSs but SCs were only reported in Streptomyces and Nos-
toc till date. However, recent genome sequencing projects
have revealed a large number of potential SC genes and more
than 80 uncharacterised single-domain SC homologs were
found in a variety of bacterial genomes using a BLASTp
search with the PS from Streptomyces exfoliatus UC5319
as a query (Nakano et al. 2011b). Many of these TPSs and
their homologs show ~30% amino acid sequence identity
to the known bacterial SCs, indicating that the homologs
may catalyse different reactions to generate a variety of ter-
penoids. The TPSs utilise two main chemical strategies for
initial carbocation formation (Lesburg et al. 1997):
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i. lonisation-dependent, or
ii. Protonation-dependent.

Tonisation-dependent TPSs (Class I cyclases)—monoter-
pene, sesquiterpene and majority of diterpene cyclases—
contain an aspartate rich sequence, DDXXD/E and a sec-
ond sequence i.e., N/DDXXS/TXX(K/R)E. These motifs
together bind a trinuclear magnesium cluster with the
diphosphate moiety of the substrate (e.g., pentalenene syn-
thase; Fig. 4 Scheme I) that further actuates the cleavage
of the substrate pyrophosphate (leaving) group to generate
highly reactive allylic carbocations. In contrast, protonation-
dependent TPSs (Class II cyclases)—diterpene, triterpene
and squalene cyclases—contain a single signature motif
DXDD, in which the central aspartate residue is implicated
as the proton donor (e.g., terpentetrienedienyl diphosphate
synthase; Fig. 5, Scheme I) that triggers initial carbocation
formation (Christianson 2006). As class II cyclase leave the
diphosphate group retained with their substrate, their prod-
ucts can serve as substrates for further cyclisation by class I
cyclase. In both cases, the resulting carbocation undergoes a
cascade of cyclisation influenced by a combination of steric
and electrostatic forces within the active site pocket to gener-
ate the ultimate end-product. The abstraction of a proton or
electrophilic attack by water ultimately terminates the cycli-
sation cascade (Christianson 2006). In fact, the electrostatic
environment of the TPS active site can contribute preferably
to the formation of stable carbocations; expanding the poten-
tial product diversity for the cyclisation of an isoprenoid
diphosphate. Terpenoids, therefore, seem to be significantly
more widely distributed in nature than has been appreciated
previously and hence there is a need to characterise several
previously undescribed bacterial TPS homologs.

Expression of bacterial TPS encoding genes

The most probable allylic diphosphate substrate can be
identified for the catalytic function of the putative TPS
by phylogenetic analysis of the sequences with the char-
acterised TPSs, having known substrates. Also, the actual
biochemical role of these putative TPSs is always required
to be experimentally established. For this purpose, two
types of engineered hosts such as Escherichia coli and
Saccharomyces cerevisiae have been successfully used
for heterologous expression and their potential has been
demonstrated with success of metabolic pathway engineer-
ing, genome editing and developed microbial association
for improvement of terpenoid production from bacterial
sources (Wang et al. 2018). The in vitro incubation of
the recombinant protein with the identified diphosphate
substrate has frequently been practised for the evalua-
tion of the putative TPSs (Cane et al. 1994). However,

such recombinant proteins expressed heterologously in E.
coli are frequently obtained as insoluble inclusion bod-
ies (Yamada et al. 2015b). Nonetheless, a few have been
successfully refolded to obtain soluble proteins with the
required catalytic activity (Cane and Watt 2003; Cane
et al. 2006; Takamatsu et al. 2011; Yamada et al. 2015b).
For the establishment of the catalytic function of the con-
cerned synthase gene, specially engineered E. coli host
strains have been developed for the efficient production of
terpenoid metabolites (Harada and Misawa 2009), as the
normal E. coli strains are devoid of appropriate amount
of isoprenoid precursors. Thus, the upstream biosynthetic
mevalonate pathway gene cluster of Streptomyces was
engineered in E. coli which in turn increased the intracel-
lular concentration of precursors to produce the efficient
amount of desired isoprenoids. Moreover, since almost all
actinobacteria produce geosmin and/or 2-MIB as terpenoid
metabolites, thus they seem to have effective metabolic
pools of terpene biosynthesis precursors. Using them, an
efficient and versatile alternative heterologous expression
system was developed for the synthesis of a broad range
of secondary metabolites, including terpenoids.

On the basis of the available genome data of Streptomyces
avermitilis, the producer of the broadly used anthelmintic
agent avermectin, engineered strains of S. avermitilis have
been developed; which lacks 1.5 Mb of DNA from the left
sub-telomeric region harbouring the majority of natural
product biosynthetic genes. These large-deletion mutants,
referred as “SUKA”, like the parent S. avermitilis strain,
are efficient and robust; and retain the ability of produc-
ing biological building blocks and export metabolic end-
products (Chou et al. 2010; Komatsu et al. 2010). These
are ‘a high-quality’ hosts for the introduction of individual
biosynthetic genes or complete gene clusters from Strepto-
myces and eukaryotic sources, thereby producing otherwise
unobtainable, composite biosynthetic intermediates and
determining their catalytic roles. SUKA17, one of the SUKA
mutants which lack TPS genes, has been used for the heter-
ologous expression of genes encoding the 2-MIB synthase,
and the plant codon-optimised amorpha-4,11-diene syn-
thase of Artemisia annua and the yield was enhanced by co-
transcribing a copy of endogenous S. avermitilis ptIB gene
encoding FPP synthase, which provides the efficient source
of FPP for the synthesis of amorpha-4,11-diene (Komatsu
et al. 2010). For the effective expression, the TPS genes
along with their native or a heterologous ribosome- bind-
ing site, can be incorporated downstream of a suitable sub-
strate GPP (gps), FPP (ptIB) or GGPP (crtE) synthase gene
controlled by a constitutively expressed promoter (rpsJp)
(Komatsu et al. 2010). The combination of using a versatile
host SUKA17 and co-expression of the putative TPS gene
with the polyprenoid substrate synthase is efficient for the
discovery and characterisation of new TPSs.

@ Springer
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Terpene synthases characterised so far

To identify TPS genes in bacteria, by the efficient HMM and
Pfam strategy, the excavation of huge repertoire of avail-
able bacterial genome data has revealed that the majority of
them are SCs. However, the identity of some of the putative
bacterial TPSs and their biochemical functions were further
determined by overexpressing the synthases which consume
the allylic precursors to form variety of numerous terpene
metabolites as evident from the referred studies which are
summarised in Table S1. Based on the phylogenetic analy-
sis of the discovered bacterial TPSs, they are classified into
three main categories: monoterpene, sesquiterpene and dit-
erpene synthases (Fig. 1).

Monoterpene synthases

Monoterpenes (C10) are distinctive components of volatile
plant oils and are widely used in fragrance and flavour indus-
try and as cooling substances (Sharkey et al. 2008). In wood
plants such as conifers, pinene (the most abundant bicyclic
monoterpene) is the main constituent of the wood resins,
whereas limonene (the most abundant monocyclic monoter-
pene) is the main component of essential oils from citrus
plants, e.g. lemon and orange (Bicas et al. 2009). Monoter-
penes, consisting of two linked isoprene (CsHg) units, are
formed by the enzyme monoterpene synthase catalysed con-
version of GPP. The discovery of monoterpene synthases in
plants and fungi is more than five decades old story. How-
ever, in bacteria, it became possible to discover novel and
previously known plant monoterpenes with the advent of
genome mining techniques.

Methylisoborneol and methylbornane biosynthesis
2-Methylisoborneol (2-MIB) is considered as a representa-

tive bacterial monoterpenoid and has a musty-earthy note
of Brie and Camembert cheese flavors (Karahadian et al.

Fig.2 Gene organisation of the

1985). The previously undiscovered synthase for the pro-
duction of 2-MIB was identified by HMM based genome
mining in seven representative microorganisms (Streptony-
ces ambofaciens ISP5053, Streptomyces coelicolor A3(2),
Streptomyces griseus IFO13350, Streptomyces lasaliensis
NRRL3382R, Streptomyces scabies 87.22, Saccharopolys-
pora erythraea NRRL2338, and Micromonospora olivast-
erospora KY11048) (Komatsu et al. 2008). Further testing
of heterologously expressed 2-MIB synthases from these
microorganisms for the metabolite production revealed that
except M. olivasterospora which produced 2-methylenebor-
nane (2-MB), all other produced 2-MIB. The ¢pc gene of S.
lasaliensis, saml0357 of S. ambofaciens, sgri269 of S. gri-
seus and sco7700 of S. coelicolor which encode 481-aa, 440-
aa, 437-aa and 440-aa proteins, respectively, show a very
low amino acid sequence similarity (less than 20% identity
to PS of S. exfoliatus). However, each of these four syn-
thases contains the same variant of the two-highly conserved
characteristic motifs of the bacterial TPS (Table S1). The
genomic analysis of the tested strains revealed that each of
them contains S-adenosyl-L-methionine (SAM)-dependent
C-methyltransferase gene along with cyclic nucleotide-bind-
ing protein encoding gene, located upstream of the 2-MIB
synthase gene, in the form of a three-component biosyn-
thetic operon (Fig. 2) (Komatsu et al. 2008). The in vitro
formation of 2-MIB (Fig. 3A), on incubating GPP and SAM
with the corresponding recombinant C-methyltransferase
were found to catalyse SAM-dependent methylation of GPP
at C-2, to form methylated acyclic substrate 2-methylgeranyl
diphosphate (2-MeGPP) which on further cyclisation gener-
ates 2-MIB, catalysed by 2-MIB synthase.

An orthologous gene product, Pfl01_1841 of Pseu-
domonas fluorescens PfO-1, which has significant sequence
similarity to actinomycete 2-MIB synthases, consists of a
different variant of the two-characteristic divalent metal
binding motifs (Table S1) from that of the four 2-MIB syn-
thase sequences mentioned earlier. An in vitro incubation of
recombinant Pfl01_1841 with 2-MeGPP catalysed the gen-
eration of monoterpene hydrocarbon 2-methylenebornane

predicted monoterpene cyclase
in a 3-component biosynthetic
operon. The greyed, blackened
and the oblique-lined arrows
indicate cyclic nucleotide
binding protein, monoterpene
cyclase and methyltransferase
genes, respectively ( Adapted
from Komatsu et al. 2008 and
modified)
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Fig.3 Cyclisation of Gera-
nyl diphosphates (GPP) by A
monoterpene synthases. a

S-adenosyl-L-methionine | i N
(SAM)-dependent C-methyl- AH Ad

transferase mediated synthesis - oPp k\c %—{ |

of 2-methylisoborneol (2-MIB) -methyltransferase

and 2-methylisobornane (2-MB) 2-MeGPP GPP geranyl cation

monoterpene 1,8-cineole via 2:MIB synthase \ .5pp

. . . Mg?,
a-terpineol intermediate. LPP — ¢

linalyl diphosphate; MeGPP j/\'

methyl geranyl diphosphate N/

and b Direct biosynthesis of I\

(2-MB; Fig. 3a), due to a final deprotonation step instead of
the attack of water in the terpene cyclisation, with no trace
of detectable 2-MIB (Chou et al. 2011). The genome of P.
Sfluorescens PfO-1 was checked for the presence of C-meth-
yltransferase gene in the proximity of the 2-MIB synthase
gene in an operon, for the synthesis of 2-MIB and was found
to be missing (Fig. 2); also the culture extracts were found to
be devoid of 2-MB as well (Chou et al. 2011).

The above studies contributed to establish it as a fact that
the enzymatic conversion of GPP to a monoterpene hydro-
carbon requires an intermediate step of conversion of GPP to
2-MeGPP catalysed by SAM mediated C-methyltransferase.
There were no reports of any bacterial monoterpene syn-
thase which could catalyse the direct conversion of GPP
to monoterpene without involving the methylation step, till
Nakano et al. reported the synthesis of 1,8-cineole in S. cla-
vuligerus ATCC27064 (Nakano et al. 2011b).

1,8-cineole, Linalool and Nerolidol biosynthesis

1,8-cineole, also known as eucalyptol, is a monoterpenic
oxide and is present in many plant essential oils. It has
been reported to possess various therapeutic applications
as antimicrobial (Krist et al. 2008), antimalarial (Su et al.
2008), anthelmintic (Shah et al. 2011), cytotoxic, antitu-
mor (Asanova et al. 2003), anti-inflammatory, analgesic
(Santos and Rao 2000), hypotensive and smooth muscle
relaxant (Lahlou et al. 2002). Seeing its vast therapeutic
applications, it has been looked upon in bacterial genome
database. The cnsA gene of S. clavuligerus was found
to encode a 330-aa protein which contains the requisite

-OPP”

OH

/af 2-MIB

OH

) a-terpinyl cation
o-terpineol

conserved motifs (Table S1). The cnsA gene product
(annotated as 1, 8-cineole synthase) cyclises GPP to achi-
ral 1, 8-cineole directly (Fig. 3b), without the methylation
of GPP, via the chiral intermediate a-terpineol of unknown
absolute configuration. The proposed mechanism of direct
cyclisation of GPP to a monoterpene requires the substrate
ionisation followed by initial isomerisation step to linalyl
diphosphate (LPP) by re-attacks of diphosphate to the
geranyl cation at C3, which allows the subsequent cyclisa-
tion of LPP to the a-terpinyl cation. This cation is a com-
mon intermediate towards all cyclic monoterpene hydro-
carbons and alcohols, while acyclic products may arise
from geranyl cation or LPP. They characterised the second
monoterpene synthase SSCG_05291 gene product from S.
clavuligerus and christened it /nsA (linalool/ nerolidol syn-
thase) (Nakano et al. 2011a). LnsA, a 333-aa protein hav-
ing 36% sequence identity with the PS of Streptomyces sp.
UC5319, consists of the universally conserved metal bind-
ing motifs (Table S1). Interestingly, it is the only known
bacterial TPS which generates acyclic products linalool
and nerolidol. These compounds were identified by incu-
bation of the purified enzyme with GPP and FPP, respec-
tively followed by the GC/MS analysis with comparison to
authentic samples. This enzyme converts FPP with higher
efficiency than GPP. However, both the products were not
detected in the liquid culture extracts of wild type S. cla-
vuligerus, but were detected in the headspace extracts from
S. clavuligerus agar plate cultures (Citron et al. 2012). The
heterologous expression of the linalool/nerolidol synthase
gene in S. lividans and S. avermitilis, however, resulted
in the production of linalool only (Nakano et al. 2011a;
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Yamada et al. 2015b), indicating that the enzyme may
naturally function as monoterpene synthase.

Sesquiterpene synthases

Sesquiterpenes (C15), the volatile cyclic olefins, have
remarkable medicinal properties and have been used as
essential components of the pharmacopoeia since ancient
times. A large array of structurally diverse variety of (poly)
cyclic sesquiterpene skeletons are produced by the metal
dependent conversion of FPP catalysed by SC (Cane 1985).
Unlike, cyclic monoterpenes which are generated via the
a-terpinyl cation, initial cyclisation reaction of FPP has six
possible cations (Fig. S1) (Degenhardt et al. 2009), involving
either the direct cyclisation to the central double bond of the
initially formed farnesyl cation or proceeds via its isomer
the nerolidyl cation. The geometric constraints of transoid
farnesyl cation undergoes the direct 1,10- or 1,11- cyclisa-
tion to form a 10-membered (E,E)-germacrenyl cation or a
11-membered (E, E)-humulyl cation, respectively. Another
type of cyclisation proceeds with the formation of tertiary
cisoid nerolidyl cation after isomerisation of C2—C3 double
bond by the migration and the release of diphosphate (Davis
and Croteau 2000). This cation can undergo cyclisation (Fig.
S1) to either the central (at C6) or distal (at C10) double
bond forming 1,6- [bisabolyl cation], 1,7- [cycloheptanyl
cation], 1,10- [(E,Z)-germacrenyl cation] and 1,11- [(E,Z)-
humulyl cation].

Pentalenone and pentalenolactone biosynthesis

The study of a bacterial SC began with the extensive inves-
tigation of pentalenene. It is the hydrocarbon precursor of
the pentalenolactone which inhibits glyceraldehyde-3-phos-
phate dehydrogenase in Gram-negative and Gram-positive
bacteria and hence, is antibacterial (Hartmann et al. 1978;
Cane and Sohng 1989). PS is the first characterised enzyme
of this class, which was partially purified from S. exfolia-
tus UC5319 cell lysate (Cane and Pargellis 1987). Later
on, when the complete 9.03 Mb genome of S. avermitilis
was sequenced, it was found to consist 30 presumptive sec-
ondary metabolite BGCs (Omura et al. 2001). It includes
a 13.4 kb BGC containing 13 unidirectionally transcribed
OREF:s for the biosynthesis of pentalenolactone. One of them
is sav2998, encoding a 336-aa protein (PtlA) that shows 76%
sequence identity to the previously known PS of S. exfolia-
tus. This cluster has been characterised, both genetically and
biochemically, as an orthologous PS (Tetzlaff et al. 2006).
The purified recombinant PtIA was shown to catalyse the
Mg**-dependent cyclisation of FPP in vitro which in gen-
eral initiates with the formation of (E, E)-humulyl cation
(Fig. S1). The (E,E)-humulyl cation undergoes 1,2-hydride
shift (Fig. 4, Scheme I), either directly or by a series of
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protonation and deprotonation to form protoilludyl cation.
The cyclisation proceeds with the dyotropic rearrangements,
a process in which two o-bonds simultaneously migrate
intramolecularly, to finally yield pentalenene.

Geosmin biosynthesis

The biosynthesis of geosmin has also been investigated in
great detail. Two groups independently characterised the
gene (sco6073) encoding geosmin synthase (GS) in S. coe-
licolor A3(2) (Cane and Watt 2003; Gust et al. 2003). The
2181-bp sco6073 gene encodes a 726-aa protein in which
the N-terminal (319 aa) and C-terminal (339 aa) halves show
about 30% identity to PS from S. exfoliatus. Similarly, the
2178-bp sav2163 gene of S. avermitilis encodes a 725-aa
protein in which the N-terminal (363 aa) and C-terminal
(329 aa) halves each exhibit 27% identity (Cane et al. 2006).
Also, the protein showed 77% identity to the previously
known S. coelicolor A3(2) GS (SCO6073). The N-termi-
nal domain of both the synthases contain the characteristic
conserved Mg**-binding motifs, the acidic amino acid-
rich motif -DDHFLE- and the NSE triad -NDLFSYQRE-,
whereas the C-terminal contains an unusual acidic amino
acid-rich motif, -DDYYP- and a canonical -NDVFSYQKE-
sequence in both synthases (Table S1). The N-terminal
domain has been shown to catalyse cyclisation of FPP to
produce germacradienol and germacrene D, whereas the
C-terminal domain has been demonstrated to catalyse the
proton-initiated sequential retro-Prins fragmentation of
germacradienol, with loss of the 2-propanol side-chain as
acetone, to give an octalin derivative, which undergoes a
proton-initiated hydration and hydride-shift to form geosmin
(Jiang and Cane 2008). As a matter of fact, the sequence of
geosmin synthase is highly conserved all over a wide variety
of bacterial genera, with more than 75 presumed proteins
from actinobacteria, myxobacteria, and cyanobacteria exhib-
iting 45-99% sequence identity to the S. coelicolor A3 (2)
SCO6073 (Cane and Ikeda 2012).

For mining and characterising the novel secondary
metabolites, the correctness of the genomic sequence in the
public database is very essential as was critically analysed
by Giglio et al. in their studies involving the model cyano-
bacterium Nostoc punctiforme PCC73102 (Giglio et al.
2008). They discovered a GS homolog which encodes a
hypothetical protein (ZP_00109187), having 55% sequence
similar to the N-terminal of SCO6073 and contains the
universally preserved motifs too (Table S1). However, the
encoded protein has only 630-aa, which is approximately
100-aa shorter than SCO6073. They claimed that the hypo-
thetical protein ZP_00109187 encoded by npun02003620
to be a truncated one. Although, the C-terminal half har-
bours a typical -DDYFP- motif, but the essential NSE
triad was found missing due to which, during catalytic
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Fig.4 Biosynthesis of sesquiterpene metabolites from a common
substrate farnesyl pyrophosphate (FPP) via the intermediate cati-
ons. Scheme I: Biosynthetic mechanism of conversion of FPP pro-
ceeds via (E,E)-humulyl cation followed by 1,2-hydride shift and a
series of protonation, deprotonation and a dyotropic rearrangement
(dyR) to yield pentalenene in S. avermitilis; Scheme II: Production
of epi-isozizaene in S. avermitilis from FPP via (R)-bisabolyl cation
proceed through 1,2-hydride migration, subsequent cyclisation and
dyR and final deprotonation; Scheme III: Avermitilol synthesis in
S. avermitilis proceeds via a series of protonation and deprotona-
tion of (R)-(E,E)-germacrenyl cation and finally the capture of water
yields avermitilol; Scheme IV: Biosynthesis of (—)-8-cadinene and
(+)-T-muurolol via (S)-(E,Z)-germacrenyl cation which proceeds

cyclisation of FPP to germacradienol, it does not form
geosmin. The ostensive truncation was demonstrated to be
the consequence of a single, but imperative, sequencing
mistake in the published DNA (Giglio et al. 2008). So,
a correct complete sequence was published for a 753-aa
protein (WP_012409287), which contained the C-terminal

(+#)-epi-Cubenol

through 1,3-hydride migration to form an intermediate cation which
cyclizes to form muurolyl (10S) cation which forms (+)-T-muurolol
by the attack of water and (+)-T-muurolyl (10S) or cadinyl (10R)
cation forms (—)-8-cadinene by deprotonation, in S. clavuligerus;
Scheme V: (S)-bisabolyl cation captures water to form (—)-epi-
a-bisabolol, in S. citrocolor; Scheme VI: (E,E)-humulyl cation
undergoes a series of protonation-deprotonation to form (+)-(E)-p-
caryophyllene which forms (+)-caryolan-1-ol, in S. griseus, by the
attack of water; Scheme VII: (S)-(E,Z)-germacrenyl cation undergoes
1,3-hydride migration and subsequent cyclisation to muurolyl cation,
which on 1,2-hydride shift and attack of water forms (+)-epi-cubenol
in S. griseus

NSE/DTE triad -NDIFSYQKE- that was missing in the
previous published sequence. Further the correct protein
was cloned, expressed and incubated with FPP in vitro
which successfully resulted in the production of geosmin
(Giglio et al. 2008).
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epi-lsozizaene and albaflavenone biosynthesis

Among all the genome sequenced bacteria so far, epi-isoz-
izaene synthase (EIZS) is the most commonly found SC.
The biochemical function of EIZS was first studied in S.
coelicolor A3(2) and it was found to catalyse the commit-
ted step for the biosynthesis of an o, - unsaturated tricyclic
sesquiterpene ketone, albaflavenone. After fourteen years
of its discovery in S. albidoflavus (Gurtler et al. 1994),
the enzyme responsible for its biosynthesis from epi-isoz-
izaene could be established only due to advancements in
genome mining techniques. As a part of two-gene operon
with sc05222, the S. coelicolor genome contains a EIZS
gene sco5222 which encodes a 361-aa protein (SC0O5222)
having 24% identity to PS of S. exfoliatus with two com-
mon conserved Mg2+-binding motifs (Table S1) (Lin et al.
2006). The recombinant EIZS was shown to catalyse the
cyclisation of FPP which proceeds via (R)-nerolidyl cation
and the (R)-bisabolyl cation (Fig. S1) that forms the (S)-
homobisabolyl cation in a 1,2-hydride shift (Fig. 4, Scheme
IT). A subsequent cyclisation yields the acorenyl cation and
cedryl cation which undergoes dyotropic rearrangement,
1,2-methyl migration and final deprotonation to generate
(+)-epi-isozizaene. The genomic analysis of sco5222 gene
revealed that it shares four nucleotides ATGA transcrip-
tional overlap at its 3’ end with sco5223, a cytochrome P450
CYP-170A1 gene. Also GC/MS analysis of extracts from S.
coelicolor culture constituted the time-dependent produc-
tion of epi-isozizaene, and its oxidation products (4R)- and
(4S)- albaflavenols and antibiotic albaflavenone, catalysed
by the purified recombinant SCO5223. However, the disrup-
tion of sc05223 gene resulted in the non-formation of all the
three oxidation products (Zhao et al. 2008), indicating that
sco5223 gene product cytochrome P450 CYP170A1 (also
known as albaflavenone monooxygenase) is responsible for
cytochrome P450 mediated oxidation of epi-isozizaene to
finally generate the antibiotic albaflavenone.

The orthologous protein SAV_3032 of bacterium S.
avermitilis was also reported to catalyse the cyclisation
of FPP to epi-isozizaene (Takamatsu et al. 2011). The
sav3032 gene also shares the ATGA transcriptional overlap
at its 3’ end with the gene sav3031, which encodes for the
cytochrome P450 CYP 170A2 protein, analogous to S. coe-
licolor SC0O5223 in a two-gene operon. sav3032 encodes
363-amino acid protein (SAV_3032) which exhibit 82%
sequence identity with SCO5223 and 25% with that to PS
of S. exfoliatus. It harbours the same variant of universally
conserved metal binding motifs as SC0O5222 (Table S1).
Purified recombinant SAV_3032 was shown to catalyse
the Mg?*-dependent cyclisation of FPP to epi-isozizaene,
although epi-isozizaene or any of its oxidation products
could not be detected in the wild type culture of S. aver-
mitilis. However, when sav3032 was introduced in mutant
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SUKA16 under the control of rpsJ promoter, the transfor-
mant thus formed was able to produce epi-isozizaene. Co-
expression of sav3032 gene with sav3031 resulted in the
production of (4S)- and (4R)- albaflavenols, albaflavenone
and a previously unknown epoxy-alcohol (Takamatsu et al.
2011). The biosynthetic two-gene operon for the production
of albaflavenone has been found to be extremely conserved
and is extensively distributed as orthologous pairs of trans-
lationally coupled SC gene to the downstream cytochrome
P450 gene, which shows 56-100% identity apparent in 10
species of streptomycetes; also the production of epi-isozi-
zaene and/or albaflavenone has been successfully achieved
in most of them.

Avermitilol bioysnthesis

S. avermitilis has been known for the production of com-
monly used anthelminthic macrolide avermectin (Omura
et al. 2001). In addition to the genes encoding for PS
(sav2998) (Tetzlaff et al. 2006), GS (sav2163) (Cane et al.
2006) and EIZS (sav3032) (Takamatsu et al. 2011), it also
contains avermitilol synthase (sav76) gene which encodes
335-aa protein (SAV76) having 35% identity with PS of S.
exfoliatus harbouring conserved characteristic metal binding
motifs (Table S1). Although the extracts of wild type of S.
avermitilis was devoid of avermitilol, but the purified recom-
binant protein SAV76 expressed in E. coli, on incubation
with FPP resulted in the major enzymatic product as tricy-
clic sesquiterpene alcohol, avermitilol (85%) and its isomer
viridiflorol (3%) as well as germacrenes A (1%) and B (5%)
(Chou et al. 2010). To effect the production of avermitilol,
they introduced sav76 gene in mutant SUKA17 under con-
trol of rpsJ (sav4295) promoter but surprisingly, the produc-
tion of avermitilol decreased to 15% alongwith the genera-
tion of 67% avermitilone (a ketone derivative of avermitilol),
10% germacrene A, 5% germacrene B and 2% viridiflorol.
The proposed mechanism for the biosynthesis of avermitilol
proceeds from FPP via (R)-(E, E)-germacrenyl cation (Fig.
S1) which upon deprotonation (Fig. 4, Scheme III) forms the
neutral intermediate bicyclogermacrene. Bicyclogermacrene
on reprotonation yields the cyclopropylcarbinyl cation which
cyclises into an intermediate secondary cation. Upon final
attack of water, this secondary cation forms the avermitilol.

T-Muurolol and 8-cadinene biosynthesis

S. clavuligerus ATCC 27,064 genome comprises a remark-
ably large number of about 20 bioinformatically identi-
fied TPS genes, out of which (—)-8-cadinene synthase
(sscg_02150) and (+)-T-muurolol synthase (sscg_03688)
are the only two characterised SC genes from this strain
(Hu et al. 2011). The gene sscg_02150, which encoded a
predicted protein of 327-aa, was lined downstream by a
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putative cytochrome P450 and upstream by a predicted
methyl transferase being unidirectionally transcribed and an
oppositely transcribed oxidoreductase in the operon. Simi-
larly, the sscg_03688 gene encoded a predicted 418-aa pro-
tein flanked immediately upstream and downstream by two
cytochrome P450s being unidirectionally transcribed and a
downstream methyl transferase. It was speculated that these
putative cytochrome P450s and methyl transferases encoded
within the two operons probably catalyse an undeciphered
sequence of oxidations and methylations to form the ses-
quiterpene metabolites (T-muurolol and 8-cadinene). Both
TPSs display the two highly conserved metal binding motifs
(Table S1) and were found to catalyse the cyclisation of FPP
to the widely occurring plant sesquiterpenes ( —)-8-cadinene
and (+)-T-muurulol, respectively. These SCs from S. cla-
vuligerus show only 32% sequence homology and are also
distant apart in the phylogenetic tree of bacterial terpene
cyclases (Rabe et al. 2016), but they have quite similar bio-
synthesis mechanism (Hu et al. 2011). Both biosynthesis
reactions initiate via (S)-(E,Z)-germacrenyl cation (Fig. S1),
which upon 1,3-hydride shift form an intermediate cation
(Fig. 4, Scheme IV). The final attack of water on muurolyl
cation, formed due to the cyclisation of the intermediate
cation, lead to the production of (+)-T-muurolol. The final
deprotonation of either muurolyl or cadinyl cation produces
(—)-6-cadinene. Also, the -NDLMTVDKE- motif was found
to contain DTE, similar to that of plant SCs instead of NSE
residues commonly found in bacterial (—)-6-cadinene syn-
thases (Hu et al. 2011).

B-Caryophyllene and caryolan-1-ol biosynthesis

Another plant sesquiterpene, -caryophyllene was found
to occur in the essential oils of clove, cannabis and rose-
mary and its oxide show anti-fungal activity against der-
matophytes in the treatment of onychomycosis (Yang et al.
2000). Also, it was found to be released from the maize
leaves and roots in response to damage by the attack of
different herbivore larvae (Kollner et al. 2008), thereby,
contributing to the plant’s defense against herbivores by
attracting entomopathogenic nematodes. Seeing its appli-
cation in agriculture and pharmaceutical, its production
was looked upon in bacterial genomes. A gene encoding
(+)-caryolan-1-ol synthase (sgr_2079 or gcoA) from S gri-
seus NBRC13350 was identified by Nakano et al. (2011a,
b, ¢, d). GeoA (335-aa) exhibits 29% identity with the PS
of S. exfoliates and was found to contain both the highly
conserved Mg?*-binding motifs (Table S1). When the
recombinant enzyme was incubated with FPP, it yielded
a small quantity of p-caryophyllene with a major prod-
uct (+)-caryolan-1-ol. Several f-caryophyllene synthases
were identified from plants but have not been reported for
the production of (+)-caryolan-1-ol. Thus, GcoA was the

first characterised caryolan-1-ol synthase from bacteria,
catalysing the first cyclisation of FPP to B-caryophyllene
(Fig. 4, Scheme VI) followed by a second cyclisation
to form (+)-caryolan-1-ol. (—)-caryolan-1-ol chemical
synthesis method is reported (Barton et al. 1952) but the
biochemical synthesis of (+)-caryolan-1-ol, that too in
bacteria, is unprecedented. Interestingly, in most cases,
(+)-caryolan-1-ol synthase occurs simultaneously with the
(+)-epi-cubenol synthase (Dickschat 2016).

epi-Cubenol biosynthesis

epi-Cubenol is an inhibitor of DNA polymerase and the
extracts from the essential oil of the waste wood chips of
Japanese cedar, prepared by steam distillation, was found
to suppress the growth of a fungi Trichophyton rubrum,
which causes the tinea disease (Takao et al. 2012). In an
another study, the cell free extract (CFE) and a purified
(+)-epi-cubenol synthase from the liverwort Heteroscy-
phus planus was found to catalyse the conversion of FPP to
yield (+)-epi-cubenol (Nabeta et al. 1997). Besides plants,
it was also reported to be present in the crude extracts of
certain Streptomyces sps. For instance, (+)-epi-cubenol
synthase was originally isolated from Streptomyces sp.
LL-B7 by biochemical assay-guided methods, that was
known to produce cadin-4-en-1-ol, an enantiomer of
(+)-epi-cubenol (Gerber 1971). Later, Cane et al. con-
firmed the presence of epi-cubenol synthase in the CFE
obtained from Streptomyces sp. LL-B7 by incubating CFE
with tritiated FPP to give tritiated (+)-epi-cubenol (Cane
et al. 1993). Considering its antifungal application and
based on previous reports of Streptomyces sps. containing
epi-cubenol synthases, bacterial genomes were screened
out for its homologs. Soon after identifying the (+)-car-
yolan-1-ol synthase gene from S. griseus NBRC13350,
a second gene (sgr_6065 or gecA) from this organism
was heterologously expressed in S. lividans which was
identified as (4)-epi-cubenol synthase by incubation of
the recombinant enzyme with FPP (Nakano et al. 2012).
GecA is a 358-aa protein, having 28% sequence identity
with the PS of S. exfoliatus and has both the conserved
bacterial TPS motifs in the active site (Table S1). The
optical rotatory power of the (+)-epi-cubenol obtained
from S. griseus was also determined and it indicated to
be the same enantiomer as in the liverwort H. planus. The
biosynthesis of (+)-epi-cubenol proceeds via (S)-(E,Z)-
germacrenyl cation (Fig. S1) which undergoes 1,3-hydride
shift (Fig. 4, Scheme VII) to form an intermediate cation
followed by subsequent cyclisation to yield muurolyl cat-
ion. The muurolyl cation then undergoes 1,2-hydride shift
and a final attack of water to form (+)-epi-cubenol.
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Germacradien-4-ol and epi-a-bisabolol biosynthesis

Two single domain SC homologs SC1 and SC2 were
identified in S. citricolor NBRC13005 by genome mining
approach, which were heterologously expressed in S. liv-
idans (Nakano et al. 2011c). The culture extracts from the
heterologous host was analysed by GC/MS which detected
the presence of one sesquiterpene alcohol in each case. Both
TPSs SC1 (316-aa) and SC2 (313-aa) display 32% and 29%
identity with the PS of S. exfoliatus, respectively and con-
tains the requisite metal binding motifs (Table S1). They
were found to catalyse the cyclisation of FPP to the sesquit-
erpene alcohol metabolites namely (—)-germacradien-4-ol
and (-)-epi-a-bisabolol, respectively. The mechanism of bio-
synthesis of (—)-germacradien-4-ol starts with the formation
of (R)-(E,E)-germacrenyl cation (Fig. S1) and proceeds by
the 1,3 hydride shift to form an intermediate cation which
captures the water to form (—)-germacradien-4-ol, whereas
the biosynthesis of (—)-epi-a-bisabolol (Fig. 4, Scheme V)
occurs by the attack of water to the (S)-bisabolyl cation.
a-Bisabolol, also known as levomenol, is a monocyclic ses-
quiterpene alcohol and is primarily found as the constituent
of the essential oil from German chamomile, Matricaria
recutita and Myoporum crassifolium plants (Kamatou and
Viljoen 2010). (—)-epi-a-Bisabolol is known to have anti-
inflammatory and anti-microbial properties and has been
used for hundreds of years in cosmetics because of its per-
ceived skin healing properties.

Sodorifen biosynthesis

Recently, genome mining of the newly sequenced rhizobac-
terium Serratia plymuthica WS3236 led to the identification
of a 4.6 kb putative sodorifen BGC harbouring four individ-
ual genes (sodA, sodB, sodC and sodD), which are respon-
sible for the production of sodorifen in S. plymuthica (Duell
et al. 2019). S. plymuthica is known to emit several VOCs
having sodorifen as one of the major metabolites. It is a
polymethylated hydrocarbon and has been shown to prevent
the fungal and plant growth (Kai et al. 2010; Von Reul et al.
2010). The first two genes sodA and sodB are homologs of
MEP pathway genes, IPP isomerase and 1-deoxy-D-xylu-
lose-5-phosphate synthase (DXP synthase), respectively
and are responsible for the supply of additional FPP. The
other two genes sodC (SAM-dependent C-methyltransferase)
and sodD (Sodorifen cyclase) are the necessary genes and
their gene products are required to catalyse the production
of sodorifen from its precursor FPP. By using direct pathway
cloning, the sodorifen BGC from S. plymuthica was inte-
grated into a vector under the control of one single promoter,
upstream of sodA and heterologously expressed into E. coli
with low VOC background. Heterologous expression under
the control of tetracycline inducible Ptet, promoter led to
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the synthesis of sodorifen which on comparison with other
cultures have been found to be 26-fold high.

Also, Rabe et al. (2016) screened out and characterised
6 putative analogous TPSs (-)-a-amorphene synthase and
(—)-7-epi-a-eudesmol synthase from S. viridochromoge-
nes, (+)-T-muurolol synthase form Roseiflexus castenhol-
zii, (+)-4-epi-cubebol synthase from Streptosporangium
roseum, (—)-y-cadinene synthase from Chitinophaga pin-
ensis and (—)-(E)-B-caryophyllene synthase from Saccha-
rothrix expanaensis by performing phylogenetic analysis,
the gene cloning by homologous recombination in yeast,
followed by heterologous expression in E. coli. The incu-
bation experiments of purified recombinant enzymes with
13C-labelled topoisomers of FPP enabled the thorough
understanding of the cyclisation mechanisms of these six
bacterial tepene cyclases by one and two dimensional NMR
spectroscopic analysis.

Diterpene synthases (DTSs)

Around ~ 12,000 diterpenoids are known and most of them
are produced by plants and fungi while diterpenoids of bac-
terial origin are rarely known (Smanski et al. 2012). Dit-
erpenes (C20) are biosynthesised from the linear isoprene
precursor GGPP and are the precursors for numerous bio-
logically important compounds such as taxol, terpentecin,
platensimycin, etc., conferring anti-microbial and anti-tumor
action. Their unique structures and diverse bioactivities have
attracted much attention from chemists and biologists in
recent past, but cloning, characterising and engineering the
respective genes of diterpenoid pathway in higher organ-
isms remain challenging. Access to the bacterial genome
sequences and recent bioinformatics advancements have
revealed the prolific biosynthetic potential for diterpenoids
in bacteria, especially actinobacteria (Daum et al. 2009).
The discovery of gibberellins from the bacteria Rhizobium
phaseoli (Atzorn et al. 1988) laid down the foundation stone
for the discovery of bacterial diterpenoids.

Terpentecin biosynthesis

Terpentetrienedienyl diphosphate (TDP) synthase (Cycl),
a class II DTS and terpentetriene (TTE) synthase (Cyc2),
a class I DTS were the first two characterised bacterial
DTSs reported for the biosynthesis of diterpenoid anti-
biotic terpentecine, from Streptomyces griseolosporeus
MF730-N6 (currently referred as Kitasatospora griseola)
(Hamano et al. 2002). Although Cyc1 shows less than 30%
sequence similarity to the N-terminal halves of charac-
terised eukaryotic DTSs, the availability of the signature
DXDD motif confirms its bioinformatics-based functional
attribution, which was subsequently validated experimen-
tally in vitro. Cyc2 was promptly identified on the basis
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of its sequence homology to previously known bacterial
class I DTSs, and presence of the characteristic DDXXD
and NSE/DTE motifs (Hamano et al. 2002). On analysing
the genome sequence of S. griseolosporeus MF730-N6, it
was observed that mevalonate pathway gene cluster is pre-
sent downstream to a set of five genes which is vitalfor the
biosynthesis of terpentecine. Apart from these five genes,
the cluster possessed 9 more genes, out of which two
genes orfl1 and orfl2 encoded a 499-aa Class II synthase
(having 29% sequence identity to ent-kaurene synthase
of fungus Phaeosphaeria sp.) and a 311-aa long Class I
synthase (with 25% identity to S. exfoliatus pentalenene
synthase). Multiple sequence alignment of ORF11 with

the eukaryotic DTSs revealed that the motif QXXDGSW,
which was supposed to stabilise an intermediate cation
during the process of cyclisation and the motif DXDDTA,
which chelates the divalent metal ion in order to medi-
ate substrate binding, were found to be conserved. The
inferred class I ORF12 protein consisted of the universally
conserved pair of divalent metal-binding motifs, the aspar-
tate rich motif -DDRWD- and the triad -NDYYSWGR
E-. On functional analysis of the two purified recombi-
nant enzymes, it was found that their products, Cycl and
Cyc2 are essential for the conversion of GGPP into TDP
by Cycl followed by the formation of TTE (Fig. 5, Scheme
I), the precursor of terpentecin.
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Fig.5 Biosynthesis of diterpene metabolites from a common sub-
strate geranylgeranyl diphosphate (GGPP) by class I and class II DTS
enzymes. Scheme I: Cyclisation of GGPP to form terpentedienyl
diphosphate (TDP) and further to terpentetriene (TTE) in Kitasato-
spora griseola catalysed by cyclase 1 (class II) and cyclase 2 (class
I) respectively; Scheme II: In M. tuberculosis H37, the cyclisation
of GGPP to form tuberculosinyl diphosphate and a second cyclisa-
tion of tuberculosinyl diphosphate to tuberculosinol catalysed by
tuberculosinyl diphosphate synthase (class II) and tuberculosinol
synthase (class I) respectively; Scheme III-V: Cyclisation of GGPP
to form ent-copalyl diphosphate is the first committed step in the

biosynthesis of pimaradiene in Streptomyces sp. KO-3988 catalysed
by ent-copalyl diphosphate synthase; in the formation of gibberel-
lic acid GA; via ent-kaurene, in B. japonicum USDAT110, and in the
synthesis of platensimycin via ent-atiserene in S. platensis (MA7327
and MA7339); Scheme VI: Tsukubadiene synthase (class I) enzyme
catalyses the cyclisation of GGPP to tsukubadiene in S. tsukubaen-
sis NRRL 18,488; Scheme VII: Generation of cyclooctat-9-en-7-ol by
the cyclisation of GGPP to form an initial carbocation catalysed by
class I DTS enzyme cyclooctat-9-en-7-ol synthase (CotB2) from S.
melanosporofaciens M1614-43F2
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Tuberculosinol and isotuberculosinol biosynthesis

Genome sequence analysis of Mycobacterium tuberculosis
H37Rv, revealed the presence of a set of two DTS genes,
a bacterial class II DTS, identified to be halimadienyl (or
tuberculosinyl) diphosphate synthase (Rv3377c) which
catalyses the bicyclisation of GGPP to produce tuberculosi-
nyl diphosphate (Fig. 5, Scheme II) and a class I tuberculosi-
nol synthase (Rv3378c) that catalyses the subsequent ioniza-
tion mediated rearrangement of tuberculosinyl diphosphate
to form tuberculosinol and isotuberculosinol (Nakano and
Hoshino 2009; Nakano et al. 2011d). Rv3377c and Rv3378c
gene products harbour the essential metal binding aspartate
rich motifs DIDD and DDLLD respectively, but Rv3378c
lacks the conserved NSE/DTE motif. Naturally, class 1
enzyme produces a terpene nucleoside, 1-tuberculosiny-
ladenosine, by the nucleophilic attack of adenosine on the
tuberculosinyl carbocation formed during initial ionisation
step. Interestingly, both the genes are only found in the viru-
lent species of M. tuberculosis, the leading cause of TB dis-
ease and the tuberculosinyladenosine has been hypothesised
to be providing the pathogenicity to the bacteria (Nakano
et al. 2005).

ent-Copalyl biosynthesis

A class II DTS, ent-copalyl diphosphate (ent-CPP) synthase
was also identified from Streptomyces sp. KO-3988 (ORF2)
(Ikeda et al. 2007), Bradyrhizobium japonicum USDA110
(Morrone et al. 2009), and three strains of S. platensis
(MA7327, MA7339 and CB00739) (Smanski et al. 2011;
Rudolf et al. 2016) and all share the characteristic DXDD
motif. Out of the five genes implicated in the biosynthesis
of viguiepinol, orf2 and orf3, lie upstream of the MVA path-
way gene cluster in Streptomyces sp. KO-3988 (Ikeda et al.
2007). orf2 encodes a 511-aa protein with 32% sequence
identity with ent-CPP synthase of Gibberella fujikuroi and
orf3 encodes a 295-aa protein, both harbours an aspartate
rich motif -DDHVE- and the triad-NDLATFERE-, having
no sequence homology to any known TPS. Recombinant
ORF2 corresponds to a class II synthase, catalyses the Mg>*-
dependent cyclisation of GGPP to copalyl diphosphate while
ORF3, which was deduced to be class I synthase, in turn
converts ent-CPP to pimara-9(11),15-diene (Fig. 5, Scheme
IIT). The ent-CPP in B. japonicum is converted to ent-kau-
rene, the precursor for the production of gibberellin (gib-
berellic acid GA;) (Fig. 5, Scheme IV). In S. platensis, ent-
CPP is either converted to ent-kaurene or to ent-atiserene, a
precursor for the mammalian fatty acid synthase inhibitors,
platensimycin (Fig. 5, Scheme V) and platensin. The crystal
structure of ens-CPP synthase from S. platensis CB00739
was solved and the docking studies revealed the catalytically
active conformation of GGPP (Rudolf et al. 2016).

@ Springer

Tsukubadiene and cyclooctatin biosynthesis

Class I DTS genes were also identified by genome mining
approach in S. tsukubaensis NRRL 18,488 (Yamada et al.
2015b) and S. melanosporofaciens M1614-43F2 (Kim
et al. 2009). Tsukubadiene synthase from S. tsukubaensis
was reported to catalyse the cyclisation of GGPP to tsuku-
badiene (Fig. 5, Scheme VI). Both the genes show no sig-
nificant sequence similarity (< 13%) with the known class
I DTSs. Although, tsukubadiene synthase consists of both
the universally conserved bivalent metal binding domains,
but on the other hand, the class I DTS gene cotB2 in S.
melanosporofaciens, encodes for a 307-aa protein having
only the NSE/DTE triad -NDFYSYDRE- and lacks the
aspartate rich DDXXD motif. The cotB2 gene is present
in the cyclooctatin biosynthetic gene cluster with cotB1
encoding GGPP synthase, whereas cotB3 and cotB4 each
encodes for a cytochrome P450. GGPP on incubation with
recombinant CotB2 undergoes Mg>* dependent cyclisation
to form cyclooctat-9-en-7-ol (Fig. 5, Scheme VII), precur-
sor for the lysophospholipase inhibitor, cyclooctatin.

Bonnadiene, phomposene and cembrene A biosynthesis

Two DTS genes WP_030432512 and WP_030431358 were
identified by genome mining approach in a tropical soil
actinomycete Allokutzneria albata DSM44149 and the
heterologously expressed products subjected to in-depth
mechanistic studies which helped to characterise these
genes to be Bonnadiene synthase (Bds) and Phomopsene
synthase (Pms) (Lauterbach et al. 2018). The enzyme Bds
converted GGPP into a diterpene hydrocarbon bonna-
diene, having a new spirotricyclic skeleton. However, the
second enzyme Pms was found to catalyse the 1,11- and
10,14-cyclisation of GGPP into a mixture of compounds:
a fungal diterpene phomopsene, the new compound allo-
kutznerene and a previously known diterpene, spirovi-
olene. In an another study by the same group, two DTS
genes Sas (WP_030426588) and CAS (WP_030430753)
were identified in the same actinobacteria A. albata (Rin-
kel et al. 2018). Both the genes were cloned into the
expression vector pYE-Express by homologous recombi-
nation in yeast, which were further expressed in E. coli
and the purified protein was incubated with GGPP. First
gene product was found to convert GGPP into a diterpene
hydrocarbon, spiroalbatene, having a new spirotetracy-
clic skeleton and thus the catalysing enzyme was named
spiroalbatene synthase (Sas). Second enzyme was found to
catalyse the cyclisation of GGPP to cembrene A and thus
characterised as cembrene A synthase (CAS).
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Conclusions

Extensive bacterial genome sequencing and genome data
mining has facilitated the elicitation of a wealth of hidden
natural products. The advancement of bioinformatics and
biotechnology helped to characterise several natural product
BGCs, which encodes several key enzymes that catalyse the
production of terpene metabolites. However, bioinformat-
ics analysis alone could not possibly attribute a particular
biochemical function to majority of newly identified TPS
genes. The inability to detect one terpene in a wild-type bac-
terium might plainly contemplate, tremendously low levels
of terpene gene expression or vying utilisation of common
allylic precursor by the synthesis of other different terpenes.
The catalytic function of these putative TPS genes could be
ascertained either by subsequent cloning and expression in
E. coli or by expression in a particularly modified heterolo-
gous Streptomyces host, followed by spectroscopic identifi-
cation of the newly generated metabolic products. The actual
catalytic function of the presumptive TPS can be determined
by incubation of the recombinant synthase with the allylic
precursors. Thus, the combinatorial strategy of applying
bioinformatic tools, genetic engineering and mechanistic
enzymology would continually enhance the knowledge and
could unveil the interrelatedness among primary sequence of
TPS, functional domain organisation, protein structure and
cyclisation process. An extensive bacterial genome data is
available today and this has led to the synthesis of several
terpene compounds with huge industrial applications. The
above findings elaborate our canonical understanding of the
structural elements required for the catalysis and also guide
the mechanistic studies for the discovery of novel bacterial
terpene synthases, but there are many dark areas too in this
interesting class of enzymes for further exploration.
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