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Abstract

Terpenoids represent the most structurally and stereochemically diverse family of
natural products with more than 55,000 terpenoid structures discovered to date from
all life forms. Sesquiterpenes are a class of the terpenoid family, and their formation
from farnesyl diphosphate is catalyzed by sesquiterpene synthases. This project
focuses on trying to decipher the reaction mechanisms of two sesquiterpene synthases,
d-cadinene synthase from Gossypium arboreum and (E)-B-farnesene synthase from
Mentha x piperita and to provide a method for the generation of unnatural terpenes
with potential commercial applications in both the pharmaceutical and agrochemical

industries.

Modifications by substitution of residues around the active site of d-cadinene synthase
did not lead to any functional divergence, indicating an unusual structural component
that determines the product specificity of this enzyme. Domain-swapping experiments
based on phylogenetic information suggested that the subdomain encoded by exon 4
is most likely the key structure element controlling the product specificity of this
enzyme. Manipulation of the active site volume of (E)-fB-farnesene synthase by
site-directed mutagenesis revealed a rigid active site cavity that is precisely defined
for generating mainly acyclic products. The active site hybrid constructed by
replacing the active surface of (E)-p-farnesene synthase with the corresponding part
from &-cadinene synthase lost activity, suggesting the catalytic specificity of this
enzyme is modulated at a distance by residues surrounding the active site, which may
have a huge influence on the active site volume. Mechanistic studies utilizing a
substrate analogue revealed a new reaction mechanism for (£)-pB-farnesene synthase.
Functional approaches to explore the N-termini region of d-cadinene synthase and
(E)-p-farnesene synthase provided direct evidence that suggested dual roles for this

region.
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Chapter 1: Introduction



1.1 Terpenoids

Terpenoids represent the structurally and stereochemically most diverse family of
natural products.’ More than 55,000 terpenoids have been discovered to date from
nature (/). The extraordinarily diverse carbon skeletons of terpenoids are formally
derived from the branched C5 skeleton of isoprene (1) (2). Dimethylallyl diphosphate
(DMAPP, 2) and isopentenyl diphosphate (IPP, 3) are biological equivalents of
isoprene and are the universal precursors of the isoprenoids in all living organisms

(Scheme 1.1) (3).

The most significant building reaction in the terpenoids pathway is a chain elongation
reaction catalysed by isoprenyl diphosphate synthases to yield increasingly longer
polyisoprenoid diphosphates, such as geranyl diphosphate (GDP C10, 4), farnesyl
diphosphate (FDP C15, 5) and geranylgeranyl diphosphate (GGDP C20, 6). In
addition, longer acyclic intermediates, such as squalene (C30, 7), phytoene (C40, 8),
all-trans polyprenyl diphosphates (C5n, 9) and cis-polypreny! diphosphates (C5n, 10)
can be further derived from either FDP or GGDP. All these acyclic precursors can

then be modified to generate acyclic, monocyclic or multicyclic products (4-6).

Thus, terpenoids can be grouped based on the number of C5 units: hemiterpenes (CS5),
monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30) and so
on. Different attachment patterns such as non-head-to-tail chain elongation or
irregular conformations have also been discovered (Scheme 1.2). The biosynthesis of
sterols and carotenoids goes through a cyclopropanation reaction as the first step in
the specific pathway among eukarya, archaea and some bacteria (7, 8). A branching
reaction has only been identified from a few plants (9) and a cyclobutanation reaction

has only been reported in the study of mealybug mating pheromones (10).
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Scheme 1.1: Biogenetic scheme for the formation of the main terpenoid series through the
regular head to tail fusion.

The fundamental chain elongation of terpene biosynthesis involves condensations of
DMAPP (2) with IPP (3), corresponding to the ionization of DMAPP (2) triggered by
the enzyme’s metal cluster (Scheme 1.3) (/I). The following electrophilic attack
between the resulting carbocation and C3-C4 m bond of IPP generates a tertiary
carbocation at C3. GDP is formed after stereospecific elimination of the C2-Hy proton
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(11, 12)). Further chain elongations forming FDP and GGDP were suggested to share
similar coupling mechanisms based on the crystal structures of both farnesyl
“diphosphate synthase and geranylgeranyl diphosphate synthase (/3, 14). On the other
hand, to form cyclobutanation, branching and cyclopropanation products, one
molecule of IPP is replaced by DMAPP. These reactions also employ the allylic
carbocation derived from DMAPP by allowing alternative trajectories of

carbon-carbon bond formation (Scheme 1.3) (15).

H
PPO ] maconellyl
diphosphate
Cyclobutanation
)\/\OPP
N Branching lavandulyl
)\/\ — diphosphate
x-"opp :
Cyclopropanation
PPO\% chrysanthemyl

J\ diphosphate

Scheme 1.2: Scheme for the formation of non-head-to-tail conformation structures.

The enzymes that catalyse chain elongation can be divided into two subfamilies
according to the stereochemistry of the newly formed double bond. Those that
generate E double bond conformations usually synthesise shorter chain products (e.g.
GDP, FDP and GGDP) found early in the pathway. Others that generate Z double

bond conformations synthesize longer chain diphosphates (e.g. natural rubber).



PPO

PPO

Scheme 1.3: A4 dissociative electrophilic alkylation mechanism for chain elongation (A),
cyclopropanation, branching and cyclobutanation (B).

1.2 Biological functions of terpenoids

Low molecular weight organic compounds produced by organisms are generally
divided into two groups. The ones that are required for reproduction or growth are
defined as primary metabolites, while those that have no apparent function in the
basic processes of growth and development are defined as secondary metabolites (/6).
Very little was known about the functionality of terpenoids before the middle of the
last century and the compounds were even defined as products of detoxification or
overflow metabolism (/6). However, since the 1970s, quite a few terpenoids were

identified to be toxins, repellents or attractants (/7).

1.2.1 Primary metabolites

Sterols, carotenoids, growth regulators and polyprenol substituents of dolichols,
quinones and proteins are classified as primary metabolites (/6). Generally, these

terpenoids are important for membrane integrity, photoprotection and orchestration of
5



developmental programs and biochemical functions of specific membrane systems.

Sterols are an essential component for the formation of liquid-ordered membrane
states (membrane ﬂuiciity), which has been suggested to be related to many important
biological functions, such as signal transduction, cellular sorting, cytoskeleton
reorganization, asymmetric growth and infectious disease (/8). Sterols are widely
dispersed among organisms and all of them contain the common sterol ring system,
which is derived from C30 terpenene squalene (7) or its analogue squalene oxide.
Animals employ cholesterol (11) as the major sterol; ergosterol (12) is found in fungi
and more than 40 plant sterols have been discovered to contain more complex sterol
compositions, in which the major constituents are stigmasterol (13) and sitosterol (14)

(Scheme 1.4).

Cholesterol (11) was first isolated from gallstones and is an essential membrane
component in higher eukaryotes. With the help of cholesterol (11), the cell membrane
becomes semipermeable between cellular compartments and it also alters the
functions of membrane proteins. In addition, it participates in several membrane
trafficking and transmembrane signalling processes (/9). Recent research indicates an
important role for cholesterol (11) in several diseases, such as the pathogenesis of

cardiac and brain vascular diseases, dementias, diabetes and cancer (20, 21).

Stigmasterol (13) and sitosterol (14) from plants are involved in the polarized growth
of pollen tube and root hair. The asymmetric distribution of these components in the
membrane causes the asymmetric growth of plant cells (/8). These sterols are also
suggested to have a temperature dependent ordering effect on membranes; in other
words they have a significant disordering effect when temperatures are below the
phase transition. In addition, plant sterols can lower the concentrations of cholesterol
in serum (22). The appearance of plant sterols in the cell could reduce the absorption
of cholesterol from the gut by a competition effect. This significant effect makes plant

sterols useful drug candidates for cholesterol-lowering purposes.
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Scheme 1.4: Molecular structures of animal, fungus and plant sterols.

The carotenoids are traditionally thought to be a group of natural plant pigments,
although they have been identified also in animals and microorganisms. More than
600 different carotenoids have been isolated and characterized from natural sources
and they are all biosynthesized from two GGDP units (23). The basic acyclic and
cyclic structures are illustrated by lycopene (15) and B,p-carotene (16) (Figure 1.1). A
long chain of alternating double and single bonds forms the central part of the
molecule and the variable structures can be further modified by cyclization at one or
both ends. Also, modifications can be carried out by hydrogenation and addition of
oxygen-containing functional groups. The conjugated polyene structure can determine
many functions such as light absorption properties, photochemical properties,

consequent light-harvesting and photoprotective action (23).
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B,p-carotene (16)

AOV " ]

Figure 1.1: (4) Structures of an acyclic lycopene and a dicyclic B,B-carotene. (B) The seven
different end groups found in natural carotenoids.

Carotenoids can also serve as antioxidants via the corresponding carotenoid radicals
that react with oxidizing agents (24). The conjugated structure of carotenoids allows
the unpaired electron to be highly delocalized over the whole structure, providing a
stabilizing effect to facilitate subsequent reactions. The radicals can be removed by
reacting with each other to generate harmless products or by disrupting the free

radical chain reaction.

Quinones are another type of natural terpenoid compounds that play a role in nature as
the electron transfer mediator in many essential biochemical phenomena, such as iron
respiration by microorganisms and nutrient acquisition by plant and microorganisms
(25, 26). More than a thousand different quinones are produced by bacteria, fungi,
plants and insects, most of which contain a species-specific polyisoprene chain (27).
Quinones can undergo facile and reversible electron transfer reactions, which profits

from the unique structural characteristics (Figure 1.2) allowing resonance stabilization
8



of semiquinone radical intermediates during redox chemistry (28). The electron
transfer reactions can also be irreversible due to side-reactions. Nowadays, quinone

containing compounds are widely used for their antitumour and anticancer activity

7).

OH 0
X X
OH n 0] n
plastoquinone
OH O- 0]
O‘ O‘ X
OH n O . n 0 n
menaquinone
(QH,) (QHY) Q

Figure 1.2: Structures of quinones in different redox conditions. (QH,): Hydroquinone.
(QHe®): semiquinone radical. (Q): Quinone.

1.2.2 Secondary metabolites

Many monoterpenes, sesquiterpenes and diterpenes are classified as secondary
metabolites, which are important for ecological viability among organism. However,
these substances have been demonstrated to play important roles among organisms

and have valuable Applications in medicine, agriculture and industry (/7).

Using genetically transformed organisms, in which certain terpenoids are
overproduced without an effect on other traits, can test functions of terpenoids. In a
recent example, an engineered Arabidopsis thaliana plant was used to emit large
amounts of the monoterpene alcohol linalool (17) (Figure 1.3) (29). Compared with
wild-type A. thaliana, the transgenic plants showed significantly increased repellent

activity towards aphids, suggesting a defense function for this monoterpenoid.



(8)-linalool (17)
a monoterpenoid
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Figure 1.3: Structures of terpenoids with established functions. Rha = rhamnose, Glu =
glucose.

Plant terpenoids also have important roles in resistance to diseases caused by fungi
and bacteria. A study of the function of triterpenoid saponins 18 was carried out by

employing an oat species (Avena strigosa). Saponins are terpene glycosides that serve
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as detergents (Figure 1.3). They are toxic to fungi due to their ability to form
complexes with sterols in fungal membranes, leading to the loss of membrane
integrity (30). Compared with wild-type lines, mutants that are deficient in generating

saponins are much more easily attacked by fungal pathogens (37).

Animals, especially insects, can employ terpenoids as protective substances, an
example of which is the iridoid monoterpene 19 of leaf beetles (Figure 1.3) (32). The
terpenoids can be directly sprayed at enemies as effective repellents for small

predators such as fire ants.

Terpenoids may also function as defense agents in the marine world. The study of
caulerpenyne (20) and certain diterpenes of marine algae revealed unusual defense
effects by converting polyacetates into the potent feeding deterrent halimedatrial
when algal tissue is wounded (Figure 1.3) (33). Other research showed some marine
organisms employ terpenoids not only to combat predators and pathogens, but also to

prevent their surfaces from being colonized by bacteria and fungi (34).

Based on the terpenoid defences present in nature, many have been further developed
for medical use. Artemisinin (21) (Figure 1.3), a sesquiterpene lactone from Artemisia
annua and its derivatives have been widely used as antimalarial drugs. The
compounds can inhibit the growth of the sarco-endoplasmic reticulum in all asexual
stages of the malarial parasite, leading to the death of the parasite (35). Another
widely used medicine with a diterpene structure is the anticancer compound paclitaxel
22 (Taxol) (Figure 1.3). This compound can kill tumour cells by binding to tubulin,

which interferes with microtubule dynamics and arrests cell division during mitosis

(36).

As well as defense functions, terpenoids also play essential roles in interactions
among organisms by acting as messengers. The most important reason for organisms

to choose terpenoids (especially monoterpenes and sesquiterpenes) to exchange
11



information is due to their low molecular weight and lipophilic character with high
vapour pressures at ordinary temperatures, which allow them to serve as good
conveyors of information over distances. In addition, the significant structural variety

of terpenes allows messages to be very specific.

Terpenoids are one of the major components of fruit and flower volatiles (37). Studies
of Manduca sexta (the tobacco hornworm) revealed that this pollinator contains a
group of receptor cells that can respond to certain oxygenated monoterpenes and
sesquiterpenes, such as geraniol (23), nerolidol (24) and farnesol (25) (Figure 1.3)
(38). In the other plants, emission of blends of terpenoid components has also been
discovered when the foliage is under attack (39, 40). These compounds act as a “call

for help’, attracting predators and parasitoids that feed on herbivores.

Terpenoids can also be employed by the underground parts of plants. The
sesquiterpene (E)-B-caryophyllene (26) was shown to be released by maize roots
when the plant is under attack, which attracts nematodes that prey on insect larvae
(Figure 1.3) (47). Nonvolatile terpenoids, such as strigol (27) and other strigolactones
can be involved in underground communications (Figure 1.3). These compounds
stimulate the growth of Arbuscular mycorrhizal fungi from mutualistic, which
facilitates nutrient acquisition of the plant (4/). In some cases, terpenoids released by
plants may also help their enemies, such as herbivorous insects or parasitic plants, to
locate their host. Guided by a blend of monoterpenes, seedlings of parasitic plant
dodder (Cuscuta pentagona) grow toward nearby host tomato plants, while other

parasitic plants may use strigolactones for a similar function (42, 43).

1.3 Biosynthesis of terpenoids

In the 19" century, the hemiterpene isoprene was believed to be the fundamental
component for the generation of longer terpenoids, such as monoterpenes and

sesquiterpenes. Isoprene itself was first isolated from the low boiling fraction of the
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dry distillation of rubber in 1826 (44), while the term ‘isoprene’ was first used by
Williams in 1860 (45). Based mainly on studies of monoterpenoids, Otto Wallach
‘proposed the ‘isoprene rule’, which suggests that monoterpenoids are generated by
attachment of two isoprene units either in a regular head to tail fashion or in an
irregular sequence (46). The first formulation that supports the isoprene rule was
provided in 1897, which was considered as an early example of a Diels-Alder
condensation (Scheme 1.5). The corresponding organic synthesis of this theory was
carried out in the same year (45). Until now, the isoprene rule has already been

identified among more complex terpenoids structures, such as sesquiterpenoids and

o

+

L

Scheme 1.5: Proposed mechanism for the formation of monoterpene

triterpenoids (45).

and sesquiterpene by isoprene units by Otto Wallach.

The isoprene unit can be identified in many terpenoid structures as an essential
component and some simple terpenoids can be also chemically synthesized from it.
However, it is not the biological precursor for terpenoids. DMAPP (2) and IPP (3)
were found to correspond to the biological equivalents of isoprene and then defined as
the universal precursors of terpenoids in all living organisms(47). The formation of
the isoprene unit was first studied in liver tissues and in yeast in the 1950s, leading to
the discovery of the well-known mevalonic acid (MVA) pathway (Scheme 1.6) (48).
This pathway is widespread for production of polyisoprenoids and sterols in fungi,

plants, animals, most other eukaryotes, archaea and some eubacteria.
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Scheme 1.6: The mevalonate (MVA) pathway.

Acetyl-CoA (28) is first extended by a two carbon acetyl modules via a Claisen
condensation reaction catalyzed by acetoacetyl-CoA thiolase (Scheme 1.6). Another
similar chain extension 1is catalyzed by HMG-CoA synthase to form
3-hydroxy-3-methylglutaryl-CoA (30) via an aldol-type reaction. The most important
precursor, mevalonic acid (31), is then formed by a reduction using 2 equivalents of
NADPH. A diphosphate group is added onto the resulting acid from two ATP
molecules and mevalonate diphosphate decarboxylase removes CO, to yield IPP (3)
after a second P; is added. Isomerisation catalysed by IPP isomerase then leads to
DMAPP (2).
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However, the MVA pathway is not the only pathway employed by organisms to
produce isoprenoids. An alternative route toward biosynthesis of IPP and DMAPP
was discovered during a study of the unique features of bacterial hopane triterpenoids
using *C-labeled acetate as the only carbon source (49). Incorporation of [1-*C]- and
[2-"*C]-acetate into the hopane series from three bacteria (Rhodopseudomonas
palustris, Rhodopseudomonas acidophila and Methylobacterium organophilum)
revealed an unusual labelling pattern observed in the isoprene unit that did not fit well
with a direct incorporation of acetate into the MVA pathway. A further investigation
by incorporation of a whole series of C-labeled glucose isotopomers into hopanoids
of the bacterium Zymomonas mobilis demonstrated that the carbon skeleton is derived
from a C2 subunit formed from pyruvate (34) by decarboxylation and a C3 subunit
derived from a triose phosphate derivative (Scheme 1.7) (50, 51). In addition,
incorporation of doubly labelled [4,5-*C,] glucose and uniformly labelled [U-">Cq]
glucose showed that an intramolecular rearrangement was involved in the reaction
(52). This rearrangement is incompatible with the MVA pathway. Incorporation of
1C-labeled pyruvate and *C-labeled glycerol using E. coli mutants, each lacking a
single enzyme of the triose phosphate metabolism, showed that D-glyceraldehyde
phosphate (GAP, 35) together with pyruvate (34) are the precursors of the alternative
pathway (51).

The first step of this route is the formation of 1-deoxy-D-xylulose 5-phosphate (DXP,
36) by the condensation of GAP and pyruvate catalyzed by the thiamine
diphosphate-dependent DXP synthase (dxs). The second step of this biosynthetic
pathway is catalysed by the DXP reductoisomerase (dxr). This enzyme converts DXP
into 2-C-methyl-D-erythritol 4-phosphate (MEP, 37) through an acid catalyzed
rearrangement coupled with an NADPH-dependent reduction. In the next step, a
cytidyl moiety is introduced into MEP via a diphosphate bond to produce
4-diphosphocytidyl-2-C-methyl-D-erythritol (38) and in turn this reaction was
catalysed by 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (ygbP). The

resulting intermediate 38 is phosphorylated by 4-(cytidine
15



5’-diphospho)-2-C-methyl-D-erythritol kinase (ychB) and then cyclised to form
2-C-methyl-D-erythritol 2,4-cyclodiphosphate (40) after loss of the cytidyl moity in a
reaction catalysed by 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (ygbB).
The two final dehydration steps were catalyzed by the 2-C-methyl-D-erythritol
2,4-cyclodiphosphate  reductase (gcpE) and  4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (lytB), resulting DMAPP (2) and IPP (3) as final products.
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OH O d OH O
(34) © XS (@)
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Scheme 1.7: Methylerythritol phosphate (MEP) pathway.
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The MVA pathway has been well-established to account for production of
polyisoprenoids and sterols in fungi, plant cytoplasm, animals, most other eukaryotes,
archaea and some bacteria. Much work towards the MVA pathway related enzymes
has been carried out (53). These enzymes are essential for animals and human,
therefore they have been identified as potentially useful drug targets for modulation of
polyisoprenoid and sterol biosynthesis. Genetic work has also illustrated that
disruption of genes encoding various enzymes in the MVA pathway showed positive

effects on treatment of human pathogenic diseases (54).

The alternative MEP pathway of isoprenoid biosynthesis is widely distributed among
pathogenic bacteria and is the predominant pathway (55). As exceptions, some
bacteria possess both pathways (54, 56). Such bacteria utilise the MVA pathway for
the production of isoprenoids classified as secondary metabolic products and the MEP
pathway for the biosynthesis of essential isoprenoids that are classified as primary
metabolic products. Genetic studies showed that the yeasts (Saccharomyces cerevisiae
and Schizosaccharomyces pombe), the microsporidian intracellular parasite
(Encephalitozoon cuniculi), the cryptomonad (Guillardia theta) and all completely
sequenced animal species (Homo sapiens, Mus musculus, Rattus norvegicus, Danio
rerio, Drosophila melanogaster, Anopheles gambiae, Caenorhabditis elegans) have
complete sets of mevalonate genes, while genes of the MEP pathway are absent (35).
The fact that animals exclusively use the MVA pathway makes the alternative
pathway a valuable target for the development of new specific antibacterial and

antiparasitic drugs.

1.4 Terpene synthases

The essential function of a terpene synthase is to catalyse the formation of terpenoid
products from linear polyisoprenoid substrate(s) in a reaction that usually shows
remarkable structural and stereochemical precision. Enzymatic terpenoid formation

generally proceeds in three steps: generation of a highly reactive carbocation,
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transformation of the resulting carbocation and quenching of the terminal carbocation
by a base (addition of a diphosphate group/hydroxyl group or deprotonation). In terms
of the first reaction step, the terpenoid synthases can be divided into two classes (57).
Most class I terpenoid synthases generate an allylic carbocation by the departure of
the diphosphate group. The isoprenyl diphosphate synthases, monoterpene synthases
and sesquiterpene synthases belong to this class. Class II terpenoid synthases generate
the carbocation by the protonation of the carbon-carbon double bond or the
corresponding epoxide ring. Enzymes from this class include the diterpene, triterpene

and tetraterpene synthases.

Terpenoid synthases have similar physical and chemical properties, such as requiring
a divalent metal ion for catalysis and the universal electrophilic reaction mechanism.
As an exception, the presence of metal ions are not absolutely required for the class 11
terpenoid synthases (58). The specificity of the terpenoid synthase reaction can vary
dramatically. High fidelity enzymes generate mostly one product with extraordinary
structural and stereochemical precision. For example, d-cadinene synthase from G.
arboreum generates exclusively (+)-8-cadinene as the product (59). In contrast,
promiscuous enzymes could generate different structures such as y-humulene synthase,

which generates 52 different cyclization products (60).

1.4.1 Isoprenyl diphosphate synthases

Isoprenyl diphosphate synthases (also known as prenyltransferases) catalyse
isoprenoid chain elongations to generate prenyl diphosphates with various chain
lengths using the CS precursors DMAPP (2) and IPP (3) (/). The carbon chain
length of linear terpenoids in nature varies from geranyl diphosphate (GDP, C10) to
natural rubber (C>100,000) and many of these linear compounds can then be cyclized

to generate cyclic or multicyclic products by terpene synthases.
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The isoprenyl diphosphate synthases can be divided into two subgroups based on their
protein structure and product stereochemistry (67). (E)-isoprenyl diphosphate
synthase catalyse the synthesis of all-trans-prenyl diphosphates with various chain
lengths from C10 to C50. On the other hand, (Z)-isoprenyl diphosphate synthases
catalyze the successive cis-condensation of IPP with the allylic diphosphate to
generate more diverse long chain prenyl diphosphates, from cis-FDP (C15) to natural
rubber (C>100,000).

The crystal structure of avian farnesyl diphosphate synthase reveals the first view of a
tertiary structure of sesquiterpenoid synthase (/3). This enzyme is a homodimer with
a hydrophobic active site surrounded by 10 a-helices. A more recent crystal structure
of farnesyl diphosphate synthase from E. coli complexed with substrate IPP and the
nonreactive substrate analogue dimethylallyl-S-thiolodiphosphate (DMASPP)
revealed two aspartate-rich DDXX(XX)D motifs on helices D and H liganded with a
trinuclear magnesium cluster (Figure 1.4) (62). Mg”*a and Mg*'s each form
six-membered ring chelate structures with two unesterified diphosphate oxygens.
Aspl05 and Asplll from E. coli farnesyl diphosphate synthase make bidentate
coordination interactions with Mg®>*4 and Mg**c. Although the first aspartate-rich
motif (D'®DXXXXD"") in the bacterial enzyme is different form that of the avian
enzyme (DDXXD), the first and last aspartate residues of this motif in each enzyme
make identical interactions with Mg®*, and Mg**c. The third Mg*'s ion coordinates
with the first aspartate in the second aspartate-rich motif (Asp244 of E. coli farnesyl
diphosphate synthase). Thus, both motifs together bind a trinuclear magnesium cluster
that triggers the departure of the diphosphate group and the initial carbocation

formation.
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displays a similar overall enzyme structure as farnesyl diphosphate synthase, which
has been defined as the class I terpenoid synthase fold (/4). In addition, they also
share a similar coupling mechanism and a conformational change upon ligand binding
was also observed by comparison of unliganded and liganded crystal structures of
farnesyl diphosphate synthase and geranylgeranyl diphosphate synthase (/4, 62). A
study of 35 isoprenyl diphosphate synthases that synthesize farnesyl (C15),
geranylgeranyl (C20) and higher chain length isoprenoid diphosphate revealed that
the size of the side chains of residues F112 and F113 (avian farnesyl diphosphate
synthase numbering) were crucial for determining the ultimate length of the
hydrocarbon chains (63). Higher chain length synthases usually have amino acids
with smaller and more flexible side chains at these positions. Substitutions in F112
and F113 of avian farnesyl diphosphate synthase with smaller residues also conferred
the avian enzyme with ability of generating diphosphates in the C20 to C70 range
(63).

1.4.2 Isoprene synthases

Isoprene represents the simplest structural unit of the terpene family. Roughly 100 Tg
of isoprene is generated from natural sources each year (64) and it is suggested that
isoprene emission protects against environmental stresses such as transiently high
temperatures and oxidative damage (65, 66). According to the computational studies,
isoprene helps stabilise lipid membranes against thermally induced phase transitions
(67). 1t also influences the defense mechanisms of herbivore infested plants (68, 69).
In addition, isoprene and its derivatives are currently being investigated for their

industrial values in fuel science and materials science (70, 71).

Isoprene synthase (ISPS) catalyses the metal-dependent conversion from DMAPP (3)
to isoprene (1). This simple elimination reaction catalysed by ISPS may go through an
allylic carbocation intermediate as the initiation step proposed for most class I

terpenoid synthases, or it could also proceed via concerted fashion. In either case, a
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proper active site base is required, while no such candidate residue was spotted in the
active site that could function as the general base from analysis of the crystal structure
~of ISPS from gray poplar hybrid Populus xcanescens (PcISPS). Surprisingly, analysis
of the structure of PcISPS complex with DMASPP that serves as the inhibitor in the
crystal structure studies, which suggests the diphosphate group itself could serve as
the general base (Scheme 1.8) (72). Specifically, the PcISPS-DMASPP complex
indicates that the substrate analogue binds to the enzyme with a favourable
seven-membered-ring chair-like conformation, which brings one of the charged

oxygen atom close to the C3 atom of DMASPP.

o o
i 2 PO
zosp0-R~0 0sPO™"y O
o0 G{)' ;
Y o8 :
- \ 20,p0-R~0°
OH

)\/\opp ISPS . <
2+
DMAPP (3) Mg Q\

~— 9 __— isoprene (1)

Scheme 1.8: Proposed catalytic mechanism for ISPS (72).

The crystal structure of PcISPS and the structure of its complex with the unreactive
substrate analogue DMASPP and three Mg®* ions were solved recently as
homodimers (72). The PcISPS structure is constructed with two a-helical domains.
Similar to the structure of farnesyl diphosphate synthase, the C-terminal domain of
PcISPS is functionally active and adopts the a-helical class I terpenoid synthase fold.
The N-terminal domain adopts an a-barrel class II terpenoid synthase fold with no
known catalytic activity (Figure 1.5). The aspartate-rich metal binding motif

(D**DXXD) that is conserved in most class I terpene synthases was found on the
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1.4.3 Monoterpene synthases

Monoterpene synthases catalyze the metal-dependent formation of acyclic,
monocyclic and bicyclic C10 olefins, alcohols, ethers and diphosphate esters (Scheme
1.9). Monoterpenes have been isolated almost exclusively from plants, including
angiosperms and gymnosperms. The enzymes from gymnosperms require monovalent
cations such as K* together with divalent cations Mn>* or Fe** as cofactor, whereas

the angiosperm synthases prefer Mg?* without any requirement for monovalent

X-"opp
= l x-"on
| |
GDP @)
myrcene (45) \ / geraniol (47)
Et/ §

(Z)-B-ocimene (46) linalool (48)

cations (4).

geranyl cation (42)

—_—
a-terpinyl cation (44)

linalyl diphosphate (43) / / \ \
OPP
o
OH

. . ) bornyl diphosphate .
limonene (49) terpineol (50) cineole (51) (52) a-pinene (53)

OPP

Scheme 1.9: Biosynthesis of representative monoterpenes from GDP.

24



All monoterpene synthases follow a common carbocationic reaction mechanism
initiated by the departure of diphosphate group to form a geranyl cation (42). From
here, acyclic products are formed by proton loss or addition of water (Scheme 1.9).
The formation of cyclic products, on the other hand, needs preliminary conversion of
the geranyl cation to linalyl diphosphate (LDP, 43), facilitating the cyclization to a
six-membered ring. Kinetic studies with LDP as an alternative substrate in
combination with GDP support the intermediacy of LDP and also indicate the
isomerization reaction as the slow step during catalysis (73). Subsequent electrophilic
attack of C1 by the C6-C7 double bond of the cisoid conformer of LDP yields the
universal monocyclic intermediate, a-terpinyl cation (44). From this intermediate,
monoterpene synthases catalyse loss of protons, hydride shifts, water capture and
internal cyclizations to form different structures (Scheme 1.9). The fact that the
individual intermediate (44) may undergo multiple modifications suggests a rationale
for the ability of monoterpene synthases to produce multiple products. Studies showed
that the minor products of the monoterpene synthase have fewer cyclisations than the
major product, suggesting that the minor products are formed from premature

termination of the reaction cascade (74).

The first crystal structure of a monoterpene synthase was solved for the homodimeric
(+)-bornyl diphosphate synthase (75). The monomer contains two a-helical domains
(Figure 1.6). The C-terminal domain exhibits the characteristic class I terpenoid
synthase fold, catalyzing the metal-dependent cyclization of GDP (Scheme 1.9) (75).
The N-terminal domain is homologous to the glycosyl hydrolase domain and has no
well-defined function; nevertheless, the N-terminal polypeptide segment caps the

active site in the C-terminal domain upon ligand binding (57).

Two arginines (RS55, R56 of (+)-bornyl diphosphate synthase) (Figure 1.6) have been
found in many monoterpene synthases (75). Polypeptide deletion studies on the
limonene synthase of Mentha spicata revealed that the enzyme activity was not

affected by deletion of the N-terminal region before this tandem arginine motif.
25



#$

/

$ #

Q-

$

-=9&

DQES

$

??

$$

&

D%!.

,$ 6 *
$

)-CE DJAE-

#

DJCE-

, TA) yTAA # #

5 . E &
5&

,31C&



Thr500 and Glu504, chelates Mg**s on the opposite site of the active site cleft. This
pattern is very similar to that observed with E. coli farnesyl diphosphate synthase and
‘suggests a universal molecular recognition of isoprenoid diphosphates by class I
terpenoid synthases. A variety of hydrophobic and aromatic residues were found in
the active site cavity, which may contribute to the binding conformation of the

substrate and carbocation intermediates.

A conformational change triggered by the formation of tertiary enzyme-PP;-Mg**;
complex was observed, which would lead to a sequestered active site pocket that is
isolated from bulk solvent (75). The N-terminus (ES0-A63) and loop segments
D227-D234, T500-D509 and F578-S583 are disordered in the unliganded structure,
while all of these disordered regions become ordered and cap the active site in the
enzyme-ligand complex. In addition, a single water molecule was found to be trapped
in the active site cavity after the conformational change. This water molecule makes
hydrogen bonding interactions with the diphosphate group, the backbone carbonyl of
Ser451 and the side chain of Tyr426. Thus, it is docked firmly in the active site,
which prevents it from reacting with carbocation intermediates to prematurely quench
the reactions. However, it could still function as a diphosphate-assisted general base

to generate cyclic olefin side products such as pinenes and limonene (77).

1.4.4 Sesquiterpene synthases

The formation of sesquiterpenes from FDP follows similar carbocation-based reaction
mechanisms as those of monoterpene synthases. However, the longer carbon chain
skeleton of FDP and the additional double bond greatly increase the structural
diversity of products, many of which contain bicyclic structures. Often, the first step
of sesquiterpene formation is believed to be the ionization of FDP to the
corresponding transoid farnesyl cation (54) (5). The reaction can be terminated here

by proton abstraction or water capture to form acyclic products (Scheme 1.10).
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Scheme 1.10: Biosynthesis of representative sesquiterpenes from FDP.

From the resulting farnesyl cation, the cyclization reactions can go through three
different pathways (Scheme 1.10). Reaction of the C1 cation with the distal double
bond could occur by two different pathways forming either 10-membered
((E E)-germacradienyl cation, S5) or 11-membered ((£)-humulyl cation, 56) rings.

However, due to the (E)-geometry of the C2-C3 double bond of FDP, a
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1,6-cyclization including the central double bond is precluded by steric constraints
(78). To accomplish 1,6-cyclizations, sesquiterpene synthases generate the farnesyl
cation (54) and recapture diphosphate group at C3 to form transoid nerolidyl
diphosphate (57). A tightly bound cisoid nerolidyl diphosphate (58) is then formed via
preliminary isomerization of the C2-C3 double bond. The cisoid conformer of the
nerolidyl cation can then be cyclized from either the central or distal double bond to
form 1,6-bisabolyl cation (59), 1,7-cycloheptanyl cation (60),
1,10-(Z E)-germacradienyl cation (61) or 1,11-(Z)-humulyl cation (62) products.
Subsequent cyclisations can involve electrophilic attack on either of two remaining
double bonds. In addition to cyclization, the diverse modifications of the
sesquiterpene skeletons also include hydride shifts, methyl migrations or
rearrangements prior to termination of the reaction by deprotonation or nucleophile
capture. Generally, the sesquiterpene synthases require divalent metal ions Mg®* or

Mn?* as cofactor (79, 80).

Aristolochene synthase (AS) is the only known sesquiterpene synthase that does not
follow the farnesyl cation (54) mechanism (Scheme 1.11). This was shown using

fluorinated FDP analogues, mechanism based inhibitors and site-directed mutagenesis

(81, 82).
@
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Scheme 1.11: AS-mediated conversion of FDP to (+)-aristolochene.
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The mechanistic studies by employing substrate analogue 12,13-difluoro-FDP (74)
rule out the possible existence of the farnesyl cation in the enzymatic reaction
‘catalysed by AS from both Penicillium roqueforti and Aspergillus terreus (81, 82).
Due to the electronic effects of fluoro substituents, the electrophilic attack of C1 by
the C10, C11 n-bond would be inhibited if farnesyl cation was generated in the first
place. In this case, the accumulation of the 12,13-difluorofarnesyl cation would go
through an elimination, forming 12,13-difluoro-(3E,6FE)-a-farnesene (75) and
12,13-difluoro-(E)-B-farnesene (76) instead (Figure 1.7). However, the observation
that 74 acts as an competitive inhibitor of AS indicates that the formation of the
germacradieny! cation (55) takes place in a concerted reaction, in which farnesyl
diphosphate ionisation is accompanied by electrophilic attack of C1 by the C10, C11
n-bond. In addition, another fluorinated substrate analogue, 2-fluoro-FDP (77) has
been shown to be a weak substrate (87), also suggesting the absence of farnesyl cation

during the cyclisation pathway.

A |-
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FH,C
12,13-difluoro-(E)-p-farnesene
(76)
B
X A S H .
OPP (Nj:) ',]/
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2-fluoro-FDP (77) aza-analogue (78)

Figure 1.7: (4) Qutcome of the hypothetical mechanism for the conversion of
12,13-difluoro-FDP (74) through an initial ionization step. (B) Structure of 2-fluoro-FDP (77)
and the aza-analogue (78) that mimics the eudesmane cation (72).

Further investigations toward understanding the reaction mechanism of AS were
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performed to identify the intermediates during the catalysis. Mutagenesis studies of
aromatic residues Y92, F112 and F178 (83-85) suggest these residues play an
important role in anchoring the distal double bond in the precatalytic conformation of
FDP and hence influence formation of the neutral intermediate, germacrene A (66).
Replacement of Y92 of P. roqueforti aristolochene synthase (PR-AS) with residues of
decreasing steric bulk (e.g. Phe, Val, Cys and Ala) led to a increasing production of
acyclic sesquiterpene products. The site-specific mutant AS-F112A produces 36%
(E)-B-farnesene and 53.5% (3E,6F)-o-farnesene as the major products. Another
mutant AS-F178V generates 50% germacrene A as the major product, which strongly
suggests the appearance of germacrene A as an intermediate in the catalytic pathway.
A recent study (86) further evaluated the contributions of aromatic residues by amino
acid replacements in positions 88, 89 and 108 of PR-AS. These residues may have the
potential to interact with the three aromatic residues described above (Y92, F112 and
F178). The substitution of either V88 or T89 by the bulkier phenylalanine led to an
increase in germacrene A production. Replacement of L 108 with serine or alanine led
to a suppression of the native aristolochene synthase activity. Instead, the enzymatic
reaction gave a mixture of (E)-B-, (3E,6F)-o- and (3Z 6E)-a-farnesene as the
predominant reaction products. These results demonstrated the existance of the
germacrene A intermediate and the involvement of the aromatic and aliphatic residues

around the active site of PR-AS.

The existence of eudesmane cation (72) had been probed for a long time with little
evidence to support its existence. Our group recently provided an approach to identify
72 by employing the aza analogue (78) that effectively mimics the topological and
electrostatic properties of the eudesmane cation (72) (87). 78 acted as a competitive
inhibitor with a Kj value (0.35 = 0.12 uM) similar to the Michaelis constant (Ky =
0.53 £ 0.21 pM)) determined for PR-AS. This observation greatly supports the
intermediacy of eudesmane cation as an intermediate in AS catalysis. Mutagenetic
approaches further demonstrated that the indole ring of active site residue W334 of

PR-AS is responsible for stabilisation of the eudesmane cation (72) through cation-xt
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interactions (88). Substitutions of residues without aromatic side chains (e.g. Leu)
greatly altered the product specificity towards the neutral intermediate germacrene A.
Replacement of tryptophan by para-substituted phenylalanines with strong
electron-withrawing groups (e.g. Cl, CF; and NO,) had only minor effects on the Ky
values but led to 30-250 folds reduction on the k. values and the main product

distribution of these mutants shifted from aristolochene to germacrene A.

Bacterial and fungal sesquiterpene synthases such as aristolochene synthase from
Aspergillus terreus and Penicillium roqueforti, pentalenene synthase from
Streptomyces UC5319 and trichodiene synthase from Fusarium sporotrichioides are
usually active as single domain enzymes (89, 90). Plant sesquiterpene synthases such
as epi-aristolochene synthase from Nicotiana tabacum and §-cadinene synthase from
gossypium arboretum contain an additional N-terminal domain (9/). The C-terminal
domain of sesquiterpene synthases from bacteria, fungi and plants adopt the
characteristic class I terpenoid synthase fold. This type of enzyme usually contains the
aspartate-rich DDXXD(E) and another NSE/DTE metal ion binding motifs,
suggesting the binding of the trinuclear magnesium cluster is required for catalysis.
The additional N-terminal domain presents a fold most related to that of the glycosyl

hydrolases and weakly homologous to the class II terpenoid synthase fold (92).

The crystal structure of aristolochene synthase from Aspergillus terreus is employed
here to present the important tertiary structural features from microbial sesquiterpene
synthases (93). Aristolochene synthase adopts the a-helical class I terpene synthase
fold and is reported to be a monomer in solution (94). The crystal structure reveals the
assembly of two dimers in the asymmetric unit to form a tetramer (Figure 1.8). The
observed attenuation of enzyme activity at high concentrations (greater than 27 nM)

could be due to the oligomerization (95).
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FDP (5) 3-cadinene (79) desoxyhemigossypol (81)

l

OH Oscn om

HO
o — O

HO

gossypol (80) hemigossypol (82)

Scheme 1.12: Biosynthesis of gossypol from 8-cadinene.

The biosynthetic mechanism of generating &-cadinene from FDP has been
investigated by several groups (99, 104-109). It has been proposed that the
mechanism begins with formation of NPP (57), followed by rotation of the C2,
C3-bond to bring C1 within bonding distance of C10 (107) (Scheme 1.13). NPP then
undergoes a C1-C10 ring closure to generate cis-germacradienyl cation (61) with the
stereochemistry found in d-cadinene. Prior to the second ring closure, the carbocation
has to be repositioned within the macrocycle by a 1,3-hydride shift. The reaction is

terminated by deprotonation from C6 to release 8-cadinene (79).

X X .
rotaion
y —_— —_— NS
[ | | OPP |J P
OPP
FDP (5) farnesyl cation (54) NDP (transoid) (57) NDP (cisoid) (58)
@l “
- - -
! ‘H S
PN S
S-cadinene (79) cadinenyl cation (83) cis-germacradienyl cation

(61)

Scheme 1.13: Proposed catalytic mechanism for &-cadinene synthase via NDP as
intermediate.
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In agreement with the proposed mechanism, NPP (57) has been shown to be a
substrate of DCS (104, 105) and its formation within the active site of the enzyme has
‘been demonstrated by [1,2-"*Cy]acetate and [2-'*C] and [4-'*CJmevalonate labelled

feeding experiments (108, 110).

The biosynthesis of cadinene-type sesquiterpenes could also be achieved via a
1,10-cyclisation but without going through NPP (57) as intermediate (/07) (Scheme
1.14). In this alternative pathway, the first ring closure goes through a direct
displacement of the diphosphate group by the distal double bond of FDP, forming a
trans-germacradienyl cation (55). The neutral germacrene D (84) is formed by a
1,3-hydride shift and deprotonation from C15 (/05). The second ring closure upon
reprotonation of germacrene D leads to the formation of cadinanyl cation (83), as in

the NDP pathway, followed by deprotonation to form the final product.

AN
% N Z
C >/ ® /<'®
OPP H

FDP (5) trans-germaggc)ﬁenyl cation germacrene D (84)
® P
H
- -
H
8-cadinene (79) cadinenyl cation (83) germacrene D (84)

Scheme 1.14: Proposed catalytic mechanism for d-cadinene synthase via germacrene D as
intermediate.

Formation of d-cadinene (79) via this proposed mechanism was first suggested by
Arigoni (/07) based on mechanistic studies of avocettin formation via y-cadinene
(107). Tritium-labelling experiments showed that all-E-FDP was not isomerized to the
2,3-Z isomer. Instead, a 1,3-hydride shift was observed, which led to the postulation

of the intermediacy of germacrene D. In this mechanism, there is no interconversion
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between (2E,6E)-FDP and its Z-isomer NDP, while the conversion of the E-double

bond to a Z-double bond is achieved by a ring flip of germacrene D.

However, a recent investigation of the catalytic mechanism of DCS using a variety of
substrate analogues strongly challenged the mechanisms described above (109). The
catalytic mechanism of DCS involving germacrene D as an intermediate was ruled out
by investigating the hypothetical protonation step. Since formation of d-cadinene
along this pathway would require protonation of the exocyclic double bond of
germacrene D, the reaction cascade is expected to be pH-dependent. An isotopic
exchange with the medium is also expected. However, the production of d-cadinene
was shown not to be pH-dependent and the isotopic exchange with the media was not
observed either by incubations of DCS with FDP and [15-*H;]FDP (85) (Figure 1.13)

in deuterated and aqueous buffer respectively.

M
™ ™ x OPP A A A OPP

F
[15-H,]FDP (85) (2Z,6E)-2F-FDP (86)
F
M JWS/\/'\/\OPP
OPP F
(2E,6E)-2F-FDP (87) 6F-FDP (88)

Figure 1.13: Structures of FDP analogues.

Investigation of the NDP pathway was first carried out by employing fluorinated
substrate analogues. (2Z,6F)-2F-FDP (86) and (2E,6E)-2F-FDP (87) that contain a
fluorine atom on C2 would greatly prevent the initial ionization step via depletion of
electron density in the allylic moiety (//1). Indeed, 86 and 87 acted as efficient
inhibitors, suggesting the involvement of NDP (57) during the catalysis. Another
fluorinated compound 6F-FDP (88) was designed to inhibit the second ring closure

and this compound has been demonstrated to disrupt the catalytic cycle of AS (/12)
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and TEAS (113). Thus, if the catalytic mechanism of DCS goes through intermediates
61 and then 83, the corresponding deprotonated forms of 61 (89, 90 and 91) would be
‘expected (Scheme 1.15). While, incubation of 6F-FDP (88) with DCS generates no
sesquiterpene product, suggesting an early involvement of the central C6, C7 double

bond in the catalysis.

= Z
DQ_S .
e/ ®
1 @ )
6F-FDP (88) '
6F-helminthogermacrene A 6F-germacrene D 6F-germacrene C
(89) (90) on

Scheme 1.15: Outcome of the hypothetical derailment of the DCS catalytic cycle with
6F-FDP at the germacrene cation stage.

Additional evidence supporting the possible 1,6-ring closure as the first ring closure
step in 8-cadinene biosynthesis was obtained from incubations with (2Z,6E)-FDP (92).
Substrate analogue 92 can be recognised as the isomer of all-tran FDP and cisoid
NDP, thus it should present as cisoid farnesyl cation after ionisation by DCS, which
will greatly facilitate either 1,6 or 1,10 ring closure. DCS convert 92 into a mixture of
the bisabolenes (93, 94 and 95) and d-cadinene (40%) (Scheme 1.16), which is
comparable to that observed with feeding NDP directly to DCS.
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=

+ +
I | |
P Z-y-bisabolene (93) B-bisabolene (94) Z-a-bisabolene (95)
DCS

N

PPO ||

(2Z,6E)-FDP (92) + H
S-cadinene (79)

Scheme 1.16: Hydrocarbons generated by incubation of DCS with (2Z,6E)-FDP.

These results, especially the inhibition of the enzyme by 6F-FDP, indicate a 1,6-ring
closure mechanism via NPP (58) and a-bisabolyl cation (96) as a plausible means in

6—cadinene biosynthesis (Scheme 1.17).

P4
—
X
|
PPO
(2E,6E)-FDP (5) cisoid-NDP (58) a-bisabolyl cation (96)

H
— 90—

H H

8-cadinene (79) cadinenyl cation (83)

Scheme 1.17: Possible biosynthesis of 6-cadinene via NDP and a-bisabolyl cation.
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