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Biosynthetic studies on terpenoids produced

by Streptomyces

Tomohisa Kuzuyama

Terpenoids are a large and highly diverse group of natural products. All terpenoids are biosynthesized from isoprenyl diphosphate
formed by the consecutive condensation of the five-carbon monomer isopentenyl diphosphate (IPP) to its isomer dimethylallyl
diphosphate (DMAPP). Two distinct biosynthetic pathways produce the essential primary metabolites IPP and DMAPP: the
2-C-methylerythritol 4-phosphate pathway and the mevalonate pathway. The isoprenyl substrates can be cyclized by terpene
cyclase into single-ring or multi-ring products, which can be further diversified by subsequent modification reactions, such as
hydroxylation and glycosylation. This review article describes the biosynthetic pathways of terpenoids produced by Streptomyces

and their related novel enzymes.
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INTRODUCTION

To date, over 50 000 terpenoids with diverse structures have been
isolated from natural sources.! Diverse terpenoid skeletons are
generally biosynthesized from two simple five-carbon units:
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP).2~® Multiple units are condensed and then undergo various
modification reactions, including intricate cyclizations, hydroxylations
and glycosylations, generating the structural diversity observed
in terpenoids. Two completely distinct biosynthetic pathways
produce the essential primary metabolites IPP and DMAPP: the
2-C-methylerythritol 4-phosphate (MEP) pathway and the mevalonate
pathway (Figure 1).>68 The distribution of these two pathways across
the kingdoms of living organisms has largely been determined.

The mevalonate pathway was discovered in eukaryotes in the 1960s,
and it was believed that bacteria also used this pathway.>> However,
1-deoxy-p-xylulose 5-phosphate (DXP) synthase and DXP reductoi-
somerase, the first and second enzymes in the MEP pathway, were
discovered in Escherichia coli in 1996 and 1998, respectively.”™'!
Subsequently, it has been shown that most bacteria use the MEP
pathway, and very few use the mevalonate pathway.® This review gives
an overview of the biosynthetic pathways of terpenoids produced by
Streptomyces and their related novel enzymes.

PURIFICATION OF THE MEVALONATE PATHWAY
RATE-LIMITING ENZYME

3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase (HMGR) is
the rate-limiting enzyme in the mevalonate pathway and is also a
target molecule for statin drugs.>>’ For this reason, it has been cloned
from many eukaryotes, including humans, and analyzed in detail.

It has also been cloned from the archaebacteria Haloferax volcanii
and Sulfolobus solfataricus, and its enzymatic properties have been
characterized.>!> HMGR (EC 1.1.1.34) derived from these eukaryotes
and archaebacteria reduces HMG-CoA using NADPH as a coenzyme,
yielding mevalonate. However, an HMGR enzyme that similarly
synthesizes mevalonate had not been identified in actinomycetes,
a type of eubacteria. At the same time, the only HMGR that had
been cloned from eubacteria was the HMGR (EC 1.1.1.88) from
Pseudomonas mevalonii, which can grow using mevalonate as its sole
carbon source.!* For this HMGR, equilibrium favors mevalonate
conversion to HMG-CoA. This HMGR, which breaks down
mevalonate, differs from HMGRs that synthesize mevalonate and is
known to have a greater affinity for NAD(H) than NADP(H) as a
coenzyme. P. mevalonii HMGR shares no more than approximately
25% amino-acid sequence identity with eukaryotic or archaebacterial
HMGRs and lacks several conserved sequences, which might account
for these enzyme differences.

Until 1995, it was believed that all actinomycetes possessed a
mevalonate pathway similar to eukaryotes because terpenoid
molecules such as terpentecin, furaquinocin, napyradiomycin and
naphterpin are all produced by Streptomyces using the mevalonate
pathway.'>2° However, no research examining the enzymes involved
in the Streptomyces mevalonate pathway had been reported at that
time, although we were able to detect activity converting [3-!4C]
HMG-CoA to mevalonate in the presence of NADPH in a crude
extract prepared from the cells of a naphterpin-producing Streptonyces
sp. CL190." This means that CL190 encodes the same mevalonate-
synthesizing HMGR as eukaryotes, prompting us to clone the
mevalonate-synthesizing HMGR gene from CL190 by designing a
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Figure 1 MEP (a) and mevalonate pathways (b) for IPP and DMAPP. MECDP, 2-C-methyl-p-erythritol 2,4-cyclodiphosphate; HMBDP, 1-hydroxy-2-methyl-2-

(E)-butenyl-4-diphosphate.

HMGR

KASIII

nphT1 T2 T3 T4 T5 T6 T7
1kb

Figure 2 Gene cluster for the mevalonate pathway
sp. CL190. HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase;
B-ketoacyl-[acyl carrier protein] synthase.
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variety of degenerate primers based on conserved sequences from
relevant enzymes and performing PCR cloning. However, we were
unable to obtain target DNA fragments, leading us to consider PCR
cloning unsuitable, and we instead worked on purifying the enzyme.
Subsequently, we successfully purified HMGR from a 10 liter culture
of CL190 bacterial cells.' Next, we determined the N-terminal amino-
acid sequence and, using the colony hybridization method, obtained
the complete nucleotide sequence of the HMGR gene. This was the
first report of cloning the gene for mevalonate-synthesizing HMGR
(EC 1.1.1.34) from eubacteria. By analyzing the sequence of HMGR
from CL190 and the conserved sequences of mevalonate-synthesizing
HMGRSs, it became clear that HMGR enzymes from eukaryotes and
Streptomyces differ slightly from one another, which likely led to PCR
cloning failure.

CLONING OF THE MEVALONATE PATHWAY GENE CLUSTER

After we obtained the HMGR nucleotide sequence from the CL190
strain, we also cloned its flanking genes. Surprisingly, we found that
seven genes, including five genes for enzymes involved in the
mevalonate pathway, form a gene cluster oriented in the same
direction (Figure 2).2° The five genes encoding HMG-CoA synthase
(NphT6), HMG-CoA reductase (HMGR, NphT5), mevalonate kinase
(NphT1), phosphomevalonate kinase (NphT3) and diphosphomeva-
lonate decarboxylase (NphT2) form a gene cluster. This is the first
mevalonate pathway gene cluster cloned from prokaryote. Interest-
ingly, a gene for an enzyme (NphT4) with unknown function is
included in this gene cluster, and the functional assignment of this
gene is described below. The furthest downstream gene in this
cluster is the gene for p-ketoacyl-[acyl carrier protein (ACP)] synthase
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(KAS TII, later NphT7). KAS III typically catalyzes the initial reaction
in fatty acid biosynthesis, condensing malonyl-ACP and acetyl-CoA to
synthesize acetoacetyl-ACP. The function of NphT7, a KAS III
homolog, is also described below.

When 6.7 kb DNA fragments encoding six of these seven genes
(nphT1-6, with nphT7 excluded) were inserted downstream of the lac
promoter (lacP) in the E. coli plasmid pUC118, the transformants
were able to use the mevalonate pathway.?? In other words, although
E. coli originally uses the MEP pathway to synthesize IPP and DMAPP,
this transformant used the introduced mevalonate pathway in addition
to the endogenous MEP pathway.

As the details are described in separate review articles, the E. coli
transformant harboring the introduced mevalonate pathway genes
made a substantial contribution clarifying the MEP pathway, which at
that time was elusive.>®® In brief, three genes involved in the MEP
pathway leading to MECDP from MEP were identified by selecting
E. coli mutants that grew when the mevalonate pathway was induced
but died when it was not; each function of the complementary genes
was thus elucidated (Figure 1).21723

DISCOVERY OF TYPE 2 IPP ISOMERASE

As mentioned above, a gene for an enzyme with unknown function
(NphT4) was found in the mevalonate pathway gene cluster cloned
from CL190 (Figure 2). Although homologs were identified in many
organisms through homology searches using the Basic Local Align-
ment Search Tool, none of these data directly suggested a possible
function of NphT4. Nonetheless, given that the nphT4 gene is located
in the CL190 mevalonate pathway gene cluster, it seems highly likely
that NphT4 is involved in the mevalonate pathway. As neither the
gene for acetoacetyl-CoA thiolase nor IPP isomerase, which catalyze
the first and final reactions of the mevalonate pathway, respectively,
was identified in this gene cluster, NphT4 might catalyze one of
these reactions. Interestingly, a homology search revealed that the
Gram-positive bacteria Staphylococcus aureus and Enterococcus faecalis
have NphT4 homologs. Although these Gram-positive bacteria use the
mevalonate pathway, an IPP isomerase necessary for growth had not
been identified in these bacteria. However, acetoacetyl-CoA thiolase
had already been identified in these bacteria.” Thus we hypothesized



that NphT4 functions as an IPP isomerase and therefore attempted to
measure the activity of recombinant NphT4.

The established method for the measurement of IPP isomerase
activity is to react IPP isomerase with [1-'*C]IPP in the presence of
Mg2+ ions, treat the reaction mixture with acid and extract a derivative
of the reaction product, [1-'*C]DMAPP, with toluene.?* The extracted
[1-'CIDMAPP derivative is detected with a scintillation counter.
Using this method, IPP isomerase activity from E. coli was readily
detected. However, the enzymatic activity of the recombinant NphT4
was unclear. Greater activity was detected than in the negative control,
to which no protein was added, but the activity was extremely weak.
When we tried to concentrate the NphT4 protein, we noticed that it
was yellow and realized that NphT4 is a flavin enzyme.?> We therefore
added flavin adenine dinucleotide and flavin mononucleotide to the
reaction mixture and tried to measure the reaction again, but the
activity remained low. We tested various coenzymes and finally
succeeded in clearly detecting IPP isomerase activity when NADPH
or NADH was added to the reaction system.?> This meant that NphT4
is a novel IPP isomerase that does not show amino-acid sequence
homology with known IPP isomerases and requires both flavin
mononucleotide and NAD(P)H. On this basis, we proposed designat-
ing the known IPP isomerase and the NphT4 homolog as ‘type 1 IPP
isomerase’” and ‘type 2 IPP isomerase,’ respectively.?®

DISCOVERY OF ACETOACETYL-COA SYNTHASE

As mentioned, the gene for KAS III homolog (NphT7) was the
furthest downstream in the mevalonate pathway gene cluster cloned
from CL190 (Figure 2). This mevalonate pathway gene cluster
was subsequently identified in bacteria that produce terpentecin,
furaquinocin and napyradiomycin, and each structure of the gene
clusters was nearly identical.'’>"!” Moreover, the KAS III homologs
appeared the furthest downstream in all of these gene clusters.
We therefore hypothesized that the KAS IIT homolog (NphT7) is also
involved in the mevalonate pathway.

Acetoacetyl-CoA is a mevalonate pathway precursor. Only
acetoacetyl-CoA thiolase, a typical enzyme of the thiolase superfamily,
was believed to synthesize de novo acetoacetyl-CoA from two
molecules of acetyl-CoA. This enzymatic reaction is an equilibrium
reaction that favors decomposition of acetoacetyl-CoA and is therefore
not useful to synthesize acetoacetyl-CoA. An enzyme that favors
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production of acetoacetyl-CoA would be desirable to produce
useful compounds derived from acetoacetyl-CoA. We showed that
the NphT7 recombinant enzyme synthesizes acetoacetyl-CoA from
acetyl-CoA and malonyl-CoA and also found that this new enzyme
does not exhibit acetoacetyl-CoA thiolysis activity, thus we named the
enzyme acetoacetyl-CoA synthase.?®

We cloned the nphT7 gene into a Streptomyces lividans TK23
host together with the HMG-CoA synthase gene (nphT5) and the
HMG-CoA reductase gene (nphT6) for mevalonate production.
Mevalonate synthesis was approximately 250% greater than when
nphT7 was not included.?® This was likely because introduction of
nphT7, the gene for acetoacetyl-CoA synthase, increased the amount
of acetoacetyl-CoA synthesis within the TK23 host, leading to
increased mevalonate production. This experimental result could
potentially inform the increased production of useful acetoacetyl-
CoA-derived compounds, such as I-butanol (biofuel) and
3-hydroxybutyric acid (raw material for biodegradable plastics), and
useful terpenoids, such as carotenoids (pigment, antioxidant), taxol
(anticancer agent), artemisinin (antimalarial drug) and coenzyme Q10
(antioxidant). Actual examples of the nphT7 gene being used to
produce useful compounds include the heterologous production of
1-butanol in Synechococcus elongatus PCC 7942 and the heterologous
production of hydroxyalkanoic acid in Synechocystis sp. PCC 6803.2728

DISCOVERY OF AROMATIC SUBSTRATE
PRENYLTRANSFERASE NPHB

Naphterpin was isolated from the metabolites of the actinomycete
Streptomyces sp. CL190 during lipid peroxidation inhibitor screening
(Figure 3).2% Tracer experiments using precursors labeled with stable
isotopes have shown that naphterpin is a terpenoid—polyketide
hybrid compound with both terpenoid and polyketide moieties.'8
The polyketide moiety is hypothesized to be biosynthesized
via tetrahydroxynaphthalene (THN), a compound with bilateral
symmetry. It has also been shown that the terpenoid moiety derives
from geranyl diphosphate (GPP), a 10-carbon compound that is
biosynthesized in the mevalonate pathway, and that the methyl group
at C7 is derived from methionine. From these experimental results,
the putative biosynthetic pathway, shown in Figure 3, has been
proposed.'?

OH OH HO OH HO

—coiH — O‘ O‘
e THN
HO OH OH O OH O
- flaviolin
OH OH
HO
E— E— +
naphterpin

Figure 3 Putative biosynthetic pathway for naphterpin. Asterisks represent the methyl group derived from methionine. THN, tetrahydroxynaphthalene.
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Figure 4 Prenylated compounds synthesized by NphB prenyltransferase. 1, 5-geranyl 1,6-DHN; 2, 4-geranyl 1,6-DHN; 3, 2-geranyl 1,6-DHN; 4, 1-geranyl
2,7-DHN; 5, 1,6-digeranyl 2,7-DHN; 6, 7-O-geranyl naringenin; 7, 6-geranyl naringenin; 8, 6-geranyl apigenin; 9, 7-O-geranyl apigenin; 10, 7-O-geranyl
genistein; 11, 7-O-geranyl daidzein; 12, 8-geranyl daidzein; 13, 2-geranyl olivetol; 14, 4-geranyl olivetol; 15, 4-geranyl resveratrol; 16, 2,4-digeranyl resveratrol.

Identification of the naphterpin biosynthetic gene cluster

When the nucleotide sequences upstream and downstream of the
mevalonate pathway gene cluster of the naphterpin-producing
CL190 were characterized and a homology search was performed,
a possible gene cluster encoding 14 genes (nphA to nphN) involved in
naphterpin biosynthesis was discovered.*® Among these, NphB shows
homology (albeit low, at approximately 20%) with hydroxyphenyl
pyruvate:dimethylallyl transferases (CloQ and NovQ), which are
involved in the biosynthesis of the aminocoumarin antibiotics
clorobiocin and novobiocin, respectively.’! Both enzymes catalyze
dimethylallyl group transfer to hydroxyphenyl pyruvate, the inter-
mediate in the biosynthesis of these antibiotics.

The Journal of Antibiotics

Given that NphB shows homology with hydroxyphenyl pyruvate:
dimethylallyl transferase and that an NphB-disruption mutant does
not produce naphterpin, we considered NphB to be the aromatic
substrate prenyltransferase that catalyzes the condensation reaction
between the terpenoid and polyketide moieties. Next, we examined the
NphB-catalyzed reaction in vitro.

Characterization of NphB prenyltransferase

Recombinant NphB was purified from the E. coli transformant
overexpressing the nphB gene. NphB enzyme activity was investigated
with 1,3-dihydroxynaphthalene (DHN), 1,6-DHN and 2,7-DHN,
all of which structurally resemble THN but are more stable, as prenyl



group acceptors and DMAPP, GPP and farnesyl diphosphate (FPP) as
prenyl group donors. When 1,6-DHN and 2,7-DHN were added as
substrates, the reaction progresses only in the presence of magnesium
ions (Figure 4).3° GPP (10 carbons) was the optimum prenyl group
donor, whereas very little activity was observed with FPP (15 carbons).
With regard to metal ions, magnesium was essential for the reaction.
These findings suggest that, as expected, NphB is a geranyl transferase
and displays promiscuous substrate specificity against geranyl group
acceptors.30

To date, however, we have been unable to identify the physiological
substrate of NphB. Considering that NphC synthesizes THN and that
NphD converts THN to flaviolin, we expected flaviolin to be an NphB
substrate. Contrary to expectation, flaviolin was not a good substrate
for NphB. In future, it might be possible to identify the physiological
substrate for NphB by performing functional analysis of other genes in
the naphterpin biosynthetic gene cluster.

I~

Asp110 Y@ Tyr121

Ser64

Phe213

GIn295

Leu298

Figure 5 3-D structures of NphB prenyltransferase. ABBA-fold structure
(upper). Active site pocket with the 1,6-DHN and GSPP substrates (lower).
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Chemoenzymatic synthesis of prenylated flavonoids and
polyketides

Prenylated flavonoids are produced by plants and have a range of
activity, including antioxidant, antibacterial and antitumor activities as
well as controlling multi-drug resistance.’” Only small amounts of
prenylated flavonoids can be isolated naturally, however, and many
aspects of their bioactivity and mechanisms of action have not been
clarified. Methods to synthesize prenylated flavonoids artificially using
enzymatic reactions might lead to the discovery of more useful
biological activity and enable research into the mode of action.
We therefore attempted prenylation of flavonoids using NphB as a
biocatalyst. As shown in Figure 4, NphB attached a geranyl group to
the 6-position carbon atom or the oxygen atom to the 7-position
hydroxyl group of the flavonoids naringenin, apigenin, genistein and
daidzein. NphB is the first example of an enzyme that attaches a
geranyl group to an oxygen atom.>?

In addition to flavonoids, we investigated the prenylation of
plant-derived polyketides with aromatic rings. The results established
that NphB attached a prenyl group to olivetol, an intermediate in
cannabinoid biosynthesis, and resveratrol, an antioxidant found in red
wine (Figure 4).33 Geranylated olivetol synthesized by NphB is a
precursor of tetrahydrocannabinol, the psychoactive ingredient of
cannabis, but geranylated olivetol does not itself have any action.
There have been cases of geranylated resveratrol isolated from African
teak destined for timber, but no physiological activity has been
reported for this compound.

Crystal structure of NphB prenyltransferase

To analyze the 3-D structure of NphB, which dictates the mechanism
of its reaction and its substrate specificity, crystals of the enzyme were
prepared, and the crystal structure was determined at 1.55A
resolution.’® The overall structure is shown in Figure 5. At first sight,
the enzyme appears to have a common ‘TIM barrel' protein fold
structure. It has two significant differences, however, and appears to be
a novel protein fold termed the ‘PT barrel.” First, typical TIM barrels
are formed by linkages of f-strands and a-helices, but this enzyme
contains an (aaff),-(afpa) structural motif. Second, the barrel
portion of TIM barrels contains parallel f-strands, whereas the barrel
of the present enzyme is formed from anti-parallel f-strands. Owing
to the afifa architecture of this protein fold, this group of enzymes
was later designated as ABBA prenyltransferases.>*

The substrate 1,6-DHN and the substrate analog geranyl thiodipho-
sphate (GSPP) were introduced to the enzyme crystal using the
soaking method, and the structure of the substrate—enzyme complex
was determined (Figure 5). First, from the structure of the complex, it
was observed that lysine at amino-acid residue 118 in the NphB
sequence (Lys 118), Asn 173 and Arg 228 tether the f-phosphate of
GSPP. The a-phosphate of GSPP forms a hydrogen bond with Tyr 216
and Lys 284 and coordinates to a magnesium ion. The carboxyl group
of Asp 62 bonds with a-phosphate through coordinate bonds with a
magnesium ion. The hydrophobic geranyl bases are surrounded by the
side chains of Val 49, Phe 123, Met 162, Tyr 175 and Tyr 216. At the
same time, the two aromatic rings of 1,6-DHN are suspended between
the side chains of Met 162 and Phe 213. The short a-helix at the
C-terminus of NphB forms the ‘cap’ of the barrel, and the side chains
of Gln 295 and Leu 298 on this cap form one side of the wall of the
aromatic substrate-binding pocket. In addition, Ser 51 and Tyr 288
bond to the hydroxyl groups of 1,6-DHN via water molecules. Thus
most of the amino-acid residues involved in substrate binding were
identified from the structural analysis.

815
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Based on the 3-D structure of NphB, we hypothesize that the reaction
mechanism involves the three tyrosine residues Tyr 121, Tyr 175 and
Tyr 216 that surround the C1 atom adjacent to the sulfur atom of GSPP
(Figure 5). From this spatial arrangement, it appears that the n-electrons
of the aromatic rings of the tyrosine bases interact with the geranyl
carbocation produced by GPP heterolysis (cation—r interaction), thus
stabilizing the geranyl carbocation. Presumably, an electrophilic sub-
stitution reaction occurs, in which the electron pair of the prenyl
receptor aromatic ring attacks the geranyl carbocation, forming geranyl
compounds via carbocation intermediates. This reaction mechanism
adequately explains the promiscuous substrate specificity of NphB.

Other prenyltransferases

We characterized two NphB homologs: NovQ prenyltransferase from
a novobiocin-producing Streptomyces niveus 16259 and Fur7 prenyl-
transferase from a furaquinocin-producing Streptomyces sp. KO-3988
(Figure 6).3>%¢ NovQ catalyzes the transfer of a dimethylallyl group to
4-hydroxyphenylpyruvate (4-HPP) to yield 3-dimethylallyl-4-HPP,
an intermediate of novobiocin.*> In addition to the prenylation of
4-HPP, NovQ catalyzes carbon—carbon-based and carbon—oxygen-
based prenylations of a diverse collection of phenylpropanoids, such as
p-coumaric acid and caffeic acid, flavonoids and DHNs. Fur? catalyzes
the transfer of a geranyl group to 2-methoxy-3-methyl-flaviolin to

O.__OH O.__OH
o
° NovQ
X
OH DMAPP OH
o (o}
HO OCHj, HO OCHjs
LI P T
OH O ~ OH O
GPP
CO,H Q COLH
{ NH; SCO7467 N
2
N ( N
DMAPP H
SCO7468

Iz
A
Iz

Figure 6 Other prenyltransferases from Streptomyces. NovQ catalyzes
dimethylallyl transfer to 4-HPP to give 3-dimethylallyl-4-HPP. Fur7 catalyzes
the transfer of a geranyl group to 2-methoxy-3-methyl-flaviolin to yield
6-prenyl-2-methoxy-3-methyl-flaviolin.  SCO7467 catalyzes dimethylallyl
transfer to tryptophan to give 5-dimethylallyl tryptophan, which is further
transformed to 5-dimethylallylindole-3-acetaldoxime by a flavin-dependent
monooxygenase SCO7468. Finally, dehydration of the acetaldoxime
presumably occurs to yield 5-dimethylallylindole-3-acetonitrile.
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yield 6-prenyl-2-methoxy-3-methyl-flaviolin, an intermediate of
furaquinocin.*® In addition, characterization of SCO7467 prenyltrans-
ferase, which catalyzes the prenylation of L-tryptophan to form
5-dimethylallyl-L-tryptophan, revealed novel L-tryptophan metabolism
leading to 5-dimethylallylindole-3-acetonitrile in Streptomyces coelicolor
A3(2) (Figure 6).%7

REACTION MECHANISMS OF TERPENE CYCLASES
Lavanducyanin biosynthesis

In addition to naphterpin, Streptomyces sp. CL190 produces lavandu-
cyanin (Figure 7).* Lavanducyanin has a unique structure in which a
characteristic cyclolavandulyl group (a cyclic terpenoid) is linked to a
phenazine skeleton. The cyclolavandulyl skeleton was discovered in
nature in the 1960s, but there were no reports of the biosynthetic
mechanism. The cyclolavandulyl skeleton was assumed to be biosynthe-
sized by a cyclase following the formation of branched-chain lavandulyl
diphosphate (LPP), which is derived from bimolecular DMAPP with a
homolog of the condensation enzyme isoprenyl diphosphate synthase
(IDS) (Figure 7).3° However, no such cyclase has been identified.

The genes for the biosynthesis of secondary metabolites in
actinomycetes almost certainly form clusters, suggesting that if the
LPP synthase genes could be identified, the cyclase gene would be
found nearby. We therefore searched for the IDS homolog by
examining a draft genome sequence of the CL190 strain from which
we discovered at least 10 IDS homologs.*’ Many of the gene products
exhibited high homology to known IDSs that synthesize acyclic
terpenoids such as GPP, FPP and geranylgeranyl diphosphate (GGPP)
and were therefore unlikely to be the LPP synthase. IDS3, however,
exhibited low homology to IDSs with known function and relatively
high homology to an enzyme called Mcl22 of unknown function.
Mcl22 is an IDS coded by a gene in the cluster that synthesizes
merochlorin, a meroterpenoid with a branched chain terpenoid
skeleton.*! We therefore considered whether 1DS3 was the LPP
synthase. We prepared recombinant IDS3 protein and incubated it
with DMAPP in the presence of magnesium ion. Surprisingly, the
IDS3 enzyme reaction progressed as far as a cyclization reaction, and
the product was cyclolavandulyl diphosphate.*’ In other words, IDS3
catalyzed not only the condensation of bimolecular DMAPP but also
its cyclization (Figure 7). IDS3 is thus cyclolavandulyl diphosphate
synthase (CLDS), a new, multifunctional terpene synthase with only
an IDS condensation enzyme domain.* How CLDS catalyzes both the
condensation of bimolecular DMAPP and subsequent cyclization to
form cyclolavandulyl diphosphate is the next issue we will address.

Cyclooctatin biosynthesis
Cyclooctatin is a diterpene produced by Streptomyces melanosporofa-
ciens MI614-43F2 and contains the first 5-8-5-membered ring
structure to be isolated from prokaryotes (Figure 8).#> We reported
that cyclooctatin is biosynthesized by four enzymes, CotB1—-CotB4.%?
We showed that CotBl synthesizes GGPP, and CotB2 catalyzes
the cyclization of GGPP to form cyclooctat-9-en-7-ol, which has a
5-8-5-membered ring. Next, the cytochrome P450 hydroxylases CotB3
and CotB4 attaches hydroxyl groups to C5 and C18, respectively,
to yield cyclooctatin. Of these enzymes, CotB2 is unique in that it
forms cyclooctat-9-en-7-ol, which has six chiral centers on a 5-8-5
membered ring skeleton, from GGPP, an acyclic substrate with no
chiral centers, in a single catalytic action. Thus, we were interested in
the mechanism by which CotB2 constructs the ring structure while
precisely controlling the stereochemistry.

We conducted tracer experiments using [U-'3Clglucose, a stable
isotope-labeled glucose in which all six carbon atoms are labeled with
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Figure 7 Biosynthesis of lavanducyanin. CLDP is biosynthesized via the condensation of two molecules of DMAPP and the subsequent cyclization by the
actions of CLDS. The cyclolavandulyl moiety is linked to a phenazine skeleton by unidentified prenyltransferase.
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Figure 8 Biosynthesis of diterpene cyclooctatin. Cyclooctatin is biosynthesized from GGPP by the successive actions of CotB1 to CotB4.

carbon-13. The unexpected finding was that C8 and C9 of GGPP were
rearranged during the CotB2-catalyzed reaction.*

For in wvitro analysis, we chemically synthesized GGPP with
hydrogen atoms on C2, C6, C8, C9 or C10 replaced with deuterium.
We then incubated each regiospecifically deuterated GGPP with
CotB2 and used NMR to analyze which position the deuterium was
transferred to in the reaction product. The results were as follows:
(1) C2 deuterium in GGPP transferred to C3 in cyclooctat-9-en-7-ol;
(2) C6 deuterium transferred to C2; (3) the two C8 deuterium atoms
transferred to C9 and C15; (4) the two C9 deuterium atoms both
transferred to C8; and (5) C10 deuterium transferred to C6. Finally, by
integrating these experimental results to consider the CotB2 reaction
mechanism, we deduced the mechanism shown in Figure 6. We
showed that CotB2 acts on the GGPP substrate to initiate the reaction
by dissociating the diphosphate group at the terminus. Then there is
an electrophilic ring closure reaction and proton transfer from C8 to
C15, from C2 to C3, from C6 to C2 and from C10 to C6. The carbon—
carbon bond between C8 and C9 is then rearranged by the formation
and opening of a cyclopropane ring to assemble the 5-8-5 membered
ring skeleton with precise stereochemical control (Figure 8).444

We intend to determine the crystal structure of CotB2 and to use this
structure to identify the amino-acid residues important to catalysis. By
substituting some of these amino acids, we would be able to manufacture
artificial enzymes with the ability to synthesize terpenes with new
skeletons. In addition, detailed analysis of the reaction mechanism of

other terpene cyclases will lead to the development of new biocatalysts
and the discovery of diverse compounds exhibiting biological activity.

CONCLUSIONS AND PERSPECTIVES

Actinomycetes differ greatly from model organisms such as E. coli,
Bacillus subtilis and Saccharomyces cerevisiae in that they are capable of
producing a range of structurally diverse compounds. Actinomycetes
therefore represent a storehouse of diverse biosynthetic enzymes and
machinery. It has been shown that there are 20-30 biosynthetic gene
clusters for secondary metabolites present in each actinomycete
genome.**#8 However, these gene clusters do not appear to be
expressed under normal culture conditions. Perhaps as yet unknown
stimuli present only in complex ecosystems are needed to stimulate
these biosynthetic gene clusters to produce secondary metabolites.
Discovering these stimuli might reveal novel biosynthetic machinery in
microorganisms living in diverse ecosystems, thus establishing a
methodology to obtain novel biologically active compounds.

Here I have overviewed the biosynthesis of terpenoids in Strepto-
myces. In our laboratory, we are conducting rigorous research on the
biosynthesis of terpenoids and other biologically active compounds
with a variety of structures. I believe such work will help demonstrate
the beauty and elegance of nature.
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