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Abstract Most Streptomyces strains are equipped with
only the 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway for the formation of isopentenyl diphosphate, a
common precursor of isoprenoids. In addition to this
pathway, some Strepfomyces strains possess the mevalonate
(MV) pathway via which isoprenoid antibiotics are
produced. We have recently cloned and analyzed the MV
pathway gene clusters and their flanking regions from
terpentecin, BE-40644, and furaquinocin A producers. All
these clusters contained genes coding for mevalonate
kinase, mevalonate diphosphate decarboxylase,
phosphomevalonate kinase, type 2 IPP isomerase, HMG-
CoA reductase, and HMG-CoA synthase. The order of each
of the open reading frames (ORFs) is also the same, and the
respective homologous ORFs show more than 70% amino
acid identity with each other. In contrast to these
conservative gene organizations, the biosynthetic genes of
terpentecin, BE-40644, and furaquinocin A were located
just upstream and/or downstream of the MV pathway gene
cluster. These facts suggested that all the actinomycete
strains possessing both the MV and MEP pathways produce
isoprenoid compounds and the biosynthetic genes of one of
these isoprenoids usually exist adjacent to the MV pathway
gene cluster. Therefore, when the presence of the MV
cluster is detected by molecular genetic techniques,
isoprenoids may be produced by the cultivation of these
actinomycete strains. During the course of these studies, we
identified diterpene cyclases possessing unique primary
structures that differ from those of eukaryotes and catalyze
unique reactions.
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Introduction

Actinomycete strains usually produce a number of
secondary metabolites that often possess pharmaceutical
activities. Therefore, for a long time, the strains have been
used for many screenings to find novel, medically useful
compounds. Consequently, more than 60 percent of the
known antibiotics, including not only antibacterial
antibiotics but also bioactive microbial compounds, have
been reported to be produced by actinomycetes [1].
Presently, such pharmaceutically important, novel
compounds can be found in the culture broth of
actinomycete strains by screening rare actinomycetes,
developing new screening strategies, employing sensitive
assay methods for the detection of low concentrations of
antibiotics, efc. However, sometimes, ‘“semi-new
antibiotics”—derivatives of known antibiotics—were
isolated; discovering novel antibiotics every year became
very difficult.

In the past two decades, recombinant DNA technology
has come into play in this field. Gene clusters encoding
many natural products have been cloned and characterized.
Moreover, whole-genome sequencing has uncovered
hundreds of candidates for secondary metabolic pathways.
Among them, the biosynthetic machinery of nonribosomal
peptide and polyketide natural products has been
extensively investigated [2~7]. Recent progress in the
application of combinatorial biosynthesis methods to these
biosynthetic pathways revealed the possibilities of
expanding the repertoire of the various types of these useful
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compounds.

In contrast to nonribosomal peptide and polyketide
natural products, the biosynthetic machinery of
isoprenoids, which form the largest single family of
compounds found in nature with over 24,000 known
examples [8, 9] and contain industrially useful compounds
such as flavors, antibiotics, and plant hormones, still
remains unclear. Only limited examples of isoprenoid
biosynthetic genes have been cloned from mainly plants
and fungi, probably because isoprenoid biosynthetic
enzymes of plants are usually membrane bound, resulting
in technical difficulties while purifying such enzymes from
natural resources and while expressing recombinant
enzymes in E. coli. Moreover, scattering of biosynthetic
genes on genomic DNA also makes it difficult to clone all
the biosynthetic genes.

On the other hand, actinomycete strains produce several
isoprenoid compounds 2-methylisoborneol,
geosmin, squalene-hopene efc., and frontier studies on
pentalenene synthase, a sesquiterpene synthase from an
actinomycete strain, demonstrated that the enzyme is not
membrane-bound and is expressed with relative ease as a
recombinant enzyme in E. coli [10]. This enabled us to
investigate the properties of biosynthetic enzymes in detail.
Moreover, it was recently revealed that, actinomycetes
produce relatively large number of many types of
isoprenoids among prokaryotes and the structures of these
compounds are unique and different from those of
eukaryotic origin [11~18]. These facts suggest that
isoprenoid compounds produced by actinomycetes would
be potent lead compounds for drug discovery. Therefore,
effective screening methods are essential for the selection
of actinomycetes that produce isoprenoids because the
number of isoprenoid producers is reported to be extremely
small when compared with that of nonribosomal peptide
and polyketide producers [1]. Recent developments in the
enzymology and genetics of isoprenoid biosynthesis in
actinomycetes enabled us to develop a methodology
for detecting isoprenoid-antibiotic producers among
actinomycetes by using techniques of molecular biology.
This report reviews the studies that laid the groundwork for
the formulation of this strategy.

We also focused on the biosynthetic genes and enzymes
of isoprenoids produced by actinomycetes. Since there are
few reports regarding isoprenoid biosynthetic genes and
enzymes of prokaryotic origin, this review will mainly
focus on our recent studies.

such as

Biosynthesis of Isoprenoids

Although excellent reviews focusing on biosyntheses of
isoprenoids have been published [8, 9], the process is
briefly described for a better understanding of this report.
All isoprenoid compounds are derived from their five-
carbon precursors, isopentenyl diphosphates (IPP). In
eukaryotes and archaebacteria, the mevalonate (MV)
pathway concerned with the formation of IPP is well
established [8, 9] (Fig. 1). However, it has recently been
revealed that IPP is synthesized via the 2-C-methyl-D-
erythritol 4-phosphate (MEP) pathway in most bacteria,
green algae, and in the chloroplasts of higher plants [19]
(Fig. 1).

The first step in isoprenoid biosynthesis is catalyzed by
polyprenyl diphosphate synthase (PDS) that sequentially
condenses IPP into allylic diphosphates, such as
dimethylallyl diphosphate (DMAPP), to produce linear
polyprenyl diphosphates with specific chain lengths.
Geranyl diphosphate (GDP) synthase, farnesyl diphosphate
(FDP) synthase, and geranylgeranyl diphosphate (GGDP)
synthase catalyze the additions of one, two, and three
molecules of IPP to DMAPP, yielding GDP (C,,), FDP
(Cys), and GGDP (C,), respectively (Fig. 2). In many
cases, these polyprenyl diphosphates undergo a range
of cyclizations to produce the parent skeletons of
monoterpenes (C,,), sesquiterpenes (C,s), and diterpenes
(C,) (Fig. 3), followed by a variety of modifications, such
as hydroxylation, methylation, and glycosylation, efc., to
give rise to thousands of different isoprenoid metabolites.
Therefore, the first key enzymes leading to the diversity of
isoprenoids are isoprenoid cyclases.

Isoprenoid cyclases are classified into two major types
based on their modes of cyclization [9, 20]. One type of
cyclization (Fig. 3, type A) is initiated by the ionization of
polyprenyl diphosphates, such as GDP, FDP, and GGDP,
with chain lengths of C,, or less, to an allylic carbocation,
followed by cyclization and deprotonation to the olefin. The
other type of cyclization (Fig. 3, type B) is initiated by
protonation at the terminal-double bond of polyprenyl
diphosphates, such as GGDP and (oxido)squalene (C;),
with chain lengths of C,, or more. The former and the latter
class of enzymes are known to possess a DDXXD motif
and a DXDD motif, respectively, which mediate substrate
binding by chelation of a divalent metal ion. In both the
cases, successive reactions, such as hydride shift and
methyl transfer, continue until carbocation is quenched in a
manner that is specific to each cyclase.

Until now, more than 50 isoprenoid cyclase genes have
been cloned from eukaryotes, and a few isoprenoid cyclase
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genes have been cloned from the prokaryotes. The
cyclization mechanisms of their products were studied
using recombinant enzymes. (Oxido)squalene cyclases
(C5p) from both eukaryotes and prokaryotes are
representatives [21~24]. Other than triterpene (C;)
cyclases, Croteau and co-workers extensively studied
reaction mechanisms of enzymes, such as (—)-limonene
synthase (C,,) [25], myrcene synthase (C,y) [25] (—)-
pinene synthase (C,,) [25], (—)-camphene synthase (C,,)
[26], (—)-beta-phellandrene synthase (C,,) [26],
terpinolene synthase (C,,) [26], delta-selinene synthase
(€9 271, synthase (C,5) [27],
bisabolene synthase (C,5) [28], and abietadiene synthase
(C,p) [29], etc., from grand fir (4bies grandis). Croteau et
al. [30] cloned and characterized a gene encoding
taxadiene synthase (C,,) that catalyzes the committed step
of biosynthesis of taxol, an anticancer drug isolated from
yew.

Besides Abies grandis, dozens of isoprenoid cyclase
genes have been cloned from plants such as castor bean
[31] Norway spruce [32, 33], maize [34~36], pine [37],
ginkgo [38], snapdragon [39], grapevine [40], lotus [41],
and tobacco [42]; some of these genes were isolated to
investigate the relationship between isoprenoid production

gamma-humulene

and their defensive effects against potential herbivores and
pathogens at the molecular genetic level. Moreover, it was
proved that among putative isoprenoid synthase genes
discovered by whole genome sequence analysis and in
silico analysis in Arabidopsis thaliana, at least six genes,
namely, At3g25810, Atlg61680, Atdgl6740, At2g24210,
At3g25820, and At3g25830, encoded monoterpene
synthases [43~46]. Diterpene cyclases responsible for the
biosynthesis of gibberellin, a plant hormone, in plants
and fungi have also been studied in detail [47~51].
Furthermore, diterpene cyclases participating in the
biosyntheses of phytoalexins in rice have been reported
very recently [52~58]. As for lower eukaryotes, several
unique isoprenoid cyclase genes, such as aristolochene
synthase gene [59], aphidicolan-16 beta-ol synthase gene
[60], and ent-kaurene synthase gene [49, 61], were cloned
and characterized. Fungi, in particular, were found to
possess bi-functional diterpene cyclases that can convert
geranylgeranyl diphosphate into ent-kaurene [49, 61]. In
contrast, in plants, ent-kaurene is synthesized from
geranylgeranyl diphosphate via copalyl diphosphate in a
two-step cyclization that is catalyzed by two distinct
enzymes, copalyl diphosphate synthase [47] and ent-
kaurene synthase [48] (Fig. 3). In contrast to these
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Fig. 4 Structures of isoprenoids produced by actinomycetes. Isoprene units, which are biosynthesized via the mevalonate
pathway (A) and the MEP pathway (B), are highlighted by bold lines.

eukaryotic isoprenoid cyclases, only limited studies on
prokaryotic isoprenoid cyclases have been reported so far
[10, 62]. Therefore, studies were conducted to investigate
the biosynthetic genes and enzymes of isoprenoid
antibiotics produced by actinomycetes, particularly
focusing on the cloning and characterization of the genes of
the mevalonate pathway and the genes of isoprenoid
cyclase.

Cloning and Analysis of a Mevalonate Pathway

Gene Cluster from a Terpentecin (TP) Producer

Although most Streptomyces strains, which are prokaryotic,
possess only the MEP pathway for the formation of IPP, it
was previously clarified that both the MV and MEP
pathways were operating in some Streptomyces strains such
as Kitasatospora griseola (TP producer) [63], Actinoplanes
sp. strain A40644 (BE-40644 producer) [64], Streptomyces
sp. strain CL190 (naphterpin producer) [65], Streptomyces
sp. strain KO-3988 (furaquinocin producer) [66], and
Chainia rubra (napyradiomycin producer) [67] (Fig. 4A).
Interestingly, it was proved that these strains produced
isoprenoid compounds mainly via the MV pathway

[63~67]. These facts suggest that the presence of the MV
pathway is closely related to the production of isoprenoid
compounds in actinomycetes. In contrast,
actinomycetes possessing only the MEP pathway, such as
Streptomyces sp. strain UC5319, Nocardia brasiliensis, and
Streptomyces argenteolus, also produce the isoprenoid
compounds, pentalenolactone [68], brasilicardin A [69],
and KS-505a [70], respectively (Fig. 4B). These facts show
that the presence of the MV pathway is not essential for the
production of isoprenoids in actinomycetes. Therefore, in
order to clearly understand the biological significance of
the presence of the MV pathway in actinomycetes, we have
sought to clone the mevalonate pathway gene clusters and
isoprenoid biosynthetic gene clusters from actinomycetes.
Kitasatospora griseola, a diterpene antibiotic terpentecin
(TP, Fig. 4A) producer, was selected as the target because
we also wanted to clone a diterpene cyclase gene
responsible for the biosynthesis of TP in addition to the
MYV pathway genes was essential. Since TP possesses
antibacterial activity [12] and has been shown to be mainly
synthesized via the MV pathway [63], we expected that the
MYV pathway defective mutants would be present in TP
non-producers, which could be easily detected by a
bioassay. By treating the spores of the TP producer with a

some
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mutagen, we isolated a mutant lacking an HMG-CoA
reductase activity as expected [71]. By a shotgun cloning
experiment using the mutant as a host, a DNA fragment
that restored both TP productivity and HMG-CoA
reductase activity was obtained. The nucleotide sequence of
the fragment revealed a single complete ORF that had a
significant similarity to an HMG-CoA reductase of
Streptomyces sp. CL190 (an isoprenoid, naphterpin
producer), which has been cloned by using a reverse
genetic method for the first time from eubacterial origin
(89% identity) by Takahashi ef al. [72]. Moreover, the gene
product was also similar to HMG-CoA reductases from a
variety of organisms, including sea urchin (40.3%),
German cockroach (37.6%), and camptotheca (39.7%).

In Streptomyces sp. CL190, mevalonate kinase (MK),
mevalonate  diphosphate  decarboxylase = (MDPD),
phosphomevalonate kinase (PMK), Type 2 IPP isomerase,
HMG-CoA reductase, and HMG-CoA synthase genes were

reported to be clustered in the order mentioned above [73].
Therefore, the flanking regions of the HMG-CoA reductase
gene cloned from the TP producer were also analyzed in
order to investigate whether other MV pathway genes
existed in a manner similar to that in strain CL190. Finally,
we identified genes similar to those found in the strain
CL190, in the same order [74]. However, in the TP
producer, a GGDP (C,,) synthase gene was located just
upstream of the MV pathway gene cluster [74] (Fig. 5A).
The MV pathway gene cluster thus obtained was
confirmed to encode the predicted enzymes by
heterologous expression in S. lividans and E. coli [74],
which utilize only the MEP pathway for the formation of
IPP. Moreover, the ORF2 and the ORF4 (Fig. 5A) were
expressed as recombinant enzymes in E. coli, and an in
vitro assay was performed because both the ORFs showed
significant similarities to MK [74]. Considering the
established MV pathway, one would be an MK, while the



other would be a PMK, respectively. Consequently, we
confirmed that the ORF2 and the ORF4 were MK and
PMK, respectively.

TP Biosynthetic Gene Cluster Exists in the

Region Upstream of the MV Pathway Cluster

Considering that antibiotic biosynthetic genes cloned from
actinomycetes are usually clustered in the genomic DNA
region and that GGDP synthase, which supplies a direct
precursor of TP biosynthesis, existed in the region just
upstream of the MV pathway cluster, the TP biosynthetic
genes were also expected to exist in the region further
upstream of the GGDP synthase gene. To examine this
possibility, the DNA sequence of that region was
determined. Frame analysis of the DNA sequence showed 7
ORFs (ORF8 ~14) in the same direction, except for ORF9
(Fig. 5A). Each of the ORFs had a significant similarity to
efflux proteins responsible for antibiotic resistance (ORFS),
an unknown protein found in the genomic DNA of
Streptomyces coelicolor A3(2) (ORF9), P450 (ORF10),
diterpene cyclase from eukaryote (Cycl), a pentalenene
synthase of Streptomyces strain (Cyc2), P450 (ORF13), and
ferredoxin (ORF14), respectively [75]. Considering that TP
was previously reported to be synthesized from GGDP after
successive cyclization, hydroxylation, and epoxidation,
these ORFs were believed to encode TP biosynthetic genes.
To confirm this probability, gene disruption experiments
were employed [75]. We constructed two types of mutants
in which cycl or cyc2 was inactivated by a gene
replacement technique and confirmed that either of the
mutants did not produce TP, showing that both cycl and
cyc2 were essential for the production of TP.

Detailed Analysis of Cyc1 and the Cyc2

Function of Cycl and Cyc2

Considering that both the Cycl and Cyc2 products were
essential for the production of TP (4) and had significant
similarities to isoprenoid cyclases, these proteins were
expected to catalyze the cyclization of GGDP (1). To
confirm this possibility and to elucidate the structure of a
reaction product formed by these enzymes, cycl and cyc2
genes were heterologously expressed in S. lividans TK23,
and the production of new metabolites in the culture broth
of the transformant was investigated. Finally, a novel
compound was detected; it was designated as terpentetriene
(Fig. 6, TTE, 3), based on the structural similarities to TP
(4) and the presence of three double bonds, in the culture
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broth of the transformant. To verify the enzymatic
functions of Cycl and Cyc2, these ORF products were
overproduced as His-tagged fusion proteins in E. coli and
were used for an enzyme assay. Incubation of both the
recombinant proteins with GGDP (1) resulted in the
formation of TTE (3), confirming that the Cycl and Cyc2
products were the diterpene cyclases essential for the
formation of TP (4) [75].

Next, we investigated the enzymatic properties of Cycl
and Cyc2. First, we examined whether Cycl and Cyc2 had
no interaction with each other or formed a heterodimer
because an intermediate, which was formed from GGDP
(1) and converted into TTE (3), might have been detected
in the former case. The assay mixture containing the
recombinant Cycl and Cyc2 was subjected to gel filtration.
No peaks corresponding to the heterodimer were eluted,
thereby suggesting that they had no interaction with each
other. Therefore, we searched for an intermediate that was
converted from GGDP (1) by Cycl or Cyc2.

Cycl was incubated with GGDP (1); it was subsequently
inactivated by boiling, and the enzyme reaction was then
continued by adding Cyc2 into the reaction mixture. Under
this reaction condition, the formation of TTE (3) was
confirmed [76]. On the other hand, TTE (3) was not formed
by the enzyme reaction in which Cyc2 was used first,
followed by inactivation and the addition of Cycl. These
results suggest that Cycl formed an intermediate from
GGDP (1). Considering that Cycl is similar to the
isoprenoid cyclases with DXDD motifs, it was hypothized
that Cyc1 converted GGDP (1) into a cyclized intermediate
with the diphosphate group by the protonation-initiated
cyclization (Fig. 3, B type). To detect a compound formed
from GGDP (1) by Cycl, GGDP (1) was incubated with
the purified Cycl, and the reaction mixture was analyzed
by reversed-phase HPLC by using an ion-pair reagent.
Consequently, a new product was specifically detected in
the reaction mixture. The product was purified, and its
structure was determined as shown in Fig. 6. We named
this new product as terpentedienol diphosphate (TDP, 2),
based on structural similarities to TTE (3) and the presence
of two double bonds and a diphosphate. We also confirmed
that TDP (2) was converted into TTE (3) by Cyc2, showing
that TDP (2) is the real intermediate converted from GGDP
(1) by Cycl1 [76].

Enzymatic Properties of Cycl and Cyc2 [76]

In a manner similar to many isoprenoid cyclases analyzed
so far, Cycl required Mg?" as a catalyst. No activity was
detected with other divalent metal ions, such as Ca*>", Co®",
Cu*", Fe**, Mn?*, and Zn?*. Cycl showed a high activity
around neutral pH, while maximum activity was observed
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at pH 6.8 (Tris-HCI); it was rapidly lost with either a
decrease or an increase in pH. The enzyme activity was
maximal at 25°C~30°C and was not detected at above
50°C. Cycl retained full activity after incubation at 30°C in
0.05M Tris-HCI buffer at pH 6.8 for 1 hour. Under the
optimal pH and temperature conditions, 20% glycerol,
5mM 2-mercaptoethanol, and 0.1% Tween 80 were found
to enhance the activity of Cycl.

The kinetic properties of Cycl were studied under
optimal reaction conditions. The Km value and /'max value
were calculated to be 64.2+5.7 uM for GGDP (1) and
94.7+6.9 U/mg, respectively (Table 1). The enzyme
activity was inhibited by GGDP (1) at a concentration of
more than 50 uM, as reported for other isoprenoid cyclases.

Cyc2 necessarily required Mg?* for its activity, and the
optimal concentration of Mg”>* was 1 mM. Enzyme activity
was also detected with 1 mM of Mn?*, Fe?*, and Co*". No
activity was detected with other divalent metal ions such as

Ca?*, Cu**, and Zn*". The optimum pH and temperature
were 6.8 and 50°C, respectively. Cyc2 was stable following
incubation at 30°C in 0.05 M Tris-HCI buffer at pH 6.8 for
1 hour. For maximum activity, the additives that enhanced
the activity of Cycl were necessary.

The Cyc2 Reacted Even with GGDP (1) and Farnesyl
Diphosphate (FDP, 8) [76]

As described above, both Cycl and Cyc2 had an optimum
pH of 6.8. When GGDP (1) was incubated with both Cycl
and Cyc2 at pH 7.5, at which Cycl and Cyc2 showed weak
activity and high activity, respectively, at least two
unknown products were dominantly formed as compared
with TTE in the reaction mixture. By detailed analyses, it
was discovered that the formation of these products
completely depended on the presence of both Cyc2 and
GGDP (1), thereby suggesting that Cyc2 catalyzed not only
the conversion of TDP (2) into TTE (3) but also the
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Table 1 Enzymatic properties of the Cyc1 and the Cyc2
Optimum pH 8.0
Reacti E Substrat Metal
eaction nzyme upbstrate ! Temp. eta Km Vinax Vinax/Km
P cC) (uM) Ufmg)*  (Umg/uM)
1 Cyc1 GGDP 6.8 25 Mg?* 64.2+5.7 94.7+6.9 1.48
(at pH 6.8) (at pH 6.8)
2 Cyc2 TDP 6.8 50 Mg?*>Mn?*>Fe?*>Co?* 7.6+0.6 114.6+2.8 15.08
3 Cyc2 GGDP 8.0 50 Mg?*>Fe?">Mn?* 7.9%+0.6 8.8+0.2 1.1
4 Cyc 2 FDP 8.0 50 Mg?*>Fe?">Mn?* 61.7+3.0 15.9+0.6 0.26

* U=nmol production/min.

conversion of GGDP (1) to the unknown compounds. By
GC-MS and NMR analyses, the compounds
determined to be a mixture of the following three
compounds: 1,3(20),6,10,14-phytapentaene, a-springene,
and 3,7,11,15-tetramethylhexadeca-1,3,6,10,14-pentaene
(E,E,E) (compound 5, 6, and 7 in Fig. 6). Considering the
structures of these three compounds, the Cyc2 with the
DDXXD motif would react with GGDP by ionization-
initiated reaction to an allylic carbocation, followed by
deprotonation to the olefin (Fig. 6). Therefore, we expected
that Cyc2 might react with other polyprenyl diphosphates,
such as FDP (8) and geranyl diphosphate (GDP, 12), which
are one and two C,-units shorter than GGDP (1),
respectively. When Cyc2 was incubated with FDP (8), new
compounds were also detected in a manner similar to that
of GGDP. These compounds were purified, and their
structures were determined to be three olefinic compounds,
which had the same structures as those formed from GGDP,
except for the chain-lengths (compounds 9, 10, and 11 in
Fig. 6). On the other hand, GDP (12) was inactive as a
substrate.

The kinetic studies of the reactions catalyzed by Cyc2
with TDP (2) (reaction 2), GGDP (1) (reaction 3), and FDP
(8) (reaction 4) as the substrates were performed (Table 1).
The Km values of Cyc2 were calculated to be 7.6+0.6 uM
for TDP (2), 7.9£0.6 uM for GGDP (1), and 61.7+3.0 uM
for FDP (8), thereby indicating that the enzyme has a
higher affinity for C,j-substrates than for C,s-substrates.
The Vmax value of Cyc2 for TDP (2) was 13-fold higher
than that for GGDP (1) and 7-fold higher than that for FDP
(8). The calculated Vmax/Km value of reaction 2 was 15-
fold higher than that for reaction 3 and 58-fold higher than
that for reaction 4. These results suggested that the
conversion of TDP (2) into TTE (3) was probably a
reasonable reaction among those catalyzed by Cyc2 and
that diterpene olefins and sesquiterpene olefins, which were
formed by reaction 3 and reaction 4, respectively, were

Wwere

artifacts generated in vitro.

Biological Significance of the Mevalonate

Pathway in TP Producers [77]

As described above, actinomycetes possessing only the
MEP pathway also produce isoprenoid compounds
[68~70], thereby showing that the presence of the MV
pathway is not essential for the production of isoprenoids in
actinomycetes. To investigate a biological significance, the
following two experiments were performed.

First, we examined the temporal expressions of the MV
pathway genes and the MEP pathway genes in the TP
producer [77]. Following the cloning of a dxs gene and a
dxr gene, which participate in the first step and the second
step of the MEP pathway, respectively, by PCR, Northern
and primer extension analyses were performed. We were
able to detect transcripts of the dxs and dxr genes
throughout the cultivation (Fig. 7B~D). On the other hand,
messages of the MV pathway genes were not detected
during the early phase of growth but simultaneously
appeared at a timing, which coincided with the initiation of
TP production (Fig. 7E, F). These results clearly showed
that the MEP pathway operated throughout the cell growth
and that the MV pathway was transcriptionally regulated to
operate during the late phase of growth [77].

Second, in order to determine the ratio of the
contribution of the MV and MEP pathways to TP
production, we constructed a mutant in which the HMG-
CoA reductase gene (hmgr) was specifically disrupted by a
double-crossing homologous recombination. Although the
cell growth of the mutant strain was almost similar to that
of the wild type strain, the mutant strain produced
approximately 60% less TP than the wild type strain [77]
(Fig. 8), thereby suggesting that the MV pathway supplied
60% of IPP for TP biosynthesis and that the MEP pathway
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Fig. 7 Primer extension analysis of the genes participating in the terpenoid biosynthesis (A~F). Total RNA was isolated
from TP producer grown at 30°C for 6, 9, 12 and 24 hours, at which cell growth (G) and terpentecin productivity (bioassay,
H) were also measured, and subjected to primer extension analysis. Arrows in (A~F) indicate the transcriptional start sites.
Alphabet indicate the following genes used as the probes: A, glyceraldehydes 3-phosphate dehydrogenase gene (control);
B, 1-deoxy-D-xylulose 5-phosphate synthase 1 (dxs1); C, 1-deoxy-D-xylulose 5-phosphate synthase 2 (dxs2, TP producer has
two distinct dxs genes); D, 1-deoxy-D-xylulose 5-phosphate reductoisomerase (dxr); E, GGDP synthase {ORF1 (GGDP
synthase) to 7 (HMG-CoA synthase) in Fig. 6A were confirmed to be polycistronically transcribed by Northern blot analysis};

(A) (B) ©)
ACGT691224hr ACGT6 91224hr ACGT 6 91224 hr
- — =
- . ¥ :: __""i
— “;- % E:
- -
(D) (E) (F)

ACGT 6 91224 hr ACGT691224hrACGT 6 91224 hr

—
- “”‘i—" _——
- - -
” -
- 23 i
G) (H)
oD
25 6 hr 9 hr 12 hr 24 hr
2 e
®
15 -
1
0.5
0
0 w20 30 40 50 hr

TP biosynthetic gene {P450 (ORF10 in Fig. 6A)}.
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contributed 40%.

The Relationship between the MV Pathway

Genes and Isoprenoid Biosynthetic Genes in a
BE-40644 Producer [78]

As described above, the MV pathway gene cluster was
located in the region adjacent to the TP biosynthetic gene
cluster [75], and it supplied more than 50% of the IPP
required for TP biosynthesis. These facts led us to
investigate whether MV pathway genes and isoprenoid
biosynthetic genes are always clustered in strains
possessing both the MV and MEP pathways. Therefore, we
cloned an MV pathway gene cluster from Actinoplanes sp.
strain A40644, an isoprenoid antibiotic BE-40644
producer, expecting that a BE-40644 biosynthetic gene
cluster, including an isoprenoid cyclase gene catalyzing a
cyclization of FDP-containing linear intermediate, (Fig. 9)
would be present in the region adjacent to the MV pathway
genes [78].

A DNA region homologous to the HMG-CoA reductase
of TP producers was cloned and the nucleotide sequences
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of the fragment were determined. We detected the same
MYV pathway genes as those found in naphterpin and TP
producers, which contained 6 ORFs from MK to HMG-
CoA synthase (Fig. 5B). Moreover, a farnesyl diphosphate
synthase (C,;) gene was located at the region just upstream
of the MK gene in a manner similar to that in the TP
producer. In the TP producer, a GGDP synthase gene that
would supply a direct precursor (C,,) of TP biosynthesis
was also located in a region just upstream of the MV
pathway gene cluster. Therefore, we expected the presence
of the BE-40644 biosynthetic genes in the regions flanked
by the MV pathway gene cluster because BE-40644 has a
C,5 unit. By sequencing analysis of the downstream region,
we detected 11 ORFs (Fig. 5B) that would participate in the
biosynthesis of BE-40644 (Fig. 9), although we could not
find a typical isoprenoid cyclase gene among them.

To determine whether the ORFs found in the
downstream region of the MV pathway gene cluster would
indeed encode the BE-40644 biosynthetic genes, these
genes were expressed in a heterologous host, S. lividans
TK23, and the production of BE-46044-related compounds
was examined [78]. By using HPLC analysis, a compound
that was eluted with almost the same retention time as that
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of the authentic BE-40644 was specifically detected in the
culture broth of the transformant. The product was purified,
and its structure was determined; the product was found to
be BE-40644. This result again showed that the MV
pathway genes and isoprenoid biosynthetic genes were
clustered in an actinomycete strain possessing both the MV
and MEP pathways.

As mentioned above, we could not find a typical
isoprenoid cyclase gene in the DNA fragment used for the
heterologous expression, in spite of the fact that the
transformant produced BE-40644, and an isoprenoid
cyclase is thought to participate in the biosynthesis of BE-
40644 (Fig. 9). Considering that S. lividans TK23 is not
known to produce BE-40644-related compounds, the
hypothetical ORFs in the BE-40644 biosynthetic genes,
represented by question marks in Fig. 5B, might participate
in a cyclization reaction.

Analyses of the Flanking Regions of Mevalonate

Pathway Gene Clusters in a Furaquinocin A
Producer [79]

As described above, we showed that gene -clusters
concerned with the biosyntheses of TP [75] and BE-40644
[78], a diterpene antibiotic and a sesquiterpene antibiotic,
respectively, were located in the adjacent MV pathway gene
clusters. Next, to examine whether an MV pathway gene
cluster and isoprenoid biosynthetic genes are always
clustered in all the actinomycete strains possessing both
pathways, an MV pathway gene cluster was cloned from
Streptomyces sp. strain KO-3988, a furaquinocin A
producer, which has naphtoquinone and C10-isoprenoid
moieties (Fig. 4A).

By colony hybridization using the HMG-CoA reductase
gene cloned from the TP producer as a probe, we isolated
several positive cosmids. Among them, some cosmids
contained a 1.6 kb BamHI fragment that again hybridized to
the probe by Southern hybridization. Interestingly, a 7.2 kb
BamHI fragment in other cosmids also hybridized to the
probe, thereby suggesting that strain KO-3988 might have
two distinct HMG-CoA reductase genes. Therefore, we
determined the nucleotide sequences of the entire MV
pathway clusters, including each of the HMG-CoA
reductase genes. Finally, we identified two distinct MV
pathway gene clusters, both of which involved 6 genes in a
manner similar to those found in naphterpin, TP, and BE-
40644 producers (unpublished results).

First, we analyzed the flanking regions of one of the MV
clusters (MV1) and found 4 ORFs that could encode a
putative cytochrome P450 (ORF1), a diterpene cyclase

)\/\ ORF4
N Nop + 3X )\/\OPP

Dimethylallyl diphosphat Isop yl diphosphate
(DMAPP) (IPP)

Geranylgeranyl
Diphosphate
(GGDP)

Copalyl diphosphate

Fig. 10 Biosynthesis of copalyl diphosphate by the ORF2
and ORF4 products.

(ORF2), an unknown protein (ORF3), and a GGDP (C,,)
synthase gene (ORF4) in the upstream region of the MV1
cluster [79] (Fig. 5C), although we did not find genes
related to the biosynthesis of furaquinocin A. Considering
that the ORF2 product is similar to isoprenoid cyclases
with DXDD motifs, it was assumed to convert GGDP into
a cyclized intermediate with the diphosphate group by the
protonation-initiated cyclization (Fig. 3, B type). To
examine this possibility, we overproduced the ORF2
product as a His-tagged recombinant protein, and the
purified enzyme was incubated with GGDP. By a reversed-
phase HPLC analysis using an ion-pair reagent, the
formation of a reaction product, which was eluted with a
retention time shorter than that of GGDP, was specifically
detected. The product was purified, and its structure was
determined to be anti-copalyl diphosphate or its
enantiomer, ent-copalyl diphosphate, as shown in Fig. 10,
although the absolute stereochemistry of the product
remains unclear. However, this is the first example of an
enzyme of prokaryotic origin with this function [79].

To date, several anti-copalyl diphosphate synthase genes
and ent-copalyl diphosphate synthase genes have been
cloned from plants and fungi. Therefore, we compared the
amino acid sequences of ORF2 with those from eukaryotes.
Very interestingly, the protein most homologous to the
ORF2 product was Cycl (Fig. 11, 36% identity over 499
amino acids), which was confirmed to catalyze a
conversion of GGDP into TDP in TP biosynthesis as
described above. Therefore, the ORF2 product would be
useful in examining a relationship between amino acid
sequences of an isoprenoid cyclase and its product
specificity, including stereospecificity. Moreover, Hoshino
and co-workers have very recently demonstrated that
Mycobacterium tuberculosis H37Rv3377c, which has a
significant similarity to the Cycl essential for TP
biosynthesis, encodes a diterpene cyclase for producing the
halimane skeleton [80]. Taken together, isoprenoid cyclases
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Alignment of the Cycl (A) and the ORF2 (B), which catalyze a conversion of GGDP into terpentedienol

diphosphate (TDP) and copalyl diphosphate, respectively. Although both cyclases use GGDP as a substrate, have 37%
amino acid identities and catalyze a cyclization by protonation-initiated, different successive reactions to quench carbocation

proceed during cyclization.

found in actinobacteria might have unique primary
structures and enzymatic properties that differ from those
found in eukaryotes. Therefore, actinomycetes possessing
the mevalonate pathway gene clusters might be a treasure
house of unique isoprenoid compounds.

With respect to the other MV cluster (MV2) cloned from
the furaquinocin A producer, we have recently finished the
sequencing analysis of the flanking regions of the cluster
and found that putative furaquinocin A biosynthetic genes
exist both in the upstream and downstream regions of the
cluster (unpublished result). These results again showed
that actinomycetes possessing the MV pathway usually
produce an isoprenoid and that its biosynthetic gene cluster
exists adjacent to the mevalonate pathway gene cluster.

Conclusion

As exemplified by the Cycl and Cyc2 genes that participate
in the biosynthesis of TP and by the copalyl diphosphate
synthase found in the furaquinocin A producer, isoprenoid
biosynthetic enzymes found in actinomycete strains have
unique primary structures that differ from those of
eukaryotes. This fact suggests that isoprenoid compounds

produced by actinomycetes would be potent and unique
lead compounds for drug discovery. Moreover, based on the
analyses of biosynthetic gene clusters of TP, BE-40644,
and furaquinocin A, we could develop the following
methodology to screen actinomycete strains producing
isoprenoid compounds.

All the actinomycete strains possessing both the MV and
MEP pathways for the formation of IPP always produce
isoprenoid compounds, and biosynthetic genes of one of
these isoprenoids always exist adjacent to the MV pathway
gene cluster. Currently, detection of the presence of the MV
pathway genes can be easily accomplished by PCR and
hybridization. Therefore, when the presence of the MV
cluster is detected by molecular genetic techniques,
isoprenoids may be produced by the cultivation of these
actinomycete strains.
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