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Abstract—Medermycin shows the same trans (3S,15R) configuration as actinorhodin in the pyran ring crucial for its bioactivity.
One medermycin biosynthetic gene, med-ORF12, is assumed to be involved in the stereochemical control at C-3. Functional com-
plementation suggested that it plays a similar role as actVI-ORF1 previously proved to determine the stereospecificity at C-3 in
actinorhodin biosynthesis. Co-expression of med-ORF12 with actinorhodin early biosynthetic genes further demonstrated that
med-ORF12 encodes a ketoreductase responsible for the enantioselective reduction at C-3 in the formation of the pyran ring.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The aromatic polyketide medermycin (MED, Fig. 1, 1),
originally isolated from Streptomyces sp. K73,1 is a C-
glycoside antibiotic with potential therapeutic utility as
an anticancer and antibacterial agent.2–4 MED was
highlighted in the first production of �hybrid� antibiotics
by genetic engineering reported by Hopwood et al. in
19855 and �Omura et al. in 1986.6 MED also includes a
number of structural elements to allow studies on inter-
esting biosynthetic problems concerning the polyketide
synthases (PKSs),7 post-PKS (�tailoring�) modification,8

and deoxysugar biosynthesis.9 In particular, among tai-
loring steps determining structural diversity in antibiotic
biosynthetic pathways, the stereochemical control of a
functional group becomes one of the most important
medicinal issues related to critical influence on their bio-
logical activity. The formation of the two chiral centers
at C-3 and C-15 in the pyran ring in MED biosynthesis
still has not been studied to date. Thus, it is of high
chemical, biological, and pharmacological importance
to understand how the stereochemistry is determined
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in MED biosynthesis, especially, as a step toward meta-
bolic engineering to generate �unnatural� or �hybrid� nat-
ural products with improved or novel pharmacological
profiles in a combinatorial fashion.7

MED and actinorhodin (ACT, Fig. 1, 2), produced by
the most genetically characterized polyketide producer,
Streptomyces coelicolor A3(2),10 are members of a class
of Streptomyces aromatic antibiotics known as benzois-
ochromanequinone (BIQ11) antibiotics. All members of
BIQs show a trans configuration in respect of two chiral
centers at C-3 and C-15, which are either (3S,15R) or
(3R,15S). MED and ACT represent the former type
and the opposite stereochemistry is exemplified by
dihydrogranaticin (DHGRA, Fig. 1, 3) produced by
Streptomyces violaceoruber Tü22.11–13

MED, ACT, and DHGRA are proposed to share a
common early biosynthetic stage for the generation of
the aromatic core structure, followed by different post-
PKS modifications (Fig. 1).7,10–14 The minimal PKS,
consisting of the three proteins, ketosynthase (KS),
chain length factor (CLF), and acyl carrier protein
(ACP), determines a fundamental polyketide chromo-
phore skeleton. The resulting linear polyketide precur-
sor undergoes a C-9 ketoreduction by ketoreductase
(KR, defined hereafter as functioning at C-9) followed
by cyclization with aromatase (ARO) and cyclase
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Figure 1. Proposed stereochemical control and a shunt pathway in the biosynthesis of medermycin, actinorhodin, and dihydrogranaticin. Presumed

enzyme-bound intermediates are indicated as RCO-SE and shunt products are shown as free acids. Enzymes or putative complexes are shown as

capital letters and their encoding genes in parentheses. The bicyclic intermediate is produced by the early biosynthetic enzymes including Min PKS

(minimal PKS), KR (ketoreductase for reduction at C-9), ARO (aromatase), and CYC (cyclase), and then is proposed to be stereospecifically reduced

by RED1 and 2, defined as stereospecifc ketoreductases for reduction at C-3). Numbering of carbon atoms is based on the biosynthetic origin.

pAYT22 and pIJ566017 derived from pRM5 are used for co-expression of actVI-ORF1 and med-ORF12, respectively, together with the act early

PKS genes. pAYT30 acts as a negative control.
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(CYC) to yield a common bicyclic intermediate (Fig. 1,
4). The subsequent pyran ring formation under the
stereochemical control occurs in the tailoring biosyn-
thetic stages, in which the bicyclic intermediate is as-
sumed to be a direct substrate for post modifications
at C-3 and C-15.

In the tailoring stage of ACT biosynthesis,7,10,15 act-
VI-ORF1 was previously proved to encode a
dedicated stereospecific ketoreductase (RED1 type),
to establish the (S)-configuration at C-3 in the
formation of a further advanced chiral intermediate,
4,10-dihydro-9-hydroxy-1-methyl-10-oxo-3-H-naphtho-
[2,3-c]-pyran-3(S)-acetic acid, (S)-DNPA (Fig. 1,
5).16–18 Interestingly, the (R)-configuration at C-3 of
DNPA (Fig. 1, 6) in DHGRA biosynthesis was dem-
onstrated to be determined by a gra-ORF6 product
(RED2 type) which shows no significant similarity to
RED1 at the amino acid level.19,20 Our recent studies
showed the remarkable difference between RED1 and
RED2 in their substrate specificities as well as in the
three-dimensional structures and catalytic mechanisms,
though both recognize the same substrate motif of the
bicyclic intermediate.21 Further examples of the relat-
ed reductases would allow us to understand the
unusual mode of stereochemical controls involved in
the BIQ antibiotics.

The full sequence of the MED biosynthetic gene cluster
cloned from Streptomyces sp. AM-7161 reported
recently14 was the third example of the cloning of an
entire cluster for BIQ biosynthesis, apart from
act16,22,23 and gra clusters12,13 for the biosynthesis of
ACT and DHGRA, respectively (Fig. 2), making it
available to understand the MED biosynthesis and the
mechanism of controlling the stereochemistry by com-
parative analysis of these gene clusters. We assumed
the presence of a RED1 family gene (Fig. 1) in MED
biosynthesis to produce (S)-DNPA. Similarity searches
revealed that med-ORF12 shares a high similarity
(65%) at the amino acid level with actVI-ORF1,14 mak-
ing this gene one candidate for study on stereochemical
control in MED biosynthetic pathway.

To clarify the stereochemical control during MED bio-
synthesis, we have investigated here the function of
med-ORF12 with complementation and co-expression
approaches and elucidated its involvement in the forma-
tion of the chiral center at C-3 in the pyran ring.
2. Results

2.1. Comparative analysis of proposed ketoreductase
genes in act, gra, and med clusters

The crucial role of multiple ketoreductase activities in
establishing the diversity of chemistry and stereochemis-
try of the PKS products allowed our present study to
focus initially on the analysis of genes potentially
responsible for the reduction either at C-3 or C-9 in
MED biosynthesis. KRs functioning at C-9 of aromatic
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Figure 2. (A) Genetic organization of act, med, and gra gene clusters. The numbering in bold indicates the proposed ketoreductase genes; (B)

phylogenetic tree of six proposed ketoreductases in three BIQ biosynthetic pathways. The indicated scale represents 0.1 amino acid substitution per

site. Six ketoreductases are grouped into KR and RED families (see Fig. 1), respectively. The entries of the sequences (protein Accession No.): ActIII

(AAA26688), ActVI-ORF1 (CAA44233), Gra-ORF5 (CAA09652), Gra-ORF6 (CAA09651), Med-ORF6 (BAC79042), and Med-ORF12

(BAC79036).
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polyketide intermediates are highly homologous (>70%)
in numerous type II PKS systems. All of them belong to
typical short-chain alcohol dehydrogenases/reductases
(SDRs)7,24 and are exemplified in the BIQ systems by
products of actIII22 for ACT and gra-ORF512,13,19,20

for DHGRA. The two putative ketoreductase genes
(med-ORF6 and med-ORF12) were also found in the
med cluster.14 The med-ORF12 product sharing a rather
high homology with ActVI-ORF1 (65/57%)14 was fur-
ther classified into a dehydrogenase with a specific func-
tion as a 3-hydroxyacyl CoA dehydrogenase (3HAD)
essential for b-oxidation of fatty acids. No significant
similarity was found between Med-ORF12 and Gra-
ORF6 (as defined by the BLAST2 Sequences program),
though both are proposed to recognize the same sub-
strate (Fig. 1). Phylogenetic analysis in Figure 2 shows
that the RED members, Med-ORF12, ActVI-ORF1,
and Gra-ORF6, occupy a distinguished position from
the KRs including Med-ORF6, ActIII, and Gra-
ORF5, convincingly supporting our putative functional
assignments of the reductase genes.

2.2. Complementary analysis of med-ORF12 in actVI-
ORF1-deficient strain

The initial trial to confirm the involvement of med-
ORF12 in the formation of a chiral center at C-3 in
MED biosynthesis was its expression in the actVI-
ORF1-deficientmutant,S. coelicolorB22,25 to investigate
whether it could complement the functional mutation
of actVI-ORF1. Plasmid pAYT19 was designed for
expression of med-ORF12 under the control of a thio-
strepton-inducible promoter, tipAp, carried by
pIJ8600.26 PEG-assisted delivery into B22, as described
previously,26 was followed by the treatment with apra-
mycin and thiostrepton to select transformants. Plasmid
integration into the chromosome of B22 was confirmed
by PCR amplification with genomic DNA of transfor-
mants as templates (data not shown). The inducibility
of med-ORF12 expression in the recombinant B22/
pAYT19 was tested in the liquid culture with or without
addition of thiostrepton (12.5 lg/mL). The typical pH
indicator properties of ACT (red under acidic conditions
and blue under basic ones) allow carrying out a simple
complementation test using pigmentation to reveal
ACT production.

Successful complementation of actVI-ORF1 mutation
was observed with pAYT19: the broth of recombinant
strain B22/pAYT19 under the thiostrepton induction
gave a blue pigmentation, which turned into red after
acid treatment, as well as wild type strain, M145, imply-
ing the accumulation of ACT as a result of the expres-
sion of med-ORF12, whereas B22/pAYT19 without
addition of thiostrepton failed to produce a blue pig-
ment, showing the same phenotype with mutant B22
(Fig. 3A). The culture of B22/pAYT19 was also ana-
lyzed by LC/ESI/MS measurement under previous con-
ditions.18 The quite efficient accumulation of ACT in the
mycelium could be detected (Figs. 3B and C) under the
induced conditions and two shunt products, DMAC
(Fig. 1, 7) and aloesaponarin II (Fig. 1, 8),27,28 disap-
peared (data not shown), indicating that the common
bicyclic intermediate in B22/pAYT19 was further
metabolized into ACT, likely, with the assistance of
med-ORF12 expressed under the induced conditions.

2.3. Co-expression of med-ORF12 with act early PKS
genes

To further characterize the function of med-ORF12 rel-
evant to the configuration at C-3 in MED biosynthesis,
co-expression in vivo of med-ORF12 with an early-act-
PKS-gene cassette consisting of act minimal PKS (KS,
CLF, and ACP), KR, ARO, and CYC genes was ex-
plored to clarify whether the common bicyclic interme-
diate was converted into (S)-DNPA by a stereospecific
reduction of the carbonyl group at C-3 in the presence
of med-ORF12.

One expression plasmid based on this gene cassette
provided by pRM5,28 was designed to be added by
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Figure 3. (A) Phenotypic characterization of S. coelicolor M145 and B22, and its transformants. Thio/no: with or without addition of thiostrepton

(12.5 lg/mL) into R4 culture for induction. Two milliliters aliquot was sampled out from Streptomyces cultures into a test tube and subjected to acid

treatment: +, addition of 200 lL of 1 N HCl; �, addition of 200 lL of deionized water; (B) HPLC profiles (absorbance at 520 nm) of metabolites of

S. coelicolor B22 and its recombinants; (C) MS spectra of the peaks corresponding to the authentic ACT and B22/pAYT19 product indicated by

arrows.
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med-ORF12 and expressed in S. coelicolor CH999, an
act-deficient mutant.28 The act early PKS genes on
pRM5 are required to produce the bicyclic intermediate,
that undergoes further spontaneous cyclization to pro-
duce shunt products, DMAC and aloesaponarin II
(Fig. 1). The initial trial by adding of med-ORF12 into
pRM5 system to generate pAYT3 and delivering it into
CH999 failed due to the gene rearrangement occurring
in CH999 (data not shown). Therefore, a new expression
plasmid, designated as pAYT22 (Fig. 1), was construct-
ed by delivering the same gene cassette released from
pAYT3 consisting of act early PKS genes together with
an additional med-ORF12 into an integrative vector,
pSET152.26

LC/APCI/MS measurement (Figs. 4A and B) demon-
strated that the new S. coelicolor recombinant strain,
CH999/pAYT22, produced a high amount of DNPA
with the same retention time, characteristic absorbance
pattern (data not shown), and molecular weight with
authentic (S)-DNPA produced by CH999/pIJ5660 con-
sisting of actVI-ORF1 and same act early PKS genes
(Fig. 1).17 It was also observed that the amount of two
shunt products, DMAC and aloesaponarin II, was
markedly decreased in CH999/pAYT22, as well as in
CH999/pIJ5660, whereas the negative control, CH999/
pAYT30, failed to produce (S)-DNPA due to the ab-
sence of med-ORF12, indicating that DNPA in
CH999/pAYT22 is derived from the common bicyclic
intermediate that undergoes specific reduction at the
C-3 keto-group in the expression of med-ORF12.
2.4. Stereochemistry at C-3 of DNPA produced by
med-ORF12

The configuration at C-3 of DNPA produced by CH999/
pAYT22 was proved by the chiral HPLC analysis. The
large-scaled culture of CH999/pAYT22 extracted with
chloroform was subjected to silica-gel column chroma-
tography and further preparative HPLC for purification
of DNPA, which was used for chiral HPLC analysis on
the configuration at C-3.20 Figure 4C shows the clear
difference (>1 min) in retention time between authentic
(S)-DNPA and (R)-DNPA.20 Under the same condi-
tions, DNPA produced by CH999/pAYT22 gave a sin-
gle peak with a similar retention time with authentic
(S)-DNPA, suggesting that the product of CH999/
pAYT22 is DNPA with a specific (S)-configuration at
C-3 without any trace of (R)-DNPA. This result further
confirmed that med-ORF12 protein in the co-expression
system of pAYT22 reduces stereospecifically the com-
mon bicyclic intermediate to establish the (S)-configura-
tion at C-3 of the pyran ring and lead to an
accumulation of (S)-DNPA (Fig. 1).
3. Discussion

3.1. Role of Med-ORF12

Mechanistically, most of the post-PKS tailoring steps
for the aglycone formation in MED biosynthesis were
expected to follow the ACT pathway.14 Observation
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of med-ORF12 sharing a high similarity with actVI-
ORF1 critical in the ACT biosynthetic pathway provid-
ed a clue to study the stereochemical control in MED
biosynthesis. Based on the fact that the common
bicyclic intermediate was reduced into DNPA with the
definite (3S) configuration, assisted by med-ORF12,
med-ORF12 was suggested to encode a stereospecific
ketoreductase the same as the actVI-ORF1 product to
recognize the common bicyclic intermediate as its sub-
strate. The present results clearly demonstrated a
MED biosynthetic gene, med-ORF12, is involved in
the stereochemical control in the formation of the pyran
ring in the MED biosynthetic pathway. This study pro-
vides the second example of functionally proved RED1
family reductases in the BIQ biosynthesis, allowing fur-
ther mechanistic study on an interesting biosynthetic
problem of the opposite stereochemical controls by
ketoreductases with virtually no similarity to either
sequences20 or gross three-dimensional structures.21

Co-expression of genes of interest with the act early PKS
gene cassette carried by pRM5 in CH999 is one com-
monly used strategy to perform functional analysis,
especially on tailoring PKS genes. However, in our ini-
tial trial using a direct derivative from pRM5 and
expressing it in CH999, plasmid DNA was not able to
maintain stably in CH999 due to the gene rearrange-
ment. Co-expression system in CH999 finally was
accomplished functionally using the integrative vector,
pSET152, and yielded a comparable amount of (S)-
DNPA in CH999/pAYT22, together with a still detect-
able production of the shunt products, DMAC and
aloesaponarin II, as well as in CH999/pIJ5660. General-
ly, the amount of (S)-DNPA in CH999/pAYT22 is still
slightly lower than that in CH999/pIJ5660 probably
due to the possible presence of an �unnatural�
combination of enzymes between heterologous Med-
ORF12 and act early PKSs to lead to less efficient
enzymatic reaction than that between native RED1
(ActVI-ORF1) and act early PKSs. Another possibility
for lower but efficient production of (S)-DNPA in
CH999/pAYT22 is the lower copy number of pAYT22
integrated into the host genome than autonomously
replicative pRM5 derivatives.

3.2. Comparison between Med-ORF12, ActVI-ORF1,
and Gra-ORF6

Based on sequence comparison and phylogenetic analy-
sis, three REDs in BIQ biosynthesis were proposed to be
classified into two types (RED1 and RED2) without any
mutual homology, although all of them recognize the
same substrate motif. This is different from the case
for tropinone reductases I and II (TR-I and TR-II) shar-
ing 64% identity at the amino acid level and well-con-
served overall structures and recognizing a common
alkaloid intermediate, tropinone, as their substrate to
yield 3a- or 3b-hydroxytropane, respectively. The pres-
ence of different charged residues in TR-1 and TR-II
was proposed to contribute controlling the binding ori-
entation of tropinone to determine the stereospecificity
of the reaction product.29

PSI-BLAST analysis categorized more specifically
RED1 into 3HAD which reversibly catalyzes the b-
oxidation of the hydroxyl group of LL-3-hydroxyacyl-
CoA with a partially similar structure to the reactive
portion of the bicyclic intermediate,30 whereas RED2
comes under the category of SDR with expected charac-
teristic sequence patterns.20,21

Recent investigations revealed the obvious difference of
proposed catalytic mechanisms of these two types
of REDs, based on homodimer models: in the case of



Figure 5. Sequence alignment of the conserved regions between

3HAD, ActVI-ORF1 (ActVI-1), and Med-ORF12 (Med-12). Con-

served residues are in bold and the key catalytic residues are marked

with bold underline. The numbers indicate amino acid positions of

each entry.
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RED1, the appropriate interaction between His129 and
Glu141 is essential for the reduction of the C-3 keto
group by the proton of His129 and for transferring pro-
S proton of nicotinamide of cofactor NAD(P)H to C-
3 of the bicyclic intermediate, whereas, in the case of
RED2, the Ser144-Tyr157-Lys161 triad performs an essen-
tial role for its acid–base catalysis, in which Lys161 and
Tyr157 are hydrogen bonded to both 2 0- and 3 0-hydroxy
groups of nicotinamide of NAD(P)H to allow transfer-
ring pro-S proton of nicotinamide of NAD(P)H to the
substrate.21

Further alignment of the amino acid sequences of the
RED1-type proteins with 3HAD indicated that highly
conserved residues, including the proposed His-Glu
catalytic dyad,30–32 are present in Med-ORF12
(Fig. 5), implying that Med-ORF12 might perform
its reducing activity to give the (S)-configuration at
C-3 of DNPA in a similar catalytic mechanism to
ActVI-ORF1.

3.3. Proposed evolution of Med-ORF12

The present functional analysis convincingly proved the
similar role between ActVI-ORF1 and Med-ORF12.
The same stereospecific reducing activity, high resem-
blance at the amino acid level, and well-conserved cata-
lytic residues imply that they might share a common
evolutional origin, although they are present in different
bacterial strains.

3HADs are critical for the b-oxidation of short chain
fatty acids in primary metabolisms, and are widely
distributed in nature. Particularly, nine homologues
of 3HAD were found on the genome of ACT-produc-
ing S. coelicolor.33 The origin of ActVI-ORF1 was
proposed to be deduced from one copy of 3HAD
somewhere else on the genome of S. coelicolor, which
was inserted into the act gene cluster with mutation
and acquired the reduction activity of the bicyclic
intermediate.21 Therefore, it could be hypothetical that
Med-ORF12 might undergo a similar evolutionary
route, probably also deduced from 3HAD. Further-
more, the sequence identity (18%) between Med-
ORF12 and 3HAD is lower than that (24%) between
ActVI-ORF1 and 3HAD, implying that Med-ORF12
was evolved farther than ActVI-ORF1 if they had
originated from a common ancestor.
4. Conclusion

Toward metabolic engineering of an increasing num-
ber of polyketide antibiotic biosynthetic gene clusters
to generate �unnatural� natural compounds for effective
therapeutics, a better functional understanding of each
tailoring enzyme is critically important. The stereo-
chemical control in BIQ biosynthetic pathways is
one of the most important tailoring modifications to
determine their bioactivity. We clarified here one key
stereospecific ketoreductase encoded by med-ORF12
in the medermycin biosynthetic gene cluster, which
catalyzes the enantioselective ketoreduction at C-3 of
the bicyclic intermediate to control the (3S) configura-
tion in the pyran ring, based on the facts of functional
complementation of actVI-ORF1 mutation with med-
ORF12 and (S)-DNPA accumulation by co-expression
of med-ORF12 together with act early PKS genes.
Furthermore, the present result is one of the key
frameworks to understand a new example of opposite
stereochemical controls in antibiotic biosynthesis to
provide diverse chiral metabolites.
5. Experimental procedures

5.1. Bacterial strains, plasmids, and culture conditions

Streptomyces strains in this study are ACT-producing
S. coelicolor M145 as a wild type control26 and an
actVI-ORF1-deficient strain, S. coelicolor B22,25 and
an act-cluster-deficient mutant, S. coelicolor CH999,28

used for recombinant expression. pT7Blue T-vector
was obtained from Novagen for PCR cloning. pIJ226,
as a template for amplification of med-ORF12 by
PCR, is a subclone carrying a 2.3 kb BamHI genetic
fragment from pIK340 used for sequencing of the med
gene cluster.14 pIJ860026 contains the tipA promoter
used for induced expression of med-ORF12 in S. coeli-
color B22. pRM528 provides an expression cassette con-
sisting of act early PKS genes for the production of a
common bicyclic intermediate in the early stage of
ACT biosynthetic pathway (Fig. 1). pSET15226 acts as
an integrative vector for the construction of expression
plasmids. Streptomyces strains were maintained on
R4,21 SFM, or GYM agar medium and grown in
YEME or TSB liquid medium.26 The production cul-
tures of Streptomyces recombinant strains were liquid-
inoculated in R4 liquid medium, according to previous
procedures.21,34

5.2. Computer analysis of DNA and protein sequences

Sequence comparison was performed with updated
BLAST programs online (PSI-BLAST, BLAST2
Sequences, and rpsBLAST). Phylogenetic analysis of
protein sequences was conducted with the clustalw pro-
gram provided by DDBJ (http://www.ddbj.nig.ac.jp/
search/clustalw), based on a neighbor-joining method
and a phylogenetic tree was created with the TreeView
program (version 1.6.2, freely available from the Taxon-
omy and Systematics server at the University of
Glasgow, UK).

http://www.ddbj.nig.ac.jp/search/clustalw
http://www.ddbj.nig.ac.jp/search/clustalw
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5.3. General genetic manipulations

PEG-assisted transformation with Streptomyces proto-
plast and genomic DNA isolation from Streptomyces
strains were described previously.26 General molecular
biology manipulations were performed as described by
Sambrook et al.35 DNA amplification by PCR with Ex
Taq (TaKaRa) kit was conducted in the RoboCycler�

Gradient 40 (Stratagene�) using a step program
(0.5 min at 94 �C, 0.5 min at 68 �C and 1 min at
72 �C), according to the manufacturer�s protocol, except
for the addition of 5% of DMSO. Three primers used in
PCRs were designed using the GenBank data (accession
number is AB103463) and obtained from Nihon Bioser-
vice (Saitama, Japan): (1) Med12S-NdeI (5 0-CCATATG
AGCGGAACCGGCCGGC; underline, NdeI site; bold,
start codon); (2) Med12S-Sp (5 0-ACATGCATGCAT
GGGAGAACGAAAACGATGAGCGG AAC; under-
line, SphI; bold, start codon; italic, ribosome-binding
site, RBS); 3. Med12A-Bam-EI (5 0-CG GGATCCCG
GAATTCCGGCGCCCTCACGA CGC GCTCC; first
underline, BamHI site; second underline, EcoRI site;
bold, stop codon).

5.4. Construction of expression plasmids

A 980 bp-encoding region of med-ORF12 amplified by
PCR with Med12S-NdeI and Med12A-Bam-EI primers
was inserted into the NdeI-BamHI sites downstream of
tipA promoter on pIJ8600 to generate the recombinant
plasmid, pAYT19, which was subsequently introduced
into S. coelicolor B22 for complementation experiment.
Additionally, the same encoding region of med-ORF12
amplified by PCR with Med12S-Sp and Med12A-
Bam-EI primers was used to replace actVI-ORF1 on
pIJ566017 derived from pRM5 to yield pAYT3. The en-
tire HindIII-EcoRI fragment containing act early PKS
genes and med-ORF12 released from pAYT3 was blunt-
ed with Klenow digestion and inserted into the EcoRV
site of pSET152. The expression plasmid thus obtained
was designated as pAYT22. As a negative control,
pAYT30 was constructed by ligating HindIII-EcoRI
fragment released from pRM5 with pSET152. pAYT22
and pAYT30 were then used to transform S. coelicolor
CH999.

5.5. LC/MS analysis for ACT and DNPA

The mycelia of S. coelicolor strains were extracted with
1,4-dioxane, as described by Taguchi et al.18 Crude
extracts were subjected to LC/ESI/MS analysis on
HP1100 series/LCQ system by monitoring the absor-
bance of ACT at 520 nm using a reversed-phase column,
Luna C18 (4.6 mm i.d. · 150 mm, Phenomenex), main-
tained at 40 �C, and eluted with aq CH3CN containing
0.5% AcOH as the following gradient profile: 0–
25 min, 44%; 25–28 min, 44–60%; 28–30 min, 60–95%;
30–32 min, 95%; and 32–35 min, 95–44%. Samples for
DNPA measurements were prepared from R4 liquid cul-
tures of S. coelicolor strains, the supernatants of which
were extracted with EtOAc and then subjected to the
LC/APCI/MS analysis on HP1100 series/LCQ system
under the conditions previously described.18,20
5.6. Isolation, purification, and chiral HPLC analysis of
DNPA

The supernatants were harvested from 2 L-scaled R4 li-
quid cultures of Streptomyces strains and extracted twice
with chloroform. DNPAs were purified from the crude
extracts by silica gel column chromatography and then
preparative HPLC according to previous descriptions.20

Chiral HPLC analysis of DNPAs purified from the
Streptomyces strains was performed on a TOSOH
8020 system with a chiral column, TSK gel Enantio-
OVM (4.6 mm i.d. · 150 mm, TOSOH), under the es-
tablished conditions.20
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