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Abstract

Unusual polyketide synthases (PKSs), that are structurally type I but act in an iterative manner for aromatic polyketide biosynthesis,
are a new family found in bacteria. Here we report the cloning of the iterative type I PKS gene chlB1 from the chlorothricin (CHL) pro-
ducer Streptomyces antibioticus DSM 40725 by a rapid PCR approach, and characterization of the function of the gene product as a
6-methylsalicyclic acid synthase (6-MSAS). Sequence analysis of various iterative type I PKSs suggests that the resulting aromatic or
aliphatic structure of the products might be intrinsically determined by a catalytic feature of the paired KR–DH domains in the control
of the double bond geometry. The finding of ChlB1 as a 6-MSAS not only enriches the current knowledge of aromatic polyketide
biosynthesis in bacteria, but will also contribute to the generation of novel polyketide analogs via combinatorial biosynthesis with
engineered PKSs.
� 2006 Elsevier Inc. All rights reserved.
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Polyketide metabolites, widely found in bacteria, fungi,
and plants, are one of the largest families of natural prod-
ucts. They are structurally classified into four major
groups: aromatics, macrolides, polyenes, and polyethers,
many of which are clinically valuable drugs. Despite their
apparent structural diversity, polyketides are biosynthe-
sized by a common mechanism in a manner resembling fat-
ty acid biosynthesis: the carbon backbone of a polyketide is
assembled from sequential condensation of short chain acyl
Co-enzyme A (CoA) precursors, and the process is cata-
lyzed by polyketide synthases (PKSs) [1,2]. Over the past
decades, intensive attempts to establish a predictable rela-
tionship between the polyketide structures and functions
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of PKSs have been facilitated by an exponential growth
of genetic and biochemical information regarding polyke-
tide biosynthesis. In bacteria, reduced polyketide (i.e., mac-
rolide, polyene, and polyether) biosynthesis usually
requires type I PKSs, which are giant multifunctional
enzymes that are organized into modules. Each type I
PKS module contains a set of distinct domains responsible
for the catalysis of one cycle of polyketide chain elongation
in a non-iterative process [3]. In contrast, bacterial type II
and III PKSs are heterologous or homologous multien-
zyme complexes that carry a single set of iteratively acting
activities that are generally responsible for aromatic poly-
ketide biosynthesis [4,5].

Current studies on polyketide biosynthesis have been
providing the molecular basis to explain the vast structural
diversity of polyketide natural products, however, the
emergence of many novel PKS systems is becoming appar-
ent in recent publications, revealing a rich variety of
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chemistry and architecture of PKSs beyond our previous
understanding of bacterial type I, II, and III paradigms
[1,2]. PKSs could be structurally type I, but function in
an iterative manner for aromatic polyketide biosynthesis.
Three such iterative type I PKSs have been found in bacte-
ria to date. AviM [6] and CalO5 [7] catalyze the biosynthe-
sis of an orsellinic acid moiety (monocyclic polyketide) for
avilamycin (AVI) in Streptomyces viridochromogenes and
calicheamicin (CAL) in Micromonospora echinospora,
respectively (Fig. 3A). The third PKS is NcsB [8,9] that cat-
alyzes the biosynthesis of a naphthoic acid moiety (bicyclic
polyketide) for neocarzinostatin (NCS) in Streptomyces

carzinostaticus (Fig. 3C). Although aromatic polyketide
biosynthesis in fungi is catalyzed by iterative type I PKSs,
as exemplified by the 6-methylsalicyclic acid synthases
(6-MSASs), the general paradigm in bacteria had been
thought to only consist of type II and III PKSs until recent-
ly [1,4]. Indeed, this raises the question if the new emerging
paradigm of iterative type I PKSs for aromatic polyketide
biosynthesis is far more prevalent in bacteria.

Chlorothricin (CHL), produced by Streptomyces antibi-

oticus DSM 40725, is the first member of the spirotetronate
antibiotic family to be discovered [10]. The CHL aglycone
contains a trans-decarlin system and a characteristic tetron-
ic acid that is spiro-linked to a cyclohexene ring. The mac-
rolide is further decorated by two deoxysugars and a
specific peripheral moiety, 2-methoxy-5-chloro-6-methyl-
salicyclic acid (Fig. 1). With unique architectures and
broad biological activities, the spirotetronate antibiotics
are attractive leads for novel drug development and have
stimulated considerable effort on their total synthesis and
structural modifications [11–13]. Recently, advances in bio-
Fig. 1. Structures of avilamycin (AVI), calicheamicin (CAL), neocarzinosta
(DM-CHL).
technology have provided a promising alternative to make
complex microbial metabolites and their analogs by genetic
manipulation of the biosynthetic pathways [14–16]. The
success of this approach on spirotetronate antibiotics crit-
ically depends on characterization of their biosynthetic
machineries that could be utilized for combinatorial bio-
synthesis, including the biosynthetic pathways of macro-
lides, deoxysugars, and other peripheral moieties.

Previous feeding experiments with 13C-labeled precur-
sors on CHL biosynthesis in S. antibioticus showed that
2-methoxy-5-chloro-6-methylsalicyclic acid contains four
head-to-tail acetates, suggesting this substituted moiety of
CHL is of polyketide origin [17,18]. According to the sim-
ilarity in both aromatic structure and polyketide origin to
orsellinic and naphthoic acids, we hypothesized that a bac-
terial iterative type I PKS catalyzes the biosynthesis of
6-methylsalicyclic acid (6-MSA), the precursor of 2-meth-
oxy-5-chloro-6-methylsalicyclic acid. To address this fun-
damental issue, we have utilized a rapid PCR method to
specifically clone chlB1 from S. antibioticus, characterized
the function of the gene product as a bacterial 6-MSAS,
and analyzed the intrinsic activities of various iterative type
I PKSs in the control of the double bond formation.
Materials and methods

Strains, plasmids, and reagents. Bacterial strains and plasmids used in
this study are summarized in Table S1. Biochemicals, chemicals, media,
restriction enzymes, and other molecular biological reagents were from
standard commercial sources.

PCR amplification. To clone the iterative type I PKS gene from
S. antibioticus, the following two pairs of degenerate primers were used:
primers 5 0-TCC TAC GCG CTG GAC CTG CRS GGS CCS AG-3 0
tin (NCS), chlorothricin (CHL), and desmethylsalicycloyl chlorothricin
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(A, forward) and 5 0-GTC GAG GGT CTC CCG CAC MGA GTG SGC
SAC-30 (B, reverse), and primers 5 0-AAA GAA TTC GCG GAC GGC
TAC GGS MGN GGN GAR GG-3 0 (C, forward, EcoRI site underlined)
and 5 0-A AAA AAG CTT CGA GCC GTG GCC SGA RAA NAC CCA
NAC-30 (D, reverse, HindIII site underlined).

Random library construction. The genomic DNA of S. antibioticus was
completely digested with BglII. The fragments of approximate 10.0 kb
were recovered and ligated into vector pSP72 that was prepared by
digestion with BamHI and treatment with shrimp alkaline phosphatase.
The resulting ligation mixture was transformed into Escherichia coli

DH5a. The transformed cells were spread onto LB plates containing
ampicillin (100 lg/ml), and the plates were incubated at 37 �C overnight.

Heterologous expression of chlB1 in Streptomyces lividans TK24. To
make thechlB1 expression construct, a 10.0 kb BglII fragment that con-
tains intact chlB1–orf4–orf3 and 0.5 kb EcoRI/BamHI fragment that
harbors the ermE * promoter were cloned into the EcoRI/BamHI site of
pBS3031 to yield pTL1039. Expression construct pTL1039 was introduced
into S. lividans TK24, resulting in the recombinant strain TL1015.

Production, isolation, and analysis of 6-MSA. Summarized in the sec-
tion of Supplementary Material.

Sequence and phylogenetic analysis. DNA sequencing was performed at
Chinese National Human Genome Center. The orfs were deduced from
the sequence by performing FramePlot 3.0beta program (http://
watson.nih.go.jp/~jun/cgi-bin/frameplot-3.0b.pl). The deduced proteins
were compared with other known proteins in the databases by available
BLAST methods. Amino acid sequence alignment and phylogenetic
analysis were performed by the CLUSTALW method, and the DRAW-
TREE and DRAWGRAM methods, respectively, from BIOLOGY-
WORKBENCH 3.2 software (http://workbench.sdsc.edu).
Results and discussion

Primer design and PCR amplification of the iterative type I
PKS gene

From the CHL producer S. antibioticus, Sohng and
co-workers [19] previously cloned a partial gene cluster
containing a set of sugar biosynthetic genes and a typical
type I PKS gene, which were originally assumed to be
involved in CHL biosynthesis. However, we inactivated
the dNDP-D-glucose-4,6-dehydratase gene within this par-
tial cluster and found that the resulting mutant retains
the ability to produce CHL, excluding its involvement
in CHL biosynthesis (unpublished data). On the basis
of sequence comparison with published data, Floss and
co-workers [20] suggested that these genes may represent
part of the oleandomycin biosynthetic cluster that is
cryptic in S. antibioticus.

With the assumption that the modified 6-MSA moiety
of CHL is of polyketide origin and shares a biosynthetic
pathway similar to those of orsellinic and naphthoic acids,
we altered cloning strategy to specifically probe for itera-
tive type I PKS gene by PCR. Sequence analysis of the
three cloned iterative type I PKSs in bacteria, AviM,
CalO5, and NcsB, reveals high homology in both amino
acid sequence and domain organization to the modules of
well-known non-iterative type I PKSs. To avoid the ampli-
fication of genes encoding the latter, particularly those
involved in oleandomycin biosynthesis in the CHL produc-
er S. antibioticus, we designed two sets of degenerate prim-
ers (A � B and C � D) according to the conserved motifs
within the ketosynthase (KS) to acyltransferase (AT)
regions of AviM, CalO5, and NcsB. The motifs for primer
designation are distinct from those of typical modular type
I PKSs encoding the oleandomycin biosynthesis (Fig. S1).

Genomic DNA from S. antibioticus was used as the tem-
plate in this study. While no product was amplified by PCR
under various conditions with primer pair A � B, a distinct
product with the expected size of 0.9 kb was readily ampli-
fied with primer pair C � D (as illustrated in Fig. S2). The
PCR product was subsequently cloned into pGEM�-T
easy vector for sequencing. Intriguingly, sequence analysis
of six randomly selected clones confirmed an identical
product (indicative of a specific PCR amplification), the
deduced amino acid sequence of which is highly homologous
to the iterative type I PKSs. To confirm that the obtained
putative gene resulted from S. antibioticus, Southern analysis
of the genomic DNA was performed with the 0.9 kb
PCR product as a probe. Distinct bands were detected in
all genomic DNA samples digested with various restriction
enzymes (as shown in Fig. S3). Clearly, the PCR method
presented above provides a rapid route to specifically access
the iterative type I PKS gene in S. antibioticus.

Cloning and sequence analysis of the putative gene encoding

the iterative type I PKS

Southern hybridization led to identify the largest 10.0 kb
BglII fragment (as shown in Fig. S3), which likely contains
the intact gene encoding the iterative type I PKS from
S. antibioticus. Consequently, a random library of the
genomic DNA digested with BglII was constructed in clon-
ing vector pSP72. With the 0.9 kb PCR product as a probe,
three positive clones were identified from approximate 950
clones, and then confirmed to be identical by restriction
enzyme digestion and PCR amplification with primer pair
C � D (data not shown). The inserted BglII fragment was
sequenced, yielding a 9906 bp of contiguous sequence. Bio-
informatic analysis revealed six open-reading frames (orfs)
as shown in Fig. 2A. Within this sequenced region, the
largest gene orf5 (renamed as chlB1) was identified. The
deduced protein of chlB1 showed the highest homology
to the known bacterial iterative type I PKSs for aromatic
polyketide biosynthesis, such as AviM (58% identity, 70%
similarity), CalO5 (58% identity, 69% similarity), and NcsB
(47% identity, 61% similarity).

The deduced 1756 aa product of chlB1 consists of char-
acteristic domains for type I PKS, including a KS, AT,
dehydratase (DH), ketoreductase (KR), and acyl carrier
protein (ACP). ChlB1 exhibits head-to-tail homology in
both organization and sequence to NcsB for naphthoic
acid biosynthesis, and to AviM or CalO5 (with an excep-
tion of the KR domain) for orsellinic acid biosynthesis
(Fig. 3). In a mechanistic analogy, ChlB1 could be envis-
aged to catalyze the assembly of a linear tetraketide inter-
mediate from one acetyl CoA and three malonyl CoAs in
an iterative process as AviM and CalO5. However, the
additional KR domain of ChlB1, like that of NcsB, may
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Fig. 2. Gene organization of orf1, orf2, orf3, orf4, orf5 (chlB1), and orf6 within the sequenced BglII fragment of the size of approximate10.0 kb (A), and
HPLC analysis of 6-MSA production in S. lividans TK24 (B): authentic standard (I), S. lividans TK24 wild-type (II), TL1015 (S. lividans TK24
recombinant strain, ermE*:chlB1–orf4–orf3) (III), and 6-MSA purified from the fermentation culture of TL1015 (IV).

Fig. 3. Domain organizations and mechanisms of iterative type I PKSs for aromatic polyketide biosynthesis in bacteria: CalO5 or AviM for orsellinic acid
biosynthesis (A), ChlB1 for 6-methylsalicyclic acid biosynthesis (B), and NcsB for naphthoic acid biosynthesis (C).
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offer a selective activity of keto-reduction at C-5 position of
the nascent polyketide intermediate, which then undergoes
an intramolecular aldol condensation to furnish the 6-
MSA structure (Fig. 3B). Further decoration of O-methyl-
ation at C-2 position and chlorination at C-5 position
afford 2-methoxy-5-chloro-6-methylsalicyclic acid, the
peripheral moiety of CHL. Accordingly, the first finding
of ChlB1 for 6-MSA biosynthesis not only adds a new
example to the pool of bacterial iterative type I PKSs,
but also provides a third mode of aromatic biosynthesis
encoded by this family (as summarized in Fig. 3). With
the available chlB1 as a probe and combining the strategy
of cloning the typical type I PKS genes, we cloned the
entire CHL biosynthetic gene cluster by chromosomal
walking (The sequence of the CHL gene cluster has been
deposited into GenBank under Accession No. DQ116941.
X.-Y. Jia, unpublished).

Heterologous expression of chlB1 in S. lividans TK24 and

identification of the resulting product as 6-methylsalicyclic

acid

The involvement of ChlB1 in the biosynthetic pathway
of 2-methoxy-5-chloro-6-methylsalicyclic acid has been
confirmed by gene inactivation and complementation
(X.-Y. Jia, unpublished). The DchlB1 mutant strain pro-
duces a novel compound, desmethylsalicycloyl CHL
(DM-CHL), the structure of which lacks the modified
6-MSA moiety of CHL. In this study, the polar effect
of chlB1 inactivation was excluded by in trans expressing
the downstream genes orf4–orf3 in the DchlB1 mutant
strain (summarized in the section of Supplementary
Material). To further characterize the function of ChlB1,
a construct that carries the genes chlB1–orf4–orf3 under
the control of ermE* was introduced into heterologous
host S. lividans TK24, yielding the recombinant strain
TL1015. With the S. lividans TK24 wild-type strain as
a negative control (Fig. 2B, II), TL1015 was cultured
and analyzed, revealing a new peak (Fig. 2B, III) that
showed the same retention time as that of the authentic
6-MSA upon HPLC analysis. To elucidate the structure,
the resulting compound was extracted and purified
(Fig. 2B, IV). LC–MS analysis of the obtained powder
exhibited an (M � H)� ion at m/z = 150.9, consistent
with the molecular formula C8H8O3. Indeed, 1H NMR
spectrum comparison with that of the authentic standard
further supports the conclusion that this compound is
6-MSA (summarized in the section of Supplementary
Material). Given the functional assignment of orf4

(encoding a putative glycosyltransferase) and orf3

(encoding a putative transposase), and the fact that
experiments on gene complementation excluded their
involvement in the biosynthesis of the modified 6-MSA
moiety of CHL, these results clearly confirmed the func-
tion of ChlB1 as a 6-MSAS in S. antibioticus for the
biosynthesis of 6-MSA, the first intermediate of 2-meth-
oxy-5-chloro-6-methylsalicyclic acid.
Phylogenetic analysis

To our knowledge, ChlB1 is the first bacterial 6-
MSAS identified for 6-MSA biosynthesis, the pathway
of which has been widely found in fungi (reviewed in
[4]). Despite the remarkable homology of ChlB1 in both
organization and sequence to various fungi 6-MSASs,
phylogenetic analysis revealed that ChlB1 is genetically
closer to AviM, CalO5, and NcsB (Fig. S4A), consistent
with its bacterial origin. This combined family now is
mechanically comprised of three groups (Fig. 3): (1)
AviM and CalO5 for orsellinic acid biosynthesis (no
reduction step); (2) ChlB1 for 6-methylsalicyclic acid bio-
synthesis (selective reduction at C-5 position); and (3)
NcsB for naphthoic acid biosynthesis (selective reduction
at C-5 and C-9 positions). While the former two groups
result in monocyclic polyketides that are assembled from
one acetyl-CoA and three malonyl-CoAs, NcsB leads to
bicyclic polyketide that is assembled from one acetyl-
CoA and five malonyl-CoAs. It is likely that these itera-
tive type I PKSs are diverged from the same ancestor to
evolve different activities including selective reduction
and chain length determination, leading to the structural
diversity that is seen within these aromatic compounds.
In addition, sequence comparison of KS to AT regions
revealed that the iterative type I PKSs for aromatic poly-
ketide biosynthesis are phylogenetically distinct from
those of the selected non-iterative type I PKSs for
reduced polyketide biosynthesis (Fig. S4B), such as ole-
adomycin (macrolide), candicidin (polyene), and monen-
sin (polyether), in agreement with the specificity shown
by PCR amplification of the iterative type I PKS gene
from S. antibioticus.

Studies on biochemistry of the fungal 6-MSAS from
Penicillium patulum revealed that it catalyzes the biosyn-
thesis of 6-MSA from one acetyl CoA and three malonyl
CoAs, requiring a NADPH-dependent reduction and a
dehydration occurred on the triketide intermediate
(Fig. S6). Although the origins of the hydrogen atoms
at C-3, C-4, and C-5 positions of 6-MSA were well
established by incorporation of the chiral substrates
(reviewed in [4]), the stereochemistry of the cryptic b-
hydroxyacyl intermediate from the KR domain action
remains to be determined.

Recently, an alignment of over 200 KR domains of the
typical type I PKSs led to the identification of a D residue
(within a conserved L-D-D motif) that occurs in all KR
domains that catalyze ketoreduction known to produce
the D-hydroxy configuration [21,22]. Such a KR-paired
DH domain was further characterized to catalyze the fol-
lowing trans-double bond formation [24]. In contrast,
KR domains that generate an L-hydroxy group lack this
conserved aspartate [23], and their associated DH domains
could catalyze the dehydration step to form a cis-double
bond. Our sequence analysis of the iterative type I PKSs,
including various 6-MSASs both in bacteria and fungi as
well as NcsB that catalyzes the naphthoic acid biosynthesis,
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revealed that all of the KR domains lack the conserved
aspartate residue or the characteristic L-D-D motif
(Fig. S5). Extension of the configuration prediction to this
iterative PKS family implicates that the KR domain may
act on the b-keto group to form exclusively an L-hydroxy
configuration. Consequently, a cis-double bond is formed
with the dehydration activity of the paired DH domain,
facilitating the folding of the resulting polyketide interme-
diate for undergoing an aldol condensation to furnish the
aromatic structure (Fig. S6). The iterative type I PKS
MchA, unlike those for bacterial aromatic compound bio-
synthesis, is responsible for the assembly of an aliphatic
chain of myxochromides S [24]. The KR domain of MchA
contains a characteristic L-D-D motif (Fig. S5) that is con-
sistent with a resulting D-configuration of the cryptic
hydroxyl group, and its functional association with the
paired DH domain leads to formation of the conjugated
trans-double bonds. Therefore, whether the resulting com-
pounds of the iterative type I PKSs are aromatic or aliphat-
ic might be intrinsically determined by the catalytic feature
of their KR–DH domains in the control of double bond
geometry.

In conclusion, we specifically cloned the iterative type
I PKS chlB1 from the CHL producer S. antibioticus with
a rapid PCR approach, which should be applicable to
other bacterial systems. Characterization of ChlB1 for
the biosynthesis of 6-methylsalicyclic acid, a precursor
of the peripheral moiety of CHL, provides a starting
point to access the entire gene cluster of CHL and eluci-
date its biosynthetic machinery. The enrichment of
modes of iterative type I PKS family for aromatic poly-
ketide biosynthesis will undoubtedly contribute to the
great potential of generating novel polyketide analogs
via combinatorial biosynthesis with engineered PKSs in
bacteria.
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