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Neocarzilins (NCZs) are antitumor chlorinated polyenones produced by “Streptomyces carzinostaticus” var.
F-41. The gene cluster responsible for the biosynthesis of NCZs was cloned and characterized. DNA sequence
analysis of a 33-kb region revealed a cluster of 14 open reading frames (ORFs), three of which (ORF4, ORFS5,
and ORF6) encode type I polyketide synthase (PKS), which consists of four modules. Unusual features of the
modular organization is the lack of an obvious acyltransferase domain on modules 2 and 4 and the presence
of longer interdomain regions more than 200 amino acids in length on each module. Involvement of the PKS
genes in NCZ biosynthesis was demonstrated by heterologous expression of the cluster in Streptomyces coelicolor
CH999, which produced the apparent NCZ biosynthetic intermediates dechloroneocarzillin A and dechloro-
neocarzilin B. Disruption of ORF5 resulted in a failure of NCZ production, providing further evidence that the
cluster is essential for NCZ biosynthesis. Mechanistic consideration of NCZ formation indicates the iterative
use of at least one module of the PKS, which subsequently releases its product by decarboxylation to generate
an NCZ skeleton, possibly catalyzed by a type II thioesterase encoded by ORF7. This is a novel type I PKS
system of bacterial origin for the biosynthesis of a reduced polyketide chain. Additionally, the protein encoded
by ORF3, located upstream of the PKS genes, closely resembles the FADH,-dependent halogenases involved in
the formation of halometabolites. The ORF3 protein could be responsible for the halogenation of NCZs,

presenting a unique example of a halogenase involved in the biosynthesis of an aliphatic halometabolite.

Polyketides are well known as the components of a variety of
microbial and plant secondary metabolites, including clinically
valuable antibiotics and anticancer agents. An essential
polyketide carbon skeleton is constructed by the repeated con-
densation of acyl units, mostly malonyl- or methylmalonyl co-
enzyme A (CoA), on an acyl carrier protein (ACP) by the
catalytic activity of ketosynthase (KS). The responsible en-
zyme, polyketide synthase (PKS), provides subsequent op-
tional steps after each condensation, catalyzed by ketoreduc-
tase (KR), dehydratase (DH), and enoyl reductase (ER)
functions. The remarkable structural diversity of polyketides is
derived from variations in the choice of starter and extending
units, the number of condensations, and the extent of reductive
cycles. Because of the mechanistic analogy to fatty acid syn-
thases, two types of PKSs were designated on the basis of their
protein structures. These PKSs are multifunctional type I,
which is involved in macrolide biosynthesis, and type II, which
consists of discrete monofunctional proteins involved in aro-
matic polyketide biosynthesis (see reference 21 and references
cited therein).

Later, rather unusual bacterial PKS genes were identified
from actinomycetes. An example is aviM from Streptomyces
viridochromogenes, which encodes a type I PKS that functions
iteratively to produce an aromatic compound, orsellinic acid
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(15). More recently, iterative type I PKS genes have been
shown to be involved in the production of enediyne antibiotics,
C-1027 from Streptomyces globisporus (30) and calicheamicin
from Micromonospora echinospora (1). Furthermore, charac-
terization of rppA from Streptomyces griseus, which encodes a
homologue of a plant chalcone synthase, as a tetrahy-
droxynaphthalene synthase led to the realization that type III
PKSs also occur in bacteria (14). The actinomycetes thus
present promising opportunities for the discovery of novel
types of PKS genes potentially useful for drug development.
Here, we focus on “Streptomyces carzinostaticus” var. F-41, a
producer of the antitumor antibiotics neocarzinostatin (12, 23)
and neocarzilins (NCZs) (34, 35) (Fig. 1). Neocarzinostatin is
a typical nine-membered enediyne derivative whose biosynthe-
sis is predictably catalyzed by an iterative type I PKS. Antitu-
mor polyenones, NCZs, are characterized for their chlorom-
ethyl groups, which are required for biological activity.
Although a large number of halogenated natural products have
been reported (17), information on their biosynthesis is limited
to aromatic halometabolites. Molecular genetic studies (9)
identified the chl gene as being responsible for the chlorination
of tetracycline in Streptomyces aureofaciens. Biochemical stud-
ies showed that a FADH,-dependent halogenase (PrnA) is
involved in the biosynthesis of the tryptophan-derived halome-
tabolite pyrrolnitrin in Pseudomonas fluorescens (20, 27). Bio-
synthetic studies of NCZs could allow us to characterize a
novel type of PKS for the polyenone skeleton and an as yet
unknown halogenase involved in the biosynthesis of an ali-
phatic halometabolite. In this study, we describe the cloning,
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FIG. 1. Structures of “S. carzinostaticus” products, neocarzinostatin chromophore and NCZs.

sequencing, and functional analysis of the gene cluster for the
biosynthesis of the NCZs in “S. carzinostaticus.”

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. “S. carzinostaticus” var.
F-41 was obtained from Kayaku Co. Ltd. “S. carzinostaticus” and Streptomyces
coelicolor CH999 (proAl argAl redE60 Aact::ermE SCP~ SCP27) (32) were
maintained on GYM agar medium (44). For protoplast preparation, “S. carzi-
nostaticus” and S. coelicolor were grown in liquid YEME for 40 h by the standard
procedure (28). Protoplasts were regenerated on R2YE medium. For the pro-
duction of NCZs, spores of “S. carzinostaticus” were transferred to liquid R2YE
medium (28) and grown at 28°C in 500 ml of baffled flasks filled with 100 ml of
medium at 200 rpm. For the expression of gene clusters, Streptomyces transfor-
mants were grown in liquid medium (100 ml in a 500-ml Erlenmeyer flask) as
described previously (50). Escherichia coli strain DH5o (supE44 hdfR17 recAl
endA1 gyrA96 thi-1 relA1) was used for standard cloning experiments. The E. coli
strains (Stratagene) used for cosmid manipulations were XL-1 Blue MRF’
{A(mcrA)183 A(mcrCB-hsdSMR-mirr)173 endAl supE44 thi-1 recAI gyrA96 relA1
lac [F" proAB lac19 ZDM 15Tnl10 (Tet)']}. Plasmids were passed through E. coli
ET12567 (with dam, dcm, and hadS mutations) to generate unmethylated DNA
before they were used to transform “S. carzinostaticus” and S. coelicolor CH999.
pBluescript II SK(+) and pT7Blue(R) T-Vector were from Stratagene and
Novagen, respectively. Cosmid pOJ446 was described previously (3). Plasmid
pTST59.1 was a generous gift from Josef Altenbuchner, University of Stuttgart.

DNA manipulations. Plasmid isolation, DNA endonuclease restriction analy-
sis, ligation, transformation, and colony and Southern hybridizations were per-
formed by standard methods. Genomic DNA of “S. carzinostaticus” var. F-41 was
isolated by a modified procedure described previously (28). PCR was performed
in a final volume of 50 wl with AmpliTaqGold (Perkin Elmer) and “S. carzino-
staticus” genomic DNA as the template and with the following primers and
thermal cycler conditions: primer KSMA-F (designed from the conserved se-
quence LAMDPQQ; 5'-TSGCSATGGACCCSCAGCAG-3'), primer KSMB-R
(designed from the conserved sequence VEAHGTG; 5'-CCSGTSCCGTGSGC
CTCSAC-3"), and thermal cycler conditions of 0.5 min at 95°C for 30 s, 0.5 min
at 60°C, and 1 min at 72°C for 45 cycles. The primers used for the colony PCR
in this study were as follows: primer Neo-F (5'-AGACAATCGGCTGCTCTG
ATG-3"), primer Neo-R (5'-TAAAGCACGAGGAAGCGGTCAGCCC-3"),
primer KAN2-Fa (5'-GGTTGATGAGAGCTTTGTTGTAGGT-3'), primer
KAN2-Ra, 5'-CTCAAAATCTCTGATGTTACATTGC-3', primer PKS-F (5'-A
CATCATCCTCGACCCGATGGCCTC-3"), primer PKS-R (5'-GTTGGGTGC
CGCGAAGTGGAGGTTG-3'), primer Halo-F (5'-CTGTTCACCCACATGA
TCGGGGTCG-3'), and primer Halo-R (5'-ACGAGTTCCATCGTGTTGGTC
AGGC-3"). The synthetic oligonucleotides used for the PCR primers were
obtained from Nihon Bioservice (Saitama, Japan).

Spectroscopic analysis. Nuclear magnetic resonance (NMR) and mass spectra
were measured on JEOL Alpha-500 and Shimadzu GCMS-QP2010 instruments,
respectively.

Construction and screening of cosmid library. For the construction of a
cosmid library from “S. carzinostaticus” var. F-41, chromosomal DNA was par-
tially digested with Sau3Al, and fragments of 25 to 40 kb were ligated with
pOJ446 digested with Hpal, followed by shrimp alkaline phosphatase treatment

and BamHI digestion. In vitro packaging was performed with Gigapack IIT Gold
(Stratagene), according to the protocol of the manufacturer. The phages were
used to transduce E. coli XL-1 Blue MRF'. For screening of the cosmid library,
the PCR product obtained with primers KSMA and KSMB was used as the
probe, which was labeled with digoxigenin (DIG) by using a DIG labeling and
detection kit (Roche Biomedical). Two clones (clones pMO3aD6 and
pMO4aH3) were identified as positive by screening of approximately 10,000
independent clones.

DNA seq ing and computer isted seq e analysis. Templates for
sequencing were prepared as follows: cosmids pMO3aD6 and pMO4aH3 were
further characterized by restriction mapping, and 5- to 10-kb overlapping frag-
ments were subcloned into pBluescript II SK(+). Primer binding sites were
randomly introduced into each clone by using the EZ:: TN<KAN-2>Insertion
kit (Epicentre). Clones with random transposon insertions were prepared by
using the GFX microplasmid preparation kit (Amersham Pharmacia Biotech)
and sequenced. The DNA sequence was determined by the dideoxy-chain ter-
mination method with double-stranded plasmid DNA. Sequencing was per-
formed on automated DNA sequencers (models 4000L and 4200L; LI-COR Inc.,
Lincoln, Nebr.) with a Thermo Sequenase cycle sequencing kit (Amersham
Pharmacia Biotech). DNA sequence data were analyzed with the DNASIS pro-
grams (version 3.7; Hitachi Software Engineering Co., Ltd., Tokyo, Japan).
Frame plot software (2, 24) was used to identify potential protein-coding regions
by using a World Wide Web-based version (http://www.nih.go.jp/~jun/cgi-bin/
frameplot.pl). Database searches for homologous genes and proteins were per-
formed by using the National Center for Biotechnology Information (NCBI)
BLAST server. A conserved-domain database search was performed with the
reverse position BLAST software provided by NCBI (http://www.ncbi.nlm.nih
.gov/Structure/cdd/wrpsb.cgi). Phylogenetic tree analysis was carried out with a
version of the CLUSTAL W program (http:/www.ddbj.nig.ac.jp/search/clustalw-e
.html), provided by DDBJ, based on a neighbor-joining method. The phylogenetic
tree was created with the TreeView program (version 1.6.2; freely available from the
Taxonomy and Systematics server at the University of Glasgow).

Construction of expression plasmid. pMO1 is a derivative of pOJ446 con-
structed by insertion of the tip4 promoter and the thiostrepton resistance gene
fragment amplified from pPM927 (48) into the BamHI site of pOJ446. pTST59.1
is a derivative of SUPERCOSI (Stratagene) carrying the attP site and integrase
derived from bacteriophage ®C31 (31). pMO1 was digested with Hpal, followed
by calf intestine alkaline phosphatase (CIAP) treatment and BamHI digestion.
pMO4aH3 was digested with EcoRYV, followed by ligation with BamHI-Smal and
pSmal linkers (Takara) to both ends of the EcoRV fragments and ligation with
the vector mentioned above. This mixture was packaged, followed by transfection
into E. coli XL-1 Blue MRF’, and an optimal clone (pMOS8) was selected.
pTST59.1 was digested with Xbal, followed by CIAP treatment and BamHI
digestion. A Spel-Xbal fragment that included the EcoRV fragment of
pMO4aH3, the tipA promoter, and the thiostrepton resistance gene was excised
from pMOS and blunt ended with the Klenow fragment, followed by ligation with
BamHI-Smal and pSmal linkers. The resulting fragment was ligated with pre-
treated pTST59.1, and the mixture was packaged, followed by transfection into
E. coli XL-1 Blue MRF'. The final expression plasmid was designated pMO11,
which carries the 27-kb fragment covering open reading frames (ORFs) ORF4 to
ORF12 of the cluster.
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Heterologous expression of the gene cluster in S. coelicolor CH999. Transfor-
mation of S. coelicolor CH999 was carried out by standard procedures (28).
Genome integration was confirmed by colony PCR with the Neo-F and Neo-R
primer set for the detection of kanamycin-resistant clones, as described previ-
ously (25). Transformants were cultured in liquid medium under inducing con-
ditions with 5 ug of thiostrepton per ml. The medium was separated from the
culture broth by centrifugation and was directly subjected to reversed-phase
high-pressure liquid chromatography (HPLC) analysis under the following con-
ditions: column, TSK gel ODS-80Ts (4.6 mm [inner diameter] by 150 mm;
TOSOH Co., Ltd.); column temperature, 40°C; gradient elution, solvent A (0.5%
acetic acid in acetonitrile) and solvent B (0.5% acetic acid in distilled H,O);
gradient profile, 10% solvent A from 0 to 5 min, 10 to 95% solvent A from 5 to
20 min, and 95% solvent A from 20 to 25 min; flow rate, 0.75 ml/min; and
photodiode array detector (PD-8020; TOSOH Co., Ltd.), 220 to 460 nm. The
mycelium harvested by centrifugation was extracted with acetone at room tem-
perature. After removal of the mycelia by filtration, the aqueous extract was
evaporated to remove the acetone, followed by extraction with n-hexane. After
evaporation of the solvent, the residue was subjected to reversed-phase HPLC
analysis under the following conditions: column, TSK gel ODS-80Ts (4.6 mm
[inner diameter] by 150 mm; TOSOH, Co., Ltd.); column temperature, 40°C;
gradient elution, acetonitrile and distilled H,O, gradient profile, 50% acetoni-
trile from 0 to 5 min, 50 to 95% acetonitrile from 5 to 20 min, and 95%
acetonitrile from 20 to 25 min; flow rate, 0.75 ml/min; and photodiode array
detector (PD-8020; TOSOH Co., Ltd.), 220 to 460 nm. Mycelial extracts were
also analyzed by gas chromatography (GC)-mass spectrometry (MS) (GCMS-
QP2010; Shimadzu) under the following conditions: column, DB-5MS 0.25 mm
[inner diameter] by 30 m; film (Agilent Technologies) thickness, 0.25 wm; helium
flow rate, 50 ml/min; and temperature, maintained at 50°C for 3 min, elevated to
150°C at 10°C/min, and then held at 150°C for 10 min, followed by elevation to
300°C at 10°C/min.

Isolation, purification, and determination of structures of transformant me-
tabolites. S. coelicolor CH999/pMO11 mycelia were collected by centrifugation
from 1.5 liters of a 5-day-old culture broth and extracted with acetone at room
temperature. After removal of the mycelia by filtration, the extracts were evap-
orated to remove the acetone, followed by extraction with hexane. The combined
extracts were dried over Na,SO,. After removal of the solvent, the residue was
subjected to chromatography on silica gel (oxalic acid treated; Wako-gel C200;
Wako) in hexane-benzene (20:1). Target fractions were combined, concentrated,
and subjected to preparative reversed-phase HPLC to give compounds 1 (27 mg)
and 2 (14 mg). The HPLC conditions were as follows: column, TSK gel ODS-
80TM (7.6 mm [inner diameter] by 300 mm; TOSOH); column temperature,
40°C; isocratic elution, 80% CH;CN; and flow rate, 1.5 ml/min.

Compound 1 (dechloroneocarzilin A): yellow oil; electron ionization mass
spectrum (EIMS) m/z 220 (M*); '"H NMR (CDCl;) 5 0.84 (3H, t,J = 7.5 Hz),
0.99 (3H, d,J = 6.5), 1.33 (2H, dq), 2.10 (3H, s), 2.17 (1H, dt), 5.50 (1H, s), 5.79
(1H, dd,J = 8 and 15.5 Hz), 5.85 (1H, d,J = 15 Hz), 6.09 (1H, dd, J = 10.5 and
15 Hz), 6.21 (1H, dd,J = 11.5 and 15 Hz), 6.50 (1H, dd, J = 11 and 15 Hz), 7.22
(1H, dd,J = 11 and 15 Hz), 15.29 (1H, s); '*C NMR (CDCl,) & 11.7, 19.7, 27.0,
29.5, 38.8, 100.7, 124.9, 128.4, 128.7, 140.4, 140.7, 146.0, 147.3, 177.1, 197.5.

Compound 2 (dechloroneocarzilin B): yellow oil; EIMS m/z 206 (M*); 'H
NMR (CDCl,) 8 1.01 (6H, d,J = 7 Hz), 2.11 (3H, s), 2.38 (1H, dq), 5.50 (1H, s),
5.85 (1H, d,J = 15.5 Hz), 5.87 (1H, dd,J = 7 and 15 Hz), 6.09 (1H, dd, J = 11
and 15.5 Hz), 6.22 (1H, dd,J = 11 and 14.5 Hz), 6.49 (1H, dd,J = 11 and 15 Hz),
7.22 (1H, dd,J = 11.5 and 15 Hz), 15.28 (1H, s); *C NMR (CDCl;) & 22.0, 27.0,
31.5,100.7, 124.9, 128.4, 128.8, 140.4, 140.7, 147.1, 177.1, 197.5.

Construction of ORF5 and ORF3 disruptants by insertional inactivation. The
9.3-kb Sacl fragment from pMO3aD6 containing ORF5 was subcloned into
pBSIISK(+). The kanamycin resistance gene (km) cassette was introduced into
this plasmid by using the EZ::TN<KAN-2>Insertion kit, and a clone with the
km cassette inserted in the center of the KS region of ORF5 module 3 was
selected. This plasmid, pMOS, provides 5.4-kb (upstream) and 3.9-kb (down-
stream) regions flanking km. In the same manner, pMO7, which carries 3.7-kb
(upstream) and 5.8-kb (downstream) regions flanking km inserted in the center
of ORF3, was used for ORF3 disruption. Protoplast formation and transforma-
tion of “S. carzinostaticus” were carried out by standard procedures, with minor
modifications. Insertion of the km cassette by double crossing over was con-
firmed by colony PCR (25) with the primer sets used for amplification of the
kanamycin resistance genes and the KS region of ORF5 module 3 or ORF3. The
expected size of a PCR product derived from double crossing over is 1.7 kb,
whereas the wild type gives a 0.5-kb fragment. To assess NCZ productivity, “S.
carzinostaticus” strains were cultured in R2YE liquid medium for 48 h, and the
mycelial extracts were subjected to reversed-phase HPLC analysis under the
conditions described above.

ANTIMICROB. AGENTS CHEMOTHER.

Feeding experiment with [2-'*C]acetate. At day 1 and day 3 of the production
culture, 100 mg of sodium [2-'*Clacetate (99 atom% '*C; ISOTEC, Inc.) was
added to a 1-liter culture of S. coelicolor CH999/pMO11 (50). Isolation of the
labeled compounds as described above yielded 19 mg of dechloroneocarzilin A
and 13 mg of dechloroneocarzilin B. Isotope enrichments were evaluated by
analysis of the '3*C NMR spectra.

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to the DDBJ, EMBL, and GenBank databases
under accession number AB097904.

RESULTS

Cloning of type I PKS genes. The partial polyene structures
of NCZs, indicating their reduced polyketide origin, led us to
assume that a type I PKS is involved in NCZ biosynthesis. A
strategy was initiated to isolate PCR fragments possibly in-
volved in NCZ biosynthesis on the basis of sequence conser-
vation in the essential KS regions encoded by the known type
I PKS genes for erythromycin (GenBank accession nos.
M63676 and M63677), rapamycin (GenBank accession no.
X86780), tylosin (GenBank accession no. U78289), and epothi-
lone (GenBank accession no. AF210843). Degenerate primers
KSMA-F and KSMB-R were used for PCR with genomic DNA
of “S. carzinostaticus” as a template. The PCR product of the
expected size (700 bp) was subcloned and sequenced to reveal
a unique 681-bp gene. The genome library was screened by
using the PCR product as a hybridization probe to identify two
positive clones, pMO3aD6 and pMO4aH3, for further charac-
terization.

DNA sequence analysis. Restriction mapping was performed
for the pMO3aD6 and pMO4aH3 inserts, and their overlap-
ping subclones were sequenced to cover a 33-kb region of the
pMO4aH3 insert (33,079 bp; overall G+C content, 74.4
mol%). Probable ORFs were detected with Frame plot soft-
ware (2, 24) and by the presence of potential ribosome-binding
sites (49). The deduced ORFs were functionally designated on
the basis of database searches, as shown in Fig. 2. We identified
13 complete ORFs with an incomplete ORF at the right-hand
end (Table 1; Fig. 2).

Identification of four ORFs as type I PKSs and related
genes. Three large ORFs, ORF4, ORFS5, and ORF6, were
identified as genes encoding type I PKSs on the basis of local-
ized similarity to known KS, acyltransferase (AT), and ACP
domains. ORF4 carries module 1, ORF5 carries modules 2 to
3, and ORF®6 carries module 4. A typical type I PKS module for
macrolide biosynthesis consists of KR, DH, and ER, in addi-
tion to the essential components KS, AT, and ACP. In contrast
to such architectures, the present PKS genes displayed rather
unusual domain organizations. Each module carried the fol-
lowing obvious functional domains in the indicated order:
module 1, KS, AT, KR, and ACP; module 2, KS, KR, and
ACP; module 3, KS, AT, KR, and ACP; and module 4, KS and
ACP. The initial PCR product turned out to be the KS domain
of module 1.

Some interdomain regions for which functions were unas-
signed by the database search also exist, and they may possibly
be functional (see Discussion). Another unusual feature is the
lack of the loading module (LM) and thioesterase (TE) do-
mains; both are normally found in the first and terminal mod-
ules of type I PKSs, respectively. Frame analysis indicated
potential translational coupling of the four genes, together
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Abbreviations for restriction sites used for mapping: Ba, BamHI; Bg, BgllI; EI, EcoRI; EV, EcoRV; N, Notl; S, Sacl; X, Xhol. The slash indicates

a putative nonfunctional domain.

with the downstream gene, ORFS, presumed to encode a flavin
reductase. We therefore attempted functional expression of
the cloned genes to characterize the PKS products.
Heterologous expression and chemical characterization.
Functional analysis of the gene cluster was attempted by het-
erologous expression using an integrative vector (pTST59.1)
for stable replication of the large DNA fragment derived from
cosmid clones. The 27-kb EcoRV fragment from pMO4aH3,
including ORF4 to ORF12, was placed under the direct con-
trol of the tipA promoter for efficient cotranscription of the
target genes. The resultant gene segment, flanked by the thio-
strepton resistance gene, was inserted into pTST59.1 to con-
struct pMO11. This plasmid was then introduced into S. coeli-
color CH999. Liquid cultures of the recombinants were
analyzed for metabolites from the broth as well as the myce-
lium. A significant difference in the metabolic profiles of my-
celial extracts of CH999/pMO11 and CH999 (control) was
detected by HPLC (Fig. 3). Four peaks (peaks 1, 1/, 2, and 2')
turned out to be two related pairs of compounds: the com-
pounds with peaks 1 and 2 are enol forms and the compounds
with peaks 1’ and 2’ are the corresponding keto forms, as
determined by chemical characterization, including NMR and
GC-MS analyses. The overall structures of compounds 1 and 2
were determined to be nonchlorinated derivatives of neocar-
zilin A (NCZ-A) and neocarzilin B (NCZ-B), respectively. The

present results suggest that the PKS gene cluster is involved in
NCZ biosynthesis.

Gene disruption. To confirm the expected involvement of
the cluster in NCZ biosynthesis, we inactivated ORF5 and
ORF3 by insertional disruption by double crossing over (Fig.
4). HPLC analysis of the metabolites indicated that the dis-
ruptants were deficient in NCZ production (Fig. 4). The com-
bined results provide further evidence that the gene cluster is
responsible for NCZ biosynthesis, thus allowing it to be des-
ignated the ncz cluster.

Feeding experiments with [2-*C]acetate. '*C-labeling ex-
periments were carried out to clarify the biosynthetic origin of
the basic carbon skeleton in the products derived from the ncz
PKS. Highly specific incorporation of the label at the C-1, C-3,
C-5, C-7, and C-9 positions of compounds 1 and 2 (dechloro-
neocarzilin A and B) at comparable levels indicated that their
origin is a single polyketide chain (Table 2).

DISCUSSION

Using degenerate primers designed from highly conserved
KS regions of type I PKSs, we obtained a novel PKS gene
fragment from “S. carzinostasiticus” var. F-41 by PCR ampli-
fication. Subsequent screening of the library and sequencing
analysis identified a 33-kb cluster carrying 13 complete ORFs
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TABLE 1. Deduced functions of ORFs.
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FIG. 3. HPLC profiles (UV absorption at 360 nm) of S. coelicolor
CH999 (control) and CH999/pMO11.

and an incomplete ORF14. Expression of the 27-kb fragment,
including genes encoding an unusual type I PKS (ORF4,
ORFS, and ORF6) and a type II TE (ORF7), in S. coelocolor
CH999 produced dechloroneocarzilins A and B, which are
apparent biosynthetic intermediates of NCZs. The present re-
sults, together with the fact that ORF5 disruption abolished
NCZ production, strongly suggest the genes (the ncz cluster)
responsible for NCZ biosynthesis.

The deduced products of ncz ORF4, ORFS5, and ORF6 are
type I PKSs with unusual features. They lack an obvious AT
domain, which is mechanistically essential for polyketide chain
extension, in modules 2 and 4. A few type I PKSs that lack the
obvious AT domain have been reported (7, 11, 13, 37, 40);
however, the discrete ATs or AT domains are found in those
clusters. The leinamycin biosynthetic gene cluster (/nm) con-
tains no cognate AT domain but contains a discrete AT in the
same cluster (7). Cheng and coworkers (8) demonstrated by in
vitro biochemical characterization that the AT protein loads
malonyl-CoA to six of seven ACP domains, reasonably sug-
gesting its iterative role in loading extender units into each
module. The NCZ PKS, which does not contain a discrete AT
domain in the sequenced region, was demonstrated to be suf-
ficient to synthesize the NCZ skeleton, indicating that a dis-
tinct AT mechanism is involved in NCZ biosynthesis.

The NCZ PKS showed significant similarity to other type I
PKSs, especially to proteins from myxobacteria, rather than
the typical actinomycete type I PKSs. The ncz ORF4 product
resembles EpoD for epothilone biosynthesis in Sorangium cel-
lulosum. EpoD consists of four modules, each of which carries
combinations of KS, AT, KR, DH, ER, and ACP, which pro-
vide a domain organization consistent with that of the epothi-
lone structure (51). In contrast, ncz ORF4 harbors module 1
with KS, AT, KR, and ACP and a substantial of interdomain
(ID) region length (ca. 550 amino acids), which has no mean-
ingful similarity to known catalytic domains of type I PKSs.
Similarly, ncz ORF5 and ORF6 encode modules 2, 3, and 4;
and each module carries an ID region of ca. 400, 500, and 200
amino acids, respectively. The NCZ PKS homologues from
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FIG. 4. Disruption of ORF3 and ORF5 by double crossing over. (A) ORF maps of “S. carzinostaticus” var. F-41 and disruptants showing the
predicted insertion position of the kanamycin resistance marker and fragment sizes amplified with the illustrated primer set. (B) Colony PCR
results with the PKS-specific primer set and pMOS5 transformants as templates; transformants 1, 3, and 5 (lanes 1, 3, and 5, respectively) are
disruptants obtained by single crossing over, whereas transformants 2 and 4 (lanes 2 and 4, respectively) are disruptants obtained by double crossing
over. Lane 6, control for the wild type. (C) Colony PCR results with the Halo primer set and pMO?7 transformants as templates; transformants
1, 5, and 6 (lanes 1, 5, and 6, respectively) are disruptants obtained by single crossing over, whereas transformants 2, 3, and 4 (lanes 2, 3, and 4,
respectively) are disruptants obtained by double crossing over. (D) HPLC analysis with UV detection at 380 nm of mycelial extracts from “S.

carzinostaticus” var. F-41, ORFS disruptants 2 and 4.

TABLE 2. '>C NMR results from incorporation of [2-'*Clacetate

Dechloroneocarzilin A Dechloroneocarzilin B

Carbon
atom Chemical Relative Chemical Relative
shift® intensity” shift* intensity”

1 27.0 4.2 27.0 3.7
2 197.5 1.0 197.5 1.0
3 100.7 5.0 100.7 3.5
4 177.1 1.0 177.2 0.52
5 124.9 4.9 124.9 3.8
6 140.4 1.1 140.4 0.73
7 128.7 4.8 128.8 34
8 140.7 1.3 140.7 1.1
9 128.4 4.1 127.2 4.6
10 146.0 1.9 147.1 1.0
11 38.8 1.3 31.5 0.84
12 29.5 0.59 22.0 0.61
13 11.7 1.1 22.0 0.61
14 19.7 0.92

¢ In parts per million in CDCl;, 125 MHz.
b Peak intensities were normalized to the signal of C-2.

myxobacteria are involved in the biosynthesis of metabolites of
mixed origin, such as epothilone (the epo cluster in S. cellulo-
sum), myxalamid (the mxa cluster in Stigmatella aurantiaca)
(45), and stigmatellin (the sti cluster in S. aurantiaca) (16). The
mxa cluster includes a combined PKS-nonribosomal peptide
synthase consisting of nine modules, each of which carries
large spacer (S) regions more than 300 amino acids in length
between the AT and KR domains. Although no definite roles
have been determined for the S regions, they appear to be
common to all myxobacterial PKSs (45). The cluster resem-
blance of the NCZ PKSs with the mxa protein PKS counter-
parts might mean that their S-region functionalities are impor-
tant for maintenance of the catalytic folds of the enzyme
secondary structure. Another possibility is that the ID region
acts as an AT domain or some other functional domain, such
as DH, despite the lack of sequence similarity, since the triene
structural element of NCZ is derived from reductive steps after
polyketide chain extensions catalyzed by KR and DH. DH
domains are relatively less well conserved among the known
examples whose apparent homologues were not identified in
the NCZ PKS modules. The ER domain recognized in module
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1 appears to be nonfunctional for NCZ biosynthesis, and it has
no nucleotide binding motif (43) necessary for cofactor asso-
ciation.

In the conventional organization of type I PKSs, core ex-
tending modules are preceded by an LM to supply an activated
starter unit to the polyketide assembly line. LM is character-
ized by an AT and ACP set (AT, and ACP,, respectively); an
example of the use of this LM is in erythromycin biosynthesis,
in which propionyl-CoA is transferred (29, 39). Another type
of LM (KSQ/AT;/ACP,) contains an extra KSQ domain,
which is a mutated KS that acts as chain initiation factor (4).
The terminal structures of NCZs suggest that their biosyn-
thetic chain extensions initiate with isobutyryl-CoA and (S)-2-
methylbutyryl-CoA as starter units. This is evidently the case
for avermectin biosynthesis in Streptomyces avermitilis (22), in
which an AT,/ACP, type of LM is involved. No LM was
discovered upstream of ncz ORF4, which represents another
unusual feature of the type I PKS.

At the end of the type I PKS assembly line there is usually a
TE domain (TE I), which releases the completed acyl chain
from its covalent linkage to the synthase. The terminal module
4 of the ncz cluster lacks this domain and is flanked by a
separate ORF7, which likely encodes a monofunctional TE
classified as type II (TE II). Recent genetic and biochemical
studies suggest that TE II typically has a kind of editing role by
removing aberrant intermediates that would otherwise inter-
fere with PKS functions (19). TE II genes are occasionally
discovered as an extra TE in type I PKS gene clusters, as in the
case of the #yl cluster for tylosin biosynthesis in Streptomyces
fradiae (5) and the pik cluster in Streptomyces venezuelae (53).
Interestingly, a TE II, PikAV in S. venezuelae, was demon-
strated to play a role in producing different macrocylic lactones
with either 12- or 14-membered rings (53). This can be inter-

preted as a positive function at a branch point for the gener-
ation of structural diversity in antibiotic metabolites. Although
no definite role for ORF7 can be deduced from the available
information, ORF7 could be cotranscribed with the upstream
PKS genes to encode a TE for the efficient release of the PKS
product.

As mentioned earlier, isobutyryl-CoA and (§)-2-methylbu-
tyryl-CoA are postulated to be used as starter units in NCZ
biosynthesis. They also function as primers for branched-chain
fatty acids and are derived from valine, leucine, and isoleucine
by the action of the branched-chain amino acid transaminase
and branched-chain a-keto acid dehydrogenase (BCDH) com-
plex (26). S. avermitilis, a producer of avermectin, has two
operons, bkdABC and bkdFGH, for putative BCDH subunits
Ela, E1B, and E2 (47). Gene disruption studies subsequently
proved that bkdFGH is involved in the supply of starter units
not only for avermectin production but also for the biosynthe-
sis of branched-chain fatty acids (10). ncz ORF10, ORF11, and
ORF12 are clear homologues of Ela, E1B, and E2 (Table 1),
respectively, and are possibly responsible for starter unit for-
mation. ORF13 and ORF14 (partial) appear downstream of
ORF10 to ORF12 and are deduced to encode the 2-oxoacid
ferredoxin oxidoreductase complex. Because this complex cat-
alyzes the reaction that is the reverse from that catalyzed by
BCDH, the finding of ORF13 and ORF14 would allow us to
postulate that ORF10 to ORF14 might coordinately control
the level of starter supply. Under the expression conditions
used in the present study, starter units could be supplied by the
host strain, S. coelicolor CH999, whose genome has homo-
logues of the relevant genes (Table 1).

Chlorination is one of the key structural features of NCZs.
We found ORF3, deduced to encode a FADH,-dependent
halogenase, together with a putative flavin reductase gene,
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ORFS. Disruption of ORF3 resulted in no accumulation of
dechloroneocarzilins but completely abolished NCZ produc-
tion (data not shown), indicating that the expression of the ncz
PKS and halogenase is coordinated by an uncharacterized reg-
ulatory mechanism. The ORF3 product carries the highly con-
served nucleotide binding motif GXGXXG toward the N
terminus (18). Although chlorination in antibiotics is mecha-
nistically unclear, all known examples of FADH,-dependent
halogenases are involved in halogenation of indole, phenol,
and pyrrole rings, such as pyrrolnitrin (18), chloroeremomycin
(52), balhimycin (38), pyoluteorin (33), and rebeccamycin (36,
42). The present finding, together with the finding from a
recent report (41) on the cloning of FADH,-dependent halo-
genase gene fragments from S. venezuelae ISP5230 that are
possibly involved in chloramphenicol biosynthesis, could indi-
cate a novel example of a halogenase involved in the chlorina-
tion of an aliphatic carbon.

Limited information is available on the chlorination of an
aliphatic natural product. An interesting example is the bio-
synthetic origin of the trichloromethyl group of the lipopeptide
barbamide from the marine cyanobacterium Lyngbya majus-
cula. Earlier feeding experiments (46) demonstrated the high
level of incorporation of trichloroleucine. Subsequent genetic
studies identified the two putative barbamide biosynthetic
genes, barBI and barB2, possibly responsible for leucine chlo-
rination (6). Although the mutually homologous proteins
BarB1 and BarB2 are sequentially unrelated to a family of
halogenases, they are presumed to be involved in chlorination
on the basis of their high degrees of similarity to the biosyn-
thetic gene products of another chlorinated lipopeptide, syrin-
gomycin (6). The barbamide biosynthetic gene cluster (the bar
cluster) provides a mixed PKS-nonribosomal peptide synthase
system consisting of the four adenylation domains. One of the
domains, Ag, encoded by barE, was demonstrated (6) to acti-
vate trichloroleucine specifically, indicating the chlorination
reaction of leucine prior to assembly of the peptide and
polyketide chain. This is a marked difference from NCZ bio-
synthesis, for which we propose the involvement of chlorina-
tion in tailoring steps (see below). Further functional studies
on ncz ORF3 as well as the other available putative halogenase
genes are expected to shed light on the mechanistic aspects of
halogenation of aliphatic carbons.

The regulatory and antibiotic export genes are ORF1 and
ORF2, which are found farthest upstream of the ncz cluster.
The ORF]1 protein has an overall similarity to a putative inte-
gral membrane ion antiporter encoded by CZA382.28 (Gen-
Bank accession no. AL078635) and is possibly involved in bio-
synthesis of an antibiotic of the vancomycin group in
Amycolatopsis orientalis. The ORF2 product resembles PikD,
which is a putative transcriptional activator probably involved
in mixed macrolide biosynthesis in S. venezuelae (53).

The combined experimental data and the deduced functions
of the ncz genes allow a plausible biosynthetic pathway of
NCZs in “S. carzinostaticus” to be proposed (Fig. 5). Starter
units supplied by the products of ORF10 to ORF12 (or ORF10
to ORF14) initiate the assembly of the NCZ PK. Our feeding
experiments with [2-'*Clacetate gave highly specific incorpo-
rations at C-1, C-3, C-5, C-7, and C-9 of dechloroneocarzilins
A and B, suggesting that all the carbons besides the starter
units are derived from an extending unit, malonyl-CoA, by five
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condensations. The NCZ PKS genes encode four modules, two
of which possess organizations that are unusual, in that they
lack an obvious AT domain. The necessary number of conden-
sations for NCZ biosynthesis apparently requires repeated use
of the PKS functionality, which presents an example of an
iterative type I PKS. Because the last two condensations do not
require subsequent reductive steps, module 4, which consists of
only one KS domain and one ACP domain, most likely func-
tions iteratively to produce the NCZ skeleton. The only exam-
ple known to be a mixture of modular and iterative type I PKS
systems is the stigmatellin biosynthetic (sti) gene cluster in S.
aurantiaca (16). The sti cluster has nine modules, despite the
need for 10 condensations for stigmatellin biosynthesis, which
would require one of the last two modules to function itera-
tively.

The present work revealed a novel iterative type I PKS
involved in NCZ biosynthesis in “S. carzinostaticus” var. F-41.
Particularly noteworthy is the existence of the genes encoding
a putative FADH,,-dependent halogenase. Detailed functional
analysis of these genes will lead to the discovery of the novel
types of biosynthetic enzymes involved in aliphatic halome-
tabolites.
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