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There is a constant need for new and improved drugs to combat
infectious diseases, cancer, and other major life-threatening con-
ditions. The recent development of genomics-guided approaches
for novel natural product discovery has stimulated renewed
interest in the search for natural product-based drugs. Genome
sequence analysis of Streptomyces ambofaciens ATCC23877 has
revealed numerous secondary metabolite biosynthetic gene clus-
ters, including a giant type | modular polyketide synthase (PKS)
gene cluster, which is composed of 25 genes (nine of which encode
PKSs) and spans almost 150 kb, making it one of the largest poly-
ketide biosynthetic gene clusters described to date. The metabolic
product(s) of this gene cluster are unknown, and transcriptional
analyses showed that it is not expressed under laboratory growth
conditions. The constitutive expression of a regulatory gene
within the cluster, encoding a protein that is similar to Large
ATP binding of the LuxR (LAL) family proteins, triggered the ex-
pression of the biosynthetic genes. This led to the identification of
four 51-membered glycosylated macrolides, named stambomycins
A-D as metabolic products of the gene cluster. The structures of
these compounds imply several interesting biosynthetic features,
including incorporation of unusual extender units into the polyke-
tide chain and in trans hydroxylation of the growing polyketide
chain to provide the hydroxyl group for macrolide formation. In-
terestingly, the stambomycins possess promising antiproliferative
activity against human cancer cell lines. Database searches identify
genes encoding LAL regulators within numerous cryptic biosyn-
thetic gene clusters in actinomycete genomes, suggesting that con-
stitutive expression of such pathway-specific activators represents
a powerful approach for novel bioactive natural product discovery.

antibiotic | silent gene cluster | genome mining | structure elucidation |
anticancer agent

Natural products continue to be of utmost importance be-
cause of their broad spectrum of applications in medicine
and agriculture (1, 2). In the past decade, microbial genomics has
uncovered numerous cryptic secondary metabolite biosynthetic
pathways not associated with the production of known metabo-
lites (3), suggesting that the reservoir of bioactive natural prod-
ucts is far from exhausted, even in actinomycetes, which are
responsible for the production of nearly 70% of known microbial
natural products. Such cryptic biosynthetic pathways promise to
deliver a multitude of novel bioactive compounds with the po-
tential to rejuvenate stalling drug discovery pipelines. Several
strategies have been developed to identify the metabolic prod-
ucts of cryptic biosynthetic pathways (4). However, many cryptic
biosynthetic gene clusters appear to be expressed poorly, or not
at all, under laboratory growth conditions (i.e., they are silent).
This presents a major potential bottleneck for this exciting ap-
proach to novel natural product discovery, and the activation of
these pathways is thus a major challenge of current interest (4).
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Streptomyces ambofaciens is well known to produce two anti-
biotics: the macrolide spiramycin, used for a long time in human
therapy as an antibacterial agent and for the treatment of toxo-
plasmosis; and the pyrrole-amide congocidine (5). Bioinformatics
analyses of the S. ambofaciens partially sequenced chromosome
led to the identification of the congocidine biosynthetic gene
cluster (6) and provided the complete sequence of the gene cluster
that directs spiramycin biosynthesis (7). More importantly, these
analyses also revealed numerous cryptic putative secondary me-
tabolite biosynthetic gene clusters, mostly located in the chromo-
some arms (8). The metabolic products of three of these gene
clusters have been identified as the known siderophores coelichelin
and desferrioxamines E/B and the known kinamycin angucycli-
none antibiotics, none of which had been previously reported as
metabolites of S. ambofaciens (9-11). The metabolic products of
the other cryptic biosynthetic gene clusters remain unknown.

We have focused our attention on a large cryptic type I modular
polyketide synthase (PKS) gene cluster located in the right arm
of the S. ambofaciens chromosome. Polyketides are of particular
interest because they encompass several different chemical classes,
including macrolides, polyenes, aromatics, and polyethers, which
have found therapeutic applications as antibiotics, antitumor
agents, immunosuppressants, and cholesterol-lowering drugs (12).
Here we report the identification of stambomycins A-D, four
polyketides that are metabolic products of the cryptic type I PKS
gene cluster. The stambomycins constitute a unique family of 51-
membered glycosylated macrolides with promising antiprolifera-
tive activity against human cell lines. Constitutive expression of a
gene within the cryptic gene cluster encoding a putative pathway-
specific activator triggered the expression of the PKS genes (which
are not expressed under laboratory growth conditions), providing
the key to the identification of the stambomycins.

Results and Discussion

Identification and in Silico Analysis of a Unique Type | PKS Gene Cluster
in S. ambofaciens ATCC23877. Among the cryptic biosynthetic gene
clusters identified by analysis of the partial S. ambofaciens genome
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sequence, one cluster located at ~500 kb from the right end of the
linear chromosome contains nine genes that code for putative type
I modular PKSs. Sixteen further genes, encoding proteins pre-
dicted to be involved in PKS substrate supply, post- and on-PKS
tailoring reactions, deoxysugar biosynthesis, regulation, and re-
sistance flank, and are interspersed with the PKS genes (Fig. 14
and SI Appendix, Table S1). The limits of the cluster were pro-
posed as the samR0465 and samR0487 genes on the basis of se-
quence comparisons (SI Appendix, Table S1). The proposed
functions of the flanking genes samR0464 (predicted to encode an
endoribonuclease) and samR0488 (predicted to encode a “cold-
shock” DNA binding protein) are unrelated to the biosynthesis of
secondary metabolites. Thus, this putative gene cluster contains 25
genes that span 150 kb, making it one of the largest polyketide
biosynthetic gene clusters identified to date. Sequence analyses of
the PKSs encoded by the gene cluster using SEARCHPKS (13)
revealed that they contain 112 enzymatic domains organized into
25 modules (Fig. 1B). All of the enzymatic domains, except the
ketoreductase (KR) domain in the last module, are predicted to
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harbor a functional active site. The presence of a ketosynthase®
(KS®) domain at the N terminus of SamR0467 and a thioesterase
(TE) domain at the C terminus of SamR0474 indicates that
SamR0467 and SamR0474 contain the modules that initiate and
terminate polyketide chain assembly, respectively (14, 15). Fol-
lowing the precedent of other type I modular PKS systems (16),
the order in which the remaining seven PKSs act in chain assembly
was assumed to follow the order of the PKS genes in the cluster
(Fig. 1B). Sequence analyses of the acyltransferase (AT) domain
within each module suggested that the product of the PKS is as-
sembled from 16 molecules of malonyl-CoA, eight molecules of
methylmalonyl-CoA (one of which is used to create the propionyl
starter unit), and one molecule of an unknown extender unit,
loaded by the AT13 domain (13, 17) (Fig. 1C and SI Appendix,
Fig. S1). These analyses, combined with the putative p-carbon—
processing domains in each module (Fig. 1B), predicted the planar
structure of the fully processed acyl thioester intermediate at-
tached to the acyl carrier protein (ACP) domain in the last module
of the PKS, with a single ambiguity—the nature of the C-26
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Stambomycin biosynthetic gene cluster. (A) Organization of the stambomycin biosynthetic gene cluster. Limits of the cluster have been assigned using

sequence comparisons. (B) Module and domain organization of the PKS encoded by the cluster, assigned using the SEARCHPKS program (13). The keto-
reductase domain in module 24 is predicted to be nonfunctional because the tyrosine and asparagine residues of the catalytic triad are absent (42). ACP, acyl
carrier protein; AT, acyltransferase; DH, dehydratase; ERR, enoyl reductase predicted to generate a 2R acyl thioester intermediate; ER®, enoyl reductase pre-
dicted to generate a 2S acyl thioester intermediate; KR*, ketoreductase predicted to generate a 2R, 3R-acyl thioester intermediate; KR*, ketoreductase
predicted to generate a 2R, 3S-acyl thioester intermediate; KR*, ketoreductase predicted to generate a 25, 3S-acyl thioester intermediate; KR", ketoreductase
predicted to generate a 25, 3R-acyl thioester intermediate; KS, p-ketoacyl synthase; KS?, p-ketoacyl synthase in which the active site cysteine residue is
replaced by glutamine; TE, thioesterase. (C) Predicted structure of the fully assembled polyketide chain attached to the ACP domain in the last module of the
PKS. The structure of the side chain at C-26 could not be predicted because the nature of the substrate of the AT domain in module 12 could not be inferred
from sequence comparisons. Atoms in the polyketide chain are colored according to the precursors from which they derive: blue, malonyl-CoA; red,
methylmalonyl-CoA; purple, malonyl-CoA derivative of unknown structure.
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substituent loaded by the AT13 domain (Fig. 1C). The stereo-
chemistry of each stereocenter in this intermediate was predicted
by sequence analyses of the KR domains, which control the ste-
reochemistry of the o and p carbons, and the enoylreductase (ER)
domains, which control only the a carbon stereochemistry in the
intermediates attached to each module of the PKS (Fig. 1 B and C
and SI Appendix, Figs. S2 and S3) (18, 19). Substructure and
similarity searches of the Chemical Abstracts database using the
predicted structure of the final PKS-bound intermediate indicated
that the product of the cryptic gene cluster was likely to be novel.

Five genes in the cluster were found to be homologous to
genes within the spiramycin biosynthetic gene cluster that are
responsible for the biosynthesis of mycaminose, one of three
deoxysugars within the spiramycin structure (7) (SI Appendix,
Fig. S4). Thus, these five genes are predicted to encode enzymes
catalyzing the conversion of a-D-glucose-1-phosphate to nucle-
otide diphosphate (NDP)-pD-mycaminose (SI Appendix, Table S1
and Fig. S4). In addition, analysis with SEARCHGTT (20) in-
dicated that the samR0481 gene encodes a putative glycosyl
transferase (GT) capable of transferring a mycaminosyl residue
from NDP to one or more of the hydroxyl groups in the product
of the PKS. Taken together, these data strongly suggested that
the final product of the cluster is a glycosylated lactone. It has
been observed that GTs often require an auxiliary protein to
glycosylate their acceptors, especially when the donor substrate is
an amino sugar like mycaminose (21). No gene encoding such
a protein has been identified within the cryptic biosynthetic gene
cluster. Nguyen et al. (22) recently characterized an auxiliary
protein, encoded by the srm6 gene within the spiramycin bio-
synthetic gene cluster, which interacts with the mycaminosyl-
transferase SrmS5, responsible for catalyzing transfer of the
mycaminose residue from NDP to the spiramycin aglycone. They
also showed that another auxiliary protein, Srm28, is flexible, and
that in addition to the forosaminyltransferase Srm29, Srm28 can
partner Srm5. Thus, it is possible that SamR0481 requires either
Srm6 or Srm28, or both, for activity.

Three other genes are postulated to be involved in the bio-
synthesis of the predicted unique glycosylated polyketide. The
samR0478 and samR0479 genes encode putative cytochromes
P450, which usually catalyze post-PKS hydroxylation reactions
(23). The predicted product of samR0485 is a type II thioester-
ase. Such enzymes typically catalyze hydrolysis of aberrant acyl
groups attached to the ACP domains of the PKS that block chain
elongation (24).

Activation of the Silent Cryptic Gene Cluster. Poor or no expression
of the gene cluster could explain why its metabolic product has
never been identified. To test this hypothesis, we examined the
expression of selected PKS genes within the cluster under two
growth conditions known to elicit production of the macrolide
spiramycin (25). RT-PCR analyses indicated that the PKS genes
were expressed very poorly or not at all throughout growth (Fig.
2), implying that the product of the gene cluster either is not
produced or is produced in quantities likely to be below the
detection limit of most analytical tools.

The in silico analysis of the gene cluster identified three genes
coding for potential pathway-specific regulators. The samR0468
and samR0469 genes encode a putative two-component system,
and samR0484 encodes a putative large ATP-binding regulator of
the LuxR family (LAL) protein (S Appendix, Table S1). LAL
regulators contain an ATP-binding domain at the N terminus
(Walker A and B motifs) and a helix-turn-helix domain at the C
terminus, most likely responsible for DNA binding (26). Members
of the LAL family have been previously described as activators of
polyketide biosynthesis, such as PikD and RapH, which activate
pikromycin and rapamycin production, respectively (27, 28).
Thus, we decided to examine whether constitutive overexpression
of the samR0484 gene triggers expression of the PKS genes within
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Fig. 2. Induction of PKS gene expression. Transcriptional analysis by RT-PCR
of the control ATCC/pIB139 and the mutant strain ATCC/OE484, grown in
MP5 medium. Expression of four biosynthetic genes (samR0467, samR0465,
samR0477, samR0474), together with expression of the regulatory gene
samR0484, were analyzed by RT-PCR using 4 ug total RNA. The constitutively
expressed hrdB gene, coding for the major sigma factor, was used as positive
control. Experiments carried out on three separate occasions gave the same
results. T1, exponential phase; T2, transition phase; T3, stationary phase.

the cryptic cluster. The sarmR0484 gene was cloned into the con-
jugative and integrative vector pIB139 (29), placing it under the
control of the strong constitutive ermE* promoter. The resulting
plasmid was integrated into the a#/B site of the chromosome of S.
ambofaciens to create the strain ATCC/OE484, and the empty
pIB139 vector was separately integrated into the chromosome of
S. ambofaciens as a control to create the strain ATCC/pIB1309.
Comparative transcriptional analyses by RT-PCR showed that the
PKS genes within the cryptic cluster were expressed in the ATCC/
OEA484 strain throughout growth, thus suggesting that the LAL
regulator is a pathway-specific activator of the gene cluster (Fig.
2). In contrast, little or no expression of the PKS genes was
detected in the control strain. Constitutive expression of the genes
encoding the two-component system resulted in no induction of
expression of the PKS genes relative to the control (SI Appendir,
SI Materials and Methods and Fig. S5).

Isolation and Structure Elucidation of the Metabolic Products of the
Cryptic PKS Gene Cluster. To identify the product(s) of the gene
cluster, the supernatant and the mycelium extracts of the strains
ATCC/pIB139 and ATCC/OE484 were analyzed by comparative
metabolic profiling using liquid chromatography-electrospray
ionization-time of flight-mass spectrometry (LC-ESI-TOF-MS).
Thus, two major species with molecular formulas C73H;33NO,,
(calculated for C73H;34NO2,*: 1376.9392; found: 1376.9391) and
C72H131N022 (Calculated for C72H132N022+I 13629236, found:
1362.9232) were identified in the methanolic mycelial extracts of
the ATCC/OE484 strain that were absent in extracts of the ATCC/
pIB139 strain (Fig. 3 and ST Appendix, Figs. S6 and S7). To confirm
that these compounds were the products of the cryptic gene
cluster, we replaced the samR0467 gene (coding for the first PKS
in the assembly line) in the ATCC/OE484 strain with a kanamycin
resistance cassette. LC-ESI-TOF-MS analysis of mycelial extracts
of this strain confirmed that production of the compounds was
abrogated (Fig. 3). Similarly, inactivation of the samR0481 gene,
encoding the glycosyl transferase, also abolished production of the
compounds. LC-ESI-TOF-MS analysis indicated that the corre-
sponding aglycones lacking the predicted p-p-mycaminose residue
were produced instead (calculated for CesH;19010™: 1203.8340,
found: 1203.8344; calculated for CgsH;17010™: 1189.8184,
found: 1189.8183) (SI Appendix, Figs. S8 and S9).

A search of the Chemical Abstracts database did not retrieve
any compounds with molecular formulas corresponding to the
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Fig. 3. Detection of the stambomycins. Base peak chromatograms from LC-
ESI-TOF-MS analyses of methanolic mycelial extracts of ATCC/pIB139 (Top),
ATCC/OE484 (Middle), and ATCC/OE484/A467 (Bottom) strains. Peaks corre-
sponding to stambomycins A/B and C/D in the ATCC/OE484 strain are labeled.

identified metabolic products of the cryptic gene cluster. Thus,
we purified these unique compounds from mycelial extracts of
the ATCC/OE484 strain using semipreparative HPLC. '"H NMR
analysis of the higher-molecular-weight species indicated that it
consists of two almost identical compounds, which we named
stambomycins A and B, in a ratio of ~5:1. COSY, TOCSY,
HMBC, HSQC, NOESY, and PENDANT NMR experiments
showed that stambomycins A and B consist of a common 51-
membered glycoslated macrolide core containing a tetrahy-
dropyran resulting from the addition of the C-7 hydroxyl group to
the C-3 keto group (Fig. 4 and SI Appendix, Figs. S10-S22 and
Table S2). The NMR experiments confirmed the close relation-
ship between the planar structure of the macrolide aglycone and
the predicted structure of the final intermediate attached to the
ACP domain in the last module of the PKS (Figs. 1C and 4). *Jy.
u coupling constants of ~15 Hz for H-12/H-13 and H-48/H-49
and NOESY correlations between the C-10 methyl group and C-
12, and between the C-24 methyl group and C-26, indicate that
the C-12/C-13, C-48/C-49, C-10/C-11, and C-24/C-25 double
bonds all have E configuration (Fig. 4). COSY and HMBC cor-
relations combined with comparisons of '"H NMR data with the

OH OH OH

OH OH OH

R=§/Y

stambomycin C

stambomycin A

stambomycin B

R= g/\/\
stambomycin D

Fig. 4. Structure elucidation of the stambomycins. Structures of stambo-
mycins A-D proposed on the basis of HRMS and NMR spectroscopic analyses.
Key COSY, HMBC, and NOESY correlations for structural elements that were
not predicted by sequence analysis of the biosynthetic enzymes are indi-
cated by bold lines, single-headed arrows, and double-headed arrows, re-
spectively. 3J coupling constants observed in 'H NMR spectra for H-12/H-13
and H-49/H-50 are indicated.
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literature (30, 31) established that p-mycaminose is attached to
the aglycone (Fig. 4 and SI Appendix, Fig. S14 and Table S2), as
predicted by sequence analysis of the deoxysugar biosynthesis
genes within the cluster. NMR spectroscopic analysis of the agly-
cones isolated from the samR0481 mutant of the ATCC/OE484
strain confirmed that they lacked the p-mycaminose residue at C-5
(SI Appendix, SI Materials and Methods, Figs. S31-S40, and Tables
S4 and S5).

Several structural features of the stambomycins were not pre-
dictable from sequence analyses of the biosynthetic enzymes, in-
cluding the nature of the C-26 side chain and the sites of
glycosylation, hydroxylation, and macrocycle formation. A 4-
methyl-n-hexyl chain is proposed to be attached to C-26 in stam-
bomycin A on the basis of COSY and HMBC correlations (Fig. 4
and SI Appendix, Figs. S10, S12, S13, S17, and S20). Similar
analyses suggested that stambomycin B contains a 5-methyl-n-
hexyl side chain at C-26. Several HMBC and NOESY correlations
indicate that the deoxysugar residue is attached to the C-5 hy-
droxyl group of the aglycone (Fig. 4). COSY and HMBC corre-
lations suggest that non-PKS-derived hydroxyl groups are
attached to C-28 and C-50, and that the macrolactone results from
formation of an ester bond between C-1 and the C-50 hydroxyl
group (Fig. 4).

'H, COSY, HMBC, HSQC, NOESY, and PENDANT NMR
experiments indicated that the lower-molecular-weight species
consists of two compounds, which we named stambomycins C
and D, in a ratio of ~3:1, that differ from stambomycins A and B
only in the structure of the alkyl chain attached to C-26 (SI
Appendix, Table S3 and Figs. S23-S30). Stambomycin C is pro-
posed to have a 4-methyl-n-pentyl group at this position, whereas
stambomycin D is proposed to bear an n-hexyl group (Fig. 4 and
SI Appendix, Figs. S10, S12, S13, S26, and S29).

The experimentally elucidated structures of the stambomycins
suggest the assembly of these remarkable macrolides involves
unprecedented biosynthetic chemistry. The various hexyl/heptyl
substituents at C-26 indicate that the AT domain of PKS module
12 selectively recognizes and loads hexyl/heptylmalonyl-CoA ex-
tender units onto the ACP domain of this module (SI Appendix,
Fig. S41). Malonyl-CoA, methylmalonyl-CoA, ethylmalonyl-CoA,
(2-propenyl)malonyl-CoA, and (2-chloroethyl)malonyl-CoA are
all known or hypothesized to be used as extender units by type I
modular PKSs (32). Crotonyl-CoA reductase/carboxylase-like
enzymes catalyze reduction and carboxylation of a, f-unsaturated
thioester precursors in the biosynthesis of ethylmalonyl-CoA, (2-
propenyl)malonyl-CoA and (2-chloroethyl)malonyl-CoA (32-34).
No enzymes with sequence similarity to crotonyl-CoA reductase/
carboxylases are encoded by genes within the stambomycin bio-
synthetic gene cluster, suggesting that a different mechanism is
used to biosynthesize the hexyl/heptylmalonyl-CoA extender units
in S. ambofaciens.

The C-1/0-50 ester linkage in the stambomycins suggests that
hydroxylation of C-50, probably catalyzed by one of the two cy-
tochrome P450s encoded within the cluster, occurs during poly-
ketide chain assembly on one or more ACP-bound intermediates
attached to the PKS (SI Appendix, Fig. S41). The C-50 hydroxyl
group is not present in the (25)-methylmalonyl-CoA starter unit
predicted to be recognized and decarboxylated by the loading
module of the PKS, and is required to offload the fully assembled
polyketide chain from the active site Ser residue of the TE domain
by macrocyclization. Further experiments will be required to test
this hypothesis.

Bioactivity of the Stambomycins. The broad range of biological
activities exhibited by macrolides, including antibacterial (35),
antifungal (36), and antiproliferative (37) activities, prompted us
to investigate the biological activity of the stambomycins. They
showed moderate activity against Gram-positive bacteria (S/
Appendix, Table S6) but no activity against Gram-negative bac-
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teria, or fungi. More interestingly, they inhibited proliferation of
human adenocarcinoma (HT29) cell lines with a similar I1Cs,
(1.77 £ 0.04 pM for stambomycins A/B and 1.74 + 0.04 uM for
stambomycins C/D) to the clinical anticancer agent doxoru-
bicin (1.32 + 0.08 pM), but were fourfold less toxic toward adult
Chinese hamster ovary sane cells (CHO-K1; 8.47 + 0.67 uM for
stambomycins A/B, 8.46 + 0.52 pM for stambomycins C/D) than
doxorubicin (1.99 + 0.25 pM). Significant antiproliferative ac-
tivities were also observed against the human breast (MCF7),
lung (H460), and prostate (PC3) cancer cell lines (SI Appendix,
Table S6). These data indicate that stambomycins may represent
promising new leads for anticancer drug discovery.

Conclusions

In summary, we have used constitutive overexpression of a pu-
tative pathway-specific LAL regulator to induce expression of
a silent type I modular PKS gene cluster in S. ambofaciens. This
enabled us to identify a unique structural class of polyketides
with promising antitumor activity that represents the largest
macrolides ever to be isolated from an actinomycete. In addition,
structure elucidation of these molecules disclosed unique and
interesting chemical features; in particular, the incorporation of
hexyl- and heptylmalonyl-CoA extender units and a mechanism
of macrolactonization involving in frans hydroxylation of PKS-
bound intermediate(s) to release the fully assembled polyketide
chain from the PKS. Manipulation of a putative pathway-specific
regulatory gene has been used to uncover a unique natural
product by activating expression of a silent hybrid PKS-NRPS
gene cluster in a filamentous fungus (38). A similar tactic has
hitherto not been used for the identification of novel metabolic
products of cryptic gene clusters in actinomycetes, which are one
of the main producers of microbial antibiotics and other bio-
active natural products. Database searches indicate that LAL
regulators are present in numerous gene clusters that direct the
production of known secondary metabolites (ST Appendix, Table
S7), as well as several cryptic biosynthetic gene clusters for which
the metabolic product(s) remain to be discovered (SI Appendix,
Table S8). The findings reported here suggest that our approach
is likely to represent a powerful general strategy for realizing the
drug-discovery potential offered by the numerous cryptic bio-
synthetic pathways identified in actinomycete genome sequences.

Materials and Methods

Bacterial strains, plasmids and BACs are described in S/ Appendix, Table S9, and
their manipulation is described in S/ Appendix, SI Materials and Methods.

Bioinformatics Analysis. The programs SEARCHPKS (13) and SEARCHGTT (20)
were used to analyze the PKSs and the glycosyltransferase encoded by genes
within the cluster. Functional analysis of each gene product and sequence
comparisons were carried out using BlastP and Blast bl2seq (http:/blast.ncbi.
nim.nih.gov/Blast.cgi).

Overexpression of the LAL Regulator. The SamR0484-encoding sequence was
amplified by PCR from S. ambofaciens ATCC23877 genomic DNA with the
primers OE484-F and OE484-R (sequences in S/ Appendix, Table S10). The PCR
conditions, using Takara polymerase (Fermentas), were as follows: 2 min at
94 °C, 30 cycles of 10 s at 98 °C, and 15 min at 68 °C, followed by a final
extension of 10 min at 72 °C. The PCR product was cloned into pGEMT-easy
(Promega) and the integrity of the insert was confirmed by sequencing.
After restriction digestion with Ndel and Xbal, the insert was cloned into the
pIB139 vector under the control of the ermEp* promoter modified to have
a typical Streptomyces ribosome binding site (39). The resulting recombinant
plasmid (pOE-0484) was introduced in S. ambofaciens ATCC23877 by con-
jugation from Escherichia coli and integrated into the chromosomal attBycs,
site by site-specific recombination. The mutant strain ATCC/OE484 was
checked by PCR, Southern blotting, and pulsed-field gel electrophoresis.

1. Bérdy J (2005) Bioactive microbial metabolites. J Antibiot (Tokyo) 58:1-
26.
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Transcriptional Analysis. Total RNA of Streptomyces WT and mutant strains
was isolated from MP5 liquid cultures, and c¢cDNAs were prepared as
described elsewhere (39). The primers used for the analysis are listed in
SI Appendix, Table $S10. The PCR conditions for the transcriptional analysis
were as follows: 4 min at 94 °C; 28 cycles of 30 s at 94 °C, 30 s at 60 °C, and
30 s at 72 °C; and a final extension of 5 min at 72 °C. To check possible
contamination of genomic DNA, the same PCR program (35 cycles instead of
28) was applied to RNA samples, after DNase treatment, using as a control
primers designed to amplify the hrdB gene, which encodes the major sigma
factor and is considered to be constitutively expressed.

Construction of S. ambofaciens Mutant Strains. The REDIRECT system (40) was
used to make an in-frame deletion of samR0467 in S. ambofaciens ATCC/
OE484 as described previously (41). The neo + oriT mutagenesis cassette,
derived from the plasmid plJ776 (40), was used as template in the PCR with
the primers D467-F and D467-R. E. coli BW25113/pKD20 was transformed,
first with the BAC of interest (BBB), and then with the PCR product (~1400
bp) to replace the biosynthetic gene samR0467 by homologous re-
combination. The chloramphenicol resistance gene of the vector pBelo-
BAC11 was replaced by a spectinomycin resistance gene, using the same
strategy. E. coli ET12567/pUZ8002 was transformed with the mutated BAC
(BBBspecd/A467::neo+oriT) for conjugation with the ATCC/OE484 strain. The
kanamycin-resistant and spectinomycin-sensitive clones were picked and
analyzed by PCR, Southern blotting, and pulsed-field gel electrophoresis.

Identification, Isolation, and Structural Elucidation of Stambomycins A/B and
C/D. The PKS products were identified by LC-MS comparative metabolic
profiling of S. ambofaciens ATCC23877, ATCC/OE484, and ATCC/OE484/A467
strains grown in liquid MP5 medium (details in S/ Appendix). To purify
stambomycins, solid MP5 medium was used. A 50-mL quantity of MP5
molten solid medium was poured into a 10 x 10-cm square Petri dish. A
sterile cellophane membrane was placed on the solidified plate and 20 pL
S. ambofaciens ATCC/OE484 spores from the stock were spread on top of it.
The plate was incubated for 4 d at 30 °C, and the cellophane membrane was
lifted off the plate. The mycelia were scraped off the cellophane membrane
and combined with mycelia from three other cultures grown in the same
way. The combined mycelia were transferred to a 50-mL plastic tube, and
40 mL methanol was added. The mixture was sonicated for 10 min, and the
mycelia were pelleted by centrifugation for 10 min at 4 °C. The extract was
decanted, and the mycelia were extracted twice more with 40 mL methanol.
The combined methanolic fractions were concentrated under reduced
pressure at 20-25 °C. Stambomycins were partially purified from the con-
centrated methanol extract using semipreparative HPLC on a reverse-phase
column (C18, 100 x 21 mm, fitted with C18 precolumn 10 x 21 mm). The
mobile phases used were water (A) and acetonitrile (B), both with 0.1%
formic acid added. The gradient used was as follows: 0 min, 80% A/20% B;
10 min, 80% A/20% B; 20 min, 100% B; 35 min 100% B. Absorbance was
monitored at a wavelength of 240 nm. Fractions containing stambomycins
were identified using ESI-MS and combined. The combined fractions were
evaporated under reduced pressure and resuspended in a small volume of
50% aqueous methanol. Stambomycins were purified from the combined
fractions by semipreparative HPLC on the same column using the following
gradient: 0 min, 60% A/40% B; 15 min, 5% A/95% B; 20 min, 100% B; 25 min,
100% B. Fractions containing a mixture of stambomycins A and B were
collected, combined, and lyophilised, as were separate fractions containing
a mixture of stambomycins C and D. An 7.8-mg quantity of stambomycins
A/B and 4.3 mg stambomycins ¢/D were obtained from 10 plates. NMR
spectra were recorded in d4-MeOH and, in the case of HMBC spectra, for
stambomycins A/B also dg-DMSO, on Bruker Avance 700 MHz or 500 MHz
spectrometers equipped with cryoprobes.
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