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Abstract: A gene designateghdl from the jadomycin B produceBtreptomycesenezueladas homology to

the tetracenomycin pathwayml gene and encodes a putative cyclase for angucyclinone biosynthesis. Expression
in Streptomyces didans of a jadomycin jad) gene cassette composed of the minimal polyketide synthase
(PKS, jadABQ), a cyclase jadD), a ketoreductasgadE), and jadl leads to production of several yellow
compounds in liquid culture. Rabelomycit)(a known angucyclinone, results from dehydration and oxidation
of a new product, UWMS, isolated from the culture extracts. Characterization of UWM6 by UV, MS, and
NMR analyses revealed a new angucyclinone structure, 4-hydroxy-12bdeoxyrabelomycin. Production

of these angucyclinones occurs only whedl is present in the cassette, suggesting an essential cyclase
phenotype for this gene. Engineered replacemernadifin the jad cassette with théecml cyclase gene, and
similar replacement ofcml in a functionaltcm PKS cassette witliadl, leads to the same set of aromatic
decapolyketides produced by either cassette in the absenjael oFrom these results we conclude that both
cyclases are nonfunctional out of their normal context.

Introduction [AcetyI-CoA +9 Malonyl-CoA ]

Tetracyclic aromatic polyketides known as angucyclines due
to the angled orientation of the fourth ring were first isolated
from bacterial cultures over thirty years af@his large class Q
of secondary metabolites, many possessing antibiotic or anti- govoral e O‘O
tumor activity, includes the least modified example, rabelomycin steps
(1), as well as highly modified forms produced as in aquaya-
mycin (2) via oxygenation and glycosylation, or as in jadomycin o 5
B (3) by additional ring formation via insertion of amino acids, several
or as in kinamycin D 4) by ring contraction (see Figure 1 for g{g;gmheﬁc
structures ofL—4). Inclusion of a compound in the angucycline
class requires a polyketide biosynthetic origin based on the benz-
[alanthracene skeleton; most examples possess a djenz|
anthraquinone skeleton derived from a decapolykétiBen-
synthetic studies of angucyclines in their producing strains have
shown thatl is produced by a blocked mutant 8freptomyces
fradiag, which normally produce®,2 and is also a minor product
in a strain producing the vineomycifskabelomycin {) has

several
biosynthetic
steps

been implicated as an intermediate in the biosynthesgstf HoC. O

using gene disruption to generate mutantsStfeptomyces HO™ 4

venezuelaé The earliest identifiable intermediate for the OH 3

production of4 in Streptomyces murayamaensisdehydro- Figure 1. Angucyclines derived from aromatic polyketide synthases.

. o . ) =
rabelomycin §) which interestingly does not derive frot No intermediate prior to a complete angucyclinone has been

identified in any of the latter biosynthetic pathways, suggesting
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Scheme 1. Structures of Aromatic Polyketides Produced frtom PKS Gene Cassettes Expresse@irividans
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aThe unreduced carbon is circled (C-11 of the decaketide chain after folding where the aldol condensation between carbons C-9 and C-14 is
favored).

folding and cyclization, ketoreduction, and other modifications library of hybrid, aromatic polyketides produced by strains
catalyzed by these enzymes that give rise to the large numberharboring engineered gene cassettes, a set of design rules has
and variety of secondary metabolites known as aromatic been deduce#® A recent addition to the rule of chain length
polyketides. The minimal PKS, made up of tfieketoacyl determination is that the cyclase enzymes involved in first ring
synthase units, KSand KS;, and an acyl carrier protein (ACP),  cyclization and aromatization can influence the final chain

is an enzyme complex that builds on a starter unit (e.g., acetyl- length122ba property that was originally thought to reside with
CoA) by repetitive addition of two-carbon units (via an enzyme- the minimal PKS enzymes. Also, there is evidence from a study
bound form of malonyl-CoA) until the polyketide backbone is of thewhiE PKS gene' that the growing polyketide chain may
fully formed to a chain length specified by the minimal PKS. dissociate from the enzyme complex in the absence of a cyclase
This hypothesis is based on studies of artificially constructed and undergo several different cyclization modes spontaneously.

minimal PKS gene clusters that, expressed in vgige rise to Thus far, artificial gene sets have been constructed from type
spontaneously folded and cyclized aromatic polyketides with a || PKS genes that specify linearly-fused polycyclic aromatic
specific number of carbon atoms (see Schemes 1 and 2:polyketides. Our first attempt at including PKS genes from an
structures8—11).” This concept has recently been exploited to - angucycline-producing strain led to the conclusion that the
prove that the aureolic acid class of antibiotics is derived from presumegad| cyclase did not function according to design rules
a single decaketide ch&iand to identify functional PKS genes  established for linear PKS4 Furthermore, a tricyclic, aromatic
directly isolated from soil8. product folded correctly at C-9 to allow an intramolecular aldol
A high degree of gene sequence conservation amongreaction that would take place at C-7/C-12 was not identified
polyketide-producing strains has facilitated the study of engi- in the constructs containingad genes. A linear, tricyclic
neered recombinant genes. When expressed from artificial genearomatic polyketide Tcm FXJ (Scheme 1) is an intermediate
cassettes in proper context, the genes produce enzymes knownf the tetracenomycin (tcm) biosynthetic pathway, aéd
to modify the polyketide chain processively, which may result undergoes a final cyclization of the fourth ring catalyzed by
in hybrid polyketides and thus may represent a potential for the Tcml cyclase, producing Tecm FZ)( Similarly, aklanonic
creating new chemical structuré$1®However, processing is  acid, a linear, tricyclic aromatic intermediate of daunorubicin
subject to some limitations associated with polyketide chain biosynthesis has been isolated froi&teeptomycesdidanshost
length and also the regiospecific ketoreduction and cyclization strain transformed with a cassette of thEssPKS genes® Two
reactions catalyzed by the PKSs. For instance, dpsE possibilities for the failure to achieve the anticipated results
ketoreductase is apparently unable to modify octaketides formed

by theactminimal PKS, whereas thadE ketoreductase is able (1) Meurer, G; Gerlitz, M., Wendt-Pienkowski, E.; Vining, L. C.; Rohr,
. . . J.; Hutchinson, C. RChem. Biol.1998 4, 433-443.)
to reduce an octaketidé From structural analysis of a growing (12) (a) Kramer, P. J.: Zawada, R. J.: McDaniel, R.; Hutchinson, C. R.;
Hopwood, D. A.; Khosla, CJ. Am. Chem. S0d.997, 119 635-639. (b)
(6) Hopwood, D. A.Chem. Re. 1997, 97, 2465-2497. Zawada R. J. X.; Khosla, . Biol. Chem1997, 272, 16184-16188.
(7) Zawada, R. J.; Khosla, Qrends Biotechnol1996 14, 335-341. (13) Yu, T.-W.; Shen, Y.; McDaniel, R.; Floss, H. G.; Khosla, C.;
(8) Kantola, J.; Blanco, G.; Hautala, A.; Kunnari, T.; Hakala, J.; Mendez, Hopwood, D. A.; Moore, B. SJ. Am. Chem. S0d998 120, 7749-7759.
C.; Ylihonko, K.; Mantsala, P.; Salas, Chem. Biol.1997, 4, 751-755. (14) (a) Shen, B.; Hutchinson, C. Bciencel993 262, 1535-1540.
(9) Seow, K.-h.; Meurer, G.; Gerlitz, M.; Wendt-Pienkowski, E.; (b) Shen, B.; Nakayama, H.; Hutchinson, C. R.Nat. Prod.1993 56,
Hutchinson, C. R.; Davies, J. Bacteriol.1997, 179 7360-7368. 1288-1293. (c) Summers, R. G.; Wendt-Pienkowski, E.; Motamedi, H.;
(10) (a) McDaniel, R.; Ebert-Khosla, S.; Fu, H.; Hopwood, D. A.; Khosla, Hutchinson, C. RJ. Bacteriol.1993 175 7571-758Q
C. Proc. Natl. Acad. Sci. U.S.A994 91, 11542-11546. (b) McDaniel, (15) (a) Grimm, A.; Madduri, K.; Ali, A.; Hutchinson, C. RGene1994
R.; Ebert-Khosla, S.; Hopwood, D. A.; Khosla, Rature1995 375 549— 151, 1-10. (b) Rajgarhia, V. B.; Strohl, W. Rl. Bacteriol. 1997, 179,

554. 2690-2696.
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Scheme 2. Structures of Aromatic Polyketides Produced friad PKS Gene Cassettes Expressed@irividans
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aThe reduced carbonyl carbon C-9 where folding occurs is indicated by a circle. Structures within brackets indicate [hypothgizaiidyr
characterizeg intermediates.

with jad genes were considered: additional unknown enzyme was subcloned froni clone LH7 DNA62 Sequencing and
activities may be required, or the PKS complex expressed from codon preference analyi8of this fragment located two open
an artificial cassette may function aberrantly. reading frames (ORFs) upstream jaflA and with the same
Our goal in the present work was to establish which gene or orientation: jadl, 329 bp encoding 109 amino acids in a 12 456
combination of genes characterized from the jadomycin Da polypeptide andadJ, 1754 bp encoding 584 amino acids
pathway®2 would, when expressed in vivo, yield the earliest in a 61 926 Da polypeptide (Figure 2A). The predicted stop
angucycline intermediates. Once requirements for cyclization codon for jadl overlaps the start codon fgadA; jadJ is
to give a tri- or tetracyclic molecule had been established, we positioned 112 nt upstream gadl. A database search of
investigated how th@dl cyclase angadE ketoreductase genes deduced amino acid sequences using BlastP showed 80%
might function to give hybrid polyketides when combined with identity to a putative polyketide cyclase geneSnfradiael’
genes from the well-characterizémin cluster. Some studies of  54% identity towhiE ORFVII from Streptomyces coelicolor
ketoreductases for proper folding and subsequent cyclization A(3)2,18 49% to the putative PKS ORF11 froActinomadura
of polyketides have been report&d1 The corollary experiment  hibiscg® 48% tocurG a postulated cyclase froB8treptomyces
was investigated by insertinigml into thejad cluster. cyaneug? and 40% tatcml, the well-established cyclase gene
In addition to evaluating the design rules of PKS systems by from Streptomyces glaucescefd Alignment of the deduced
including genes needed for angucycline formation, the approachamino acid sequences of these genes withjakdé product is
described here can shed light on biosynthetic pathways of shown in Figure 2B.

antibiotics such a8, by allowing the identification of early The jadl Cyclase Gene is Required for Biosynthesis of
intermediates. Angucycline Intermediates.In a previous study no tetracyclic
Results angucycline metabolites were produced when the engineered
] o ] plasmid pWHM1221 (Table 1), which contains a cassette of

Cloning and Characterization of jadl. A 2.4-kb EcoRI—

BanHI fragment containing the'Send (nt +21) of jadA'6a (17) Decker, H.; Haag, S. 1995, NCBI database, S5811.
(18) Davis, N. K.; Chater, K. FMol. Microbiol. 199Q 4, 1679-1691.
(16) (a) Han, L.; Yang, K.; Ramalingam, E.; Mosher, R. H.; Vining, L. (19) Dairi, T.; Hamano, Y.; Igarashi, Y.; Furumai, T.; Oki, Biosci.,

C. Microbiology 1994 140, 3379-3389. (b) Deveraux, J.; Haeberli, P.;  Biotechnol., Biocheml997, 61, 1445-1453.
Smithies, O.Nucleic Acids Resl984 12, 387—395. (20) Bergh, S.; Uhlen, MGene1992 117, 131-136.
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A EcoRI BamHI } ; . . . . . ) ;

1  GAATTCTGACGGATCCCTGAATCGGTGAGTCTTGAACGAAGTCCTGGACCGGAACAAGCTTGTCGTGAAGGTCCGGTGCACCGTCTTCGAGCCCTTTCGR

101 GAAAAGCGGAACGGGTACGGAGAAGGCGAGTCGATCAGGAGTTGARACCGTCGTGCGCAAGGTGCTCATCGCCAACCGTGGCGAAATCGCTGTCCGIGTG
jad7>fM R K VL I A N R GE I A V R V

201  GCCCGGGCGTGCCGGGACGCGEETATCGGCAGCGTEECCGTGTACGCCEAGCCGEACCEAEATGCTCTGCATGTCCGGGCGGCTGACGAGGCGTTCGCTC
A RACRTDATCGTIGS SV VAV YA ATETPTDTRTDATLTHVYVT RAAPDTEARBATF A

301  TGGGCGGTGACACTCCGGCGACCAGTTATCTGGACATGCCGAAGGTGTTGCAGGCCGCCGCGGACTCGEGTGCGGACGCGGTCCACCCCGGTTACGGGTT

LGGDTTPATTGS YTLODMAERKTYTLGOA AG-BMADTSTGA ATDA AVYVTEHTPGYGTF

401 CCTTTCGGAGAACGCGGAGTTCGCGCAGGCGGTCCTCEACGCGEETCTGACGTGGATCGETCCGCCGCCGCAGGCGATCCGGGATCTGGGTGACAAGGTG
L S ENAETFACQATYVTLTDATGTLTTWTIGTPZP®POQATILIRTDTLTGTDEKV

501 GCGGCCCGTCACATCGCCCAGCGTGCCEEEECCCCGCTGETGECCGECACGCCCGACCCGGTCTCGGGTGCEGACGAGGTCGTGGCGTTCGCCGAGGAGT
A ARHTIAOQTRATC GG ATPTLTYVAGTTPDTPVSGATDTETVVATFATEE

601 ACGGTCTGCCGATCGCGATCAAGGCGGCETTCEETCACCETCACCATGETCTGAAGGTGGCGCGGACGCTGGAGGAGGTCCCGGAGCTGTACGACTCCGE

H 6LPTIATLITZ KA AAMATFT GG GG GG GT® RGTLTEKTYVARTTLTETETYT PETLTYTDS A

701  GGTCCGTGAGGCGETGGCGECETTCEEGCGEGECEAGTGCTTCETGGAGCGGTACCTGEACAAGCCGCGGCACGTGGAGACGCAGTGCCTGGCCGACCAG
VREAVAATFGRTGETCTFEVETRTYTLDEKTPREVETGO QC CTILA ATDQ

801 CACGGCAACGTGGTCGTCGTCTCGACGCGTGACTGCTCGCTGCAGCGCCGTCACCAGAAGCTGGTCGAGGAGGCTCCGGCGCCGTTCCTGTCGGAGGCTC
HGNVVVYVSTRDTC CSLOQERTRHESOQEKTLVYVETEATPATPTFTLSERA

901 AGAACGCGGAGCTGTACGCGGCGTCGAAGECGATCCTGARGGAGGCCGETTACGTCGETGCCCGCACGETGGAGT TCCTCGTCGGCACGGACGGCACGAT

O NAETLTYA AATSTEKA AT LTLTEKTEHA AGTYVGACGTVETFTLTYVGTTDTGTTI

1001 CTCGTTCCTCGAGGTCAACACCCGTCTGCAGETGEAGCACCCGETGACGGAGGAGETCACGGGGATCGACCTGGTGCGGGAGATGTTCCGGATCGCGGAC
S FLEVNTR®RTLGOTVTETHTPTVTETE VT GTIDZLVZREHMTFEFT RTIADTD

1101 GGTGAGGAGCTCGGCTACGGCGACCCGGAGATCCGGEGTCACTCCTTCGAGTTCCGGATCAACGGTGAGGACCCGGGCCGTGGTTTCCTCCCGGCGCCCE
G GEELGTYGDTPETLIRTGHSTFETFRTINTGETDTPGRTGTFTLP A

1201 GCACCGTCACCGAGTTCACGCCGCCGACCGETCCGEETETCCGCCTCGACGCEGETCTCEAGTCGGGTTCCGTGATCGGCCCCGCGTGGGACTCGCTGCT

PTVTETFTTPZPTGZPGVRTLTDATGT YESTG GSVTIGEPH- AWTDSTILL

1301 TGCGAACGTGATCGTGACCGGTGCEAGCCETGAGCAGGCGCTGCAGCETECEECECGTGCCGTGGCGGAGTTCCGCGTCGAGGGCATGGCGACCGCGATC
ANV IVTGAST RETG OATLGOTRA AARABALTYA AETFT RVYVETGMATATI

1401 CCCTTCCACCAGGCGGTGGTGACCGACCCGGACTTCACCECGGACCCETTCCGGETGCACACGCGGTGGATCGAGACGGAGTTCGTCARCGAGATCARGE
P FHQAVVTDTPTDTFTA ADTPTFRVYUHTT® RMWTIETTETFVNETIK

1501 CGTTCGCGCCGGCGEEGEGAGECEEACGAGGACGAGGCCAECCCCEAGACGATCGTGGTCGAGGTCGGCGGCAAGCGTCTTGAGGTCTCCCTGCCGTCCTC

P F APAGEA ADTETDTEA ATG®RETTIVVETVS G GE KT RTLTETVSTLTPS S

1601 GCTCGGGATGACGCTGGCCCGGACGETCTTECGECAEETGCCGAAGCCGARGCGACGECCGTCGAAGAAGGTCCGGECTTCGGCCGCCTCGGETGACACE
L GMTTULARTV VTILTERTBRYT PEKT P KT RTERASTE KT KTYVT RASA AAZSTGT DT

1701 CTCGCCTCCCCGATGCAGGGCACGATCETGAAGGTCGCAGTCGACGAGGGCCAGGAGGTCAAGGAAGGCGATCTGATCGTCGTCCTGGAGGCCATGAAGA
LASPMOGTTIVEKYA ATVETET GOQETYZE KET G DTILTIVVTILEH SAMEK

1801 TGGAACAGCCCCTCAACGCCCACCGCTCCGGCACCGTGARGEGCCTGACCGCCGAAGTCGGCGCGTCCGTCACCTCCGGCGCCACCATCTGCGACATCAA

MEOQTPTLNAHTERTSTGTVEHKGTLTA AEVYVGASV VTS SGATTITCTDTIK

EcoRI
1901 GGACTGAATTCACCCGCCGCCCCCGCGCGCCCTTTCGTACCACCCCGCTATTTCCCTTCGCTTTCCCTGCCTTCTTCAGCACGTCCTTTTCCAGGACTTC
D * EcoRI

2001 TTCCGGTGAGGAGAAACACATGCACAGCACTCTGATCGTGGCCCGAATGGAACCCGGATCGAGCACCGACGTGGCGAAGCTGTTCGCCGAATTCGACGCC
jadi >ftM H s T L I VA RME P G S S TDV AKTULVFAEF DA
Pvull

2101 TCCGAGATGCCGCATCTCATGGGGACGCGACGCCGTCAGCTGTTCTCGTACCGCGGCCTCTACTTCCACCTCCAGGACTTCGACGCCGACAACGGCGGCG
S EMPHILMGTRIRRGO QLT FSYRGTLYTFHTILOQDTFDATDTNGG
2201 AGCTCATCGAGCGGGCCAAGACCGACCCCCGCTTCGTCGGCATCAGCGAGGACCTGAAGCCGTTCATCGAGGCCTACGACCCGGCCACCTGGCGCTCGCC
ELIERAZ KTTDTZPRTPFVGTISET DTLTE XTPTFTIEA ATYT DTPA-ATTUWT® RSP
2301 CGCCGACGCCATGGCCACCCGCTTCTACAACTGGGAGGCGAACGCGTGACCGCGCGACGCGTCGTCATCACCGGCATCGAGGTCCTCGCCCCCGGTGGCA
A.DAMATR®RTEFJYNWEA ANA *
BamHI jadd> fM T A R R
2401 CCGGATCC

@
=

H TLI VARM P S A LFAESD-GTEHL H
Jadl - ST LT V ARM G T IK[ETFE A E|F[B]- A S[EIM H
Urd - HISIT LI VA RM R E R.LE[SIE F|D|- [GTID M
Prmit1 - DR FI|L V AR S K IRIL:F A E S DIE|G: T EL PIE
CurG - H ALl V.AR S Q 1{G V|F A[AlS D|P |G E L H
WhiE - (M HIHIOIL 4 V R G P K V{F-A E S DS E L~
Teml M A Y R AlLIMIVILIR " A E JA AlE A Di- T ~ L

RRSLFSF - G H E. D- ED. GERI . A P
Jadi R R Q[LE S§lY - R[G H DFADNGERKT 2
Urd “RIQILE S8lY - RIG H D FID|S Iarﬁlta : E ALAIK T Q
Prm11 R S L[L!S F]- H -~ H E|V E - S TDRTLNGI HE P
CurG R S'L FIQJEIG D H EAG-AGP@PEBTJ]AKVTG p
WhiE R.S L FEEGD H LE|S Iil - ra‘Fi PAPT GRLTG|IHP
Teml RV ~ - H AlD/- DlRJI MIETRIL Y Q[AIR St

S E L PYV S PADAMAR F Y WE A
Jadl DL KF 1 E § P ADAMAT R[EYIN[WEA|N A 109
Urd DIL/KIPIF I A S P ADAMAIQARIF Y HIWITIAIL 108
Prm11 R Q|L|S G H Q S P AD AMARI|EIFE YRIWEAIGT G VRR 114
CurG K[k|E A S P DA M[G/R|CIE*¥|/HIW E[R D 107
WhiE RLL!E [P S GlP D A RICIFYRWERTTPA 111
Teml N RV G Q L T E L D | AfE VIE.YI{S[WTEAIP D S 109

Figure 2. (A) DNA and deduced amino acid sequences of the region contagmitigindjadJ cloned fromS. venezuelaeOnly restriction sites of

interest are shown. Putative translational start and stop sites are shown in bold and ribosome binding sites are underlined. The DNA sequence is
available from GenBank/EMBL under accession number AF126429. (B) Amino acid sequence comparisons of putative aromatic polyketide cyclases.
Shaded regions show 3 or more identical amino acids.
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Table 1. PKS Gene Constructs, Phenotypes, and Resulting Polyketide Metabolites

plasmid CcycC KS KSs ACP KR CcyC metabolites
pPWHM725 tcml tcmK temL tcmM tcmN 6,7, (8), (9)
pWHM1230 jadl tcmK tcmL tcmM tcmN 6
pWHM1231 jadl tcmK tcmL tcmM
pWHM1220 jadA jadB tcmM tcmN 6, (7)
pWHM1232 jadl jadA jadB tcmM tcmN 6, (7)
pWHM1233 jadA jadB jadC jadD (6),8,9
pWHM1234 jadl jadA jadB jadC jadD (6),89
pWHM1235 teml jadA jadB jadC jadD 6),8,9
pWHM1221 jadA jadB jadC jadE jadD 10, (11)
pWHM1236 teml jadA jadB jadC jadE jadD 10, (12
pWHM1237 jadl jadA jadB jadC jadE jadD 1,12
pWHM1238 jadJ jadl jadA jadB jadC jadE jadD 1,12

a Major metabolites identified are shown with minor metabolites in parenthe3éés construct was expressedSnglaucescens077 to verify

tcml activity.*4c All others were expressed . lividans 1326.

12b

H 4a
11 12 H 4 OH

(.
9

Z 2 CHy
OH OH O
UWMS (12)

(5]

which coeluted with authenti@ and gave an identical UV
spectrum. The production ratios for these three peaks varied

considerably among culture flasks and production occurred only
after inoculation with colonies from freshly transformed plates.

The other two unknown metabolite peaks gave similar UV
spectra with almax at lower wavelength (408 nm) than given

by the quinone moiety ofl (422 nm). This initial result

Figure 3. Three-dimensional structural representation and numbering suggested that at least one unknown was an immediate precursor

of a possible isomer of UWM61Q).

of the benz§lanthraquinonel. Although ourjad cassette did
not contain thgadG gene that has strong sequence similarity

jadomycin B biosynthetic cluster genes encoding the minimal to known anthrone oxidasége.qg., tcmH?Y), introduction of
PKS, a ketoreductase, a cyclase (JadD), and a region upstreamdxygen at C-12 to give a bergpnthraquinone may occur

of jadAbelieved to includgadl, was expressed in a heterologous
host!! When the DNA segment containingdl andjadJ was
incorporated into pWHM1221 to give pWHM1238Salividans
strain transformed with pWHM1238 grew as bright yellow
colonies. We speculated that the additionjadJ, a gene of
unknown function immediately upstream jafdl, was needed
for angucycline production. However, pWHM1237, obtained
from pWHM1238 by removal ofjadJ, also gave yellow
pigmented colonies when the plasmid was introduced $ito

nonenzymically in shaken-flask liquid cultures or may be an
enzymic biotransformation mediated 8. lividans Unlike
cultures ofS. lividanstransformed with p?WHM1237 grown in
liquid medium for 24 or 48 h, cultures grown on R2YENG agar
plates for 10 days yielded only.

Subsequent structural data supported the hypothesis that these
intermediates are precursorslofA sample mixture of purified
metabolites was analyzed by low resolution-+t®S operating
in the Cl mode to give (Mt H)* ions with m/z values of 339

lizidans A comparison of the deduced amino acid sequence of (1) and 343 {2). Although 1 and 12 were stable in the dry

thejadl region in pWwHM1221 with thgadl sequence revealed
that pWwHM1221 lacked a 24 amino acid segment at the N
terminus (contained in the smdiicoRl segment, Figure 2A).
We therefore investigated the production of angucyclineS.in
lividanstransformed with pWwHM1237 and pWHM1238.

From liquid shaken-flask cultures the known begjap-
thraquinone,1, was isolated as well as an unprecedented
angucyclinonel?2 (Figure 3), characterized by UV, MS, and

state, the third intermediate had converted.tprior to LC—

MS analysis. A 1-D'H NMR spectrum recorded within a day

of isolating yellow material corresponding to the unknown
intermediate showed that the material had converted to a mixture
of 1 (50%, estimated byH NMR) and two closely related
intermediates (1:1 bjH NMR), possibly dehydration products

of 12. When the nonenzymic conversion of pur2to 1 on a
TLC plate was monitored by HPLC, a peak corresponding to

NMR analyses. Time-course analyses by HPLC revealed thatthe intermediate was detected but remained at low levels,

12is a precursor ol via sequential dehydration and oxidation

presumably because it converted at a high ratd,tahich

steps; these appear to occur spontaneously in liquid culture oraccumulated. On the basis of HREIM®% 324.0990, GgH160s)

when 12 was spotted on silica gel TLC plates. A third
angucyclinone component identified in culture extracts by HPLC
was a chromatographically unresolvable mixture (1:1'by
NMR) of two isomers that apparently formed by nonenzymatic
dehydration of12 at C-4a. Although this component ac-
cumulated in liquid cultures in variable amounts, it also readily
oxidized tol (see below).

When grown on R2YENG agar plates, lividansharboring
thejad gene cassette pWHM1237 gave bright yellow colonies
that contrasted with tan-colored transformants of pWWHM1221
or pWHMS3 (Table 1). Acidification, extraction, and TLC
analysis of liquid R2YENG cultures inoculated with the yellow
colonies showed thdtand at least one other yellow metabolite
were produced within 24 h; production of the yellow metabolites
rapidly diminished after 24 h. HPLC analysis of organic extracts

with photodiode array detection showed three peaks, one of

and 1-D'H NMR spectra the intermediate is undoubtedly a
dehydration product of2, and it either contains a double bond
across carbons C-4 and C-4a or is thg-unsaturated ketone
that has resulted from dehydration at C-4a and C-5. Evidence
for a dehydration product includes a vinylic proton signal (1H,
d 6.10, either H-4 or H-5), a singlet for H-12b at3.82, and
loss of geminal coupling for the H-4 or H-5 methylene protons
in the'H NMR spectrum of this intermediate. The multiplicity
and chemical shifts of the other signals were otherwise very
similar to those recorded fdt2, indicating a similar carbon
skeleton.

All of the analytical data (UV, CIMS, anéH NMR) for 1
isolated fromS. lividans cultures transformed witfad genes
(PWHM1237) was identical to an authentic sampld.gbroving
thatjadl functions as a cyclase for angucycline production.

(21) Shen, B.; Hutchinson, C. Riochemistryl993 32, 6656-6663.
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Table 2. Nuclear Magnetic Resonance Data i analyses support one predominant diastereomer of UWM6. All
posiion H,d,m,  13C, HMBC NOESY three methylene carbons (C-2 and C-4 of ring A, and C-5 of
numbeft  (Jun Hz) ocd correlatior correlatiort ring B) have nonequivalent protons, each evident as a pair of
1 207 doublets (Table 2). An attempt to define the relative stereo-
2 2.50d (14) 51.3 3,4,12b 5,13 chemistry at carbons C-4a and C-12b was based on possible
2.74d (14) 3,13 5,13 conformations from Dreiding models and results of a 2-D
3 76.1 NOESY NMR experiment. The configuration at C-3 fbhad
4 1.98d (15) 42.8 2,3,4a,12b 513 been assigned &R from biosynthetic evidence based on the
2.02d (15) : . _
4a 76.2 isolation of1 from blocked mutants of the urdamycin producer
5 2.98d (17) 50.8 4,4a,6,12b 2,4 S. fradiae? The R configuration at C-3 was also deduced from
3.02d (17) an X-ray crystal structure of the angucycline, sakyomiciffA.
6 2025 From the NOESY spectrum it was clear that the methylene
?a OH 15.9< 11%87-41 protons attached to C-2 and C-5 are in a close proximity because
7a P 113.4 they gave strong cross-peaks. This result ruled out the two
8 —OH,9.67s 158.4 8,9 isomers with trans configuration between rings A and B because
9 6.92d(8.8) 1122 7a,8,11 10 either configuration would place C-2 and C-5 distant from one
10 7.53t(8.8) 133.7 8,1lla 9,11 another. For the cis configuration, flexibility of ring A results
11 7.13d(88) 1191 9 1la12 10 in several possible conformations (restricted to boat forms) for
i%a 6.76 5 11319758 6a 11, 11a, 12a, 12b the two possible isomers. The_NOES\_( correlation from H-2
12a 132.7 and H-5 supports a conformation of ring A folded down as
12b 3.99s 62.2 1,4, 4a, 12, 12a depicted in Figure 3 for one isomer (@al2bR)-4-hydroxy-
13 1.30s 309 2,3,4 2,4 12H-12-deoxyrabelomycin). However, definitive data were not
2 Numbering for benzthracene skeleton as in Figure Bruker obtained because such a cor_1formation for ring A of _either isomer
DMX-500, TXI-5-mm probe: CDGITMS. ¢ Bruker AM-300; CDCl. would not be expected to give a NOESY correlation between

4 Assignments were confirmed with an HMBC pulse sequence modified H-12b and either of the C-2 protons or the C-3 methyl group
to remove the 1-bond coupling purge pulse which obviated the need to confirm this choice or exclude alternatives. Although the
for a separate HSQC experiment. 4351215 configuration would be expected to give a NOESY
cross-peak between H-12b and the C-3 methyl, the absence of
in the UV spectrum of UWMBG indicated a highly conjugated such a cro;s-peak prepludes .estabhshment Of. Fhe relative
P gnly 1ug stereochemistry 0f2. This question should be revisited once

system, however without the quinone moiety preset lrow- ! - . .
resolution chemical ionization mass spectrometry (CIMS) gave _the role of12is confirmed by studies of thed PKS enzymes

. : itro.

an M+ H ion atn/z = 343 for the formula @H1g0s With an invi L. . .
unsaturation number indicating four rings and seven double | Cycrl]ase qun_ct|0_||_1h|s_ Agollshed_ Whe6rtcml gnd jad| gAAr/e
bonds. High-resolution electron impact EIMS confirmed the nterchanged in Their Respective Gene Cassettesive

formula for 12 (calcd 342.1103, found 342.1096) and showed constructe_d a series of artificial gene cassettes made_tmmf
sequential loss of two molecules ob® and a CH group to genes angad genes (Table 1) to assess how tbel andjad

give fragment ions ofiz = 324, 306, and 291, respectively. cyclases might function in cooperation with other PKS enzymes.

; _ P : Because the absence of a full lengdldl gene had resulted in
The base peak ion @f/z= 282 indicated loss of 60 amu, which ) 1
would correspond to loss of fragments fop® and GH-0. the formation of shunt products SEK4B)j and UWM4 (L1),

Several key features of the 141 NMR spectrum led to the the structures of and12 produced from in vivo expression of
angucyclinone structure proposed in Figure 3. Sharp singlets atJad genes in englneered PKS cassettes confirm the funqtlon of
the jadl protein as a cyclase required for angucyclinone

0 15.9 and 9.7, each integrating for 1H, were assigned to the ; L : o

phenolic protons at C-7 and C-8, respectively. Both protons prc_)ductlon. Thus, tis ur_1I|ker tha;aspecmc enzyme of e

exchanged with BD and have very similar chemical shifts to lividans r_lost strain is involved in the formation of these

phenolic protons in the anthracycline ring system, deduced for angucyclmeg . .

the aglycone portion of mithramycin, a member of the aureolic W? examlngd whethegad| . provides a means to produce

acid group of antitumor antibiotida. These chemical shifts ~ NYPrid polyketides by genetically engineering artificial gene

contrast with the phenolic proton chemical shifts)af1.6 and cassettes using other PKS genes. We first tested the ability of

12.2 for the benZ]anthraquinone skeleton of. Another jadl to funct|c_)n with the well-_stu'dleotcm PKS genes by
replacingtcml in pWHM7251¢ with jadl (pWHM1230). Both

unusual feature of the 1-BH NMR spectrum was a sharp singlet s
at o 4.0 that did not exchange with,D and integrated for 1H. PWHM1230 and pWHM1232t¢mKL'“* replaced withjadAB)

This singlet was assigned to the bridge methine at C-12b ( produc_ed TcmFZG(_) with trace amounts of Tc_:m F]?X(Scheme
62.2) on the basis of the results of an HMBC NMR experiment 1), which must arise by spontaneous gycllzatlprﬁdfecause
(Table 2) where 2-bond correlations to quaternary carbons for the same me‘?‘bo"tfe pr%ﬂle was.obtalned with pWHM;220
ketone C-1, hydroxylated bridge carbon C-4a, aromatic carbon (pPWHM1232 withoutiadl).” As previously reported, expression
C-12a, and 3-bond correlations to methylene carbon C-4 and ©f temNefficiently directs nonreduced decaketide$#3>*and
aromatic carbon C-12 were evident. The remaining carbon tN€ Presence ojadl in pWHM|123O dr:d not influence this .
assignments and corresponding proton assignments were readilfylcome. An unexpected result was the apparent disruption o
deduced from the HMBC spectrum (summarized in Table 2). he tcm minimal PKS by the addition ojadl (pPWHM1231);

Assignment of stereochemistry for the three chiral centers this construct was expected to prodLﬁaano_l 9 with trace
was less straightforward. Both the circular dichroism (CD) amounts o6, but did not produce any metabolites. The previous

spectrum (MeOH, nm @]25) 400 (—850), 328 {-1400), 298 (23) Irie, H.; Mizuno, Y.; Kouno, I.; Nagasawa, T.; Tani, Y.; Yamada,
(—4400), 275 £2000), 255 ¢1100), 228 -700)) and NMR H.; Taga, T.; Osaki, KJ. Chem. Soc., Chem. Commu®83 174-175.
(24) Shen, B.; Summers, R. G.; Wendt-Pienkowski, E.; Hutchinson, C.
(22) Thiem, J.; Meyer, BTetrahedron1981, 37, 551-558. R.J. Am. Chem. S0d995 117, 6811-6821.

Characterization of UWM6 (12). The maximum at 408 nm
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conclusion thajadD cannot function with unreduced decaketides
to form angucyclic compounéswas reinforced whejadD was
unable to operate with thad minimal PKS in the construct
pWHM1233, which produced the same set of metabolies (
8, and9) as thetcmminimal PKS24 Addition of tcml or jadl to
pWHM1233 to give respectively, pwWHM1234 and pWHM1235,
did not influence metabolite production (Table 1).

In showing by TLC and HPLC analyses that similar aromatic
polyketides were produced from these constructs wheaukr
or tcmlwere included, we have established that neithetdine
nor thejadl cyclase gene is able to function out of context.
Furthermore, when expressed together in yjaolD andjadl
give enzymes that appear to act cooperatively only on C-9

Kulowski et al.

HO_~_0

-0 COOH
Lot oo T
OH © CH,CHs OH O OH O

UWMS (13) 12-deoxyaklanonic acid (14)

Figure 4. Structures of aromatic polyketide produt&andl14isolated
from strains expressing artificialps gene cassettes.

(PWHM1234). Thus, it was surprising that pWHM1231 con-

reduced decaketides to produce angucycline intermediatestainingjadl plus thetcm minimal PKS genes did not produce

(pPWHM1237). This contrasts with ttemNandtcml cyclases,
which function independently to first produce TcmF®) by
the action of the TcmN protein cooperating with tboemminimal
PKS and then to convefito Tcm F1 {) by the action of the
Tcml proteint4

Discussion

Current understanding of iterative type Il PKS systems, both
in regard to enzyme function and the potential for novel product
formation, is based solely on the class of aromatic polyketides
with linearly-fused ring€:1%-24.250ur goal was to identify genes
needed to produce angucyclinones such asd then to evaluate
these genes in different contexts using a combinatorial approach
In the present work this involved the reassemblyooficyclase
genes withjad PKS genes or that ghd cyclase genes with
tcm PKS genes. The Tcml protein was previously shown to be
a linear decapolyketide cyclase for fourth-ring cyclizatior6of
to 7 (Scheme 1). Although the results described here with the
Jadl cyclase in a Jad PKS cluster suggest involvement of a
fourth-ring cyclization, we never observed or isolated any
tricyclic substrate for the Jadl cyclase (see Scheme 2).

Comparison of the Jadl protein with other aromatic polyketide
cyclases showed high degrees of amino acid sequence similarity
It showed very strong similarity to a putative polyketide cyclase
associated with urdamycin biosynthekisUrdamycins are
decapolyketide angucyclines produced by strainS.dfadiae
At lower sequence similarity, Jadl resembled WhIiE-OrfVII, a
putative cyclase fronStreptomyces coelicoldf. Comparable
sequence similarities were found between Jadl and ORF11,
putative PKS gene from the pradimycin (a;&ngucycline)-
producing strainActinomadura hibiscad? as well as between
Jadl and CurG, a putative cyclase from another spore pigment-
producing strainStreptomyces curacé? Of this related group

a

the expected produc&or 9. Formation of6 whentcmNwas
included in the latter construct (as pWHM1230 and pWHM1232)
apparently excludes the trivial explanation that the PKS
genes were nonfunctional in pWHM1231. For some regaoh
prevented the normal function of tliem minimal PKS.

The set of cassettes containing the minijaal PKS genes
and thejadD cyclase gene, but lacking thi@dE ketoreductase
gene, were constructed to tesfaflD when coexpressed with
jadl (P WHM1234) could result in a correctly folded, unreduced
decaketide and cooperate with the other genes to give a C-10
unreduced angucycline. Expression of p?WHM1235 tested if the
Tcml and JadD cyclases could interact correctly to fold and
cyclize an unreduced decaketide to prodécand possibly7
where the JadD cyclase could not normally function on its own.
Expression of these constructs (pWHM1233, pWHM1234, and
pWHM1235) all produced the same polyketidgand 9 plus
small amounts 06 (Scheme 1). These results indicate that all
of the heterologous PKSs tested functioned much liket¢he
minimal PKS and that neither Tcml nor Jadl could assist the
JadD cyclase in forming a nonreduced, tri-, or tetracyclic linear
polyketide. When theicml cyclase gene was placed in the
context of thgad PKS genes containing a ketoreductgadi),
it was nonfunctional as well, producing the same proddéts
and11 as pWHM1221.

We did not observe a bi- or tricyclic intermediate in the
products obtained from expression of jad PKS genes or their
heterologous constructs in vivo. Consequently, we are tempted
to conclude that Jadl catalyzes all three cyclizations required
for the biosynthesis of, beyond formation of the first ring by
JadD. Cooperation between Jadl and a host cyclase is unlikely,
since the inclusion ghdl alone redirected thedABCEDgenes
to produce true angucycline$ &nd12) instead of monocyclic
shunt products such d9 and11 (Scheme 2), but it cannot be

of cyclases in the databases Tcml had the lowest sequenceeXCIUdeOI a priori.

similarity to Jadl. Among the six proteins compared, only Tcml
and now Jadl have well-established functions.

The main products of the most complete sejaafgenes, as
in pWHM1237, were all angucyclinonesl,(12, and the
unknown intermediate; Scheme 2). From the results of express-
ing pWHM1221 and pWHM1237 ii1$. lividans(Table 1), it is
evident thajadl requires not only th@adE ketoreductase gene
but also a second cyclas@dD) to function. Activities of
minimal PKSs customarily can be observed in the absence of
the cognate or heterologous cyclad&si213.24The functions of
pWHM1233 and pWHM1234 (Table 1) reflect the properties
of the jad minimal PKS (pWHM1233) which, as expected,

In this regard, it is instructive to compare tfaal PKS with
the daunorubicin/doxorubicin (dps) PKS, which forms a linearly-
fused tricyclic decapolyketide, 12-deoxyaklanonic acid (Figure
4, 14), a precursor of daunorubicin and doxorubicinStrep-
tomyces peucetitf§ and Streptomyces sgstrain C5™° The
biosynthesis of4 also involves intermediates with one reduced
aromatic ring, created by the action of ttiesABCDEFgenes.
The dps PKS does not employadl (or tcml) homologues;
instead, one other genepsY¥?® (and perhapsipsHalsd’) acts
along with thedpsEketoreductase andpsFfirst-ring cyclase/
aromatase to make 12-deoxyaklanonic acid. WhipsY is
absent, UWMS5 is produced i$. peucetiugFigure 4,13)

primarily makes SEK158) and SEK15b §)10211(Scheme 1),
and the lack of an effect on this activity by addition jafll

(25) (a) Hutchinson, C. R.; Fuijii, Annu. Re. Microbiol. 1995 49, 201—
238. (b) Hutchinson, C. RCurr. Opin. Microbiol. 1998 1, 319-329.

(26) Lomovskaya, N.; Doi-Katayama, Y.; Filippini, S.; Natro, C.;
Fonstein, L.; Gallo, M.; Colombo, A. L.; Hutchinson, C. R.Bacteriol.
1998 180, 2379-2386.

(27) Gerlitz, M.; Meurer, G.; Wendt-Pienkowski, E.; Madduri, K;
Hutchinson, C. RJ. Am. Chem. S0d.997, 119, 7392-7393.
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whereas the absencedjfsHhas no obvious effeét One could
conclude from these facts that tdpsPKS, like thejad PKS,

J. Am. Chem. Soc., Vol. 121, No. 9, 18883

0.3 kb EcaRI/HindlIIl fragment containingermEps from plJ4070 in a
four-way ligation into theecaR| andPst sites of pWwHMS3. The plasmid

employs at least two cyclases, perhaps in a stepwise mannerPWHM1235 was constructed by recovering a 2.2 Xbal/Bglll

However, the issue is clouded by the fact that neithpsHnor
dpsYis required for 12-aklanonic acid biosynthesis by tipes
PKS genes when they are expressefl.itvidans!®>?’ Therefore,
the precise role of Jadl (as well as JadJ) in the biosynthesis of
12-deoxyrabelomycin, including the question of bi- and tricyclic
intermediates, will have to await studies wigh venezuelae
mutants and purified Jad PKS enzymes.

In conclusion, we have characterized the functiofjadi as
an enzyme that facilitates cyclization of decapolyketides to give
angucyclinoned and12. It appears that the enzymes for the
minimal jad PKS and minimatcm PKS function similarly and
are exchangeable but that the cyclase genes froncthend
jad biosynthetic pathways do not function when combined with
the minimal PKS genes of the other’s cluster. Although our
current results imply that nonfirst ring cyclases cannot be

fragment from pWHM1236, a 1.2 kiBglll/Nsd fragment from
pWHM1221, and a 1.4 ki$pHh/Nsil fragment from pWHM1221 and
ligating them jointly into theXba and Pst sites of p?WtWHM1250. The
plasmid pWHM1234 was constructed in two steps by first recovering
a 3.0 kbKpnl/Bglll fragment from pWHM1237, plus a 2.5 kBglll/
Hindlll segment from pWHM1235, and cloning them jointly into
pGEM7Zf(+) at theKpnl/ Hindlll sites. The resulting plasmid was
then digested witiXba and Hindlll, and the 5.5 kb fragment was
inserted into pWHM3 at th¥ba andHindlIl sites to give pWHM1234.
The plasmid pWHM1233 was constructed from pWHM1235 and
pWHM1221 by cutting each witBglll/HindIll and ligating the vector-
containing portion of pWHM1221 to the 2.5 kb fragment from
pWHM1235. The plasmid pWWHM1232 was derived from pWHM1220
by removing a 0.6 kkEcaRI/Pst fragment and inserting three other
fragments into thécaRI/Pst sites: a 0.3 kiEcaRI/BanH| fragment
from plJ4070 plus the 0.8 and 1.8 K&anHI/Puull fragments from
pWHM1237. To construct pWHM1231 and pWHM1230 fadl gene

switched between systems involving reduced and nonreducedwas added onto thiem PKS genes by first removingdl from pJV58

first rings, future testing ofadD and jadl together in other

as a 0.4 kiEcaRI/BanHI fragment and ligating this fragment plus the

angucycline systems, such as those represented by the dodec&mEp* promoter (0.3 kEcoRl/ Hindlll fragment from plJ4070) into

ketide whiE PKS!® and pradimycin PK$S? may lead to novel
aromatic polyketide structures.

Experimental Section

General Methods.UV (Shimadzu, model 1605), and CD (On-Line
Instrument Systems) analyses were recorded in MeOH (Omnisolv, EM
Science). LC-CIMS was performed on PE Sciex API100LC MS-based

pGEMB3Zf(—) at theEcaRI/BanH] sites. Two fragments (0.4 KBcaRI/

Sst and 0.3 kbEcadRI/Pst) were recovered from this intermediate

construct and ligated into pWHM3 at tt&st/BanH| sites along with

a 3.4 kbPst/BanHI fragment from pWHM1208 for ptwHM1231 or

a 4.7 kbPst/BanHI fragment from pWHM862* for pWwHM1230.
Culture Conditions, Chemicals, and Other Biological Materials

S. glaucescerandsS. lividanswere grown in liquid R2YENG mediuf

(pH 6) for preparation of protoplasts, on R2YENG agar plates for

detector using a heated nebulizer as the ion source generator. Theprotoplast regeneration, and in R2YENG liquid or agar for production

compounds were separated on a C-18 column (4.6 xnrhi5 cm).
HREIMS was carried out on a Kratos MS-80RFA spectrometer. The
1-D 3C NMR spectrum of12 was recorded on a Bruker AM3000
spectrometer in CECl, (Merck Sharp & Dohme, 99 atom % D), and
1-D *H NMR and 2-D NMR spectra (NOESY, HMBC) were recorded
on a Bruker Avance DMX 500 with a 5-mm TXI inverse probe.
Samples were dissolved in CDC{Aldrich, 100 atom % D) and
referenced to internal TMS. The NOESY spectrum was obtained with
a standard Bruker pulse program and a mixing time of 500 ms. The
HMBC pulse program was modified to remove the 1-bond purge pulse

of secondary metabolite§. glaucescenspores were isolated after
growth on HT mediurff andS. lividansspores after growth on R2YE
agar®® All transformed Streptomycesspecies were selected with
thiostrepton (10ug/mL in liquid and 50ug/mL on solid media).
RecombinantE. coli DH5a strains were grown in LuriaBertani
mediun¥® containing ampicillin (150ug/mL). Restriction enzymes,
DNA ligase, and other molecular biology materials were purchased
from standard commercial sources.

Metabolite Production and Analysis. DNA fragments containing
the hybrid PKS expression cassettes under control ofetineBp*

so that 1-bond correlations were observed as off-set cross-peaks in thegromoter were cloned into pWHM3 to give the plasmids described in

proton dimension.

Bacterial Strains, Plasmids.The S. glaucescenGLA.0 and 1077
strains?® S. lividans 13263° are described elsewhere. TleemEp*
promoter from plJ4070 (obtained from Mervyn Bibb, John Innes Cen-
tre, England) inserted into tHstreptomyceshuttle vector ptHME
has been described as plasmid pWHM1950he plasmids pGEM-
3Zf(-), and—7Zf(+) were purchased from Promega (Madison, WI),
TheE. coli strain used was DHb

Construction of Plasmids. Table 1 lists the plasmids constructed
in this work. Plasmid pWHM1237 was constructed by the ligation of
a 0.8 kbBanHI/Pull fragment containing the beginning @dl from
pJVv58% and a 4.8-kPuull/Nsil segment from pWHM122% into the
shuttle vector pWHM1250 using th&anHI/Pst sites. Plasmid
pWHM1236 was constructed by first subclonitegnl as a 0.8 kkPst/

Bglll fragment from pWHM725%¢into pGEM3Zf(-). A 0.4 kbHindIll/
Nad fragment was then removed and combined with a 4. Xkir/
Nsil fragment from pWHM1221 containing the jad PKS genes and a

(28) Lomovskaya, N.; Otten, S. L.; Fohnstein, L.; Doi-Katayama, Y.;
Liu, X.-C.; Takatsu, T.; Inventi-Solari, A.; Breme, U.; Colombo, A. L,;
Hutchinson, C. RJ. Bacteriol 1999 181, 305-318.

(29) Motamedi, H.; Wendt-Pienkowski, E.; Hutchinson, C.JRBac-
teriol. 1986 167, 575-580.

(30) Hopwood, D. A.; Kieser, T.; Wright, H. M.; Bibb, M. J. Gen.
Microbiol. 1983 129, 2257-2269.

(31) Vara, J.; Lewandowska-Skarbek, M.; Wang, Y.-G.; Donadio, S.;
Hutchinson, C. RJ. Bacteriol.1989 171, 5872-5881.

(32) Madduri, K.; Kennedy, J.; Rivola, G.; Inventi-Solari, A.; Filippini,
S.; Zanuso, G.; Colombo, A. L.; Gewain, K. M.; Occi, J. L.; Macneil, D.
J.; Hutchinson, C. RNat. Biotechnol1998 12, 69—74.

Table 1 and were introduced by transformation into protoplass. of
lividansandS. glaucescenstrains by the method of Hopwood et®al.
Transformants were selected by overlaying the plates with thiostrepton
(final concentration of 1@g/mL). Transformants were initially grown

in culture tubes containing 5 mL of R2YENG medium plus thiostrepton
for 1—-2 days. The contents of the tube was transferred to 250-mL
baffled flasks containing 15 mL of R2YENG with thiostrepton. At 1,

3, and 5 days, samples of culture (1 mL) were acidified with DO

of 1 M KH2PQy, pH 4.8, extracted with 0.25 mL of ethyl acetate, and
concentrated under a stream of nitrogen. The resulting crude residues
were resuspended in 20 mL of MeOH and subjected to chromatography
on thin-layer chromatography (TLC) plates (silica gel 6&,FE. Merck,
Darmstadt, Germany) developed in chloroform:methanol:acetic acid (40:
10:1.25). Secondary metabolites were detected with UV light (254 or
310 nm). Analyses of cultures with a Waters HPLC system [two LC
pumps (models 6000A and 510), pump control module, photodiode
array detector (model 996), Novapaks€olumn (3.9x 150 mm) with
guard column, and Millenium software] were performed as above,

(33) Motamedi, H.; Hutchinson, C. Rroc. Natl. Acad. Sci. U.S.A987,
84, 4445-4449.

(34) Bormann, C.; Aberle, K.; Fiedler, H.-P.; Schrempf, Bppl.
Microbiol. Biotechnol.199Q 32, 424-430.

(35) Hopwood, D. A.; Bibb, M. J.; Chater, K. F.; Kieser, T.; Bruton, C.
J.; Kieser, H. M.; Lydiate, D. J.; Smith, C. P.; Ward, J. M.; Schrempf, H.
Genetic Manipulation of Streptomyces: A Laboratory ManUdie John
Innes Foundation: Norwich, U.K., 1985.

(36) Sambrook, J.; Fritsch, E. F.; Maniatis, Molecular cloning: a
laboratory manual2nd ed.; Cold Spring Harbor Laboratory, Cold Spring
Harbor: NY, 1989.
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except that the extracted crude residues were resuspended:incg0
MeOH and 5uL samples were injected (Rheodyne) onto the column.
The solvent gradient used was: Solvert=20.1% formic acid in HO;
solvent B= acetonitrile (Omnisolv, EM science); flow rate, 2.0 mL/
min, 0—10 min 100% A to 70% A:30% B (linear gradient, curve 6),
10-15 min, 70% A:30% B to 100% B (concave gradient, curve 9),
15—20 min, 100% B to 100% A (curve 9), then held at 100% A for 5
min.

The final analyses 08. lividanscultures freshly transformed with

constructs listed in Table 1 were performed in duplicate and analyzed

by TLC and HPLC at 48 h.

Isolation and Characterization of Angucyclinones.Preparative
incubations ofS. lividansharboring plasmid pWHM1237 were grown
in 250-mL baffled Erlenmeyer flasks each containing R2YENG (50
mL) with thiostrepton (1Q:g/mL). Three separate 500-mL incubations
were acidified with formic acid to pH 4 and extracted by shaking with
2 x 500 mL EtOAc portions. After centrifugation to separate emulsions,

Kulowski et al.

the early collected fractions gave enriched samplesl agind the
unknown (estimated 90% pure by HPLC). However, the unknown
spontaneously converted tb Later, it was found that onlyl was
produced by8. lividanstransformed with pWHM1237 grown on solid
media (200 mL of R2YENG agar, 3T, 10 d). The solid media was
chopped, acidified, and extracted three times with 200-mL portions of
CHClI;, and the organic layer was evaporated to dryness in vacuo. This
crude extract residue was subjected to TLC (EtOAc:toluene, 1:1) and
recovered to afford 4 mg df.
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