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Abstract: Aklanonic acid, an anthraquinone natural product, is a common advanced intermediate in the
biosynthesis of several antitumor polyketide antibiotics, including doxorubicin and aclacinomycin A. Intensive
semisynthetic and biosynthetic efforts have been directed toward developing improved analogues of these
clinically important compounds. The primer unit of such polyfunctional aromatic polyketides is an attractive
site for introducing novel chemical functionality, and attempts have been made to modify the primer unit by
precursor-directed biosynthesis or protein engineering of the polyketide synthase (PKS). We have previously
demonstrated the feasibility of engineering bimodular aromatic PKSs capable of synthesizing unnatural
hexaketides and octaketides. In this report, we extend this ability by preparing analogues of aklanonic
acid, a decaketide, and its methyl ester. For example, by recombining the R1128 initiation module with the
dodecaketide-specific pradimicin PKS, the isobutyryl-primed analogue of aklanonic acid (YT296b, 10) and
its methyl ester (YT299b, 12) were prepared. In contrast, elongation modules from dodecaketide-specific
spore pigment PKSs were unable to interact with the R1128 initiation module. Thus, in addition to revealing
a practical route to new anthracycline antibiotics, we also observed a fundamental incompatibility between
antibiotic and spore pigment biosynthesis in the actinomycetes bacteria.

Introduction modified with or without reduction of the carbonyl grofp!

L ) i At least one of these analogues (MEN10755) is currently in
Aklanonic acid, a member of the polyketide family of natural  jinical trials3

products;? is an anthraquinone compoynd .and a biosynthetic Much has been learned within the past two decades about
precursor of several important antibiotics, including daunoru- e pigsynthesis of anthracycline natural products through the
bicin, baumycin Al, nogalamycin, and the anticancer drugs, ¢ompined exploitation of chemical, biochemical, and genetic
doxorubicin and aclacinomycin A (Figure 1A and Figure 2). approache$1213These insights have started to yield practical
The primary differences between these natural products lie in penefits: for example, a bacterium has been engineered to
their substitution patterns, especially their glycosylation patterns. synthesize epirubicin, a clinically important semisynthetic
Over the past few decades, there have been intensive attemptgnalogue of doxorubicin with reduced side effét(Bigure 1B).

to prepare semisynthetic analogues of this family of compounds Notwithstanding this progress, an even greater diversity of
(Figure 1B). For example, anthracyclines containing a disac- piosynthetic anthracyclines can be realized when the polyketide
charide chain with substitutions at-Hydroxy group or a  packbones of these natural products are systematically modified.
monosaccharide with a methoxymorpholino ring (PNU152243) Here, we describe a new strategy for achieving this goal.
have shown promising activity:® Similarly, removal of the The primer unit in aromatic polyketide biosynthesis is an
4-methoxy group from certain anthracyclines resulted in in- attractive site for introducing novel chemical functionality into
creased drug activity® The C-9 side chain has also been existing natural product®. In the absence of a dedicated
mechanism for introducing non-acetyl primer units, the minimal
PKS, comprising a ketosynthase (KS), a chain length factor
(CLF), an acyl carrier protein (ACP), and a malonyl-CoA:ACP
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Figure 1. (A) Examples of natural anthracycline polyketides. (B) Examples of clinically useful semisynthetic analogues of daunorubicin and doxorubicin.
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Figure 2. Biosynthesis of daunorubicin, doxorubicin, and aclacinomycin A.

transacylase (MAT), decarboxylates one malonyl equivalent and backbones (Figure 3%:1%-2% In some cases, such as the R1128
initiates polyketide assembly with an acetyl grd@ipt® How- PKS and the daunorubicin PKS, the synthase includes a
ever, certain natural products, such as doxorubicin, wailupe- dedicated module of enzymes for chain initiat/8@3 Recent
mycin, and the R1128, estrogen receptor antagonists, canstudies have demonstrated that these initiation modules can
incorporate various non-acetyl primers, such as propionate, collaborate with elongation modules from heterologous octa-
benzoate, and a range of short-chain fatty acids, into their

(18) Hopwood, D. A.; Sherman, D. HAnnu. Re. Genet.199Q 24, 37.
)

(19) Hori, Y.; Abe, Y.; Ezaki, M.; Goto, T.; Okuhara, M.; Kohsaka, Nl
(16) McDaniel, R.; Ebert-Khosla, S.; Hopwood, D. A.; KhoslaSciencel 993 Antibiot. 1993 46, 1055.
262, 1546. (20) Sitachitta, N.; Gadepalli, M.; Davison, B. Betrahedron1996 52, 8073.
(17) McDaniel, R.; Ebert-Khosla, S.; Hopwood, D. A.; KhoslaNaiture1995 (21) Piel, J.; Hertweck, C.; Shipley, P. R.; Hunt, D. M.; Newman, M. S.; Moore,
375, 549. B. S.Chem. Biol.200Q 7, 943.
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Figure 3. Non-acetate-primed polyketide biosynthesis. (A) R1128 biosynthesis, (B) doxorubicin biosynthesis, (C) wailupemycin A biosynthesis. Primer
units are in bold.

ketide synthases and decaketide synthases to produce non-acetyarnessed the pradimicin K&LF to successfully produce a
primed hexaketide and octaketide natural products, respec-range of aklanonic acid analogues in good yield. In addition to
tively.24 In each case, chain length of the polyketide backbone providing a route to new antitumor compounds, our results
is dictated by the elongation module (i.e., the minimal PKS). highlight the biochemical logic of PKS specificity during
Since the anthracycline antitumor antibiotics shown in Figure contemporaneous antibiotic and spore pigment synthesis in the
1A are decaketides, it was therefore hypothesized that primerlife cycle of an actinomycete bacterium.

unit modifications of this class of natural products would require
the use of a dodecaketide PKS. Specifically, we targeted the
engineering of aklanonic acid and aklanonic acid methyl ester Materials. Silica gel plates Si250F for thin layer chromatography
analogues since these compounds are the first common stablavere obtained from J. T. Baker. All other chemicals and solvents were
intermediates in the biosynthesis of the antitumor compounds purchased from Sigma, Aldrich, and Fisher Scientific and were of the

shown in Figure 1A. highest available grade.

S | dod ketid th h b ted in th Bacterial Strain and General Methods for DNA Manipulation.
everal dodecakelide synthases have been reported In g ., qjicolorstrain CH999 was used as the host for transformation by

literature. For example, the spore pigment PKSs from various gttie vectors. Protoplast preparation and PEG-assisted transformation
Streptomycespecies, includingvhiE from S. coelicolo® sch were performed as described by Hopwood €&l cloning steps
from S. halstediiandcur from S. curacoj synthesize dodeca-  were performed ifEscherichia colstrain XL-1 Blue (Stratagene). PCR
ketide backbone®:2” The pradimicin PKS fronActinomadura was performed usingfuTurbopolymerase (Stratagene). PCR products
hibiscahas also been identified as a dodecaketide synfifase. were first cloned into a pCRBIlunt vector (Invitrogen) followed by
Although our initial efforts to prepare aklanonic acid analogues DNA sequencing (Stanford PAN Facility). Unmethylated DNA was
attempted to harness the spore pigment PKSs, we observed gbtained using the methylase-deficient strain GM2163 (New England

fundamental incompatibility between the R1128 initiation Biolabs). T4 DNA ligase (Invitrogen) was used for ligation of restriction
fragments.

module and th re pigment elongation modules. We therefor
odule and the spore pigment elongation modules. We therefore Construction of Plasmids. The following primers were used to
(22) Meadows, E. S.; Khosla, Giochemistry2001, 40, 14855 amplify the individual genes:Sch KS: 5-GATTAATTAGGAG-
(23) Bao, W.; ’Sh-eld'(’)n, P. J’.; Wendt-Pienkowski, E.; Hutéhinson, CJ.R. GAGCCATCATCATGAGCCGCCGGGTCGTCGTCACCGGT:S'
Bacteriol. 1999 181 4690. CGATGCATTCATCTCAGCCTCCTCTCCGGTCCGG-3Pacl/Nsil);

(24) Tang, Y.; Lee, T. S.; Khosla, ®LoS Biol.2004 2, E31. . : B
(25) Davis, N. K.; Chater, K. FMol. Microbiol. 199Q 4, 1679. Sch CLF: S-GAATGCATGGAGGAGCCATCATGAGCG

(26) Blanco, G.; Pereda, A.; Mendez, C.; Salas, JG&ne1992 112 59.

Experimental Methods

(27) Bergh, S.; Uhlen, MGene1992 117, 131. (29) Kieser, T.; Bibb, M. J.; Buttner, M. J.; Charter, K. F.; Hopwood, D. A.
(28) Dairi, T.; Hamano, Y.; Igarashi, Y.; Furumai, T.; Oki,Biosci. Biotechnol. Practical Streptomyces GeneticBhe John Innes Foundation: Norwich,
Biochem.1997, 61, 1445. UK, 2000.
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Table 1. Plasmid Constructions and Resulting Polyketide Products?

KR aromatase, polyketide

plasmid minimal PKS? (actlll) cyclase R1128 LM products ref
pYT227 schwith whie ACP — - - TW93c-h ref 30
pYT226 schwith whiE ACP + - - TW94c-d ref 30
pYT232 schwith whie ACP - - + TW93c-h this work
pYT231 schwith whie ACP + - + TW094c-d YT231a,by, 2) this work
pYT236 schwith whiE ACP - whiE CYC + TW95a,b ref 30, this work
pYT210 schwith zhuN - zhul, zhuJ + no polyketide this work
pYT209 schwith zhuN + actVll, actlv + No polyketide this work
pYT243 pmswith zhuN — - + YT243a,b B, 4) (SEK15-like) this work
pYT266 pmswith zhuN + - + YT266a,b 6, 6) (RM20b-like) this work
pYT253 pmswith zhuN + pms CYC + TW95a,b this work
pYT259 pmswith pms ACP + pms CYC + TW95a,b this work
pYT292 pmswith zhuN + grisARO/CYC + YT292a,b {, 8) (SEK43-like) this work
pYT296 pmswith zhuN + grisARO/CYC dpsY + YT296a,b @, 10) (aklanonic acid-like) this work
pYT299 pmswith zhuN + grisARO/CYC dpsY + YT299a,b (1, 12) (methyl ester) this work

aThe Streptomyces coelicolatrain CH999 is used as the host for polyketide biosynthesis. Each plasmid is derived fromtpRatH. construct contains
genes for the minimal PKS, cyclases, and the R1128 initiation module, which consisiis@%zhuH andzhuC Products are analyzed by LC/MS and NMR.
b The minimal PKS consists of the indicated K6LF, ACP, and the endogenous MATpYT299 has methyl transferaseénfC) gene, which is different
from pYT296.
CACCCCGGCGAGCCGTCG*3Nsil); whiE ACP: 5-CCTCTAGAG- Culture Conditions, Extractions, and Small-Scale Analysis.
GAGGAGCCOCATATACCGATCAGCAGCTGGAC-3, 5-GGAC- Strains were grown on R5 media plafesontaining 50 mg/L
TAGTCCACTCCCGTCTTGAGGGCGCC FXbal,Ndel/Spel)whiE thiostrepton at 30C for 7—10 days. For LC/MS and analytical HPLC
cyclase: 5GCACTAGTGCCCTCAAGACGGGAGTGTGACATG-3 analysis, a well-pigmented plate was chopped into fine pieces and

(Spel); Pms KS: 5-GATTAATTAASGAGGAGCCATCATGAGC- extracted with 30 mL of ethyl acetate containing 1% acetic acid. The
CGACCGCAGGGGGGCGGG 35 -GGATGCATCATGCGGCCTC- solvent was removed in vacuo, and the residue was dissolved in 1 mL
CCGCAGGACGG-3(Pacl/Nsil);PmsCLF: 5-GGATGCATGGAG- of methanol. The polyketide products were separated by analytical
GAGCCATCATGAGCGTCCTGACGGCGGACGCGCCGEG;35'- reverse-phase HPLC and detected at 280 and 410 nm using the Alltech
GGTCTAGAGGTCAGGTGTTCGGGCCGCGCAGCACC-3(Nsil/ Econosphere C18 column (250 mm4.6 mm); linear gradient: 10%
Xbal); Pms ACP: 5-GGTCTAGAGGAGGAGCGCATATGSCAA- acetonitrile (MeCN) in water (0.1% TFA) to 60% MeCN in water (0.1%
CCCGCGAACGCACCATCG-3 5-GGACTAGTCATCGCTCGGC- TFA) over 30 min with a flow rate of 1 mL/min. HPLC retention times
CACCGCCCGCCCG-3 (Xbal,Ndel/Spel); Pms CYC: 5-GGAC- were as follows1: 25.3 min;2; 21.8 min;3: 24.1 min;4: 25.6 min;

TAGTGGAGGAGCCATCATGACGCAGCTGGCGCACCGACAGCG- 5: 30.5 min;6: 32.6 min;7: 24.6 min;8: 27.7 min;9: 38.2 min;10:

3, 5-GGTCACCGCGCGCCCCGGGCCGCCCG(3pel);gris ARO/ 38.7 min;11: 40.5 min;12 40.8 min; linear gradient: 40% MeCN in
CYC: 5-GGTTTAAAGGAGGAGCCAGCATGTCGCAGCCCGGCCT- water (0.1% TFA) to 80% MeCN in water (0.1% TFA) over 30 min
GCGCGAGG-3 5-GGACTAGTCAGCCCCGCCGGCCCGCGGCACG-  with the flow rate of 1 mL/min9: 22.3 min;10: 25.3 min;11: 33.8

3 (Pmel/Spel);dpsYCYC: 5-GGACTAGTGGAGGAGCCAGCAT- min; 12: 35.1 min (data not shown). LC/MS was performed at the
GTGCTGTGGTGGCCCGAGAGGAG*3 5-CATCCTAGRATT- Vincent Coates Foundation Mass Spectrometry Laboratory at Stanford
AGCTAGO CATTCGTCGACGAAGGCGACCG-3(Spel/Nhel,Avrll); University using a ThermoFinnigan quadrupole ion trap LC/MS system
dnrG oxidase: 5GATGCTAGGSGAGGAGCCAGCATGCCA- either by electrospray ionization or by atmospheric pressure chemical
CAGCCAGAACCGAACGACG-3, 5-CATCCTAGGAATAT- ionization (both positive and negative ionization).
CACGTCGTCCGCCCTCCGGGCCCG-ANhel/Avrll); dnrC methyl Large-Scale Production and Isolation A sufficient number of R5
esterase: SGGCCTAGAGGAGCCAGCATGCAGGAT- plates (46-120 plates depending on the yield of the product) streaked
TCGTCCTACAAAGAG-3, 5-GGTCAGTGGGCGACCCGGGCG-  \jith the desired CHI99 strains were incubated atG@or 7—10 days.
GTGACG-3 (Avrll); dnrD cyclase: SGGCCTAGRAGGAGCCAG- The plates were chopped into fine pieces and extracted withl1of
CATGAGCACGCAGATCGATCTGGTCCG-3  5-GGACTAGF ethyl acetate containing 1% acetic acid according to the number of
CAGGGGCGCCAGCCCTCGGGGGTGGG-RAvrIlSpel). The in- plates. The extract was dried over sodium sulfate, and the solvent was

troduced restriction sites are shown in italics and _iqdicated iN removed in vacuo. The residue was purified by short path silica gel
parentheses. Genes encodse KS and CLF were amplified from — o6,,mn chromatography (eluted with 50% ethyl acetate in hexane with
plJ4301 and genes encodinghiE ACP and cyclase were amplified 19 acetic acid), and the product-containing fractions were collected
from plJ42962 Genes encodingmsKS, CLF, ACP, and CYC were ¢, preparative reverse-phase HPLC. The solvent was removed in vacuo,
amplified from the genomic DNA oActinomadura hibisc#157-2:¢ and the residue was dissolved in 5 mL of methanol and filtered for
Genes encodingris ARO/CYC were amplified from plJ5218. injection into the preparative reverse-phase HPLC column (250 mm
Genes encodindpsYCYC, dnrG oxidase, andinrC methyl esterase x 22.5 mm, C18 column: Alltech Econosil). A 0% MeCN in

. ) a3 _ 60
were amplified from the genomic DNA &8. peucetiud** Different 401 (0.19 TFA) gradient was used over 50 min with a flow rate of
combinations of cassettes, as shown in Table 1, were introduced iNt03 mL/min. The solvent was removed in vacuo from the collected

either pYT127 (KR-R1128 initiation module) or pYT128 (R1128
initiation module without KR) to yield the corresponding constriéts.
The physical maps of plasmids pYT266, pYT292, pYT296, and
pYT299 are described in Figure 1 of the Supporting Information.

fractions containing the expected biosynthetic product, and the residue
was dissolved in 1 mL of acetone to be loaded onto a preparative TLC
plate. Preparative TLCs were developed in various compositions of
ethyl acetate in hexane with or without 1% acetic acid, and the desired
(30) Yu, T. W.; Shen, Y.: McDaniel, R.; Floss, H. G.; Khosla, C.; Hopwood, ~bands were excised from the TLC plate and washed with ethyl acetate

a1 3. A_.I_; Wong'MS% AFrgm @ﬁhs\;n.PSog.%B l%jQD77g]9.B erio] 199 for the recovery of the compound.
u, T. W.; Bibb, M. J.; Revill, W. P.; Hopwood, D. Al. Bacteriol. . . .
1) 176, 2627. P 4 Spectroscopic AnalysisTheH and'3C NMR spectra were obtained

(32) IL-t_)r(T;O\Illskéll\%lc’:},cN.l; Dgi-KztaLyérﬂa, \g_.; Filip%iniélsg NaSt_r?,lgé; Ffé\Stein, on Varian Inova-500 or Mercury-400 spectrometers. THeNMR
2579? 0, M.; Colombo, A. L.; Hutchinson, C. R. Bacteriol. 1998 180 spectra were referenced at 0 ppm with internal tetramethylsilane in

(33) Madduri, K.; Hutchinson, C. RI. Bacteriol.1995 177, 3879. CDCl; and at 3.31 ppm in methandk: The *3C NMR spectra were

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12257
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Figure 4. Biosynthesis by spore pigment producing dodecaketide synthases.

referenced at 77.1 ppm in CDCand at 49.1 ppm in methandk shuttle vector pRMB (Figure 1 in Supporting Information).

Multiple-bond*H—*3C connectivity was determined by proton-detected Each of the plasmids was transformed into the engine&ted
HMBC on Varian Inova-600 NMR instruments. THe and**C NMR coelicolorhost CH999:6 and the production of polyketides was
assignments are summarized in Tables42 Long-range'3C—1H initially assayed by using LC/MS.

HMBC correlation data for the compounds. H4 (C2, C3, C5, C6), . .
H8 (C6, C7, C9, C10, C12), H10 (C%' co, 011),(H14 (C6, C12, 2:13’ _Evaluatlc_)n of KS—CLF Enzymes from Spore Plgment
C16), H20 (C18, C22), H22 (C18, C20, C24), H24 (C18, c22, C23) B!Osynthetlp PathWayS aS CatalyStS for Novel Decal.(etlde-
2. H4 (C1, C2, C3, C6), H8 (C6, C10, C12), H9 (C7, C11), H10 (C11, Biosynthesis. For the biosynthesis of new aklanonic acid
C12), H14 (C6, C12, C13, C16), H20 (C18, C22), H22 (C18, C20, derivatives, we first examined the ability of dodecaketide-
C24), H24 (C18, C22, C2310: H2 (C1, C3, C4, C16), H4 (C2,C5,  specific Sch KS-CLF from the spore pigment biosynthetic
C6, C14), H8 (C6, C10), H9 (C7, C11), H10 (C8, C12), H20 (C18, pathway ofS. halsted#® to productively interact with the R1128
C19, C21, C22, C23), H21 (C19, C20, C22, C23), H22 (C20, C21, initiation PKS module. The biosynthetic products of both the
C23), H23 (C21, C22, C23).2 H2 (C1, C3, C4, C16), H4 (C2, C5,  gch minimal PKS alone and the Sch minimal PKS watilll
C6, C14), H8 (C6, C10), H9 (C7, C11), H10 (C8, C12), H20 (C17, kR pave been characteriZ8d(Figure 4, and Figure 2 in
ﬁ;g ((élzi' %2222) 2223%) (?_'1295' (%210)' %2532@’)5 :nzdz éﬁ;zg Slcl\ié v%jrse)’ Supporting Information). When the Sch KELF was recom-

’ ' ’ ‘ bined with the WhiE ACP (pYT227), we were able to observe

collected under positive or negative ionization mode as follows)- ( . . o
ES| mass spectra are obtained as fVH]* or [M + NaJ*, and all the unreduced dodecaketides (TW93c-d). Similarly, addition of

(—)-ESI mass spectra are obtained as-{M~. LR-ESIMSm/z (1) KR to pYT227 (resulting in pYT226) gave rise to the reduced
451.2 ([M — H]~, CaiH160g); (2) 433.0 ([M — H]~, CasH1:09); (3) dodecaketides TW94c-d. The genes encoding the R1128 initia-
426.9 (IM + H]*, CasH2:0g); (4) 440.9 (IM + H]*, CasH2:0s). HR- tion module were therefore added to pYT227 and pYT226 to
ESIMSm/z (5) 427.1389 (calcd for §H230s, 427.1393); ) 441.1549 yield pYT232 and pYT231, respectively. Constructs pYT232
(caled for GaH2:0s, 441.1549); T) 409.1293 (calcd for &H0;, and pYT231 were introduced int8. coelicolor CH999 via
409.1287); 8) 423.1442 (calcd for GH.407, 423.1444),9) 419.1125 transformation; however, LC/MS analysis of their biosynthetic
(caled for GoHa007Na, 419.1107);10) 461.1225 (calcd for GH2.0s- products did not reveal the presence of isobutyryl or propionyl-

Na, 461.1212);11) 433.1255 (calcd for GH»,0/Na, 433.1263);12)

475.1364 (calcd for &H240sNa, 475.1369). HR-ESIMS was performed . e
at the Vincent Coates Foundation Mass Spectrometry Laboratory atshorter chain length specificitf.Instead, the transformants only

Stanford University using a Micromass QTof APl US (Manchester, produced acetyl-primed products, such as TW93c-d (CH999/

United Kingdom) quadrupole-time-of-flight mass spectrometer, which PY1232) and TW94c-d (CH999/pYT231). Two new acetyl-
was operated in MS-only mode with an internal standard (polyalanine, Primer-derived biosynthetic products were isolated from CH999/

Sigma P9003). pYT231, with masses of 452 and 434. The yields of these two
compounds were comparable to that of TW94c-d. The two
compounds were characterized usfitgand*C NMR (Table

The plasmids constructed for this study are shown in Table 2) along with COSY and HMBC analysis. We anticipated that
1. The plasmids were derived from tie coli/S. coelicolor the compound with a mass of 434 (YT231®), may be a

primed polyketides, as observed earlier for minimal PKSs with

Results
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Table 2. H and 13C NMR Assignments for YT231a (1) and YT231b (2)2

YT231a YT231b
BCoH H 6 (ppm) BCoH H 6 (ppm)
No.2 (ppm) (m, area, Juy (Hz)) (ppm) (m, area, Juy (Hz))
1 164.3 162.6
2 90 5.44 (d, 1H, 3) 96 5.46 (d, 1H, 2)
3 172.8 1735
4 107.5 6.11 (s, 1H) 108.0 6.09 (d, 1H, 2)
5 160.5 157.3
6 125.8 122.8
7 141.1 136.1
8 37 3.09 (dd, 1H, 4, 17), 2.86 (dd, 1H, 6, 17) 117.4 7.05(dd, 1H, 1, 8)
9 66.6 4.32 (m, 1H) 129.2 7.28 (t, 1H, 8)
10 30.8 2.97 (dd, 1H, 4, 17), 2.75 (dd, 1H, 6, 17) 109.9 6.75(dd, 1H, 1, 8)
11 203.9 155.8
12 116.7 114.9
13 161.9 159.9
14 119.2 6.80 (s, 1H) 111.9 6.71 (s, 1H)
15 143.1 141.7
16 47.3 4.25 (d, 2H, 19) 49.9 4.30 (s, 2H)
17 204.9 205.4
18 120.0 120.6
19 161.2 161.5
20 101.4 6.14 (s, 1H) 101.3 6.13(d, 1H, 2)
21 168.1 168.9
22 111.1 6.14 (s, 1H) 110.8 6.15(d, 1H, 2)
23 145.8 140.5
24 21.4 2.16 (s, 3H) 21.0 2.08 (s, 3H)

a Spectra were obtained at 500 MHz for proton and 125 MHz for carbon and were recorded@DCDCarbons are labeled as shown in Figure 4.

dehydration product of the compound with a mass of 452 was introduced intdS. coelicolorCH999 by PEG-mediated
(YT231a, 1); this was confirmed byH NMR spectroscopic transformation. LC/MS analysis of the crude extract from the
analysis, which shows that the two pairsdd peaks of H-8 resulting transformant showed two peaks with strong absorption
and H-10 in the latter compound were replaced by aromatic at 280 nm and masses of 426 and 440, corresponding to the
proton peaks in the former. The two compounds were eventually expected masses of SEK15 analogues primed by propionyl and
characterized as having distinct cyclization patterns comparedisobutyryl groups, respectively (Scheme 1). The more abundant
to TW94d (Figure 4 and Table 2). isobutyryl-primed compound was purified by preparative HPLC
We further examined the biosynthetic capacity of Sch-KS and TLC.'H NMR analysis of this compound showed similar
CLF by addition of the WhiE cyclase to pYT232 (resulting in  peak assignments for most backbone protons to SET&ble
pYT236). As we expected from the previous study by Moore 3). This compound, however, had three more sets of peaks in
et al.2this construct resulted in abundant production of TW95a the aliphatic proton region than SEK15 had, and the most
and TW95b (the isolated yields were 50 and 8 mg/L, respec- characteristic peak was a doublet with six protons at 0.8
tively), but it still did not produce any non-acetyl-primed ppm, which corresponds to two terminal methyl groups in the
polyketide. isobutyryl-primed compound. Further spectroscopic analysis
To attempt improving crosstalk between the R1128 initiation with 13C NMR and COSY confirmed the structure of this
module and the Sch KSCLF, we replaced the WhiE ACP with  compound as the expected SEK15 analogue (YT24B4long
ZhuN, the ACP from the elongation module of the R1128 with the comparison with spectroscopic data for SER45.
PKS24 This modified bimodular PKS was constructed in the  To produce decaketide analogues reduced at C-9, we inserted
absence (pYT210) and presence (pYT209) of the ketoreductasehe act KRgene into pYT243, yielding pYT266 (Table 1). The
gene. However, neither construct yielded any polyketide, not expected biosynthetic products were the propionyl- and isobu-
even the dodecaketides observed with CH999/pYT231 and tyryl-primed analogues of RM206%&(Scheme 1). Indeed, LC/
CH999/pYT232. Thus, there appears to be a fundamental MS analysis revealed two peaks with the expected masses of
incompatibility between initiation PKS modules from antibiotic propionyl- (YT266a,5) and isobutyryl (YT266b,6)-primed
pathways and elongation PKS modules from spore pigment RM20b (n/z = 427 and 441 by<)-ESIMS, respectively), both
pathways. of which were confirmed by HR-ESIMS. The above results
Biosynthesis of Non-Acetyl-Primed Decaketide Backbones  demonstrated that the compatible interactions between the R1128
Using the Pradimicin KS—CLF. To find a dodecaketide initiation module and the elongation module from frasPKS
synthase that could communicate successfully with the R1128 can indeed produce non-acetyl-primed decaketides.
initiation mOdule, we selected the antifungal pl’adimiCin pOlyketIde In a further Step toward engineered biosynthesis of aklanonic
synthase [fmg as a possible partner for the R1128 initiation acid analogues, we inserted the gene encoding the pradimicin

module. ThepmsKS and CLF genes were amplified from  cyclase into plasmids carrying the R1128 initiation module, the
genomic DNA ofActinomadura hibisc#157-2 by PCR8 We
replacedtcm KS andtcm CLF cassettes in pYT128 with the  (34) Fu, H.; Ebert-Khosla, S.; Hopwood, D.; Khosla,JCAm. Chem. So¢994
1.3 kb PactNsil cassette opmsKS and 1.3 kb Nsil-Xbal 116 4166.

: X (35) Fu, H.; McDaniel, R.; Hopwood, D. A.; Khosla, ®iochemistry1994
cassette opmsCLF to yield pYT243 (Table 1). This construct 33, 9321.
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Scheme 1.

Biosynthesis of Non-Acetate-Primed Decaketides by the Bimodular Dodecaketide Polyketide Synthases
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Table 3. 'H and 13C NMR Assignments for YT243b (4) and
YT292b (8)2

YT243b YT292b
BCoH H 6 (ppm) BCoH H 6 (ppm)

No.b (ppm) (m, area, Juq (Hz)) (ppm) (m, area, Juq (Hz))

1 164.0 166.8

2 86.6 4.90 (s, 1H) 88.0 4.96 (s, 1H)

3 172.8 172.3

4 101.8 5.49 (s, 1H) 101.8 5.51 (s, 1H)

5 163.1 162.3

6 39.0 3.53 (s, 2H) 36.6 3.53 (s, 2H)

7 135.4 133.6

8 109.1 6.27 (s, 1H) 130.7 6.76 (d, 1H, 8)

9 159.8 120.8 7.18 (t, 1H, 8)
10 101.6 6.16 (s, 1H) 114.7 6.72 (d, 1H, 8)
11 157.4 154.5
12 121.1 130.0
13 200.1 199.4
14 117.2 116.8
15 163.6 163.0
16 100.6 6.16 (s, 1H) 100.4 6.09 (s, 1H)
17 162.2 162.7
18 111.0 6.30 (s, 1H) 109.3 6.11 (s, 1H)
19 141.9 147.4
20 36.8 2.23(t, 2H, 8) 32.3 2.27 (t, 2H, 8)
21 27.7 1.37#1.32 (m, 2H) 27.8 1.061.01 (m, 2H)
22 31.0 1.371.32 (m, 1H) 39.4 1.281.24 (m, 1H)
23 22.2 0.78 (d, 6H, 6.5) 22.2 0.70 (d, 6H, 6.5)

a Spectra were obtained at 500 MHz for proton and 125 MHz for carbon
and were recorded in GOD. P Carbons are labeled as shown in Scheme
1.

act KR pms KS-CLF, and eitheizhuNor pms ACPR yielding

analysis (data not shown). This result suggests that Pms CYC
is a C-9 unreduced polyketide-specific cyclase like Zhul and
ZhuJ in R1128 PK®& and the cyclases in WhiE PK8.We
could not observe YT266 compounds peaks in LC/MC analysis,
and this suggests that Pms CYC works faster than act KR. We
therefore replaced thpms CYC with another bifunctional
aromatase/cyclase, tigeis ARO/CYC from the griseusin gene
cluster, which has been previously used for synthesizing
SEK4336 The resulting construct (pYT292) was transformed
into S. coelicolorCH999. The recombinant strain appeared to
produce both the propionyl- (YT292&) and the isobutyryl
(YT292b,8)-primed analogues of SEK43, as confirmed by LC/
MS (m/z= 411 and 425, respectively, by}-ESIMS; 409 and
423, respectively, by=)-ESIMS) with a combined yield over
30 mg/L (Figure 4). The compound with/z = 425 from LC/
MS, which was more abundant, was purified by successive
purification steps and identified as the expected isobutyryl-
primed SEK43 (YT292bg8) by 'H and3C NMR (Table 3),
COSY, and comparison with SEK43These results provide a
basis for attempting the engineered biosynthesis of new akl-
anonic acid analogues.

Biosynthesis of Aklanonic Acid AnaloguesFor the syn-
thesis of aklanonic acid analogues with non-acetyl primer units,
the monocyclic polyketide precursors of YT292a and YT292b
must be cyclized in a controlled fashion into a tricyclic
anthraquinone. For this, we selected the dpsY cyclase from the
daunorubicin biosynthetic pathwa¥3’” The 820 bpdpsYgene
was amplified from genomic DNA d8. peucetiudy PCR and

plasmids pYT253 and pYT259, respectively. However, neither inserted as an Spel-Avrll cassette into pYT292 to yield the

construct produced the expected C-7/C-12-cyclized polyketide.
Instead, these constructs produced only the acetyl-primedE
compounds, TW95a and TW95b, as evidenced by LC/MS
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Table 4. H and 13C NMR Assignments for YT296a,b (9, 10), YT299a,b (11, 12)2

YT296a YT296b YT299a YT299b
BCoH H 6 (ppm) BCH H 6 (ppm) BCoH H 6 (ppm) BCoH H 6 (ppm)

No.? (ppm) (m, area, Ju (Hz)) (ppm) (m, area, Ju (H2)) (ppm) (m, area, Ju (H2) (ppm) (m, area, Juy (Hz))

1 172.4 172.6 170.3 170.3

2 39.4 3.80 (s, 2H) 40.7 3.86 (s, 2H) 38.9 3.791 (s, 2H) 39.5 3.86 (s, 2H)

3 141.1 141.3 141.5 142.7

4 122.5 7.78 (s, 1H) 122.3 7.85 (s, 1H) 122.6 7.78 (s, 1H) 122.4 7.77 (s, 1H)

5 133.9 134.2 133.5 133.7

6 181.0 179.6 192.8 181.2

7 133.3 132.8 133.4 132.5

8 125.2 7.86 (dd, 1H, 8, 1.2) 120.6 7.86 (dd, 1H, 8, 1.2) 120.4 7.86 (dd, 1H, 8,1.2) 120.4 7.86 (dd, 1H, 8, 1.2)

9 137.8 7.73 (t, 1H, 8) 137.9 7.73(t, 1H, 8) 137.7 7.73 (t, 1H, 8) 137.7 7.72 (t, 1H, 8)
10 136.0 7.35(dd, 1H, 8, 1.2) 125.2 7.34(dd, 1H, 8, 1.2) 125.1 7.35(dd, 1H, 8, 1.2) 125.1 7.33(dd, 1H, 8, 1.2)
11 160.3 160.6 160.0 160.3
12 115.5 115.6 115.3 115.8
13 192.8 193.6 181.2 192.7
14 115.8 115.8 115.8 115.8
15 162.8 162.8 162.8 162.8
16 130.4 133.0 136.6 132.5
17 206.7 184.4 205.8 184.2
18 42.4 3.04(t, 2H,7) 103.4 6.06 (s, 1H) 42.3 3.04 (t, 2H, 7) 103.2 5.92 (s, 1H)
19 325 1.65-1.60 (m, 2H) 196.0 32.3 1.671.58 (m, 2H) 195.3
20 27.8 1.78-1.70 (m, 1H) 374 2.44 (t, 2H, 8) 27.8 1.78.69 (m, 1H) 36.6 2.41 (t, 2H, 8)
21 225 0.94 (d, 6H, 6) 34.8 1.6.56 (m, 2H) 22.5 0.94 (d, 6H, 6) 33.6 1:59.53 (m, 2H)
22 28.1 1.76-1.62 (m, 1H) 52.5 3.714 (s, 3H) 28.1 1:66.61 (M, 1H)
23 22.4 0.94 (d, 6H, 6) 22.8 0.93 (d, 6H, 6.5)
25 525 3.71 (s, 3H)

a Spectra were obtained at 500 MHz for proton and 125 MHz for carbon and were recorded ip €0&bons are labeled as shown in Scheme 1.

construct pYT296. On the basis of earlier precedents, we logues by harnessing the initiation module from the R1128 PKS,
anticipated that an endogenous oxygenaseS.incoelicolor the elongation module from the pradimicin PKS, thet
CH999 would be able to oxidize the tricyclic core into ketoreductase, the bifunctionaris aromatase/cyclase, and
anthracyclic aklanonic acid analoguég* The HPLC trace of the DpsY cyclase from the daunorubicin biosynthetic path-
the crude extract of CH999/pYT296 showed several character-way.

istic anthraquinone-type peaks with absorption at 280 and 410  gjosynthesis of Aklanonic Acid Methyl Ester Analogues.

nm. LC/MS analysis demonstrated that the two most abundant, 44 norubicin biosynthesis (and presumably in the biosynthesis
anthraquinone-type peaks have masses of 396 and 438, COITEg¢ yiher anthracyclines, as well), the carboxylic acid of aklanonic

sponding to the expected isobutyryl-primed aklanonic acid cid is converted into a methyl ester, presumably by the DnrC
analogue and perhaps a related compound that lacks one acety rotein3 Therefore, we cloned the 850 nrC gene from

elongation unit (Figure 3 in Supporting Information). Produc’uondgenomic DNA of S. peucetiusby PCR and inserted the

of these metabolites was scaled up. Preparative TLC yielde corresponding Spel-Avrll cassette into pYT296, yielding pYT299.

. . 0
three major yellow products wr_}en developed W'th. 25% ethyl The recombinan®. coelicolorstrain CH999/pYT299 was found
acetate in hexane plus 1% acetic aéidl NMR analysis of one . . .

to produce anthraquinone-like compounds, with expectedly

of the products revealed peaks to the aromatic hydrogen atom o . X
progu v P Ic hyarog ﬁonger retention times via reverse-phase HPLC. LC/MS analysis

and the C-2 benzylic hydrogen of aklanonic acid, but this ¢ erud ¢ hi | identified th
compound lacked the enolizable methylene in the aklanonic acig®f crude extracts from this culture identified the two most

side chain ¢ = 6.0 ppm) (Table 4). MS analysis of this abundant anthraquinone-type products as compounds with
i +
compound was also consistent with its identity as an isobutyryl- masses of 410 ar.1d 452. Correspondingf\OMe] pegks (379
primed nonaketide. Further spectroscopic analysis of the and 421, respectively) were also observed, suggesting that these
compound vial3C NMR, COSY, and HMBC confirmed its compounds were the isobutyryl-primed nonaketide and deca-
structure, as shown in Scheme 1 (YT298a2 mg/L). ThelH ketide anthraquinones, respectively. Large-scale production led
and!3C NMR spectra of the second compound suggested it was 0 their isolation and identification as methyl esters of YT296a
more closely related to aklanonic aéftwith additional peaks ~ (YT299a,11, 2 mg/L) and YT296b (YT299b]2, 1 mg/L) by
corresponding to the alkyl side chain, including a doublet SPectroscopic comparison with authentic aklanonic acid methyl
corresponding to terminal methyl groups, analogous to YT243b ester?
(4) and YT292b 8). COSY and HMBC analyses confirmed the
incorporation of isobutyryl primer into this polyketide backbone,
and the compound was identified as the isobutyryl-primed
decaketide (YT296b10, 3 mg/L), the expected analogue of  Ppolyketides are a pharmacologically important class of natural
aklanonic acid (Scheme 1). These findings demonstrate theproducts, having yielded many clinically useful drugs. A number
feasibility of engineered biosynthesis of aklanonic acid ana- of improved analogues of therapeutically promising polyketides
(38) Eckardt, K.; Tresselt, D.; Schumann, G.; lhn, W.; Wagner].@ntibiot. have been prepared by synthetic and, more recently, biosynthetic
1985 38, 1034. means. In particular, engineering biosynthetic pathways of

Discussion
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polyketide antibiotics to incorporate novel primer units is an catabolism, which in turn is incorporated into the polyketide
effective way to generate analogues of existing natural prod- backboné The cyclopropyl functionality is useful for a variety
ucts15:39.24 of synthetic modifications, highlighting the potential for chemo-

In recent reports, we and others have shown that bacterialbiosynthetic expansion of the aglycone librépy.
aromatic PKSs can be engineered to synthesize rationally Further biosynthetic elaboration of these new aklanonic acid
modified polycyclic aromatic polyketide’d:#%-42 Specifically, analogues can be achieved by reconstitutingircoelicolor
we have harnessed bimodular PKSs to produce engineeredCH999 a variety of downstream enzymes, such as the fourth
hexaketides and octaketid#sSince some of the most phar- ring cyclase (dnrD), the ketoreductase (dnrE), and the glyco-
macologically interesting polyketides, including important an- syltransferases from the daunorubicin pathway (Figurg- )47
ticancer drugs, such as doxorubicin and aclacinomycin, are Analogous glycosyltransferases have been identified in the
decaketides, we wished to extend our methodology for primer daunorubicid® and aclacinomycin # biosynthetic gene clus-
unit modification to decaketide natural products. In doing so, ters. Although the tolerance of these tailoring enzymes for our
however, our attempt to harness the dodecaketide PKS fromnew aklanonic acid analogues remains to be established, recent
spore pigment pathways failed. Analysis of this failure has studies suggest that the2-deoxyfucosyltransferase (AknK)
highlighted the possible existence of a fundamental incompat- from the aclacinomycin A pathway has broad substrate specific-
ibility between initiation modules from antibiotic pathways and ity.4°
elongation modules from spore pigment pathways. Fortunately, In conclusion, engineering of bimodular aromatic polyketide
the dodecaketide synthase from the pradimicin pathway wassynthases has opened the door to qualitatively novel anthracy-
able to productively interact with the R1128 initiation module cline antibiotics through modifications at a position not readily
to produce non-acetyl-primed decaketides, including novel accessible by synthetic methods alone.
aklanonic acid analogues. Aklanonic acid is a key biosynthetic
intermediate in the formation of several pharmacologically
intriguing anthracyclines. The 4-methylpentanoyl-primed akl-
anonic acid analogue (YT296H,0) and its methyl ester
(YT299b,12) were biosynthesized by an engineered bimodular
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