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Streptomyces @rmitilis is a Gram-positive soil organism that 3745000 3750000 , 3,755,000 _ 3.760,000
is responsible for the production of the widely used anthelminthic &
macrolide avermectinsS( aermectiniusis a junior homotypic savzsss gapl ptiH ptlG ptIF ptlE ptiD ptiB  ptA ptll ptiR ptlL savs00s
synonym ofS. aermitilis.) The 9.03 Mb linear chromosome harbors plic i
7575 open reading frames (ORFs), including some 30 gene clusters 2,000 bp

thought to be related to secondary metabolism, corresponding torigure 1. Pentalenolactone biosynthetic gene cluster f@navermitilis.

7% of the genoméWe have recently reported the molecular genetic See the website of the S. aermitlis Genome Project
and biochemical identification of the gene cluster for the biosyn- http://avermitilis.Is kitasato-u.ac.jp/for annotations and detailed sequence
thesis of the sesquiterpene antibiotic pentalenolactbné(a 13.4 alignments.

kb segment centered at 3.75 Mb in tBeaermitilis genome that Scheme 1

contains 13 unidirectionally transcribed ORFs (Figuré Ajnong y

these ORFs, the 1011 helA (SAV2998) encodes pentalenene @;ﬂ@*—'@mwﬁmc%*‘
synthase, a protein of 336 amino acids that catalyzes the cyclization PPO ‘>/ O}‘

of farnesyl diphosphat&) to pentalenenedj, the established parent 2 3 5
hydrocarbon of the pentalenolactone family of antibiotics (Scheme m

1) 23 Thegap1(SAV2990) gene, which encodes a pentalenolactone- LM mc%“ o) mc%*‘
insensitive gcheraldehyde-3-p_hosphate dehydroggnase, corresponds OD%O/‘ OW%O/’ _> J
to the pentalenolactone resistance gehed typical farnesyl 01 o4 o7
diphosphate synthase is apparently encodegotlBy while ptIR and

[0/ O 6

N X e Scheme 2
ptlG have been assigned as a putative transcriptional regulator and

h

a transmembrane efflux protein, respectively. All of the remaining }@002*‘7_?”’”’ Fedd) CO:H pye COM_piiE m—CaOzH
8 ORFs correspond to redox enzymes, among which is a cyto- % % ! ‘;\O}"
chrome p450 (CYP183AMtll),> a dehydrogenasei(F), and six * ‘ Ho o Os
monooxygenases and dioxygenases.

Several presumptive intermediates as well as a number of shunt
metabolites in the conversion of pentalenene to pentalenolactone \@/‘:— }QR %@mm
have been isolated from cultures of a wide variety of pentaleno- 2 CHzOH ’
lactone-producingStreptomycespecies. Pentalenolactone F) $00,( 3R=CHs e HO 5
has also recently been isolated fr@navermitilis,2 confirming that 9 R=CHOH
the pentalenolactone pathway is functional in this organism. Along |ation of phytanoyl-CoA, belongs to the sub-family of Fe@!/
with 1-deoxypentalenic acidb),** pentalenolactone D6J,* and ketoglutarate-dependent hydroxylad&¥e therefore hypothesized
pentalenolactone E7),° these metabolites can be organized into a hat ptiH might be responsible for hydroxylation of the methyl-
plausible biosynthetic pathway (Scheme 1). Beyond the conversion cyciopentane ring of 1-deoxypentalenic ack in the oxidative
of labeled pentaleneng)(to pentalenolactondy),** these proposed  <onversion of5 to pentalenolactone D6) (Scheme 2).
biosynthetic relationships have yet to be demonstrated experimen-  pyy was amplified by polymerase chain reaction (PCR) from
tally, and none of the enzymes linking pentaleneBjet¢ pental- DNA of S. aermitilis cosmid CL_216_DO07 and cloned into the
enolactoneX) have been identified. We report below the biochemi-  yector pET28e. The resulting construct pET2&IH was trans-
cal characterization of PtlH (SAV2991), a non-heme iron, formed into Escherichia coliBL21(DE3). After induction with
o-ketoglutarate-dependent hydroxylase that catalyzes the conversionpTg, the expressed PtiH protein, carrying an N-terminakHis
of 1-deoxypentalenic acic) to a new biosynthetic intermediate, {54 was purified to homogeneity by NNTA chromatography.
11B-hydroxy-1-deoxypentalenic acid) The purified protein had a subumity by MALDI-TOF MS of m/z

BLAST searching indicates thagtlH has 26% amino acid 37 139+ 19 (calcd 37121). The presence of a second peak(zt
sequence identity and 44% similarity over 244 residues to phytanoyl- 73965 suggested that PtiH may be a homodimer.

10

Scheme 3

CoA dioxygenase aAgrobacterium tumefacier{®hyH, Genbank The requisite substratet}-1-deoxypentalenic acid5] was

Accession No. YP_086787). PhyH, which catalyzesctHeydroxy- synthesized frome-humulene by way of+£)-pentalenene3) and
- — (4)-pentalen-13-0l §), as previously described (Scheme83).
o ey e, mixture (1.5 mL) of recombinant PtiH (1.66V), a-ketoglutarate
§Kitasato University. (2 mM), L-ascorbic acid (2 mM), FeSQ1 mM), DTT (1.5 mM),
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which has 49% identity and 62% similarity over 591 aa to the
cyclodecanone-lauryl lactone dioxygenaseRbfodococcus ruber
(Genbank AY052630.1).
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Figure 2. Details of NOESY spectrum of methyk{(-115-hydroxy-1-
deoxypentalenate8(Me). Supporting Information Available: Expression of recombinant
PtIH, spectroscopic data f@&Me, and kinetic assays. This material is
and bovine catalase (1 mg/mL) in 100 mM Tris buffer (pH 7.3) available free of charge via the Internet at http://pubs.acs.org.
was incubated with=)-(5) (0.64 mM) overnight at room temper-
ature. After acidification with HCI, the mixture was extracted with References

diethyl ether, and the organic extract was treated with HEZEIN, (1) (S«':}]) Omurﬁ\/,I ST Lker?a,hl_-i.%( Ismka\ll(va, J.;HHa’r:IaToto, A.;HTaIéahashi, $
: Inose, M.; Takahasni, Y.; Horikawa, H.; Nakazawa, H.; Osonoe, |.;
to generate the methyl ester. @IS analysis (HPSms, 30 m Kikuchi, H.; Shiba, T.; Sakaki, Y. Hattori, MProc. Natl. Acad. Sci.
0.25 mm) revealed a single new peak witfz 264, indicating the X.S.S,?]._ZOOJ, 9Nz|3, 1}(2_515#%422%#3) |kTedg, Ek ]s$ik?4wa, J; MHargmoto,
; : : .; Shinose, M.; Kikuchi, H.; Shiba, T.; Sakaki, Y.; Hattori, M.; Omura,
formation of the hydroxylated product. Chiral GMS a_ngly&; S.Nat. Biotechnol2003 21. 526-531.
(Hydrodex$-6-TBDM, 25 m x 0.25 mm), under conditions in (2) Tetzlaff, C. N.; You, Z.; Cane, D. E.; Takamatsu, S.; Omura, S.; lkeda,

; _ ; ; H. Biochemistry2006 in press.
which the methyl esters oft)-deoxypentalenic acid were well (3) (a) Cane, D. E.; Sohng, J.-K.; Lamberson, C. R.; Rudnicki, S. M.; Wu,

resolved, confirmed that the enzymatic reaction product was a single Z.; Lloyd, M. D.; Oliver, J. S.; Hubbard, B. RBiochemistry1994 33,

i f i f _ 5846-5857. (b) Cane, D. E.; Oliver, J. S.; Harrison, P. H. M.; Abell, C.;
enantiomer. Control incubations that omittedetoglutarate or Fe Hubbard, B. R: Kane, C. T.- Lattman, B Am. Chem. S0d950 112

(1) showed no turnover db. Neither &)-pentalenene3j (0.5 mM) 4513-4524.

- -13- _ (4) (a) Frohlich, K. U.; Kannwischer, R.; Rudiger, M.; Mecke, Brch.
nor () pe_ntalen 13-0l9 (0.1 mM) underwent PtH-catalyzed Microbiol. 1996 165 179-186. (b) Cane, D. E.; Sohng, J.-Krch.
hydroxylation. Biochem. Biophys1989 270, 50-61.

A preparative-scale incubation was carried out with PtiH and  (5) Lamb, D. C; lkeda, H.; Nelson, D. R.; Ishikawa, J.; Skaug, T.; Jackson,
. K K C.; Omura, S.; Waterman, M. R.; Kelly, S. Biochem. Biophys. Res.
1-deoxypentalenic acicb). The isolated product was converted to Commun2003 307, 610-619.

the methyl este8-Me, which was purified by preparative TLC and (6) (a)5 has been isolated as the glucuronate ester: Takahashi, S.; Takeuchi,
M.; Arai, M.; Seto, H.; Otake, NJ. Antibiot. 1983 36, 226-228. (b)

analyzed byH, 3C, COSY, HMQC, HMBC, and NOESY NMR Seto, H.; Yonehara, HL. Antibiot.198Q 33, 92—93. (c) Seto, H.; Sasaki,
as well as EI-MS.In the 13C NMR spectrum o8-Me, the C-11 T.; Uzawa, J.; Takeuchi, S.; Yonehara, Fetrahedron Lett1978 4411~

. . 4412. (d) Seto, H.; Sasaki, T.; Yonehara, H.; Uzawdelrahedron Lett.
methylene ob was replaced by a new methine signal at 76.0 ppm 1978 oy (e) Cane, D. E.; Rossi, Tétrahedron LettL979 2973
that was correlated with the H-11 carbinyl proton signad @10 2974. (f) Williard, P. G.; Sohng, J. K.; Cane, D. E.Antibiot. 1988 41,
(m), consistent with the introduction of the hydroxyl group at C-11. 38515373'8(“1{)1_%%'1?' D. E.; Sohng, J.-K.; Williard, P. &.Org. Chem.

This assignment was corroborated by the HMBC spectrum, which  (7) Mihalik, S. J.; Rainville, A. M.; Watkins, P. AEur. J. Biochem1995

ibi } 3 _ 232 545-551.
exhibited the expected cross-peak between C 11 and_the H-10 (8) (a) Ohfune, Y.; Shirahama, H.; Matsumoto, Tletrahedron Lett1976
methyl protons at 0.99 (d,J = 7 Hz, 3H). The configuration of 2869-2872. (b) Ohtsuka, T.; Shirahama, H.; MatsumotoT dtrahedron
the 133-hydroxyl group of8-Me was readily established by the g%té- 11%%3&211&)285&_23%52‘}{ (?()j)c.la_ﬂﬁﬁ aDri E-A?\ T;\'/'Im";‘,rr‘{ é- 'Yrﬂhss'g Cé]r%rvr\]/h
NOESY spectrum, which showed correlations between H-11 and o Uni\}erlsity, Providence, RI, 1984;6 pp6ais. '

_ B 3 9) 8-Me: 'H NMR (400 MHz, CDC}) 6 6.66 (1H, H-7, m), 4.10 (1H, H-11,
both H-9 ¢ 1.92) and H-12a4 1.72) gs well a})s between H-126 ( m), 3.74 (3H, OCH, s), 3.19 (1H, H-5, m), 2.93 (1H, H-8, m), 2.05 (1H,
2.05) and H-12a and H-%)(3.19) (Figure 2} H-12, m), 1.92 (2H, H-3, dJ = 13.5 Hz, H-9, m), 1.72 (2H, H-1, H-12,

PtIH showed a pH optimum of 6.0. The steady-state kinetic m) 11-4052((13H|_,| |-||-|-?i4d6]r:|-| 1135)51332& N}S%?(é""ﬁHMl'_izddcl y (25)-.2% 116267(?
parameters were determined by carrying out a series of 30 min (C-13), 147.9 (C-7), 137.7 (C-6), 76.0 (C-11), 62.8 (C-4), 59.5 (C-8),
incubations with 0.0970.97 mM &)-1-deoxypentalenic acicb) gg-g (82)2 5%’-08 Z(OS?ASO'(Z:(55_3)'23%S(§C1_Z)’ 4(5;-1&0-%2)‘ gl-é% (C-2),
and quantitation of the produ@-Me by calibrated GE&MS 11 384 (0 )(CH;CI(z, oo 9)]'/10(5 rEqL) HRMS )2’64.'1753;_ o e
Fitting of the initial velocities to the MichaelsMenten equation Ci6H2203: 264.1725.

gaveke = 4.2+ 0.6 st and aKy, (5) of 0.57+ 0.19 mM.

These results firmly establish the biochemical function of the (11) Kinetic assays were carried out at 23 with PtlH (0.093uM) in MES
(95 mM, pH 6.0) containing.-ketoglutarate (2.67 mM),-ascorbate (2.67

(10) The 1n-hydroxyl epimer of8-Me has a signal for H-11 ab 370 (ref
8b)

ptlH gene product, which is shown tp catalyze the Fe(ll)- and mM), FeSQ (1.33 mM), catalase (0.95 mg/mL), DTT (1 mM) in a total
o-ketoglutarate-dependent hydroxylation ®to 115-hydroxy-1- \éolume of 2IOQuL. R(zglctions were initiated by addingfa solution #f{

; ; ; eoxypentalenic acicbf in DMSO to a concentration of 0.090.97 mM
deoxypentalenic acidsj (Sc_heme 2). '_:urt_her conversion 5fto (final DMSO concentration 4%). The reactions were quenched with HCI
pentalenolactone D6f may involve oxidation o6 to the ketone at 30 min, and the mixtures were extracted with ether, treated with-TMS
10 by PtIF, an apparent NAD(P)dependent dehydrogenase, CHN, and analyzed by GEMS.
followed by Baeyer-Villiger-like oxidation of 10 mediated by PtIE, JA061469I
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