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Streptomyceare a rich source of bioactive secondary metabolites. 2745000 | ATS0000 | ATEse | 3760000
The 9.03 Mb linear chromosome 8f avermitilis, the producer of
the widely used antiparasitic avermectins, harbors 7575 open S gapt ptHl puG ptF pHE plD pus  puA puf pin pil o
reading frames (ORFs)f which 33 encode cytochrome P450 —
.enzyme§.0.ne. of these CYP genegt]| (SAVZQQQ’ CYPlSSAl), Figure 1. Pentalenolactone biosynthetic gene cluster fil®@naermitilis
is found within the gene cluster for the biosynthesis of the (see http://avermitilis.Is.kitasato-u.ac.jp/).
sesquiterpene antibiotic pentalenolactob)e This cluster lies in a
13.4 kb segment, centered at 3.75 Mb in $ievermitilis genome, Scheme 1
that contains 13 unidirectionally transcribed ORFs (Figuré 1). 7 PA_\ O\ cogH L9 2
Among these ORFs, the 1011 pflA encodes pentalenene synthase ppo’7 COH
(PtlA), which catalyzes the cyclization of farnesyl diphosphate p Sg\ G

2 3 4R=H O 10

(FPP) @) to pentalenene3j, the established parent hydrocarbon & Reoh PHiH

of the pentalenolactone family of antibiotics (Schemé“Besides
the heme-dependent monooxygenase CYP183All) ¢ seven of Scheme 2
the remaining ORFs correspond to redox enzymes, including the \ IR PR o N P 0\ com
non-heme iron dioxygenase encodedpiiH,> and six additional \9?7 0, 02 \Q?_(H_’\g? ’
monooxygenases and dioxygenases. 3 o 7 P

We recently showed that PtIH, an¥#x-ketoglutarate-dependent
hydroxylase, catalyzes the conversion of 1-deoxypentalenic acid
(4) to a new biosynthetic intermediate,/&hydroxy-1-deoxypen-
talenic acid §).5 Although several presumptive intermediates of bl
pentalenolactone biosynthesis have been isolated from a wide
variety of Streptomycespecies;* PtlH is the only enzyme linking
pentaleneney) to penta!enolactqnal thqt has been ch.ara.cterized control sesquiterpene—{-trans-caryophyllene showed no type |
to date. Here we describe the biochemical characterization qf Ptll, binding when added to PtI.
the cytochrome P450 that is shown to cataly_ze the_cor_nversn_on of A mixture of recombinant Ptil (0.5%M), E. coli flavodoxin
pentalenened) to pentalen-13-al7) by stepwise oxidation via (FId, 3.9uM),14353E, coliflavodoxin reductase (Fdr, 6;8\), 14155

pentalen(;.13-olfi).h d bi heti h h NADPH (0.45 mM), and a NADPH regeneration system [glucose-
According to the propose losynt etlp pathway (Scheme 1), 6-phosphate (3.1 mM) and glucose-6-phosphate dehydrogenase (10
the enzymes responsible for the conversion of pentaler@re ( u)] in 3.0 mL of 50 mM phosphate buffer, 10% glycerol (v/v), pH

pente:jlgnolactonel]{ rr(ljust flést o?ldlz;dpgntalehnene t(l):mtg% Corre- 74 was incubated witht0)-(3) (1.1 mM) plus 0.8% DMSO for
sponding unsaturated carboxylic a ytochrome S ar€ 16 natroom temperature. G®/S analysis of the pentane extract

known to catalyze numerous oxygt_enatipn reactions of nona_CtiV?tedrevealed exclusively two new peaks wittiz 218 (retention time
hydrocarbon8. Among these re_actlonsg Is the three-step oxidation 4 gg min) and 220 (retention time 11.03 min), identical to authentic
ofa methyl group to a car_boxyllc acid? We therefore s_pecglatgd pentalen-13-alq) and pentalen-13-0l6}, respectively (Figure 2
that Ptll might be responsible for all or part of the allylic oxidation and Supporting Informatiorf TheH NMR spectrum of the crude

of Be”n talenene:i(lj_fto dl;)deoxilpentalenichaqicnx (Sc_hem% 2)|§ ‘ neutral extract also showed the characteristic aldehydic and olefinic
tl was amplified by polymerase chain reaction (PCR) from signals atd 9.71 and 6.704 (dJ = 0.8 Hz), respectively, foi7

DNA of S. avermitilis cosmid CL_216_DO07 and cloned between (Figure S8). Chiral GEMS analysis, under conditions in which

the Ndd aréch?z(lrg“snes of thfe vec(:jtc_)r pE'Ir']Sl_b.h_The“;(Ie_szulltlng individual enantiomers otf)-pentalen-13-ol§) and @&)-pentalen-
cgrés;rut':ifﬁ) ind t was t_rerl]nsl,F?_lr_ge t:ntEsc eric ':CPO” o 13-al (7) were well resolved, confirmed that enzymatically produced
( ). After induction wit » the expressed Pl protein, g ,.47\vere each single enantiomers. Preparative-scale incubation

carrying a C-terminal Histag, was purified to homogeneity by with (£)-pentalenene3) gave a mixture containingand?, which
- o i o . ;
Ni—NTA chromatography® MALDI-TOF MS of purified protein was dissolved in methanol and treated with sodium borohydride to

Shzvr\sd ;’;g#;ygowz 5|1§6572i3§: f(ca:]cc: 51723_for §rpo-prote|n) ; give alcohol6, identical by'H NMR to chemically synthesized
andmz (cale or holo-protein). Treatment o pentalen-13-ol&). Incubation using alcohd as substrate confirmed
that Ptll catalyzes the oxidation 6fto aldehyde7.1® By contrast,
T Brown University.

The Kitasato Institute only trace amounts of 1-deoxypentalenic a¢idould be detected
§Kitasato University. under a wide variety of incubation conditions.

the sodium dithionite-reduced protein with carbon monoxide gave
the characteristic P450 UV difference spectrtim.

Titration of Ptll with pentalenene3}!? resulted in the typical
ue-shift from 420 to 390 nm (type | binding).The dissociation
constant for3 was determined by nonlinear fitting of the UV-
difference spectra to giviép = 1.44+ 0.14uM. By contrast, the
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Figure 2. GC—MS analysis of incubation of Ptll with=f)-pentalenene
(3). (A) GC trace of pentane extract. (B) MS 6ffrom Ptll-catalyzed
oxidation of3. (C) MS of 7 from Ptll-catalyzed oxidation 08.

Ptll showed a pH optimum of 8.0 for the oxidation of pentalenene
to pentalen-13-ol. The apparent steady-state kinetic parameters for
the first oxidation step were determined by carrying out a series of
10 min incubations with 440 uM of (+)-pentalenene3) and
guantitation of the product pentalen-13-6) py GC-MS. Under
these conditions, further oxidation 6fwas negligible® Fitting of
the initial velocities to the MichaelisMenten equation gavk.,
= 0.5034 0.006 min! and aKy, of 3.33+ 0.62uM for the active
enantiomer of3.

These results establish that th#l gene product can catalyze
the two-step oxidation of pentaleneng) ¢o pentalen-13-al7)
(Scheme 2). At this point, it remains an open question how aldehyde
7 gets converted to 1-deoxypentalenic agij Although it remains
possible that Ptll might support the latter oxidation under the
appropriate conditions, by analogy to other P450s? it is also
conceivable that another redox enzyme from within the biosynthetic
gene cluster could be responsible for this conversion. The work
reported here sheds new light on the biosynthetic gap between
pentalenene3), generated by PtlA-catalyzed cyclization of FPP,
and 1PB-hydroxy-1-deoxypentalenic aci@); the product of PtIH-
catalyzed hydroxylation of 1-deoxypentalenic acid. Biochemical
characterization of the remaining ORFs of the pentalenolactone
biosynthetic gene cluster is in progress.
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The natural electron transport pair for Ptll is unknov@.avermitilis

harbors six putative ferredoxin reductases and nine ferredoxins (cf. ref

2). Numerous attempts to observe PtlI-catalyzed oxidation of pentalenene

(3) using typical redox pairs, such as spinach ferredoxin and NADPH:

ferredoxin oxidoreductase or putidaredoxin and putidaredoxin reductase,

were uniformly unsuccessful. By contrast, incubation8 ahd NADPH

with unpurified cell-free extracts oE. coli Ptll expression cultures

indicated that the endogeno@s coli flavodoxin (FId) and flavodoxin

reductase (Fdr) supported activity of Ptll. Althou§h aermitilis does

not harbor a native flavodoxin, similar observations have been previously

reported for other P450s. (a) Jenkins, C. M.; Waterman, MJ.RBiol.

Chem.1994 269, 27401-27408. (b) Zhao, B.; et all. Biol. Chem2005

280, 11599-11607.

(15) (a) FIdA, Swissprot P61949: Jenkins, C. M.; Pikuleva, I.; Kagawa, N.;
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Swissprot P28861: Jenkins, C. M.; Waterman, MBRichemistryl998
37, 6106-6113.
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oxidation to oxidation in the absence of Ptll wa8:1, as judged by GE
MS [Ptll (1.4 uM), Fld (6.0 uM), Fdr (3.4xM), NADPH (0.53 mM),
glucose-6-phosphate (0.53 mM), and glucose-6-phosphate dehydrogenase
(5 u) in 2.9 mL of 50 mM Tris-HCI buffer, 10% glycerol (v/v), pH 8,
was incubated with=)-6 (0.1 mM) for 2 h at 25°C]. This finding was
consistent with chiral GEMS analysis of an incubation ofH)-6 with
Ptll, which revealed formation of both enantiomers of aldehyda a
ratio of 2.6:1 naturall to enantio?.
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