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ABSTRACT: Streptomyces @rmitilis, an industrial organism responsible for the production of the
anthelminthic avermectins, harbors a 13.4 kb gene cluster containing 13 unidirectionally transcribed open
reading frames corresponding to the apparent biosynthetic operon for the sesquiterpene antibiotic
pentalenolactone. The advanced intermediate pentalenolactone F, along with the shunt metabolite pentalenic
acid, could be isolated from cultures 8f aermitilis, thereby establishing that the pentalenolactone
biosynthetic pathway is functional B. aermitilis. Deletion of the entire 13.4 kb cluster frogn avermitilis
abolished formation of pentalenolactone metabolites, while transfer of the intact cluster to the
pentalenolactone nonproduc&reptomycesdidans1326 resulted in production of pentalenic acid. Direct
evidence for the biochemical function of the individual biosynthetic genes came from expression of the
ptlA gene (SAV2998) inEscherichia coli Assay of the resultant protein established that PtIA is a
pentalenene synthase, catalyzing the cyclization of farnesyl diphosphate to pentalenene, the parent
hydrocarbon of the pentalenolactone family of metabolites. The most upstream gene in the gdyster,
(SAV2990), was shown to correspond to the pentalenolactone resistance gene, based on expEession in
coli and demonstration that the resulting glyceraldehyde-3-phosphate dehydrogenase, the normal target
of pentalenolactone, was insensitive to the antibiotic. Furthermore, a second GAPDH isappie (
SAV6296) has been expressedBncoli and shown to be inactivated by pentalenolactone.

Pentalenolactonel] (Scheme 1) is a sesquiterpenoid of the antibiotic (Scheme 2)1(, 12). Self-resistance in the
antibiotic, first isolated in 1957 fronStreptomyces roseo- pentalenolactone producg: arenads due to the presence
griseus (1) and subsequently found in the extracts of of two GAPDH isozymes, an inducible, pentalenolactone-
numerous Streptomycesspecies, includingStreptomyces  insensitive form and a constitutive, pentalenolactone-sensitive
UC5319 @), Streptomyces arend@®), Streptomyces chro-  form (13—15).
mofuscus Streptomyces griseochromogen&sreptomyces Pentalenolactone is derived from the 1-deoxyxylulose
baarnensisStreptomyces omiyaensf&treptomyces albofa-  5-phosphate/Z-methylerythritol 4-phosphate pathway of
ciens andStreptomycesiridifaciens(4, 5). Pentalenolactone  isoprenoid biosynthesisl§, 43). The committed step in
has been shown to be active against both Gram-positive andpentalenolactone biosynthesis is the cyclization of farnesyl
Gram-negative bacteria as well as a variety of fungi and diphosphate (FPR), the universal precursor of all sesquit-
protozoa 6) and to inhibit the replication of DNA viruses erpenes, to pentaleneng),(the parent hydrocarbon of the
such as HSV-1 and HSV-Z). Pentalenolactone also inhibits  pentalenolactone family of metabolites. Pentalenene synthase
vascular smooth muscle cell proliferatid) (The antibiotic from Streptomycet)C5319 has been cloned and expressed
selectively inhibits the glycolytic enzyme glyceraldehyde- in Escherichia coli(17), and its structure has been solved
3-phosphate dehydrogenase (GAPDE®, 10). Incubation by X-ray crystallographyX8). The enzyme, a monomer of
of rabbit muscle GAPDH with pentalenolactone results in Mp 38002, requires only Mg for activity. Pentalenene
time-dependent, irreversible inactivation of GAPDH as a synthase contains two Mtbinding domains that are
result of alkylation of the active site Cys-149 residue, universally conserved across all known sesquiterpene syn-
apparently by reaction with the electrophilic epoxide moiety thases: an aspartate-rich DDLFD motif at amino acids (aa)

80—85 and an NSE triad iNNDIA SLEKE beginning at Asn-
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Scheme 1: Biosynthesis of Pentalenolactahjeffom Farnesyl Diphosphate,(FPP) Showing Known Metabolites and the
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Scheme 2: (A) GAPDH-Catalyzed Conversion of
D-Glyceraldehyde 3-Phosphate (G-3-P) to
1,3-Diphosphoglycerate (1,3-DPG) and (B) Inactivation of
GAPDH by Pentalenolactone
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to cultures ofStreptomyced4JC5319 and analysis of the
derived labeled pentalenolactong) (have confirmed the
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intermediacy of pentalenene in the pentalenolactone biosyn-

thetic pathway 20). A variety of plausible intermediates in
the conversion of pentalenene to pentalenolactone have bee
isolated, including 1-deoxypentalenic aci) (as the derived
glucuronyl esteb) (4), pentalenolactone D5} (21), pental-
enolactone E7) (22), and pentalenolactone B)((21, 23,
24), as well as pentalenic acif))((25), a demonstrated shunt
metabolite of the main pentalenolactone biosynthetic pathway
(20) (Scheme 1).

Little is known about the organization of genes for entire
terpenoid biosynthetic pathways. The intermediates of the
biosynthesis of the fungal diterpene gibberellic acid have

been intensively studied, and many of the relevant enzymes
and genes have been characterized from both plant and fungal,

sources 26). Similarly, many of the intermediates of
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biosynthetic gene cluster has been identified, although few
of the open reading frames (ORFs) have been characterized
biochemically 27). Croteau and collaborators have system-
atically identified and characterized many of the genes
responsible for the biosynthesis of the antitumor diterpene
taxol, a formidable task that has been considerably compli-
cated by the fact that the relevant structural genes are not
clustered in Pacific yewTaxus breifolia) (28).

Streptomyces @rmitilis [S. aermectiniusis a junior
homotypic synonym of. aermitilis (29)] is the producer
of the potent anthelminthic macrolide avermectin which is
widely used in human and animal medicine. The complete
genome sequence 8f aermitilis was determined in 2003,
revealing the presence of 7575 ORFs in the 9.03 Mb linear
chromosome, with an average GC content of 70.3231).
Thirty gene clusters related to secondary metabolites were
recognized, corresponding to nearly 7% of the genome.
Among these gene clusters were at least six encoding putative
terpenoid biosynthetic pathways. Centered at 3.75 Mb in the
S. aermitilis chromosome is a-13.4 kb cluster containing
13 unidirectionally transcribed ORFs, among which is the
1011 bpptlA (SAV2998), encoding a protein of 336 aa with
76% identity and 85% similarity to the pentalenene synthase
of StreptomyceflC5319 (Figure 1 and Table 1; see Figure
S1 in Supporting Information for sequence alignment). Just
upstream optlA is ptIB (SAV2997), which encodes a typical
farnesyl diphosphate synthase. Of the remaining 11 ORFs,
8 encode putative redox enzymes, including mono- or
dioxygenases and a dehydrogenase, wiiile (SAV3000)
corresponds to a typical transcriptional regulator. Signifi-
cantly, the most upstream gene in the clustgapl
(SAV2990), encodes a 335 aa protein with 88% identity and
92% similarity to the previously identified pentalenolactone-
ﬁe3|stant GAPDH ofS. arenag(see Figure S2, Supporting
Information). Since many bacterial antibiotics are coex-
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FIGURE 1: Gene cluster for pentalenolactone biosynthesi§.in
vermitilis. Asd physical map of a linear chromosome &f

avermitilis (A) and a region involving pentalenolactone biosynthesis

trichothecane mycotoxin biosynthesis are known, and a short(B). Gene names and definitions are given in Table 1.
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Table 1: Pentalenolactongt() Gene Cluster ofs. aermitilis®

gene ID startnt  endnt definition best mdtch

gapl SAV2990 3745497 3746501 glyceraldehyde-3-phosphate dehydrogengskK, pentalenolactone resistance gene

ptlH SAV2991 3746862 3747719 putative hydroxylase PF05721, phytanoyl-CoA dioxygenase (PhyH)

ptlG SAV2992 3747777 3749231 putative transmembrane efflux protein PF07690, major facilitator superfamily

ptlF  SAV2993 3749307 3750119 putative oxidoreductase PF00106, short-chain dehydrogenase

ptlE  SAV2994 3750177 3751961 putative monooxygenase PF00743, flavin-binding monooxygenase-like

ptiD  SAV2995 3751962 3752882 putative dioxygenase PF02668, taurine catabolism dioxygenase TauD, TfdA
family

ptiC SAV2996 3752934 3753110 hypothetical protein

ptlB  SAV2997 3753107 3754120 polyprenyldiphosphate synthase probable farnesyl diphosphate synthase (idsA2)

ptIA SAV2998 3754725 3755735 pentalenene synthase PF03936, terpene synthase family, metal-binding domain

ptll  SAV2999 3755792 3757141 cytochrome P450 CYP183A1

ptlR  SAV3000 3757201 3757662 putative AraC family transcriptional regulator PF00165, bacterial regulatoryuretbhelix proteins,
AraC family

ptld  SAV3001 3757659 3758093 putative lyase PF00903, glyoxalase/bleomycin resistance protein,
dioxygenase superfamily

ptiL  SAV3002 3758163 3758933 hypothetical protein Nfa3773Natardia farcinicalFM 10152

a For detailed annotation and alignments, seehaermitilis Genome Project website (http://avermitilis.Is.kitasato-u.acj#F number is the
NCBI PFAM reference.

pressed with the corresponding genes for self-resistance, thef p-G-3-P was determined from tiod. mixture as suggested
13 ORFs were proposed to make up an operon for theby Sigma. Standard molecular biological procedures were
biosynthesis of pentalenolactone. We report below the resultsperformed as describe®4). Generation ofStreptomyces

of combined molecular genetic and biochemical experiments exoconjugants and homologous recombination utilized stan-
that provide compelling evidence for the identity of thi dard methodology3p). Protein concentrations were deter-

cluster. mined by the method of Bradfor®8€) using the Bio-Rad
kit. Steady-state kinetic and enzyme inactivation parameters
EXPERIMENTAL PROCEDURES were calculated by direct fitting to the MichaeliMenten

or other appropriate equations by nonlinear least-squares
regression using Kaleidagraph V 3.6 (Adelbeck Software,
Reading, PA). UV spectra were recorded on a HP 8452A
photodiode array spectrophotometer. GC-MS analysis of
sesquiterpenes was carried out on a Hewlett-Packard (Agi-

Materials S. aermitilis cosmids CL_216 D07 and
CL_214_C12, from th&. aermitilis genomic DNA library
(http://avermitilis.Is.kitasato-u.ac.jp/)3Q), were used to
transformE. coli ElectroTenBlue (Stratagene). Oligonucle-
e A e e s e o 61) GE-ISD Sere . L sanlaion was mezsred
Gmbh, Braunschweig, Germany. The pET28a expressionWlth a Beckman LS6500 in 7 mL of Opti-Fluor.
vector was purchased from Stratagene. pET28e was prepared Isolation of Pentalenolactone. A mutant ofS. aermitilis
from pET28a by replacing th¥ba site with anEcaRl site. (AaveRAolmAS5), blocked in the production of both aver-
Restriction enzymes and ligases were purchased frommectins and oligomycins, was used to examine the produc-
Promega. Pentalenene synthase f@ineptomyces/C5319 tion of pentalenolactones. The spores of the mutant were
was purified fromE. colipZWO05 as previously described transferred to a 250 mL flask containing 20 mL of vegetative
(17), omitting the DNase treatment. Pentalenolactone was medium [glucose (0.5 g), soy flour (1.5 g), and yeast extract
isolated fromS. arenaeTU469 @) and converted to the (0.5 g) per 100 mL, pH 7.2] and allowed to grow while being
benzylamine salt, PLBAI{1). HiTrap Fast Flow columns shaken at 30C for 2 days A 1 mL portion was removed
were purchased from GE Healthcare 3H]Farnesyl diphos-  and used to inoculate 28 500 mL flasks containing 100
phate triammonium salt (16.1 Ci/mmol), obtained from mL of production medium [soluble starch (40 g), soy flour
Perkin-Elmer Life Sciences, Boston, MA, was mixed with (20 g), FeS@7H,0 (0.5 g), KHPO, (1 g), and KCI (0.3 g)
unlabeled FPP, prepared as previously descril32d33), per liter, pH 6.5]. After incubation while being shaken at 28
to a final specific activity of 44uCi/umol. All other °C for 4 days, the culture was filtered. The mycelium was
chemicals and other buffer components were purchased fromwashed with tap water and extracted with 500 mL of
Sigma-Aldrich and were of the highest grade available. methanol. The concentrated supernatant was diluted with an

Methods Electrocompetent cells for electroporation were equal volume of water and acidified Wi2 N H,SO, to pH
prepared fronE. coli BL21(DE3) andE. coli BL21(DE3) 2.5. The products were then extracted twice with a half
RP Codon Plus (Stratagene) by standard methods. DNAvolume of chloroform. The organic fraction was concentrated
sequencing of plasmid constructs was performed by the under reduced pressure and subjected to flash silica gel
Howard Hughes Medical Institute Biopolymer/Keck Founda- chromatography (30:1 chloroform/methanol). Pentalenolac-
tion Biotechnology Resource Laboratory, Yale University tone-rich fractions were pooled and concentrated to an oil.
School of Medicine, New Haven, CT, using fluorescently This residue was dissolved in THF/diethyl ether (1:1) and
labeled dideoxynucleotides. Polymerase chain reactions werdreated with a solution of diazomethane in diethyl ether and
carried out using Pfu Turbo polymerase (Stratagene) as50% KOH for 10 min at 0°C. After being quenched by
recommended by the manufacturer. Qiaquick PCR purifica- addition of ethereal acetic acid, the ether layer was washed
tion kits, Qiaprep spin miniprep kits, and Ni-NTA resin were with saturated bicarbonate solution. Methyl ester metabolites
used as suggested by the supplier (Qiagen). The concentrationvere further purified by preparative silica TLC, and final



6182 Biochemistry, Vol. 45, No. 19, 2006

purification was performed by ODS-HPLC usinghexane/
ethyl acetate (1:1), resulting in the isolation of 8 mg of
pentalenolactone F methyl est&Nle).

Construction of a ptl Deletion Mutant of Svermitilis.
Two DNA segments were amplified by PCR from cosmid
CL_216 _DO07. A segment upstream @gdpl (nt 3743485
3745499) was amplified using the forward-BTCGAG-
CAATTG CAACGCCTATCTGGACACCTCGAC-3 and
reverse (5SCTCGAGACTAGT CATGGATCCCTCTCCTAG-
CGCTG-3) primers to introducévifel and Spé restriction
sites (in bold), respectively. The forward{6TCGAGAC-
TAGT CCTACCGGTCCGGGTCAGCCGTC B and re-
verse (5CTCGAGCAATTG CTCGCCCTCGCCGAGT-
TCGTGAC-3) primers were used for the amplification of a
second segment downstreanpdlf. (nt 3758936-3760758),
with introduction of Spé and Mfel sites (in bold), respec-
tively. The two amplified DNA segments were ligated
together intdEcaRI-cut pKU250 and transformed int®. coli
DH5a. The resultant plasmid was digested w@be, and
the linearized plasmid was ligated with t&pé fragment

Tetzlaff et al.

After removal of the cellular debris by centrifugation (20
min, 3000@, 4 °C), the recombinant protein was purified
by HiTrap Ni affinity column chromatography using a linear
gradient of imidazole (16400 mM) in lysis buffer. Fractions
were analyzed by SDSPAGE, and those containing the
desired protein were concentrated by ultrafiltration (10 kDa
NMWL) (9.4 mg of protein). N-Terminal Histagged PtIA
eluted at 96-118 mM imidazole.

Hiss-Tagged Pentalenene Synthase from Streptomyces
UC5319.DNA from plasmid pZWO05, harboring the pental-
enene synthase gene Streptomyce$JC5319 (7), was
amplified by PCR using the forward (€CGCGCGC-
CATATG CCCCAGGACGTCGACTTCC-3 and reverse
(5-GGCCGRAGCTT ACTAGTCAATTGCTAGTGGG-
CGTGCTGCCGAG-3 primers. The first ten PCR cycles
employed an annealing temperature of’@while the next
25 cycles used an annealing temperature of°C1 The
resulting amplicon and pET28e vector were digested sepa-
rately with Ndd and Hindlll and then purified by the PCR
purification kit before ligation with T4 DNA ligase overnight

of the aphll kanamycin resistance cassette. The plasmid at 4°C and transformation d£. coli XL1-Blue. The resultant

pKU250::upstreanaphll-downstream construct i&. coli
recA denpUB307aph:Tn7 was introduced int®. aermitilis

pET28e/PS2HIS plasmid was used to transfdém coli
BL21(DE3). The protein was expressed in LB media (1 L)

by conjugation. After exoconjugants were selected by vector supplemented with kanamycin (80 mg/mL). The cells were

marker (thiostreptone resistancgl), deletion mutants, gener-
ated by double homologous recombination upstreagapfl
and downstream optlL, were obtained by selection for

shaken at 37C to an ORy of 0.6, at which point they were
induced by the addition of IPTG (1 mM) and further
incubated at 28C for 6 h. Recombinant protein was isolated

thiostreptone sensitivity and neomycin resistance. The dele-and purified as above by Ni affinity chromatography {10
tion was confirmed by PCR. Neither pentalenolactones nor 500 mM imidazole in lysis buffer). The fractions containing

pentalenic acid could be detected in cultures of fhe
avermitilis ptl deletion mutant.

Transfer of the ptl Cluster to Streptomycesdans 1326
Cosmid CL_216 D07 was digested wiftarll and SnaBl,

pentalenene synthase (0.6 mg) which eluted between 97 and
118 mM imidazole were pooled and concentrated by ultra-
filtration (10 kDa NMWL).

GC-MS Analysis of Pentalenene Synthase Extrddts.

and the 14.9-kb segment was purified by agarose gelformation of pentalenene was verified by GC-MS analysis

electrophoresis and ligated with théa/Ecl136lI-cut¢C31-
based integrating vector carryiaghll as selectable marker.
The resulting plasmid was used to transfoemcoli S17.1
and then transferred int8. lividans 1326 by conjugation.
TheS. lividans:ptl exoconjugants, obtained by selection for
neomycin resistance, produced mg/L pentalenic acidd)

using the protocol previously described to analyze the
pentane-soluble, hydrocarbon product of the incubation of
FPP with pentalenene syntha8&)( GC-MS was performed
using a chiral 25 nx 0.25 mm hydrodey-6-TBDM column
(Macherey-Nagel) with a temperature ramp of480 °C

at 2°C/min and an inlet temperature of 130. Under these

along with traces of pentalenolactone metabolites. The conditions pentalenene eluted as a single pe&k=t45.13

insertion of the intacptl gene cluster was verified by PCR.
Expression and Purification of Svarmitilis Pentalenene
SynthaseThe ptlA gene was amplified by PCR from tem-
plate DNA from cosmid CL_216_DO07 using the forward (5
GCGCGQATATG GCAATGCCCCAGGACGTCG-3 and
reverse (5GGCCGARAGCTT CGGCTACAGCGTGCT-
GCC-3) primers to introduceNdd and Hindlll restriction

min. An authentic sample of pentalenene was generated by
parallel incubations with recombinaBtreptomyceslC5319
pentalenene synthase. Pentalenemé (observed) 204.36
Da; m/z (calculated for GsH,4) 204.35.

Pentalenene Synthase AssAgsays were performed as
previously described using PH]FPP (7). Assays withS.
avermitilis pentalenene synthase atteptomyceblC5319

sites (in bold) flanking the normal start and stop codons, Hiss-tagged pentalenene synthase used8®uM FPP. The
respectively. The resulting amplicon and the pET28a vector pentane extracts were passed thtowg 2 cmsilica gel

were digested separately wittde! andHindlIIl and purified
using a PCR purification kit before ligation with T4 DNA
ligase and transformation d&. coli ElectroTenBlue cells.

Pasteur pipet column before quantitation by liquid scintil-
lation counting. The steady-state kinetic parametersand
Km, were calculated by fitting the liquid scintillation data to

The resultant pET28a/SAV2998 plasmid was then used tothe Michaelis-Menten equation.

transformk. coli BL21(DES3), which was grown at 37C in
LB media (1 L) supplemented with kanamycin (80 mg/L)
to an Oy of ~0.6, and then induced by the addition of
IPTG (0.5 mM). After a furthe5 h at 30°C, the cells were

Preparation of Pentalenolactone-Resistant GAPDH (Gapl).
S. aermitilis gap1 DNA was amplified by PCR from the
cosmid CL_216_DO07. The forward and reverse primers
(5-CCGCGCGCATATG ACTGTTCGTGTCGGCATC-

harvested by centrifugation. The cell pellet was resuspendedAATGGC-3 and B-GGCCGRAGCTT ACTAGTCAAT-

in lysis buffer [30 mL, 20 mM imidazole, 500 mM NacCl,
50 mM Tris-HCI, 5 mM MgC}, 2.7 mMpB-mercaptoethanol,
10% glycerol (v/v), pH 8.0] and disrupted by sonication.

TGTCAGAGGGTGTCGCCGACCAGC-3 were used to
introduce Ndd and Hindlll sites (in bold), respectively,
flanking the coding region of the gene. The resulting
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amplicon and pET28a vector were digested separately withinactivation kinae; and the PLBA inhibition constark,, were

Ndd and Hindlll, and the digests were purified by a PCR
purification kit before ligation with T4 DNA ligase overnight
at 4 °C and transformation oE. coli XL-1 Blue. The

calculated by direct fitting of the observed rates of inactiva-
tion kops at individual concentrations of PLBA [I], to the
standard equation for active site directed irreversible inac-

resultant plasmid, pET28/SAV2990, was used to transform tivation: Kops = Kinac{[I]/( K| + [I])] (40).

E. coliBL21(DE3) RP Codon Plus. The culture was grown
in LB medium (1 L) supplemented with kanamycin (50 mg/
L) at 37°C to an ORy of 0.5, then induced with IPTG (0.9
mM), and incubated for an additiohzh at 37°C. The cell

Analogous experiments were also carried out with recom-
binant Gapl (4.5%M) in the presence of PLBA (0, 24.4,
61, 183, and 61@M). A preincubation temperature of°’€
was used to compensate for slight thermal instability of the

pellet after centrifugation was resuspended in lysis buffer protein. Aliquots of 20uL were withdrawn at periodic

[20 mL, 50 mM Tris-HCI, pH 8.0, 5 mM MgG| 10%
glycerol (v/v), 2.7 mMB-mercaptoethanol, 5 mM imidazole,
300 mM NacCl, 1.5 mM benzamidine,/&@/mL pepstatin, 2
ug/mL leupeptin, 0.16 mM NAD] and disrupted with a

intervals (0.5, 1.5, 3, 5, and 8 min) and diluted in 4800f

the assay buffer and assayed in triplicate for residual GAPDH
activity at 23 °C. Under these conditions there was no

detectable decrease in GAPDH activity even after 8 min

French press at 10000 psi. Cellular debris was removed bypreincubation in the presence of 6aM PLBA.

centrifugation, and purification was carried out using Ni-
NTA resin. GAPDH-containing fractions (0.7 mg of protein,
eluting at 40 mM imidazole) were pooled, concentrated by
ultrafiltration (10 kDa NMWL), and exchanged into storage
buffer [20 mM Tris-HCI, pH 8.5, 2.7 mN\§-mercaptoethanol,
20% glycerol (v/v), 20 mM NacCl, 0.16 mM NALf via a
PD-10 column (Amersham).

Preparation of Pentalenolactone-Sen&tiGAPDH (Gap2).
S. aermitilis gap2was amplified by PCR from the cosmid
CL_214 C12, using the forward and reverse primefs, 5
GCGCGQCATATG ACGATCCGCGTAGGCATCAAC-3
and 3-GGCCGRAGCTT TTAGAGCTGGTTGCCGAC-
GAAGAC-3, respectively, to introducéldd and Hindlll
sites (in bold) flanking the coding region. After ligation into
pPET28a, the Gap2 protein was expresseé.ircoli BL21-
(DE3)/pET28a/SAV6296 and purified by Ni affinity chro-
matography using same protocols used $oraermitilis
Gapl. The desired protein (4.2 mg) eluted at 60 mM
imidazole.

GAPDH Assay GAPDH activity was assayed at room
temperature, with substitution of arsenate for inorganic
phosphate, as previously describéd, 38, 39). Under these

conditions, the initially generated product 1-arseno-3-phos-

RESULTS

Isolation of Pentalenolactone F and Characterization of
a ptl Deletion Mutant.Although pentalenolactones occur
widely in Streptomyceghere have been no prior reports of
their isolation fromS. aermitilis. A 4 L culture of S.
avermitilis (AaveR AolmAY, blocked in the formation of
both avermectins and oligomycins, was grown for 4 days at
28 °C. Extraction of the harvested mycelium with methanol
followed by chromatographic fractionation of the methylated
extract gave 8 mg of purified pentalenolactone F methyl ester
(8-Me) whosetH NMR, IR, and mass spectra were identical
in all respects with those previously reported 8e (24).
The microorganism also produced the shunt metabolite,
pentalenic acid 9). Pentalenolactonel) itself was not
detected in the organic extract 8f aermitilis. An engi-
neeredS. aermitilis ptl deletion mutant, lacking the 13.4
kb segment containing the entip#l cluster gaplto ptiL;
SAV2990-3002), produced neither pentalenolactone3f (
nor pentalenic acid9). In a complementary experiment,
when a 14.9 kbAwurll—Snadl segment (nt 3744874
3759745) containing thetl cluster was introduced by

phoglycerate undergoes spontaneous hydrolysis to 3-phosconjugation intcS. lividans1326, which normally does not

phoglycerate, thereby avoiding interfering product inhibition
by 1,3-diphosphoglycerate. To the assay buffer (480133
mM Tris-HCI, pH 8.75, 0.2 mM EDTA, 17 mM N#lAsO,-
7H,0, 3 mM DTT, 0.4 mM NAD" and 0.098&M Gapl or
1.2 mM NAD" and 0.067uM Gap?2) was added a 20L
solution ofp-G-3-P at concentrations of 25:956M. The
formation of NADH was monitored by UV at 340 nm. The
initial rates of each reaction were calculated using the-UV
visible ChemStation software (HP), and the data were fit to
the Michaelis-Menten equation to determirig, and Kp,.
Time-Dependent Inaetation of GAPDH.Recombinant
Gap2 (2.1uM) was preincubated with a range of fixed
concentrations of PLBA (0, 74.5, 149, and 2241) in 500
uL of buffer containing Tris-HCI (133 mM, pH 8.75), EDTA
(0.2 mM), NaHAsO,-7H,O (17 mM), DTT (3 mM), and
NAD* (0.61 mM) at 23°C. Aliquots of 20 uL were
withdrawn from the incubation mixtures and diluted 25-fold
into GAPDH assay buffer at periodic intervals, and the
residual activity was assayed at 2&8. The enzymatic
reactions were initiated by adding solutions of G-3-P (10
uL) to achieve an initiab-G-3-P concentration of 0.29 mM.

produce pentalenolactones, the resultant exoconjugants were
found to produce~1 mg/L pentalenic aciddj, accompanied
by traces of pentalenolactone metabolites.

S. aermitilis Pentalenene Synthadédsing DNA fromS.
avermitilis cosmid CL_216_DO07 as templatgQj, the 1011
bp presumptive coding region for pentalenene synthase was
amplified by PCR while introducingNdd and Hindlll
restriction sites at the'5and 3-termini, respectively, of the
ORF. The amplified DNA was ligated into the expression
vector pET28a. The resultant plasmid, pET28a/SAV2998,
was purified fromE. coli ElectroTenBlue and used to
transform the T7 RNA polymerase-based expressionbost
coli BL21(DE3). The resulting soluble protein was subjected
to Ni?* affinity purification. The recovered recombinant
SAV2998 (9.4 mg fron 1 L of culture) was judged to be
>90% pure by SDSPAGE. Incubation of the purified
SAV2998 protein with 80uM FPP and analysis of the
pentane-soluble extract by capillary chiral GC-MS revealed
the formation of a single sesquiterpene product identical to
pentalenene by direct comparison with an authentic sample,
thereby confirming the predicted pentalenene synthase activ-

The assays were performed in triplicate, and the initial rates ity of PtIA (SAV2998) (see Supporting Information, Figure
were measured as described above. The maximum rate ofS3).
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Table 2: Steady-State Kinetic Parameters for Pentalenene Synthase
(PS) fromS. aermitilis and Streptomycet)C5319

protein Keat (S71) Km («M) Keal Km (M~1s7Y)
PtIA (SAV2998) 0.065+ 002  36.0+ 3.6 1.8x 1¢°
His-tagged PS 0.4& 0.02 28.6+ 3.6 1.4x 10
PS 0.3 0.3 1.0x 108

apData from ref37.

Tetzlaff et al.

The gap2 gene was amplified by PCR froi@. aermitilis
cosmid CL_214 C12, and the derivddld —Hindlll frag-
ment was inserted into the corresponding cloning sites of
pET28a. The resultant plasmid, pET28a/SAV6296, was used
to transformkE. coli BL21(DE3). IPTG-induced expression
and NP affinity purification gave 4.2 mg of N-terminal His
tagged Gap2 whose GAPDH activity was confirmed, giving
akeat 165 st and Ky, for p-G-3-P of 0.33 mM. Incubation

of S. aermitilis Gap2 at 23C with increasing concentrations

The steady-state kinetic parameters were determined forys p| ga up to 225:M resulted in time-dependent, irrevers-

S. aermitilis pentalenene synthase as well as for N-terminal
Hiss-tagged pentalenene synthase fistreptomyceslC5319
using [1°H]FPP as substrate (Table 2). By direct comparison,
the ko for the S. aermitilis enzyme of 0.065$ was ~6-
fold lower than the value of 0.40°% determined for the
Streptomyce&JC5319 Hig-tagged synthase, while thg,
values for FPP for each enzyme were very similar 486
compared to 2%M). The addition of the N-terminal His
tag has little apparent effect on thke: when compared to
the native recombinartreptomyce&JC5319 pentalenene
synthase K.: 0.3 s%) but results in an marked 100-fold
increase in th&, for FPP, compared tol&, of 0.3 uM for

the native cyclase3().

Pentalenolactone-Insensie@ GAPDH The gapl gene
(SAV2990), harbored within cosmid CL_216 D07, was
amplified by PCR, ligated as awdel—Hindlll fragment into
pET28e, and expressed B coli BL21(DE3) RP Codon
Plus. The resultant protein, carrying an N-terminalghiggy
was purified by N&™ affinity chromatography to yield 0.7
mg of Gapl protein/L of culture. The NADdependent
GAPDH activity was confirmed by standard arsenate-
decoupled assayl {, 38, 39), giving akes for p-glyceralde-
hyde 3-phosphate (G-3-P) of 33!sand aKy, of 0.33 mM.

To assess the inhibitory effect of pentalenolactone, Gapl (4.5
uM) was preincubated with concentrations up to 0.6 mM of
the benzylamine salt of pentalenolactone (PLBAX)(
Aliquots were periodically withdrawn after 68 min,
diluted 25-fold into arsenate assay buffer, and monitored for
GAPDH activity. Exposure of Gapl to 0.6 mM pentaleno-
lactone for as long as 8 min at’€ had no detectable effect
on the measured GAPDH activity. The Gap1l protein is thus
insensitive to pentalenolactone.

Pentalenolactone-Sensié GAPDH. S. aermitilis harbors
a second apparent GAPDH gewgap2(SAV6296), located
between nt 7559711 and nt 7560718 of theaermitilis
chromosome and assigned to PFAM PF02800 (GAPDH).

-

o
=

0.01

0.001
0

Fraction remaining activity

2 4 6 8 10
Preincubation Time (min)
Ficure 2: Time-dependent inactivation &. aermitilis Gap2 by
pentalenolactone. Semilogarithmic plot of the inactivation of Gap2
(2.1 uM) as a function of preincubation time and varied PLBA
concentrations: 0X), 74.5 @), 149 (), and 223.5uM (&).
Aliquots of 20uL were withdrawn at periodic intervals and assayed
for residual GAPDH activity in a total volume of 5Qf of assay

12

ible inactivation. Semilogarithmic plots of the fraction of
remaining GAPDH activity as a function of PLBA concen-
tration showed the expected pseudo-first-order inactivation
(11, 40) (Figure 2). The rate of inactivation by pentaleno-
lactone was saturable, with a maximum rate of inactivation,
Kinacs Of 5.3+ 1.6 mir? (t;, = 0.13 min) and & for PLBA

of 1.3+ 0.4 mM.

DISCUSSION

The increasing availability of complete microbial genome
sequences has recently opened up the possibility of the top-
down characterization of the molecular genetics and bio-
chemistry of entire biosynthetic pathways whose genes are
frequently organized in discrete clusters. As an essential first
step in the elucidation of the enzymology and genetics of
pentalenolactone biosynthesis $ aermitilis, we have
established thabtlA (SAV2998), one of 13 ORFs within a
13.4 kb cluster, encodes a 336 aa protein that catalyzes the
cyclization of FPP to pentalenen8)(the well-established
sesquiterpene hydrocarbon precursor of the pentalenolactone
family of metabolites. The pentalenolactone biosynthetic
pathway is functional irS. aermitilis, as confirmed by the
isolation of both pentalenolactone B)(and the shunt
metabolite pentalenic acid®). Deletion of the entireptl
cluster from S. aermitilis abolished the production of
pentalenolactone metabolites, while transfer of this same
cluster to the naive hos§. lividans 1326, endowed the
transformants with the ability to generate pentalenic a@jd (
accompanied by trace amounts of pentalenolactones. We
have also demonstrated thgaipl, located at the "send of
the biosynthetic gene cluster, corresponds to the essential
locus for self-resistance to the antibiotic pentalenolactone,
which acts as an active site directed, irreversible inhibitor
of the glycolytic enzyme GAPDH. Recombinant Gapl
retained full activity even after exposure to 0.6 mM pental-
enolactone for 8 min at 4C, conditions under which rabbit
GAPDH is completely inactivatedL{). Gapl shows con-
siderable sequence identity to the homologous, pentaleno-
lactone-insensitive GAPDH that confers resistance to pen-
talenolactone tdS. arenae(15). Similar to S. arenage S.
avermitilis also harbors a second, pentalenolactone-sensitive,
isoform of GAPDH. Interestingly, although the maximum
rate of inactivation of Gap2 by PLBA is-23 times that
previously observed for rabbit muscle GAPDHK4: 5.3
min~! compared to 1.33.3 min?) (11), S. aermitilis Gap2
is considerably less sensitive to pentalenolactone than is the
rabbit enzyme, exhibiting K, of 1.3 mM that is nearly 100-
fold higher than that for rabbit GAPDHK( of 6—12 uM).

In preliminary experiments on expressiongafplandgap?2
in S. aermitilis, gap2was constitutively expressed during

buffer, as described in Methods. Each data point represents the meafnycelial growth while expression giap1from the ptl gene

of triplicate values.

cluster started after at least 15 h of growth. Thus prior to
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antibiotic production, Gap2 is utilized for the glycolytic
pathway inS. aermitilis.
Within the ptl cluster, there are eight ORFs that appear to

8.

9.

encode redox enzymes, as deduced from extensive sequence

comparisons (Table 1). Cytochrome P450s are known to be

groups to the corresponding carboxylic aciddl)( It is
therefore likely that CYP183A1, encoded pifl (SAV2999)

(42), catalyzes the conversion of pentalene3)ed 1-deoxy-
pentalenic acid4) (Scheme 1). Indeed, we have already ob-
tained preliminary experimental evidence in support of this
hypothesis (D. E. Cane and R. Quaderer, unpublished re-
sults). PtIH (SAV2991), which resembles a non-heme iron,
o-ketoglutarate-dependent hydroxylase, can oxidize 1-deoxy-
pentalenic acid4), with the resultant product undergoing
oxidation to the corresponding ketone mediated by the
dehydrogenase PtIF (SAV2993). Intriguingly, the putative
monooxygenase, PtIE (SAV2994), shows a strong resembl-
ance (49% identity and 62% similarity over 591 aa) to the
monooxygenase of Rhodococcus ruber (Genbank
AY052630.1) that catalyzes the Baey#filliger-like oxida-

tion of cyclodecanone to lauric acid. The latter three enzymes
could therefore convert 1-deoxypentalenic aeiyi( three
steps to the known metabolite pentalenolactoné)DHrom
pentalenolactone D, formation of pentalenolactones) Erfd

F (8) would involve straightforward enzymatic desaturation
adjacent to the lactonic carbonyl and epoxidation, possibly
mediated by some combination of PtID (SAV2995) and PtlJ
(SAV3001). Formation of pentalenolactori (tself would
require oxidative rearrangement of pentalenolactor® R2().

These and related possibilities are currently under active study.
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