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Nonactin is the parent compound of a group of ionophore antibiotics, known as the macrotetrolides,
produced by Streptomyces griseus subsp. griseus ETH A7796. Nonactin is a significant compound because of its
inhibitory effects on the P170 glycoprotein-mediated efflux of chemotherapeutic agents in multiple-drug-
resistant cancer cells. Nonactin is also significant in that it is a highly atypical polyketide. Very little is
presently known about the genes of the nonactin biosynthesis cluster. In this paper we describe our efforts to
establish a connection between the product of a gene from the nonactin biosynthesis cluster and a known
biochemical transformation in nonactin biosynthesis. Nonactate synthase is the enzyme which catalyzes the
formation of nonactic acid from an acyclic precursor in nonactin biosynthesis. We have synthesized the
substrate for this enzyme and have detected the in vitro cyclization activity of the substrate in cell-free
preparations of S. griseus subsp. griseus ETH A7796. Previous studies by R. Plater and J. A. Robinson (Gene
112:117-122, 1992) had suggested, based on sequence homology, that the product of a partial open reading
frame found close to the tetranactin resistance gene of S. griseus could be the nonactate synthase. We have
therefore cloned, sequenced, and heterologously expressed this full gene (nonS), and we have shown that the
gene product, NonS, does indeed catalyze the formation of the furan ring of nonactic acid as hypothesized.

Nonactin (Fig. 1, compound 1) is the parent compound of a
group of ionophore antibiotics, known as the macrotetrolides,
produced by Streptomyces griseus subsp. griseus ETH A7796 (8,
16, 18, 19, 24, 29, 30, 33, 34). Nonactin has been shown to
possess antitumor activity both against mammalian cell lines in
vitro and against Crocker sarcoma 180 in studies with mice (8).
Nonactin was recently shown to be a novel inhibitor of the
170-kDa P-glycoprotein-mediated efflux of 4-O’-tetrahydropy-
ranyldoxorubicin in multidrug-resistant erythroleukemia K562
cells at subtoxic concentrations (10). The natural macrotetrol-
ide homologues show a wide range of potency. For example,
the MIC of nonactin against Staphylococcus aureus and Myco-
bacterium bovis is more than an order of magnitude greater
than that of dinactin, a difference which is paralleled by the
changes in the stability constants of their Na* and K* com-
plexes (27, 29).

Initial biosynthesis studies using '#*C-labeled compounds
suggested that nonactin is made from acetate, propionate, and
succinate and that nonactic acid and homononactic acid are
present in the culture broth (36, 37, 46, 47). The early work was
confirmed and extended by Robinson and coworkers, who used
extensive feeding studies employing stable isotopes and radio-
isotopes (3-5, 14, 15, 44-46). Robinson et al. postulated a
pathway for nonactin biosynthesis that was based on polyketide
biosynthesis (Fig. 2) (3-6, 14, 15, 44, 45) and in the process
demonstrated the highly atypical nature of nonactin biosynthe-
sis. One of the unusual features of the nonactin biosynthesis
pathway is that it produces both enantiomers of the precursor
nonactic acid. Both enantiomers of nonactic acid are subse-
quently stereospecifically assembled into the final product.
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This feature raises the important hypothesis that the enzymes
which catalyze reactions late in the biosynthesis of nonactic
acid cannot discriminate, and indeed have evolved not to dis-
criminate, between enantiomers of their substrates. At this
point, however, an alternative hypothesis cannot be ruled out.
There may exist a pair of enzymes for each reaction in the late
stages of nonactin biosynthesis. Each enzyme would then ste-
reospecifically act upon its appropriate substrate enantiomer.
To answer these important questions, we decided to clone the
entire nonactin biosynthesis gene cluster and to establish the
nature of the chemical reactions catalyzed by each gene prod-
uct of the cluster. This paper describes our research efforts
with the first target enzyme, nonactate synthase.

It was known that a late, acyclic intermediate, such as com-
pound 6 (Fig. 2), when activated as an N-caprylcysteamine
thioester, was efficiently incorporated into nonactin when
added to fermentative cultures of S. griseus (45). Furthermore,
each enantiomer of the activated compound 6 was stereospe-
cifically incorporated into the appropriate enantiomer of the
monomer units of nonactin. These feeding study data lead
Spavold and Robinson to conclude that there was an enzyme
activity present in S. griseus which was capable of catalyzing the
cyclization reaction to form the furan ring of nonactic acid
(45). Here we refer to this enzyme as nonactate synthase.

Plater and Robinson isolated and sequenced a 3.3-kb frag-
ment of DNA from S. griseus subsp. griseus ETH A7796 which
conferred tetranactin resistance (nonR) on S. lividans TK24
(38). Analysis of the DNA sequence revealed three complete
open reading frames (ORFs) and an incomplete ORF. Of
great significance to our studies was the observation that the
deduced product of the incomplete orfX (in this work called
nonS) showed 27.9% amino acid sequence identity with the
C-terminal end of the rat mitochondrial enoyl coenzyme A
(enoyl-CoA) hydratase (35). The chemical reactions catalyzed
by the enoyl-CoA hydratase family of enzymes and the hypoth-
esized activity of nonactate synthase are very similar. Each
reaction involves the addition of an oxygen nucleophile, in a
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R1 R2 R3 R4
Nonactin Me Me Me Me
Monactin Me Me Et Me
Dinactin Et Me Et Me
Trinactin  Et Et Et Me
5 Tetranactin Et Et Et Et
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FIG. 1. Structures of the naturally occurring macrotetrolides.

Michael fashion, across the a,B-unsaturated system of the ap-
propriate substrate. Due to the similarity of these reactions,
Plater and Robinson (38) postulated that nonS may encode the
nonactate synthase, that is, the enzyme catalyzing the forma-
tion of the furan ring of nonactic acid.

We set out to confirm the hypothesis of Plater and Robinson
by cloning nonS in its entirety. We sought to synthesize puta-
tive substrates for the enzyme and to demonstrate in vitro
conversion of these substrates by cell-free systems of the non-
actin-producing organism. Final confirmation of the hypothesis
would come from the heterologous overexpression of the gene
product, NonS, and the demonstration that it indeed could
catalyze the conversion of our synthesized substrates into non-
actic acid precursors.

This paper describes our successful cloning, analysis, and
overexpression of the active nonactate synthase, confirming
that nonS does indeed encode the nonactate synthase.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. griseus subsp. griseus ETH A7796 (DSM
40695) was obtained from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH. Streptomyces lividans TK24 was obtained from D. A. Hop-
wood (John Innes Institute, Norwich, England). S. griseus was grown on 2X TSB
medium (26) or on R2YE solid medium (26). Recombinant S. lividans TK24
strains were grown in liquid YEME medium (26) containing 1 pg of neomycin *
ml~! and were maintained on plates of R2YE solid medium containing neomy-
cin at a concentration of 10 pg - ml~'. Escherichia coli DH5« (25) was used to
propagate plasmids and maintain the partial genomic library of S. griseus subsp.
griseus A7796 chromosomal DNA. LB medium (42) was used to grow E. coli;
plasmids were introduced into E. coli by transformation by standard procedures
(42). Ampicillin was added at a concentration of 100 pg - ml™! to cultures of E.
coli harboring plasmids.

Procedures for protoplast formation, transformation, and regeneration of pro-
toplasts for S. lividans were carried out as outlined by Hopwood et al. (26).
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FIG. 2. Overview of the current hypothesis for nonactin biosynthesis. PKS,
polyketide synthase.

Plasmids in Streptomyces were prepared by methods described by Carter and
Milton (13). Restriction mapping and other routine molecular methods used in
this work are described by Sambrook et al. (42). Plasmids used and constructed
in this work are given in Table 1.

Molecular cloning and sequence analysis of the nonS gene. Chromosomal
DNA from S. griseus was isolated by the procedure of Pospiech and Neumann
(39) and digested at 37°C with restriction endonuclease BamHI, Hincll, or SstI
(U.S. Biochemicals, Cleveland, Ohio) according to the manufacturer’s direc-
tions. The digests were fractionated by agarose gel electrophoresis and then
transferred to BA-85 nitrocellulose filters (Schleicher and Schuell, Inc., Keene,
N.H.). The blots were hybridized with the 3?P-end-labeled oligonucleotide 5'-G
GAGGATTTCGACCGCGAACTGGCCGATCTG-3’, whose sequence was
identical to that of part of the partial nonS previously identified by Plater and
Robinson (38). Hybridization and washing were performed as described by
Rajgarhia and Strohl (41). BamHI-digested DNA fragments (6.0 to 8.0 kb) from
S. griseus subsp. griseus, which contained the largest fragment that hybridized to
the labeled oligonucleotide, were isolated from agarose gel pieces and used to
construct a partial, pUC19-based (50) genomic library in E. coli. The library was
screened by using a labeled 48-mer oligonucleotide (5'-GGATGGCCGCGTTC
ACGGAGAAGCGGCCGCCCCGCTTCACCGGCGCCT-3"). DNA from col-
onies that hybridized to the probe was isolated, and Southern analysis was
performed again to confirm the positive clones. A 6.3-kb BamHI fragment was
cloned and subsequently sequenced with the ABI PRISM Dye Terminator Cycle
Sequencing Ready Reaction Kit and analyzed on an ABI model 310 automated
sequencer (Perkin-Elmer/Applied Biosystems).

Analysis of sequence data. The entire nonS ORF was determined by using
FRAME (9) and CODON PREFERENCE (49) algorithms with IBM-PC pro-
grams, and the sequences were compared with those in the databases by using
BLAST (2) and PSI-BLAST (2). Amino acid alignments were obtained by using
CLUSTAL X (48).

Synthesis procedures. Solvents were obtained from Fisher Scientific. All other
chemicals, unless noted otherwise, were obtained from the Aldrich Chemical
Company (Milwaukee, Wis.). The solvents CH,Cl, (over CaH,), diethyl ether
(over Na/K-benzophenone), and tetrahydrofuran (THF) (over Na/K-benzophe-
none) were dried and distilled prior to use. MgSO, refers exclusively to anhy-
drous MgSO,. The term Hexanes refers to the commercially available solvent,
which is a mixture containing predominantly n-hexane but also substantial
amounts of the isomers of hexane. Solutions were concentrated by evaporation
in vacuo. All synthesis procedures, unless noted otherwise, were carried out
under a slight positive pressure of dry argon gas. Column chromatography was
performed with Merck Silica Gel 60. Nuclear magnetic resonance spectra (‘H
and 13C) were acquired at either 400, 270, or 250 MHz, were referenced to the
residual solvent, and are reported as chemical shift (3, in parts per million),
intensity, splitting pattern, and coupling constant (/, in hertz).

(5R*,S*)-Hydroxyocta-1,6-diene (compound 10). Dibromoethane (3.1 ml, 36.5
mmol) was added dropwise via syringe to a stirred suspension of magnesium
powder (3.54 g, 146 mmol) in dry THF (200 ml) and then warmed gently. The
suspension was stirred until gas evolution had ceased, and it was then left to cool
to room temperature. 4-Bromobut-1-ene (9.84 g, 72.9 mmol) was added in small
portions via syringe to the constantly stirred suspension. The reaction mixture
became moderately warm and maintained a gentle reflux. The mixture was
stirred for 30 min. Freshly distilled crotonaldehyde (6.65 ml, 80.2 mmol) in dry
THF (10 ml) was added dropwise. After 2 h, the reaction was carefully quenched
by the addition of water (10 ml) followed by saturated, aqueous NaCl solution
(brine) (250 ml). The organic phase was recovered. The aqueous phase was
extracted three times with diethyl ether (150 ml). The combined organic phases
were dried over MgSO,, filtered, and concentrated to give a pale yellow liquid.
The product was purified by chromatography on silica gel, eluting with 25% ethyl
acetate (EtOAc)-hexanes to give a colorless oil (8.21 g, 90.2%). b p 52 to 54°C,
0.5 torr; 85 (270 MHz, CDCl;) 1.55 (2H, mult), 1.62 (3H, d, J = 6.7 Hz), 1.78
(1H, br-s, OH), 2.10 (2H, mult), 4.00 (1H, q, J = 6.8 Hz), 4.90 (1H, mult), 5.00
(1H, mult), 5.40 (1H, mult), 5.60 (1H, mult), and 5.80 (1H, mult); &, 17.7, 29.9,
38.6, 72.2, 114.8, 128.9, 134.4, and 138.6. High-resolution mass spectrometry
(HRMS): found, 126.105163; calculated for CgH,,0, 126.104465.

(5R*,78*)-5,7-Dihydroxyoct-1-ene (compound 12). The olefin compound 10
(6.35 g, 50.3 mmol), (+)-diethyl tartrate (0.78 g, 3.8 mmol), (—)-diethyl tartrate
(0.78 g, 3.8 mmol), and powdered 13X (2w) sieves (1.9 g) were added to dry
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TABLE 1. Plasmids used in this study

Plasmid Relevant characteristics” Reference
pUC19 2.69 kbp; Amp'; E. coli cloning vector 50
PANTS841 2.75 kbp; pUC19 containing a polylinker with additional cloning sites optimized for cloning DNA with high 17

G+C content; blue-white selectable; Amp”
PANT797 8.43 kbp; 1.337-kbp Nrul fragment and T4 DNA polymerase-blunted Kpnl fragment into Pvull-digested 41
PANT795; E. coli-Streptomyces shuttle vector; expression of genes cloned into polylinker is driven by
SnpR-activated snpA promoter; Neo®
PANT1400 9.05 kbp; 6.3-kbp BamHI fragment from S. griseus subsp. griseus ETH A7796 chromosome into Bg/II site of This work
PANTS41 (contains nonsS, nonR, orfB, partial orfC, and region upstream of nonS)
PANT1401 6.29 kbp; 3.55-kbp SstI fragment from pANT1400 into pANT841 (contains region upstream of nonsS) This work
PANT1402 5.22 kbp; 2.47-kbp SstI fragment from pANT1400 into pANT841 (contains complete nonsS, nonR, and orfB) This work
PANT1403 10.93 kbp; 2.50-kbp EcoRI-HindIII fragment from pANT1402 into pANT797 This work

“ Neo', neomycin resistance; Amp’, ampicillin resistance; SnpR, small neutral protease regulatory protein; snpA, promoter from Streptomyces sp. strain C5 for the

small neutral protease.

CH,Cl, (200 ml). The stirred suspension was cooled to —20°C. Titanium(IV)
isopropoxide (1.5 ml, 5.0 mmol) was added dropwise via syringe, and the sus-
pension was stirred for 40 min. Freshly dried and titrated cumene hydroperoxide
(13.5 ml, 75 mmol) was added dropwise via syringe, and the stirred solution was
allowed to warm to room temperature overnight. The suspension was poured
into a solution of FeSO, - 7H,O (33 g, 120 mmol) and tartaric acid (11 g, 60
mmol) in water (100 ml) and stirred for 30 min. The organic phase was recov-
ered. The aqueous phase was extracted twice with CH,Cl, (100 ml). The com-
bined organic phases were dried (MgSO,), filtered, and concentrated. The oil
obtained was fractionated on silica gel, eluting with 15% EtOAc-hexanes, to give
the semipure epoxide compound 11.

The epoxide (compound 11) was dissolved in dry THF (125 ml) and cooled to
0°C. RedAl (Aldrich) (31.3 ml, 101 mmol) was added dropwise via syringe, and
the solution was stirred overnight at 0°C. The reaction was quenched by the
careful, dropwise addition of a aqueous solution of tartaric acid (5%, wt/vol) and
sodium tartrate (5%, wt/vol) (200 ml). The cloudy white suspension was stirred
vigorously at room temperature for 30 min and then diluted with water (100 ml)
and EtOAc (150 ml). The organic phase was recovered. The aqueous phase was
extracted twice with EtOAc (100 ml). The combined organic phases were dried
(MgSO,), filtered, and concentrated to give a colorless oil which was evacuated
at 0.2 torr for 40 min at room temperature to remove MeOCH,CH,OH. The oil
was fractionated on silica gel, eluting with 50% EtOAc-hexanes, to give the pure
diol compound 12 (4.79 g, 66.0% from the olefin compound 10). 3 (270 MHz,
CDCls) 1.03 (3H, d, J = 6.7 Hz), 1.20 (4H, mult), 2.00 (2H, mult), 3.65 (1H,
mult), 3.86 (1H, mult), 4.82 (1H, d,J = 11.3 Hz), 4.90 (1H, d, J = 20 Hz), and
5.72 (1H, mult); 3. (67.9 MHz, CDCls) 24.3, 31.0, 38.3, 47.1, 65.5, 68.8, 114.9, and
139.7.

(5R*,78*)-5,7-bis-(tert-butylsilyloxy)oct-1-ene (compound 13). The diol com-
pound 12 (0.47 g, 3.3 mmol), tert-butyldimethylsilylchloride (2.46 g, 16.3 mmol),
and N,N-dimethylaminopyridine (0.04 g, 0.33 mmol) were dissolved in dry pyri-
dine (1.6 ml, 19.5 mmol). Sufficient dry dimethylformamide (2 ml) was added to
allow the thick suspension to be stirred efficiently. After being stirred at room
temperature for 48 h, the white suspension was poured into saturated aqueous
CuSO, solution (100 ml) and diluted with CH,Cl, (50 ml). The organic phase
was recovered. The aqueous phase was extracted with CH,Cl, (50 ml). The
combined organic phases were dried (MgSO,), filtered, and concentrated to give
a colorless oil. The product was obtained by chromatography on silica gel, eluting
with 4% EtOAc-hexanes, as a colorless oil (1.18 g, 96.9%). &;; (270 MHz,
CDCls) 0.05 (12H, s), 0.87 (18H, s), 1.15 (3H, d,J = 7 Hz), 1.55 (4H, mult), 2.07
(2H, mult), 3.77 (1H, mult), 3.90 (1H, sext,J = 5.7 Hz), 4.92 (1H, d,J = 10.3 Hz),
5.0 (1H, d,J = 18.8 Hz), and 5.30 (1H, mult); 8. (67.9 MHz, CDCl;), —4.2, —3.9,
—3.8. =3.7, —2.7, 18.3, 24.8, 25.9, 26.2, 29.5, 37.4, 48.2, 66.6, 70.0, 114.5, and
139.1.

Ethyl (6S*,8R*)-6,8-bis(tert-butyldimethylsilyloxy)-2-methylnon-2E-enoate (com-
pound 14). Ozone gas was bubbled through a solution of the olefin compound 13
(4.67 g, 12.5 mmol) in dry CH,Cl, (50 ml) which was stirred vigorously at —78°C.
Excess ozone, seen as a bright blue color, was observed after 6 to 7 min. Argon
gas was bubbled through the stirred solution until the blue color had gone. A
solution of triphenylphosphine (3.44 g, 13.1 mmol) in CH,Cl, (10 ml) was added
to the stirred solution, still at —78°C. After 30 min, the reaction mixture was
allowed to warm to room temperature and then stirred overnight. The mixture
was concentrated in vacuo to a volume of approximately 25 ml. CH,Cl, (15 ml)
was introduced, and then the ylide Ph;P—=CMeCO,Et (9.06 g, 25 mmol) was
added. The reaction mixture was stirred at room temperature overnight. The
mixture was concentrated and fractionated directly on silica gel, eluting with
2.5% EtOAc-hexanes, to give the product as a colorless oil (4.06 g, 71.6%). 8y
(270 MHz, CDCls) 0.00 (12H, s), 0.80 (18H, s), 1.07 (3H, d, J = 5.6 Hz), 1.20
(3H, t,J = 7 Hz), 1.50 (4H, mult), 1.75 (3H, s), 2.15 (2H, br q), 3.70 (1H, pent,
J = 5.6 Hz), 3.80 (1H, sext, J = 5.6 Hz), 4.10 (2H, q,J = 5.6 Hz), and 6.70 (1H,

t,J = 7Hz); 8. (67.9 MHz, CDCl,) —4.4, —4.1, —4.0, —3.7,12.4, 14.4,18.2, 24,5,
24.7,25.9,26.1, 36.8, 48.0, 60.4, 66.5, 69.9, 128.1, 142.1, and 168.2 HRMS: found,
459.338592; calculated for C,4Hs,0,Si,, 459.332592.

(65*,8R*)-6,8-Bis (tert-butyldimethylsilyloxy)-2-methylnon-2E-enoic acid (com-
pound 15). Aqueous LiOH solution (1 ml, 2.5 mmol) was added to a vigorously
stirred solution of the ester compound 14 (229 mg, 0.5 mmol) in a mixture of
THF (3 ml) and methanol (2 ml). After 24 h at room temperature, the reaction
mixture was diluted with water (50 ml) and acidified to pH 2.5 with 2 N HCI
solution. The product was extracted twice with EtOAc (50 ml). The organic
extracts were combined, dried (MgSO,), filtered, and concentrated. The product
was obtained by preparative thin-layer chromatography on silica gel, eluting with
20% EtOAc-hexanes, as a colorless oil (211 mg, 98.0%). 8;; (270 MHz, CDCls;)
0.00 (12H, s), 0.90 (18H, s), 1.10 (3H, d,J = 7 Hz), 1.60 (4H, mult), 1.90 (3H, s),
2.20 (2H, mult), 3.80 (1H, mult), 3.90 (3H, mult), 6.90 (1H, t, J = 7 Hz), and
11.20 (1H, br s); 3. (67.9 MHz, CDCl;) —4.2, —4.1, —3.96, —3.93, —3.7, 12.1,
18.3, 24.7, 26.1, 36.7, 48.1, 66.6, 70.0, 127.4, 145.0, and 173.7.

(65*,8R*)-6,8-Bis (tert-butyldimethylsilyloxy)-2-methylnon-2E-enoate, N-octyl-
cysteamine thioester (compound 17). Dicyclohexylcarbodiimide (105 mg, 0.51
mmol) in dry THF (0.75 ml) was added to a stirred solution of the acid com-
pound 15 (211 mg, 0.49 mmol) in dry THF (4 ml). The mixture was stirred for 10
min at room temperature. N-Caprylcysteamine (199 mg, 0.98 mmol), as a sus-
pension in dry THF (2 ml), was added via syringe. After 24 h, the reaction
mixture was diluted with aqueous, saturated NaHCOj; solution and extracted
with CH,Cl,. The organic extracts were combined, dried (MgSO,), filtered, and
concentrated. The product was obtained by chromatography on silica gel, eluting
with 20% EtOAc-hexanes, as a colorless oil (159 mg, 52.7%). 8y (270 MHz,
CDCls) 0.00 (12H, s), 0.82 (18H, s), 1.10 (3H, d,J = 6.5 Hz), 1.3 (10H, br s), 1.55
(8H, mult), 1.85 (3H, s), 2.10 (2H, t,J = 6.8 Hz), 2.22 (2H, mult), 3.05 (2H, t,J =
6.9 Hz), 3.40 (2H, q, J = 6.9 Hz), 3.77 (1H, p, J = 6.9 Hz), 3.85 (1H, sext, J =
6.7 Hz), 5.85 (1H, br t), and 6.75 (1H, t,J = 5.6 Hz); 8 (67.9 MHz, CDCl;) —4.2,
—3.9(2C), —3.7,12.6, 14.1, 18.3, 22.8, 24.7, 24.8, 25.9, 26.1, 28.7, 29.2, 31.9, 36.7,
37.0, 39.9, 48.1, 66.6, 70.0, 136.1, 141.9, 173.4, and 194.0. HRMS: found,
615.4136606; calculated for C;,H;30,, 615.417288.

(65*,8R*)-6,8-Dihydroxy-2-methylnon-2E-enoate, N-octylcysteamine thioester
(compound 18). Acetic acid (3.0 ml) was added to a stirred suspension of the
thioester compound 17 (91.0 mg, 0.15 mmol) in THF (1.0 ml) and water (1.0 ml).
The solution was stirred at 23°C for 24 h. The volatile solvents were removed by
evaporation in vacuo. The remaining mixture was diluted with water and ex-
tracted with EtOAc. The extracts were combined, dried (MgSO,), filtered, and
concentrated. Chromatography on silica gel, eluting with AcOH-EtOAc (1:99),
afforded the product compound 18 as a colorless oil (31.9 mg, 54.9%). &;; (250
MHz, CDCl3) 0.85 (3H, t, J = 6.6 Hz), 1.30 (11H, mult and obscured d), 1.60
(4H, mult), 1.85 (3H, s), 2.15 (2H, t,J = 8.2 Hz), 2.32 (2H, mult), 3.05 (2H, t,J =
6.4 Hz), 3.45 (2H, q, J = 7.5 Hz), 3.9 (1H, mult), 4.17 (1H, mult), 6.12 (1H, br
t), and 6.77 (1H, t,J = 8.3 Hz); 8. (62.9 MHz, CDCl;) 12.6, 14.1, 22.7, 23.8, 25.4,
25.8,28.7,29.1,29.4,31.6,36.2,36.7, 39.9, 44.7, 65.5, 68.6, 136.3, 141.5, 173.8, and
194.1. HRMS: found, 387.243958; calculated for C,,H;,0,NS, 387.244330.

(65*,8R*)-6,8-Dihydroxy-2-methylnon-2E-enoic acid (compound 16). Aque-
ous 2 N HCI (1.0 ml) was added to a stirred solution of compound 15 (147 mg,
0.34 mmol) in THF (4.0 ml). The reaction mixture was stirred at 23°C for 30 min
and then concentrated in vacuo. The mixture was diluted with water (5 ml) and
extracted twice with EtOAc (10 ml). The organic extracts were combined, dried
(MgS0,), filtered, and concentrated. The product was obtained after preparative
thin-layer chromatography on silica gel, eluting with 1% AcOH in EtOAc, as a
colorless oil (45 mg, 65.5%) d;; (400 MHz, CDCl;) 1.12 (3H, d,J = 6.1 Hz), 1.55
(4H, mult), 1.81 (3H, s), 2.22 (2H, mult), 3.78 (1H, p,J = 5.7 Hz), 3.86 (1H, sext,
J = 6.2 Hz), and 6.88 (1H, t,J = 6.5 Hz); 3. (100.6 MHz, CDCl,) 12.1, 18.2, 27.7,
35.2, 47.9, 66.5, 69.8, 127.3, 145.1, and 173.9. HRMS: found, 202.115616; calcu-
lated for C,,H;30,, 202.120509.
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Enzyme assay procedures. Cells from either a 96-h fermentative culture of S.
griseus subsp. griseus ETH A7796 or a 48-h culture of S. lividans TK24 harboring
plasmids were collected by centrifugation (10,000 X g, 30 min) and washed once
with potassium phosphate buffer (50 mM, pH 7.0). The cells were resuspended
in a minimal amount of potassium phosphate buffer (50 mM, pH 7.0) and lysed
by two passages through a French pressure cell. The broken-cell suspensions
were clarified by centrifugation (10,000 X g, 30 min) to produce the cell-free
samples for enzyme assay. The protein concentrations in the samples were
determined by the dye-binding assay of Bradford (12).

An enzyme assay consisted of a mixture of the substrate (25 pl, 64 mM in
acetonitrile), cell-free preparation (100 wl), potassium phosphate buffer (2.7 ml,
50 mM, pH 7.0), and bovine serum albumin (2.7 mg). The reaction was initiated
by addition of the cell-free preparation. UV spectra in the range of 230 to 450 nm
were recorded every 5 min over a 2-h period. The rate of the reaction was
calculated by using the absorbance change at 277 nm when the thioester com-
pound 18 was employed as the substrate (£,7, was estimated to be 3,630 M~ ! -
cm™h).

HPLC analysis. Some of the enzyme assay incubations (see above) were left
for 12 h and then extracted twice with EtOAc (2 ml). The organic extracts were
combined, dried (MgSO,), filtered, concentrated, and then resuspended in
CH,Cl,. High-pressure liquid chromatography (HPLC) analysis was carried out
on a Spherisorb silica column (150 by 4.6 mm; Aldrich). Detection of the
substrate and product was achieved by monitoring the absorbance of the eluate
at 230 nm. Isocratic elution at 1 ml - min~* with 10% EtOH in hexanes afforded
the optimal resolution (r, of compound 18 = 8.6 min; r, of N-caprylcysteamine
thioester of nonactic acid = 6.3 min). Confirmation of the eluate identity was
achieved by obtaining mass spectra for small collected samples of the eluate.

Nucleotide sequence accession number. The nucleotide sequences described
in this work have been submitted to the National Center for Biotechnology
Information under accession no. AF074603.

RESULTS AND DISCUSSION

Synthesis of the substrate. At the outset of this work, it was
not known if the substrate for the nonactate synthase was the
free acid compound 6 or the CoA thioester activated form of
the substrate, compound 7 (Fig. 2). It was known, however,
that the CoA analog compound 18 (see Fig. 4), when admin-
istered to a fermentative culture of S. griseus, was efficiently
and stereospecifically incorporated into nonactic acid and,
therefore, nonactin. Given that a search for in vitro nonactate
synthase activity would require both compounds 6 and 18, we
chose to base our synthetic strategy on the earlier work of
Spavold and Robinson (44, 45). Both the free acid and the
thioester analog, therefore, are available by divergent synthesis
from a common, advanced intermediate (Fig. 3 and 4). Fur-
thermore, we chose to synthesize a racemic mixture of the
substrates, leaving questions of the stereospecificity of the pro-
cess until the time when these issues can be appropriately
addressed with a purified, homogeneous nonactate synthase.

The racemic allylic alcohol compound 10 (Fig. 3) was
formed via Grignard addition to crotonaldehyde; no 1,4-addi-
tion product was observed. Diastereoselective epoxidation of
the allylic alcohol was achieved with titanium(IV) isopropoxide
and a racemic mixture of diethyl tartrate. In this reaction no
Payne rearrangement of the product was observed, in contrast
to our earlier observations in the synthesis of similar terminal
alkyne intermediates (20). RedAl reduction of the epoxide
compound 11 was initially troublesome. Rapid consumption of
the starting material was observed at 0°C. On isolation, the
product of the reaction was found to be from a Payne rear-
rangement. On longer exposure (ca. 12 to 18 h) to RedAl, the
first intermediate undergoes the expected reductive opening of
the epoxide to form the 1,3-diol compound 12. Fortunately, the
stereochemistry obtained in the product is the same when
either the original epoxide or its rearrangement product is
reductively opened. Protection of the diol proved uneventful
and efficient when conducted at a sufficiently high concentra-
tion. A significant departure from earlier studies was under-
taken in the use of a “one-pot” ozonolysis-Wittig tandem re-
action with the readily obtained ylide Ph;P=CMeCO,kEt.
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Bng\/\/ OH
O /\)\/\/
9 THF 10
Ti(O'Pr)y, DET
PhCMesO2H, CH,Cly,
R R
? @ RedAl, THF o O
W - /<'/\/\/
1
12 R=H TBSCI, DMAP
13 R=TBS DMF
1) Os
2) PPhy

3) PhsP=CMeCO,Et

Z>Co,R

FIG. 3. Early synthesis steps to generate intermediate 15 for later divergent
synthesis of each substrate. TBSCI, fert-butyldimethylsilylchloride.

14 R=Et :} LiOH, MeOH,
15 R=OH THF, H,0

Once purified, the product showed no traces of contamination
by any cis-olefin. The first putative substrate, compound 16
(Fig. 4), was then obtained by base-catalyzed hydrolysis of the
ester and acid-catalyzed desilylation.

Base-catalyzed hydrolysis of the ester compound 14 was
followed by coupling of N-caprylcysteamine to the acid com-
pound 15, and then specific acid-catalyzed desilylation afforded
the second putative substrate, compound 18 (Fig. 4).

These synthesis procedures gave the acid compound 16 and
the thioester compound 18 in 28.5 and 14.5% overall yields,
respectively, from the commercially available starting material,
2-bromobut-1-ene.

Cloning of the entire nonsS gene from S. griseus subsp. griseus
ETH A7796. We were considerably helped in our cloning
approaches by Plater and Robinson’s earlier isolation and
analysis of the macrotetrolide resistance gene (38). A **P-end-
labeled oligonucleotide, identical in sequence to the C-termi-
nus-encoding end of nonS, was used to probe, via Southern
blotting, S. griseus genomic DNA. The largest hybridizing
BamHI-digested fragments, of approximately 7 kb in size, were
isolated from the gel and used to construct a pUC19-based

TBSO QTBS ACOH, THE HO QH
- . oH . - P> OH
15 ) 0 16 O

H1507CON HTSC7CON

ACOH, THF

TBSO  QTBS — = HO OH

/K/:\/\)\H/S MS
17 0 18 o

FIG. 4. Divergent synthesis of substrates from intermediate 15.



1666 WOO ET AL.
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/‘ \i' nonR  orfB'
atcgtatgaaccg

M N Q

FIG. 5. Map of the 2.47-kbp SstI-SstI fragment cloned in pANT1402. nonR,
tetranactin resistance gene.

partial genomic library in E. coli. Initial attempts to screen the
library with the original 31-mer oligonucleotide were unsuc-
cessful. The library was screened again with a longer 48-mer
oligonucleotide identical to an alternative region of the known
sequence of nonS. DNA isolated from colonies which hybrid-
ized to the latter probe was isolated and sequenced to confirm
positive clones. These procedures yielded pANT1400, which
contained 6.3 kb of S. griseus genomic DNA, a fragment almost
certainly large enough to contain the entire nonS gene, based
on the sizes of known enoyl-CoA hydratase enzymes.

After extensive restriction mapping, an approximately
2.47-kb SstI-Sstl fragment was subcloned to give pANT1402.
Analysis of the sequence (Fig. 5 and 6) revealed the complete

3601 gagggcgtggtggcggggacgtgggaccgcgaggccgegggcatcecggatacgecagggag

3661 aagatcgtatgaaccaggaagcattccgggcgggccaggaacccccggccgagtgggcgg
M N Q E A F R A G Q E P P

3721 gggcggcgaccgagtegttegeggacttegecgaccgggtggacygcaaggaggtegtac
A A T E § F A D F A D R V D G K E V V P

3781 cgctgcgggectecgettgegggeggggtcgocaccctgacgetggacecggecgecaccygee
L R A S L A G GV A T L T L D R P H R R

3841 gcaacagcctcgacctgacgetceteccgeecatetgetgeteggectgatgtgegegggeyg
N s L DL T L S R H L L L 6 L M C A G D
3901 acgacccecegggtgegtacggtegtgatcaccgggaacggegggycgttetgegegggeg
P P RV RTV V I T GGNGGAUF CA G D

3961 acgacgtcgggagcgtacggcggtggcggctgggcgaccgggcggacacccccttcgacc
D V G 5 V R L 6 b RADT P F D P

4021 cgatcacctcggacgcccactacctgcgggtctgcgaggcgatcctgcatctgccgaagc
I T $ D A H Y L R V I L H L P K P

4081 ngtggtcgtggggctgaccggggcggcggcgggcgccggggcggagatcgcctgcgccq
I A C A A

4141 ccgacttceggetggeggacaccegtgectegateggcagttgectygecggggteggye
b F R L ADTIURAS S I G S CUL A G V G H

4201 atgtggggaacgtggtcctgatgtccecggctgacecggtccggegegggegacggagatct
v 6 N VV LM S RUL TGP AU R ATE I Y

4261 acctcaccgggcggatggtetecggggacgaggeggtgegectyggggetgttegacegge
L T GR MV S G DE AV R L G L F D R L

4321 tctgcgaaccggaggatttcgaccgegaactggecgatctggegggecggttegeggeac
¢ E P EDFDREULADI LA ASGU R FAA AL

4381 tgccgaccgcttcggtggggctgttcaagqagttgcgggagcggagctgggggcagccgg
P F K E L Q

4441 ccgagtacgggctgcggctccaggacacgtaccacctgaagacgcacgcgacggtggeey
E Y 66 L R L ¢ DT Y HL KTUHA AT V A D

4501 acgcccgggaggggatggccgcgttcacggagaagcggccgccccgcttcaccggcgcct
A R E G M A A F T E P P R F T G A *

4561 gaccggtgccgggceggggtetecegeeecggeaceggggteteegtecggtgecgggecceyg

FIG. 6. Annotated DNA sequence of the gene nonS and its product. The
numbers refer to the nucleotide numbers of the deposited sequence (accession
no. AF074603)
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nonS ORF with an ATG start codon and TGA stop codon. The
ORF encodes a protein of 297 amino acids with a predicted
molecular mass of 31,670 Da. The sequence showed great
similarity to a family of soluble enoyl-CoA hydratase enzymes
(Fig. 7) when compared to known sequences in databases.
Plater and Robinson had earlier noted the homology of the
then-available C-terminal end of the predicted nonS product to
the enoyl-CoA hydratase from the rat (38). Our sequencing
data considerably reinforce this proposal, given the number of
amino acid identities across the entire family (1, 7, 11, 21, 28§,
31, 32, 51) and the consistency of the overall sizes of the
enzymes. Furthermore, nonS appears to be translationally cou-
pled to an unidentified ORF downstream.

The 2.47-kb SstI-SstI fragment from pANT1402 was sub-
cloned into the streptomycete expression vector pANT797 (41)
to form pANT1403. In this construct, expression of nonS is
driven by the SnpR-activated snpA promoter. The plasmid
PANT1403 was introduced into S. /ividans TK24 by protoplast
fusion to allow for heterologous expression of NonS.

Enoyl hydratase assays. In vitro assays for the conversion of
substrate were based on established assays for enoyl-CoA hy-
dratase enzymes (22, 23, 43). The Michael addition across the
a,B-unsaturated acid or thioester leads to a loss of conjugation
and a substantial decrease in UV absorbance. Initially we
sought the nonactate synthase activity in the parent strain S.
griseus subsp. griseus ETH A7796. Even at high protein con-
centrations, no significant change in the UV absorption of the
assay solutions was observed when the free acid compound 16
was used as a substrate. When the thioester compound 18 was
used, however, a decrease in absorption was observed, with a
maximal change at 277 nm, the absorbance maximum of the
a,B-unsaturated thioester. No change in absorbance was seen
when either the protein or the substrate was omitted from the
assay. A sample was left to incubate for a 12-h period and then
extracted. The presence of the product in the extract was
observed in HPLC analysis of the extract. The authentic prod-
uct was obtained from earlier synthetic work (40). A rate for
the reaction was measured and corresponded to a specific
activity of 3.0 nmol - min - mg ™!, which is a reasonable value in
the context of the levels of expression of secondary metabolic
enzymes and the fact that the N-caprylcysteamine thioester is
a substrate analog of the native CoA thioester. We have there-
fore demonstrated the in vitro activity of nonactate synthase in
the nonactin-producing species, S. griseus.

Further assays were carried out in a similar fashion with cell
extracts obtained from S. lividans TK24(pANT1403). These
assays resulted in nonactate synthase activity of 2.3 nmol - min -
mg '. The product identity was again confirmed by HPLC
analysis. As a control, a cell extract of S. lividans(pANT797)
(vector-only control) was examined. No nonactate synthase
activity was observed. We conclude, therefore, that the product
of nons is capable of catalyzing the formation of the furan ring
of nonactic acid from its acyclic precursor. The gene product
NonS is the nonactate synthase.

Implications for nonactin biosynthesis. We have demon-
strated nonactate synthase activity in cell extracts of the non-
actin-producing organism, S. griseus. We have further demon-
strated, by heterologous expression of an active protein in S.
lividans TK24, that the product of nonS is the nonactate syn-
thase. The amino acid sequence of the nonactate synthase
places it in a family of soluble enoyl-CoA hydratase enzymes.
These data, together with the observation that the reaction
occurs only with the thioester analog and not with the free acid,
suggest that in vivo the true substrate is an activated thioester.
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FIG. 7. Amino acid sequence comparison of a number of related enoyl-CoA hydratase enzymes. fadlaglobus, enoyl-CoA hydratase from Archaeoglobus fulgidus
(31); closcrot, crotonase from Clostridium acetobutylicum (11); echrat, enoyl-CoA hydratase from Rattus norvegicus (35); echhmn, short-chain enoyl-CoA hydratase from
Homo sapiens (28); echrhi, enoyl-CoA hydratase from Rhizobium meliloti (32); Rhopalust, cyclohex-1-ene-1-carboxyl-CoA hydratase from Rhodopseudomonas palustris
(21); echrho, probable enoyl-CoA hydratase homolog from Rhodobacter capsulatus (7); ecoli, probable enoyl-CoA hydratase from E. coli (1); fad2aglobus, enoyl-CoA
hydratase from A. fulgidus (31); nonS, nonactate synthase (this work).
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