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Figure 1. Structures of the naturally occurring macrotetrolides.
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Scheme 1. Summary of Proposed Biosynthesis Pathway
Nonactin (Figure 1) is the parent compound of a group of Leading to the Macrotetrolides via Enantiocomplementary
ionophore antibiotics known as the macrotetrolides, which are Pathways
produced by a number @treptomycesncluding Streptomyces

griseussubspgriseusETH A7796 (DSM 40695}.Nonactin has acetate Q9
been shown to possess antitumor activity and to be an effective succinate /U\)J\/\,(SR
inhibitor of the activity of the P170-glycoprotein which is 6 0
responsible for multiple drug resistance in cancer cell Ihes. _—
The 32-membered macrocyclic ring of nonactin is composed OH OH
of two units of (+)-nonactate and two units of--nonactate such )\/_\/\)\
that the macrocycle h& symmetry and is achiral. Homologues COSR
of nonactin are made by the use of homononactate in place of 7 l OH OH
nonactate. Homononactate arises through the use of a propionate l /_\/K/\/L
unit rather than an acetate unit during the biosynthesis. COSR
The biosynthesis of nonactate and its homologue, homonon- OH l 8
actate, poses a fundamental biochemical question: how can the /'\/(;)_)\‘/COZH J
biosynthesis of both enantiomers of these building blocks be OH
accounted for? At one extreme we can envisage that there exists (+)-nonactate /?\J»,—c\/COzH
one set of metabolic enzymes and that these enzymes do not o Y
discriminate between enantiomers of their substrates. At the other /(_)-nonact;te
extreme there could exist two parallel pathways, each with their Nonactin (1)

own enzymes that are highly selective for their respective

intermediate enantiomers. reading frames (ORFs) observed in the cluster appear to encode

n')\l?Qr?ggteénznguégﬁrgggr?eggﬂact%n{hf hder(')\{ﬁgsgoé? aag%:ti'_the nonactate polyketide synthase complex (Figure 2). Inspection
prop X ’ 9 yp YN"of the structure of nonactate would suggest that, regardless of

thesis pathway based upon analogou§ polyketide biosynthesisthe specific details, three condensation reactions and three
pathways (Scheme 2f.Spavold and Robinson were able to show reduction reactions are required for its synthesis. If we assume

itrk:c?(t)rthoera?gg?r:(t:oIgfjer:;?ii?fgnango?]\gftf d Stgig)e_?%enlgg:'avgy that each condensation or reduction is catalyzed by an individual
8 beiﬁ converted to{)-nonactatge These data established 'that enzyme and that we have one set of enzymes for the production
9 : of racemic nonactate, then we would require three ketoacyl

e B P of Sl entan syinas (KS)and e Ketoacy reccass () genes. On e
P ys: yreq other hand, if we make similar assumptions, yet we have one

gﬁﬁtoalﬁeh&:ﬁgnﬁf,ggﬂ(ﬁgﬁmﬁg %?;%8 ia;rr]e Isictslgtg?jt Ii(r?ovn\gr(])’st set of enzymes for each of the enantiocomplementary pathways,
scenar%os P P we would require six KS and six KR genes. In the cluster we
; 6 } observe five KS and four KR homologues. Obviously, the nature
an-glhr:i:g;ngusrewﬁziciﬁndoghﬁteo:esit;ns?Jr:(rjoﬁg d%orl(tiremriacro-c)f nonactate biosynthesis is quite complex at this level, and
tetro)llide resistan(cq:e e?]b%s NOW beegn extended to cgver 39 kb assignment of the individual genes to either of the enantiocomple-
9 P mentary pathways cannot readily be done without significant

of the nonactate biosynthesis gene cluster. A subset of the OPENyrther study. Early steps in the biosynthesis certainly involve
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Figure 2. PKS genes of the nonactate biosynthesis gene clustér;
N, Q, K, J ketoacyl synthase (KAS)rf8, CoA-transferase; O, P, M, E,
ketoacyl reductase.
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Figure 3. Mass spectrum of the macrotetrolide fractions isolated from
S. griseuswild-type and theAnonKJ mutant. Equal weights of macro-
tetrolide mixtures were used to generate each spectrum.

kbp fragment containing thaaq3)IV selectable marker (apra-
mycin resistance) derived from plasmid pKK974, and a partial
3'-sequence ohonJ (0.86 kbp). The plasmid was introduced
into S. griseusprotoplasts by transformation; regeneration, and

selection of the protoplasts was accomplished on media containing

apramycin. The 18. griseuscolonies obtained arose through
either single or double crossover recombination events leading
to the incorporation of the disruption cassette in $egriseus
chromosome. The mutant strains were individually propagated
and chromosomal DNA isolated from each. The occurrence of
either a single or a double crossover event was detected an
confirmed by Southern analysis of the chromosomal DNA.
One AnonKJ mutant §. griseusRW1), confirmed to have
arisen through double crossover recombination, was propagate
using standard macrotetrolide production media and the mycelia
processed according to customary methods for the isolation of
macrotetrolides. Colorimetric, picrate-based a&safythe crude

extract showed that macrotetrolides were present. The crude

fraction was partially purified by chromatography on silica gel

to yield a mixture of macrotetrolide homologues, The relative
proportions of each macrotetrolide homologue in the mixture was
determined by mass spectrometric analysis (Figure 3).

The AnonKJ mutant was yet capable of the synthesis of
macrotetrolides, although at a level of only 4% of that of the
wild-type, The significant reduction in macrotetrolide titer clearly
shows that the genemnKJare involved in nonactin biosynthesis.

In any disruption experiment the potential for the introduction
of polar effects exists. In our experiment we know that the
downstream genaonSis still functional as it is well accepted

(10) Suzuki, K.; Nawata, Y.; Ando, KJ. Antibiot. 1971, 24, 675.
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that the product of this gene catalyzesyaMichael cyclization

of 8 to form the tetrahydrofuran ring of+)-nonactaté:” We
cannot say, however, if expression of the upstream genes has been
affected in any way, although both enantiocomplementary path-
ways must be functional to some extent as a small amount of
macrotetrolides are still produced.

This experiment does not tell us about the rolesh@hKJin
each enantiocomplementary pathway. For exampmaKJmay
be involved in both pathways, disruption leading to a 96% drop
in monomer production and hence a 96% drop in macrotetrolide
production. AlternativelynonKJmay be involved in only one
of the enantiocomplementary pathways, resulting in 4% of wild-
type levels for one nonactate enantiomer, yet 100 % synthesis of
the other enantiomer. This leads to only 4% of wild-type
macrotetrolide production as the levels of synthesis are restricted
by the limiting nonactate precursor.

Significantly, the proportions of each macrotetrolide formed
are quite different in the mutant and wild-type strains. Macro-
tetrolides arising from homononactate make up a greater propor-
tion of the macrotetrolide fraction isolated from the mutant strain
as compared to that from the wild-type. Rare macrotetrolides
derived from isobutyrate units were also observed'P&tand
Et/Pr,). The absolute amounts of the latter compounds were
higher in the mutant strain than in the wild type.

Disruption of the daunorubicin PKS genggsCDin Strepto-
mycessp. strain C5 led to an alteration in starter unit fidelity;
anthracyclines initiated with acetate were obtained in a mixture
with those, as expected, initiated from propion&t€he situation
described herein with the nonactate PKS parallels those results,
although it is far from clear that the choice between acetate (R
Me, Figure 1), propionate (R Et, Figure 1), and isobutyrate
(R = 'Pr, Figure 1) is determined at the initiation of polyketide
synthesis. It is clear, however, that the absence of fully functional
nonKJin some manner leads to a perturbation of the nonactate
PKS, complex allowing a more relaxed precursor selectivity.

d We have demonstrated that disruption of the type Il PKS genes

nonKJ appreciably alters nonactate biosynthesisSingriseus
Disruption of these genes generates a mutant that makes higher
evels of isobutyrate-containing macrotetrolides than the wild-
type strain, although overall macrotetrolide production is lowered
by 96%. The roles ofionKJand the other nonactate PKS genes,
and their involvement in the synthesis of each enantiomer of
nonactate, are being pursued in a series of further biochemical
experiments.
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(11) Amounts of each macrotetrolide in the wild-type (wt) fahgr3): Eto
(1), 460; E§ (2), 400; Eb (3), 120; Et (4), 18; Et (5), 2.6; EPr, < 0.1;
Et;Pr,, < 0.1. Amounts of each macrotetrolide in the mutant strain-(mg
dm™3): Et,, 3.0; Et, 6.0; Eb, 14; E, 11; Et, 5.1; Et'Pr;, 1.2; Et'Pr, 0.3.
The lowest level of detection is estimated to be 0.%ang 3. The production
profile in RW1 mirrors that observed by Shen and co-worReakhough in
their case wt production levels are almost 2 orders of magnitude lower than
ours.

(12) Rajgarhia, V. B.; Strohl, W. R1. Bacteriol 1997, 179, 2696-26.



