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biomimetic synthesis of an Amaryilidaceae alkaloid which features
use of an “activating” group instead of a blocking group to direct
the regiochemistry of the cyclization step. It is our hope that
further investigation of the ideas set forth here will ultimately lead
to an even more efficient solution to this problem.
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Extensive experiments employing stable isotope labeling support
the idea that partially reduced polyketides are assembled by a
process similar to fatty acid biosynthesis.! At many sites along
carbon chains the correct oxidation state and stereochemistry are
believed to appear as a result of the assembly process.”** In
a few cases intact six- or eight-carbon fatty acids have been
employed as chain starter or terminator units.> Very recently
Hutchinson, Cane, and co-workers demonstrated that functionally
and stereochemically correct “diketides” derived from two pro-
pionate units can be incorporated intact by Streptomyces species
into macrolides like tylactone and erythromycin A,># but this has
not yet been achieved with fungi (which generally utilize acetate
rather than propionate). A possible approach to examining the
relationship of polyketide and fatty acid biosyntheses in fungi
involves comparison of the cryptic stereochemistry of acetate-
derived hydrogens in both types of metabolites in a single or-
ganism.® This may be especially useful since the stereochemistry
of the last reductive enzyme of fatty acid biosynthesis (enoy! thiol
ester reductase) varies with its source.” The present report and
the following paper® employ a new combination of methods,
namely incorporation of a '*C,’H doubly labeled precursor and
stereochemical analysis by 2H decoupled 'H,'*C heteronuclear
shift correlation NMR spectroscopy,” to examine this problem.
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Figure 1. Acetate-derived bonds intact in cladosporin (1) and proposed
assembly cycle on fatty acid and polyketide synthases.
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Herein we show that the stereochemistries of cladosporin (1)
biosynthesis and fatty acid formation by Cladosporium clados-
porioides NRRL 5507 are opposite at several locations.
Cladosporin (1) is an antibiotic and plant growth regulator
produced by various fungal sources.!®!! Researchers at Merck

(10) (a) Cladosporin is also known as asperentin: Grove, J. F. J. Chem.
Soc., Perkin Trans. 1 1972, 2400-2406. (b) For a review, see: Scott, P. M.
In Mycotoxins— Production, Isolation, Separation and Purification; Betina,
V., Ed.; Elsevier: Amsterdam, 1984; pp 457-461.
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Figure 2. 2H decoupled 'H,'*C chemical shift correlation plots® of cla-
dosporin diacetate (2) derived from sodium [2-13C,?H;]acetate. Upfield
CHD correlations show C-9 and C-11 are stereospecifically labeled, but
C-13 is not. Spectra were obtained on a Bruker WH400 on ca. 0.2 M
solutions of 2 in CD;CN.

have reported its absolute stereochemistry,!'*'? and Grove and
co-workers have previously determined the general features of its
biosynthesis in Aspergillus flavus by administration of [1-13C]-
acetate and [2-'4C]malonate.!* In the present work, separate
incorporations of sodium [1-3C]-, [2-1*C]-, [1,2-13C,]-, [1-13-
C,2H,]-, and [1-13C,!180,] acetates into cultures of C. cladospo-
rioides followed by NMR analysis of the diacetates 2 derived from
the resulting labeled samples of 1 confirmed the results with 4.
flavus and identified bonds derived intact from acetate as shown
in Figure 1.14 Clearly the number of acetate-derived hydrogens

(11) (2) Anke, H.; Zihner, H.; Konig, W. A. Arch. Microbiol. 1978, 116,
253-257. (b) Podojil, M.; Sedmera, P.; Vokoun, J.; Betina, V.; Barathovi,
H.; Durackova, Z.; Horikova, K.; Nemec, P. Folia Microbiol. 1979, 23,
438-443, (c) Springer, J. P.; Cutler, H. G.; Crumley, F. G.; Cox, R. H;;
Davis, E. E.; Thean, J. E. J. Agric. Food Chem. 1981, 29, 853-855.

(12) The absolute stereochemistry had been determined for cladosporin (1)
from Aspergillus repens.'** We have confirmed identical stereochemistry for
1 from Cladosporium cladosporioides by using circular dichroism and deg-
radation' to (2R,68)-(-)-(¢rans-6-methyltetrahydropyran-2-yl)acetic acid,
a known compound: Keinan, E.; Seth, K. K.; Lamed, R. J. 4m. Chem. Soc.
1986, 108, 3474-3480.
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Figure 3. *H decoupled 'H,'*C chemical shift correlation plots® of the
C-8 and C-2 regions of 13a (A), 13b (B), 13¢ (C), and unlabeled material
(D). Spectra were measured on a Bruker WH400 with use of ca. 0.3 M
solutions in C¢Dy.

at any nonaromatic site corresponds to that predicted from the
oxidation state achieved by the previous acetate unit (i.e., one
closer to the starter) during an assembly process (3 —4 — 5§ —
6) akin to fatty acid biosynthesis. Thus the stereochemistry of
the single acetate hydrogen at C-11 would be determined by
enzymatic reduction of enoy! thiol ester § to intermediate 6 enroute
to 1. This is in analogy to the construction of stearic acid (7) and
its dehydrogenation product,5!3 oleic acid (8), which C. cla-
dosporioides also produces from acetate.

To determine the stereochemistry of these reductions, sodium
[2-13C,*H,]acetate was incorporated (ca. 2%) in a single exper-
iment into both the polyketide cladosporin (1) and into fats derived
from 7 and 8. Deuterium-decoupled 'H,'*C NMR shift corre-
lation® of labeled 2 (Figure 2) derived from 1 shows that the
hydrogen of the CHD group at C-11 occupies the downfield pro
R position (equatorial).!® Hence the acetate deuterium is axial
at C-11 and the methylene configuration is S on the growing
polyketide chain. Labeling at C-9 of 1 is also stereospecific
although the configuration at that site is presently unknown.
Hydrolysis of the fats followed by isolation of the oleic acid (8)
as its methyl ester 9 and degradative transformation afforded 10
and 11 (Scheme I). These were converted to their (S)-(+)-
methylmandely! esters 12 and 13a for analysis by the same NMR
technique? since the 2-pro R hydrogens are known to appear
downfield in such esters.!” To confirm this for the functionalized
ester 13a, the deuteriated diastereomers 13b and 13¢ were in-
dependently synthesized!# and analyzed by the same method. The
spectra (Figure 3) show that deuterium configuration at C-2 of
13a (corresponding to C-8 of oleate 8) is S, which because of

(15) (a) Schroepfer, G. J., Jr.; Bloch, K. J. Biol. Chem. 1965, 240, 54-63.
(b) Morris, L. J.; Harris, R. V.; Kelly, W.; James, A. T. Biochem. Biophys.
Res. Commun. 1967, 28, 904-908. (c) White, R. H. Biochemistry 1980, 19,
9-15.

(16) The NMR assignment of the axial and equatorial methylene hydro-
gens at C-11 is based on their respective ~8.8 Hz and ~2.8 Hz coupling to
the C-10 axial hydrogen as well as on chemical shift differences. These values
are well-precedented for oxygen-containing rings: Kotowycz, G.; Lemieux,
R. U. Chem. Rev. 1973, 73, 669-698.

(17) (a) Parker, D. J. Chem. Soc., Perkin Trans. 2 1983, 83-88. (b)
Schwab, J. M,; Klassen, J. B. J. Am. Chem. Soc. 1984, 106, 7217-7227. (c)
The esters 12 and 13 were prepared by using methyl S-(+)-mandelate, di-
cyclohexylcarbodiimide, and 4-(dimethylamino)pyridine in dichloromethane.
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priority change corresponds to R on the growing chain of the
saturated fatty acid 7. As expected,’>? C-2 of 12 (corresponding
to C-12 of 8) has R configuration.

The results show opposite stereochemistry of acetate-derived
deuterium for fatty acid biosynthesis and polyketide (cladosporin
(1)) formation. Interestingly, the absolute stereochemistry of
single carbon-oxygen bonds of 1 derived intact from acetate at
C-14 and C-3 corresponds to S on the growing chains (i.e., 4),
again opposite to that expected (R) in fatty acid biosynthesis.’
The same phenomenon can be seen at certain sites in the macrolide
antibiotic brefeldin A¢ and has been observed in two other fungal
systems in our laboratories.!
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Identification of starter units and the mechanism(s) of their
homologation, typically by malonylCoA or its alkylated derivatives,
are issues central to understanding polyketide biosynthesis. We
have described the intact incorporation (3—4%) of [1-13C]hexanoic
acid into the side chain of averufin (2), accompanied by a 0.5-
1%/site secondary incorporation of label throughout the molecule
after B-oxidation to [1-1*CJacetate.!'? Alternative C,~C; acids
suffered only degradation to acetate and secondary incorporation
at levels comparable to that from hexanoate.? On the basis of
these findings and the demonstrated roles of aryl® and branched
chain® starters, we proposed, but could not strictly prove, that
hexanoylCoA served as the primer of the aflatoxin B, biosynthetic
pathway (path A, Scheme I). Recently, Simpson has described®
the incorporation of diethyl [2-13C]malonate into averufin at a
uniform level, save a lower rate of incorporation at C-6’. These
observations were consistent with an acetate “starter effect”® and
were interpreted to support path B (Scheme I) to averufin as a

(1) Townsend, C. A,; Christensen, S. B. Tetrahedron 1983, 39, 3575-3582.

(2) Townsend, C. A.; Christensen, S. B.; Trautwein, K. J. Am. Chem. Soc.
1984, 106, 3868-3869.

(3) For reviews of polyketide biosynthesis, see: Bu’Lock, J. C. In Com-
prehensive Organic Chemistry, Barton, D., Ollis, W. D., Eds.; Pergamon:
Oxford, 1979; Vol. 5, pp 927-987. Weiss, U.; Edwards, J. M. The Biosyn-
thesis of Aromatic Compounds, Wiley-Interscience: New York, 1980; pp
326-459. Turner, W. B.; Aldrich, W. B. Fungal Metabolites IT, Academic
Press: London, 1983; pp 55-223.

(4) E.g., Zylber, J.; Zissman, E.; Polonsky, J.; Lederer, E.; Merrien, A. M.
Eur. J. Biochem. 1969, 10, 278-283. Drawert, F.; Beier, J. Phytochem. 1976,
15, 1695-1695.
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hexanoate incorporation experiment from labeled acetate derived by 8-oxi-
dation.
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Figure 1. 2H decoupled 'H,'*C chemical shift correlation plots of aver-
ufin from the incorporation of [2-2H;,!3C]sodium acetate for C-4’ (left)
and C-2" and C-6’ (right).
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decaketide rather than as a heptaketide primed by hexanoylCoA
(path A). The uniform level of 1*C-label seen in this experiment,
however, may simply reflect an intracellular pool-size effect and
its extent of enrichment by exogeneous labeled malonate affecting
polyketide and fatty acid biosynthesis equally. Nonetheless, the
possibility cannot be excluded that hexanoylCoA generated in vivo
may reversibly exchange with a synthetase that normally produces
this segment from acetate and malonate, e.g., 1. The well-es-
tablished observation that thioesters can exchange in this manner
in fatty acid biosynthesis’ has been extended in the last year to
macrolides® and suggests that hexanoate could behave similarly
in averufin biosyhthesis.

In this paper we apply the useful technique of 2H decoupled
'H,3C heteronuclear shift correlation spectroscopy® to examine
the stereochemical fate of [2-2H;,!3C]acetate in oleic acid and
averufin 2 biosynthesis. While the second reductive enzyme of
fatty acid biosynthesis, enoyl thiol ester reductase, is stereo-
chemically variable across a wide range of organisms,!© for the
imperfect fungi, which are notable producers of polyketide natural
products, deuterium from [2-2H,,'3Clacetate assumes the R
configuration in the growing fatty acid chain in the cases that have
been examined to date. For the averufin-accumulating mutant

(7) Saturated fatty acid biosynthesis: Lynen, F. Fed. Proc. 1961, 20,
941-951. Bressler, R.; Wakil, S. J. J. Biol. Chem. 1961, 236, 1643-1651;
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2326-2332. Unsaturated fatty acid biosynthesis: Goldfine, H.; Bloch, K. Ibid.
1961, 236, 2596-2601. Schwab, J. M.; Ho, C.-k.; Li, W.-b.; Townsend, C.
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1986, 64, 1427-1434,
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J. L. C. Tetrahedron 1983, 39, 3515-3522. Hutchinson, C. R.; Shu-Wen, L.;
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