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Abstract: The biosynthesis of the environmental carcinogen aflatoxi(ilB) is initiated by the formation of

a G-primer by a dedicated yeast-like fatty acid synthase. Homologation of this starter unit by a polyketide
synthase gives the anthraquinone norsolorinic a2)d @pproximately 15 chemical steps follow from this

first stable intermediate to the mycotoxif3j itself. A new protocol of cell-free enzyme preparation has
been developed from the fungAspergillus parasiticusvhich carries out all of these transformations for the
firsttime. The key experimental step involves rapid concentration and efficient dialysis by membrane filtration
to remove primary and secondary metabolites, cofactors, and small biomolecules: (MVB00). All enzymes

of the aflatoxin biosynthetic pathway have been dramatically stabilized by this procedure, and the effects of
added substrates and cofactors can be assayed against virtually no background reactions. The overall pathway
from norsolorinic acid Z) to aflatoxin B, (13) has been investigated, cofactor requirements defined for each
step, and a time-course run in which only versicolorin 9\ &nd sterigmatocystinl(l) were observed to
accumulate. The post-bisfuran skeletal rearrangement of versicoloAhtd emethylsterigmatocystiri(Q)

was studied irD-methylsterigmatocystinl@) in the presence of fD and/ords-glucose or stereospecifically
labeled NADPD. Unexpectedly high extents of proton exchange were found in the A ring during this
transformation, including at a site of formal reduction. A tentative mechanism is discussed to account for this
multi enzyme process.

Introduction accumulation of an intermediate and, thus, help define the
Molecular biology has revolutionized the study of enzyme function of the gene product. Nongthelesg, this stgndard method
structure and function. Powerful methods exist to identify genes ¢an be thwarted by gene duplication or, in practice, other less
by sequence homology, to amplify them, and to sequence Verywell-understood processes. The most compelling evidence of
large genomic regions rapidly and accurately. For natural €nzyme function is precisely thafunction. Similarly, the
product biosynthetic pathways in bacteria it has been found chemical questions of catalysis and mechanism, or modification
invariably the case that their encoding genes are clusiéred. Of these proteins through mutagenesis or combinatorial means
This physical arrangement is of obvious advantage for the studyto change the products generated, rely on tests of actual function.
of such pathways, and is sometimes observed in fungi as well. This goal can be achieved by overexpression of a biosynthetic
Unfortunately, while dramatic advances have been made togene to give a correctly folded (and, as needed, correctly co-
localize biosynthetic genes using similarity-based cloning strate- or posttranslationally modified) protein whose function can be
gies, as for example polyketide synthasasterpene cyclase¢ls,  thoroughly characterized. Unfortunately, there remain practical
a growing number of biosynthetic gene clusters is being defined limitations where overproduction methods can fail or give poor
where the functions of translated proteins are not usefully yields of active protein.
revealed by examination of many, even most, open reading  Ajternatively, although often not seriously pursued, biochemi-
frames contained W|th|n_then_1._ The converse of thls_ observ_atlon cal techniques can afford the wild-type enzyme for direct study.
is also true that genes identified by reverse-genetic techniquesyye report here a significant methodological improvement in
from proteins with demonstrated roles in a biosynthetic pathway the preparation and stabilization of cell-free extracts (CFE) of
give no discernible gorrespondence to their actual function and ¢, fungusAspergillus parasiticuso study the biosynthesis of
can suggest an entirely erroneous function. the potent environmental carcinogen aflatoxin (BFB1, 13;
De;plte these d|ff|cu‘I‘t|es, spec,!ﬂc dlsr_upt|on or replacement Scheme 1). All steps from the initial construction of norso-
of a given gene, gene “knockout” experiments, can lead to the lorinic acid (NOR,2) by a pair of specialized fatty acid synthases

66(l) Hopwood, D. A.; Sherman, D. HAnnu. Re. Genet.199Q 24, 37— (FAS) and a simple Type | polyketide synthase (PKS) to the
(2) Ward, J. M.; Hodgson, J. EEMS Microbiol. Lett1993 110,239— m_ycotoxin its_elf have been achiev_ed. While t_he FAS/PKS steps

242. N ) o will be described elsewhere, we illustrate this new method for
(3) Schwecke, T.; Aparicio, J. F.; Matal., Konig, A.; Khaw, L. E.. the NOR— AFB; part of the pathway and, in particular, focus

Haydock, S. F.; Oliynyk, M.; Caffrey, P.; CodelJ.; Lester, J. B.; Bam, . :
G. A.; Staunton, J.; Leadlay, P. Proc. Nat. Acad. Scil995 92, 7839 on a set of experiments to examine the poorly understood

7843. _ _ anthraquinone to xanthone transformation represented by the
L 95(;513) el e insohn, E.; CroteaufRoc. Nail. Acad. Sci. US.A. conversion of versicolorin Ag) to demethylsterigmatocystin
. y (10). We believe this method of CFE preparation will be

(5) Silva, J. C.; Minto, R. E.; Barry, C. E., IlI; Holland, K. A.; Townsend, ’ ) : 4
C. A. J. Biol. Chem.1996 271, 13600-13608. generally useful in the study of a wide variety of hitherto
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inaccessible enzymes and provides a needed complement tdetrahydrobisfuran versicolorin B).111415 The enzyme cata-

gene-based methods.
The aflatoxin B (13) biosynthetic pathway is unusually long

lyzing this intramolecular cyclization, versicolorin B synthase
(VBS), has been purifiéd'” and characterizetf,and its gene

and complex requiring on the order of 15 separate enzymic (vbs) has been clone. It is instructive to note thathsshows

transformations, not including the iterative steps involved in high extents of sequence identity to the GMC family of flavin-
the FAS/PKS assembly of NOR)® The principal intermedi-  dependent oxidoreductasésVBS, however, neither binds FAD
ates are shown in Scheme 1. Dedicated effort over many yearsor FMN, nor does it catalyze a redox reaction, despite the
by several research groups has resulted in the observation ofprevalence of these reactions in the biosynthesis of aflafoxin.
several individual and a few sequential transformations in the  Yabe has shown in a microsomal system (CF5) the desatu-
pathway by cell-free systems. These are arbitrarily denoted asration of versicolorin B (VB,8) to versicolorin A (VA, 9).2°
CF1-8in Scheme 1. CF1 demonstrated an NADPH require- The important nuclear reorganization to the xanthone demeth-
ment for the reduction of NORJ to averantin8).” Curiously, ylsterigmatocystin (DMST10) has not been sucessfully dem-
however, disruption of the supposed corresponding gene sug-onstrated in a cell-free preparation until the present work, which

gests that its encoded dehydrogenase is not the major onewill be described below. Sequenti@methylations occur next

functioning in vivo to carry out this reductich.More than one

from S-adenosylmethionine (SAM) to give (CF6) sterigmato-

group has examined the redox steps that lead to the formationcystin (ST, 11) and O-methylsterigmatocystin (OMST12)

of averufin @) in cell-free systems shown collectively here as
CF27910 However, the first oxidative rearrangement of the
pathway in which the first furan ring is formed intj-
hydroxyversicolorones) has eluded observation in a cell-free
extract as has the subsequent BaeyéHiger-like reaction to
()-versiconal acetates). An esterase has been demonstrated
(CF3) by several groups to give:}-versiconal 7),1112which

is in turn cyclized with loss of watétto give the optically pure

(6) Minto, R. E.; Townsend, C. AChem. Re. 1997, 97, 2537-2555.

(7) Yabe, K.; Nakamura, Y.; Nakajima, H.; Ando, Y.; HamasakiAppl.
Environ. Microbiol. 1991, 57, 1340-1345.

(8) Cary, J. W.; Wright, M.; Bhatnagar, D.; Lee, R.; Chu, F.Appl.
Environ. Microbiol. 1996 62, 360—366.

(9) McCormick, S. P.; Bhatnagar, D.; Lee, L.Appl. Erviron. Microbiol.
1987 53, 14—16.

(10) Yabe, K.; Matsuyama, Y.; Ando, Y.; Nakajima, H.; Hamasaki, T.
Appl. Erviron. Microbiol. 1993 59, 2486-2492.

(11) McGuire, S. M.; Brobst, S. W.; Graybill, T. L.; Pal, K.; Townsend,
C. A.J. Am. Chem. S0d.989 111, 8308-8309.

(CF7)2=23 The gene corresponding to the latter methyltrans-

(12) Hsieh, D. P. H.; Wan, C. C.; Billington, J. Mycopathologial 989
107,121-126.

(13) McGuire, S. M.; Townsend, C. Bioorg. Med. Chem. Letil993
3, 653-656.

(14) Yabe, K.; Hamasaki, TAppl. Erviron. Microbiol. 1993 59,2493~
2500.

(15) McGuire, S. M.; Silva, J. C.; Casillas, E. G.; Townsend, C. A.
Biochemistry1996 35, 11476-11486.

(16) Townsend, C. A.; McGuire, S. M.; Brobst, S. W.; Grayhbill, T. L.;
Pal, K.; Barry, C. E., lll. InSecondary-Metabolite Biosynthesis and
Metabolism Petroski, R. J., Ed.; Plenum Press: New York, 1992; pp-141
154.

(17) Lin, B.-K.; Anderson, J. AArch. Biochem. Biophysl992 293,
67—70.

(18) Silva, J. C.; Townsend, C. A. Biol. Chem1997, 272,804—813.

(19) Cavener, D. RJ. Mol. Biol. 1992 223,811-814.

(20) Yabe, K.; Ando, Y.; Hamasaki, TAgric. Biol. Chem.1991, 55,
19071911.

(21) Keller, N. P.; Dischinger, H. C.; Bhatnagar, D.; Cleveland, T. E;
Ullah, A. H. J.Appl. Erviron. Microbiol. 1993 59, 479-484.
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ferase has been clonednit)?425and played a key role in the  making isolation and characterization of individual enzymes an
identification of the aflatoxin gene clust&. Chemical evi- extremely difficult undertaking.
dencé’-#suggests that a two-step oxidative process completes  Once the frozen cells have been ground to a fine powder using
the pathway in which a single NADPH-dependent P-450 a Waring blender, the broken cells were suspended in an
monooxygenagsé catalyzes the cleavage, rearrangement, and extraction buffer and allowed to stir at 2 for 2 h. The
decarboxylation of OMST12) to AFB; (13).5?® The method  composition of the extraction buffer was found to be critical
of cell-free preparation we describe carries @it of the for effective stabilization of enzyme activities. The buffer
transformations from NORZJ to AFB; (13) in such away that  contains 50 mM potassium phosphate (pH 7.5), 30% glycerol,
cofactor requirements in previously known and unknown 1 mMm EDTA, 2 mM S-mercaptoethanol or DTT, 100M
transformations can be readily demonstrated. We illustrate the benzamidine, and 1QéM phenylmethylsulfonyl fluoride. Trial
usefulness of the method in deuterium-labeling experiments to experiments have shown that Tris is detrimental to some
examine the cryptic rearrangement of V8) o DMST (10). enzymes of the pathway leading to complete loss of enzymatic
activity. The inclusion of glycerol is imperative to support these
activities, as well as the addition of protease inhibitors,
) ] B-mercaptoethanol (a reducing agent) and E¥AThe addi-
Cell-Free Extract Preparation. Previous methods to pre-  tion of 1 mM EDTA to the extraction buffer has been
pare cell-free extracts oh. parasiticushave employed both  gemonstrated to enhance enzymatic conversiong0sfold,
mechanical disruption, and enzymatic digestion of the mycelia perhaps through inactivation of metal-dependent proteases or
to observe catalytic activities. Cell breakage by mechanical by aiding the solubility of weakly membrane bound proteins.
means has been achieved by grinding with a mortar and pestle,:ouowing 2 h incubation at #C, the cell suspension was
in the presence of sea saffthomogenizing the cells with glass  cenrifuged at 16 09 for 20 min, and the supernatant was
powder and a rotating metal lodpor by freezing in liquid  gecanted and filtered through four layers of cheesecloth to
hitrogen, pulverizing the cells with either a Osterizer blefler  remove any remaining cell debris. The crude cell-free extract
or a “Bead-Beater” containing precooled glass powdler. \yas then throughly dialyzed with an Amicon RA 2000 apparatus
Alternatively, digestion with lytic enzyme to remove the fungal equipped with a 10 000 molecular weight cutoff membrane by
cell wall has been used to achieve the formation of proto- he gradual additionfo4 L of buffer to maintain a constant
plasts??33 volume. The apparatus is highly efficient at removing back-
The new method of cell-free extract preparation entails, first, ground metabolites and low molecular weight chromophoric
the generation of a crude cell-free extract by fairly traditional components (Figure 1). Conversions of added substrates using
means, but is followed by a filtration step that efficiently this microfiltered cell-free extract can be easily visualized by
removes small molecules and cofactors from the protein HPLC analysis. Conventional dialysis is incapable of achieving
suspension. The latter step has been shown to not only greatlysuch efficiency, and gel filtration with a G-25 column is more
extend the lifetimes of the proteins, but also to enhance time consuming and requires prior concentration by which point
enzymatic reactivities as well. Initial cell breakage has been substantial losses in protein activities have taken place. Fol-
carried out by freezing the cells in liquid nitrogen and pulver- |owing filtration dialysis, the cell-free extract has been shown
izing them in a Waring blender containing cubes of dry ice. to be stable for 47 days at #C. If dialysis with this method
We have found mechanical disruption by this method to be the is not carried out, all enzymatic activities in the biosynthetic
most efficient and reproducible means of cell breakage as pathway are lost within 1224 h.
grinding cells with a mortar and pestle can be highly user  g|ycidation of the Cofactor Requirements of the Pathway.
dependent and lack reproducibility. Use of the “Bead-Beater” as cell-free extracts prepared by this method are essentially
in our hands has often resulted in warming or mild foaming of «metanolite-free”, we utilized preparations from wild-tyge
the extract, while disruption with a rotating metal loop has given parasiticusSU-1 cells to demonstrate the cofactor requirements
low protein yields. Although protein lysates have been suc- of the pathway. Conversion of norsolorinic acij {o aflatoxin
cessfully prepared from. parasiticusprotoplasts, the method g, (13) can only be observed if NADPH and SAM are supplied
lacks practical utility. Protoplasts are difficult to generate in g the extract in addition to the substrate as shown in the
even modest amounts and result in very low protein levels photograph of the TLC plate under long-wavelength UV light
depicted in Figure 1. Lanes 1 and 2 are control lanes which
demonstrate the effectiveness of the membrane filtration step.
Whereas many metabolites are present in the crude extract (lane
1), the diafiltered protein suspension is substantially improved,
Ch(uz"‘ll_YS“AJp-;)l_C"érr{jirJo-n\_N,;/?Iiffofg‘f‘_gfgbg-égc"g‘é‘éf_”gé;i_'z'; Keller, N. P.; exhibiting a very low background of contaminating metabolites
(25) Yu, J;; Chang, P.-K.; Payne, G. A; Cary, J. W.; Bhatnagar, D.; (residual NOR is at the top of lane 2). When NOB as

Results and Discussion

(22) Bhatnagar, D.; Ullah, A. H.; Cleveland, T. Exepr. Biochem1988
18, 321—349.

(23) Yabe, K.; Ando, Y.; Hashimoto, J.; Hamasaki, Appl. Environ.
Microbiol. 1989 55, 2172-2177.

Cleveland, T. EGenel1995 163,121-125.

(26) Trall, F.; Mahanti, N.; Linz, JMicrobiology 1995 141,755-765.

(27) Chatterjee, M.; Townsend, C. A. Org. Chem1994 59, 4424
4429.

(28) Watanabe, C. M. H.; Townsend, C. A. Org. Chem.1996 61,
1990-1993.

(29) Prieto, R.; Woloshuk, C. PAppl. Erviron. Microbiol. 1997, 63,
1661—-1666.

(30) Yabe, K.; Ando, Y.; Hamasaki, Rppl. Erviron. Microbiol. 1988
54,2101-2106.

(31) Wan, N. C.; Hsieh, D. P. HAppl. Erviron. Microbiol. 1980 39,
109-112.

(32) Anderson, M. S.; Dutton, M. FAppl. Erviron. Microbiol. 1980
40, 706—709.

(33) Dutton, M. F.; Anderson, M. SAppl. Erviron. Microbiol. 1982
43,548-551.

added to the extract together with NADPH, SAM, and FAD,
efficient conversion to AFBresumed (lane 3). Omission of
either NADPH (lane 4) or SAM (lane 5) from the extract was
clearly detrimental to the overall conversion and AR®uld

no longer be observed. This overall transformation [NQR (

— AFB; (13)] also appears to exhibit a flavin dependence
(Figure 1, lane 6) as exemplified by the decrease in biosynthesis
of aflatoxin when FAD was withdrawn from the reaction
mixture. It is perhaps not surprising that dependence on this
cofactor appears weak as FAD is typically tightly enzyme

(34) Scopes, R. K.Protein Purification, Principles and Practice
Springer-Verlag: New York, 1994; pp 31B24.
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Figure 1. Metabolites extractable into ethyl acetate from (left to right)
lane 1, crude cell-free extract (CFE); lane 2, CFE after diafiltration;
lane 3, diafiltered CFE incubated8 h with added NORZ), NADPH,
SAM, and FAD; lane 4, diafiltered CFE-8 h with added NORZ2),
SAM, and FAD; lane 5, diafiltered CFE incubateeB h with added
NOR (2), NADPH, and FAD; lane 6, diafiltered CFE incubate® h
with added NOR 2), NADPH, and SAM.

bound. In keeping with these results, analysis of the deduced

polypeptide sequences of the parasiticusaflatoxin cluster
gened’ or A. nidulanssterigmatocystin cluster homologdes
reveal several P-450 enzymes, @mmethyltransferase with a
conserved-adenosylmethionine binding site, and a single FAD

Watanabe and Townsend

of this cofactor to any one particular step of the pathway could
not be made. Intermediates, while detectable, did not ac-
cumulate to any appreciable extent. Interestingl$aidenosyl-
methionine was omitted from the reaction mixture while
supplying averufin 4) together with NADPH and FAD, a
product formed with a xanthone-like chromophotgd= 248,
330 nm &1 nm)] highly reminiscent of, but red-shifted from,
OMST [12; Amax = 236, 309 nm £1 nm)]. Isolation andH
NMR spectral analysis of the compound revealed the absence
of methoxyl resonances, and H-5 and H-8 had moved upfield.
These observations and its molecular mass were entirely
consistent with its assignment as DMSIU), in accord with
expectatior?®

In the final stage of biosynthesis, conversion of OMS3P)(
to AFB; (13), NADPH is the single cofactor required for this
transformatior?’ If this cofactor was eliminated from the
reaction mixture®-methylsterigmatocystinlQ) remained unaf-
fected and turnover to aflatoxinl) was not observed.
Detection of the postulated hydroxylated intermediate, 10-
hydroxy-O-methylsterigmatocystin, the proposed intermediate
formed by oxidation by a P-450 monooxygenase) and “NIH-
shift” of OMST (12), could not be mad&.?® As it appears
that a single enzyme is likely involved in this step of the
pathway?? it is possible this intermediate remains substantially
enzyme bound and is simply not detectably released in the
course of two oxidative steps to AEB
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Figure 2. Time course of diafiltered CFE conversion of NOB (o

monooxygenase that includes both an NADPH and FAD binding AFB; (13): (a) NOR; @) VA; (#), ST; ©) AFB..

domain.

We investigated the cofactor requirements of three of the more

difficult transformations of the pathway corresponding to the
rearrangement of AVR4) — VA (9), VA (9) — OMST (12),
and OMST (2) — AFB; (13) with the hope of identifying

Time-Course of the Norsolorinic Acid to Aflatoxin B1
Conversion. To monitor the dynamics of the pathway as
catalyzed by the cell-free system, we conducted a time-course
experiment with the aim to observe the overall rise and fall of

postulated intermediates and to establish the functions of iNtermediates as a function of time. Radiolabeled NOFwas
previously unassigned genes. All three transformations dem-Prepared by the administration of [i€]acetate to theA.

onstrated the requirement for NADPH. When averufinwas
supplied to a cell-free extract of SU-1 (wild-type parasiticus
AFB; producer), in addition to added cofactors including
NADPH, SAM, and FAD, the product mixture was found to
contain aflatoxin 13) as well as trace quantities of metabolites
such as VA 9) and ST (1). If NADPH was omitted from the
reaction mixture, however, neither conversion of AVA (o

VA (9) or to any other aflatoxin intermediate was observed,
nor were any “new” products detected by HPLC analysis.

Omission of FAD from the enzyme preparations clearly resulted

parasiticusnorsolorinic acid-accumulating mutant NOR-1, and
the radiolabele® was isolated, purified, and recrystallized to
constant specific activity. The labeled NOB (vas then added

to the cell-free extract together with all the necessary cofactors
(NADPH, SAM, and FAD), and allowed to incubate for the
desired length of time. A graphical representation of the results
is shown in Figure 2. Norsolorinic acid?( was steadily
consumed over the course of the experiment (95% over 6 h).
Intermediates were not detectable for-2D min from the point

(36) Elsworthy, G. C.; Holker, J. S. E.; McKeown, J. B.; Robinson, J.

in a substantial decrease in aflatoxin production but assignmentB.; Mulheirn, L. J.J. Chem. Soc., Chem. Comm@87Q 1069-1070. See

(35) Brown, D. W,; Yu, J.-H.; Kelkar, H. S.; Fernandes, M.; Nesbitt, T.
C.; Keller, N. P.; Adams, T. H.; Leonard, T.Broc. Natl. Acad. Sci. U.S.A.
1996 93, 1418-1422.

also: Cole, R. J.; Cox, R. HHandbood or Toxic Fungal Metabolites
Academic Press: New York, 1981; pp 81 and 91.

(37) Cleveland, T. E.; Bhatnagar, Ban. J. Microbiol.1987 33,1108—
1112.
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of addition, which may reflect the relatively poor solubility of Scheme 2
the added NOR 2) in aqueous solution. Surprisingly few
intermediates were observed at any time point, YAgnd ST
(12) being the only two metabolites that accumulated to any
significant extent. No other intermediates, known or previously
unknown, were convincingly detectable. As radiolabeled
substrate was utilized in this experiment, the failure to see
intermediates cannot be attributed to a lack of sensitivity of the
method, but may reflect the relative kinetic ease or difficulty
of the chemistry at hand. Itis interesting that the intermediates
that were observed to accumulate [V8) @nd ST (1)] occur OH o HO —
late in the pathway where complex rearrangement processes take o)
place and substantial changes must be made to the nuclear O O g
o)
g+

framework of these substrates. Up until that point, the HO
intermediates [specifically those between NGIRgnd VA (9)]
appear to be processed quite efficiently by the enzymes of the
cell-free system such that detection of, for example, A\BN (
AVR (4), HVN (5) or VOAc (6) could not be made. While
production of both STX1) and AFB, (13) appeared to level
off by 6 h ofincubation, VA Q) was still clearly being produced
in large amounts. Nonetheless, while the results of the time-
course experiment were useful from the perspective of visual-
izing the overall dynamics of the pathway, we were surprised
and disappointed by the failure to detect other known or
proposed intermediates. Ironically the success of the new cell-
free method apparently gives the majority of the biosynthetic
enzymes in sufficient stability and amount to carry on their
catalytic tasks efficiently without the detectable buildup of
intermediates-apart from two chemically demanding nuclear
rearrangement steps. Identification of pathway intermediates,
which may be enzyme bound, and the mechanisms of the
reactions that interrelate these will be deciphered by other means
as the synthesis and testing of labeled potential precursors, and
by the direct study of the enzymes involved which will in turn 19 10 R=R'=H
be available from classical biochemical techniques or protein 11’ R<H R = Me
expression methods. 12: RF = Me
Examination of the Rearrangement of Versicolorin A to
Demethylsterigmatocystin. The oxidative rearrangement of  gcheme 3
versicolorin A @) to demethylsterigmatocystirlQ) is more
complex than it at first seems (Scheme 2). Observed in the
overall transformation is the loss of the C-6 hydroxyl of the O‘O S 0‘0
tetrahydroxyanthraquinone of versicolorin 8)(an oxidative HO CHs CHa
cleavage process resulting ultimately in the introduction of o} o}
molecular oxygen at C-5 of DMSTL(Q), as well as loss of a
C-1 unit. Previously, aromatic deoxygenation had been thought
to occur as a first step to give 6-deoxyversicolorinl&)( much
as the ergochrome polyketide-derived fungal metabolite emodin
(20) was successfully converted to chrysophar&d) (in cell-
free extracts by an NADPH-dependent reductase (Scherfe 3).
The failure of14, however, to show incorporation into aflatoxin ! . - -
undermined the likelihood of this mechanistic hypothesis, and |ptermed|acy of _the spquhexadlenomé has yet to be estab- .
it was concluded that deoxygenation must occur at a later stage“ShEd' such an intermediate is p.resumed.to be thermodynami-
in the biosynthesi&® To initiate the transformation then, the cally stable bY analogy t.o the ngES'EOfUNf’F}S.
central ring of versicolorin Ag) could be envisioned to cleave . Fr_om a _stnctly genetic sta_ndpomt, two genes have been
by way of BaeyerVilliger product 15 leading to theo- implicated in x_anthone f_ormat|on by gene disruption and gene
carboxybenzophenone intermediageafter hydrolysis. ArtéO- complementation experiments encoding a P-450 monooxyge-

5 ) .
labeling experiment has, in fact, established molecular oxygen ngsé a'?d a ketorgducta§é,prote|qs responsible for the
(*0) at the methoxyl position, C-9, of aflatoxirL®) in support biochemical conversion of versicolorin A)to demethylsteri-

of such a mechanisg$:*° Intramolecular phenolic coupling can gm_qtocystin I'O) The puta_ti\_/e P-450 monooxygenase could
be invoked to give the spirohexadienodd followed by facilitate the initial Baeyer Villiger oxidation step (to givel5).

15

OH O OH OH O OH

20 21

reduction, presumably in an NADPH-dependent step, to then
allow both expulsion of the C-6 hydroxyl group (8) and
additional rearrangement, including loss of carbon dioxide, to
produce demethylsterigmatocystibd( Scheme 2). Although

(38) Anderson, J. A,; Lin, B.-K.; Williams, H. J.; Scott, A. J. Am. (41) Turner, W. B.; Aldridge, D. CFungal Metabolites Ll Academic
Chem. Soc1988 110 1623-1624. Press: London, 1983; pp 12123.

(39) Grayhill, T. L.; Pal, K.; McGuire, S. M.; Brobst, S. W.; Townsend, (42) Keller, N. P.; Segner, S.; Bhatnagar, D.; Adams, TAppl. Erviron.
C. A.J. Am. Chem. S0d.989 111, 8306-8308. Microbiol. 1995 61, 3628-3632.

(40) Nakashima, T. T.; Vederas, J. £.Chem. Soc., Chem. Commun. (43) Skory, C. D.; Chang, P. K.; Cary, J.; Linz, J. &ppl. Environ.

1982 206—-208. Microbiol. 1992 58, 3527-3537.



6236 J. Am. Chem. Soc., Vol. 120, No. 25, 1998 Watanabe and Townsend

domain, could then conceivably serve to catalyze the reduction
of the spirohexadienon€el() to potentiate elimination of the
C-6 hydroxyl of versicolorin A 9). Nonetheless considerable o] COOMe

ambiguity resides in this step of the pathway and it is unclear O

what the precise functions are of the proteins encoded by these

genes or whether additional enzymes are required. Over- 22

expression of these biosynthetic genes or purification of the

native enzymes for direct investigation may help to resolve this particularly at C-9, which corresponds to the hydroxylated

The ketoreductase, which contains a conserved NADPH binding O
MeO o

MeO OH

issue. carbon C-6 in versicolorin AY).

A deuterium-labeling experiment was performed to trackthe  The appearance of deuterium at C-9 of OMSR)(would
incorporation of isotope int@-methylsterigmatocystiri@) that be thought to arise from NADPD synthesized in the deuterium-
was biosynthetically derived from versicolorin A, (natural rich environment of the cell. In an attempt to differentiate

abundance) indr-glucose/RO supplemented medium. The between deuteriation from reduction with NADPD and from
intent was to identify aII_posmons arising from reductive exchange with the BD medium, the suspended-cell experiment
processes and/or susceptible to solvent exchange. DIS-2, amabove was repeated in the presenca@-afjlucose and normal

A. parasiticusfatty acid synthase disruption mutarfiag-1A") water. IH NMR spectral analysis of the isolatd® revealed
that does not produce aflatoxin was utiliz€dThe fungus was  no detectable deuterium incorporation at any of the five sites
initially cultured on Adye and Mateles medidfrand subse-  labeled previously. Differences in integrated intensities from

quently transferred into a replacement medium made up@® D 1H NMR spectroscopy inherently lack sensitivity, however, to
and supplemented wittl-glucose as the only carbon source at detect low levels of deuterium. The sample was examined by
36 h of growth. Following transfer, the mycelia were incubated mass spectrometry, therefore, and compared to an identical
for an additional 12 h at 30C to ensure proper equilibration.  sample at natural abundance. The isotopic cluster following
At 48 h, versicolorin A9, 15 mg/250 mL flask) was solubilized  the parent ion showed 5.5%,d3% &, and <1% ¢ species

in dimethylformamide and administered to the mycelial cultures. were present£1%, average of 10 scans). The M-15 peak,
The cell suspensions were grown for an additional 12 h to obtain presumably derived from loss of methyl from one of the
optimal production ofO-methylsterigmatocystinl@). Extrac- methoxyl groups, gave the following intensities: 5% 8%

tion and purification ofO-methylsterigmatocystinl@) from the dy, and<1% . If it is assumed from thejctontents of the M
DIS-2 mycelia and medium affordeéd mg of metabolite. The  and M-15 species that each methoxyl is labeled with deuterium
sample was analyzed Y1 NMR spectroscopy employing a  at approximately 0.5%, the maximum label that could possibly
relaxation time of 5 times the longest (5 s) to measure the  be present at C-9 is5%—far less than the 64% observed in a
extent of isotopic enrichment at each site with good accuracy D,0-containing medium.

(£3%). The results of the two whole-cell experiments above suggest
) ] ) . that deuterium incorporation at C-9 in ring A of OMSTZ]
Table 1. ~ Sites of Deuterium Enrichment Observed in arises through exchange with the mediuan event that must
O-Methylsterigmatocystin occursubsequertb reduction at this center. Such a process is
compound position % incorporation not easily rationalized. To establish directly the role of NADPD
O-methylsterigmatocystin Cc-10 453 in the conversion of VAY) to OMST (12), the new cell-free
C-9 64+ 3 method was brought to bear. The membrane microfiltration
C-8 18+3 step removes small molecules, and, therefore, successful conver-

€-19,C-20 Sk3 sion of9 to 12 would depend entirely on added reductant. Both

2 O-Methylsterigmatocystin was isolated from DIS-2 cells supple- A-side- and B-side-labeled NADPD were prepdfed and

mented with versicolorin A and cultured ordaglucose/RO medium. supplied to large-scale cell-free extracts in addition to versi-
L . . colorin A (9, natural abundance), unlabel8é&denosylmethion-
The*H NMR spectrum of deuterium-labelé@methylsteri- ine and all cofactors required to carry out the transformation.

gmatocystin 12) revealed five sites of deuterium incorporation, The reactions were carried out at 30 for 36 h prior to product
characterized by diminished proton signal intensity, correspond- gytraction and purification. Approximately 500g of O-
ing to three of the aryl-ring carbon centers C-8, C-9, and C-10 methyisterigmatocystini@) was obtained in each case, and the
and both methoxyl carbons, C-18 and C-19 (Table 1). Care jso|ated metabolites were analyzed 1y NMR spectroscopy.
was taken to ensure accurdt¢ NMR assignments of H-8 and  Nejther0-methylsterigmatocystin sample (prepared from A-side
H-10. Through NOE measurements and comparisons to theqr g_side NADPD) convincingly showed deuterium enrichment
model xanthone2,® these were found to agree with spectral anywhere in the molecule in agreement with the suspended-
designations made earlier by SteynThe results indicated a  ¢ejl experiments described above. The samples were, therefore,
substantial incorporation of deuterium at positions C-1045 g pmitted for mass spectral analysis. Isotopic abundance
3%) and C-9 (64 3%) but moderate at C-8 (18 3%). The  cajcylations (average of 10 scans) were performed and clearly
deuterium label at both methoxyl posgmns(bfmethylsteng- showed that bot®-methylsterigmatocystin samples were singly
matocystin 12), C-19 and C-20 (Sk 3%), must derive from  |5peled with deuterium, exhibiting isotopic enrichments af 7
isotopically labeleds-adenosylmethionine. The high extent of = 1y, (B-side preparation) and 2 1% (A-side preparation),
labeling in ring A of OMST (2) was wholly unexpected,  yespectively. Neither doubly nor triply labeled species were
(44) Mahanti, N.; Bhatnagar, D.; Cary, J. W.; Joubran, J.; Linz, J. E. detected. To ensure the reproducibility of these results, the

Appl. Eviron. Microbiol. 1996 62, 191-195. entire experiment was repeated and again showedtal%o
(45) Adye, J.; Mateles, R. Biochim. Biophys. Actd964 86, 418—

420. (48) Viola, R. E.; Cook, P. F.; Cleland, W. WAnal. Biochem1979
(46) Casillas, L. N.; Townsend, C. A. Unpublished results. 96, 334—340.

(47) Pachler, K. G. R.; Steyn, P. S; Vleggaar, R.; Wessels, P. L.; Scott,  (49) Sigma Quality Control Test Procedure for enzymatic assay of alcohol
D. B. J. Chem. Soc., Perkin Trans.1D76 1182-1189. dehydrogenase, NADRlependentSigma Chemical Co.: St. Louis, MO.
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Scheme 4 derived from stereospecifically labeled NADPD resides at a
specific site in OMST 12), presumably C-9, as evidenced in
the cell-free experiments. An alternative mechanism would
require extensive exchange with the medium at @fger
reduction has occurred at this site, beforearomatization takes
place to halt such a process. We advance (with due skepticism)
a tentative scheme to account for all of these observations
(Scheme 4). Spirodieneor#3 can easily exchange with the
medium at what will become C-8 in the product through simple
enolization shown ir25. It is proposed next that reduction by
NADPH(D) occurs to afford the spirodien@6. Degenerate
allylic rearrangement betwe&® and27 would give exchange

at the carbon destined to become C-9 in OMST. Similarly,
enolization of27 (to 28) would give rise to exchange at C-10.
C-9 and C-10 are the principal sites of apparent exchange with
the medium. Finally, migration of the spiroaryl ether, loss of
water, and decarboxylation can be invoked to yield OM$3).(

Conclusion

The extensive proton exchange in the A ring during the
skeletal rearrangement process of V8) (o DMST (10),
particularly at the site of formal reduction, C-9, is surprising.
Genetic evidence points to at least two proteins being involved
in the conversio? More detailed understanding of this process
will come from examination of the chemical fate of specific
intermediates in the overall transformation and direct study of
the proteins involved. These unexpected findings not with-
standing, the procedural ease of the new cell-free extract
preparation and the analytical advantage of essentially complete
removal of small molecules ensures the testing of potential
intermediates, cofactors, and medium effects in the absence of
background reactions of endogenous materials. Moreover, the
biosynthetic proteins themselves have been shown to be
dramatically stabilized by this procedure and have made possible
the observation of the entire biosynthetic pathway to aflatoxin
for the first time in a cell-free system. With15 chemical steps
involved, some quite complex, we believe this is a significant
methodological advance that will benefit not only the investiga-
tion of aflatoxin biosynthesis, but will prove generally applicable
to a wide range of biological systems.

29 30,R=R'=D
31,R=D, R = D-methyl Experimental Section
32, R = R' = D-methyl

Instrumentation and General Methods. *H NMR spectra were
and 2+ 1% incorporation for the B-side and A-side preparations recorded on a Varian XL-400 specrometer operating at 400 MHz.
of NADPD in O-methylsterigmatocystinl@). As enzymatic Chemical shifts are reported in ppm referenced to chloroform (7.26
reactions are generally observed to be stereospecific processegpm). The filtration unit (Amicon RA 2000) utilized for clarification
the 2% enrichment observed with the A-side-labeled cofactor and dialysis of cell-free extracts was obtained from Millipore (Bedford,
may have arisen from stereochemically impure reductant or MA)- Silica gel TLC plates (25(m) were purchased from Analtech

. . (Newark, DE). Flash chromatography was performed using-2d0
conceivably the transfer of deuterium to the B face of NADP mesh Merck silica gel. Preparative HPLC separations were achieved

generated in the extract over the course of reaction (36 N it 4 semiprep Phenomenex Partisil 10 ODS-3 C-18 column (250
incubation period). An attempt was made to assign the position g 40 mm) on a Varian 5020 liquid chromatograph with an attached
of label to the A ring ofO-methylsterigmatocystinl@) on the ABI (model 1000S) diode array detector. Analytical separations,
basis of its mass fragmentation pattern but the background wasutilized in enzyme assay procedures, were performed with a Phenom-
too high for this to be accomplished. enex Spherex C-18 column (250 4.60 mm). [1}*C]Acetic acid,

We have unambiguously demonstrated that NADPH is a sodium salt was obtained from Moravek Biochemicals (Brea, CAQ D
necessary cofactor to achieve the cell-free rearrangement of VA(99.9 atom %) was purchased from Isotec, Inc. (Miamisburg, @H).
(9) to OMST (12), and yet when this cofactor (the sole reductant) Glucose (98 atom %) was obtoamed from Cgmbndge Isotopes (Andover,
was provided in deuterated form, it labeled the product only to MA)- de-Ethanol (99 atom %) was obtained from Stohler Isotope

o . Chemicals (Waltham, MA).ds-2-Propanol (99- atom %) and all
very small extent. The majority of hydrogen at C-Alarises enzymes utilized in the preparation of A-side and B-side NADPD were

from the medium. _It is possibl_e tQ imagine Fhis Process as a prchased from Sigma (St. Louis, MO). AG MP-1, the strongly basic
two-electron reduction of the spirodienc2@to give the doubly  macroporous resin used in the purification of the nucleotides, was

allylic anion 24, which upon protonation/deuteriation would  available from Bio-Rad (Hercules, CA).
afford 26 (Scheme 4). But NADPH is typically associated with Organisms. The A. parasiticuswild-type strain SU-1 (ATCC
discrete hydride transfer. Moreover, some residual deuterium 56775), the versicolorin A-accumulating mutant WH-1 (ATCC 36537),
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the norsolorinic acid generating strain NOR-1 (ATCC 24690), and the 3. HPLC Analyses. Separation of aflatoxin and its intermediates
O-methylsterigmatocystin-producing mutant SRRC 2043 (ATCC 62882) was achieved with a gradient that extended from 75% A/25%> B
were obtained from the American Type Culture Collection (ATCC; 40% A/60% B (A, 0.1% trifluoroacetic acid/water; B, acetonitrile) in
Rockville, MD). The A. parasiticusfatty acid synthase disruption 55 min. Samples were run at constant flow rate of 1 mL/min and
mutant strain DIS-2 was a generous gift from Professor J. E. Linz monitored att 310 nm.
(Michigan State University). NOR (2) — AFB; (13). 1. Time-Course Analysis. SU-1 cell-
Media. The Adye and Mateles (AM) growth medidused to free extract devoid of small molecules was prepared as described above.
culture the mycelial strains described above contained per liter sucrose,To 175 mL of extract was added 1.05 mL ¥€-labeled norsolorinic
50 g; potassium phosphate monobasic, 10 g; ammonium sulfate, 3 g;acid (1 mg/mL, in acetone) and 1.4 mL of cofactor solution which
magnesium sulfate (anhydrous) 1 g; and trace metals, 2 mL. The contained 1 mg of NADPH, 1 mg of SAM, and 1 mg of FAD in 1 mL
replacement medium (RN contained per liter (D) glucose or ¢ of distilled water. Aliquots (5 mL) were removed and quenched at
glucose, 1.62 g; potassium phosphate monobasic, 5 g; potassiumspecific time points (see Figure 2) by vortexing with 1 mL of ethyl
chloride, 0.5 g, magnesium sulfate (anhydrous), 0.25 g; and trace metals acetate. The samples were microcentrifuged, and the organics were
2 mL. transferred to fresh Eppindorf tubes and subsequently evaporated to
The AM growth medium (one liter, in 4-L Erlenmeyer flasks) was dryness. Reactions were resolubilized with 800of acetonitrile and
autoclaved (140C, 20 psi) for 20 min and cooled to room temperature analyzed by HPLC.
prior to inoculation. The deuterated replacement medium was sterilized 2. HPLC Analyses. To achieve separation of aflatoxin and its
by filtration through a 0.2zm filtration unit (Corning; Corning, NY) intermediates, a linear gradient was employed that extended from 75%
prior to use. A/25% B — 40% A/60% B (A, 0.1% trifluoroacetic acid/water; B,
Culture Techniques. All fungi were grown on potato dextrose agar  acetonitrile) in 55 min. The solvent composition was then held at 40%
plates® for 4—7 days. The agar plates contained yeast extract, 2.5 g; A/60% B from 55 to 59 min followed by a mixture of 20% A/80% B
Bacto-agar, 2.5 g; potato dextrose agar, 19 g (Difco; Detroit, Ml); and which was initiated at 60 min from the point of injection. Samples
distilled water, 500 mL (20 plates). The spores were suspended in awere analyzed by monitoring 2310 nm (flow rate 1 mL/min). These
solution of Tween 80 (0.05% v/v), 9 mL, which was subsequently |engthy run times were necessary to achieve separation of the broad
diluted in NaCl (0.85% w/v), 9 mL. A fraction of the spore suspension range of intermediates that vary in polarity and comprise the aflatoxin
(3 mL) was then transferred tL L of AM medium in 4-L Erlenmeyer pathway.

flasks unless stated otherwise. The flasks were incubated-e8(28 Biosynthesis of Radiolabeled Norsolorinic Acid. A. parasiticus
°C in the dark at 175 rpm for the requisite amount of time. NOR-1 cells were initially cultured on AM medium by inoculating six
Cell-free Extract Preparation. 1. NOR— AFB; Transformation. 500-mL Erlenmeyer flasks each containing 125 mL of medium with

A. parasiticusSU-1 cells were cultured for 84 h on AM growth medium 3751 of the spore suspension. The mycelia were allowed to culture
as described above. The mycelia were then vacuum filtered in a for 35 h at 30°C, shaking at 175 rpm. At 35 h of growth the mycelial
Buchner funnel layered ¢4) with cheesecloth and rinsed thoroughly  syspensions were vacuum filtered on cheesecloth, rinsed thoroughly
with distilled water. For each cell-free extract, 50 g of cells (damp jth distilled water, and subsequently transferred into RM medium
weight) were flash frozen in liquid nitrogen and pulverized in an (500-mL flasks each containing 125 mL of medium) supplemented with
Osterizer blender with dry ice (Ce"s were grOUnd for 2 minin 30 s 5 g of g|ucose/|__ To each flask was then addedtof acetic acid’
cycles). The powdered mycelia were then suspended in 300 mL of sodium salt (1 mCi/1 mL of distilled water). The cells were allowed
buffer [50 mM potassium phosphate, pH 7.5; 30% glycerol; 2 mM o grow for an additional 65 h at 3@, 175 rpm. A second addition
B-mercaptoethanol; 10a@M phenylmethylsulfony! fluoride (predis-  of radiolabeled substrate (8€Ci [1-14Clacetate/flask) was supplied 5
solved in a minimal amount of acetone); 108 benzamidine and 1 h after the first 40 h of growth. The mycelial mats were harvested by
mM EDTA]. The mixture was stirred at 4C for 2 h and the cell  yacuum filtration, rinsed with distilled water, flash frozen in liquid
suspension was subsequently centrifuged for 20 min at 29.000e nitrogen, and steeped in acetone overnight. Metabolites were also
decanted supernatant served as the crude cell-free extract. The proteixtracted from the media with ethyl acetate. The organic extracts from
extract was then filtered through four layers of cheesecloth to remove the cells and the mediium were consolidated and concentrated in vacuo.
any residual cell debris, followed by dialysis (agairsL of buffer) Purification of the labeled NOR2f was most easily achieved by direct
with the Amicon RA 2000 apparatus employing a 10 000 molecular recrystallization from acetone. The material was recrystallized to
weight cutoff membrane to produce the metabolite-free cell-free extract constant specific activity (0.18Ci/mol)Norsolorinic acid 'H NMR

in a volume of about 175 mL. (400 MHz, ds-DMSO, natural abundancé) 7.12 (s, 1H, H-4), 7.05
2. VA— OMST Transformation. A. parasiticusSRRC 2043 cells (d,J= 2.4 Hz, 1H, H-5), 6.53 (dJ = 2.4 Hz, 1H, H-7), 2.73 () =

(84 h) were used to prepare cell-free extracts utilized in NADPD- 72 Hz, 2H, H-2), 1.59 (m, 2H, H-3, 1.25 (m, 4H, H-45), 0.81 (t,
labeling experiments. The extract was prepared as described abovej = 6.8 Hz, 3H, H-6).

CFE Enzyme Assays. NOR — AFB Transformation. To the Biosynthesis of Versicolorin A. Versicolorin A @) was prepared
metabolite-free SU-1 cell-free extract (S mL) was added:2®f a 1 by culturing Wh-1 cells (ATCC 36537) in four 4-L Erlenmeyer flasks
mg/mL solution (in acetone) of NORZ], or any other aflatoxin each containig 1 L of AM growth medium as described above. At
biosynthetic intermediate of interest and40of cofactor solution (1 g4 h of growth, the mycelia were vacuum filtered, rinsed with distilled
mg NADPH; 1 mg SAM and 1 mg FAD in 1 mL of distilled water).  \yater, and flash frozen in liquid nitrtogen. The mycelia were then
Reactions were typically incubated with mild shaking a80for ~8 steeped in acetone overnight, the organic extracts were concentrated
h to ensure maximal turnover of NOR)(to AFB; (13). Reactions in vacuo, and lyophilized to dryness. Purification was achieved by

were quenched by vortexing with 1 mL of ethyl acetate. Emulsions fash sjlica column chromatography (8:1.8:0.2: hexane/ethyl acetate/
were eliminated by microcentrifugation of the samples at 14 000 rpm 5cetic acid). Versicolorin A 'H NMR (400 MHz,ds-DMS0) &: 12.29
for 2 min. The organic layer was then transferred to a fresh Eppindorf (s, 1H, OH), 12.00 (s, 1H, OH), 11.12 (br s, 1H, OH), 7.18 (s, 1H,
tube and evaporated to dryness. Samples were solubilized wjth 20 H-4), 7.14 (br d,J = 2.5 Hz, 1H, H-5), 6.94 (dJ = 7.1 Hz, 1H, H-1),
of ethyl acetate and subjected to TLC analysis or dissolved inl50 6.72 (,J = 2.4 Hz, 1H, H-4), 6.59 (br d,J = 2.5 Hz, 1H, H-7), 5.41
of acetonitrile and analyzed by HPLC. (t 3= 2.4 Hz, 1H, H-3), 4.77 (dt,J = 7.1, 2.4 Hz, 1H, H-D.

TLC Analyses. For chromatographic identification of OMST2) Cell-Free Preparation of Demethylsterigmatocystin (10). The
and AFB (13) a ternary mixture of 6:3:1 chloroform/ethyl acetate/  gjafijtered SU-1 cell-free extract was prepared as described above. To
formic acid was utilized. All other intermediates were visualized with 175 mL of cell-free extract were added 700 of versicolorin A (1

a solvent mixture of 8:1.8:0.2 hexane/ethyl acetate/acetic acid. Afla- q/m in acetone) and 1.4 mL of cofactor solution which contained 1
toxm and its intermediates can be easily visualized under longwave mg of NADPH and 1 mg of FAD in 1 mL of distilled water. The
UV light. rection was allowed to incubate at 3C for 24 h. The metabolites
(50) Brobst, S. W.; Townsend, C. Aan. J. Chem1994 72, 200 were extracted from the protein suspension with ethyl acetate and the
207. organic extracts were concentrated in vacuo. Isolation of DMS®) (
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was carried out by HPLC employing an isocratic gradient of 40% CI (pH 10)] was loaded onto the column by gravity. Residual unreacted
A/60% B (A, 0.1% trifluoroacetic acid/water; B, acetonitrile). Samples NADP* was eluted with~200 mL of 200 mM LiCl (pH 10). NADP
were analyzed by monitoring absorptionZa810 nm (flow rate 1 mL/ had been shown to travel with the solvent front. NADPD was then
min). Demethylsterigmatocystin'H NMR (400 MHz, d-acetone): released from the column by applying a gradient which extended from
7.74 (t,J = 8.4 Hz, 1H, H-9), 7.08 (br d] = 8.4 Hz, 1H, H-10), 6.95 200 mM— 500 mM LiCl (pH 10, 250 mL of each salt concentration).
(dd,J=0.6, 7.1 Hz, 1H, H-Y; 6.82 (br d,J = 8.4 Hz, 1H, H-8); 6.38 Fractions were monitored by UV spectroscopy. Samples containing

(s, 1H, H-4); 6.15 (ddJ = 2.0, 2.8 Hz, 1H, H-j; 5.56 (dd,J = 2.4, purified NADPD exhibited As/Aszs0 < 2.3. While both NADP and

2.8 Hz, 1H, H-3), 4.92 (ddddJ = 0.6, 2.0, 2.4, 7.1 Hz, 1H, HR NADPD absorb att 260 nm, only NADPD absorbs &t 340 nm.

Mass spectrumn{/z): 310. Hence, the raticf\zso/Asao gives a direct measure of the extent of the
Biosynthesis of Deuterium-LabeledO-Methylsterigmatocystin reaction.

from a d;-Glucose/DO-Supplemented Medium. Dis-2 cells were Preparation of B-Side-Labeled NADPD* To a 50-mL round-

initially cultured in 4-L Erlenmeyer flasks each contaigih L of AM bottomed flask was added NADPS0 mg;di-glucose, 12 mg; dimethyl

growth medium as described above. At 36 h of growth, the mycelia g ifoxide, 6.7 mL: 83 mM potassium phosphate buffer (pH 8), 10 mL;
were vacuum filtered, and the cells (5 g) wer_e_then transferred into gpq glucose-6-phosphate dehydrogenase freatonostoc mesenteroi-
eight 250-mL Erlenmeyer flasks each containing 62.5 mL of RM ges Mixing of potassium phosphate buffer and DMSO is exothermic
medium. Versicolorin A (15 mg) was dissolved in 1.5 mL of = ang should therefore be combined and allowed to cool to room
dimethylformamide and added to a5 g cell suspension at 48 h of  temperature prior to the addition of the substrates and enzyme. The
growth. The cell suspensions were cultured for an additional 12 h and eaction was stirred at room temperature for 24 h and quenched with
vacuum filtered and washed. The mycelia were then flash frozen in ¢ 3 of methylene choride. The aqueous layer was lyophilized, and
liquid nitrogen and steeped in acetone overnight. The acetone extractipeq resulting solid purified on an AG MP-1 column as described above.
was concentrated in vacuo, lyophilized, and combined with the Fractions containing purified NADPD exhibiteled/Ass < 2.3.
chloroform extracts of the medium. Partial purification@fmethyl- Biosynthesis of Deuterium-LabeledO-Methylsterigmatocystin
sterigmatocystin was achieved by flash chromatography on silica gel from A-Side- and B-Side-Labeled NADPD. The experiment’al
utilizing a gradient of [8:1.8:0.2 hexane/ethyl acetate/acetic acid (results procedures utilized for the production of OMST from A-side- and

in removal of an orange band, excess versicolorin A) followed by 6:3:1 . : : . .
chloroform/ethyl acetate/formic acid]. HPLC was then carried out B.-S|de-lab.eled NADPD were identical. NADPD (15 mg/LICl solution),

: ; . . . either A-side or B-side labeled, SAM (5 mg), and FAD (10 mg) were
employing an isocratic gradient of 40% A/60% B (A, 0.1% trifluoro- f
acetic acidiwater; B: acetonitiile) to yield purified OMSTO- added to cell-free extracts prepared from 50 g of SRRC 2043 cells, in
Methylsterigmatoéystin 1H NMR (400 MHz, de-acetone): 7.57 (t addition to 1 mg of versicolorin A (in 1 mL of acetone). Two 50-g
J= 8.4 Hz, 1H, H-9): 7.02 (dd) = 8.4 Hz 12 Hz. 1H I—i-ld)' 6.ag  Cell-free extracts were utilized for each experiment (A face and B face).
(dd oAtz AL ) H-D: 6.86 -(d J—= 8.8 Hz. 1H H-8)"6 59 The reactions were incubated at 30 for 36 h, mixed by shaking at
(dd’ 3z 2.0, 2.8 Hz7 1H’ H-'A)', . -49 & 71H H.-4)' 5’ 50 ,(de Z 2'4 100 rpm, and subsequently quenched by extracting with ethyl acetate.
28 Hz. 1H ’H:3)' 485 (’dddd'J —06 20 24 71 Hz 1H H"-)Z’ The pooled organic extracts were dried over anhydrous magnesium
3.86 (S’ 6H. H-11—">/16) ’ e T sulfate and concentrated in vacuo. HPLC purification of the crude

Preparation of A-Side-Labeled NADPD* To a 50-mL round- material resulted in~500 ug of purified A-side- or B-side-labeled

bottomed flask was added NADP50 mg; ds-2-propanol, 1.55 ¢; O-methylsterigmatocystin.

alcohol dehydrogenase froifthermoanaerobium brockib0 U; and ] )
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