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Abstract: Nodulisporic acid A (NAA) is an indole-diterpene natural product produced by an indeterminate
species of the endophytic fungus Nodulisporium. NAA (Figure 1) is structurally related to the paspaline
class of fungal metabolites. The biosynthetic origin proposed for these alkaloids involves the acetate/
mevalonic acid pathway leading to geranylgeranyl pyrophosphate (GGPP). GGPP is then proposed to
condense with tryptophan to form the basic indole-diterpene core. A washed cell procedure was devised
to incorporate labeled precursors into NAA by a mutant Nodulisporium culture designated MF6244.
Incorporation of 2-13C-acetate and 2-3C-mevalonolactone into NAA was found to occur in the classical
mevalonic acid pattern. In addition to the four mevalonic acid units that form the eastern side of the molecule,
three additional isoprenylations occur to form the western and southern regions of NAA. Contrary to published
reports on related compounds, incubations of Nodulisporium MF6244 with 1C- and *3C-tryptophan showed
no incorporation of label into NAA. However, high levels of incorporation into NAA were obtained with
known tryptophan precursors #C-, 33C-, and **N-anthranilic acid and **C- and *3C-ribose. A novel pathway
for the biosynthesis of NAA is presented.

Introduction “ooc w\ _4002 *ﬁ
Nodulisporic acid A (NAA) is an indole-diterpene metabolite CHa=Co0™ == 7 opPP

produced byNodulisporiumsp. (MF5954, ATCC 74245), an acetate mevalonate '“pemeny' pyrophosphate

endophytic fungus isolated from a woody plant. NAA exhibits NH;

potent insecticidal activities against the mosquito larvageafes [ COOH ] PPO.A

aegyptj larvae of the blowflyLucilia seracata and the common

cat fleaCtenocephalides fels The mechanism of action of twptophan %

NAA appears to be similar to that of ivermectin, but NAA acts

through a more selective set of insect, glutamate-gated chloride . ek iut

channel$.NAA (Figure 1) is structurally related to the paxilline

class of fungal metabolites which includes paspaline/paspali-
cine? paxilline > the penitrem$,the janthitrems the lolitrems2° NAA
and the shearininé8.However, several chemical features of Figure 1. A pathway was proposed for the biosynthesis of NAA on the

NAA make it a unique member of this indole-diterpene class basis of previously reported labeling studies for the biosynthesis of
paspaliné€® and penitrem A# Bold lines indicate an IPP-derived unit.

*To wh d hould be add d. E-mail: kevin_b . .
merdf_ CV(Vmﬁ’,m correspondence should be addressed. E-mail: kevin_byme@ of alkaloids. NAA lacks the tertiary hydroxyl group at C-9 that
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Table 1. Summary of 13C Enrichments and Coupling Constants
Resulting from Incorporation of 13C-Labeled Precursors into NAA O- mevalonate AA
2:5C- 125C,  12-5Cyacetate ‘\ﬂ/ - o PP
carbon 1C ,ppm acetate? acetate? {J13c-13c(H2)} 0 pathway 4
13,
2 155.7 0 0 2-"C-acetate )
3 56.1 276 369 2,4,5—13C3—|sopentenylpyrophosphate
4 39.1 2.77 368
5 32.3 5 3.05 (339
6 25.95 3.29 358
7 76.8 3 3.38 37.4 o
8 47.8 solv 38.8 N\ OH
9 45.2 3 3.27 324 © N
10 24.7 3.56 354 OH OH
11 25.7 3(34.0) 3.29 (32.9) 0
12 48.0 3(34.09 solv solv NAA
ﬁ 12;; ‘(?’)'01 Sg"o Figure 2. Incorporation of 2L3C-acetate into NAA demonstrated the
15 121'8 0 0 involvement of the classic acetate/mevalonate pathway in the biosynthesis
16 116.7 0 0 of NAA. The labeling pattern is consistent with the incorporation of seven
) isoprene units into NAA. The small darkened cireléndicates sites of
17 134.0 0.90 0 enrichment
18 135.9 1.93 739 )
19 122.0 4 0.90 732 _ - ) ) )
20 72.6 2.41 40.3 was essential for paxilline biosynthesis. The studies reported
22 73.9 2.41 36.9 here were undertaken to investigate if the biosynthesis of NAA
gi ggg 3 ;'gg 4860'06 by Nodulisporium sp.(MF6244 and MF6299) used such a
25 138.4 0 0 mevalonate-tryptophan biosynthetic pathway (Figure 1), and to
26 113.1 0 0 elucidate the origin of the western and southern regions unique
27 163.2 0 0 to NAA
28 15.1 4 3.04 36.0 ) . " .
29 19.6 4 305 36.6 Acetate. Metabolism of 21%C-acetate through the classical
30 11.2 3 3.19 36.6 mevalonic acid pathway leads to enrichment of carbons 2, 4,
g% g?-g g ggé (ﬂ-g) and 5 of isopentenyl pyrophosphate (IPPSupplementation
33 234 3 538 (38:8) of washed cells of MF6244 with 2C-acetate resulted in NAA
34 30.1 4 251 38.8 enrichment that confirmed biosynthesis via the mevalonic acid
v 198.0 2.39 39.6 pathway (Table 1). The enrichments at carbons 5, 7, 9, 11, 19,
2 oo 3 ggg S 23, 28, 29, 30, 31, 32, 33, 34,5, 1", 3", 5", and 6 were
2 1175 1.64 700 consistent with the model that’¥C-acetate was incorporated
5 18.1 3 4.10 (42.0) into four units of 2,4,5Cs-IPP, which then condensed to form
; igg-g 4 g%g éjld‘ﬂ the geranylgeranyl pyrophosphate-derived eastern end of NAA
3 140.8 3 358 58 (Figure 2). The labeling pattern was also consistent with three
4 125.1 3.38 46.% additional isoprenylations to form the western and southern
5" 172.6 3 3.74 (78.0) regions.
6" 12.6 3 3.52 44.8

aValues indicate X-fold enrichment levels as compared with natural
abundance? Spectrum taken in acetorz-to observe the C-12 region."X
n= 2,3, 4, or 5, where two or more carbons are integrated together.
¢ Additional splitting is present Satellites associated with C-20 and C-22
were broad and slightly distorted owing to similar coupling constants arising
from the one intraacetate pair (i.e., C-20/C-32 and C-22/C-34) overlaid with
the interacetate coupling (i.e., C-20/C-31 and C-20/C-33). Values in
parentheses result from multiple labeling.

improvements (MF6244 and MF6299) resulted in further

The only carbon resonance exhibiting evidence of coupling
in this spectrum taken in GJOD was C-11. The'3C NMR
spectrum of this same enriched NAA sample obtained in
acetoneds revealed the second coupled carbon at 48 ppm
(masked in CROD) with a coupling constant of 34.0 Hz (Figure
3). The magnitude and size of the coupling between C-11 and
C-12 were evidence that a rearrangement had occurred during
the condensation and cyclization of GGPP with the indole
precursor, resulting in proximate bonding between these two

increases in product titers making stable isotope studies possiblec_2-acetate-derived carbon atoms. We propose a 1,2-bond shift

On the basis of previous studies of the incorporatiort“af-
and 13C-labeled precursors into paspaline and penitrem A by
Claviceps paspaliand Penicillium crustosumrespectively, it

rearrangement as depicted in Figure 3. These data are consistent
with a similar rearrangement proposed for the cyclization of
paspaliné&® and penitrem A Incorporation of 1,23C,-acetate

was proposed that the indole core and eastern region of thisinto NAA resulted in prominent coupling between those carbon
class of alkaloids arise by condensation of tryptophan or a atoms that arose from intact acetate units (Table 1). It is well
tryptophan metabolite with an activated diterpene, presumably established that three acetate units are utilized in the biosynthesis

geranylgeranyl pyrophosphate (GGP®Y The involvement of
GGPP was made even more likely with the recent publication

of each mevalonic acid precursor molectfi&Vhile two acetate
units remain intact, a loss of C-1 of mevalonic acid as,CO

describing the cloning of the first indole-diterpene gene cluster myst occur in conversion to IPP. This results in an uncoupled

from the paxilline producing funguRenicillium paxillit® A gene
for GGPP, paxG, was identified within the gene cluster which

(13) Acklin, W.; Weibel, F.; Arigoni, D.Chimia1977, 31, 63.

carbon of C-2 acetate origin at C-4 of IPP. Consequently, 12

(15) Young, C.; McMillan, L.; Telfer, D.; Scott, BViol. Microbiol. 2001, 39,
754—764.

(14) de Jesus, A. E.; Steyn, P. S.; Van Heerden, F. R.; Vleggaar, R. J.; Wessels(16) Eisenreich, W.; Schwarz, M.; Cartayrade, A.; Arigoni, D.; Zenk, M. H.;

P. L. J. Chem. Soc., Perkin Trans.1D83 1863-1868.
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Figure 3. A prominent coupling of 34.0 Hz was observed between C-11
and C-12 of NAA produced in the presence ofl3g-acetate. The

Table 2. Incorporation of (Ring-14Cg)-anthranilic Acid? into NAA
and Hinnuliquinone

AA L-Trp DPM into DPM into % incorporation
(nM) (mM) hinnuliquinone NAA into NAA
0.06 0 78 500 25800 1.63
0.16 0 82 400 23800 1.59
1.06 0 45 800 16 000 1.05
10.06 0 13 200 0 0

0.16 1.0 22 800 40 000 2.67
0.16 10.0 0 55400 4.2

a Addition of 0.7 uCi was made to 1.0 mL of washed cells prepared at
6 days and incubated in 1¥ 100 mm tubes for 72 h. Analysis was
performed on 1.0 mL of whole broth.

ment of the mevalonic acid pathway (Table 1). Extremely high
levels of enrichment (3545-fold) were observed at carbons
57, 1", 5, 11, 5, 31, and 33, one site of enrichment for each
isoprenoid unit incorporated. The level of enrichment into NAA
and the lack of significant labeling at other sites in NAA
demonstrated that mevalonolactone was incorporated directly
into isopentenyl pyrophosphate without scrambling of the label
through competitive metabolic pathways.

Tryptophan versus Anthranilic Acid. All attempts to label
NAA with indole-“C-tryptophan were unsuccessful, as were
efforts to achieveé3C incorporation from either 23C-indole-
tryptophan or 2°C-indole. These results were unexpected in
view of the reported incorporation of tryptophan into the indole-

rearrangement of C-11 proximate to C-12 suggests the occurrence of a 1,2diterpenes penitrem A and paxillidé1417 Evidence for the

bond shift in the condensation and cyclization of GGPP with the indole
precursor in NAA biosynthesis. Aklin and de Jesus proposed a similar 1,2-
bond shift to explain the formation of ring F in paspafihand penitrem
A, respectively. Spectrum obtained in acetaleR is the side chain of
the indole intermediate as proposed in Figure 5.

acetates (eight coupled) were utilized for production of the

involvement of a precursor earlier than tryptophan in the classic,
aromatic amino acid biosynthetic pathway was obtained by
supplementing washed cells of MF6244 with (riH@s)-
anthranilic acid. Anthranilic acid (AA) incorporation into NAA
alone was 1.6%, while greater than 6% of the added (Gg)-
anthranilic acid was incorporated into the entire family of NAA

geranylgeranyl pyrophosphate that went on to form the easterncompounds (Table 2). Results of a competition experiment
side of NAA. Nine acetates (six coupled) gave rise to the three petween -tryptophan and (ringCe)-anthranilic acid in MF6244

IPPs that formed the western and southern regions.
Experimentally, coupling constants of 76.04.0 Hz were
observed for the olefinic linkages between @34 and C-18/
C-19. A coupling of 54-58.2 Hz was observed for the intact
acetate unit (C-3C-2") contained in the conjugated diene-
carboxylic acid side chain. The C-énethyl substituent on the
same side chain was coupled to Cwith a coupling of 44.8

cells are also shown in Table 2. The pigment hinnuliquinone
(see Supporting Information for structure), a known tryptophan-
derived co-metabolite of NAA produced by this culture, was
used as an internal reference compotidstead of unlabeled
tryptophan diluting the labeled anthranilic acid incorporated into
NAA, as expected if tryptophan was a precursor, and as occurred
for hinnuliquinone, addition of unlabeledtryptophan led to a

46.2 Hz. The C-12 coupling at 48.0 ppm arising from the acetate 2 5-fold increase in incorporation into NAA. These data

precursor at C-11/C-12 fell under the DD solvent peak.
However, the 33.0 Hz coupling of C-12 to C-11 was clearly

provided strong evidence that tryptophan was not a precursor
in the pathway from anthranilic acid to NAA. It also explained

observable as satellites on the C-11 resonance at 25.7 ppm. Alkhe increase in incorporation of anthranilic acid into NAA
of the remaining 10 coupled acetate pairs possessed similalhecause the presence of excess tryptophan in the medium would

coupling constants in the range from 32.1 to 41.0 Hz. In
addition, the high level of incorporation of 119¢,-acetate led
to interacetate couplings between NAA carbons derived from

be expected to down-regulate synthesis of tryptophan, allowing
for increased shunting of anthranilic acid into NAA.
If anthranilic acid was incorporated into NAA by MF6244,

carbons 3 and 4 of IPP. For example, C-31 arises from C-2 of using a pathway analogous to tryptophan biosynthesis, the
acetate and C-4 of IPP after loss of its contiguous C-1 acetatecarboxyl group of anthranilic acid would be lost as £&hd

carbon as CQ(Figure 1). However, a coupling of 41.0 Hz was

not incorporated into NAA. A comparison of incorporation

observed at 29.9 ppm because the high level of acetateinto NAA of (ring-14Ce)-anthranilic acid and (carboxyfC)-

incorporation into NAA led to interacetate coupling between
C-31 and C-20. This was observed for all of the C-4 IPP-derived
carbons of NAA.

Mevalonic Acid. 2-13C-Mevalonolactone would be expected
to lead to 413C-IPP in isoprenoid biosynthesis. Supplementing
washed cells of MF6244 with ZC-mevalonolactone confirmed

both the acetate labeling pattern shown above and the involve-

anthranilic acid was done in washed cells. Forty-eight hour
incubations resulted in a 2.0% incorporation of 0.6 mM (ring-
14Cg)-anthranilic acid into NAA, while no incorporation was
obtained from 0.6 mM (carboxy#C)-anthranilic acid.

(17) Mantle, P. G.; Weedon, C. MPhytochemistryl 994 36, 1209-1217.
(18) O’Leary, M. A.; Hanson, J. R.; Yeoh, B. lI. Chem. Soc., Perkin Trans.
11984 567-569.
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obtained from 1,2%C,-acetate incorporation into NAA. How-
ever, only C-2 and C-14 showed significant satellites (see
Supporting Information) corresponding to a 2-fold enrichment

Figure 4. Incorporation of!*N-anthranilic acid into NAA resulted in

coupling of 15N to the natural abundanééC nuclei at C-2 and C-27. with a coupling constant of 52 Hz. In addition to confirming
the 143C-p-ribose labeling, the coupling of C-2 to C-14
Supplementation of washed cells with both (rit¥s)- demonstrated that these carbon atoms arise intact from two

anthranilic acid and®N-anthranilic acid was used to confirm  adjacent carbons of ribose. The most probable explanation for
the origin of the six benzene indole carbon atoms of NAA and this is if C-14 of NAA arises from C-2 of ribose. By comparison
the one nitrogen atom. All six benzene carbons of NAA were with known aromatic amino acid biosynthesis, phosphoribosyl-
labeled from (ringt3Cg)-anthranilic acid at an enrichment level anthranilate would then go on to form indole-3-glycerol
of 2- to 3-fold (see Supporting Information). In addition, the phosphate. Because this activated compound is the last inter-
six carbon signals were split into doublets-of-doublets, indicating mediate in the pathway before the action of tryptophan synthase,
that the ring carbon atoms were incorporated intact into NAA. it is likely the activated indole molecule that condenses with
Analysis of the carbon NMR spectrum of NAA produced in GGPP to form the indole-diterpene core.

the presence ofN-anthranilic acid showed only two signals
with distinct satellites resulting frof?C-15N coupling at C-2

and C-27 (Figure 4). The resonances at 155.7 and 163.2 ppm The purpose of the work described above was to establish
each contained a pair of satellites with couplings of 14.3 and the primary biosynthetic precursors involved in the biosynthesis
15.4 Hz, respectively, within the expected range of 15 Hz for of NAA. Labeling of NAA with 13C- acetate anéfC-mevalonate
13C/*N coupling. demonstrated that the isoprenoid region on the eastern side of

Ribose. If biosynthesis of the indole nucleus of NAA does NAA is derived from mevalonic acid through the classic acetate/
occur by a pathway analogous to tryptophan biosynthesis, butmevalonic acid pathway, in agreement with the labeling patterns
diverges somewhere between phosphoribosylanthranilate andoroposed for the penitrem class of indole-diterpene alka-
tryptophan, the last two carbons of the pyrrole ring of the indole loids 81314 This 20-carbon region of NAA arises from the
should arise from carbons 1 and 2 of phosphoribosylpyrophos-condensation of four isoprene units followed by condensation
phate (PRPP). With the hope that a sufficient quantity of of the diterpene with an indole nucleus (Figure 5). The
exogenously added ribose might be converted to PRPP andhypothesis that the four isoprenes pass through a GGPP
incorporated into NAA, MF6299 cells were supplemented at 8 intermediate is supported by the sites df2-mevalonolactone
days with either 2%C-p-ribose or [UL+3Cs]-p-ribose. Because  incorporation into NAA. The condensation of each isoprene unit
earlier studies had indicated that ribose can serve as a solehrough C-4 of each IPP was demonstrated by the specific
carbon source for growth of MF6244, considerable enrichment incorporation of 213C-mevalonolactone into carbon, 5, and
because of scrambling of label from ribose catabolism was 11 of NAA. These three carbons correspond to the three isoprene
expected. However, adding the labeled ribose to the cells towardcondensation sites of GGPP biosynthesis from one unit of
the end of the growth phase eliminated much of the scrambling. dimethylallyl pyrophosphate and three units of IPP. In contrast
The subsequerlfC NMR spectrum of NAA produced in the  to the 20-carbon isoprenoid eastern region of NAA, the
presence of 25C-p-ribose (see Supporting Information) exhib-  equivalent regions of penitrem A and paxilline contain 19
ited a very distinct 2-fold enrichment at carbon 2 of NAA, the carbons. One methyl carbon, arising from a C-2 of acetate and
expected site of enrichment if the indole is formed by condensa-a C-5 of IPP, is lost in formation of these two indole-
tion of anthranilic acid and PRPP. diterpene$:t3

Additional evidence in support of ribose as the precursor of  During condensation of GGPP with the indole intermediate
carbons 2 and 14 of NAA was obtained by supplementing of penitrem A and paxilline, a 1,2-bond migration occurs at
resting cells of MF6299 with [UL%Cs)-p-ribose. Minor satel-  C-2014 The 13C NMR spectrum of NAA derived from 23C-
lites were observed (E40%) in a pattern similar to that acetate exhibited coupling that is consistent with the same

Discussion

7058 J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002
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rearrangement occurring in NAA biosynthesis. The only promi- can serve as a precursor for the indole nucleus, neither these
nent coupling exhibited in the spectrum was a 34 Hz coupling nor subsequent reports included data on benzenelfg-
between C-11 and C-12 (Figure 3). Because both of thesetryptophan labeling for this class of alkaloitls® Thus, no sites
carbons are derived from C-2 of acetate, it necessitates theof incorporation were established, and the extent of labeling
occurrence of a one-bond migration in the GGPP intermediate, from metabolic scrambling remains uncertain.
most probably during the condensation and cyclization steps  When washed cells of MA6244 were incubated with [UL-
of GGPP with the indole intermediate. In the process, the bond 14C]-pL-tryptophan, no evidence of incorporation into NAA was
between C-3 and C-4 of GGPP is cleaved, and C-4 bondsobtained. Similarly, there was no indication of incorporation
directly to the C-2-acetate-derived C-2 of GGPP. Carbon 3 of of L-tryptophan (indole-23C, 95-99%) into NAA by MA6244,
GGPP goes on to become C-3 of NAA, while C-2 and C-4 of nor was 2°C-indole itself incorporated into NAA. However,
GGPP go on to become C-12 and C-11 of NAA, respectively ring-1“C-anthranilic acid, a precursor of tryptophan, was readily
(Figure 3). incorporated by resting cells of MA6244 into NAA. In keeping
Three additional isoprenylations occur in NAA biosynthesis With the established metabolism of anthranilic acid to indole-
on three contiguous carbons in the indole nucleus. The 10-carbon3-glycerol phosphat&, no incorporation of carboxyMC-
skeleton that Comprises rings A and B was enrichedm anthranilic acid into NAA was observed. The SpeCifiC incor-
acetate and*C-mevalonate in patterns consistent with the poration sites of anthranilic acid into NAA were established
attachment of two isoprene units at C-17 and C-25 of NAA. Using ring}*Ce-anthranilic acid and®N-anthranilic acid (Table
Attachment of these isoprenes is different in both site and 2). The aromatic carbons of anthranilic acid are indeed the
mechanism than that proposed for penitrerﬁ Byt occurs at precursor carbons for the aromatic carbons of the NAA indole
the same position as in the case of the janthitrem mycotdxins. hucleus, and the nitrogen of NAA is derived from the nitrogen
However, cyclization of NAA to give rings A and B proceeds atom of anthranilic acid (Figure 5).
in an opposite fashion from the cyclization to give rings Aand  NAA isolated from resting cells of MF6299 supplemented
B of the janthitrems. The third isoprenylation occurs at C-26 to with [UL-23Cs]-p-ribose resulted in a NMR spectrum resembling
give rise to ring D and constitutes the southern region of the that obtained in the presence of £¥%-acetate, but at-510-
molecule. Incorporation dfC-labeled acetate and mevalonate fold less enrichment. This indirect labeling is in keeping with
confirmed the isoprene origin of this five-carbon attachment. our earlier findings that ribose can act as a sole carbon source
The nodulisporic acids are the only members of this indole- for the growth of MF6299. Thus, MF6299 must have the
diterpene class of alkaloids to possess this southern ring regioncapacity to catabolize ribose through the pentose phosphate
While the isoprenoid portion of this class of indole-diterpene Pathway to acetate, presumably via pyruvate and glyceralde-
is quite readily labeled with eithéfC or 13C mevalonaté!~14 hyde-3-phosphate. The acetate can then be cycled into mevalonic

evidence supporting the hypothesis of de Jeghat tryptophan acid andjnto NAA biosynthesis. Incorporation ot3G-p-ribose
serves as a precursor for the indole nucleus is problematic.2"d [UL-Cs]-D-ribose into NAA clearly demonstrated that the

Incorporation of only 0.16% benzene ring-[J¢C]-L-tryp- remaining two carbons of NA_A_Were not labeled by anthra_lnilic

tophan into penitrem A by a culture . crustosurit led the ac_ld, nor from_acgta_te, but originate from C-1 a_md C-2 of rlbose
authors to propose that tryptophan was a metabolic precursor.(Figure ). This finding supports the hypothesis that the indole
The low incorporation rate was symptomatic of a major pucleus F’f NAA is formed from |ndole-3-glycero! phosphate

difficulty in working with this particular microorganism. Peni- in a fashion analogous t.o the blqsynthe5|s of t.he indole core of
trem A is produced primarily by the sporesRf crustosunin tryptophan._ It seems quite plau_3|ble then that indole-3-glycerol
stationary culture, necessitating the addition of the labeled PhosPhate is alikely branch point between tryptophan and NAA

precursor in solution form deposited onto the sporulating surface. biosynthe;is. o ]

This process is likely to lead to a gradient distribution of the ~_ The existence of a similar pathway was proposed in the
precursors to the penitrem producing spores wherein the blosynthess pf sevgral plant phytoglexms, such as 9amalexm
dynamics of the gradient process will be in part dependent on PY Arabidopsis thalianaand the cyclic hydroxamic aczlézl 2,4-

the hydrophobic properties of the particular precursor tested. A dihydroxy-1,4-benzoxazin-3-one (DIBOA) in maize?* In
subsequent, more thorough, study was reported of tryptophanbom of these cases,_lndole-s-glycerol phosphate appears to serve
incorporation into penitrem A usirenicillium crustosumand as the branch point between tryptophan and phytoalexin
into the structurally similar metabolites hyroxymethylbutenyl- Piosynthesis. Whether the indole-3-glycerol phosphate in NAA
paspalinine byClaviceps paspaland paxilline byPenicillium biosynthesis is first metabolized to indole which then reacts with
paxilli.l* The latter two labeling experiments involved sub- GGPP. or if GGPP reacts directly with indole-3-glycerol
merged fermentations, obviating the gradient difficulties as- PhoSPhate, is unknown. Tryptophan synthases (TS) of plants
sociated with the stationary culture conditions for penitrem A @nd bacteria are quite similar. Both synthases existugi
biosynthesis. These authors reported benzene ring4Ql- complexes wherein the subunit which catalyzes the conversion
pL-tryptophan incorporations of 3.6% into penitrem A, 2.6%
into hyroxymethylbutenyl-paspalinine, and 5% into paxilline.

While higher than the initial incorporation level of 0.16% for (20) Kirschner, K.; Szadkowski, H.; Jardetzky, T.; HagerMéthods Enzymol
1987, 142, 386-397.

(19) Steyn, P. S.; Vleggaar, R. Chem. Soc., Chem. Commui®8Q 560—
561.

penitrem A, the levels are much lower than the-23% incor- (21) Tsuiji, J.; Jackson, E.; Gage, D.; Hammerschmidt, R.; Somerville, S. C.
; 1400 - i i ; Plant Physiol.1992 98, 1304-1309.

poration oft4C DL tryptophan_lncorporated into roquefortine, a (22) Tstli. 3.0 200k, M.: Somerville, 5. C.: Last, R. L.: Hammerschmidt, R.

tryptophan-derived metabolite coproduced By crustosum Physiol. Mol. Plant Pathol1993 43, 221—229.

i i i iti 19 (23) Frey, M.; Chomet, P.; Glawisching, E.; Stettner, C.; Grun, S.; Winklmair,
under identical fermentation conditiobs!® Although these A Eisenreich, W.: Bacher, A. Meeley. R. B. Briggs, S.. Simcox. K.

results lend more credence to the hypothesis that tryptophan  Gierl, A. Sciencel997 277, 696-699.
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of indole-3-glycerol phosphate to indole is a discrete subunit
protein2425TSs of fungi, however, usually consist of a dimer
of a single polypeptide that contains both theand thef
enzyme activitie3426 In procaryotes, indole generated by
cleavage of indole-3-glycerol phosphate is confined to the tunnel
that connects thex and § sites and is not released from
tryptophan synthas®€. However, in maize it was found that
2-1“C-indole and 3C-indole were incorporated into DIMBOA,
implying that free indole can gain access to fieite of this
fungal TS%328 We found no incorporation of 2C-indole
directly into NAA, suggesting that either free indole does not
have access to the site of the nodulisporium TS or indole is
not an intermediate in the biosynthesis of NAA.

Irrespective of which of these two mechanisms is functional
in NAA biosynthesis, we propose that indole-3-glycerol serves

anthranilic acid (ring-UL*C, 12.5 mCi/mmol) from Sigma Chemical
Co., anthranilic acid (carboxyfC, 54 mCi/mmol) from American
Radiolabeled Chemicals, Inc., and I-tryptophan (YC; 238 mCi/
mmol) from Amersham.

Fermentation. Nodulisporic acid A producing cultures MF6244 and
MF6299 were stored as frozen vegetative mycelia in seed medium
containing 10% glycerol. Seed medium S-3 consistent-giucose, 50
g/L; monosodium glutamate, 10 g/L; amicase (Sheffield Products), 2.0
g/L; MES buffer, 20 g/L; NHCI, 3.0 g/L; K.HPO,, 1.0 g/L; MgSQ:-
7H;0, 0.5 g/L; CaC@, 1.0 g/L; and 20 mL of a trace mineral mixture
(TE) composed of ZnSErH,O, 0.5 g/L; FeS@7H.0, 0.5 g/L;
MnSQs-H-0, 0.1 g/L; CuS@5H,0, 0.5 g/L; and CoGt6H,0O, 0.04
g/L dissolved in 0.6 N HCI, and was adjusted to pH 6.0 before
autoclaving. Growth was initiated by inoculating 50 mL of S-3 seed
medium in a 250 mL nonbaffled flask with 1.0 mL of frozen vegetative
cells and incubating the culture at 220 rpm and°29for 48 h. One

as a branch point between tryptophan biosynthesis and NAA milliliter of seed culture was used to inoculate 40 mL of FFL-1

biosynthesis. This proposal eliminates the requirement for a
tryptophan intermediate as suggested for penitrem A biosyn-
thesid* and inferred for the other remaining members of this
class of indole-diterpene natural produk#g213

Experimental Section

NMR Spectroscopy. All samples for NMR measurements were
prepared by dissolving 16mol of sample in CBOD (99.6% CIL)

and run under identical conditions. Spectra were acquired on a Varian

Unity 400 at 100 MHz fof*C and 400 MHz fotH, and were referenced

to the solvent (CBOD) signal, 49.0 ppm*C) and 3.3 ppm*{). The

13C and*H spectra of NAA were previously assignetiC spectra were
acquired under the following conditions: 26 000 scan$;&8se width;

0.95 s acquisition timel s relaxation delay; 7 kHz Waltz decoupling
on the proton channel during acquisition and delay. FID data were
processed by Fourier transform with 1 Hz exponential line broadening
and baseline correction prior to integration. Integral areas were
determined for selected regions up to 5*fwhm on either side of a peak
maximum when separation from other peaks allowed. In the case of

production medium consisting efglucose, 70 g/L; glycerol, 20 g/L;
monosodium glutamate, 10 g/L; amicase, 8.0 g/L; lactic acid, 5.0 mL
of 85% solution; MES buffer, 20 g/L; NKI, 3.0 g/L; KHPO,, 1.0
g/L; MgSQs:7H,0, 0.5 g/L; CaC@, 1.0 g/L; and 20 mL of TE. Ribose
additions were made into FFL-1M production medium consisting of
p-glucose, 80 g/L; glycerol, 100 g/L; monosodium glutamate, 20 g/L;
amicase, 2.0 g/L; MES buffer, 20 g/L; NBI, 3.0 g/L; KkHPQ,, 0.75
g/L; MgSQO,7H,0, 1.0 g/L; CaC@, 1.0 g/L; and 20 mL of TE.
Washed Cell Incubations.After growth in production medium for
approximately 5 days, or when NAA reached a titer o230 ug/mL,
the centrifuged mycelium was washed2times with 1.0 mM MOPS
buffer, pH 6.5 and resuspended to the original volume in 20 mM MOPS
buffer, pH 7.0 and 40 g/L glycerol. All labeled substrates were adjusted
to pH 6.5-7.0 before addition to resting cells!&=-Acetate was added
to washed cells of MF6244 in four additions of 10 mM each at 0, 21,
45, and 69 h, and the cells were harvested at 98 h. Similarly, 10 mM
2-13C-mevalonolactone was added in four 2.5 mM aliquots. RiQg-
anthranilic acid and®N-anthranilic acid were added to separate
preparations of MF6299 washed cells in three additions of 0.83 and

. . . 1.0 mM, respectively, at 0, 20, and 42 h. Cells were harvested at 72 h.
overlapping peaks, regions were extended to integrate the group of

i B . "
signals together. In most cases, enrichment factors were determined:L “C-o-Ribose and [ULC4)-o-ribose were added in four additions

by comparison of the peak areas of labeled and unlabeled carbons inof 1.0 and 1.4 mM, respectively, at 0, 24, 48, and 72 h to separate

similar local environments. In many cases, incorporation levels were preparations of MF6299 cells grown in a FFL-1M medium. The cells
high enough ¥ 3-fold over natural abundance) to be independently were harvested at 96 h.
determined by comparison of the peak areas of an unlabeled carbon Isolation of NAA. NAA was extracted in crude form by the addition
peak and its3C satellites arising from a neighboring spin label. The ©f 1.2 volumes of MEK per volume of washed cell incubation. The
coupling constants measured from these satellites are shown in Tablemixture was vigorously shaken for 45 min and centrifuged. The upper
1. In the double label experiment (11%;-acetate), intra- and interlabel ~ Organic layer was removed and evaporated under vacuum. The agueous
couplings were present to such a degree that many previously resolvedesidue was extracted with two volumes of ethyl acetate, and the organic
signals became intractable multiplets, preventing internal calibration layer was dried. The residue was dissolved in 80% MeOH, filtered,
of integral areas. In this case, the enrichment factors were determinedand purified by preparative HPLC using a Waters Symmetry Prep 19
by external calibration to a spectrum of NAA at natural abundance x 300 mm column equilibrated at 4&C with a flow rate of 8.0 mL/
obtained under identical conditions. min. NAA was eluted with a MeOH/KD gradient consisting of 80%
Isotopes. Stable isotopes were obtained from the followinpy:- MeOH for 3 min followed by a linear gradient to 90% MeOH over 37
mevalonolactone (2C, 99%) from Isotec, Inc., acetic acid &, 99%) min. Preparative HPLC detection was at 290 nm. The fractions
sodium salty-tryptophan (indole-23C, 95-99%), indole (24°C, 95— containing NAA were pooled, MeOH was removed under vacuum, and
99%), anthranilic acid (ring3Cs, 99%), anthranilic acid*{N, 98%), NAA was extracted from the residuab@ with two volumes of ethyl
p-ribose (113C, 99%) andb-ribose (UL43Cs, 98%) from Cambridge acetate. Purified NAA was obtained by removal of ethyl acetate and
Isotope Laboratories, and acetic acid (332,, 99%) sodium salt, from drying under vacuum. The purity of each sample was assessed by
Sigma Chemical Co. Radioisotopes were obtained from the following: dividing the calculated NAA concentration, as determined by HPLC
analysis utilizing an external NAA sample of 96.5% purity, by the
weight of the dried product.
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p 93-173. . ; ; L1
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