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The biosynthesis of penitrem A has been studied with both 13C- and *H-labelled precursors, viz. [I -13C] -, 
[2-'3C]-, [l ,2-'3C2]-, and [l -13C,2-2H3]-acetate, [2-13C]-, [2,3-13C2]-, [2-2H2]- and [5-*H2]- 
mevalonate. The results show that penitrem A is derived from tryptophan, which contributes the indole 
moiety of the metabolite, geranylgeranylpyrophosphate, and two isopentenylpyrophosphate units. A 1,2- 
bond migration, involving the 2,3-bond of a mevalonate unit, occurs in the course of the biosynthesis and 
results in the observation of a one-bond (C,C) coupling between two [I -13C]acetate-derived carbon 
atoms and between two [2-I3C]acetate-derived carbon atoms. Analysis of the one-bond (C,C)coupling 
constants in [2-'3C]acetate-derived penitrem A showed that [l ,2-l3C2]acetate was formed during the 
fermentation. Although loss of water from an hydroxyisopropyl group to form the isopropenyl function 
present in penitrem A should proceed with retention of the stereochemical integrity of the two methyl 
groups, isomerization of the double bond causes equal distribution of I 3 C  label between C-36 and C-38 
and precludes any stereochemical deductions. 

Penicillium ctwosum, when grown in surface culture, pro- 
duces a number of metabolites with tremorgenic activity 
collectively known as penitrems. In the preceding publications 
we presented evidence which firmly establishes the structure 
and absolute configuration of penitrems A-F (l)-(6).ls2 

The penitrems are structurally closely related to the 
paspaline group of fungal tremorgens, viz. paspaline (7) 3-5 

and paspalicine (8) 3s*6 isolated from Cluviceps paspali; 
paxilline (9), a tremorgenic metabolite from Penicillium 
paxilli; ' paspalinine (1 0), a minor metabolite from Cluviceps 
puspali; aflatrem, a tremorgenic mycotoxin from Aspergillus 
fluuus; and paspalitrem A.l0 The biosynthesis of paspaline 
(7), paspalicine (8), and paspalinine (10) has been studied by 
Acklin er al." using l3C-label1ed precursors. A similar study 
has been performed on paxilline (9).12 The results of these 
studies are in agreement and show that these related metabol- 
ites are derived from tryptophan and geranylgeranylpyro- 
phosphate. Aflatrem is a further elaboration of the paspalinine 
structure (10) with the addition of a 1 ,I-dimethylallyl group 
at C-4 of the indole nucleus whereas in paspalitrem A, a 
3,3-dimethylallyl moiety is present at C-5. 

The analysis of the 'H and 13C n.m.r. spectral data of the 
penitrems, in conjunction with 13C-labelling studies and the 
application of the principles of biosynthetic architecture led 
to the structure elucidation of these metabolites. We now 
present the results obtained for penitrem A ( I )  from feeding 
experiments with different 13C-labelled precursors. 

The assignment of the signals in the natural abundance 
proton-decoupled 13C n.m.r. spectrum of penitrem A has been 
described and is given in Table 1. Additional evidence 
corroborating our assignments was provided by the 13C n.m.r. 
spectra of penitrem A derived from the different 13C-labeiled 
precursors. 

The incorporation of the indole part of tryptophan into 
penitrem A was established by feeding in separate experi- 
ments (2S)-[3-I4C]- and (2RS)-[benzene-vi~g-U-'~C]tryptophan 
to cultures of the fungus. The latter precursor gave a higher 
(eight-fold) incorporation (0.16%) of radioactivity into 
penitrem A than did the side-chain labelled tryptophan. As 
part of a separate study on r~quefortine, '~ a co-metabolite of 
penitrem A in cultures of P. cYuStosUm,l (2RS)-[indo1e-2-l3C, 

33 

38 

(1) R1 = C1, RZ = OH; 23a,24a-epoxide 
(2) R' = R2 = H; 23q24a-epoxide 
(3) R' = CI, R2 = H 
(4) R' = RZ = H 
( 5 )  R' = H, RZ = OH; 23a,24a-epoxide 
(6) R1 = C1, RZ = H; 23a,24a-epoxide 

2-15N Jtrypt ophan admixed with (2RS)-[benzene-ring-U-14C]- 
tryptophan was added to the culture medium. The broad- 
band proton-decoupled 13C n.m.r. spectrum of the enriched 
penitrem A showed enhancement only of the signal at 6 
154.36, which has been assigned to C-2.l The result confirms 
the diagnostic role of the chemical shift value (6 150-155 
p.p.m.) of the indole a-carbon of compounds belonging to the 
paspaline and penitrem group.* 

n.m.r. 
spectrum of [ 1-13C ]acetate-derived penitrem A showed 
enhancement of the signals due to twelve carbon atoms, viz. 

C-32, and C-37 and pointed to the involvement of six meval- 
onate units in the formation of the non-indole part of the 
metabolite. An interesting aspect of the spectrum was the 
one-bond (C,C) couplings observed for a number of signals. 
The two quaternary carbon atoms which resonate at  6 43.55 
and 50.08 (C-31 and C-32, respectively), must be contiguous 
as a one-bond (C,C) coupling of 37.2 Hz is observed for these 

The 100.62 MHz broad-band proton-decoupled 

C-11, C-13, C-15, C-16, C-18, C-21, C-23, C-25, (2-29, C-31, 
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Table 1. 125.76 MHz 13C N.m.r. data for penitrem A 

Me 
( 7 )  

Me 

( 9 )  

Carbon 
atom 
10 
11 

12 
13 
14 
15 
16 
18 
19 
20 
21 
22 
23 
24 
2s 
26 
28 
29 
30 
31 
32 
33 
34 
3s 
36 
37 

38 
39 
40 

6c a 

35.06 t 
149.48 * 
47.01 t 
24.67 * 
52.71 t 
81.01 * 
76.09 * 
72.44 * 
58.79 t 
18.56 t 
30.59 * 
78.24 t 
66.11 * 
61.92 f 
66.31 * 
74.67 t 
71.99 t 
28.89 * 
26.91 t 
43.55 * 
50.08 * 
107.10 t 
20.32 t 
31.06 t 
19.70 t 
143.27 * 
111.64 t 
18.98 t 
21.35 t 

'J(CC) 
(40.3) 
73.9, 
(40.3) 
29.9 
29.9 
33.6 
33.6 
39.1 
39.7 
39.7 
(34.8) 
37.8 
39.1 
(29.9) 
(29.9) 
39.3 
39.6 
37.2 
37.8 
(33.6) 
36.6 
34.8 
73.9 
39.7 
(40.3) 
(42.7) 
73.2 
(42.7) 
73.2 
36.0 
34.8 

'J(CC) A6/p.p.m. 
40.7 
40.7 -0.180 

-0.148 

41 .O 
- 0.058 
-0.149 
- 0.059 

29.9 
29.8 

- 0.058 

34.0 
34.3 

41 .O 
43.0 
73.2, 
42.8 
73 

- 0.223 
-0.210 

Relative to internal MerSi; solvent (CD3)2C0. * = enriched by 
[1-l3C]acetate; t = enriched by [2J3C]acetate. Values obtained 
from the broad-band proton-decoupled spectrum of penitrem A 
derived from [1,2-'3C2]acetate. Values in parentheses are due to 
multiple labelling. ' Values obtained from the broad-band proton- 
decoupled spectrum of penitrem A derived from [2,3-13C2]mevalono- 
lactone. 13C-'H Upfield P-shift in p.p.rn. 

signals. This result implies that a rearrangement (a 1,2-shift), 
similar to that observed in the biosynthesis of paspaline," 
occurs during the course of the biosynthesis of penitrem A. 
The very low intensity one-bond (C,C) couplings observed for 
C-16 and C-34 (39.4 Hz) and for C-18 and C-19 (39.7 Hz) are 
apparently due to coupling between a %-enriched carbon 
atom (C-16 and C-18) and the adjacent carbon atom present 
at the natural abundance level (1 .I 1%) (C-34 and C-19). 

The 125.76 MHz broad-band proton-decoupled I3C n.m.r. 
spectrum of [2J3C]acetate-derived penitrem A showed 
enhancement of the signals of 17 carbon atoms, viz. C-10, 

C-34, C-35, C-36, C-38, C-39, and C-40. It is evident from this 
result, and those obtained from [ 1 -W]acetate-derived 
penitrem A, that six mevalonate units contribute to the non- 
indole part of penitrem A. In the course of the biosynthesis a 
single carbon atom, derived from C-2 of acetate and originally 
present as a methyl group of a mevalonate unit, is lost. 

n.m.r. spectrum of 
[2-13C]acetate-derived penitrem A exhibited one-bond (C,C) 
 coupling^.'^ The intensities of the satellite peaks vary from 
one signal to the next and reflect the different probabilities of 
the biosynthetic processes. One-bond (C,C) couplings occur 
whenever two nuclei are located at contiguous sites. The 
two carbon atoms can thus form part either of an intact 
acetate unit, which will give rise to an intra-acetate (C,C) 
coupling, or of two different acetate units giving an inter- 

C-12, C-14, C-19, C-20, C-22, C-24, C-26, C-28, (2-30, C-33, 

Several of the carbon signals in the 

acetate (C,C) coupling. Analysis of the values for 'J(CC) 
indicated the presence of eleven intact acetate units with an 
arrangement similar to that found for penitrem A derived 
from [1,2-13C2]acetate (see below and Figures 1 and 2). This 
result clearly illustrates the formation of [ 1 ,2-13C2 ]acetate 
from [2-13C]acetate during the fermentation as a result of 
frequent recycling of [2-13C]acetate in the Krebs' citric acid 
cycle.I4 Ashworth et al." have reported the enrichment of 
[ 1 -T]acetate-derived carbon atoms of nonactin in feeding 
experiments with [2-f3C]acetate and found in addition evid- 
ence for the conversion of acetyl-CoA into succinate through 
operation of the Krebs' cycle. Yoshida et ~ 1 . ' ~  observed 
similar effects in the 25.2 MHz I3C n.m.r. spectrum of [2- 
13C]acetate-derived piericidin A produced by Streptomyces 
mobaerensis. In our earlier biosynthetic studies on averufin 
and diplosporin," both derived from [2-I3C ]acetate, no one- 
bond (C,C) couplings were observed in the n.m.r. spectrum 
at 25.2 MHz. However, upon reinvestigation we could observe 
extensive (C,C) couplings at high field strength owing to the 
improved sensitivity." 

The interacetate couplings observed in the n.m.r. 
spectrum of penitrem A derived from [2-13C]acetate can be 
the result of (i) a rearrangement involving a bond migration as 
is observed for the signals due to C-19 and C-20 ['J(CC) 35.2 
Hz], (ii) multiple labelling between adjacent labelled acetate 
units, or (iii) multiple labelling between adjacent labelled 
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Figure 1. The labelling pattern observed for penitrem A enriched 
with 13CH3C02H. The intra-acetate carbon-carbon couplings are 
indicated by thick lines. The observed inter-acetate and inter- 
mevalonate couplings are shown by thin arrowed lines. The 
magnitudes of the coupling constants in Hz are shown on the lines. 

= Carbon atom derived from C-2 of acetate 

mevalonate units. These types of one-bond (C,C) couplings 
(see Figure 1) are particularly evident in the more highly 
functionalized rings of penitrem A where substantial differ- 
ences in the various possible 'J(CC) values allow the resolution 
of more than one such coupling at a particular site. The 
observation of some intermevalonate couplings is particu- 
larly noteworthy. A similar rearrangement to that mentioned 
above whereby [2-13C]acetate-derived carbon atoms end up in 
contiguous positions as a result of a bond migration (1,2- 
shift) has been observed in the biosynthesis of paspaline." 

Some of the carbon atoms of the indole moiety of penitrem 
A enriched by [2-13C]acetate also exhibited very low intensity 
satellite signals due to (C,C) coupling, viz. C-4 61.8 Hz, C-5 
61.1 Hz, C-7 62.0 Hz, C-8 55.9 Hz, and C-9 55.2 Hz; even at 
this high field strength no (C,C) coupling was observed for 
C-6. This information indicates coupling of C-4 to C-5, C-8 
to C-9, and C-6 presumably to C-7. This observation is best 
explained by conversion of [2-I3C]acetate into glucose which 
in turn enters the shikimate pathway leading to tryptophan 
via anthranilic acid.20 

The measured (C,C) coupling constants (Table 1) in the 
broad-band proton-decoupled 13C n.m.r. spectrum of peni- 
trem A derived from [1,2-13C2]acetate are in accordance with 
the following intact acetate units (Figure 2): C(ll)-C(33), 
C( 12)-C( 13), C( 14)-C( 1 9 ,  C( 16)-C(34), C( 18)-C( 19), C(21)- 
C(22), C(25)-C(26), C(28)-C(29), C(3 1)-C(39), C(32)-C(40), 
and C(37)-C(38) [or C(36)]. It is of interest to note that the 
signal due to C-37 exhibited two pairs of satellite peaks of 
equal intensity due to coupling with C-38 ['J(CC) 73.2 Hz] 
and C-36 ['J(CC) 42.7 Hz]. A similar pair of satellite peaks 
but of different intensity is observed for the C-11 signal due to 
coupling with C-10 ['J(CC) 40.3 Hz] and C-33 ['J(CC) 73.9 
Hz]. One possible explanation for this phenomenon may be 
found in the following observation. In the broad-band 
proton-decoupled 13C n.m.r. spectrum of penitrem A derived 
from (3RS)-[2-13C]mevalonolactone seven carbon signals are 
enhanced, viz. C-10, C-20, C-24, C-30, C-35, C-36, and (2-38 
whereas in the spectrum of penitrem A derived from [1,2- 
13C2]acetate these signals exhibited lower intensity satellite 
peaks due to one-bond (C,C) couplings: C-10 (40.3 Hz), C-20 

C-36 (42.7 Hz), and C-38 (73.2 Hz) by coupling to C-11, C-19, 
C-23, C-31, C-16, C-37, and C-37, respectively. The observed 
(C,C) couplings, with the exception of those for C-36 and 
C-38, arise from inter-acetate coupling within a mevalonate 
unit due to multiple labelling. 

Evidence in favour of multiple labelling was obtained in a 

(34.8 Hz), C-24 (29.9 Hz), C-30 (33.6 Hz), C-35 (40.3 Hz), 

36 

33 \ & 0 \ 

Me- C02H 
Me- COLH 

Figure 2. Labelling pattern of penitrem A derived from [1-13C]- 
and [I ,2-'3C2]acetate labelling experiments 

subsequent experiment in which a culture of P. crustosum was 
supplemented with (3RS)-[2,3-13C2]mevalonolactone. The 
broad-band proton-decoupled 13C n.m.r. spectrum of the 
enriched penitrem A showed the presence of four intact two- 
carbon units (see Table 1): C(l0)-C(1 I), C(16)-C(35), 
C(23)-C(24), and C(30)-C(31). Once again the signals due to 
C-36 and C-38 displayed equal intensity satellite peaks due to 
one-bond (C,C) coupling with C-37 (47.2 and 73.2 Hz, 
respectively). This result also confirms that in the course of the 
biosynthesis the 2,3-bond of mevalonolactone is cleaved by a 
1,Zbond migration as C-20, which is derived from C-2 of 
mevalonolactone, exhibits no one-bond (C,C) coupling. As a 
result of this shift a coupling is observed between C-19 and 
C-20 in the I3C n.m.r. spectrum of [2-13C]acetate-derived 
penitrem A as well as between C-31 and C-32 in that of 
[ l-13C]acetate-derived penitrem A. A similar result was found 
in a study on the biosynthesis of paspaline (7)." 

The incorporation of label from [ 1 ,2-13C2]acetate, [2J3C]- 
and [2,3-13Cz]-mevalonolactone to an equal extent at C-36 and 
C-38 could be due to a non-specific elimination of water from 
an hydroxyisopropyl group, a process in which the stereo- 
chemical integrity of the two prochiral diastereoisotopic 
methyl groups would be lost. However, in the biosynthesis of 
paspaline (7) these two methyl groups retain their stereo- 
chemical integrity I1 and it would appear that in the course of 
the isolation and subsequent purification of penitrem A by 
column chromatography on silica gel, isomerization of the 
A37p38-bond occurs. 

On the basis of the results obtained for penitrem A using 
l3C-labe1led precursors a biosynthetic pathway as outlined in 
the Scheme is postulated. The initial stages of the pathway are 
similar to those proposed for paspaline 11*21 and paxilline.12*21 
The exact sequence of events is, however, open to speculation. 
The formation of the isopropenyl function by loss of water 
from an hydroxyisopropyl group is shown to occur with 
retention of the stereochemical integrity of the two methyl 
groups as is indeed the case in paspaline and paxilline bio- 
synthesis. However, in the case of penitrem A we still do not 
know which two carbon atoms of the isopropenyl group are 
derived from an intact acetate unit as isomerization of the 
A37*38-bond may occur during the purification of the metabo- 
lite (see above). This aspect of the biosynthesis is at present 
under investigation. 

The fate of the hydrogen atoms in the biosynthesis of 
penitrem A can be studied using both '[HI- and [13C,2H]- 
labelled precursors.22 Both direct (2H n.m.r.) and indirect 
methods (13C n.m.r.) can be used to determine the subsequent 
incorporation of ZH in the metabolite.z2 The incorporation of 
2H located p to a I3C atom in a precursor is detected by a 
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Scheme. Proposed biosynthetic pathway for penitrem A 

small characteristic upfield P-isotope shift in the resonance P-isotope ~ h i f t . ~ ~ * * ~  This technique has proved most useful in 
position of the 13C nucleus in the 13C n.m.r. spectrum of the biosynthetic studies 24 and we have applied it to the study of 
enriched m e t a b ~ l i t e . ~ ~  The number of ’H atoms located P penitrem A biosynthesis. Thus [I-I3C, 2-’H,Jacetate was 
to a particular I3C atom can be deduced from the value of the incorporated into penitrem A by cultures of P. crustosum. The 
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Table 2. Yields of penitrem A (1) from differently labelled 
precursors 

Precursor 
Sodium [l-'3C]acetate 
Sodium [2-13C]acetate 
Sodium [l ,2-W2]acetate 

36 
.Me 

Sodium [ l-13C,2-2H3]acetate * 
(3RS)-[2,3-'3C21mevalonoIact one 

Figure 3. Labelling pattern of penitrem A enriched with [l-13C,2- 
2H3]acetate 

(3RS)-[2-2H2]mevalonola~tone 
(3RS)-[5-'H2 ]mevalonolactone 

data obtained from the resulting broad-band proton-decoupled 
13C n.m.r. spectrum are summarized in Table 1 and Figure 3. 
It is interesting to note that all three 2H atoms are retained at 
C-34, C-39, and C-40. Similarly two 2H atoms are present 
at C-33 in penitrem A whereas no 2H is present at either C-36 
or C-38 as no P-isotope shift is observed for C-37 (6 143.27). 
This result is to be expected if isomerization of the A3'J8-bond 
occurs on silica gel during the purification of penitrem A. 

Poor resolution is frequently a limitation of 2H n.m.r. 
spectroscopy because the peaks are inherently broad and the 
spectral dispersion is low ; with increasing molecular size this 
problem is exacerbated. This proved to be the case for the 
2H n.m.r. spectra of penitrem A derived from both [2-2H2]- 
and [5-ZH2]-mevalonolactone even at 76.77 MHz. Two 
interesting aspects of the results obtained from the 2H n.m.r. 
spectra should be mentioned. The absence of 2H at C-25 in 
penitrem A derived from [5-2H2]mevalonolactone indicates 
that a C-25 carbonyl function as in paspaline (7) and paxilline 
(9) must have been present at some stage of the biosynthesis 
(see Scheme). The presence of 2H at C-36 but apparently not 
at C-38 in penitrem A derived from [5-ZH2]mevalonolactone is 
difficult to reconcile with the results obtained from 13C- 
labelling studies (see above). An investigation using [3-13C, 
2-2H2]- and [4-13C,5-2H2]-mevalonolactone as precursors 
instead of [2-2H2]- and [5-2H2]-mevalonolactone, thus 
utilising the P-isotope shift technique, should provide un- 
ambiguous results with regard to both the location and the 
number of the 'H atoms, and is at present underway. 

Experiment a1 
General directions are given in ref. 1. 

Incorporation of LahelledPrecursors and Isolation of Penitrem 
A (l).-Penici!liim crustosuni was grown at 25 "C in a 
stationary culture in ten Erlenmeyer flasks (500 ml), each 
containing 100 ml of Czapek medium enriched with 2% yeast 
extract. The precursor in sterile water (150 ml) was added 
continuously to the cultures from day 3 to day 9 by means of a 
peristaltic pump. On day 10 the cultures were filtered and the 
mycelium macerated with acetone in a Waring blender. The 
acetone solution was evaporated and the aqueous residue 
partitioned between dichloromethane and water. The residue 
from the dichloromethane solution was partitioned between 
n-hexane and 90% methanol. The 90% methanol solution was 
evaporated and the aqueous residue once again partitioned 
between dichloromethane and water. The crude extract 
obtained from the dichloromethane solution was percolated 
through a short silica gel column with benzene-acetone (4 : 1 
v/v) to yield the penitrems. Residual material on the column 

Atom Amount 
% (mg) 
92.0 1 OOO 
90.5 1150 
c-1, 1 OOO 
91.4 
c-2, 
90.7 
92.4 1 OOO 
c-2, 118 
90.5 
c-3,  
92.0 

118 
118 

Yield 
of (1) O 

36 
37 
42 

30 
19 

31 
28 

Relative to 1 1 of medium. 98 Atom % ZH. Prepared from 
Prepared by using lithium [2-2H3]acetate at 99 atom % 2H. 

aluminium deuteride at 98 atom % 'H (minimum). 

was eluted with benzene-acetone (1 : 4 v/v) to give a fraction 
containing crude roquefortine.' 

The penitrem A was isolated from the mixture of penitrems 
by column chromatography on silica gel using benzene- 
acetone (9 : 1 v/v). A summary of the yield of penitrem A (1) 
for the differently labelled precursors is given in Table 2. 

Preparation of [2,3-13C2]-, [2-2H2]-, and [5-ZH2]-Mevalono- 
lactone.-These precursors were prepared using the pro- 
cedures described by DeGraw and Uemura2' and Lawson 
et aZ.26 for the preparation of labelled material using the 
appropriate isotopically labelled material and reagents in each 
case: sodium [ 1 -13C]acetate, sodium [2-"C]acetate, sodium 
[2-2H3]acetate, and lithium aluminium [2H,]hydride. The 
yields obtained were similar to those reported. 
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