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Abstract—Incorporation of *H and "*O of [2-C, 2-2H;] and [1-"C, '*O,}-acetate into citrinin (1) was
detected with *C-NMR through *H-"C coupling and isotope shift induced by *H and '*0O. Another
possible multiple labelled acctate, [1-'*C, Ol-acctate, was tested for its potentiality as a precursor to trace
the fate of acetate oxygen. ')C-""0O Coupling in '*C-NMR was too small to be detected, however the
incorporation of '’0 was directly measured with '"O-NMR. Unusual '"O chemical shift values of citrinin
(1) were accounted for by the presence of keto-enol resonance forms which was verified by the C-O bond
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lengths determined by X-ray analysis.

Citrinin (1), a yellow crystalline compound first iso-
lated from Penicillium citrinum, is produced by a
large number of fungi belonging to Penicillium and
Aspergillus.* 1t showed broad antibiotic activity, but
its nephrotoxic properties prevented its application as
a drug.’ Extensive feeding and degradation studies
have shown that citrinin (1) is derived from one acetyl
CoA, four malonyl CoA and three C, units.*® An
assembly pattern of five acetate units was un-
ambiguously shown by an incorporation experiment
with [1, 2-"*C;}-acetate.” An investigation of metabo-
lites of Penicillium citrunum and of its mutants was
carried out to find intermediates of citrinin (1) bio-
synthesis, however all the isolated compounds were
not the intermediates of biosynthesis.® Recently, the
intermediary stage of citrinin (1) biosynthesis has been
investigated with labelled advanced precursors and the
results obtained suggest that a keto-aldehyde (2),
4,6-dihydroxy-3,5-dimethyl-2-(1-methyl-2-oxopropyl)
-benzaldehyde, is an immediate intermediate released
from the enzyme template of polyketide bio-
synthesis.” ' In previous papers, we reported the
application of multiple labelled acetate, [2-C, 2-2H,),
(1-*C, "®O,] and [1-"*C, '"O]-acetate, as tracers in the
biosynthetic, studies of polyketides.'*'* This paper
describes the full details of studies on citrinin (1)
biosynthesis with multiple labelled acetate. Dis-
cussion will be made on the scope and limitation of
"*O and 'O labelled acetate in biosynthetic studies.

Staunton er al. briefly discussed the '*C-NMR
spectrum based on the "C-"C coupling data of
citrinin (1) enriched with [1, 2-"*C,}-acetate.” In view
of possible obscurity involved in the assignment of
C-5, C-6, C-7 and C-8 given by Staunton ef al., the
authors performed single frequency decoupling to
C-11 Me protons. When the C-11 Me protons (6 2.02)
were irradiated selectively, the intensities of signals at

122.6, 139.2 and 183.7 ppm increased 3.6, 1.7 and
2.5-fold, respectively, while those at 100.0, 107.1 and
177.2 ppm remained unchanged. Enhancement of
signal intensity in selective decoupling is caused by
the disappearance of long range coupling and by the
nuclear Overhauser effect (NOE). The two pairs of
carbons (C-5, 6 and C-7, 8) deriving from the same
acetate units should be alternated from the assign-
ment given by Staunton et al.” The signals at 122.6
and 183.7 ppm showing 3.6 and 2.5-fold enhance-
ment in signal intensities upon selective irradiation at
C-11 protons should be assigned to C-5 and C-6,
respectively, because they should be closer to C-11
than those at 100.0 and 177.2 ppm.

Citrinin (1)

Based on this assignment we tested the potentiality
of multiple labelled acetate in obtaining further infor-
mation on the biosyntheisis of citrinin (1) through the
detection of 2H, 'O and "*O incorporation. Various
kinds of multiple labelled acetate were mixed with
[1-'"*C]-acetate and separately added daily for ten
days to stationary cultures of Aspergillus terreus
(ATCC 24839) grown on a modified Czapek-Dox
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Table 1. Assignment for *C-NMR of citrinin (1)

Carbon  Chemical shitt 1JC-C(HZ)a Signal enhancement
(ppm) on irradiation at  2.02 (told)

1 162.9 69.6 b

3 81.8 37.6 -

4 34.5 40.9 -

48 139.2 40.9 -

S 122.6 56 .9 1.7

6 183.7 56 .9 3.6

7 100.0 63.6 2.5

8 171.2 63.6 1.0

8a 107 .1 69.6 1.0

9 18.2 37.8 -

10 9.4 - -

1 18.4 - -

12 174 .1 - -

a Coupling constans reported by Steunton et al.!

b Not determined.

medium. The cultures were harvested 2-6 days after
the final administration of the labelled compounds.
Labelled citrinin (1) was isolated from acidified cul-
ture medium by ethyl acetate extraction followed by
a column chromatography on acidified silica gel. One
culture flask containing 150 ml medium yielded ap-
prox. 150 mg crude citrinin (1) and final yields after
recrystallization were 30-50 mg (Table 2).

The incorporation of H from [2-'>C, 2-’H;]-acetate
into C-4 and C-9 hydrogen was readily demonstrated
by a marked decrease of signal intensity in the
BC-NMR spectrum of citrinin (1) labelled with
[2-"*C, 2-’H,]-acetate in comparison with those of
citrinin (1) labelled with [2-'*C]-acetate. From the
decrease of signal intensities the ratios of 2H retention
vs 'C at C-4 and C-9 were calculated to be 41 and
89%. respectively. A higher ’H retention at C-9 is a
result of the reaction mechanism of polyketide bio-
synthesis. C-9 is derived directly from acetyl CoA
forming a starter unit, while C-4 is introduced via
malonyl CoA and present in a middle of polyketo-
chain, indicating much higher possibility of exchange
of hydrogen. In the 'H-non-decoupled C-NMR
spectrum (25.05 MHz) "*C-2H signal of C-4 was
directly observed as a triplet (J = 20 Hz) centered at
33.7ppm between a '*C-'H doublet (J =132Hz)
centered at 34.1 ppm (Fig. 2). An upfield shift by
0.4 ppm is a normal isotopic shift value of '*C bearing
one H. However, the field covering the '*C-*H signals

of C-9 showed too complicated signals to be inter-
preted. The results are well in accord with those
suggested by Staunton er al., who observed the
incorporation of acetate hydrogen by using *H-water
for culture medium.’

(J=132 Hz)

13c_2H
33,7 ppm

(J=20 Hz )

Fig. 1. ?H--"*C Signal of C-4 in the 'H-non-decoupled

3C-NMR spectrum (25.05 MHz) of citrinin (1) labelled with
[2-1*C. 2-*H,)-acctate.

Table 2. Feeding experiments with multiple labelled acetate and incorporation into citrinin (1)

Na acetate Feeding days Harvested day Yield(mg) Enrichment %/C
1 [1-13¢] 100 mg 9th-19th 21st 46 7.3
2 [2-'3¢c] 100 mg 10th-21st 27th 33 4.8
3 [2-'3¢, 2-%H5] 100 mg 10th-21st 27th 32 5.2
4 [1-'3, 18,3 150 mg 10th=-19h 22nd 51 9.8
5 [1-Y3c, 80,1 25 mg 10th-19+h 215t 50 1.52
non-label led acetate 75 mg
6 [1-"3c, 707 100 mg 11th-19+h 26+h 46 6.7

a Caluculated from specitic incorporation ratio of ‘40 based on the amount of 13C.
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Next, we studied the origin of O atoms of citirinin
(1). It contains three O atoms possibly derived from
acetate. Risely and Van Etten demonstrated that *O
induced isotope shift in *C-NMR could apply in the
study of O exchange kinetics in an acid catalyzed
exchange of t-butanol OH group.?® This was followed
by the reports of Vederas et al. and Risely and Van
Etten. They reported the values of '*O induced iso-
tope shift of '*C signals of various compounds.”' %
Their earlier reports tempted us to explore the possi-
bility to use [1-'*C, '*O,)-acetate as a precursor to
detect the integrity of *C-'"®0O bond of acetate in
polyketide biosvntheses. Since the incorporation ra-
tios of labelled acetate into citrinin (1) were particu-
larly high, an incorporation experiment with [1-3C,
80,)-acetate was carried out as a case study for
tracing the fate of acetate oxygen. [1-’C, "0,)-
acetate was prepared by an exchanging method
from [1-"*C]-acetate (90at.%,) and ["O]-water
(99 at. %).7"® In order to determine the isotopic
composition of this labelled acetate, [1-°C, "*O,)-
acetate was converted into a p-phenylphenacyl ester
and measured a high resolution mass spectrum. This
labelled acetate constited of 74.6°, of [1-'°C, '*0,] and
16.4%, of [1-13C, "*OJ-acetate.

Thus prepared [1-'*C, *Q,}-acetate was mixed with
unlabelled acetate and measured *C-NMR spectrum
(25.05 MHz) to clarify if it is possible to detect shifted
signal induced by '0 with a 25.05MHz spec-
trometer. The "C-"O signal of the labelled acetate
was obscrved 1.5 Hz upfield to the corresponding
C-'%0 signal. This result encouraged us to attempt
detecting '*O incorporation with a 25.05 MHz
“C-NMR spectrometer. [1-"’C, '*0,)-acetate was
pulsely added to the culture of A. rerreus as in the
case of [2-"C, 2-'H,)-acctate. We feel the figures of
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enrichment per carbon, calculated from the specific
incorporation ratios of C without taking any con-
sideration for randomization, are always higher than
those observed in '*C-NMR spectra. Although
shifted signals were accompanied by several small
satelites, the '*C-"*Q signals 'were clearly detected at
C-3, C-6 and C-8 in the "“C-NMR spectrum
(25.05 MHz) recorded under a conventional mea-
suring condition of 6000 Hz spectral width and 32K
data points (Fig. 2a). The same sample of enriched
citrinin (1) was then submitted for a measurement
with a 50.31 MHz NMR spectrometer with an ex-
pectation to observe better resolved shift signals. The
spectrum was recorded under a conventional mea-
suring condition of 10,000 Hz spectral width and
32K data points. The signals corresponding to C-1,
C-3, C-6 and C-8 are shown in Fig. 2(b). The results
clearly demonstrate that the integrity of “C-"*0
bonds at C-3, C-6 and C-8 was maintained and that
the quinone methide structure of citrinin (1) is formed
by the elimination of a hemiacetal OH at C-1 in an
intermediate (3). A biosynthetic scheme proposed by
Staunton er al. and Scolastico et al. was confirmed by
a completely different approach.'?'? Later, it became
possible for us to access to a 100.7 MHz NMR
spectrometer. The "C-NMR spectra of the same
sample of citrinin (1) enriched with '*C-'®0 were
measured with 3000 or 4000 Hz spectral width and
32K data points. One of the spectrum covers the
signals of C-1, C-6 and C-8, and the other that of C-3.
As it appears in Fig. 3a the shifted signals of C-3, C-6
and C-8 were disturbed by the excess incorporation
of labelled acetate, resulting in multiplet peaks due to
long range couplings. This problem was readily
solved by using diluted labelled acetate to decrease
the possibility of simultaneous labelling in the same

1

Scheme 1. Biosynthesis of citrinin (1).
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Fig. 2. BC Signals of citrinin (1) labelled with [2-°C, '®0,]-acetate; (a) 25.05 MHz, (b) 50.31 MHz.

citrinin (1) molecule. The same procedure of feeding
experiment was repeated except that [1-"C,
'80,]-acetate was diluted with three times amount of
non-labelled acetate. The '3C signals of citrinin (1)
obtained by this feeding experiment are shown in Fig.
3(b), indicating that the multiplet signals due to long
range couplings become clear singlets. The values of
"0 induced isotope shift of '’C signals are shown in
Table 3. During the course of our studies on the
biosynthetic application of multiple labelled acetate,
Vederas et al. extensively studied the application of
'®*0O induced isotope shift in the biosyntheses of
polyketides.” * They also encountered the same iron-
ical problem caused by an excess incorporation of
labelled acetate, however they eliminated long range
couplings by using spin-echo technique in the mea-
surement of “C-NMR spectrum.*

The high incorporation ratios of labelled acetate

into citrinin (1) in A. terreus, let us attempt further
to investigate the possibility of the utilization of
[1-PC, '"OJ-acetate as a tracer in polyketide bio-
synthesis. {1-’C, '"OJ-acetate was prepared by a
procedure similar to that for the preparation of
[1-*C, '0,]-acetate, starting from [1-'*C]-acetate
(90 at. %) and ['’O]-water (30 at. %/). However, [1-"*C,
1"Ol-acetate did not show any "C signal showing
*C-""0O coupling. This is because the coupling con-
stant of '*C-'70 is too small to be used in biosynthetic
studies as it was pointed out from theoretical and
experimental works.’® On the other hand [1-"C,
"Ql-acetate showed a clear 'O signal at 282.5 ppm
with natural abundance water as a standard in the
"O-NMR spectrum (12.15MHz) recorded with
10,000 Hz spectral width and 8 K data points. The
incorporation of '"O from this labelled acetate into
citrinin (1) could be observed in the '"O-NMR power
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Fig. 3. C Signals of citrinin (1) at 100.7 MHz; (a) Labelled with non-diluted [1-'’C, '®Q,]-acetate, (b)
Labelled with [1-"*C, '®0,]-acetate diluted with three times amount of non-labelled acetate.

Table 3. C-"*0 Signals observed in the *C-NMR spectra of citrinin (1) enriched with [1-"C, '*0,]-acetate

Carbon  Chemical shitt 13¢185  shittiHz) 183 Retention
(ppm) 25.05 MHz 50.31 MHz 100 . 7MHz
1 162.9 -2 -2 -2
3 81.8 1.1 2.1 4.2 88 %
6 183.7 1. 2.1 3.9 89 %
8 177.2 14 1.7 3.9 85 %
(0.38)P (0.06)° (0.25)°

a 13C_180 Signal was not detected.

p Errors In Hz calculated trom data points.

spectrum (54.26 MHz) recorded with 40,000 Hz spec-
tral width and 16 K data points and three 'O signals
were observed at 148, 179 and 279 ppm as shown in
Fig. 4. They are tentatively assigned according to the
reported chemical shift data of '"O-NMR.3#
'"O-Chemical shift is very sensitive to a change of
electron density on O atom. The chemical shift of C-6
oxygen (279 ppm) is unusually high as a CO and that
of C-8 unusually low as a OH. Effects of OH
substitution at the ortho of the CO groups of ben-
zaldehyde and acetophenone were available and the
values of higher field shift caused by forming

chelation with OH groups were 67 and 62 ppm,
respectively,¥% indicating that unusual chemical
shifts of C-6 and C-8 of citrinin (1) were not merely
caused by the presence of strong H-bonds with C-12
carboxyl group. Winter and Zeller reported the 'O
chemical shifts of benzoylacetone (4) being 294 and
239 ppm,*' and accounted for their unusual chemical
shifts by a hybrid resonance structure obtained by a
low témperature X-ray analysis. In order to clarify
the relationship between C-O bond length and
""O-chemical shift in citrinin (1) the authors per-
formed single crystal X-ray analysis of citrinin (1).
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Fig. 4. "O-Power NMR spectrum (54.26 MHz) of citrinin (1) labelled with [1-C, '"O}-acetate.

The crystals grown in chloroform was suitable for
X-ray analysis. The structure was solved by the direct
method and the final R value with anisotopic tem-
perature factors for C and O, and isotropic for H was
0.0518. Computer generated drowing and bond
lengths are shown in Figs. 5 and 6. A very good
correlation was found between '"O chemical shifts
and C-O bond lengths of benzoylacetone (4) and

CITRININ Cl13 H'4 0

5

citrinin (1) as it appears in Table 4. The results
indicate that the structure of citrinin (1) is not a fixed
structure, but the actual structure is visualized as a
resonance hybrid somewhat between the two extreme
structures (1a and 1b), as benzoylacetone (4) is a
resonance hybrid of the two structures (4a and 4b).
This also explains unusual '"O chemical shifts of C-6
and C-8. Foregoing results clearly demonstrate that

MN=250 1=4 P21212! 56/3/16

Fig. 5. Computer generated PLUTO drawing of the structure of citrinin (1) obtained by X-ray analysis.
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Fig. 6. Bond lengths of citrinin (1).

[1-"°C, ""OJ-acetate can be applicable in tracing ace-
tate oxygen in polyketide biosynthesis, though "*C is
used only as a monitor for carbon incorporation.

EXPERIMENTAL
Labelled compounds. [1-7C}-Acetate (90 at. %), [2-"*C})-
acetate (90 at. %), [*OJ-water (99at.°;) and ['’O)-water
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(30at. %) were obtained from B.O.C. Ltd. (Prochem.),
London. [1-"*C]-Acetate was purchased from Radio Isotope
Center, Japan.

Preparation of multiple labelled acetate. The preparation
methods of ""C and 'O or "Q labelied acetate by an
exchanging method under an acidic condition are very
similar. Here a procedure to prepare [1-"°C, *O,}-acetate is
described as a typical example. [""O)}-Water (99 at. %,
0.0625ml) was saturated with HCl gas at 0° and then
[1-C)-acetic acid (90 at. %: 0.05mmole} and [*O]-H,0
(99 at. %; 0.25 ml) were added to HCI saturated {"*O}-H,0.
The mixturc was sealed in a glass tube and heated at 110~
for 24 hr. The mixture was neutralized with NaOH powder
and evaporated to dryness under a reduced pressure. The
residue was cxtracted with abs FEtOH and [I-PC,
*¥0,)-sodium acetate (60 mg) was obtained as a foam on
removal of EtOH. In order to measure the isotopic
composition, it was converted into p-phenylphenacyl ace-
tate. A mixture of [1-*C, ®0,)-sodium acetate (10.8 mg),
p-phenylphenacyl bromide (6.9 mg), 18-crown-6-ether
(4 mg), benzene (1 ml) and acetonitrile (1 ml) was refluxed
for 2 hr, After usual workup, p-phenylphenacyl acctate was
recrystallized from EtOH to give colourless crystals of m.p.
106-107" (27.2mg). The high resolution mass spectrum
revealed that the labelled acetate consists of 74.6% [1-1°C,
50,], 8.4% [*0,] and 16.4% [1-*C, "*Ol-acetate.

Incorporaiion experiment. Aspergillus terreum ATCC
24839, maintained on potato dextrose ager slant, was inoc-
ulated in a modified Czapek-Dox medium (150 ml/flask)

Table 4. '*C and ""O-NMR chemical shifts and C-O bond lengths

Chemical shit (ppm)

C~0 Bond length (&)

13C 174
citrinin()
C-1 162.9 148 1.32
c-2 183.7 274 1.28
c-8 177.2 179 1.315
Benzoylacetone(4)?
C=-1 183 239 1.292
C-3 193 294 1.278

8 The data were reported by Winter and Zetlar®!,

Fig. 7. Resonance formulae of citrinin (1) and benzoylacctone (4).
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containing glucose 50 g, NaNO, 2.0 g, K,HPO, 1.0g, KCI
0.5 g, MgSO, 7H,0 0.5 g, FeSO, 7H,0 0.01 g, ZnSO, 7TH,0O
0.0! g, CuSO, 5H,0 0.005 g, malt extract 0.5g and yeast
extract 0.2 g in 11. H,O and grown stationarily at 30°. Only
a typical feeding expertment is described here. [1-YC,
'80)-Na acetate (25mg), non-labelled Na acetate and
[1-'*C]-Na acetate (10 uci) was dissolved in Sml H,O and
administered to the culture (150 ml medium) each 0.5 ml for
10 days starting from the 9th day after inoculation. The
culture was harvested on the 21st day. The culture medium
was acidified (pH 3) with 4-N HCI and extracted with
AcOEt (150 m! x 2) and AcOEt layer was further extracted
with 5% NaCO; (150 ml x 2). Alkaline aqueous layer was
then acidified with 6N-HCI to pH 3 to liberate free citrinin
(1) and extracted with AcOEt. Organic layer was washed
thoroughly with H,0, dried over Na,SO, and evaporated to
dryness. The residue was dissolved in CHCl; and chro-
matographed on acidified silica gel (impregnated with 0.5 N
oxalic acid). A yellow band eluted from the column gave
crude citrinin (1) (147 mg). Upon recrystallization from
AcOEt gave golden ycllow needles of m.p. 161-162°.

Mass and NM R spectra. Mass spectrum was recorded on
a JEOL DX-200 equipped with computer data processing
system. "*C-NMR spectra was recorded on a JEOL FX-100,
Vanan XL-200 or JEOL FX-400. '"O-NMR spectra was
recorded on a JEOL FX-90Q or FX-400.

X-Ray analysis of citrinin (1). The crystals of 1 grown in
CHCl, was found suitable for X-ray analysis. The crystal is
orthorhombic, space group P2,2,2, with four molecules in
a cell of dimension, a=12.238(6). b =13.4521(7),
c=7.3000(4) A.Dx=1.38cm~*and V = 1201.8 A>. A total
of 1336 reflections was recorded within the 6 range of 3-60°.
The structure was solved by the direct method (MULTAN)
and refined by the block-diagonal least-squares (BLS). An
R value was 0.0522 for 1336 reflections including aniso-
tropic temp factors for 13 carbon and 5 oxygen atoms, and
isotropic for 13 H atoms. Further refinement with 8 times
BLS and one of methyl H atom not found before was placed
on the calculated position to give a final R value of 0.0518.
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