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In order to disclose the enzymatic mechanism of the biosynthesis of anthraquinoid
pigment of P. islandicum Sopp. an investigation was made on acetyl-CoA carboxylase
and related enzymes with the following results. 1) With the stationary culture of P.
islandicum Sopp. on Czapek medium, luteoskyrin and other quinoid pigments were pro-
duced in the late stage of fungal growth; 2) Sodium arsenate, monoiodoacetate, 2,4-
dinitrophenol and monofluoroacetate inhibited the fungal growth and the pigment for-
mation, and malonate stimulated the latter. 3) With the crude and partially purified
enzyme preparations of mechanically-disruptured mycelium, the formation of malonyl-
CoA, the first intermediate of anthraquinoid pigments, was demonstrated. 4) With the
crude extract of the mycelium, malonyl-CoA was decarboxylated to yield acetyl-CoA.
5) With the supernatant of the crude extract, the carboxyl group of pyruvate was
exchanged with CO,. 6) In the early phase of the fungal growth, activities of
aldolase and citrate synthetase were relatively high, and in the later stage activities of
malate dehydrogenase and glucose-6~phosphate dehydrogenase were remarkably high.

Penicillium islandicum Sopp. produces more than dozen quinoid pigments in which luteo-
skyrin is proved to be a hepatotoxic mycotoxin.®) With the aid of labeled precursors, it is
assumed that the anthraquinoid molecule of pigments is derived % vivo by the condensation
of acetate and malonate.¥ Experiments carried out with avidin indicated that biotin-con-
taining enzyme, acetyl-CoA carboxylase, catalysed the first step of the synthetic reaction and
malonyl-CoA produced was presumably the first intermediate of the pigment biosynthesis.?

In the present report, as a step to disclose the enzymatic mechanism of the biosynthe-
sis of pigment 4% vitro, the authors investigated acetyl-CoA carboxylase and related enzymes
in the cell-free system of the mycelium, and the results indicated that activities of acetyl-
CoA carboxylase, malonyl-CoA decarboxylase and pyruvate dependent fixation of CO, were
demonstrated in the cell-free extract and that in the early phase of fungal growth aldolase
and citrate synthetase were highly active and in the later phase dehydrogenase such as ma-
late dehydrogenase and glucose-6-phosphate dehydrogenase were active.

Materials and Methods

Fungus Strain E of P. islandicum Sopp. which was isolated from ‘‘Yellowed Rice’”” by Dr H. Tsunoda,
the Food Research Institute, was used throughout the experiment, and the fungus was stored at 4° after
an inoculation on Czapek-agar (sucrose 30 g, NaNO, 2 g, K,HPO, 1 g, MgSO, 0.5 g, FeSO, 0.01 g, agar 15 g,
in one liter of deionized water) for two weeks at 27°
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Culture——Fifty ml of sterile Czapek medium in 200 ml of Ehlenmeyer flask were inoculated with spores.
The flask was incubated at 27° and after appropriate intervals of the stationary culture, the mycelium was
harvested and washed with deionized water to remove fungal metabolites around the cells.

Preparation of the Cell-Free Extract Ten g of the mycelium, which were previously cut into a small
piece, were suspended in 10 ml of 0.1 M potassium phosphate buffer (pH 7.4)-0.001 M K-EDTA, and after
adding of 10 g of acid-washed glass beads (0.5 mm in diameter), were agitated in the cell homogenizer of Mer-
kenschlager, ef al.9 for 2 min at 1 to 3°. The fluid was decanted from the beads and the turbid solution
adjusted at pH 7.4 with 2 n KOH was centrifuged for 10min at 3000 X g. The turbid brown supernatant
was used as the crude extract (S-3), and for some experiments the extract was dialysed against the same
buffer for 4 hr in a cold room (S~-3D), centrifuged at 10000 x g for 30 min (S-10), or fractionated with am-
monium sulfate. All operations were conducted at 4° with precooled materials and equipments.

Measurements of Enzyme Activity——Components of incubation mixtures and condition of the incubation
were illustrated in the appropriate Tables and Figures. Incorporation of acetate-1-1*C into a lipid fraction
and a carboxylation of acetyl-1-14C-CoA were conducted in the presence of supplemented fatty acid synthe-
tase of yeast, and the extraction of labeled lipid was conducted by the method of Numa, ef al.”) Malonyl-
CoA decarboxylase was measured by the enzymatic determination of the remaining malonyl-CoA in the
reaction mixture at the various time of the incubation. After the incubation, 0.1 mi of 2 N H,S0, was
added to the mixture to stop the reaction, and malonyl-CoA remained was measured by the decreased
amounts of NADPH in the presence of fatty acid synthetase and acetyl-CoA, according to the method of
Wakil and Gunguly.®

Fixation of radioactive CO, was measured by the incorporation of CO, in the presence of pyruvate.
The assay was conducted at 37° in stoppered 10 X 100 mm test tubes. After incubation for 30 min, 0.2 ml
of 209 H,SO, was added and the remaining #CO, was completely removed by passing a stream of N, gas
through the ice-cold mixture for 15 min, or by adding a small piece of solid CO, into the mixture. After
centrifuged, the supernatant was adjusted to pH 7 and 0.4 ml was mixed with 10 ml of a scintillation
solution of Bray® to count the radioactivity.

The activity of glucose-6-phosphate dehydrogenase, malate dehydrogenase and aldolase were measured
photometrically by observing the change in the optical density at 334 mu of NADH or NADPH. Citrate
synthetase was measured by coupling the synthetase and malate dehydrogenase according to the method
of Berg.!9 Pyruvate kinase was measured by coupling the kinase and lactate dehydrogenase according to
Bucker and Peleidered.!

Chemicals Fatty acid synthetase was prepared from baker’s yeast according to Lynen'? and the
second ammonium sulfate fraction was employed for experiments. Acetyl-CoA and acetyl-1-*C-CoA
were synthesized from CoA and acetic anhydride according to Ochoa,*® and malonyl-CoA was prepared
from CoA snd S-malonyl-N-caprylcysteamine according to Eggerer and Lynen.® NAD, NADP, their
reduced forms, CoA, phosphoenolpyruvate, ATP, ADP, malate dehydrogenase, lactate dehydrogenase,
glyceroaldehyde-3-phosphate dehydrogenase and citrate synthetase were the product of Boeringer and
Soehne, Mannheim. BalCO,; (20.3 mC/mm) and acetate-1-14C (29.0 mC/mm) were purchased from the
Radiochemical Centre.

The content of total pigments in the mycelium was determined as followed; the mycelium was dried
at 60° overnight, and total pigments were extracted with acetone after removal of the mycelial lipids with
n-hexane. The amounts of pigments were determined by weighing the residue after evaporation of the
solvent. The content of protein in the fungal extract was measured by the method of Lowry, ef al.19
“Oxalated silica plates” for a thin-layer chromatography of pigments were prepared from a slurry of
Kieselgel G with 0.1 M oxalic acid, and acetone-n-hexane-water (6:3:1.5) was used as a developer.
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Results

Fungal Growth and Pigment Formation
Production of the fungal mycelium and

pigment was investigated at appropriate

intervals of the cultivation. As shown in I .
Fig. 1, the fungus started to produce a white w i
mycelium after 3 days of the cultivation, :Ej 4001 'IOOE
and the increase in the mycelial weight was B K
significant during 5—7 days of the culture. g g
While, the increase in total pigments, which s 2
was represented by the acetone-soluble ma- %200&" 20 =
terials of the dried mycelium, was remar- 2 ‘ e
kable during 8—10 days of the culture. z | -‘,
Thin-layer chromatography of the extracted a o S 0
pigments indicated that the relative amount 0 2 4 6 8 10 12 14

of luteoskyrin, skyrin, islandicin, iridoskyrin
and rubroskyrin was scarcely varied during
the growth phases of the mycelium.

Fig. 1. Daily Changes of Fungal Growth
and Pigments Formation

Effects of Metabolic Inhibitors on the Mycelium Growth and the Pigment Formation

Effects of metabolic inhibitors for citric acid cycle and glycolysis on the fungal growth
and pigmentation were examined, as shown in Table I. Arsenate, monoiodoacetate, 2,4-

Tasie I. Effects of Metabolic Inhibitors on the Mycelial Growth
and Pigment Production

Concentration  Mycelium Pigments

Inhibitor iy mg mg o,
Sodium arsenate .0 308 47 15.4
10-3 343 52 13.1
3 10-2 0 — —_
Monoiodoacetatg 0 320 35 11.1
10-¢ 319 32 9.7
103 306 29 9.7
5.10-3 225 6 2.8
104 209 i 3.2
103 0 —_— —_
2,4-Dinitrophenol 1073 264 35 14.2
¢ 103 0 — —_
Monofluoroacetate S0 231 19 12.0
10-3 39 0 —_
Sodium azide 10-¢ 0 — —
Malonic acid 0 345 43 12.5
2.10°2 427 97 22.4
4.10-2 484 99 20.1

The spores of the fungus were inoculated on 200 m] Ehlenmeyer flask which contained 50 ml
of Czapek medium, and cultivated at 27° for two weeks. Each value in the Table represented
the mean of three flasks.

dinitrophenol, monofluoroacetate and azide inhibited both the fungal growth and pigment
formation at the concentration given in the Table. On the other hand, malonate, an inhi-
bitor of succinate dehydrogenase in many biological systems, had a pronounced stimulatory
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effect on the pigment formation without influencing the fungal growth at the concentration
of 0.02 and 0.04 m.

Aldolase and Citrate Synthetase

As shown in Fig. 2 and 3, the specific activities of aldolase and citrate synthetase in the
crude extract (S5-3) were highly active in the early phase of the fungal growth and gradually
decreased in proportional to the time of cultivation.
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Fig. 3. Activity of Citrate Synthetase in
the Crude Extract

Reaction mixture contained the following com-

Fig. 2. Activity of Aldolase in the Crude
Extract of Mycelium

Reaction mixture contained the following com-

ponents (in gmoles); Tris~HCI buffer (pH 7.5) 50,
hexose-1,6-diphosphate 3.3, glycine 2.6, NagHAs-
0O, 0.5, NAD 0.1, and glyceroaldehyde-3-phos-
phate dehydrogenase 3 ug, in total volume of 1.0
ml. The mixture was incubated at 25°, and the
optical density at 334 mp was measured.
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Fig. 4. Activity of Glucose-6-phosphate
Dehydrogenase

Reaction mixture contained the following
components (in umoles); glycylglycin (pH 7.5)
25, glucose-6-phosphate 0.5, MgCl, 20, NADP
0.13. Total volume was 1.0 ml, and the mixture
was incubated at 25°.

ponents (in umoles); Tris~HCI buffer (pH 8.1) 200,
K-malate 12, acetyl-CoA 0.1, NAD 0.3, and
malate dehydrogenase 3 ug, in total volume of
1.0ml. The mixture was incubated at 25°, and
the optical density was measured at 334 mu.

1.5¢

1.0t

NADH oxidized (#mole /mg protein)

0 Y Uy Y SO SO SR
0 4 6 8 10 12 14
Days

Fig. 5. Activity of Malate Dehydrogenase

Reaction mixture contained the following com-
ponents (in umoles); Tris-HCI buffer (pH 7.4) 25,
oxaloacetate 2,23, NADP 0.043, in total volume of -
1.0 ml. The mixture was incubated at 25°,
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Glucose-6-phosphate Dehydrogenase and Malate Dehydrogenase
In contrast to the cases of aldolase and citrate synthetase, the specific acitvities of glu-
cose-6-phosphate and malate dehydrogenase in the crude extract (S-8) were low in the ini-

tial phase of the fungal growth and gradually increased in the log phase, as shown in Fig. 4
and 5.

Acetyl-CoA Carboxylase
The activity of acetyl-CoA carboxylase was examined with acetate-1-*C or acetyl-1-
1C-CoA as a substrate. In the case of acetate-1-'*C, as shown in Table II, the labeled pre-

TasLe II.  Incorporation of Acetate-1-14C into Lipid Fraction
by the Crude Extract of the 5 Da,ys~old Mycelium

. Acetate-1-14C incorporated
Enzyme Reaction system cpm/mg protein

(a) Crude extract (S-3) complete 480
(b) Dialysed crude complete 1640
extract (S-3D) minus KHCO, 980
minus G-6-P and G-6-P dehydrogenase 920

minus CoA 286

minus citrate 522

minus ATP 140

minus fatty acid synthetase 180

The complete system contained the following components (in #moles unless otherwise specified);
potassium phosphate buffer (pH 7.3) 10, MgCl; 10, MnCl, 0.03, KHCO, 5, glucose-6-phosphate 0.5,
CoA 0.05, ATP 2, NADP 0.5, NAD 1, cysteine 5, acetate-1-1C 0.5 (5 uC), citrate 5, K-EDTA 5,
glucose-6-phosphate dehydrogenase 10 ug and fatty acid synthetase 10 4g. Total volume was 0.6
ml, and the mixture was incubated at 25° for 30 min.

cursor was incorporated into a lipid fraction by the extract of 4 days-old mycelium in the
presence of supplemented fatty acid synthetase of yeast. This uptake was reduced when
KHCO,, CoA, citrate or ATP was omitted from the complete reaction system, and was in-
creased when the crude extract (S-3) was replaced by the dialysed one (S-8D).

In case of acetyl-1-'*C-CoA, as shown in Table III, the act1v1ty of carboxylase was not
demonstrated in the crude extract (S-3) and its first ammonium sulfate fraction. However,
when the dialysed supernatant of 0.8 saturation was refractionated with the same salt, the

Tasre I11. Acetyl -CoA Carboxylase in the 7 Da.ys-—old and 12 Days—old Mycelia

Acetyl-1-1*C-CoA incorporated

Enzyme fraction cpm/mg protein
7 days-old 12 days—old

Crude extract {S-3) 6 8
1st ammonium sulfate fraction

0.4 saturation 2 6

0.8 saturation 11 14

0.8 saturation supernatant 23 23
2nd ammonium sulfate fraction

0.4 saturation — 49

0.8 saturation 8 40

0.8 saturation supernatant 1.760 1.40

Reaction mixture contained the following components (in gmoles unless otherwise specified) ;
potassium phosphate buffer (pH 7.5) 20, ATP 2, MgCl, 10, Mg.K,-EDTA 8, NADP 0.2, cysteine
5, KHCO; 10, acetyl-1-14C-CoA 0.149, serum albumine 0.3 mg, fatty acid synthetase 10 ug and
glucose-6-phosphate dehydrogenase 10 ug, in total volume of 0.8 ml. The reaction mixture was
incubated at 27° for 30 min.
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uptake of acetyl-1-**C-CoA into the lipid fraction was demonstrated only with the superna-
tant of the second 0.8 saturation in the presence of supplemented fatty acid synthetase.
This activity was remarkably higher in 7 days-old mycelium than in 12 days—old one.

Malonyl-CoA Decarboxylase

?IOO Decarboxylation of malonyl-CoA was investigated
E 80} with the crude extract of 8 days—old mycelium, which
= col was in actively-synthesizing phase of the pigments.
= As shown in Fig. 6, the extract (5-3) decarboxylated
(I'S 40 rapidly malonyl-CoA to yield acelyl-CoA, and nearly
E 90% of the added substrate were disappered from
S 2 the reaction solution after 20 min incubation. The
E o e amount of malonyl-CoA disappeared was proportional
0 10 20 30 40 50 60 to that of the extract added, and this reaction did
Incubation time (min)
not occured when the crude extract was replaced by
Fig. 6. Activity of Malonyl-CoA the supernatant of the second ammonium sulfate
Decarboxylase

fraction.

Fixation of 4CO,

Enzymatic fixation of 1*CO, was demonstrated in
the extract of the mycelium. As shown in Table IV,
the dialysed crude extract (S-3D) catalysed the fixa-
tion of CO, in the presence of pyruvate, and the
addition of ATP and acetyl-CoA to the reaction
mixture stimulated the amount of fixed 1#CO,. The
stimulatory effect of supplemented ATP and acetyl-
CoA were remarkable when the extract (S-3D) was
centrifuged at 10000 x g for 30 min. The fixation

Reaction mixture contained the fol-
lowing components (in umoles); Tris-
HCI buffer 200, MgCl, 10, malonyl-CoA
0.1 and the crude extract (S-3) of the 8
days-old mycelium. Total volume
was 1.0 ml. At appropriate intervals
of the incubation at 37°, 0.1 ml of 2v
H,S0, was added to the reaction mix-
ture.  After adding 0.4 ml of In KH-
CQ; to the acidified mixture, the malo-
nyl-CoA remained was measured by
fatty acid synthetase system as fol-
lowed; potassium phosphate buffer (pH
7.4) 50 umoles, NADPH 0.1 ymole,
acetyl-CoA 0.04 pmole, serum albumine
0.6 mg, fatty acid synthetase 10 ug and
the malonyl-CoA solution, in total volu-
me of 1.0 ml, were incubated at 25°, and

the decrease of NADPH was measured
at 334 mpu.

did not occured when pyruvate was replaced with
oxaloacetic acid or phosphoenolpyruvate.

TasLe IV. Pyruvate-dependent Fixation of 1CO,
. 1CO, fixed

Enzyme Reaction system cpm/ m;r protein

(a) S-3D enzyme alone 1220
plus ATP and pyruvate 2960
plus ATP, pyruvate and acetyl-CoA 1990
plus acetyl-CoA 990
plus acetyl-CoA and pyruvate 804

(b) S-10D enzyme alone 956
plus pyruvate 2000
plus pyruvate and ATP 13500
plus pyruvate, ATP and acetyl-CoA

16000

The complete system contained the following components (in zmoles); Tris-HC1 buffer (pH
7.4) 200, ATP 5, MgCl, 5, KH“CO, 0.1 (2 4C), and (a) the dialysed crude extract (S-3D) or (b)
the dialysed supernatant (S-10D) of the 8 days-old mycelium. Total volume was 1.0 ml, and
the mixture was incubated at 37° for 30 min.

Pyruvate Kinase

The activity of pyruvate kinase in the crude extract (S-3) was measured in the following
conditions; Tris-HCl buffer (pH 7.5) 60 umoles, KCl 200 gmoles, NADH 0.15 gmole and lac-
tate dehydrogenase 10 ug, in total volume of 1.0 ml, were incubated at 25°, and the optical
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density at 334 mu was measured. The activity was 0.4, 0.7 and 0.4 ymoles/mg protein in
NADH oxidation in the mycelial extracts of the 6th, 7th and 9th day of the cultivation,
respectively.

Discussion

The polyacetate structure of many naturally occuring substances has been confirmed by
labeling studies with acetate-**C, and many of these compounds are derived by condensation
of acetate and malonate units, as suggested by Lynen and Tada.!® The suggested mecha-
nism is similar to that for fatty acid synthesis except that during the steps of condensation of
acetate and malonate units intermedial polyketothiolester is remained partially unreduced.
The incorporation of acetyl-CoA or malonyl-CoA into 6-methyl salicylic acid,!” patulin®
and alternariol'® supports the above-mentioned mechanism.

In the case of anthraquinoid pigments of P. islandicum Sopp. the nucleus of the mole-
cule is assumed to be derived by the same mechanism,? though no in vifro experiments were
reported.

As shown in Fig. 1, the rate of biosynthesis of pigments in P. islandicum Sopp. is sig-
nificantly high in the late stage of the fungal growth, and as shown in Table I, the pigment for-
mation was proved to be dependent closely upon glycolysis and citric acid cycle. Further-
more, aldolase and citrate synthetase, which were selected as parameters for the activities
of glycolysis and citric acid cycle, respectively, were highly active in the early stage of fungal
growth, as shown in Fig. 2 and 3, and dehydrogenases such as malate dehydrogenase and glu-
cose-6-phosphate dehydrogenase, which were selected as indicators for the dehydrogenation
reaction, were remarkably high in the late stage, as shown in Fig. 4 and 5. These findings
strongly indicate that the metabolic pattern of the mycelium and the enzymatic system for
the pigment formation differ in the stage of fungal growth.

In order to demonstrate the formation of malonyl-CoA, the activity of acetyl-CoA car-
boxylase was examined with acetate-*C or acetyl-**C-CoA as substrate. The dependency
of the incorporation on supplemented CoA and fatty acid synthetase indicates that this up-
take represents the carboxylation of acetate, as shown in Table II. However, when acetyl-
CoA was used as the substrate, the incorporation was observed only with the second ammo-
nium sulfate fraction, as shown in Table III. One of the reason why acetyl-CoA was not
incorporated by the crude extract was assumed to be due to the destruction of malonyl-CoA
formed by the contaminated decarboxylase. As shown in Fig. 6, the crude extract of 8 days
mycelium decarboxylated malonyl-CoA and this decarboxylation was not demonstrated
with the supernatant of the second ammonium fraction. The higher activity of acetyl-CoA
carboxylase in 7 days mycelium than in the case of 12 days one was coincident with the
actively synthesizing phase of the pigment.

In the preceding paper,? the fixation and incorporation into pigments of **CO, were ob-
served with the s vivo experiments. In this respect, the authors investigated the in vitro
fixation of *CO, using the extract of the mycelium. Among pyruvate, oxaloacetate and
phosphoenolpyruvate, the fixation of CO, was demonstrated only with pyruvate, and fixed
amount of *CO, was remarkably higher when the supernatant of the dialysed crude extract
was used as the enzyme source to indicate that pyruvate is the acceptor of CO, and the pro-
duced compound was utilized further by contaminated enzyme(s) of the extract. Pyruvate-
dependent fixation of CO, is considered to be catalysed by two enzymatic reactions; one is
the carboxylation of pyruvate to form oxaloacetate, and the other is the exchange of carboxyl

16) F. Lynen and M. Tada, Angew. Chem., 73, 513 (1961).
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group of pyruvate with “CO,.  No reduction of fixed radioactive material in the reaction
mixture by the addition of aniline?® and the activation of the fixation by added acetyl-CoA2d
indicate that the observed fixation of CO, in the presence of pyruvate is proceeded via the
exchange of carboxyl group of pyruvate, as in case of anaerobic bacterium.2?

Summing up the above discussion, it is concluded as follows: 1) Luteoskyrin and other
anthraquinoid pigments of P. islandicum Sopp. were synthesized in the late stage of fungal
growth; 2) With various enzyme preparations, acetate and acetyl-CoA were carboxylated
to yield malonyl-CoA, and malonyl-CoA formed was actively decarboxylated to acetyl-CoA;

3) In the pigment formation stage of the mycelium, the activity of dehydrogenases was com-
paratively high.
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