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Regulation and Metabolic Background of Polyketide Formation.
I. Effects of (—)-H‘ydroxycitrate and Metabolic Roles of Citrate

and Malate in Fatty Acid and Polyketide Formations
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The effects of (—)-hydroxycitrate on fatty
acid and alternariol syntheses from glucose
and acetate in Alternaria alternata were inves-
tigated.

Fatty acid synthesis from glucose and
acetate was inhibited by (—)-hydroxycitrate.
The inhibition could partly be removed by
the addition of malate or isocitrate. Alter-
nariol synthesis from glucose was also inhibited
by (—)-hydroxycitrate. This inhibition was
not influenced to the same extent by malate
addition as was that of fatty acid synthesis.

It is shown that ATP-citrate lyase is essen-
tial not only for the production of cytoplasmic
acetyl-CoA but also for the production of
NADPH by supplying malate via oxaloacetate.

Fatty acid synthesis in animal tissue depends
on mitochondrially formed acetyl-CoA which
is transported to the cytoplasm as citrate.
The cytoplasmic citrate is cleaved by ATP-
citrate lyase (EC 4.1.3.8, ATP:citrate oxalo-
acetate-lyase) into oxaloacetate and acetyl-
CoA which is used for fatty acid synthesis.!

ATP-citrate lyases from the fungi Penicillium *
and Mortierella ® were recently reported. The
fungus Alternaria alternata forms in addition
to fatty acids also the polyketide alternariol
from acetyl-CoA.* The biosyntheses of fatty
acids and polyketides differ only in the reduc-
tion steps which are present in fatty acid syn-
thesis but not in polyketide synthesis.t It
was therefore decided to test the ATP-citrate
lyase system and its influence on the formation
of these two groups of compounds of acetyl-
CoA origin in A. alternata.
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(—)-Hydroxycitrate, a powerful inhibitor
of ATP-citrate lyase,® inhibits fatty acid
synthesis in the rat.*® It is assumed that the
inhibition depends on a shortage of cytoplasmic
acetyl-CoA and Barth et al.® show that acetate
can overcome this inhibition, probably by
forming cytoplasmic acetyl-CoA independently
of ATP-citrate lyase.

In the present investigation the effects of
(—)-hydroxycitrate on fatty acid and polyke-
tide biosyntheses have been studied by incorpo-
ration experiments with labelled glucose and
acetate.

MATERIALS AND METHODS

Cultural conditions. Alternaria alternata (tenu-
28) (CMI 89 343) was obtained from the Com-
monwealth Mycological Institute (Kew, Surrey).
Stock cultures of this organism were main-
tained at 4°C on agar as described by Jereb-
zoff.* Submerged cultures were incubated from
the agar slants in conical flasks of 500 ml
capacity containing 150 ml modified Czapek-
Dox medium of the following composition:
NaNO,, 1.0 g; NH,CI, 0.25 g; KH,PO,, 1.0 g;
MgSO,.7H,0, 0.5 g; KCl, 0.25 g; NaCl, 0.25
g; ZnS0,.7H,0, 0.01 g; FeS0,7H,0, 0.01 g;
yeast extract, 1.0 g; glucose, 40 g and distilled
water, 1000 ml. The mycelium was harves-
ted by filtration after 5 to 10 days and washed
with modified Czapek-Dox medium containing
5 g glucose per 1000 ml but deficient of nitrogen
substrates.

Incubations. Portions of wet mycelium (0.50
g) were incubated in 25 ml conical flasks con-
taining 5 ml modified nitrogen-free Czapek-Dox
medium with 6 g glucose per 1000 ml and
2 mM sodium acetate. The flasks were incuba-
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ted for 6 h on a table rotary shaker at room
temperature. Further additions to the medium
were done to the following concentrations
and as sodium salts, 4 mM (—)-hydroxy-
citrate; 2 mM malate; 2 mM isocitrate. The
following labelled compounds were used: either
1 uCi [U-4C] glucose and 5 uCi 2-C-acetate
in separate incubations or a combination of
1 uCi [U-1C] glucose and 2.5 uCi 2-*H-acetate
in a single incubation. The latter combination
was preferred in the later stage of the experi-
ments, saving time and increasing precision.

Incorporation of label. Lipids and alternariol
were extracted from the mycelium using
Floch’s method ** with chloroform-methanol
(2:1, by vol.) with 10 ml solvent for 0.5 g wet
mycelium. The filtrate obtained from the ex-
traction was shaken with 2 ml water, and the
lower phase washed with 2 ml methanol-water
(1:1, by vol.). The organic phase containing
lipids and alternariol was evaporated to dryness.
The residue was chromatographed on thin
layer silica gel in benzene-dioxane-acetic acid
(95:25:4, by vol). Lipids (R 0.65—0.85) and
alternariol (Rp 0.36) were localized with a
radiochromatogram scanner and observation
of fluorescense. The activity was eluted from
the gel and counted in a Packard Tri-Carb
Scintillation Spectrometer.

Scintillation fluid used was toluene containing
4 g PPO and 50 mg dimethyl-POPOP per
1000 ml. Alternariol was dissolved in 500 ul
methanol before adding the scintillation fluid.

Material. 2-*H-Acetate was obtained from
the Radiochemical Centre, Amersham, England
and [U-MC] glucose and 2-“C-acetate
from New England Nuclear, Dreieichenhain,
W. Germany. (-—)-Hydroxycitrate was pre-
pared from trans-aconitic acid by a modifica-
tion of the method of Martius and Maué.!
Silica gel plastic sheets were obtained from
Schleicher and Schiill, W. Germany.

RESULTS AND DISCUSSION

All results are calculated as percentage of
a control incubation without inhibitor or other
additions. This procedure allows comparison
between different cultures. Means and errors
are calculated on the basis of the calculated
percentages.

Inhibition with (— )-hydroxycitrate. On addi-
tion of (—)-hydroxycitrate to the incubation
medium the syntheses of fatty acids and alter-
nariol from glucose are inhibited (Table 1).
As (- )-hydroxycitrate inhibits ATP-citrate
lyase the inhibitions of the biosyntheses of
these compounds demonstrate that this enzyme
is essential in A. alternata for the production
of cytoplasmic acetyl-CoA originating from
glucose. With exogenous acetate as precursor
fatty acid synthesis is inhibited but not alter-
nariol synthesis (Table 1). The unchanged
alternariol synthesis shows that (—)-hydroxy-
citrate has no influence on the formation of
acetyl-CoA and malonyl-CoA from acetate.
The inhibition of fatty acid synthesis from
acetate must therefore be due to (— )-hydroxy-
citrate affecting the availability of cytoplasmic
NADPH. The main difference between fatty
acid and alternariol syntheses, as pointed out
earlier, is the demand for NADPH in fatty
acid synthesis.

ATP-citrate lyase provides in addition to
acetyl-CoA also oxaloacetate. This oxaloacetate
is reduced by cytoplasmic NADH to malate with
malate dehydrogenase (EC 1.1.1.37, L-malate:
NAD+ oxidoreductase). The cytoplasmic malate
is partly utilized in a shuttle system for transport
of citrate out of the mitochondria. Inside

Table 1. Effects of (— )-hydroxycitrate, malate, and isocitrate on fatty acid and alternariol syntheses in
vivo in Alternaria alternata. The results are the mean + S.E.M. of the number of experiments indicated

by the figures in parentheses.

Addition Fatty acid synthesis from Alternariol synthesis from
glucose acetate glucose acetate
% % % %
Control 100 100 100 100
Hydroxycitrate 40+ 2 (10) 60+ 6 (6) 54+ 4 (9) 107+ 6 (4)
Hydroxycitrate+ malate 68+4 () 98+ 19 (2) 67+ 2 (4) 118+ 5 (2)
Hydroxycitrate + isocitrate 66+6 (2) 92+ 16 (2) - 112434 (2)
Malate 93+ 13 (5) 92 (1) 119+ 2 (5) 109 (1)
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Pyruvate = Pyruvate
NADPH
NADH NADH
Oxaloacetate ‘i——— Malate Malate=== Oxaloacetate
Acetyl-CoA Citrate Citrate Acetyl-CoA
b
Isocitrate Isocitrate
Malate Malate NADPH
a-Oxoglutarate a-Oxoglutarate
Mitochondrion  Membrane  Cytoplasm

Fig. 1. The roles of malate in cytoplasmic
NADPH regeneration processes and mito-
chondrial shuttle system. a: Formation of
cytoplasmic acetyl-CoA from mitochondrial
acetyl-CoA. Malic enzyme deprives citrate
transport of malate. b: Formation of NADPH
by cytoplasmic isocitrate dehydrogenase.

the mitochondria the malate is reoxidized
to oxaloacetate and subsequently reutilized
for citrate formation (Fig. la).

The inhibition caused by (—)-hydroxy-
citrate can be influenced by the addition of
exogenous malate (Table 1). On addition of
malate to (—)-hydroxycitrate inhibited cells
glucose is incorporated more efficiently into
both fatty acids and alternariol. The inhibi-
tion of fatty acid synthesis from acetate is
entirely removed on addition of malate to
(—)-hydroxycitrate inhibited cells. These re-
sults are interpreted in the following manner.
Since malate alone does not influence fatty
acid and alternariol syntheses in the same way
as when malate is added to inhibited cells,
(—)-hydroxycitrate is likely to induce a short-
age of malate. It seems that the addition of
malate to inhibited cells mainly influences
the production of cytoplasmic NADPH since
fatty acid synthesis is the one that is most
promoted by malate addition. Besides being
involved in the mitochondrial transport of
citrate and reducing equivalents, malate thus
seems to play a role in the production of
NADPH.

Cytoplasmic malic enzyme [EC 1.1.1.40,
L-malate:NADP+ oxidoreductase (oxaloacetate-
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decarboxylating)] will split malate to pyruvate
and carbon dioxide with the concomitant
formation of NADPH, Malate can also parti-
cipate in NADPH formation in a more indirect
way by being used for transport of isocitrate 12
out of the mitochondria (Fig. 1b). Cytoplasmic
isocitrate dehydrogenase [EC 1.1.1.42, threo-
-D-isocitrate:NADP+ oxidoreductase (decarbox-
ylating)] will oxidize isocitrate to «-oxoglu-
tarate and provide NADPH. «-Oxoglutarate
is then transported into the mitochondria
in exchange for malate.’* A reduced malate
concentration would thus reduce the transport
rate of isocitrate and possibly also the pro-
duction of cytoplasmic NADPH. The participa-
tion of isocitrate dehydrogenase in wivo is
demonstrated by the reduction of the inhibi-
tion of the fatty acid synthesis on the addition
of isocitrate to (—)-hydroxycitrate inhibited
cells (Table 1).

* Exogenous isocitrate is able to dilute the
radioactivity of citrate formed from labelled
glucose in the reaction catalysed by aconitase
[EC 4.2.1.3, citrate (isocitrate) hydro-lyase].
This enzyme, however, is inhibited by (-—)-
hydroxycitrate * and such a dilution effect
should thus be of no significance.

It is important to take into consideration
the role of malate for the transport of citrate,
isocitrate and «-ketoglutarate in fatty acid
and polyketide syntheses. Every citrate mole-
cule leaving the mitochondria must be ex-
changed with one malate molecule. If malic
enzyme splits malate in the cytoplasm this
leads to a loss of malate for transport of citrate
and isocitrate. This loss must be met by a
cytoplasmic synthesis or by transport of
malate from the mitochondria. It is therefore
possible that isocitrate dehydrogenase is the
principal NADPH producer, depending on
but not consuming malate, whereas malic
enzyme would mainly have a regulating
function by affecting the malate concentration.
The inhibition of malate formation induced
by (- )-hydroxycitrate thus causes the ob-
served restriction of NADPH formation.
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