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Clotrimazole and triadimefon are known as potent inhibitors of ergosterol synthesis in
pathogenic yeasts and fungi, respectively. As their mode of action generally the inhibition of
sterol desmethylation reactions is accepted. We report about a second effect, a “feed-back”
inhibition of 3-hydroxy-3-methyl-glutaryl (HMG)-CoA-reductase by accumulation of ergosterol
precursors. Addition of lanosterol to intact cells leads to an inhibition of HMG-CoA-reductase as
well, but not to fungistatic effects. From the reported data the influences of clotrimazole and
triadimefon have to be considered as an inhibition of desmethylation reactions involved in
ergosterol synthesis of yeasts and fungi with a concomitant decreased production of mevalonate.

Introduction

During the last decade a number of N-substituted
imidazole as well as triazole derivatives, effective
against human pathogenic and phytotoxic fungi and
yeasts, have appeared on the market. The first
compound from this series is the broad-spectrum
antimycotic clotrimazole (Canesten® (I)) [1]. Clo-
trimazole is an imidazole derivative as well as
miconazole (II) [2] and econazole (III) [3], which is
chemically closely related to miconazole. Active
ingredients against phytopathogenic fungi are the
imidazole imazalil (IV) [4—6] and the triazole
derivatives triadimefon (Bayleton ® (V)) and fluotri-
mazole (VI) [7, 8]. Besides this the fungicides
fenarimol (VII) and denmert (VIII) have been
reported to inhibit ergosterol biosynthesis in fungi
as well [4—6].

All these fungicides retard fungal growth by
causing morphologic abnormalities in a very similar
manner [4, 8—13]. They hardly inhibit growth of
conidiae but suppress extension of hyphae. The

Abbreviations: HMG-CoA-reductase, 3-hydroxy-3-methyl-
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latter swell and branch extensively in presence of
those fungicides. Another similarity is their effec-
tiveness against powdery mildew.

Within the last years a number of investigations
dealing with the mode of action have been carried
out. All these compounds (I-VIII) have been re-
ported to inhibit desmethylation at 24-methylene-
dihydrolanosterol in ergosterol biosynthesis [14].
An exception from this mechanism is the fungicide
tridemorph (IX) which attacks at a later stage of
ergosterol synthesis, i. e. 4° to A”-isomerisation [15].

The now presented investigations deal with the
problem of the physiological consequences which
result from accumulation of trimethylsterols. From
studies with the mammalian liver system as well as
from plants it had become evident that exogenously
applied sterols may regulate the HMG-CoA-re-
ductase by a “feed-back-control” [16—23]. We de-
monstrate that the regulation of the enzyme in
yeasts and fungi depends on similar conditions.

Materials and Methods

Chemicals: Chemicals used were reagent grade.
Radioactively labelled HMG-CoA and mevalonate
were purchased form NEN.
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Organism and culture conditions: Fermentation of
Saccharomyces cerevisiae: precultures of Saccharo-
myces cerevisiae are grown on the following media:
glucose 1%, (NH,),SO, 0.3%, KH,PO, 0.2%, citric
acid 0.2% K,CO,, 0.2%, MgSO, 0.07%, NaCl 0.05%,
yeast extract (Bacto) 0.25%, vitamin Bg 0.001%
(aqua dest.).

After sterilisation (20 min, 110 °C) the pH-value is
5.7. 100 ml of medium in 1 l-Erlenmeyer-flasks are
inoculated from agar slants with an inoculation loop
and incubated on a shaker at 240 rpm for 48 h at
28°C.

Experimental incubation (semianaerobic): 1 I-Er-
lenmeyer-flasks containing 400 ml of the following
medium are inoculated with 1 ml of the well grown
preculture and incubated on a shaker at 50 rpm for
24h at 28°C: glucose 20%, yeast extract (Bacto)
1.0%, NaCl 0.5%, peptone (Bacto) 2.0% (aqua dest.).
Glucose was sterilizied separately (30 min, 121 °C)
and added to the medium after cooling. The pH-
value was adjusted to 5.7 before sterilisation.

Isolation of subcellular fractions: The isolation of
subcellular fractions was carried out according to
Middleton and Apps [24] with some modifications
according to Shimizu et al. [25]. After incubation
the cells were isolated by centrifugation (6000 x g)
and washed twice with 0.1 M Serensen-buffer,
pH 6.2. The resulting pellet amounts to 0.5 to 1g
wet weight. The cells are incubated for 30 min
at 28°C in 10ml 0.2 M mercaptoethanol, 25 nM
EDTA, 0.01 M Tris/HCl-buffer, pH 8.0. After centri-
fugation at 6000 x g the cells are resuspended in
Sml 0.2M citric acid/phosphate-buffer, pH 5.6,
0.6 M mannitol, together with 200 pl arylsulfatase/S-
glucuronidase (Boehringer) and incubated for 2.5 h
at 28 °C. Cells are centrifugated and disrupted by
pottering (Potter S, Fa. Braun) in 4ml 50 mM
Serensen-buffer, pH 7.2, 0.6M mannitol, S mMm
EDTA. The degree of cell disruption can be ob-
served microscopically.

The following fractionated centrifugation is car-
ried out according to Shimizu et al. [26] at 4 °C.
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The pellets are dissolved in 50 mM Serensen-
buffer, pH 7.2, 0.6 M mannitol. The efficiency of the
isolation procedure is proved with succinate-dehy-
drogenase as marker-enzyme for mitochondria, ac-
cording the method of Sisakyan ez al. [27].

Estimation of HMG-CoA-reductase [EC 1.1.1.34]
activity

Incubation was carried out after the method of
Hummel [28] with some modifications according to
Huber [29]. Radioactively labelled HMG-CoA was
incubated in presence of a NADPH generating
system, ie. glucose-6-phosphate/NADP+/glucose-
6-phosphate dehydrogenase. Enzymatic reaction
was started by addition of 0.2 ml cell fraction to
1 ml incubation solution containing 167 mM Seren-
sen-buffer, pH 7.2, 25 mM sucrose, 75 mM nicotin-
amide, 20 mm EDTA, 33 uM unlabelled HMG-CoA,
11 pM DL-3-[methyl-*H]-HMG-CoA (spec. act. 8.2
Ci/mMm), 10 mM glutathion-SH, 1 um NADP+* and
5 pl glucose-6-phosphate-dehydrogenase suspension.

Method 1. After 20 min at 28 °C the reaction is
stopped by addition of 1 ml 3N H,SO,. R/S-meva-
lonic-2-[**C]acid, DBED-salt (spec. act. 3.7 Ci/mM)
is added (30000 cpm). In order to isolate the meva-
lonolactone, which is generated under these condi-
tions, 1 ml of the test solution is applied to a
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Na,SO,/sea-sand  (2/1)-column (2.5 cm x 15 cm)
which is equilibrated with diethylether. The elution
is carried out with 100 ml diethylether. The ether
fraction is evaporated to dryness and the mevalono-
lacton is redissolved in S ml water, applied to a
Dowex 1 x 8-column (1 cm x4 cm, Cl--form) and
eluted twice with 10 ml water. The eluate is evap-
orated to dryness and redissolved with two times
7 ml scintillator-cocktail (11 toluene, 0.5 dimethyl-
POPOP, 5 g PPO). The double labelled fraction is
counted in a f-LSC (Philips PW 4700).

Method 2. After incubation (20 min, 28 °C), the
reaction is stopped by addition of 1 ml 3 N H,SO,.
10 pl of the test solution is applied to a HPTLC-
plate (silicagel 60, Merck), eluted with isopropanol/
water (3/1 =v/v) and counted with a Berthold-
Friesecke-scanner.

In case of inhibition studies the microorganism is
cultivated in presence of the inhibitor (ethanolic
solution) in culture medium. Measurements of di-
rect inhibition are carried out by addition of the
reagents to the test solution. Protein contents of the
subcellular fractions are estimated according to
Lowry ez al. [30].

Results and Discussion

Gibbons ez al. [31] reported the HMG-CoA re-
ductase activty in Saccharomyces cerevisiae to be
found in the microsomal fraction after isolation
of subcellular fractions. We confirm this ob-
servation. Table I shows the specific activities of
the subcellular fractions. From these data the spe-
cific HMG-CoA reductase activity in Saccharo-
myces is within the same range as compared to the
isolation from mouse liver [17]. In the following the
estimation of HMG-CoA-reductase activity was
carried out with the microsomal fraction.

Table . HMG-CoA-reductase activity in subcellular frac-
tions (determination of activity according to method 1,
24 h fermentation).

Fraction Spec. activity
[pmol min~ mgpret "]
nuclei n.d.
mitochondria 1255
supernatant n.d.
microsomes 240 + 25
microsomal 20+ 8
supernatant
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First the question should be answered whether the
addition of triadimefon or clotrimazole has an
effect on the specific activity of the HMG-CoA
reductase. For this purpose we demonstrate the
enzyme activity of untreated Saccharomyces cere-
visiae as well as the activity after fermentation in
presence of clotrimazole and triadimefon, respec-
tively. Fig. 1 shows the specific activity of HMG-
CoA-reductase as a function of fermentation time.
The estimation of cell number as a function of
fermentation time showed an analogous course
(Fig. 2). Additionally, one should consider that, on a
quantitative level, there is a difference between
sensitivity of the HMG-CoA-reductase and the
inhibition of growth due to the primary effect of the
compounds towards desmethylation reactions, i.e.
that growth of the microorganism is more effec-
tively inhibited than the specific HMG-CoA-re-
ductase activity. Generally, these two curves clearly
indicate that incubation of Saccharomyces cerevisiae
with fungistatic azoles leads to fungistatic effects
and to the inhibition of HMG-CoA-reductase as
well.

In order to investigate some more details about
the mode of inhibition of the enzyme we incubated
the microsomal fraction directly with clotrimazole
and triadimefon. Table I shows the results. From
these experiments it is obvious that a direct inter-
action between the enzyme and the azoles cannot be
observed. So the question is wether the reduction of
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Fig. 1. Microsomal HMG-CoA-reductase activity as a
function of fermentation time; a) untreated; b) in presence
of 2.9 x 10~* M clotrimazole; c) in presence of 3.4x 10— M
triadimefon; addition of inhibitors at t = 0.
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Fig. 2. Cellnumber as a function of fermentation time; a)
untreated; b) 2.9x10°M clotrimazole; ¢)3.4x 10~°*M
triadimefon; addition of inhibitors at 7 = 0.

enzyme activity, observed by incubation with intact
cells, depends on the primary action of the azoles,
i.e. inhibition of sterol desmethylation and the
concomitant accumulation of 4,4,14-trimethylsteroles.
So the more detailed question was, whether the
accumulation of trimethylsteroles leads to an inhibi-
tion of HMG-CoA-reductase as well.

For this purpose we incubated whole cells of
Saccharomyces cerevisiae with lanosterol. In order to
look for a possible direct interaction of trimethyl-
steroles with the enzyme we incubated the subcel-
lular fraction with lanosterol as well. Table III shows
that the specific activity of HMG-CoA reductase is
reduced after addition of lanosterol to the fermen-
tation medium. On the other side a fungistatic
effect cannot be observed as is readily seen from the
cell number plot. Concerning the microsomal frac-
tion a direct inhibition of the enzyme by lanosterol
as well as by azoles is not detectable (Table II).

From the reported results the conclusion is ob-
vious that the observed inhibition of HMG-CoA

Table II. Influence on the microsomal HMG-CoA reduc-
tase by direct incubation with clotrimazole and triadimefon
(determination of activity according to method 2 after 24 h
fermentation).

Addition Spec. activity

[pmol min™ mgprot™’]
== 236 £ 18
clotrimazole (2.9 x 10~ M) 231+ 26
triadimefon (3.4 x 10~° M) 224+ 23
lanosterol (2.3 x 10~° M) 234+ 27
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Table III. Specific activity of the microsomal HMG-CoA reductase after fermentation in presence of different inhibitors
(determination of activity according to method 2 after 24 h fermentation).

Fermentation Spec. activity Cell number
in presence of [pmol min~ mgpret™?] x 108

B 248 £ 21 6.5+0.2
clotrimazole (2.9 x 10~° M) 67 13 0.710.2
clotrimazole (2.9 x 10~® M) 62*15 0.6 0.1
clotrimazole (2.9 x 10~7 m) 97+ 19 14102
clotrimazole (2.9 x 107® M) 228 £ 22 6.1£04
triadimefon (3.4 x 10~° M) 78 + 14 1.1 £0.1
triadimefon (3.4 x 10~° M) 112 £17 2.1%03
triadimefon (3.4 x 10~7 M) 238 + 27 6.41+0.5
triadimefon (3.4 x 10~® M) 254+ 26 6.6 £ 0.5
lanosterol (2.3 x 10~° M) 104 £ 15 6.4+0.5
lanosterol (2.3 x 10~® M) 102 + 17 6.21+04
lanosterol (2.3 x 1077 M) 121+ 15 6.8 +0.4
lanosterol (2.3 x 10~® M) 142+ 16 6.6 04
lanosterol (2.3 x 10~ M) 190 + 21 6.4+ 0.6
lanosterol (2.3 x 107! M) 256 £ 27 6.6 £ 0.4
ergosterol (2.3 x 10~° M) 257t 24 6.6 +0.5

reductase in intact cells, caused by the azoles,
depends on a “feed-back” control of the enzyme
which is responsible for an early step in ergosterol
synthesis. Similar effects have been described for
the mammalian enzyme previously [16—23]. So
Gibbons [19] reported an inhibition by cholesterol
precursors, oxygenated in position 32, and Schrop-
fer [16, 20] found a similar effect with 9-a-fluoro-
and 9-a-hydroxysteroles. Mitropoulos [17] even ob-
served an inhibition after addition of cholesterol. In
these cases a “feed-back”-control of the enzymes
should be responsible for a decreased ergosterol
biosynthesis as well.

For mammalian systems this kind of regulation of
HMG-CoA reductase seems well established. But
even for a plant system, Brooker and Russell [22]
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