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Summary

Lipids influence ergat alkaloid biosynthesis in Claviceps purpurea mainly as structural ¢lements of
membaanes. Chloropheaaxy acids (CPA) were applied to C. purpurea cultuses to modify cellular lipid
composition. Mutant strain C. purpurea 59 accumulating tricyclic clavines and two parental strains 35
and 129 were used. All the CPA — clofibrate, 2-(4-chlorophenoxy)-acetate and 2-(4-chlorophenoxy)-
propionate (CPP) lowered lipid content. Fatty acid (FA) unsaturation index increased indicating a
stimulation of FA-desaturation and also FA-elongation. Sterol biosynthesis was impaired mainly in the
C(4)- and C(14)-demethylation resulting in a decrease of “membrane functional” (quasiplanar) sterols.
Relative content of phosphatidylethanolamine decreased 10fold. Changes in lipids correlated with the
decrease of microviscosity of cell membranes (measured as a steady state fluorescence anisotropy of the
protoplast membranes with DPH and TMA-DPH as probes). CPP in subtoxic doses stimulated alkaloid
production and changed alkaloid composition in the C. purpurea 59 strain impaired in chanoclavine
cyclase function.

Introduction

The relationship between biosynthesis and composition of lipids and biosynthesis of ergot
alkaloids have already been studied by several authors (WAIBLINGER and GROGER 1972; DEsAl
and REHACEK 1982; NEUMANN et al. 1979) who assumed that the regulatory interaction of
these metabolic pathways occurs at the level of distribution of the acetyl-CoA flow. The
hypothesis was based on the fact that the lipid content in mycelium of the fungus Claviceps
increased almost in parallel with activity of acetyl-CoA-carboxylase and alkaloid production
(REHACEK and Kozov4 1975).

We assume that lipids influence biosynthesis of alkaloids also via changes in the structure
of cell membranes or, accasionally, of lipid inclusions. A major part of alkaloid biosynthesis is

Abbreviations: CPA, chlorophenoxy acids; CPAc, 2-(4-chlosophenoxy)acetate; CPMP, 2-(4-
chlorophenoxy)-2-methylpropionate (clofibric acid); CPP, 2-(4-chlorophenoxy)-propionate; DPH, 1,6-
diphenyl-1,3,5-hexatriene; TMA-DPH, 1-(4-trimethylammonium)-phenyl-6-phenyl-1,3,5-hexatriene;
FA, fatty acids; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; 2,4-D, 2,4-dichlorophenoxyace-
tate; U.L., fanty acids unsaturation index; C;, cyclization index of chanoclavine cyclase; O,, oxidation
index of chanoclavine cyclase; PC, phosphatidyicholine; PE, phosphatidylethanolamine; DM, dry mass
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localized on endoplasmic reticulum (with the exception of first two enzymes found in
cytoplasm (VOR(SEK et al. 1983). The activity of these enzymes is usually associated with the
microsomal cell fraction — ¢.g. reactions mediated by cytochrome P-450 (Kim et al. 1981; Kim
et al. 1983). The activity of membrane enzymes is significantly affected by protein-lipid
conformation and hence also by the propertics of membranes depending on its lipid
composition.

To influence lipid biosynthesis of Claviceps cultures we used clofibric acid [2-(4-
chlorophenoxy)-2-methylpropionate] (CPMP) and its lower homologues DL-2-(4-
chlorophenoxy)-propionate (CPP) and 2-(4-chlorophenoxy)-acetate (CPAc). Clofibric acid
and its derivates are used as broad-spectrum hypolipaecmics in the clinical practice.

CPAc is a derivative of a well-known herbicide 2,4-D. All 3 chlorophenoxy acids also
exhibit slight auxin effects.

A mutagenic treatment increasing the production of clavine alkaloids in Claviceps strains
was associated with a substantial change in the spectrum of cell fatty acids (KREN et al. 1985).
Therefore, in the present work we aimed at a physiological regulation of lipid composition in
cells of C. purpurea production cultures with special respect to the production of alkaloids.

The mutant strain, C. purpurea 59 (KREN et al. 1986) is characterized by a high
accumulation of tricyclic clavines (chanoclavine-I and chanoclavine-I-aldehyde) probably due
to a damaged function of chanoclavine cyclase. This enzyme is responsible for closing the 4th
cycle in the ergoline ring. The phenotype of this mutation can be influenced by certain
membranc-affecting agents such as nystatin and clomiphen (PAZouTtovA et al. 1987). For
comparison we also used two ancestor strains C. purpurea 129 and 35 having a fully functional
chanoclavine cyclase and differing only in the level of alkaloid production.

Material and Methods

Strains and cultivation conditions

Strains Claviceps purpurea 129, 129/35 and 59 were obtained after UV mutagenesis (KREN ct al.
1986, PaZouTovA et al. 1987). The strains are deposited in the collection of the Institute of
Microbiology, Academy of Sciences (Prague) and were maintained on a medium T2 (agar-solidified),
cultivated on media TI (inoculation medium) and CS2 (production medium). Media composition and
cultivation conditions have been described elsewhere (KReN et al. 1984).

2-(4-Chlorophenoxy)-acetic acid, DL-2-(4-chlorophenoxy) propionic acid and 2-(4-chlorphenoxy)-
2-methylpropionic acid (Ega-Chemie, Steinheim/Albuch FRG) were added as Na-salt filter-sterilized
aqueous solutions at the beginning of cultivation. Ergosterol was added to the medium before sterilization
as an cthanolic solution to form a microcrystalline suspension. Sunflower oil was used as plant oil. The oil
was added prior to sterilization and during cultivation it formed fine emulsion. Soybean oil yiclded
similar results.

Analysis of cultures

All analyses were made (if not stated otherwise) in day 22 of production cultivation.

Total alkaloid content was determined by the van Urk reagent (KReN et al. 1984), composition of the
clavine mixture by TLC (KREN et al. 1986a) and biomass was determined gravimetrically.

Total lipids were extracted from lyophilized mycelium as described in (PAZouTovA et al. 1988) and
weighed. The composition was analyzed by TLC-FID (PAZouTovA et al. 1988) in a Iatroscan TH-10
Analyzer (latron, Japan). The sterols (as acetyl esters) were analyzed by GC-MS on a Hewlett-Packard
5995B apparatus (Hewlett-Packard, USA) with a capillary fused silica column 25 m x 0,20 Ukra
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1 (HP) (methylsilicone) (KREN et al. 1986b). Fatty acids composition was determined after alkaline
hydrolysis and methyl-esterification by GC-MS under conditions described previously (KREN et al.
1985).

The sterol/phospholipid molar ratio was calculated using relative molecular masses 396 and 800,

respectively.

Anisotropy of protoplast membranes

The membrane anisotropy was measured as a steady state fluorescence anisotropy of the protoplast
suspension with 1,6-diphenyl-1,3,5-hexatrienc (DPH) and 1-(4-trimethyl-ammonium)-phenyl-6-
phenyl-1,3,5-hexatriene (TMA-DPH). The membranes of protoplast prepared as in PA20UTOVA et al.
(1988) were labeled with DPH under conditions described previously (PAZouTovA et al. 1988) by adding
it as acetone solution to final conc. 10-*M. TMA-DPH was added immediately before the measurement
as an acetone solution to final conc. 5 + 10”7 M. All measurements were performed at 22 + 0.5 °Cina
SLM 4800 S (SLM Inc., Urbana, USA) spectrofluorometer operating in the T-format with light
modulation and frequency electronics off. All determination were made from 2 independent cultivations
from which lipid composition differred in less than 5% and fluidity measurements less than 10%. In
results, average values are shown.

Resuits and Discussion
Alkaloid Production

All chlorophenoxy acids tested decreased biomass production in all C. purpurea strains
used. The results obtained in C. purpurea 129/35 are illustrated in Fig. 1. Alkaloid production
was inhibited by most of the CPA used (Fig. 2).

However, the effect of CPP on alkaloid production was quite different. Low concentrations
(below 100 m CPP - 1™') increased the alkaloid production (Figs. 2, 3, Table 2). Optimal
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Fig. 1. Effect of chlorophenoxy acids on biomass production in Claviceps purpurea 129/35. @ 2-(4-
chlorophenoxy)-2-methylpropionate, O DL-2-(4-chlorophenoxy)-propionate, X (4-chlorophenoxy)-
acetate

Fig. 2. Effect of chlorophenoxy acids on ergot alkaloid production in Claviceps purpurea 129/35. See
Fig. 1 for symbols.
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Fig. 3. Effect of DL-2-(4-chlorophenoxy)-propionate on ergot alkaloid production in Claviceps purpurea
59 after 14 d and 21 d cultivation.

doses stimulating the production were strain-specific and varied within 10—60 mg - 17! The
same stimulatory effect was observed also in C. fusiformis (data not shown).
Chlorophenoxy acid influenced alkaloid biosynthesis more significantly (comparing with
other tested strains) in the mutant strain C. purpurea 59 (Tables 1, 2). Oxidation of
chanoclavine to its aldehyde (O;) decreased. Cyclization of chanoclavine aldehyde (index Cj)
increased proportionally with increasing CPP concentration. The content of chanoclavine-I-
aldehyde decreased and that of tetracyclic clavines in the alkaloid mixture increased (Table 2).

Fatty Acids and Phospholipids

The total lipid fraction in the mycelium (22 d) of C. purpurea was 22.1 %, which is quite
high compared to other fungi (WEETE 1980). CPP and other chlorophenoxy acids (results not
shown) decreased substantially the total lipid content.

Ali chlorophenoxy acids influenced fatty acid composition of the 3 C. purpurea strains
used in the same manner (Table 3). The content of palmitic acid decreased and that of long-
chain FA increased, of C,g acids in particular. At the same time the degree of FA saturation
changed; the fraction of mono- and di-enoic FA increased, of oleic (not in CPP) and linoleic
acid in particular. This situation resulted in an increase of the FA unsaturation index.
Chlorophenoxy acids probably stimulated desaturation and elongation of FA. KAWASHIMA et
al. (1984) observed similar effects on FA after administration of clofibrate in rats.

CPP, whose effect on lipid composition in strain 59 was studied more in detail, increased a
litle the percentage of free FA in the mycelium (Table 4). Inhibitors of sterol-C-14-
demethylases elicit in fungi similar changes in FA due to adaptive-type response to depletion of
membrane active sterols (WEETE 1987; SiSLER and RAGSDALE 1977).

However, comparison of total lipid extracts, which include both cytoplasmic acylglycerols
and membrane phospholipids, is of limited value particularly as acylglycerols, of which
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Table 1. Effect of 2-(4-chlorophenoxy)-propionate, plant oil and ergosterol on growth, alkaloid
production and membrane properties in strain C. purpurea 59 (all data from 22 day of production
cultivation). Date are means from 2 perallels.

Culture Dose Dry mats  Total alkaloids Specific Anisotropy* O G
g™ @g-1")  (mg-1") atkaloids of membcunes
(mg- (g DM)~']
Coouo) - D00 5350120 A D.)65 2 O.0O4 0.3 ).)2
cry 100 124408 55 1 )20 353 0.157 £ 0.003 0.68 ) BO
On 7200 1833207 7,034 1 )40 388 0.164 £ 0.005 0.79 0.73
Esgosterol 10 109404 6,002 90 S7T7 0.177 £ 0.005 2.66 3.49
CPP+ 100 15.1 £ 1.1 6,500 +.200 431 N.D. 0.62 0.85
Oil 7200
1

CPP+ 0 99 +05 550+ 170 355 N.D. 1.3 2.85
Ergosterol 1o

* Adisatropy of membranes measured wich OPH

G, — anidation inder = ((G0% chamaclevine)-(

C, — cycliaation index = % ietracyclic cisvines/% chanocalvine-)-aldehyde (PAZOUTOVA et al. 1997)
N.D. ~ pot determined

DM — dry mass

CPP — 2-(chlosophenoxy)-propionaie

Table 2. Effect of chiorophenoxy acids on ergot alkaloid production in C. purpurea strains 59. 129 and
129135 (day 22) — for further duta see Table 3.

C. pwpwea  lahibisx Alkaloids * (Day 12) Q G

coec.. ol A 8 £ <A

g1 (mg-)"hH% % % 0%
129 control - 2,377 68 27 4 1 - -
129 cre 100 3.473 iy 21 4 0 - -
129/35 control - 2,851 62 M4 4 0 - -
129/35 CPA 100 2,483 66 27 s 1 - -
129735 Ccrp 100 271 68 26 5 1 - -
129735 CPB 100 2,639 58 36 k| 0 - -
59 control - 3728 18 24 4 33 kN 1.4
59 CPAc 100 4,311 18 16 N IS5 10 24
19 CPP 2 6.3500 ta {1 33 21 LR | (.1
59 CPf 100 3,100 9 4 0 4 122
“ oy «0 10 B M » 3 % 19
59 CPp 100 3232 13 3 33 D la 3D

*A - agioclavine, B — elymoclavine, C — chanoclavine, CA — chanoclavine aldehyde
O; — oxidation index of chanoclavine cyclase
C; — cyclization index of chanoclavine cyclase
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Table 3. Changes in composition of main fatty acids in mycelium of Claviceps purpurea strains 129,
129135 and 59 (expressed as % of tosal FA), in FA wunsaturation index and protoplast membrane fluidity
after the treatment with chlorophenoxy acids (day 22).

C. pwrpurea  Substance Fatty acids* U.L Membrane
anisotropy

conc. 16:0 18:2 18:1 18:0 OH-18:1 (TMA-DPH)
(mg - 17"

129 control - 217 45.1 143 7.5 0.2 0.985 0.243

129 crpP 100 17.3 552 126 88 04 1.277 N.D.

129/35 coatrol - 322 413 143 79 0.2 0.985 0.25%0

129/35 CPAc 100 286 419 157 8.1 04 1.008 0.197

129/35 CpPP 100 300 51.2 135 79 04 1.171 0.183

129/35 CPMP 100 203 51.1 167 6.1 G4 1.200 0222

59 control - 26.3 358 280 9.7 03 1.006 0.200

59 CPAc 100 16.9 36.1 308 10.7 0.4 1.039 0.181

9 crr 20 29 448 200 7.1 04 1.108 N.D.

59 crp 100 29 40 182 8.1 05 1.112 0.166

59 CrP 500 180 546 145 74 05 1.247 N.D.

59 CPMP 100 16.0 40.5 326 6.4 0.6 1.147 N.D.

+ In addition to the acids presented, FA 16:1, anteisc-17:0, 20:0, 22:0 and 24:0 were detected at
concentrations lower than 1% and their changes were insignificant. The FA 18:2 was identified as
linoleic acid. OH-18: | Ricinooleic acid. U.1. — Fatty acid unsaturation index (EvANS et al. 1985), N.D.
— Not determined.

Table 4. Lipid composition in cultures of Claviceps purpurea 59. Influence of DL-2-(4-chlorophenoxy)-
propionate

Total lipids Trigly-  Groups of lipids* (% of total lipids) other
in dry bio- cerides minor
mass (%of DM) HC SE FS WETG FFA PA PE PI PS PC lipid
(%)

Dose

(mg - 1°1)

control o221 1.7 07243704 4721 076.124274093.3

CPP 100 9.3 32 1.1 1.1 2.1 0.6 32.1 2.7 1.1 0.7 2.3 1.4 52.72.1

CPP + 100

Qil 7,200 26.1 13.4 0819330451442 162614212)66.7

Oil 7,200 48.3 31.2 08 3.2 48 09 648 0.8 0.3 3.30.70.0 17524

+ Abbreviations: HC, hydrocarbons; SE, sterolesters; FS, free sterols; WE, wax esters; TG, trigly-

cerides; FFA, free fatty acids; PA, phosphatidic acid; PE, phosphatidylethanolamine; PI, phosphatidy-
linositol; PS, phosphatidylserine; PC, phosphatidyicholine

triglyceride is the most abundant fraction, may comprise over 90 % of total fungal lipid content
(WEETE 1980). It is therefore reasonable to assume that analysis of total phospholipids alone
may prove to be a reliable index describing changes in membrane components.

Afier the addition of CPP substantial changes in phospholipid composition in C. purpurea
59 could be detected (Table 4).
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Table 5. Composition of sterol fraction of C. purpurea 59 (% of total sterols).
Influence of DL-2-(4-Chiorophenoxy)-propionate (100 mg - 1-')

No. Sterols Coantrol CPP
| 8,24-lanostadien-3 p-ol 0.1 1.9
2 9(11)-lanosten-3 f-ol 0.0 1.8
3 24-methyl-8-lanosten-3 B-ol 0.0 0.1
4 4,4-dimethyl-8,24-cholestadien-3 -ol 0.2 1.7
5 4-methyl-7,24-ergostadien-3 f-ol 0.7 0.6
6 4-methyl-8,24-cholestadien-3 p-ol 0.0 0.3
7 4-methy)-8,24 (28)-ergostadien-3 f-ol 4.2 28
8 4-methyl-(14)-cholesten-3 -ol 0.7 04
9 8,24 (28)-ergostadien-3B-ol 7.6 15.1

10 7-ergosten-3p-ol 1.2 3.9

11 4-methyl-7-ergosten-3 -ol 0.3 4.3

12 ergosten-3 f-ol 0.3 0.2

13 8 (14)-cholesten-3f-ol 1.1 0.7

14 5,7,22,24 (28)-ergostatetracn-3 f-ol 0.9 1.0

15 7,22-ergostadien-3 f-ol 10.3 2.7

16 5,8,22-ergostatrien-3 f-ol 6.3 2.2

17 5,24 (28)-ergostadien-3 -ol 0.8 15.3

18 5,22-ergostadien-3 B-ol 4.1 6.4

19 5,7,22-ergostatrien-3 B-ol 43.5 32.2

other minor sterols 2.7 6.4
14-methylsterols 0.1 kR
4,4-dimethylsterols 0.3 3.5
4-methylsterols 59 84
membrane functional “quasiplanar” sterols 89.7 78.8
24-methyisterols 95.2 86.8

Total phospholipid content as related to dry mass decreased to about 50 % control, which is
associated with the overall decrease of lipids in the mycelium. Representation of PE decreased
almost 10 times, so that the PC/PE index rose from 6.7 to 75.3. This finding indicates that
pronounced changes in the quality of membranes occurred.

The increase of the PC/PE index and the decrease of the total lipid content could be
reversed by the addition of oil to the cultivation medium (Table 4).

Sterol Biosynthesis

CPP brought about a decrease of total sterols (free sterols + sterylesters) of 25 % of the
control and a decrease of their relative proportion in the lipid fraction (Table 4). The content of
free functional sterols dropped from 0.73 % of DM (control) to 0.15% (100 mg CPP - 1Y),

The effect of CPP on the cellular sterol compogsition resembled that of sterol demethylation
inhibitors, namely the increase of C(4) and C(14)-methyl-sterols (Table 5) associated with a
decrease in the content of membrane “quasiplanar” demethylsterols from 89.7 down to 78.8 %
total sterols. A typical inhibitor of sterol demethylation, triadimefone, decreased the content of
“functional” sterols to about 87.8% only (PAZouTOVvA et al. 1989).
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Also C(24)-methylation is inhibited by CPP (Table 5). In C. purpurea 59 C(24)-
methylation probably proceeds only after C(14)-demethylation. In fungi the order of these
reactions is not fixed (WEETE 1987).

In spite of the fact that the representation of “non-functional” sterols increased after the
CPP treatment, the total sterol content decreased. Afier the treatment with sterol inhibitors
most fungi produce roughly two times more sterols than the non-treated cells (WEETE et al.
1983).

The fungus Claviceps purpurea as a species belonging to the subdivision Ascomycotina is
characterized by the occurrence of brassicasterol in cell membranes. Its biosynthetic pathway
is thus specific for representatives of this subdivision to a certain extent (WEETE et al. 1985).
The effect of CPP on sterol biosynthesis was particularly pronounced in biosynthesis of
brassicasterol, due primarily to the inhibition of isomerisation of A24 to A22 in 5,24(28)-
ergostadienol and (4)-demethylation of 4-methyl-7-ergosterol. As a result, the precursors of
brassicasterol 5,24 (28)-ergostadienol and 4-methyl-7-ergosterol accumulate (about 20 times
and 14 times more than in control, respectively) (Table 5).

Growth inhibition caused by sterol-inhibitors can be only partially reversed by ergosterol
added to the cultivation medium or cannot be reversed at all (SHERALD et al. 1973; SANCHOLLE
etal. 1984; LErOUX et al. 1976). However, a variety of unsaturated lipophilic substances such
as Tween 20 and 40, oleic acid, tocopherol, -carotene, farnesol, trilinolein and several others
can alleviate the growth inhibitory effect to triazoles (SHERALD et al. 1973; LEROUX et al.
1976) as well as morpholines (KERKENAAR et al. 1979). Therefore, in the culture of
C. purpurea 59 we also studied the effect of plant (sunflower) oil and ergosterol.

The oil stimulated growth of the strain 59 but decreased specific alkaloid production
(related to DM) to 78 % of the control. The oxidation and cyclization function of chanoclavine
cyclase also decreased (Table 1).

The total content of lipids and sterols in the mycelium increased by more than two times
due to incorporation of fats from the added oil, the PC/PE ratio decreased and the sterol/
phospholipid ratio was restored nearly to the control value (Table 4).

Fluidity of protoplast membranes slightly increased after the addition of the oil (Table 1).

Effect of CPP (100 mg * 1”') on lipid composition in the mycelium was partially
compensated by addition of the plant oil (Table 1; 4). However, the total alkaloid production
and specific alkaloid production decreased. The oxidation function of chanoclavine cyclase
decreased as a result of a combined effect of both compounds but the cyclization function was
of intermediary value close to that of the control (Table 1).

Plasma Membrane Fluidity

Anisotropy of protoplast membranes was followed by means of two methods. The first
method utilized as a probe TMA-DPH entering only surface structures of the cell membrane
due to the polar moiety of the molecule (trimethylammonium) (KUHRY et al. 1983), the second
method used DPH which is distributed among other membrane and lipid structures, so that the
measurernent reflects rather the average anisotropy of most cell membranes (BOROCHOV et al.
1979). The absolute values of anisotropy measure with TMA-DPH and DPH are not
comparable.

From all the chlorophenoxy acids tested the highest decrease of anisotropy is caused by
CPP. Measurements using the DPH probe showed that anisotropy also decreases in deeper
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cell membrane structures. The decrease of anisotropy (microviscosity) is in agreement with a
decreased molar ratio sterol/phospholipid (55% of the control) and with an increased FA
unsaturation index and decreased content of free functional (quasiplanar) sterols (SHINITZKY
and BARenHOLZ 1974), influencing strongly the behaviour of the lipidic bilayer as plasti-
fiers. On the contrary, the addition of ergosterol to the cultivation medium increased
anisotropy of the membranes (Table 1).

Changes in the quality of cell membranes can influeace the alkalaid synthesis by pratein
— $ipid inverachion and adso ¥heir 1ransport out of Ihe cedls. Alkaloids are probably exponed
either by a non-specific diffusion preferring more lipophilic clavines (e.g. agroclavine).
Another proposed mechanism is exocytosis, during which alkaloids containing vesicles fuse
with the cytoplasmic membrane which is followed by subsequent exocytosis (PERIOT et al.
1987).

The overall effect of chlorophenoxy acids on ergot alkaloids production in C. purpurea is
apparently pleiotropic. The increased membrane fluidity after the application of CPP may
lead to a partial restoration of chanoclavine cyclase function in C. purpurea 59. However,
cytochrome P-450 can be partially induced by this compound resulting in a stimulation of the
alkaloid biosynthesis. It should be also mentioned here that rigidization of membranes
caused by ergasteral in this strain does nat induce an oppasite effect.
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