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CHAPTER I 

INTRODUCTION . 

Statement of Problem 

The precursors of clavine alkaloids are L-tryptophan, 

isopentenyl pyrophosphate and the methyl group of methionine 

(1) (Fig. 1). Clavicipitic acid (2) and 4-dimethyallyl-

tryptophan (3) have been shown to be possible early bio-

synthetic intermediates in the biosynthetic pathway. By 

studying the biogenetic interrelationships of clavine 

alkaloids, the sequence tryptophan—> 4-dimethylallyl-

trjrptophan —> chanoclavine-I—> Sigroclavine —> elymoclavine —> 

lysergic acid (Fig, 2) have been established in vivo 

(4,5,6,7)o But the mechanisms involved in (a) the condensa

tion of isopentenyl pyrophosphate and tr3;ptophan, (b) the 

loss of carboxyl group from the tryptophan moiety, (c) the 

closure of ring C and D and (d) the interconversion of 

clavine alkaloids are virtually unknown. 

The decarboxylation of the carboxyl group on the tryp

tophan moiety of ergoline takes place only after the 

condensation of tryptophan and isopentenyl pyrophosphate (8). 

It is likely that the decarboxylation is catalyzed by an 
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enzyme which contains pyridoxal phosphate. Inhibitors can 

be selected and applied to submerged cultures in order to 

block this reaction which is a part of the pathway of bio

synthesis of clavine alkaloids. The accumulation of the 

biosynthetic intermediates would be expected. Isonicotinic 

acid hydrazide (INH), which forms a hydrazone with the 

pyridoxal moiety (9,10), was chosen as one of the inhibitors. 

The effect of INH on the biosynthesis of clavine alkaloids 

was investigated, 

Agroclavine, elymoclavine, chanoclavine-I and chano-

clavine-II are the major alkaloids produced in both submerged 

cultures (11) and the cell-free system (12) of Claviceps 

purpurea PRL 1980. Since the biogenetic interrelationships 

of these clavine alkaloids have been tested successfully 

in vivo, all of the enzymes should be found in this cell-£:ee 

system. A cell-free preparation isolated form Claviceps 

purpurea PRL 1980 which is capable of converting the agro

clavine to elymoclavine was obtained. The nature of this 

cell-free preparation is reported here. 

Review of Literature 

History of Clavine Alkaloids 

Ergot alkaloids are produced in nature from the 

sclerotia of a filamentous fungus, Claviceps purpurea as it 



parasitizes rye and various wild grasses. Most ergot 

alkaloids exhibit useful pharmacological activity. They are 

used in chemotherapy to stimulate smooth muscle and to 

specifically block the sympathetic nervous system (13). 

The injections of isoergine (lysergic acid amide) and 

lysergic acid diethylamide (LSD) cause marked hallucination 

and/or euphorea (14). The life history of the parasite was 

worked out by Tulasne in 1853 and it was named Claviceps 

purpurea (Fries) Tul. (15). The culture of Claviceps sp. 

was achieved without difficulty by early mycologists inter

ested in the growth habit of the organism in 1881 (16). 

Sixty years after the first crystalline ergot alkaloid was 

obtained (17), the levorotatory substances were shown to be 

amide derivatives of a unique tetracyclic moity, lysergic 

acid, while the dextrorotatory substances, biologically much 

less active, were similarly derived from the isomer, 

isolysergic acid (Fig. 3). The structures of lysergic acid 

and the peptide moieties of ergotamine were not finalized 

until 1949 (18) . The saprophytic production of the alka

loids was either unsuccessful or achieved in low and 

irregular yield. In 1951, Abe first described the production 

of ergoline alkaloids in saprophytic cultures (19). The 

production of alkaloids in saprophytic culture has revealed 
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a number of new compounds which are not classical ergot 

alkaloids. These new compounds have been commonly grouped 

under the name clavine alkaloids, which have been found to 

possess the parent ergoline ring (Fig. 3 ) , but do not bear 

a carboxyl group attached to C-8. All of these ergot and 

clavine alkaloids possess a methyl group at N-6 and a 

carbon substituent at C-8 on the ergoline ring (20). The 

only exception is a compound first isolated by Abe and 

Yamatodan in 1954 (21), and later named by Hofmann et aJ 

(22) as chanoclavine which has the D ring of ergoline open. 

Three isomers of chanoclavine are usually grouped with 

clavine alkaloids and are assumed to play an important role 

in the biogenetic interrelationships of clavine alkaloids. 

Today, more than forty individual ergot and clavine 

alkaloids have been isolated from Claviceps. Some of these 

have also been found produced by a small number of other 

fungi (23). More than one hundred papers dealing with 

aspects of the clavine alkaloids have been published during 

the last fifteen years. Most reports are on the mechanism 

of the formation of clavine alkaloids from trjrptophan and 

mevalonic acid, on biogenetic relationships among these 

alkaloids and on aspects of the physiological regulation of 

their formation (24,25). Yet, despite the considerable 
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amount of information on clavine alkaloid biosynthesis that 

has been accumulated, one cannot overlook the fact that our 

knowledge of these biosynthetic pathways is still largely 

fragmentary. 

Biosynthesis of Ergoline Ring 

The precursors of the clavine alkaloids have been 

identified as trjrptophan, isopentenyl pyrophosphate and the 

methyl group of methionine (1) (Fig. 1). L-tryptophan 

labelled with •'"̂C (26), % (27, 28, 29), ̂ H (28) or "'-% (29) 

is efficiently incorporated into alkaloids of both the 

clavine and lysergic acid type. The hydrogen at the 

4-position (30, 31) and the carboxyl group (8) of the 

tryptophan are lost during alkaloid biosynthesis. The 

ergoline ring is derived not only from the L-form of 

tryptophan, but also to some extent from the D-form (31,32). 

Mevalonic acid is apparently incorporated via isopentenyl 

pyrophosphate (3). Experiments with '̂ '̂C (2,8,27,33,34) and 

H (2,27,35) labelled mevalonic acid have shown that carbons 

7,8,9,10 and 17 are derived from isopentenyl pyrophosphate. 

Incorporation of C labelled methionine indicates that the 

No(—methyl group is derived from methionine via trans

methylation (36). Neither Nj; — methyltryptophan nor Nc^— 

methyltryptamine is incorporated into the alkaloids (30). 



Therefore the methylation is carried out after the condensa

tion of tryptophan and isopentenyl pyrophosphate. When the 

anaerobic culture is treated with ethionine which is a 

methionine antagonist, the accumulation of 4-dimethylallyl-

tryptophan (3,37,38) and clavicipitic acid (2) is demon

strated. Robbers and Floss propose that the Y" , f -dimethyl-

allyl pyrophosphate in reaction with the 4-position of the 

indole moiety of. tryptophan forms 4-dimethylallyl tryptophan 

which is the biosynthetic intermediate in the pathway (38). 

Upon incubating tryptophan- '^COOH, the C is lost during 

the formation of the ergoline ring (8). However neither 

tryptamine (8) nor 4-hydroxytryptamine (39) is incorporated. 

Therefore, this decarboxylation is carried out after the 

condensation of tryptophan and isopentenyl pyrophosphate. 

Several groups have reported independently that chano

clavine-I but not isochanoclavine-I or chanoclavine-II is a 

precursor of the tetracyclic ergolines (5,7,40,41,42). So 

far, the mechanisms are still unknown involving (a) the 

condensation of tryptophan and isopentenyl pyrophosphate, 

(b) the loss of carboxyl group from the tr37ptophan moiety, 

(c) N6(- methylation of the nitrogen atom derived from the 

OC -amino group of tryptophan and (d) the closure of ring 

C and D. 

It is possible that the decarboxylation of the trypto-
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phan is catalyzed by a pyridoxal phosphate containing enzyme, 

isonicotinic acid hydrazide (INH) is believed to antagonize 

vitamine B^ through the formation of a hydrazone with 

pyridoxal or pyridoxal-5'-phosphate (9,10). Therefore the 

biosynthesis of clavine alkaloids should be inhibited by 

INH and the accumulation of biosynthetic intermediates would 

be expected. 

Biogenetic Interrelationships of Clavine Alkaloids 

Clavine alkaloid interconversions by the ergot fungus 

have been studied most extensively by Agurell and Ramstad 

(43). The main pathway involves hydroxylation of agro

clavine to elymoclavine which is in turn converted into 

lysergic acid derivatives (44,45). There are four bio

chemically different directions followed in the transforma

tion of agroclavine: two oxidation, one reduction and one 

involving a shift of allylic double bond (Fig. 4 ) . 

It is remarkable that all ergot strains which produce 

clavine alkaloids are able to carry out an oxidation of the 

8 9 C-17 methyl group of A ' clavine alkaloids, while most of 

the other fungi, Penicillium, Aspergillus, seem unable to do 

so (46,47,48), The hydroxylation at C-17 is so rapid in vivo 

that, in general, the ratio of agroclavine to elymoclavine is 
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quite low in most ergot strains. In contrast to the 

'efficiency of conversion in vivo (39,46,49), enzymatic 

conversion attempts in vitro have failed (46,50). The 

nature of the C-17 methyl hydroxylation enzyme is unknown. 

In saprophytic cultures, several strains (47A, SD58) 

accumulate elymoclavine. Oxidation of the hydroxymethyl 

group of elymoclavine to carboxyl group forms lysergic acid 

(44), which is found in small amounts in submerged cultures. 

Only a few strains accumulate free paspalic acid (6-methyl-

O Q 

A ' -ergolene 8-carboxylic acid or MECA) (51). An allylic 

oxidation of elymoclavine to yield paspalic acid, rather 

than lysergic acid, would be the more favorable reaction 

chemically (52)„ But in nature, all ergoline peptide-type 

alkaloids contain lysergic and isolysergic acid, not 

paspalic acid. The mechanism of this conversion is unknown. 

The 8-hydroxylation of agroclavine and elymoclavine 

gives the disastereomeric setoclavine and penniclavine 

respectively (43). This reaction, unlike the methyl group 

hydroxylation of agroclavine, can be carried out by a great 

variety of organisms (39,46,48) and even plant homogenates 

(53,54)o Recently, it has been shown by the groups of 

Ramstad and Taylor that the reactions are catalyzed by 

peroxidase (54,55,56). The enzymatic attack occurs on the 
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labile hydrogen at position 10 and yields a 10-hydroxy 

derivative, which then undergoes an allylic rearrangement to 

form the 8-hydroxy derivatives (55). At the same time 

traces of 8,9 —epoxy-8-hydroxy and 9,10-epoxy-lO-hydroxy 

derivatives of agroclavine and of elymoclavine have been 

obtained (56). Normally the peroxidase level in ergot cul

tures is very low. Interestingly, the catalase activity is 

very high and as a consequence, a high concentration of 

H2O2 is impossible (50). This would explain the low concen

tration of 8-hydroxy-8,9-epoxyclavine in ergot cultures 

since H2O2 is required for its formation. 

The two dihydro-agroclavine alkaloids, festuclavine and 

pyroclavine, occur in small concentrations in ergot. They 

are formed by reduction or hydrogenation of the A ' double 

Q Q 

bond of agroclavine (43). Treatment of A ' clavine alka

loids with alkali causes isomerization to the corresponding 

A ' clavine alkaloids. In saprophytic cultures, lysergol 

has been shown to be derived from elymoclavine (43) and 

lysergic acid from paspalic acid (56). However it has not 

yet been established whether paspalic acid is an obligatory 

intermediate in the biogenesis of lysergic acid and of 

isolysergic acid. No enzymatic isomerization of the alka

loids in vitro has been reported, and the enzyme which 
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is involved in this conversion is not clear. In addition, 

spontaneous isomerization of paspalic acid to lysergic acid 

would hardly be fast enough to accoimt for the production of 

lysergic acid alkaloids from elymoclavine in the various 

ergot strains. It has been suggested that an enzymatic 

attack on the hypothetical aldehyde group accompanied by 

isomerization occurs (6), Conceivably, the isomerization 

might take place in the oxidation of elymoclavine to 

aldehyde. However the low concentration of peroxidase in 

ergot (47) makes an oxidative attack at C-10 an improbable 

mechanism. The mechanism of the reaction is still unknown. 

Biosynthesis of Clavine Alkaloids in vitro 

A cell free system which catalyzes biosynthesis of 

clavine alkaloid is needed to elucidate the biosynthetic 

pathway and interrelationships between the alkaloids. Many 

attempts have failed (46,50). The only success was obtained 

by Cavender and Ander'son (12) who showed that agroclavine, 

elymoclavine, chanoclavine-I and chanoclavine-II are 

synthesized by incubation of tryptophan, isopentenyl pyro

phosphate, and methionine in a cell free preparation from 

Claviceps purpurea. One should be able to isolate all of 

the enzymes on the biosynthesis pathway from this prepara

tion. 
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Enzymatic Hydroxylation 

Enzymatic hydroxylation refers to the introduction of a 

hydroxyl group into various substrates and is catalyzed by 

different types of enzymes. The oxygen in the hydroxyl 

group may be derived either from (a) molecular oxygen; 

(b) an oxygen atom of a water molecule; or (c) possibly, 

oxygen in some other compounds. It has been postulated by 

some investigators that some hydroxylation involves direct 

transfer of a hydroxyl group from a donor compound to an 

acceptor (58,59). So far no experiments support such a 

mechanism. In many hydroxylation reactions, the oxygen atom 

of the newly formed hydroxyl group is derived from a water 

molecule rather than from molecular oxygen, for example, the 

formation of 6-hydroxynicotinic acid from nicotinic acid 

(60) and 6-hydroxylation of the pteridine ring (61). 

When one or more oxygen atoms from molecular oxygen are 

incorporated into the substrate, the reaction is, by defini

tion, catalyzed by an oxygenase. When one atom of oxygen is 

incorporated into the substrate and the other atom is reduced 

to water, the enzyme is a monooxygenase, A large number of 

enzyme-catalyzed hydroxylation reactions are reactions of 

this type. 

There are many review articles that discuss mono-
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oxygenase reactions in which molecular oxygen is utilized as 

a source of oxygen (62,63,64,65). The simplest type of 

monooxygenase catalyzes the incorporation of a single atom 

of molecular oxygen concomitant with the reduction of other 

oxygen atoms to water by the electrons derived from the 

substrate. Thus the overall stoichiometry may be expressed 

by the equation; 

SHg + O2 > SO + HgO 

where SHp denotes the substrate molecule. Since the reduc

ing agent is internally supplied, these monooxygenases have 

been referred to as "internal" monooxygenases. The first 

one crystallized was the lactate oxidative decarboxylase 

from Mycobacterium phlei (66). This enzyme catalyzes the 

conversion of lactate to acetate with the incorporation of 

one atom of oxygen and the evolution of one molecule of 

COg, and contains FMN as its prosthetic group (66). Lysine 

monooxygenase (67), tryptophan oxygenase (68) and arginine 

monooxygenase (69) catalyze the formation of the correspond

ing acid amide from L-lysine,L-tryptophan, and L-arginine 

respectively, and contain FAD as the prosthetic group. 

The more common type of monooxygenase requires various 

kinds of external electron donors. The overall reaction may 

be represented by the equation: 
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S + Og + HgX > SO + X + H2O 

where S stands for the substrate and HpX represents an 

electron donating system. Such enzymes are bifunctional, 

catalyzing an oxygen-fixation reaction on the one hand and 

an oxidase type reaction on the other. Mason proposed to 

name these enzymes "mixed-function oxygenases" (70). Many 

hydroxylases (enzymes which catalyze oxidation of substrate 

to form a hydroxyl group) are mixed function oxygenases. 

The overall reactions catalyzed by various monooxygenases 

seem grossly different, but the primary chemical events 

involved are basically identical in the sense that these 

processes all involve the incorporation of one atom of mole

cular oxygen into the substrate. The first reaction to be 

placed in this group was the one catalyzed by certain highly 

purified, copper-containing enzymes, phenolases, capable of 

catalyzing both the conversion of monophenol to diphenol, and 

the dehydrogenation of the latter to o-quinone. These are 

usually referred to as the cresolase (or monophenol oxidase) 

and catecholase (or diphenol oxidase) activities of the 

phenolase complex. Copper appears to serve as the direct 

reducing agent, and ascorbic acid is the ultimate reductant 

in phenolase (71). But reduced pyridine nucleotides are more 

commonly employed as the primary electron donors. Of the 
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pyridine nucleotides, it has been generally believed that at 

least in animal systems, NA.DPH, rather than NADH, is uti

lized more frequently as the primary electron donor. But in 

the phenylalanine hydroxylase system, NADH is the preferred 

electron donor in the crude liver system (72), whereas NADPH 

is the more efficient reducing agent in the purified system 

(62). NADPH is far better than NADH as a reducing agent for 

microsomal hydroxylase, but in the presence of a small amount 

of NADPH, NADH works just as well as NADPH (73). In the 

microbial system, either NADPH or NADH serves as the primary 

electron donor. For example, imidazoleacetate hydroxylase 

(74) and salicylate hydroxylase (75,76), both isolated and 

highly purified from Pseudomonas, are shown to utilize NADH 

as well as NADPH, while p-hydroxybenzoate hydroxylase (77), 

also from Pseudomonas, utilizes NADPH rather than NADH. Some 

other monooxygenases are characterized by the involvement of 

a more complicated electron transfer system. These include 

pyridine nucleotide flavoprotein, nonheme iron protein and/or 

hemeprotein (78). 

Heavy metals such as iron and copper have been impli

cated, in the enzymatic activation of molecular oxygen. Most 

hydroxylases contain heavy metals in their active sites. 

Phenolase and dopamine hydroxylase have been shown to contain 
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copper which undergoes valence change during the reaction 

(79,80). There are three hydroxylases, salicylate hydroxy

lase (81), L-lysine hydroxylase (82) and imidazoleacetate 

hydroxylase (83) which have no metal ions, and FAD is the 

sole cofactor of these enzymes. A large number of hydroxy-

lations catalyzed by enzyme systems are localized in the 

microsomal fraction of organs such as liver and adrenal (84). 

In most microsomal hydroxylases, a pigment capable of bind

ing carbon monoxide is characterized as a b-type cytochrome 

and is referred to as P-450 (85). The exact role of this 

P-450 is unknown mainly because it is tightly bound to the 

particle. 

No oxygenated intermediates have so far been detected 

and there has been no evidence to indicate that the oxygen-

oxygen bond is cleaved prior to the incorporation into 

substrate. Speculations on the chemical nature of the active 

oxygen intermediates have been made (73), but its true nature 

is still unknown. 

The oxygen of the hydroxyl groups of chanoclavine-I and 

elymoclavine is not derived from water (86). The introduction 

of the hydroxyl groups into these alkaloids does not involve 

a reaction of 0H~ with a carbonium ion generated by a hydride 

from an allyl position. It is suggested that the oxidation 
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reactions involved in clavine alkaloid formation occur by an 

initial hydroxylation, possibly by molecular oxygen. 



CHAPTER II 

MATERIAL AND METHODS 

Materials 

The materials used in this study were obtained from 

the following sources. All those not listed were purchased 

as reagent grade from commonly available commercial 

sources. 

Claviceps purpurea PRL 1980 was generously given by 

Dr. W. A. Taber, Department of Microbiology, Texas A,& M. 

University, College Station, Texas. Paspalic acid and 

setoclavine were generously supplied by Dr. H. Kobel and 

Dr. A. Hofmann, respectively, Sandoz Ltd., A. G. Basel, 

Switzerland. Agroclavine was obtained from K & K Labora

tories, Inc., Plainview, New York; L-tryptophan from Fisher 

Scientific Co. , Fair Lawn, New Jersey; radioactive DL-

1A 3 

tryptophan-3-C ^(side chain label) and L-trj^tophan-H (G) 

from New England Nuclear Co., Boston, Massachusettes; 

adenosine triphosphate, flavine mononucleotide, flavine 

adenine dinucleotide, nicotinamide adenine dinucleotide 

phosphate, nicotinamide adenine dinucleotide phosphate, 

nicotinamide adenine dinucleotide, dihydronicotinamide 

adenine dinucleotide, glucose-6-phosphate, glucose-6-phos-

21 
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phate dehydrogenase, liver concentrate, D-lysergic acid, 

nicotinic acid nicotinamide, isonicotinic acid, strepto

mycin sulfate, penicillin G, chloramphenicol, protamine 

sulfate from Sigma Chemical Co., St. Louis, Missouri; 

d-biotin from Calbiochem, Los Angeles, California; isoni

cotinic acid hydrazide from Nutritional Biochemical Co., 

Cleveland, Ohio; p-dimethylaminobenzaldehyde, L(+) ascorbic 

acid, sucrose, yeast extract, agar, and mannitol from 

Mallinckrodt, Chemical works, St. Louis, Missouri. Silica 

gel G from E. Merck AG, Darmstadt (Germany). Kodak single-

coated medical x-ray film (SB-54), Kodak film developer and 

Kodak film fixer from Eastman Kodak Co., Rochester, New 

York; PPO (2,5, diphenyloxazole) and dimethyl POPOP 

(1,4 bis 2-(4-methyl 5-phenyloxazolyl) benzene (liquid 

scintillation grade) from Packard Instrument Co., Downers 

Grove, 111.; Benzmalacene was generously furnished by Merck 

Sharp & Donmn Co., Rahway, New Jersey; Proadifen hydro

chloride by Smith, Kline & French Laboratories, Philadelphia, 

Pa.; Tolbutamide by K & K Laboratories, Inc., Plainview, 

New York. 

Methods 

Cultivation of Organism 

Claviceps purpurea (Fr.) Tul PRL 1980 was used for the 
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studies and was maintained on potato agar slants at 5°C (87). 

The culture were grown at 25°C on a sucrose-succinic acid-

yeast extract medium (88). After about a week on a rotary 

shaker (New Brunswick Scientific Corp.) the mycelia were 

washed with sterilized distilled water. The mycelial sus

pension (2 ml) was used to inoculate 25 ml of mannitol-

tryptophan-succinic acid medium (89) , and cultures were 

incubated in the dark for 9 days. 

Measurement of Growth 

Growth was measured as the dry weight of mycelium per 

culture flask and recorded as the mean of three determina

tions. The mycelium of each culture was collected and 

weighed after it was dried 3 hours at 65°C and cooled to 

room temperature in a desiccator (89). 

Extraction of Clavine Alkaloids 

After 9 days incubation, the culture was homogenized 

and lyophilizedo Neutral and basic ether soluble products 

were removed by adding 10% aqueous ammonia to the dry solid 

and shaking with five 50 ml portions of ether. The combined 

etheral extract was back extracted with five 5.0 ml portions 

of 0.1 N H2S0^ and neutralized with Na CO , and the basic 

alkaloids were extracted with ether (89). The ether was 
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evaporated and the residue was dissolved in a known volume 

of ethanol. 

Determination of Total Alkaloids 

The total alkaloid content was measured colorimetri-

cally. An aliquot of the basic extract dissolved in ethanol 

was removed and mixed with 6 ml van Urk's reagent. After 1 

hour the optical density of the solution was determined at 

550 mjj., and the amount of alkaloid present was calculated 

by comparison with the color yield from a solution contain

ing known amounts of agroclavine (90,91). 

Determination of Intracellular Tryptophan 

A 20 ml aliquot of submerged culture was washed with 

0.020 M phosphate buffer and then boiled in 20 ml water for 

10 minutes. The aqueous solution was extracted with chloro

form. After the chloroform was evaporated, the tryptophan 

in the residue was measured by van Urk's reagent. The 

amount of tryptophan was calculated by comparison with 

the color yield from a solution containing known amounts of 

tryptophan (92). 

Separation of Clavine Alkaloids 

Thin-layer chromatography (TLC) was used for separating 
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the alkaloids. The plates were prepared by spreading a 

slurry of silica gel G over a glass plate with a Desaga/ 

Brinkmann spreader at a thickness of 0.25 mm. The plates 

were air dried and then activated in an oven at 110°C for 

one hour. The best resolution of clavine alkaloids was 

achieved by using ethyl actate : acetone : dimethylformamide 

(5:5:1) (93). Different solvents were used to identify the 

alkaloids: 

Ethyl acetate : acetone : dimethylformamide (5:5:1) 

Chloroform : butanol (2:1) with an ammonia atmos

phere (94) 

Methyl actate : isopropanol : ammonia (45:35:20) 

(95,96) 

Chloroform : methanol : ammonia (80:20:0,2) 

Chloroform : diethyleneamine (9:1) 

Chloroform : ethanol (10:1) 

Cyclohexane : chloroform : methanol (5:3:2) (3) 

Ethyl acetate : ethanol : diethylamine (13:1:1) 

After the chromatograms were developed, the solvent was 

removed and the plates were examined under UV and sprayed 

with van Urk's reagent (97). The alkaloids were identified 

by using appropriate standards and with R values published 

in the literature. 
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Determination of the Concentration of Alkaloids by Direct 

Scanning of Thin-layer Chromatographic Plates 

In the experiments shown in Figs, 5 and 6 and Table 2, 

an Aminco Bowman Spectrofluorometer with a TLC scanner was 

used to determine the quantity of each spot on the TLC 

plates. The spots were developed with van Urk's reagent 

(97) . The absorbance of 550 mp. light along the solvent path 

was recorded. The amounts of alkaloids were measured by 

comparison of the peak heights with peak heights obtained 

with known amounts of agroclavine. It was assumed that the 

extinction coefficients of the clavine alkaloids and polar 

unknown compounds were equal to the extinction coefficient 

of agroclavine. 

Introduction of Labelled Tryptophan and Clavine Alkaloids 

14 3 Biosynthesis of C or H clavine alkaloids was carried 

out by adding C or H tr3^tophan to 4-day-old Claviceps 

purpurea. After nine days, the incorporation of radiolabel 

into the alkaloid fraction amounted to 10-15% of the added 

amount of radioactivity. The cultures were harvested and 

clavine alkaloids were extracted. These radioactive com

pounds were added aseptically by means of a syringe equipped 

with a sterilized adapter and filter (GA-8)(Gelman Instru

ment Corp.). 
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Purification of Labelled Clavine Alkaloids 

The mixture of biosynthetically labelled alkaloids, 

extracted as above, was applied on a silica gel plate 

(0.5 mm.) as a line at the origin and standard clavine 

alkaloids were applied at the edge and chromatographed with 

ethyl acetate : acetone : dimethylformamide (5:5:1) as 

solvent. The standard clavine alkaloids were located by a 

UV lamp and by spraying the chromatograms with van Urk's 

reagent. Each alkaloid zone was scraped off individually 

and eluted with three 10 ml portions of ethanol. The 

recovery of the clavine alkaloid was about 73%. The single 

alkaloids were purified further by chromatography again on 

TLC with methyl acetate : isopropanol : 25% ammoniiam 

hydroxide (45:35:20), chloroform : butanol (2:1) with an 

ammonia atmosphere, and cyclohexane : chloroform : methanol 

(5:3:2) . 

Determination of Radioactivity 

When radioactive clavine alkaloids were used, the 

chromatograms were covered with x-ray film (Kodak) in the 

dark. After a ten day exposure to the radiation, the auto

radiograms were developed for 30 seconds in Kodak x-ray 

developer and fixer. The black spots on the autoradiogram 
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corresponded to the radioactive compounds on the chroma

tograms. Areas on the chromatogram that corresponded to 

standard alkaloids and to black spots on the autoradiograms 

were scraped from the chromatogram in order to measure 

radioactivity with the liquid scintillation counter 

(Beckman ), The radioactive samples were dissolved in 

15 ml toluene containing 5.0g/l PPO and 0,5 g/1 dimethyl 

POPOPo Correction for quenching was by the external 

standard method. The counting efficiencies of % and "'•'̂C 

by liquid scintillation counter were 40% and 85% respective

ly. 

Preparation of Enzyme 

The larger quantities of mycelia required for the 

purpose of enzyme, preparation were obtained by growing the 

organism in a 15 liter round bottom container on a New 

Brunswick Scientific Corp, fermentor. Ten liters of 

mannitol medium (with 1 ml antifoam) were inoculated with 

800 ml of the mycelial suspension described above. The 

culture was aerated with a flow rate of 4000 cc/min and 

agitated by a stirrer at 150 rpm. After seven days, the 

mycelia were harvested and washed with 0.020 M. potassium 

phosphate buffer at 0°C. 
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(1)" Ammonium sulfate fractionation. The amount of 

ammonium sulfate to be added to attain a certain percent 

saturation at 0°C was determined according to Jeso (98). 

(2) Protein concentration. The concentration of 

protein was measured by a modified biuret method (99) in 

which crystalline serum albumin was used for the standard. 

When interfering material was present, the protein was 

precipitated with an equal volume of 9% trichloroacetic 

acid, centrifuged out of suspension, redissolved in 1 ml 

of 0.1 N NaOH, and adjusted to a final volume of 2 ml with 

water. A 1 ml sample of this solution was then used for 

the protein assay. Optical densities at 260 mp and 280 m^ 

were determined with a Beckman DB spectrophotometer. 

Incubation of Enzyme 

Incubation was carried out in 50 ml Erlenmeyer flasks 

at 25°C for 18 hours at which time the reaction was assumed 

to be completed. The flasks were continuously shaken with 

a Dubnoff Metabolic Shaking Incubator at the lowest speed. 

Streptomycin sulfate (10~ M) was added to prevent 

bacterial growth. Incubation was stopped by addition of 

1 ml concentrated ammonium hydroxide and then the clavine 

alkaloids were extracted with chloroform. The alkaloids 
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were separated and identified by thin-layer chromatography. 

Assay of Enzyme Activity by Spectrophotometric Method 

The enzyme activity was determined spectrophoto-

metrically by measuring the disappearance of NADPH at 

340 mp. in the presence of agroclavine. A Beckman DB 

recording spectrophotometer was used. The incubation 

mixture contained 0.020 M potassium phosphate buffer at 

pH 7.0, 0.25 ju mole of NADPH, 0.18 >A mole of agroclavine 

and enzyme preparation in a final volume of 3.0 ml. The 

values obtained were corrected for endogenous NADPH oxida

tion, which was measured immediately before the addition 

of agroclavine. 



CHAPTER III 

RESULTS 

Biosynthesis of Clavine Alkaloids in vivo 

In studying Claviceps purpurea PRL 1980, the fast 

growth phase of submerged culture was in the first four 

days. The clavine alkaloid biosynthesis took place only 

after four days during the period of slow growth (100), 

The maximum production of alkaloids occurred by about the 

ninth day (Fig. 5). The intracellular tryptophan was 

rapidly accumulated by cultures in the alkaloid producing 

phase. 

The clavine alkaloids were extracted, separated on TLC 

and identified as shown in Figs. 6 and 7, Agroclavine, 

elymoclavine, chanoclavine-I and chanoclavine-II were the 

major products. Smaller quantities of other clavines: 

penniclavine, isopenniclavine, setoclavine, isosetoclavine, 

festuclavine, pyroclavine, lysergic acid and the polar un

known compounds (101) were also observed. Agroclavine 

represented 55% of the total alkaloids, Elymoclavine, 

chanoclavine-I and chanoclavine-II were 35%, 1.3% and 1.8% 

of the total alkaloids, respectively, Paspalic acid was not 

found by TLC as shown in Fig. 8. None of these spots 

31 
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Figure 5. 

Accumulation of clavine alkaloids and intra
cellular tryptophan in submerged culture of Claviceps 
purpurea PRL 1980. The dry weight of cells and the 
concentration of total alkaloids and intracellular 
tryptophan were measured as described in the Methods 
section. 

O Total alkaloids 

A Intracellular tryptophan 

D Dry weight of mycelia 

Total alkaloids 
Dry weight of mycelxa 

. Intracellular tryptophan 
^ a - • • • ' - • - . 1 . • • • • - • . - I . — , . — - I • . • - , - . — - - — . 

Dry weight of mycelia 
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Figure 6 

Clavine alkaloids produced in submerged culture. 
Cells were grown and alkaloids were extracted as de
scribed in the Methods section. An aliquot was applied 
on TLC. The solvent systems were 
(1) ethyl acetate : ethanol : dimethylformamide (13:1:1) 
(2) ethyl acetate ; acetone : dimethylformamide ( 5:5:1) 
(3) chloroform : ethanol (10:1) 
After development of the plate, the spots were identified 
by a UV lamp and van Urk's reagent. 
The abbreviations for the clavine alkaloids are listed 
in the Appendix. 

r^ van Urk's positive 

;' } Fluorescence 
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Figure 7 

Separation and identification of clavine alka
loids by two dimensional TLC. An aliquot was applied 
on the origin. The solvent systems were: 
( I) ethyl acetate : acetone : dimethylformamide (5:5:1) 
(II) methyl acetate : n-propanol : 25% ammonium hydro

xide (45:35:20) . 
The abbreviations for the clavine alkaloids are listed 
in the Appendix. 

(~) van Urk's positive 

;' ) Fluorescence 
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Figure 8 

Identification of lysergic acid and paspalic 
acid in the clavine alkaloids extracted from Claviceps 
purpurea PRL 1980 by TLC. An aliquot of the mixture 
of clavine alkaloids was applied at the origin. The 
solvent system is methyl acetate : isopropanol : 25% 
ammonium hydroxide (45:35:20). 

1. Alkaloid extract 
2. Lysergic acid 
3. Paspalic acid 
4. Alkaloid extract + Lysergic acid 
5. Alkaloid extract + paspalic acid 
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corresponded to the standard paspalic acid which was 

furnished by Dr. H. Kobel. 

In studying the biosynthesis of the -̂ Ĉ labelled 

14 clavine alkaloids, 5 microcuries of |3 - C-DL-trjrptophan 

(specific activity of the radioactivity 86.8 ;ac/m mole) 

was added to 25 ml of submerged culture on the fourth day. 

The radioactive clavine alkaloids were obtained as 

described in the Methods section. The amounts of radio-

14 activity of C in agroclavine and elymoclavine were 

0.13 Jip and 0.075 ̂ c, the specific incorporations were 12% 

and 11% respectively. 

Effect of Inhibitors on Clavine Alkaloid Biosynthesis 

Clavine alkaloid biosynthesis by Claviceps purpurea PRL 

1980 was depressed by INH (Table 1). However, with pyri

doxal phosphate present in the medium, alkaloid synthesis 

was only slightly less with INH added than in the absence 

of the inhibitor, A much higher concentration of INH was 

required to inhibit growth than to inhibit alkaloid produc

tion (Fig, 9). 

As shown in Figs. 10 and 11, INH inhibits alkaloid 

synthesis more if it is added near the onset of alkaloid 

synthesis, i.e., on the fifth or seventh day after inocula

tion. If INH is added initially or during the rapid growth 
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TABLE 1 

Inhibition of total clavine alkaloid biosynthesis 
by INH, nicotinic acid and nicotinamide 

Total Alkaloids 
(m moles/25 
ml medium) 

Control 

INH (5,82 x 10"-^ M) 

3 
Pyridoxal phosphate (2,3 x 10 M) 

Nicotinic acid (2.34 x 10"^ M) 

Nicotinamide (2.34 x 10"^ M) 

INH + Pyridoxal phosphate 

INH + Nicotinic acid 

INH + Nicotinamide 

0 . 1 0 1 

0 . 0 2 6 

0 . 0 8 4 

0 , 0 1 9 

0 . 0 3 2 

0 , 0 7 6 

0 , 0 2 4 

0 . 0 3 4 

^All components were added as aqueous solution (pH 7.0) 
before sterilization of the 25 ml medium. The amounts 
of total alkaloids were determined as described in the 
Methods section. 
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Figure 9 

Effect of INH on growth and biosynthesis of 
clavine alkaloids. INH was added at the time of 
inoculation. The incubation period was nine days. 
The measurement of total alkaloids and dry weight 
is described in the Methods section. 

A Dry weight of mycelium 
O Amount of total alkaloids 
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Figure 10 

Clavine alkaloid synthesis with INH added at 
various periods after inoculation. Amount is per 
25 ml submerged culture volume. The amount of INH 
was 1.5 X 10~6 moles per flask. Alkaloids were 
determined by direct scanning of TLC plates (see 
Methods). 

Agroclavine 

I I Elymoclavine 

ra Chanoclavine 
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Figure 11 

Synthesis of polar unknown compounds with INH 
added at various periods after inoculation. Amounts 
of polar unknowns were per 25 ml culture volume. The 
amount of INH was 1.5 x 10"^ moles per flask. Alka
loids were determined by direct scanning of TLC plated 
(see Methods) . 

Compound b 

I I Compound c 

nri Chanoclavine-II 

im! Chanoclavine-I 
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phase, the amounts of the individual alkaloids decrease in 

about the same*proportion. However, the proportions of the 

various alkaloids were radically different when INH was 

added seven days after inoculation from the proportions in 

uninhibited cultures (Table 2). The percentage of total 

alkaloid with INH added at day seven divided by the percent 

of total alkaloid for uninhibited cultures is shown in 

Table 2. The proportion of compound b and elymoclavine 

increased markedly when INH was added on the seventh day. 

There was a significant decrease in the proportion of agro

clavine. This reflects the observation that more elymo

clavine than agroclavine was found in cultures to which INH 

had been added at day seven, whereas the opposite was true 

for uninhibited cultures. 

The specific activities of agroclavine and elymo-

14 
clavine obtained from cultures containing ^ - C-DL-tr3rpto-

phan were about the same (Fig. 12). The specific incorpora-

. tion was 12%. Synthesis of radioactive alkaloids was less 

sensitive to INH than the synthesis of total alkaloids to 

INH. Inhibition of synthesis of total agroclavine. with 

1.5 X 10"^ M INH was 68%. Inhibition of synthesis of 

-agroclavine from "^C-tryptophan at this concentration of INH 

was only 39%. Consequently, at 1.5 x 10"^ M and 2.9 x 10" M 

INH the specific incorporation of labelled tryptophan into 
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TABLE 2 

Percentage of clavine alkaloids from Figures 5 and 6 

Agroclavine 

Elymoclavine 

Compound b 

Compound c 

Chanoclavine-

Chanoclavine-

-II 

-I 

No INH 

55 

34 

1,5 

1.1 

1,8 

1,3 

INH a 

Initially 

57 

25 

1.2 

1.2 

2.0 

1.8 

.dded 

Day 7 

37 

52 

3.2 

1.5 

2,0 

1,0 

Day 7 
No INH 

0.7 

1.6 

2.2 

1,4 

1,1 

0.8 
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Figure 12 

Effect of INH on incorporation of radioactive
ly labelled trj/ptophan into agroclavine and elymo
clavine. Five microcuries of /3-l^c-DL-tryptophan was 
added per flask at the time of inoculation. Amounts 
are per 25 ml culture-medium. The alkaloid and 
radioactivity determinations were made on samples 
eluted from TLC plates (see Methods). 

K Agroclavine 
0 Elymoclavine 
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agroclavine was greater than in the absence of the in

hibitor. At higher levels of INH the specific incorpora

tion decreased below the value at 2.9 x 10"^ M INH. In 

contrast to these results the specific incorporation into 

elymoclavine was less in the presence than in the absence 

of INH at all INH levels tested. 

With nicotinic acid and nicotinamide present in the 

medium, the biosynthesis of clavine alkaloids was supressed 

without and with INH (Table 1 and Fig. 13), but the growth 

of the cultures was not affected. At a concentration of 

5 X 10~-̂ M nicotinamide inhibited alkaloid synthesis 80% 

and nicotinic acid inhibited 60%. The percentage of 

inhibition by nicotinamide was more than that by nicotinic 

acid. At higher concentration (6 x 10"'^ M) , the nicotinic 

acid gave more inhibition than nicotinamide. 

Antibiotics, such as penicillin G, streptomycin and 

chloramphenicol, which inhibit the conversion of tryptophan 

to indole acetic acid (lAA) (102) were selected to test the 

effect on clavine alkaloid biosynthesis. As shown in 

Table 3, the growth of the cultures was not affected by 

antibiotics, but the concentrations of lAA, intracellular 

tryptophan and total clavine alkaloids were all decreased. 

Proadifen HCl, benzmalacene, tolbutamide, N',^ -phenethyl 
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Figure 13 

Effect of nicotinic acid, nicotinamide and 
INH on the biosynthesis of alkaloids. Volume of flask 
was 25 ml. The incubation period was nine days. All 
components were added before sterilization of the 
medium. See Methods for total alkaloids measurement. 

A Nicotinic acid 
X Nicotinamide 
O INH 
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TABLE 3 

Effect of different inhibitors on the biosynthesis 
of clavine alkaloids^ 

Concentration Dry Total Free 
; Addition of Addition weight alkaloids Tryptophan lAA 

(mg) (g) (m mole) (m mole) 

Control 0.559 0.111 0.037 +++ 

Penicillin c 0.391 0.040 0.016 + 

Streptomycin 12.5 0.417 0.055 0.014 + 

Chloramphenicol 2.5 • 0.457 0.050 0.018 + 

1,2-Propandiol 0.5% 0.601 0.077 0.025 + 

Tween 80 0.5% 0.558 0.087 0.025 + 

Proadifen HCl 0,5 0,552 0.048 0.028 + 

5.0 0.018 0.004 0.002 + 

Benzmalacene 0.5 0.198 0.035 0.012 ++ 

5.0 0.030 0.003 0.012 

Tolbutamide 0.5 0.672 0.031 0.030 ++ 

5.0 0.445 0.038 0.020 + 

N',/Sphenethyl 0.5 0.510 0.045 0,030 + 

5.0 0.360 0,024 0.020 + 

""AH components were added before sterilization of the 25 ml 
medium. The method of total alkaloids determination is 
described in the Methods section. 
blhe amount of lAA was determined by comparing the xntensx-
ties of the colored spots of lAA with standard lAA on paper 
chromatograms after spraying with Salkowski reagent. The 
solvent system was acetic acid : water (1 :3). 
CThe concentration of penicillin was 10,000 lU/ml. 
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(103), Tween 80 and 1,2-propanediol (104) gave similar 

results. The low level of intracellular tryptophan 

could not be due to the conversion of tryptophan to lAA, 

since the concentration of lAA in the cell with inhibitors 

was lower than the concentration with no inhibitor. The 

biosynthesis of clavine alkaloids is only partially 

suppressed by these inhibitors. It seems possible the low 

concentration of tryptophan in the cell is the main reason 

for the low level of clavine alkaloids. 

Biogenetic Interrelationships of Clavine Alkaloids in vivo 

The biogenetic interrelationships of clavine alkaloids 

in submerged cultures of Claviceps purpurea PRL 1980 were 

14 studied by incubating C labelled agroclavine, eljnnoclavine, 

chanoclavine-I and chanoclavine-II with the cultures. The 

results obtained are tabulated in Table 4, and the auto

radiograms are shown in Fig. 14. The specific incorpora

tions of agroclavine and chanoclavine were higher than that 

of elymoclavine, when elymoclavine was added to submerged 

cultures. Therefore elymoclavine is the precursor for 

agroclavine and chanoclavine. For the same reason, chano

clavine is precursor for agroclavine. This result is 

different from the sequence derived for most ergot fungi. 

(4,5,6,7) but agrees with the result obtained by Abe (105). 
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Figure 14 

Autoradiograms after incubation of C- agro
clavine, elymoclavine and chanoclavine in submerged 
cultures. The radioactivities of the clavine alkaloids 
were added in 25 ml medium as follows: 

Radioactivity Specific Activity 
(Mc) (Ac/m mole) 

1. Agroclavine 0.39 32.0 
2 . Elymoclavine 0.25 22.6 
3 . Chanoclavine 6,11 x 10"^ 4.45 
4 . Tryptophan 5.00 86.7 

The radioactive precursors were added on the fourth day 
and the cultures were harvested on the tenth day. The 
clavine alkaloids were extracted and separated on TLC. 
The solvent systems were 

I. ethyl acetate : acetone : dimethylformamide 
(5:5:1) 

II. methyl acetate : isopropanol : 25% ammonium 
hydroxide (45 :35 :20). 

The chromatograms were covered with x-ray film. After 
ten days exposure to the radiation, the x-ray films 
were developed. 
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On the autoradiogram, there are three dark spots which have 

higher R^ value than agroclavine. One of them was identi

fied as setoclavine. The other one shows strong yellow 

fluorescence and is not a clavine alkaloid (van Urk 

negative). 

Biogenetic Interrelationships of Clavine Alkaloids in vitro 

The conversion of agroclavine to elymoclavine was the 

only reaction obtained in a significant amount with the 

cell free system described by Cavender and Anderson 

(Fig, 15), Smaller radioactive spots were observed with 

R^ values similar to those of compound b and setoclavine. 

A radioactive unknown compound with lower R^ value than 

elymoclavine was found when elymoclavine was incubated in 

the cell free system. Neither chanoclavine-I nor chano

clavine-II gave any product in this cell system. 

Hydroxylation of Agroclavine 

In incubating the enzyme preparation with liver concen

trate, 11% of the agroclavine was converted to elymoclavine 

(Table 5). The major components of the liver concentrate 

are 5-10% NADP, 10-20% NAD, 1-3% CoA, plus guanosine, 

uridine, cytidine and'other phosphate coenzymes. The 

cofactors: NADH, NAD + NADH generating system 
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Figure 15 

Biogenetic interrelationships of clavine alka
loids in the cell free system. Incubation of radio
active agroclavine, elymoclavine, chanoclavine-I and 
chanoclavine-II were carried out with the cell free 
system. The enzyme system was prepared as described in 
the test (see page 67). Each reaction mixture con
tained 1.0 ml enzyme preparation, 2.5 mg liver concen
trate, and 0.1 ml of 

1. Agroclavine 2.2 x 10 cpm (59.5 _p.c/m mole) 
2. Elymoclavine 5.3 x 10"* cpm (60.1 pc/m mole) 
3. Chanoclavine 1.0 x 10 cpm (32.5 ;ac/m mole) 

in 0.020 M potassium phosphate buffer, pH 7.0. The final 
volume of each incubation was 2.5 ml. After incubating 
for 18 hours at 25°C, the clavine alkaloids were ex
tracted as described in Methods and divided into two 
fractions for chromatography. The solvent systems were 

I. ethyl acetate : acetone : dimethylformamide 
(5:5:1) 

II. methyl acetate : isopropanol : 25% ammonium 
hydroxide (45 :35 :20). 
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TABLE 5 

Effect of coenzymes on the conversion 
of agroclavine to elymoclavine^ 

Coenzyme" %-Elymoclavine %-Agroclavine 
(cpm X 10~3) (cpm x 10-3) 

Liver concentrate 

FAD 

FMN 

NADH 

NADPH 

ATP + 

FAD + 

Mg+-^ 

FMN 

FAD + FMN + NADPH 

7 , 2 6 

0 . 4 1 

0 . 3 1 

0 . 4 8 

3 . 6 0 

0 , 3 2 

0 . 2 6 

2 . 1 5 

1 .01 

4 . 6 2 

4 . 8 1 

7 . 2 8 

0 . 9 4 

5 . 6 0 

2 . 2 0 

1 .93 

^The reaction mixtures containing 7.9 x 10 cpm of 
%-agroclavine (1.89 x 10^ cpm/ji mole), 0.5 ml of enzyme 
preparation (3.50 mg protein/ml) and coenzymes were mixed 
in 0.020 M potassium phosphate buffer, pH 7.0, at 25°C. 
The final volume of each flask was 2.5 ml. The incubation 
of the mixture was carried out as described in the Methods 
section, 
W h e concentration of liver concentrate was 2.5 mg/2.5 ml. 
The concentration of each cofactor was 5.0 ju mole/2.5 ml. 
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(glucose-6-phosphate and glucose-6-phosphate dehydrogenase), 

FAD, FMN and ATP + Mg were added to the incubation mix

ture in various combinations but had no effect on the 

conversion of agroclavine to elymoclavine. NADPH was the 

only cofactor that resulted in conversion (8%) of agro

clavine to elymoclavine (Table 5). Therefore, the rate of 

reaction can be measured spectrophotometrically by measur

ing the disappearance of NADPH at 340 m;ui in the presence 

of agroclavine. At the same time, NADPH was oxidized by an 

NADPH oxidase present in the enzyme preparation. A 

correction was made for the NADPH oxidase activity by 

incubating a reaction mixture without agroclavine and sub

tracting the rate of NADH oxidation from the rate with 

agroclavine added to the incubation mixture. The assays 

were carried out as shown in Fig. 16. A linear relation

ship between the disappearance of NADPH and time was 

recorded. The extinction coefficient for NADPH is 6200 

(106). The specific activities of the endogenous NADPH 

oxidase and of agroclavine hydroxylase in Fig. 16 were 0.75 

and 0.55 ;u mole of NADPH/hr/mg of protein, respectively. 

Cyanide inhibits many oxidases. Therefore cyanide was 

added into the incubation mixture in various concentrations 

(from 10"^ to 10"2 M) to attempt to eliminate the 



65 



Figure 16 

The assay of enzyme activity by the spectro
photometric method. The enzyme activity was determined 
spectrophotometrically by measuring the disappearance 
of NADPH at 340 mp. in the presence of agroclavine. The 
agroclavine, NADPH, and enzyme were mixed in a stepwise 
manner in potassium phosphate buffer 0.020 M, pH 7.0. 
The final volume was 3.0 ml. The steps are as follows 
and the change of absorbancy was recorded at each step. 

1. 2.3 ml potassium phosphate buffer 
2. 0.5 ml enzyme preparation (1.45 mg protein) 
3. 0.1 ml NADPH (0.5 micromole) 
4. 0.1 ml agroclavine (1.8 micromole) 

The rate of reaction 
= The r a t e in ( I I ) - The r a t e in (I) 
= 0.050 AO.D/min - 0.030 AO.D/min 
= 0.020 AO.D/min 
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endogenous NADPH oxidation, but both agroclavine hydroxyla

tion and NADPH oxidation were abolished. 

(1) Purification of Enzyme 

All solutions were kept at 0°C unless otherwise speci

fied. The course of purification was performed in the 

following steps: 

(A) Preparation of extract--400 g of the cells 

were harvested by filtration and washed four times with 

400 ml ice cold 0.020 M potassiiim phosphate buffer, pH 7.0. 

The cells were resuspended in an equal volume of cold 

buffer solution. The suspension was homogenized with a 

Virtis '45' homogenizer at mediiom speed for 30 seconds. 

The crude homogenate was centrifuged for 20 minutes at 

6,000 X g to remove the unbroken cells and cellular debris. 

The supernatant was decanted and then recentrifuged at 

100,000 X g for 30 minutes. The pellet was resuspended in 

10 ml phosphate buffer with a Potter-Elvehjem homogenizer. 

There was no activity in this portion. 

(B) Treatment with protamine sulfate --To 530 ml 

of the clear, yellow supernatant, 80 ml of 1% protamine 

sulfate solution in 0.050 M phosphate buffer, pH 7.0 (107) 

was added slowly while stirring. The resulting precipitate 

was removed by centrifugation at 6,000 x g for 20 minutes, 
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and 600 ml supernatant was recovered. A significant preci

pitation of nucleic acids was indicated by an increase in 

the 280 m|ji/260 mja absorbancy ratio from about 0.50 to a 

value 1,5 following dialysis (Fig. 17). 

(C) Ammonium sulfate precipitation -- Powdered 

ammonium sulfate (219 g) was added to the enzyme solution 

(600 ml) while stirring to give 60% of saturation. The 

precipitate was removed by centrifugation at 6,000 x g for 

20 minutes and discarded. An additional 66.3 g of ammonium 

sulfate was added to bring the supernatant solution 

(720 ml) to 80% of saturation. The solution was centrifuged 

at 6,000 X g for 20 minutes. The supernatant solution was 

discarded and the precipitated protein was dissolved in a 

minimum volume of 0.020 M potassiiim phosphate buffer, 

pH 7o0. 

(D) Dialysis -- The solution was dialyzed in 1-inch 

diameter cellophane tubing for 18 hours against four liters 

of 0,020 M phosphate buffer, pH 7.0. The buffer was changed 

three times. If a precipitate formed, it was removed by 

centrifugation at 6,000 x g. The supernatant liquid was 

adjusted to 5.0 mg of protein per ml with 0.020 M phosphate 

buffer. The enzyme preparation was stored at -20 C in 

0.020 M potassium phosphate buffer, pH 7.0. 
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Figure 17 

Effect of protamine sulfate on activity. The 
enzyme preparations were prepared as described in the 
text (see page 67). The fractions were incubated for 
18 hours at 25°C in 0.020 M potassium phosphate buffer, 
pH 7.0, in a final volume of 2.5 ml, containing 2.5 mg 
liver concentrate, 2.2 x 10 cpm "^C-agroclavine (59.5 
pc/m mole) and 1.0 ml enzyme preparation as described 
in following: 

(1) Protamine sulfate, 
60-80% ammonium sulfate. 

(2) Protamine sulfate, 
60-80% ammonium sulfate. 
No liver concentrate. 

(3) 60-80% ammonium sulfate. 
(4) Protamine sulfate, 

0-60% ammonium sulfate. 

The solvent system for the TLC was ethyl acetate : 
acetone : dimethylformamide (5:5:1). 
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(2) Stability 

The activity did not decline appreciably during storage 

for one month at -20°C. Freezing and thawing caused a 

10-15% loss of activity, the enzyme was frozen and stored 

in small aliquots. About 40% of the activity was lost when 

the enzyme preparation was stored at 10°C for one week and 

at room temperature for two days. 

(3) Time Course 

A typical curve of the time course of production of 

H-elymoclavine from H-agroclavine at 25°C is shown in 

Fig. 18. A linear response is achieved for approximately 

one hour. The specific activity of the enzyme was 

0.116 p mole of elymoclavine/hr/mg protein. 

(4) Effect of pH 

The effect of pH on the rate of agroclavine hydroxy

lase is illustrated in Fig. 19. The optimum pH was between 

pH 7.0-7.2 and fell off rapidly below pH 6.0 and above 

pH 8.0. It was practically zero below pH 5.0 and above 

pH 9.0. The corrected rate at the pH optimum was 0.105 

jx mole N\DPH/hr/mg protein. 

(5) Effect of Protein Concentration 

Fig. 20 shows the effect on the reaction rate of both 

NADPH oxidase and agroclavine hydroxylase. With increase 

i 
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Figure 18 

Time course for the conversion of agroclavine 
to elymoclavine. The reaction mixture was prepared by 
mixing 1.00 ml of enzyme preparation (1.14 mg protein/ 
ml) , 5.0 ju moles NADP (with 5.0 ju moles glucose-6-
phosphate and 0.02 unit glucose-6-phosphate dehydro
genase as generating system) and 9.7 x 10'* cpm of 
^H agroclavine (3.9 x 10^ cpm/;a mole) and 0.020 M 
potassium phosphate, pH 7.0, in a total volume of 2.5ml. 
The mixture was incubated at 25°C for 18 hours with 
shaking. The reaction was stopped by addition of 
1.0 ml concentrated ammonium hydroxide. A zero time 
control, where the ammonium hydroxide was added prior 
to the enzyme, served as a blank. The solvent system 
for TLC was ethyl acetate : acetone : dimethyl
formamide (5:5:1). 
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Figure 19 

Effect of pH on agroclavine hydroxylase 
activity. The reaction mixture contained 0.50 ml of 
enzyme preparation (1.50 mg protein/ml), 1.80 ]x mole 
of agroclavine and 0.70 ;a mole of NADPH in 0.020 M 
buffer of the indicated composition and pH in a total 
volume of 3.0 ml. Sodium acetate buffer was used 
between pH 4.0 and 5.5, sodium phosphate between 
pH 6.0 and 8.0, and Tris-HCl between 8.0 and 9.0. 
The pH was measured by a Beckman zeromatic II pH 
meter. At low pH, the enzyme tended to precipitate. 
The precipitate was removed by centrifugation. The 
rate was measured spectrophotometrically as described 
in the Methods section. 

O Agroclavine + NADPH 
A NADPH 
D (Agroclavine + NADPH) - NADPH 
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Figure 20 

Effect of increasing enzyme concentration on 
the agroclavine hydroxylase activity. The standard 
reaction mixture was 1.80 }x mole of agroclavine, 
0.70 î mole of NADPH and 0.50 ml of enzyme preparation 
in 0.02 M phosphate buffer, pH 7.0, and the final 
volume was 3.0 ml. All assays were performed using the 
spectrophotometric method as described in the Methods 
section. 

O Agroclavine + NADPH 
A NADPH 
D (Agroclavine + NADPH) - NADPH 
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in the concentration of the enzyme preparation, the 

reaction rate increased almost linearly. 

(6) Effect of Various Factcirs 

Metal ions were added to the incubation mixture. The 

effects on the hydroxylase activity are shown in Table 6. 

The possibility that the metals dissociate from the enzyme 

protein during the purification procedure was ruled out, 

since addition of exogenous metal ions had practically no 

effect on this enzyme preparation. When the metal-chelating 

agent EDTA was tested, the activity decreased. 

Ascorbate, a powerful reducing agent for some hydroxy

lases (71), greatly decreased conversion of agroclavine to 

elymoclavine with the NADPH generating system (Table 7). 

However, the rate of oxidation of NADPH in the spectro

photometric system was not significantly affected by 

ascorbate (Table 8). 

Aminopterin is a potent inhibitor for those hydroxy

lases which require reduced pteridine as cofactor 

(108,109,110). As shown in Table 6, aminopterin did not 

inhibit the formation of elymoclavine, and in contrast, the 

concentration of elymoclavine was fairly high compared to 

the control. A rather large amount of radioactive compounds 

with lower Rf value in the solvent system (ethyl acetate : 
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TABLE 6 

Effect of metal ions on agroclavine 
hydroxylase activity 

. . 3 3 
Addition H-Elymoclavine H-Agrclavine 

(cpm. X 10~3) (cpm x 10-^) 

Control 2.53 1.70 

Mn"^"^ 2.95 1.17 

Mo"*""̂  3.20 1.50 

Mg"̂ "*" 2.55 1.18 

Cu"*""̂  2.62 0.91 

Zn'̂ ''" 2.10 1.31 

Fe"̂ "̂  2.71 1.22 

The concentration of all the metal ions was 2.0 x 10"^ M. 
The reaction mixture was prepared by mixing 1.0 ml of 
enzyme preparation (3.80 mg protein/ml) , 5.0 ja moles NADP 
(with 5.0 p. moles glucose-6-phosphate and 0.02 unit 
glucose-6-phosphate dehydrogenase as generating system) and 
7.9 X 10"* cpm of %-agroclavine (1.89 x 10^ cpm/;a mole) and 
0.020 M potassium phosphate buffer pH 7.0 to a final volume 
of 2.5 ml. The clavine alkaloids were extracted and 
separated and the radioactivity of each alkaloid was 
measured as described in the Methods section. The solvent 
system was ethyl acetate : acetone : dimethylformamide 
(5:5:1) . 



TABLE 7 

C o n v e r s i o n of % - a g r o c l a v i n e t o % - e l y m o c l a v i n e 

80 

P o s i t i o n 
on 
TLC^ 

R a d i o a c t i v i t y (cpm) 

Expe r imen t l ' E x p e r i m e n t 2*' 

C o n t r o l C o n t r o l EDTA A s c o r b a t e Amino-
( 1 0 - % ) ( 1 0 - % ) p t e r i n 

' ( 1 0 - % ) 

Below elymoclavine 260 529 

Elymoclavine 9270 2530 

Between elymo
clavine and 
agroclavine 

Agroclavine 

Setoclavine 

110 500 

409 

770 

304 

261 

410 

452 

3520 

3480 

312 

1760 1700 4890 5340 

527 826 526 358 

Yellow Fluor, spot 59 320 132 260 

Front 210 636 168 162 

810 

69 

40 

74 

^The solvent system was ethyl acetate : acetone : dimethyl
formamide (5:5:1). Agroclavine and elymoclavine were lo
cated with a UV lamp and by comparison with standard 
alkaloids. Setoclavine was located by its R^ value and 
bright blue fluorescence. "Front" was the region above the 
yellow fluorescent spot. These regions were scraped off the 
TLC plate and the radioactivity in each region of R̂ ^ was 
counted as described in the Methods section. 

The assay was carried out as in Experiment 2, except for a 
different enzyme preparation (1.52 mg protein/ml). 
^The assay was carried out as described in Table 6. 
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TABLE 8 

Effect of ascorbate and aminopterin 
on agroclavine hydroxylase activity^ 

Addition 

Control 

Ascorbate 

Aminopterin 

Concen
tration 

(M) 

10"^ 

10-4 

Activity" 
in II 
(AOD/min) 

0,060 

0.055 

0.062 

Activity^ 
in I 
(AOD/min) 

0.020 

0.014 

0.017 

Activity^ 
in II-I 
(AOD/min) 

0.040 

0.041 

0.045 

The standard reaction mixture was 0.50 ml of enzyme prepara
tion (1.01 mg protein/ml), 0.70 p mole of NADPH and 
1.80 p mole of agroclavine in 0.020 M potassium phosphate 
buffer, pH 7.0 and the final volume was 3.0 ml. All addi
tions were added in 0.1 ml prior to the enzyme preparation. 
All assays were performed by using the spectrophotometric 
method as described in the Methods section. 

^The activity was calculated as shown in Figure 16. 
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acetone : dimethylformamide (5:5:1)) was found after incu

bation. However the rate for conversion of agroclavine to 

elymoclavine measured spectrophotometrically, was not 

significantly affected by aminopterin (Table 8). 

The resolution and reconstitution of activity with FAD 

(111) was tested and failed due to the low activity of this 

enzyme preparation. FAD has been reported to serve with 

NADPH as a cofactor for salicylate hydroxylase (112). 

Several attempts at further purification of this 

enzyme preparation by DEAE cellulose chromatography have 

failed. 



CHAPTER IV 

DISCUSSION 

Relationships between Intracellular Tryptophan and Clavine 

Alkaloids 

As reported by previous investigators (25, 113, 115), 

the clavine alkaloid biosynthesis by Claviceps purpurea PRL 

1980 takes place after the initial rapid growth phase is 

over. The intracellular trj^tophan in the mycelium starts 

to accumulate in the cell during the rapid growth phase 

before the onset of alkaloid biosynthesis (about 2-4 days) 

(Fig. 5 ) , Teuscher has demonstrated a correlation between 

the ability of Claviceps strains to produce clavine alka

loids and their ability to actively take up L-tryptophan 

from medium (115), Floss has noticed that the level of 

free tryptophan in the myceliiom temporarily increases 2-3 

fold during the transition from growth to the alkaloid 

production phase (25), while Bu'Lock observed fluctuation 

in the rate of alkaloid synthesis (114). These observa

tions suggest that clavine alkaloid biosynthesis is an 

inducible process and that tryptophan acts as the inducer 

to increase the activity of the alkaloid synthesizing 

enzyme system (116). 

83 
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During the period of slow growth and the fast alkaloid 

synthesis, Vining has shown that the intracellular trypto

phan was rapidly incorporated into clavine alkaloids (117). 

As shown in Fig. 5, the concentration of intracellular 

tryptophan and the production of clavine alkaloids increase 

at about the same rate during this period. Therefore, the 

intracellular tryptophan plays an important role in clavine 

alkaloid biosynthesis. 

Effect of Inhibitors in Clavine alkaloid Biosynthesis 

14 The C-tryptophan in the medium is actively taken up 

14 by the cell (117) and C-clavine alkaloids are synthesized 

in the cell. But the percentage of incorporation of 

•'•'̂ C-tryptophan is rather low (1-5%) and the specific 

incorporation is rather small (11-12%). Apparently, most 

of the triptophan is consumed by other reactions in the 

cell. It has been shown that tryptophan can be metabolized 

by (a) kynurenine pathway (118) and (b) conversion to 

nicotinic acid (119,120). Large amounts of indole acetic 

acid have been found in Claviceps purpurea (101). 

Theoretically, the production of alkaloids should be in

creased by blocking these metabolic pathways for breakdown 

of tryptophan. 
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Antibiotics, like penicillin, streptomycin and chlor

amphenicol, which inhibit the conversion of tryptophan to 

indole acetic acid (102), were selected in order to 

stimulate clavine alkaloid synthesis. However, no stimula

tion was observed (Table 3). In general, the effect of 

penicillin on bacteria has been found to be on the synthesis 

of cell wall. Cell wall synthesis is necessary for the 

growth of the young cell. Growth of the fungus, Claviceps 

purpurea, was not affected very much. The level of clavine 

alkaloids decreased. The effect of chloramphenicol and 

streptomycin on bacteria is on protein synthesis. There

fore the level of the enzymes involved in the clavine alka

loid synthesis would be decreased as observed. The decrease 

in cell growth, alkaloid production, tryptophan synthesis 

and lAA synthesis are consistent with the suppression of 

protein synthesis. 

- Glycol and Tweens, nonionic surface active agents, 

stimulate the production of clavine alkaloids in submerged 

cultures of Claviceps paspali (104). They lower the 

surface tension of the basal medium and promote the 

utilization of metabolites. The transport of metabolites 

and tryptophan into the fungal cells should lead to improve 

alkaloid yields. However no increase on the intracellular 
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tryptophan and clavine alkaloids was observed. 

Isopentenyl pyrophosphate is another important 

precursor in the biosynthesis of clavine alkaloids. It is 

involved in other metabolic reactions, e.g., the synthesis 

of cholesterol in animals and the.synthesis of coenzyme Q, 

Benzmalacene, tolbutamide, proadifen hydrochloride and 

N' , |3 phenethyl are some inhibitors that interfere with the 

conversion in vitro and in vivo of mevalonate to cholesterol 

(103). If these inhibitors blocked the alternate pathways 

for isopentenyl pyrophosphate, e,g., ergosterol synthesis, 

clavine alkaloid biosynthesis in Claviceps purpurea might 

be increased. However, rather than a stimulation of 

biosynthesis, there was a decreased synthesis of clavine 

alkaloids (Table 3). 

It has been reported that the specific activities 

(u c/m mole), of agroclavine and elymoclavine were about 

equal in the absence of INH (26). The specific activity of 

agroclavine at low levels of INH, on the other hand, was 

higher than without INH. Evidently INH reduces the turnover 

of tryptophan in the cell and thus reduces dilution of the 

labelled tryptophan. This could result either from inhibi

tion of synthesis or of breakdown of tryptophan. The 

absence of any increase in specific activity in the case of 

i 
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elymoclavine is difficult to rationalize, since both elymo

clavine and agroclavine should be derived from the same 

tryptophan pool. 

When it was added near the beginning of the period of 

alkaloid synthesis, INH suppressed alkaloid synthesis more 

effectively. Apparently, destruction of the inhibitor 

occurs during the rapid growth phase of the fungus. None of 

the alkaloids increased in concentration when INH was added 

before the period of alkaloid biosynthesis. Since no new 

van Urk's positive spots appeared in the presence of INH, 

INH may inhibit the first reaction in the biosynthetic 

pathway for clavine alkaloid synthesis. The initial product 

of condensation of isopentenyl pyrophosphate and tryptophan 

is apparently 4-dimethylallyltryptophan (38). Since this 

compound was not observed to accumulate in the presence of 

INH, either the enzyme catalyzing the synthesis of this 

compound is inhibited by INH, or the compound is formed but 

is oxidized further in reactions which compete with the 

alkaloid biosynthetic pathway. The effect of INH on the 

anaerobic biosynthesis of 4-dimethylallyltryptophan can be 

studied. 

The relative amounts of the clavine alkaloids and polar 

unknown compounds produced in shake cultures of Claviceps 
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purpurea PRL 1980 reflect the relative rates of conversion 

of one compound to another. Thus the large proportion of 

agroclavine which is produced by Claviceps purpurea PRL 

1980 results from a fast rate of formation of agroclavine 

and a slower rate of conversion to the other alkaloids. 

When INH is added after some alkaloid synthesis has taken 

place, for example on the seventh day after inoculation, 

only a minimal amount of further synthesis will occur. 

However, interconversion of alkaloids will take place, pro

vided that enzymes catalyzing the particular reactions are 

not inhibited by INH. Under these conditions, the spectrum 

of the alkaloids would shift in the direction of the most 

stable alkaloids. This would generally be the most highly 

oxidized alkaloids, e.g., elymoclavine and lysergic acid. 

The observed increase in the proportion of elymoclavine and 

decrease in the proportion of agroclavine when INH was 

added after alkaloid synthesis had begun is therefore 

attributed to conversion of agroclavine which had been 

synthesized before the addition of INH to elymoclavine. 

Since the level of eljjmoclavine is also low, this alkaloid 

has also been converted to a more stable product. 

The antagonistic relationship between INH and pyridoxal 

phosphate has been shown to be the formation of a hydrazone. 
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It is possible that the INH is capable of replacing the 

nicotinamide moiety on the NAD with the isonicotinamide 

moiety to form a derivative which is biologically inactive 

or which competes with the synthesis of NAD. The addition 

of nicotinamide in the culture medium would reverse the 

inhibition effect by INH. In contrast, the high concentra

tion of nicotinamide and nicotinic acid themselves 

suppressed the alkaloid biosynthesis. The enzymes affected 

might be dehydrogenases or oxidases which have NAD or NADP 

involved. When the fungus is grown in shaking cultures 

which contain yeast extract, growth of the fungus is rapid 

and alkaloid synthesis is low. The presence of nicotinamide 

in the yeast extract may be responsible for the low alkaloid 

yields. 

It appears that the inhibitors which have been chosen 

here involve many different pathways in the cells. Instead 

of in the whole cell system, a cell free system may be a 

useful approach in order to block the specific reactions and 

cause the accumulation of intermediates. It would be 

interesting to investigate whether these inhibitors affect 

specific enzymes in the pathway of clavine alkaloid 

biosynthesis in the cell free system. 

An alternette approach to the study of the metabolic 
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pathway in vivo would be to attempt to produce mutants of 

the fungus which lack enzymes involved in the biosynthetic 

pathway by using various mutagens. Intermediates in the 

pathway would accumulate in the culture medium and could be 

isolated and identified. 

Biogenetic Interrelationships of Clavine Alkaloids in vivo 

Experiments with radioactive clavine alkaloids support 

the sequence : chanoclavine-I — > agroclavine — > elymoclavine 

— > lysergic acid (4,5,6,7). However the conversion of 

elymoclavine to chanoclavine-I, chanoclavine-II and agro

clavine was obtained with submerged cultures of Claviceps 

purpurea PRL 1980. Abe (121) also reported these 

conversions with Claviceps strains QU2 (Elymus type). How

ever, Agurell (39) found no conversion of elymoclavine to 

agroclavine with Claviceps paspali strain 47A. Since 

Claviceps paspali (strains 47A, SD 58) produces mainly 

elymoclavine, the results are not strictly comparable with 

those of Claviceps purpurea. The more efficient conversion 

of elymoclavine to agroclavine than the reverse reaction is 

consistant with the observed high ratio of agroclavine to 

elymoclavine in Claviceps purpurea PRL 1980. 
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Biogenetic Interrelationships of Clavine Alkaloids in vitro 

Although the biosynthetic interrelationships of the 

clavine alkaloids have received much study, little is 

presently known concerning the enzymatic nature of the 

individual reaction steps. According to Cavender and 

Anderson (12), agroclavine, elymoclavine, chanoclavine-I 

and chanoclavine-II are the major clavine alkaloids pro

duced when tryptophan, isopentenyl pyrophosphate and 

methionine are incubated with the cell free preparation. 

Therefore all the enzymes for the synthetic pathway and 

interrelationships should be included in this preparation. 

The biogenetic interrelationships of these clavine alkaloids 

were tested with the same cell free preparation. The con

version of agroclavine to elymoclavine was the only reaction 

carried out to a significant extent (Fig. 15). This may be 

explained that the enzyme for this reaction is more stable 

than others or the concentration of this enzyme is higher 

than others. One should be able to study the other enzymes 

by determining which cofactors are required and making a 

more concentrated enzyme preparation. No conversion of 

agroclavine to elymoclavine took place when liver concen

trate was not added into the incubation mixture (Fig. 15). 
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The replacement of liver concentrate by a combination of 

cofactors was tested and is discussed in the next section 

Hydroxylation of Agroclavine 

The oxidation of agroclavine to elymoclavine in the 

intact cells of most strains of ergot fungus is well 

established (39, 46, 49). It has been proposed that the 

conversion of agroclavine to elymoclavine involves a 

peroxidase or an oxygen transferase. Since no incorpora-

18 
tion of 0 from water of the culture medium into el3nno-

clavine was found, this indicates that the oxygen of the 

hydroxyl group originates from molecular oxygen (86). The 

analogous hydroxylation of agroclavine and elimioclavine at 

position 8, which involves an initial attack at the allylic" 

position 10 of the ergoline nucleus, has been brought about 

by horseradish peroxicJase using hydrogen peroxide as the 

oxidant (55,56). Under none of the various conditions 

employed was agroclavine oxidized to elymoclavine by 

horseradish peroxidase. Recently, Jindra et al (50), found 

that ergot strain SD 58 contained insufficient peroxidase 

activity to account for the quantity of elymoclavine 

produced. Furthermore, the fungus contained relatively high 

catalase activity. The catalase would decompose the hydrogen 
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peroxide in the cell. However small amounts of setoclavine 

were found after incubation of agroclavine in cell free 

preparations. It seems that some peroxidase is present in 

this enzyme preparation. The chemical environment of 

position 17 is much different from that of position 10 and 

it is quite likely that attack at this position is caused 

by a different enzyme system instead of the non-specific 

peroxidase. 

The incubation with liver concentrate, which is a 

mixture of cofactors extracted from liver tissue, is 

necessary for conversion of agroclavine to elymoclavine in 

the cell free system. In most oxygenases, especially in the 

microbial system, either NADPH or NADH serves as a primary 

electron donor. For example, imidazoleacetate monooxygenase 

from Pseudomonas (74), was shown to utilize both NADPH and 

NADH, while p-hydroxybenzoate hydroxylase also from 

Pseudonomas (77), utilized NADPH rather than NADH. As 

shown in Table 5, NADPH, but not NADH, can replace the 

requirement for liver concentrate. Evidently, liver con

centrate contains a hydrogen donating substrate and NADP. 

A substrate dehydrogenase (NADP reducing) in the cell free 

system then catalyzes the formation of N\DPH, which 

functions in the agroclavine hydroxylation system. The 
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evidences suggesting that the oxygen in elymoclavine is 

derived from molecular oxygen rather than water (86) and 

the requirement of NADPH support the conclusion that the 

conversion of agroclavine to elymoclavine in Claviceps 

purpurea is catalyzed by a mixed function oxygenase (86). 

The reaction would be agroclavine plus molecular oxygen 

plus NADPH gives elymoclavine plus water. The enzyme is not 

sufficiently pure to establish the stoichiometry of the 

reaction. 

In most enzyme preparations of hydroxylase, EDTA is 

required to stabilize the enzyme, but in Claviceps EDTA 

inhibited the reaction. It is likely that a metal ion is 

bound to the enzyme tightly. When EDTA forms a chelate 

with the metal in the enzyme, the hydroxylation is inhibited. 

Several mixed function oxygenases, e.g., phenylalanine 

hydroxylases and steroid hydroxylases are known to require 

a reduced pteridine as cofactor, .and aminopterin is a potent 

inhibitor of the reactions catalyzed by these enzymes 

(108,109,110). In order to ascertain whether or not the 

oxidation of agroclavine to elymoclavine is tetrahydro-

pteridine-dependent, aminopterine was added to the assay. 

It appears that the extent of hydroxylation was increased 

rather than decreased by aminopterin (Table 6) . However 
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aminopterin had little effect on the rate (Table 8). Be

side the conversion of agroclavine to elymoclavine, the 

conversion of agroclavine to a polar product was found when 

aminopterin was added. The identity of the polar product 

should be determined. 

The prosthetic group for salicylate hydroxylase has 

been reported to be FAD (111) . It is possible that the 

enzyme is an FAD-containing hydroxylase such as salicylate 

hydroxylase and the exogenous FAD does not change the 

activity significantly in the presence of substrate because 

the FAD is tightly bound to the apoenzyme. The reconstitu

tion of FAD was unsuccessful possibly because the enzyme 

was not in a highly purified form and the activity was too 

low to be measured. 

Further purification of the enzyme preparation is 

necessary. Attempts to secure further purification by DEAE 

cellulose chromatography have failed due to the low yields 

of enzyme. A considerable loss of activity of the enzyme 

occurs during chromatography. 

Conversion of agroclavine to elymoclavine has been dem

onstrated in vivo by all of the ergot strains which produce 

clavine alkaloids. This hydroxylation is so rapid in vivo 

that, in general, the ratio of agroclavine to elymoclavine 
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is quite low in most strains. It seems reasonable that the 

lower ratio of agroclavine to elymoclavine in vivo means 

the rate of agroclavine hydroxylation is higher. The 

enzyme preparation described here was extracted from 

Claviceps purpurea PRL 1980 which has high ratio of agro

clavine to elymoclavine. Therefore, the activity of the 

enzyme described here would be lower than those prepared 

from the strains which have a low ratio of agroclavine to 

elymoclavine. Cell free systems from other strains should 

be investigated to determine if agroclavine hydroxylase 

activity is correlated with the agroclavine to elymoclavine 

ratio. 

At the present time, the information on the clavine 

alkaloid biosynthesis can be summarized as follows: 

(a) the precursors are L-tryptophan, isopentenyl pyro

phosphate and the methyl group of methionine and (b) the 

pathway is tryptophan — > 4-dimethylallyltryptophan > 

chanoclavine-I—> agroclavine—> elymoclavine —^lysergic 

acid. Many intermediate steps are unknown. Except for 

the conversion of agroclavine to elymoclavine, the cofactor 

requirements are unknown. The enzymes involved have not 

been characterized. A study of the active cell free system 

is the best and most important tool for characterizing the 

pathway and enzymes of clavine alkaloid biosynthesis. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

(1) Agroclavine, elymoclavine, chanoclavine-I and 

•> chanoclavine-II are the maijor alkaloids produced in 

submerged cultures of Claviceps purpurea PRL 1980. Small 

amounts of setoclavine, isosetoclavine, penniclavine, 

isopenniclavine, pyroclavine and lysergic acid are also 

found in the cell. 

(2) Clavine alkaloid biosynthesis is suppressed by 

isonicotinic acid hydrazide. When isonicotinic acid hydra

zide is added during the period of alkaloid synthesis the 

ratio of agroclavine to elymoclavine decreases and the 

proportion of compound b in the mixed alkaloid product 

increases. 

(3) Nicotinic acid and nicotinamide suppress the 

biosynthesis of clavine alkaloids. 

(4) The enzyme preparation for the hydroxylation of 

agroclavine to elymoclavine is obtained from the cell free 

preparation of Claviceps purpurea PRL 1980. 

(5) NADPH is the electron donor for the hydroxylation 

of agroclavine to elymoclavine. Other cofactors, FAD, FMN, 

ascorbate, pteridine and metal ions are not essential for 
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this enzyme. The optimum pH for the enzyme activity is 

7.0-7,2, 

(6) It is suggested that the enzyme which catalyzes 

the conversion of agroclavine to elymoclavine is a mixed 

function oxygenase with agroclavine, NADPH and molecular 

oxygen as cosubstrates. 



LIST OF REFERENCES 

1. Weygand, F . , and H.G. F l o s s , Angew. Chem. I n t e r n . Ed. 
Engl . _2,243 (1963) . 

2. Robbers, J.E.. and H.G. Floss, Tetrahedron Letters, 
1857 (1969) . 

3. Plieninger, H., H. Immel, and A. Voelkl., Liebigs, Ann. 
Chem., 706, 223 (1967). 

4 . A g u r e l l , S . , and E. Ramstad, Te t rahedron L e t t e r s , 501 
(1961) , 

5. Fehr, T,, W, Acklin, and D, Arigoni, Chem. Commun,, 
801 (1966). 

6. Floss, H.G., H. Gunther, D. Groger, and D. Erge, 
Z. Naturforsch., 21b, 128 (1966). 

7. Floss, H.G., U. Hornemann, N. Schilling, D. Groger, and 
Derge, Chem Commun., 105 (1967). 

8. Baxter, R.M., S.I. Kandel, and A. Okany, Chem. Ind., 
(London), 1453 (1961). 

9. Mauron, J. and E, Bujard, Bull. Soc. Chim. Belg., 65, 
140, (1956). 

10. Sakuragi, T., and F,A. Kummerow, Arch. Biochem. Biophys., 
82, 89 (1959) . 

11. Hsu, J.C., and J.A. Anderson, Can. J. of Microbiol., 
15, 781 (1969). 

12. Cavender, F.L., and J.A. Anderson, Biochem. Biophys. 
Acta, 208, 345 (1970) . 

13. Reynold, A.K., "The Alkaloids, Chemistry and Physio-
logy'f (R.H.F. Mauske, ed.). Vol. V., 163 (1955). 
Academic Press, New York. 

14. Hofmann, A., J. Exptl. Med. Sci. , 5_, 31 (1961). 

15. Tulasne, L.R,, Ann. Sci. Nat. Botanigue, 3, 5 (1853). 

I 99 



100 

16. Brefeld, O., "Botanische Untersuchungen uber Schimmel-
pilze". Vol. 4, 1. Heinrich Schoningh, Munster, 
(1881). 

17. Jacobs, W.A., and L.C. Craig, J. Biol. Chem., 111, 
455 (1935). 

18. Stoll, A., A. Hofmann, and F. Troxler, Helv. Chim. 

Acta, 32, 506 (1949) . 

19. Abe, M., Ann. Rep. Takeda Res. Lab., 10, 152 (1951). 

20. Jacobs, W.A., and R.G. Gould, Jr., J. Biol. Chem., 120, 
141 (1937) . 

2 1 . Abe, M., and S. Yamatodani, J . A g r i c . Chem. Soc. Japan, 
2 8 , 501 (1954) . 

22. Hofmann, A., R. Brunner, H. Kobel, and A. Breck, Helv. 
Chim. Acta, 40, 1358 (1957), 

23. Abe, M., S. Yamatodani, T. Yamano, Y. Kozu, and 

S. Yamada, Nippon Nogei Kagaku Kaeshi, 41, 68 (1967), 

24. Ramstad, E., Lloydia, 31, 327 (1968). 

25. Floss, H.G., Int. Symp. of Biochem. and Physiol, of 
Alkaloid, 21 (1969) . 

26. Taber, W .A. , and L.C. Vining, Chem. Ind. (London), 
1218 (1959) . 

27. Groger, D. , K. Mothes, H. Simon, H.G. Floss and 
F. Weygand, Z. Naturforsch., 15b, 141 (1960). 

28. Plieninger, H., R. Fisher, G. Keilich, and H.D. Orth, 
Lieb. Ann. Chem., 642, 214 (1961). 

2 9 . F l o s s , H.G. , U. Mothes, and H. Gunther , Z . Naturforsch. , 
19b, 784 (1964) . 

30. Floss, H.G., and D. Groger, Z. Naturforsch., 18b, 
519 (1963) . 



101 

31. Floss, H.G., U. Mothes, D. Onderka, and U. Hornemann, 
Z. Naturforsch, 20b 133 (1965). 

32. Plieninger, H., R. Fisher, W. Lwowski, A. Brack, 
H. Kobel, and A. Hofmann, Angew. Chem., 71, 383 
(1959) . 

33. Birch, A.J. , B.J. McLoughlin, and H. Smith, Tetrahe

dron Letters, 1, (1960). 

34. Taylor, E.H., and E. Ramstad, Nature, 188, 494 (1960). 

35. Baxter, R.M., S.I. Kandel, A. Okany, and K.L. Tam, 
J. Amer. Chem. Soc., 84, 4350 (1962). 

36. Baxter, R.M., S.I. Kandel, A. Okany, and R.G. Pyke, 
Can. J. Chem., 42, 2936 (1964). 

37. Groger, D., D. Erge, and H.G. Floss, Z. Naturforsch., 
21b, 827 (1966) . 

38. Robbers, J.E., and H.G. Floss, Arch. Biochem. Biophys., 

126, 967 (1968). 

39. Agurell, S. , Acta. Pharm. Suecica, _3, 71 (1966). 

40. Acklin, W., T. Fehr, and D, Arigoni, Chem, Comm., 799 
(1966) , 

41. Floss, H.G., U. Hornemann, N. Schilling, K. Kelley, 
D, Groger, and D, Erge, J. Amer. Chem. S o c , 90, 
6500 (1968). 

42. Naidvo, B., B, Cassady, A. Blair, and H.G. Floss, 
J. Chem. Soc. D. , 8̂ , 471 (1970) . 

43. Agurell, S., and E. Ramstad, Arch. Biochem. Biophys., 
98, 457 (1962). 

44. Mothes, K., K. Winkler, D. Groger, H.G. Floss, U. 
Mothes, and F, Weygand, Tetrahedron Letters, 
933 (1962). 

45. Groger, D. , H.R. Schutte, and K. Stolle, Z. Naturforsch, 
186, 1850 (1963). 



102 

46. Tyler, Jr. V.E., D. Erge, and D, Groger, Planta Medica, 
13, 315 (1965). 

47. Brack, A., R, Brunner, and H. Kobel, Helv. Chim.. Acta, 

45, 276 (1962) . 

48. Beliveau, J., and E. Ramstad, Lloydia, 29, 234 (1966). 

49. Voigt, R., and M. Bornschein, Pharmazie, 21, 380 (1966). 

50. Jindra, A., E. Ramstad, and H. G. Floss, Lloydia, 31, 
190, (1968). 

51. Kandel, S,I., R.M. Baxter, O. Okany, and K.I. Tam, 
Intern. Sym. on Organic Chemistry of Natural 
Products, Brussels, (1962). 

52. Kobel, H., E. Schreier, and J. Rutschmann, Helv. Chim, 
Acta, 47, 1052 (1964). 

53. Groger, D., Planta Medica, 11, 444 (1963). 

54. Taylor, E.H., K. J. Goldner, S.F, Pong, and H.R. Shough, 
Lloydia, 29, 239 (1966). 

55. Chan, W.C. Lin, E, Ramstad, and E, H. Taylor, Lloydia, 
30, 202 (1967). 

56. Shough, H.G., and E. H. Taylor, LLoydia, 32, 315-26 

(1969). 

57. Agurell, S. , Acta Pharm, Suecica, _3, 65 (1966). 

58. Takahashi, H., and J. M. Price, J. Biol. Chem., 233, 

150, (L958) . 

59. Takahashi, H., Federation Proc., 26, 756 (1966). 

60. Hunt, A.L., D.E. Hughes, and J.M. Lowenstein, Biochem. 
J. , 66, 2p (1957). 

61. Rembold, H., andW. Gutensohn, Biochem. Biophys. Res. 
Commun,, 31, 837 (1968). 

62 . Kaufmann, S . , i n Oxygenases 129, (Haya i sh i , O. , Ed.) 
Academic P r e s s , New York, (1962) . 



103 

63. Hayaishi, O., Ann. Rev. Biochem., 31, 25 (1962). 

64. Mason, H.S., A.nn. Rev. Biochem. , 34, 595 (1965). 

65. Hayaishi, O. , Ann. Rev. Biochem., 38, 21 (1969). 

66. Sutton, W.B., J. Biol. Chem., 226, 395 (1957). 

67. Takeda, H., and O. Hayaishi, J. Biochem., 241, 
2733 (1966) . 

68 . Kosuge, T . , M. G. H e s k e t t , and E.E. Wi l son , J . B i o l . 
Chem., 2 4 1 , 3738 (1966) . 

69. Olemucki, A., D.B. Pho, R, Lebar, L. Delcambe, and 

N.V, Thoai, Biochem. Biophys. Acta, 151, 353 (1968). 

70. Mason, H.S., Science, 125, 1185 (1957). 

71. Mason, H.S., W. L. Fowlks, and E. Peterson, J. Am. 

Chem. Soc, 77, 2914 (1955). 

72. Mitoma, C., Arch. Biochem. Biophys., 60, 476 (1956). 

73. Diner, S,, "Electronic Aspects of Biochem", 237, 

Academic Press, New York, (1964). 

74. Kinsky, S.C., J. Biol. Chem., 235, 94 (1960). 

75. Katagiri, M., S. Takemori, K. Suzuki, H.J. Yasuda, 
J. Biol. Chem. , 241^, 5675 (1966) . 

76. Katagiri, M., H. Maeno, S. Yamamoto, and 0. Hayaishi, 
J. Biol. Chem., 240, 3414 (1965). 

77. Hosokawa, K., and R.Y. Stanier, J. Biol. Chem., 241, 
2453 (1966) . 

78. Kimura, T., and K. Suzuki, J. Biol. Chem., 242, 485 
(1967). 

79. Friedman, S., and S. Kaufmann, J. Biol. Chem., 240, 
4763 (1965) . 

80 . K e r t e s z , D. , and R. Z i t o , Oxygenases, 307, ( H a y a i s h i , O. 
Academic P r e s s , New York, (1962) . 



104 

81. Yamamoto, S., M. Katagiri, H. Maeno, and O. Hayaishi,' 
J. Biol. Chem., 240, 3408 (1965) . 

82. Takeda, H., and O. Hayaishi, J. Biol. Chem., 241, 2733 
(1966) . 

83. Maki, Y., S. Yamamoto, M. Nozaki, and 0. Hayaishi, 
Biochem. Biophys. Res. Commun., 25, 609 (1966). 

84. Mason, H.S., J.C. North, and M. Vannesle, Federation 
Proc., 24, 1172 (1962). 

85. Qmura, T., and R. Sato, J. Biol. Chem., 237, pc 1375 
(1962). 

86. Floss, H.G., H. Guenther, D. Groger, and D. Erge, 

J. Pharm. Sci., ̂ , 1675 (1967). 

87. Taber, W.A., Lloydia, 30, 39 (1967), 

88. McDonald, J.K., V.H. Cheldelin, and T.E. King, 

J. Bacterid., 80, 61 (I960). 

89. Taber, W.A., Develop. Ind. Microbiol., 4, 295 (1963). 

90. Allport, N.L., and T.T. Cocking, Quart. J. Pharm. 
Pharmacol. , 5̂ , 341 (1932) . 

91. Michelson, L.E., and W.J. Kelleher, Lloydia, 26, 192 

(1963). 

92. Bu'Lock, J.D., and J.G. Barr, Lloydia, 31, 342 (1968). 

93. Groger, D., and D. Erge, Pharmazie, 18, 346 (1963). 

94. Stahl, E., and H. Kaldeway, Z. Physiol. Chem., 323, 
182 (1961). 

95. Stauffacher, D., and H. Tscheuter, Helv. Chim. Acta, 47, 
2186 (1964). 

96. Diamantstein, T., and H. Ehrhart, Z. Physiol. Chem., 

326, 131 (1961). 

97. A g u r e l l , S. , Acta Pharm. Suec ica , _2, 357 (1965) . 

98. ^ J e s o , F . , J . B i o l . Chem., 243 , 2022 (1968) . 
/' . 
V 



105 

9 9 , W e i c h s e l b a u m , T , E . , Am. J . C l i n i c a l P a t h o l o g y T e c h n . 
S u p p l . , 1 0 , 16 (1946) , 

1 0 0 . T a b e r , W.A. and L . C . V i n i n g , A p p l . M i c r o b i o l . , 1 2 , 

321 ( 1 9 6 4 ) . 

101. Anderson, J.A., J. Chromatogy., 33, 536 (1968). 

102. Wichner, S., and E. Libbert, Physiolgia Plantarum, 21, 
227 (1968). 

103. Holmes, W.L., and N.W. DiTullio, Am. J. Clinical 
Nutrition, 10, 310 (1962). 

104. Mizrahi, A., and G. Miller, J. Bacterid., 97, 1155 
(1969) . 

105. Abe, M., Abb. Deut. Akad. Wiss. Berlin Kl. Chem. Geol. 
Biol., 3, 393 (1966). 

106. Long, C., "Biochemists Handbook" D. Van Nostrand Co. 
In. Princeton, New Jersey, (1961). 

107. Anderson, J.A., F.K. Sun, J.K. McDonald, and 
V.H, Cheldelin, Arch. Biochem. Biophys., 107, 37 
(1964). 

108. Kaufmann, S,, Proc. Nat. Acad. Sci., 50, 1085 (1963). 

109. Tietz, A., M. Lindberg, and E.P. Kennedy, J. Biol. 
Chem., 239, 4081 (1964). 

110. Nair, P.M., and L.C. Vining, Phytochemistry, 4, 161 
(1965). ~ 

111. Baudras, A., -Biochem. Biophys. Res. Commun., ̂ , 310 
(1962). 

112. Katagiri, M., S. Yamamoto, and O. Hayishi, J. Biol. 
Chem., £37, pc 2413 (1962). 

113. Kaplan, H., U. Hornemann, K.M. Kelley, and H.G. Floss, 
Lloydia, 32, 489 (1969). 

1 1 4 . BifLock, J . D . , and A . J . P o w e l l , E x p e r i e n t i a , 2 1 , 55 
(1965) . 



106 

115. Teuscher, E., Flora (Jena), 155, 80 (1964). 

116. Floss, H.G., and U. Mothes, Arch. MikrobioJ.., 48, 

213 (1964). 

117. Vining, L . C , Can. J. Microbiol., 16, 473 (1970). 

118. Teuscher, E., Pharmazie, 20, 778 (1965). 

119. Groger, D., K. Mothes, H. Simon, H.G. Floss, and 
F. Weygand., Z. Naturforsch, 16b, 432 (1961). 

120. Erge, D., D. Groger, and K. Mothes, Arch. Pharm., 
295, 474 (1962). 

121. Abe, M., S. Yamatodani, T. Yamano, Y. Kozu, and 
S. Yamada, Annu. Rep. Takeda Res. Lab., 22, 116 
(1963) . 



APPENDIX 

A. List of Abbreviations in Text 

B. List of Abbreviations in Figures 

107 



108 

APPENDIX A: LIST OF ABBREVIATIONS IN TEXT 

ATP Adenosine triphosphate 

CoA Coenzyme A 

Diethylaminoethyl cellulose DEAE-
cellulose 

Dimethyl-
POPOP 

EDTA 

FAD 

FMN 

INH 

lAA 

NAD 

NADP 

PPO 

TLC 

Tris 

1,4 —Bis-2-(4-methyl-5-phenyloxazolyl)-benzene 

Ethylenediaminetetraacetic acid 

Flavine adenine dinucleotide 

Flavine mononucleotide 

Isonicotinic acid hydrazide 

Indole acetic acid 

Nicotinamide adenine dinucleotide 

Nicotinamide adenine dinucleotide phosphate 

2,5-Dipheny1oxaz ole 

Thin-layer chromatography 

Tr i s-(hydroxyme thyl) - aminome thane 
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APPENDIX B: LIST OF ABBREVIATIONS IN FIGURES 

A Agroclavine 

b Compound b 

c Compound c 

C-I Chanoclavine-I 

C-II Chanoclavine-II 

E Elymoclavine 

IP Isopenniclavine 

IS Isosetoclavine 

L Lysergic acid 

P Penniclavine 

PAS Paspalic acid 

S Setoclavine 




