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The biogenetic interconversions of clavine alkaloids have been studied by the use of 
clavine-Cl4 and clavine-H” alkaloids labeled biosynthetically in saprophytic culture, 
and four different ergot strains in saprophytic cultures. Bgroclavine was shown to be 
oxidized irreversibly to elymoclavine. The attack appears to be directly on the methyl 
group. Agroclavine, but not elgmoclavine, was shown to be converted irreversibly to 
the following clavine alkaloids : festuclavine, pyroclavine, and setoclavine. Elymo- 
clavine was shown to be the precursor of lysergol, isolysergol, penniclavine, and iso- 
penniclavine. These conversion reactions are irreversible. Only three clarine alkaloids 
were found to be metabolized in ergot strain 47 A, viz., agroclavine, elymoclavine, and 
lysergene, all of which have a double bond in position 8. Chanoclavinc was shown not 
to be a precursor of the clavine alkaloids. Evidences indicate that it was not a brenk- 
down product of agroclavine or of any other clavine alkaloid derived from agroclavine. 
Lysergene was shown to be converted to lysergol, isolysergol, penniclavine, and iso- 
penniclavine. No evidence was found suggesting that lysergene is a normal intermedi- 
ate in the biosynthesis of these compounds from elymoclavine. Each stereoisomer was 
found to be biosynthesized as such and not to be the result of a chemical or biochemical 
isomerization process. 

INTRODUCTION 

During the past year, some aspects of the 
metabolism of alkaloids have been clarified. 
Thus, a biogenetic relation between the ben- 
zoisoquinoline-type and the morphine-type 
alkaloids of opium has been established in 
a tracer study (1) in which norlaudanoso- 
line-Cl4 was found to be converted to mor- 
phine-CY4. 0-Demethylation has also been 
recognized as a pattern in the biosynthesis 
of morphine from thebaine via codeine (2). 
Recent tracer experiments (3) have pro- 
vided support for earlier hypotheses (4) 
claiming phenolic coupling as a biosynt’hetic 
rout’e for the alkaloids of the Amaryllida- 
ceae. 

To us, t’he ergot alkaloid seemed to repre- 
sent an unusually suitable group of alka- 
loids for the study of biogenetic interrela- 

l Received the E. L. Newcomb Graduate Award 
of The American Foundation for Pharmaceutical 
Education. 

tions of alkaloids. These alkaloids are 
structurally closely related, representing 
various stages of oxidation. Earlier investi- 
gation in our laboratories (5) had shown 
that clavine alkaloids become biosyntheti- 
tally labeled from mevalonic acid-2-Cl4 
with excellent’ incorporation of Cl4 and that, 
by the use of ergot strain 47A, several 
alkaloids could be labeled t,o a significant 
degree. The problem of conversion by con- 
taminating microbes is completely avoided 
since t,he pure ergot is grown on sterilized 
media in cult,ure flasks. 

The metabolic relationships between the 
individual clavine alkaloids and between 
the clavine-type alkaloids and the lysergic 
acid-t,ype alkaloids have not been under- 
stood. Lately, several suggestions on pos- 
sible conversion paths have been put forth. 
Normally, agroclavinc and/or elymoclavine 
constitute the principal alkaloids of clavine- 
alkaloid-producing strains (6-9). As a rule. 
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they also reprrspnt the principal compo- 
nents of the ~lavill~-alkaloid fraction pres- 
ent along with the peptidc-type alkaloids in 
ergot strains both in saprophytio cult,ures 
(6. 101 and in natural sclerotia of ergot (6, 
11) _ In several bioger1~~t.i~ schemes, agro- 
clavine, elymoVlavine7 and chanoclavine 
hnve been assigned the role of intermediates 
on the pathway of lysergic acid. Recently, 
Abe has summarized his biogenetic specul:~- 
tions (6). Hc a~sunl~s the existence of a 
hypothetical precursor, I.yyergic nldehyde, 
which e&her map 1)~ ox~&ztd to lysergic 
acid or reduced via elymoclavine to agro- 
clavine. Chanoclsvine, the only known er- 
got alkaloid with incompkke D ring, in Abe’s 
scheme is considerctl t,o be a brcskdown 
product of agroclavine. In other biogenetic 
schcnwe, it hes bt-acn looked upon as 2~ prc- 
cursor of tht crgolinc nucleus (12) and, also: 
as :I ,sitie-reaction product (131. ‘liochcl- 
incycr (12) has suggestccl tAlc following bio- 
grnet,ic ptrt’hw;ty : 

chnnoc.lnvint~ + ngroclarine + 

Also, other schemes for the interrelation- 
ships of the ergot, alkaloids have been pro- 
posed (13, 14). 

ESPERIMENT.-N 

ERGOT STRAWS 

Four different ergot strains, all used in sapro- 
phytic cultures, were employed in this investiga- 
tion : 

1. 1 Cltrviceps strain isolated from Pe?zldsetW)% 
~~~~l~)~(lefl?)~ Rich. and (~csi~n:~~ed as 47 A (7). 
We folmd this strain to produce 16 different nlka- 
loids. Agroclavine and elymoclnvinc were prrsent, 
as major alkaloids; further, pennielsvine, isopen- 
nielavine, setoclnvine. isosetorla~ine, chanoc:lavine 
(secaclavine), I.vscrgol, fcstuclavinr, lgsergene, 
lvsrrgic, acid, and isolysergol, the latter isolated fol 
Chc first time from nat,rire. It8 further produceri 
four unidentified alkaloids, three of which do not 
correspond to any known ?lavinc alkaloids (15). 

2. .4 strain of Clnvicq)s prc~pwrcn (16) isolated 
by M. Abe, Takeda Chemical Industrics~ Osaka, 
and producing chanocla\-ine, agroclarinc, pyro- 
rlnvinc, and festurlavine. 

Abe’s ergot str:rin was grown ou a niotiium con- 
sisting of 40 ml. of :I it~rilixed solut,ion of irmnnilrtl 
50.0 g., XH,POr 1.0 p.. MgSO,.‘iHzO 0.3 g., FrN),. 
7HzO 13 mg., ZnSO,.iH,O 4 my., suc&uie a&l 6.8 
g., distilled water 1000 mi., :lnlr~~l)ni:~, to l)H 5.2. ‘l’hr: 
other sfixinr’: n-ew grosxr on 40 1111. of i Iw yi5isi. 
extract-gluc*ose rnc~cli~lu~ in 125-1111. flasks. 

An S- to 14-(lay-old yeast Vstrac*t--glu,9sf~ ?~rl- 
turc was homogc&ed for 20 se<‘. in a sterile \V~I,- 
ing blcndor ant!, cieprnding on that :tinc~nnl oi 
medium to bf inoc*ulntr*d. from 0.1 t,o 0.5 nii. \v:i:: 
used as inoculum. 

BIOSYSTHETIC LABFXISG OF C~AVINE 
ALKALoIas 

Twenty microcuries (PC.) of mevalonic acid-a- 
C’” (in the form of dibenzylethylenediamine salt, 
Tracerlab Inc. and New England Nuclear Corp.) 
was added aseptically as a sterile solution to a 1% 
to I&day-old yeast extract-glucose (1%) culture 
previously fed 20 mg. L-tryptophan. After 23 
weeks, the incorpora~ioI1 of r~iolabel into the 
alkaloidal fraction amounted to 5-7s of the 
added amount of radioactivity. 

In order to obtain some of the minor nlknloids 
u;itb sufliriently high albtirity so as to pftrmit 
conversion experiments. tritiated Dr,-Wyptophan 
was used as it is much less expensive than mev- 
nlonic acid-2-C”. ,1 sterile solution of 25 pc. 1)1,- 
tr~pto~~h~ln-U-H2 (Volk ~~~d~o~~l~eI~ic~~1 Corpora- 
tion) and 5 mg. of unlabeled I,-tryptophan wvcrc 
added t,o each of 20 cultures of strain 47 d grow- 
ing on 40 ml. \-east rstract-glucose. 

EXTRACTION, SEPARATION AND YURIFICA- 
TIOS OF LABELED .4LKALOID.ii 
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streaked on formamide-treated Whatman 3-MM 
paper (20 X 55 cm.) and chromatographed for 3.5 
hr. with benzene-pyridine (6:l) as solvent (FBP) 
(15). In this solvent system the alkaloids produced 
by strain 47 A have the following RA values 
CR hGPOclaV,nB = 100) : chanoclarine 5, penniclavine 
23, elymoclavine 34, lysergol 37; isol’enniclavine 47, 
isolysergol 67, fcstuclavine 77, sctoclavine 93, 
agroclavine 100, isosetoclavinc 105, lysergene 121, 
N-l 20, X-2 17, 5-3 12, and S-4 3. Of t,hesc alka- 
loids. lysergol, isolysergol, and. particularly, S-1 
to S-4, fcstuclavine, isosetoclavine, and lysergene 
were present only in trace quantities. Pyroclarine 
has in this system R, value 87. The radioactlve 
alkaloids were detected on the developed chroma- 
tograms and extractetl in(li\-idually as describrd 
earlier (15). 

The single alkaloids mere pllrifil,d further 1~~ 
rcchromatography on formnnlidc-tre:~tctl papm 
with chloroform-pyridine (6: 1) (FCP) as solvent, 
(chanoclavine), in spstem PUP for 6-8 hr. (isoly- 
sergol, isopenniclavine, penniclavine), in hu- 
tanol-acetic acid-water (4: 1: 1) (BAW), and then 
in FBP (elymoclavine, lysergol, agroclavinp, seto- 
clavine) 

The mixture of tritintcd alkaloids was first sepa- 
rat,ed in system FBI’. The unknown xlkaloitls S-l, 
x-2, 5-3, and X-4 were extracted tsogether and 
wcrc then separated in syytetn FCP (15) and re- 
chromatographed in BAW. 

The alkaloids were extracted from the cultures 
used in the conversion experiment, and from the 
blanks as described prcviollsly (5) except that the 
separated mycelium was soaked twice for an hour 
in 5 ml. of distilled water containing a drop of ace- 
tic acid. These washings were combined with the 
liquid nutrient medium, alkalinized, and then ex- 
tracted with chloroform. 

Except for an aliquot that was counted t,o de- 
I,rrmine t,hc recovery of radioactivit,y, the total 
alkaloidal mixture from a conversion experiment 
u-as spotted on an area of 4 X 28 mm. on formn- 
mid+t.reated Whatmnn 3-MM paper (20 X 55 
cm.) and then developed with benzene-pyridine 
(6: 1) as solvent. After evaporation of solvent and 
formamide, a 38-mm. wide strip containing t,he 
separated alkaloids was clot ollt and run through 
a chromatogram scanner. 

QUANTITATIVE DETERMIN~TIOSP OF 
ALKALOIDS 

After scanning, the individual alkaloids on the 
chromatographic strip were determined spectro- 
photometrically (Bausch and Lomb Spectronic 20) 
according to the method of Piihm and Fuchs (18). 
The absorbance was measured at 375 mp in the 
rape of setoclavine. at 400 mu for pcnniclnvinr and 

isopenniclavine, and at 550 mp for the remaining 
alkaloids. Standard curves were prepared with 
isopenniclavine (also standard curve for penni- 
clavine), isosetoclarine (standard curve for seto- 
clavinc), chanoclavine, clymoclavine, and agro- 
clavine (also standard curve for remaining 
alkaloids). Due to exposure of the chromatjograms 
to heat, and air during the drying procclss, the qunn- 
tities of each alkaloid are approximate rather than 
:Lbsolut (‘. 

CHEMICAL STSTHESI~ OF CLA~I~-.E 
ALKhLOIDS 

In order to obtain Iyscrgol-C”, isolysergol-C’4, 
and lysergene-C” m amounts sufficienl, for con- 
version experiments, these alkaloids were prepared 
according to the mc,thod of Schreier (19) by heat- 
ing biosynthetically labeled elymocln\-ine-C’” (0.5 
mg.) with potassium hydroside (25 mg.) in mcth- 
anol (0.3 ml.) to 135-140” for 2 hr. under nitrogen 
in a sealed glass tul)c. The react,ion mixt,ure was 
extracted with chloroform and separated in system 
FBP (15). Lyscrgol, isolyscrgol, and Iysc,rgrne tv-ere 
then elutcd individually. 

Fcst~uclnvinc-C” was I>rc,parrd by hydrogena- 
tion of agroclavinr-CY1 (0.3 mg.) dissolved in 2 
ml. of nbsolutr ethanol over platinic oxide catalyst 
(1 mg.) at normal temperature and pressure (19). 
The radioartive reaction mixture extracted with 
chloroform was sepnratcd I,- chromatography in 
system FBP (15). 

IETRODWTION OF LABELED ALKALOIDS 

Each single labeled alkaloid was disyolvetl in 
5.00 ml. of 0.25% aqueous succinic acid. From the 
5.00 ml. of filtered radioactive solution, 0.50 ml. 
was used to determine the amount of disintegra- 
tions/min./ml. Aliquots of the remaining solution 
were int,rnduced under the mycelial pad of the 
growing ergot by means of a syringe equipped with 
a sterilized hypodermic syringe adapter, filter HA 
(Milliporc Filter Corp.) and a hypodermic needle 
3% in. long. 

-In nlicluot of each solution was also introduc.etl 
into a flask containing sterile metfillm alone 
(blank). 

DETERMINATIOXS OF RADIOACTIVITY 

Determinations of radioactivity of isolntctl al- 
kaloids were carried out, wit,h a Tri-Carh licluid 
scintillation spectrometer (Packard Instrument 
Co., Inc.), and absolute counting rates wcrc cal- 
culated according to the int,ernal standard method 
(20). The radioactivities of the t,rit,iat,rd alkaloids 
were not determined as al,sollltc counting rates. 
Dcterminniions of radioactirity on paprr cllromn- 
lograins wcrc made \\-ilh a “Forro Rndiorhromn- 
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tograph” (The Forro Scient,ific Co.) chromatogram 
scanner (20). The scanning procedure was also 
used to determine the purity of the introduced la- 
beled alkaloid. 

In Tables I-III, listings of <200, <300, etc., 
d.,/min. do not necessarily mean that there aetu- 
aily was any activity present. It represents an es- 
timate of the possiblt? amount of radioactivity that 
could remain undetected under those conditions. 

RESULTS 

The results obtained are shown in Tables 
I-III a,nd in Figs. 1 and 2. 

DISCUSSIOS 

CONVERSION OF ACROCLAVINE 

In a preliminary coinnlunication (21)) 
we showed the role of agroclavine as a pre- 
cursor of elymoclavine, penniclavine, and 
isopenniclavine, and this conclusion was 
confirmed by Expts. XI and XII (Table I j . 
It, had been noted that the concentration of 
elymoclavine usually was lower in old cul- 
tures (40 days) of strain 47 A than in young 
ones, and that, instead, the amount of pen- 
niclavine had increased. Voigt and ?Vich- 
mann (10) used this finding, together with 
the finding that the rcdox potent,ial of cul- 
tures increased with age, as a basis for 
their conclusion that, elymoclavine serves as 
a precursor of penniclavine. Under our ex- 
perimental conditions, the alkaloid produc- 
tion started 10-14 days after the inocula- 
tion of the 47 A culture and reached a max- 
imum after 4-5 weeks. 

In Expt. XI, agroclavine-Cl4 was intro- 
duced into 23-day-old cult,ures of 47 L4, 
which were harvested first aft,er a t,ootaI 
growth t’ime of 39, 46, and 46 clays, re- 
spectively. The yields as well as radioac- 
tivity of elymoclavine were also small in 
these cultures compared with the relatively 
large amounts and activities of penniclavine 
and isopenniclavinc. In Expt. XII, agro- 
&vine-C’+ was in~roclucecl into 12-day-old 
cultures of 47 A and, although the exposurr 
time was shorter t’han in E:xpt’. XI, only a 
minute amount of radioactivity remained in 
the extracted agroclavine in Expt,. XII. 0ne 
is tc>mptcd, therefore, to draw the conclu- 
sion that, a young culture of 47 A has great 
ability t.o oxidize aproclavine but Iesser abil- 

ity to oxidize elymoclavine, whereas the re- 
verse holds true in the case of old cultures 
of 47 A. The biosynthesis of setoclavine-C’l 
from agroclavine-Cl4 was best demon- 
strated by the use of the degenerated non- 
alkaloid-producing strain PRL 1578-P (~Tx- 
ble III). In nearly all experiments, frstu- 
&vine was formed only in trace amounts, 
but a significant incorporation from agro- 
clavine-Cl4 occurred in Expt. XI. The 
biogenesis of this alkaloid from agroclavine, 
as well as of its C-8 stereoisomer, pyro- 
clavine, was better delnons~rated (Table 
III) with Abe’s strain, which produces 
both of these alkaloids. Also, the conversion 
of agroclavine-Cl4 to pyroclavine was deut- 
onstrated wit,h good result in our Mexican 
non-alkaloid-producing strain (Table III). 

Agroclavine-Cl4 was found to be the prc- 
cursor of the follo~~ing alkaloids (Tables 
I, III) : elymoclavine-Cl*, penniclavine-CIJ, 
isopenniclavine-C14, setoelavine-Cl”, lyser- 
gal-c?“> isolysergol-C14, pyroclavine-Cll, 
and festuclavine-Cl”. The amounts of iso- 
setoclavine and lysergene in a culture were 
not sufficient to study the biogenesis of 
these alkaloids. flowever, by analogy wit,11 
setoclavine, a biogenesis of isosetoclarine 
from agroclavine is evident. 

In the subsequent experiments, XXVII 
and XXVIII, it wa,s found that lysergene- 
Cl4 was converted to lysergol-Cl”, isolyser- 
gol-Cl”, penniclavine-C14, and isopenni- 
clavinc-Cl”. Consequently, the question 
arose whether lysergene is an intermediate 
in the biosynthesis of these compounds from 
elymoclavine. The amount of lysergene nor- 
mally present in t,he cultures was too smal1 
to permit any studies on its biogenesis and, 
tBherrfore, an attempt was made to detect, 
its origin by a dilution of the tnctabolic poof 
of this alkaloid. For this purpose non-la- 
beled lysergene was introduced into culturei; 
fed agroclavinc-C14 (XII) and elyrno- 
~la~~ine-Cam (XIV) ? respectively. This al)- 
preach was taken in the hope that any ra- 
dioactivit,y passing through the diluted 
lysergene pool would accumulate there. 
However, in either experiment the total ac- 
tivity of this alkaloid was no greater than 
that of the same alkaloid obtained from a 
culture to which no lysergene had been 



ERGOT ALKALOIDS -HiI 

TABLE I 

DISTRIBUTION OF RADIOACTIVITY AMONG ALK.~LOI~R REPOVERED FRO~VL ERICH 
47 A CULTVRE AND BLANK 

Introduced labeled 
alkaloid 

Radioactivity of isolated alkaloids 
iamounts of alkaloids in pg.) 

Agroclavine-Experiment SI 

a.let. To ( I 

(84,000) Blank ; 03.8 
) I I I 

73,900’ <zoo 
’ (125): 

<200 <2001 <2OOl <900 <200 <200 
(23 days) I 

(84,000) Medium + 47 .\ 60.8 5001 l;;;li :,::” ;;;p 5j 800 
(16 days) C-1 i G) 

(84,000 ) Medium + 47 A 
( (23 days) ( 

50 (3 

(S-l,OOO) Medium + 47 A 44.4 
(23 days) ~ 

Experiment XII 

(57,500) ! Blank ’ 87.0 

I (15 days) 
<500 <200 <2OOi <2001 <200 1 I 

(115,000) / Medium + 47A 35.4 
(15 days) 

j 2,oool 18,100 i.306 3 500 
(95)/ (120) (40) I (75) (;5) 

(115,000) +250 , Medium + 47 A i 61.5 4.000 l.iOO, 
pg. lysergene (15 days) 

1 9001 1,800, ~ 800 

I 
(70) I (25) j (30) 1 (30) ) (10) 

Elymoclavine-Experiment S II I 
--__-~ _~ 

(129,000) j Blanli 91.5 
I 

<200 118 ,OOOi < 1 .OOO; < 1.000 <200 <2ooj <200 
(21 days) 

I (175) ~ , 

(214,000) Medium + 47 A 47.0 < 200’ 
I 

85,000 
(21 days) I (125)i (275) ) (20) 

11,000, 3,800 < 2001 3,200 
j (45) ) (lo) (20) 1 (lo) 

(53,000) + 250 Medium + 47 A 
fig.lysergene I (15 days) 

(53,000) Medium + 47 A 
(15 days ‘i 
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TABLE I-Continued 

Introduced labeled 
alkaloid 

(26,500) 

(51,000) 

(51,000) 

d./min. 

(25,~) 

(50,000) 

__~ -~ ~~ 

(32,400) Blank 81.8 
(22 days) 

12001 <500 

I 

I 
(21,300) Blank i 73.0 <200 

(16 days) 
I <300' < 200 

, 

Blank 
(17 days) 

Mediunl + 47 A 
(17 days) 

Medium + 47 A 
(17 days) 

Radioactivity of isolated alkaluids 
(amounts of alkaloids in pg.) 

Penniclavine-- -Experiment XV 
-------7-.- 

<200~ 17,2001 <2001 <200 <ZOO <200 

Experitnent NV1 

Medium + 47 A 

Isopettniclavine-Experiment XVII 

Setoclavine-Experiment XVIII 

(35,500) ~ Med(iutn + 17 A 

, 

<200, <20018,700 <200 <200 
16 days) ' 

/ 
(35) (15) ~ (35) 1 (5) ~ (0) 

_~~- -~ ~- 

l,ysergol-- ti:xperirnettl XIX (synthetic lysrrpol I 
_.~ ~~~~ ~-~~ ~ ~~ ~ ~ --~-~-~-- 

(9,300) 1 Blank 17.0 ' <2OOi <500 4,000 
I 

<200 <zoo <200/ (200 <200 
(25 days) (10) 

I I 1 

(18,600) Medium + 17 A 22.0 
( (25 d:tgs) 1 

<2001 <5001 3,000 
; (11O)l C(J) 1 (65) 

<ZOO; <2001 <200 
(15) (10) 1 (10) 

(18,600) Medium + 47 A 25.8 ' <200 <500' 4,500 <200 
(25 days 1 ' (165) (5) i (701 



ERGOT ALKALOIDS 463 

TABLE I-C’ontin~ed 
.---~-~~~~~-~~-~ 

I Radioactivity of isolated alkaloids 
(amounts of alkaloids in fig.1 

Introduced labeled 
alkaloid 

Exposed to 
(time) 

Experiment XX 

(19,200) ( Blank 70.1 ; <200! <500 12,000; <200 
(12 days) 

<200( <200! <200 

I I 
I 

(20) 
I ( 

I 
(45,500) Medium + 47 .k ’ 56.0 <200 <2001 <200 <200( <200 

(12 days‘) / (75) 1 (25) 1 (15) ) (25) 1 (0) 

Isolvsergol--Experiment XXI (synthetic isolysrrgol) 

(30,000) Blank 
(12 days) 

(48,500) Mediunl + 47 A 
(12 daysi 

(48,500) Medium i 47 A / 
(12 days) 

Experiment XXII 

(40,000) 

Festuclavine-Experiment XXIII 

(17,900) Blank 94.7 
(12 days) 

(35,800) Medium + 47 .I 63.5 
(12 days) 

Experiment SSIV (synthetic festuclavine) 

(34,000) ) Blank 81.6 
(18 days I 

1200, <200 <200! 

I 
I 

(.54 ,300) Medium + 4i .A ~ 60.3 1 <200 <2001 <200 
(18 days) I (150) (340) (25) 

(72,800) 1 Medium + 47 A ~ 63.3 <200 <200 <200 

I 
(18 day?1 ~ (75) (100) ) (20) 
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TABLE I--Continued 

Introduced labeled 
alkaloid 

Exposed to 
(time) 

Recovery of __ 
radioactivity 

Radioactivity of isolated alkaloids 
(amounts of alkaloids in pg.) 

-__-~. 

I ~ -._ ~.____ 

Chanoclavine-Experiment, XXV 

(16,500) 

(27,500) 

Blank 
(18 days) 

60.7 

Medium + 47 A 39.0 
(18 days) , 

( ! 

<2001 <200 (200 I 
(130)l (170) ) (25) j 

Experiment <XXVI 
.-___-~ _~ ~~_ 

(37,OOO)O Medium + 47 A / 39.8 / ~2001 
(26 days) 

Lysergene-Experiment XXVII (synthetic lysergene) 
_--- ~- - 

1 

(11,200) Blank 
I 

34.8 
(26 days) 

d./min. % i 1 ~ I 

(37,200) Blank 41.0 <200 <200 <200 <200 <200~ <2001 <20014,000 
(24 days1 1 

1 
(51,300) Medium + 47 A ( 15.6 <3001 <400 1,000 

(24 days) I ’ (15O)i (20) / (55) / (40) , (15) 1 (20) I (30) I (5) 

a No blank experiment carried out. 

added. From the above findings, it seems 
unlikely that lysergene is a normal inter- 
mediate in the biosynthesis of lysergol, iso- 
lysergol, penniclavine, and isopenniclavine 
from elymoclavine but may rather represent 
an alkaloid that can be metabolized by 
strain 47 A. 

The low R, value of chanoclavine in sys- 
tem FBP as well as the minute amount of it 
present in a culture made the biogenesis of 
this alkaloid difficult to investigate, since 

usually a small amount of activity remained 
at the origin of the chromatogram where 
the alkaloidal mixture had been spotted. 
However, in one experiment with agro- 
clavine-Cl1 (Expt. XI, lysergene-added cul- 
ture) , no activity was present on the scan at 
the origin, nor was any activity present 
on t,hc scan corresponding to chanoclavine. 
Agroclavine or any other clavinc alkaloids 
derived from it, therefore, seem not to be 
precursors of clianoclavine. Chanoclavine 



Introduced 
labeled. 

alkaloid 

I 
Tritium-labeled alkaloids Kadiwartivity of isolated alkaloids 

Iamounts of alkaloids in pp.) 

“x(yr$ to Recovery of 
radioactivity 

(3,600) 1 Blank i3.2 ~ < 200 < 200 1 < 200 <200 1 < 200 <200 1 <‘Loo 2,300 

~ 

(12 days) 1 (15) 
I 

~ I i 
(7,200) Mediunl + li A 66.2 <200 <:wo <200 ( <'Loo <200 ’ <200 1 <‘Loo 1,000 

(12 days) 
/ 

(95) : 1125) ( (30) (60) I (15) ~ (25) 1 (25) i (:35) 

(11,500)” Medium + -I7 A 
(20 days) 

S~-1-H3~I~spcrilllent SSSI 

~~ I- ~~ ~~~~ -1 ~ --r ~~ -~I -~ - -~ s-4 

I 
(8,500)~ Medium + 17 .4 37.6 

(20 days) 
<200 <200 , <200 <‘Loo I <200 < 200 

, (160) (100) (50) (55j i (30) , (2.5) 

iL No blank experimept carried out. 

Introduced 
labeled alkaloid 

d./nrin. 

(57,500) 

(57,500) 

(57,500) 

(115,@30) 

(57,500) 

(57,500) 

< 500 < 200 <so 

2 !)OO , 1,100 < 500 
(15) (10) (0 1 

2,100 900 <500 
(‘0) 00) (0 1 

A41,pro’. < ,500 < 500 

14.000 (0 1 (0) 

< .500 < 500 I1 ,200 

Mrtliunl + 1’1~1, 1578-l’ 41.1 I2,iOO < 500 < 500 7 ,500 
[IT, thys) 



findings were -m+fietl in Exptr. Xl11 :mlt 
XIV. E’urtlieumorc, t,llcy provctl that elymo- 
clavine-0” is the precursor of lyscrgol-(2” 
and ieolysergol-C!l*. Elymoclacine w:w 
found not to be the precursor of festuclx- 
vim, sct~oclavine, and agroclarinc. In tlicse 
expcrimcnts WI1 and SIV I, it, was diffi- 
cult t.0 detcrminc tlicl act~usl ~~llI~~l)(~r of dis- 
integrations/inin. originating fmn clymo- 
clavine-C~14 and from ly~ergol-(:~~. Tlic a(:- 
tivity of thcsc CKW :tlkaloitls tlrcwfow w::s 
~OllntcYl 3s orlc. on the Ot~ilcT 11:mtl, tiw (‘X- 

istmcc of a slioultlci~ and :/II c~xtm~l~d slolw 
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-N 
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\ H CH3 
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c 

N- 

* 

\ 

FESTUCLAVINE 

i 
H3C H 

e 

N- 

CH20H PYROCLAVINE 

NH - CH3 

LYSERGOL 

PENNICLAVINE 

LYSERCOL 

ISOLYSERGOL 

P 
CHANOCLAVINE 

L 
\ 

N- 

LYSERGENE 
Y CONVERSION HO CH20H 

\/ - NO CONVERSION 

c 
‘\ 

N- 

----+ LIKELY CONVERSION 
PENNICLAVINE 

-->t-* UNLIKELY CONVERSION ISOPENNICLAVINE 

FIG. 2. Established biogenetic interrelationships among clnvine nlkaloids 

overlapping int’o the lysergol band on the The blank experiments all showed that 
“lysergol side” of the elymoclavine peak no detectable conversion of one alkaloid to 
made it fully clear that lysergol-Cl4 was another takes place as a result of interaction 
formed from elymoclavine-CY4. with the medium or extraction proccdurc. 
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Ihc to the presence of an 8,9-double 
bond in agroclavine, the well-cstablishctl 
biochemical oxidation involving a delrydro- 
gcttation st,ep followed by the ~~(~dition of 
water cannot occur. Nomevur, assuming the 
involvement, of two isomerization steps, as 
outlined below, this type of oxidation, al- 
though rat’her unlikely, could take I)lace. 

agroclaviue - lyser(Sirlt* 
isolyscrgirte 

----t 

lysergene --+ lysergol 
isolysergol -9 elymoclavine 

Of the five theoretical inter~~lediat~s sug- 
gested above, lysergine, lysergenc, lyscrgol. 
and isolysergol (22, 15) have been reported 
to occur in nature. Abe et al. (22) also have 
considered it similar pathway, but in ac- 
cordance with their earlier bioge~leti~ the- 
ories (6i) t,hey proposed a reversed reac- 
tion sequence. Our experiments with lyscr- 
gol-Cl4 (XIX. XX) and isolysergol (XII, 
XXII) ruled out a’ pat,hway involving the 
indicate~l isonlerization steps. The oxidation 
of agroclavinc to elymoclnvine, therefore, 
seems t#o occur by a direct, attack on the 
terminal methyl group. 

The experiments performed with penni- 
clavine4Y4 (XT’, XVI), isopenniclavine-C” 
(XVII), setoclavinc-C’” (XVIII j , lysergol- 
Cl4 (XIX? XX)? isolysergol-Cl” (XXI, 
XXII i) and fes~u~la~~ine-Cam (XXIII! 
XSIV i , all showed that these compounds 
arc virtually inert as far as the biosynthe- 
sis of the other clavine alkaloids of strain 
47 A is concerned. Of course, the possibility 
cxist.s that, one or more of t.hesc clavinc 
alkaloids might sfrvr as precursors of ly- 
sergic acid. 

The experiments also shoJv that each 
stereoisomer of lysergol and isolysergol and 
of penxlicla?rine and ~sopenniclavine is bio- 
synthesized independently and does not 
rcl)reWrt the product of a chemical or hio- 
chemical isomerizat,ion process. 

One might conceive of an initial hydra- 
tion of the 8,9-double bond followed by a 
9, lo-dchytlrogt~nation in the case of the 
oxidation of agroclavine to sctoclarine and 

to isoseto~Ia~ine, and of elyIl~ocla~~in~! to 
penniclavine and to isopcnniclavinc. These 
dihydrointermediates would then probably 
exist in the alkaloidal mixture to some cx- 
tent. The unknown alkaloids (X-l, X-2, 
X-3 and X-4) of low iZ, values in FRP 
might have been dihydro derivatives of al- 
kaloids such as penniclavinc, isopcnnicla- 
vine, and setonlavine. lTl)on testing, X-l. 
X-2, and S-4 failed to transmit radiolabel 
to any other aikaloid. They cannot then 
be t,he 1)oxsible dihydroint~ermediates and, 
in our opinion tlicrcforc. the oxidation of 
agroclavine to xct,oclavine and to isoscto- 
clavine and of elyr~lo~l~~~ine to ~)~~nni~l~~~,in~l 
and to iso~~t!nni~l~~~in~ ~)rof~a~)ly does not 
involve dihydroalkaloid!: as intermediates. 

It, was of importance to det~erininc if the 
radiolabel would be ~~~in~or~)o~at~~d into 
new alkaloids from possible breakdown 
products of labeled alkaloids and, if so, hon 
much of it. The possible occurrence of a 
rapid biochemical degradation of the in- 
trod~lc~~cl ~~lk~l~)ids followed by r[?in~or~~or~~- 
tion of radio:&ivity would pose problems 
bearing on our biogcnctic~ results. Conse- 
quent,ly, t.his possibility was invcstigatefl 
both by it direct. and m indirect approach. 

The dried myceii~ of the 47 A cultures 
used in Expt. XTI were powdcrcd and ex- 
tractcd with petroleum ether. The residue 
after evaporation of the petroleum ether 
(2.7 mg.) was c~ountcd in the scintillation 

Sp~l~t~oI~l~t~~ and found to contain onl! 
about 10 d./min. This figure, when co111- 
pared with the originally introduced amount 
of 230,000 d...imin.. snakes it clear tltat 
there otcufri no signifir*atit, if any, rein- 
co~l~or~~tion into ;~lk:~loicls l~ios~ntli~~~iz(~(l 
de t707w from l)rcaktlown products. The ii{)- 
idic fraction contamS fats anIl large ainount~ 
of ergostcrol. (lonsequrntly, no significxant 
radioactivity could Iiave passed from bre:tk- 
down ~~ro(~ll~ts t,hrough acetate, mevalonatc 
or active “Cl”, all of which are precursors of 
the ergot alkaloid nucleus, back into new 
alkaloids. Furthermore, the percentage re- 
covery of introduced alkaloid is of similar 
~~,:~gn~t.ud~ whcthcr t,he introduc~(I alkaloid 
is converted to other clavine alkaloids 01 
not,. 
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CONCLUSIONS 

The more the biogenetic interrelations of 
the clavine alkaloids were elucidated, the 
more evident became the prominent role of 
agroclavine in the biosynthesis of the cla- 
vine alkaloids. All 8-methylergoline alka- 
loids, viz., setoclavine, fcstuclavine, and 
pyroclavinc, were rendered radioactive from 
feeding of agroclavine-Cl+ to the mold but 
not from feeding of clymoclavine-Cl”. On 
the other hand, all ergot alkaloids possessing 
an 8-hydroxymet’hyl group, viz. lysergol, 
isolyscrgol, penniclavint, and isopennicla- 
vine, became labeled both from fed agrocla- 
vine-V1 and from fed clymoclavine-Cl”. 
The latter alkaloids, then, must, be biosyn- 
thesized from agroclavine via elymoclwvine. 
None of these reactions was found to bc 
detectably reversible. 

Our experimental findings indicate fur- 
t,her the prerequisite of a double bond in 
position 8 if an alkaloid is to be metabo- 
lized. All tested alkaloids that are mct’abo- 
lizcd in strain 47 A, viz., agroclavine, ely- 
moclavine, and lysergcnc, possess a double 
bond in this position. Only t’hese alkaloid:: 
have this particular stcric configuration at, 
C-17. The finite place of lysergclnc in the 
biogenet,ic scheme of the clavine alkaloids 
remains undecided, and its fixation may rtt- 
quire considerable c,xperimental work. 

The biogenetic pathways which WC have 
established in this investigation for t’he cla- 
vine alkaloids by the use of strain 47 ,4, 
Abe’s strain, strain PRL 1578-P, and a 
Mexican maize ergot strain arc summarized 
in Fig. 2. 

At the present,, one can only speculate 
regarding the biochemical mechanisnl by 
which agroclavine and elymoclavinc are 
converted to other clavinc alkaloids. The 
formation of pyroclavine and fcstuclavinc 
by the action of an agroclavinc-hydrogenat- 
ing cnzymc seems very likely. The rcquire- 
merit for TPNH and oxygen in the microeo- 
ma1 oxidation (23 I of foreign compounds in 
animals may bc us;c~l in support of the view 
that pcroxidascs or oxygen transfcrascs art‘ 
involved. Animal studies on t,hc drug metal)- 
olism of Mcthyprylon (24 I , which has son10 
structural features in common with agrocln- 
Yin?, have revealed an oxidat’ion of the cte- 
lly~lrog:cnatc~rl drug, ant1 concciY:lbly it 11i:iy 

well be similar to t,he oxidation of agrocla- 
vine -+ elymoclavine + lysergic acid in er- 
got. A possible pathway in ergot for the 
biosynthesis of the peptide-type alkaloids 
involving peroxidascs or oxygen trnnsferases 
would the11 bc: 

ngwclavine + elymoclavinc + [lysergic 
aldehyde] 3 lysergic acid + peptide alkaloitls 
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