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Abstract--Ergosterol isolated from Phycorn~crs hlak~sl~~~anusgrown in the presence of methionine-[methyl-“H3] 
contained two ‘H atoms showing that one ‘H atom is lost during transmethylation. Ergostcrol isolated from 
P. blakesleeanus grown in the presence of mevalonic acid-[2-‘4C,(4R)-4-3H,] had a 14C:3H atomic ratio of 5:3. 
Chemical degradation of 2.3-dimethylbutanal obtained by ozonolysis of the doubly-labelled ergosterol showed 
that the 3H atom originally at C-24 of lanosterol is transferred to C-25 of ergosterol during transmethylation. 
The mechanism of formation of the ergosterol side chain in P. hlak~sl~eanu.s is presented. 

INTRODUCTION* 

The incorporation of the methyl carbon of meth- 
ionine into the methyl group on C-24 of ergosterol 
was first shown. in yeast (Saccharornyces cerevi- 

siae), by Alexander et al. [l]. The direct partici- 
pation of S-adenosylmethionine in this alkylation 
process was first demonstrated by Parks [2]. 

Ergosterol biosynthesized by a methionine-less 
mutant of Nrurospo~~ cra.ssa from methionine- 

[methyl-2H,] was found to contain only two ‘H 
atoms in the 24-methyl groups [3]. Moreover 
ergosterol isolated from Gliocladium roseum and 
Ochromonus danica grown in the presence of meth- 
ionine-[methyl-2H,] was similarly labelled [4]. 
However A”-ergostenol isolated from Chlorella 

elliposidea [IS] and Trehousia species 2 1313 [6] and 
A’-ergostenol from Chlorella vulgaris [7] grown in 
thepresenceofmethionine-[methyl-’H,] contained 

three ‘H atoms in their 24-methyl groups. Clearly 

* Ahw~~iatims used: the trivial names of the sterols used in 
the text have the following systematic names: ergosterol = 
(24R)-24-methylcholesta-5,7.22-trien-3~-ol; A’-ergostenol = 
(24S)-24-methylcholest-5-en-3/I-o1; A’-ergostenol = (243)-24- 
methylcholest-7-en-3/I-01; lanosterol = 4.4.14~trimethyl-5a- 
cholesta-8,24-dien-3B-ol; norcyclolaudenol = 4r,l4r-dimethyl- 
9B,19-cycle-5a-ergost-25-e&3/1-01; episterol = Scc-ergosta- 
7,24(28)-dien-3/I-01; 24-methylene-24,25-dihydrolanosterol = 
4,4.14~-trimethyl-5r-ergosta-8,24(28)-dien-3~-ol; E/P = Et,0 
in petrol. 

different organisms introduce the 24-methyl group 

by different mechanisms. Figure 1 illustrates the 
more likely of these (see also Akhtar et al. [Xl. 

Lederer [4], and Goad et al. [6]). Russell et al. [9] 
have shown that the sterol undergoing alkylation 
at C-24 must have a A14-double bond (1, Fig. I), 
which initiates a nucleophilic attack on the meth- 
yl carbon attached to the positively-charged sul- 
phur atom of S-adenosylmethionine [S]. This 
results in the formation of a carbonium ion (2, Fig. 
1) which may be transformed into the side chains 
characteristic of ergosterol (5, Scheme 1) and A”- 
and A’-ergostenol (4, Fig. 1) by several possible 
routes. The route involving intermediates 1, 2, 7, 
and 8 (Scheme 1) is generally accepted as that by 
which the 24-methyl group of ergosterol is intro- 
duced in N. crassa and S. cereuisiae because (i) it 
involves elimination of a proton from the newly- 
introduced 24-methyl group, which would explain 
the retention of only two deuterium atoms from 
methionine-[methyl-2H,1 [3] and (ii) it involves a 
1,2-hydride shift (C-24 to C-25) which has been 
experimentally demonstrated [IS]. This route, how- 
ever, cannot be operating in the biosynthesis of As- 
and A’-ergostenol since these sterols do not lose 
any ‘H atoms from methionine-[methyl-2H-J [I% 
71. The other three routes shown in Scheme 1 do 
not however involve 2H loss and are therefore 
possible. Goad et al. [6] favoured the route involv- 
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Scheme I. Possible routes br the biosynthcris of the crgosterol sido chain. R = stcrol ~~ucleus. 

ing intermediate 6 in A”-ergostenol formation in 

7%~~rric1 because they were able to demonstrate 
the exclusive conversion of norcyclolaudenol. a 
A”-24-methylsteroi, into A”-ergostenol in this 
organism. However they did not rule out the poss- 
ible intermediacy of a Al’-24-methyl intermediate 
(3, Fig. 1). The route involving this intermediate (3, 

Scheme I) can be distinguished from the route in- 
volving the A”-24-methyl intermediate (6. Scheme 
I ) and that involving direct stabilization of inter- 
mediate 2 (Scheme I) by H- addition by the loss 
of the C-34 hydrogen atom of intertnediatc I 
(Scheme 1). Akhtar rt al. [IO] have shown that the 
introduction of the A”-double bond of crgosterol 
in S. wr~c~ri.siw is mechanistically unrelated to 
alkylution at C-14 and can occur after alkylation: 
in fact the balance of evidence indicates that alky- 
lation precedes desaturation at c’s 22 and 23 141. 

Mcthioninc-[methyl-“<‘] has been shown to 
label the 24-methyl group of ergosterol and other 
sterols in P~~_Ko~u~Yc~.s hlulic~.s/~~~~~r~~~.s [ 1 1. 131 but 
the mechanism of alkylation has not. to date. been 
studied in detail. In this paper WC have carried out 

such a study. We have been able to show that alky- 

lation proceeds via route 1~2-7-8-4~5 
(Scheme I) bq demonstrating (i) the loss of one ‘H 
atom during ergosterol biosynthesis from meth- 
ionine-[methyl-‘H,1 and (ii) the transfer of hydro- 
gen from C-24 to C-25 during crgosterol forma- 
tion. 

RESl 1.X 

A 100 ml CUltUrC of P. ~)ltrke.s/c~c~tr~z~rs was grown 
from spores on a medium containing 100 mg of 
methionine-[methyl-‘H,]. The mycclium (wet wt 
3.57 g) was harvested after 5 days and saponified. 
The unsaponifiablc material (30.85 mg) was chro- 
matographed on alumina and the 3Y1, E P” frac- 
tion (6.28 mg), containing most of the ergosterol. 
was further purified by TLC’ (system I). The zone 
cochromatographing with authentic crgostcrol 
was removed and cluted. GLC‘ showed it to he 
composed of ergosterol (RRT. 1.35) with ;I smailer 
amount of episterol (RRT. 3.71) and tract of 

~rgosta-~.7,24(28)-tri~n-~~~-~~l (RRT. ?.iX) [13]. 
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Table 1. Radioassay of squalene, ergosterol and the chemical degradation products of ergosterol biosynthesized from mevalonic 
acid-[2-r4C,(4R)-4-aH,] 

r4C dpm* 3H dpm* 
14C :3H 

dpm ratio 

14C:3H 

atomic ratio 

Mevalonic acid+ 5184 
Squalene 562 
Ergosterol 179 
2,3-DimethylbutanaQ 
(before tautomerization) 266 
2,3_Dimethylbutanal$ . 
(after tautomerization) 157 
2,3-Dimethylbutanoic acid9 175 
Acetic acid$ 241 

51956 I : IO.02 ):I 
5613 1 : 9.98 6 :5.9X 
1144 I : 6.38 5:3.18 

2610 

1479 
1614 

0 

I : 9.81 I :098 

I : 9.42 1 :0.94 
I : 9.22 I : 0.92 

I I :o 

* Each sample, along with 14C, ‘H and Blank standards, was counted. for a period sufficient to give a statistical accuracy of 
95%, nine times. The figures given are the mean values of these counts. 

t Mevalonic acid-[3R,2-‘4C + 3S, 2-‘4C] + mevalonic acid-[3R. 4R-3H, + 3S, 4S-3H,] mixture used in the P. h/akes/~earzu.s 
culture medium. 

$ Assayed as their dimedone derivatives. 
5 Assayed as their sodium salts, 

This material was subjected to GC-MS. The mole- 
cular ion cluster of peaks in the MS of ergosterol 
was composed of ions at m/e values of 396, 397, 
398, 399 and 400 with relative intensities of 25.57, 
30.77, 100, 28.38 and 5.86 respectively. Similar 
clusters for the M-Me, M-H20 and M-[CH, + 
Hz01 ions were present, having their most abun- 
dant ions at m/r values of 383,380 and 363 respect- 
ively. The most abundant ion in the M-59 cluster 
which is characteristic of A5.7-sterols [3, 141 was 
at m/r 339. The most abundant ions in the M-[side 
chain (SC) + 2H] and M-[SC + 2H + Hz01 
clusters were at m/e values of 269 and 253 respect- 
ively. 

Zncorporation of meoalonic acid-[2-14C, (4R)-4- 

3W 
A 100 ml culture of P. hlakesleranus was grown 

from spores on a medium containing mevalonic 
acid-[2-14C, (4R)-4-3H,] (2.5 $Ii 14C; 25 &i 3H). 
The mycelium (wet wt 4.11 g) was harvested after 
5 days and saponified. The unsaponifiable material 
(75.11 mg, 252280 dpm “C) was chromato- 
graphed on alumina and the 20% E/P (5.25 mg, 
18 1 100 dpm 14C) and ether (3.32 mg, 48 240 dpm 
r4C) fractions bulked and purified by TLC (system 
1). The zone cochromatographing with ergosterol 
was removed and eluted. This material was then 
separated by argentation TLC [13] into an ergo- 
sterol zone (Rf O-1 3), an episterol zone (IX,. 0.34) and 
a minor zone of ergosta-5,7,24(28)-trien-3P-ol (R, 

0.05). After two further passes through the 
argentation-TLC system the resulting ergosterol 
was shown to be 95% pure by GLC. Aliquots of 
this ergosterol sample were then subjected to pre- 
parative GLC and the peak corresponding to 
ergosterol collected. Analytical GLC of an aliquot 
of this ergosterol showed it to be uncontaminated 
by any other sterol. The remainder of this ergo- 
sterol was then radioassayed along with a sample of 
the doubly-labelled mevalonate used in the culture 
medium and a sample of squalene isolated from 
the petrol fraction of the alumina chromatography 
of the unsaponifiable material and purified by 
TLC (system 2) and preparative GLC. The results 
are shown in Table 1. 

The major part of the argentation-TLC-purified 
ergosterol (1.97 mg, 52900 dpm 14C) was diluted 
with 503.9 mg of non-radioactive ergosterol and 
subjected to ozonolysis. About a quarter of the 
resulting 2,3_dimethylbutanal was oxidized to 2,3- 
dimethylbutanoic acid which was then radio- 
assayed. A further quarter of the 2,3-dimethyl- 
butanal was tautomerized by alkali and then 
trapped as the dimedone derivative which was 
radioassayed. The residual 2,3_dimethylbutanal 
was converted into the dimedone derivative im- 
mediately. About half of this was radioassayed 
whilst the other half was subjected to the Kuhn 
Roth [ 1 S] oxidation procedure. The resulting ace- 
tic acid was radioassayed as the sodium salt. The 
results of the radioassay of these ergosterol degra- 
dation products are shown in Table I. 
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Mevalon~c acid 

The ma_ior ion of the molecular ion cluster of the 
ergosterol isolated from the tnethioninc-[tnethyl- 
‘H,3]-grown E’. hltrlic~.slcr~u/tt,.v has an WC value 01 
398. two mass units greater than that of unlabelled 
ergosterol and therefore indicating the prcscncc 01 
t~vo ‘H atoms. The mqior ions of the M-Mo. M- 
HZ0 M-[C‘H, + H,O] and M-59 clusters arc 
also 1~0 m;tss units g-cater than the equivalent 
ions in the MS of unlabellcd ergos~crol. IHowcver 
the major ions of the M-[SC‘ + ZH] and M-[IX‘ + 
2H + H,O] were at /J~,‘P values charxteristic of 
unlabcllcd ergostct-ol. showing that the two ‘H 
atoms arc in the side chain. Thcrc is littlc doubt 
that the) arc locatcd in the ?+methq’l group cl-hi& 
therefore has the structure C’H’H,. 

The mol pet- cent of each ionic species of ergo- 
sterol in the molecular ion cluster. calculated from 
relative peak heights and taking account of the 
natural abundance ol‘ '3<‘, is as follow b: itndeuter- 
ated. 183”,,: monodeuterated. 162”,,; dideuter- 
ated. 65C”,, and trideuterated. o”,,. This result is 
very similar to that of .laur&tibcrr~ (~1 trl. 133 
which was: undeu teratcd. lb”,,; monodeuteratcd. 
Ii”,,: dideu teratcd. 7 I “(, and trideutcratcd. O”,,. The 
slightly lowct- incorporation of ‘H into ergosterol 
in P. I~/trk~~.slf,c~rr,~tr.s as compared with that in IV. 
ULISSU [3] is probabl\~ due to the litct that the ,\:. 
~I~SSLI was a methionine-less tnutant which was 
therefore forced to utilix the tnethioninc-[methyl- 
‘Hj] proiidcd: this was not the case with the P. 
I,1~ll\c’,sl~‘~l/rltr.\. The relatively high proportion of 
monodcuteratcd ions, with a ?3-methyl lalxlling 

pattern of CH,‘H {. appears lo be char;tcteristic of 

a biosynthetic pathwag in \?hich a nicth~~lcne 
group is the precursor of the metli)l group [ill. 

The result of this c\pcrimcnt indicates Ihat the 

34-nit’(hJl group ofcrgostcrol arises \,ia a ?4-mcth- 
J Icnc group and that the crgos1crol side chain is 
formed by route 1 -4 2 -+ 7 --+ 8--t 4- 5 (Schcmc 

I). F;urthcr support for this route hits been 
obtained by pro\ iding cvidencc of the migration 01 
hydrogen l't-om C-‘-24 tc> ('-35 (2 -+ 7. Scheme I). 
This has been accomplished b> sho\z ing that the 
hydrogen on (‘-24 of Ihc 4”-sterol intcrmcdiatc 
(1, Scheme I ) ultimatcl~ rcsidcs on C‘-35 of et-go- 
sterol. f’rcscnt cvidcncc indicutcs that in P. /)/crk~,s- 
I~,wIIu.\ lhc iI’J-sleri~l intcrnicdiate is lanostcrol 
since 24-iiictli!,lcne-24,75_dili!drolanostcrol is 
labcllcci bq nietliioninc-[tnethql-‘~C] [I Z] and 
mcthioninc-lmcrli~l-‘H,1 [16]. It is known that 
latiostcrol biosynthesi/etI from nie\alonic acid-[ ?- 
“CT, (4R)A”H t ] has ;I “C‘ :‘H atomic ratio of 6 : 5 
with the iabclling pattern shown in Scheme 2. This 
pattern shows a “H atom at (‘-24 and ;I “C atom 

at c‘-16. Ergostet-ol formed from lanostcrol 

lab&d in this ~.ay. c.ia intermediates. 2, 7, 8, and 
4 (Scheme 1) should. thcrefot-c have ;I .‘H atom at 
C-35 and a “c‘ at C-X (Schctnc 7). That this is so 
has been proved in the follo\ving \\a!. 7..i-Dimcth- 

ylbutanal isolated after o/onolysis of crgosttirol. 
biosynthesizcd by P. h/rr/ic~.s/L~c~tr,t~ts from mccnlonic 
acid-[?-“C. (4R)-4-“H 1]_ had a I’(. : “H atomic 
ratio of I : I showing that one 3H atom and “C 
alom were present in the C-3 C-78 fragment of 
ergosterol. Equilihtxtion of Ihc ?..3-dinieth\ Ib~t- 
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tanal under basic conditions caused no loss of 3H 

as would have been expected if the 3H were located 
at C-24. The ability of the cc-hydrogen of 2,3- 
dimethylbutanal to exchange freely with hydrogen 
ions in the medium under the conditions used has 
been demonstrated [17]. Thus the 3H is not 
located at C-24. Oxidation of the 2,3-dimethylbu- 
tanal to 2,3_dimethylbutanoic acid also caused no 
change in the 14C : 3H atomic ratio, showing that 
the 3H is not located at C-23 of ergosterol. Kuhn- 
Roth oxidation of the dimedone derivative of 2,3- 
dimethylbutanal produced acetic acid with 14C 
but no 3H activity. The Kuhn-Roth procedure dis- 
tinguishes between the methyl groups of 2,3- 
dimethylbutanal (26-,27- and 2%methyl groups of 
ergosterol) which remain unchanged, and the car- 

bon atoms to which they are attached (C’s 24 and 
25 of ergosterol) which are oxidized to -COOH. 
Since no 3H was present in the acetic acid the 3H 
present in the C-23-C-28 fragment of ergosterol 
must, by elimination, have been located at C-25. 
Akhtar rt al. [17] demonstrated a similar shift of 
hydrogen from C-24 to C-25 during ergosterol bio- 
synthesis in S. cerruisiar using essentially the same 
degradative procedure but lanosterol-[24- 
3H,,26,27-14Cz] as the substrate. 

Squalene was isolated from the mevalonic acid- 
[2-14C, (4R)-4-3H,]-grown P. hlak~sleeanus to act 
as an internal check on the r4C : 3H atomic ratios 
of ergosterol and its degradation products since it 
wasknowntohavea6:6ratio[18].The “C:3H 
atomic ratio of 5 : 3 in ergosterol was identical to 
that found in Aspergillus,fumigatLls [19]. Since we 
have proved that one 3H atom occurs at C-25 and 
there is no reason to doubt that the other two are 
at C-17 and C-20, it follows that the 3H atoms at 
C-5 and C-3 of lanosterol are lost during its con- 
version to ergosterol. 

EXPERIMENTAL 

0rp~i.m and cultural conditions. Phycomyces blakesleeanus 
Burgeff, (-) strain was cultured from spores under the condi- 
tion described previously [20]. Labelled substrates were dis- 
solved in the usual medium [I I] and then sterilized by passage 
through a sterile, 0.2 pm membrane filter. They were then added 
aseptically to 100 ml of medium which had been sterilized by 
autoclave. 

Isolation oj’ergostc~ol and squalene. The mycelium was har- 
vested and saponified in the usual way. The unsaponifiable 
material was chromatographed on a 5 g column of acid-washed, 
Brockman Grade 3 alumina developed in a stepwise manner 
with successive 50 ml vol. of petrol, 2, 6, 9, 20% Et,0 in petrol, 

and Et?O. Squalene was isolated from the petrol fraction by 
TLC (system 2) and purified by preparative GLC. Ergosterol 
was isolated from the 204;; Et>0 in petrol and Et,0 fractions 
by TLC (system 1 followed by argentation TLC) and purified 
by preparative GLC. 

TLC. System 1: silica gel G (0.25 mm thick) impregnated with 
Rhodamine 6G [21] developed with CHCI,. System 2: silica gel 
G (0.25 mm thick) impregnated with Rhodamine 6G developed 
with petrol [22]. Argentation TLC: silica gel G (0.25 mm thick) 
impregnated with 10% (w/w) AgNO, developed with 5”;, 
Me,CO in CHCI, [13]. 

GLC. Analytical and preparative GLC were carried out on 
1.5 m x 4 mm i.d. coiled glass columns packed with I”/, SE-30 
on 8% 100 mesh Gas-Chrom Q operating isothermally at 225- 
230”. The carrier gas was 02-free Nz flowing at 40-50 ml/min. 
Detection was by FID. When preparative GLC was used the 
effluent gas was passed through a heated 10: I splitter unit; the 
9/10th fraction was passed through a pre-cooled U-tube. The 
material which condensed in the U-tube was washed out with 
Et,0 and an aliquot checked for purity by analytical GLC. 
Several preparative GLC runs were required to accumulate suf- 
ficient quantities of ergosterol and squalene for radioassay. 

GC-MS. GC--MS was performed vvith a Pye 104 gas chroma- 
tograph linked, via a smgle-stage silicone rubber membrane 
separator, to an AEI MS-30 mass spectrometer. The GC was 
fitted with a 1.5 m x 4 mm i.d. glass column packed with l”i:, 
SE-30 on 8&100 mesh Gas-Chrom Q, operating isothermally 
at 225’ and with a He flow rate of 40 ml/min. The MS were 
obtained with an electron energy of 24 eV. an emission current 
of 300 PA and a source temperature of 250”. 

Mevalonic acit/-[2-‘4C, (4R)-4-3H,]. This consisted of meva- 
Ionic acid-[3R,2-“C‘ + 3S.2-‘“Cl and mevalonic acid-[3R.4R- 
3H, + 3s. 4S3H ,I. obtained from the Radiochemical 
Centre, Amersham, mixed in the ratio I : 10. In the uncubation 
with P. hlukeslrrarrus 5 ,uCi of the 14C species and 50 PCi of the 
jH species were included in the 100 ml of medium. Since only 
the 3R isomers can be utilized for terpenoid synthesis [23]. the 
effective quantities of the ‘“C and jH species present were 2.5 
PCi and 25 nCi respectively. 

Radioassay. Samples were dissolved in 10 ml NE-260 liquid 
scintillation fluid and repetitively counted in an NE8310 liquid 
scintillation counter, along with ‘%, jH and Blank standards, 
for periods sufficient to give 957; statistical accuracy. 

Chemical drgmdation of the doubly-labelled ergosterol. 
Ozonolysis of ergosterol was carried out by the method of 
Hanahan and Wakil 1241. After neutralization with aq. NaOH, 
half the steam distillate containing the resulting 2,3-dimethyl- 
butanal was treated with dimedone (200 mg) in EtOH (6 ml). 
The mixture was heated for 5 min and then left overnight at 0”. 
Crystals of the dimedone derivative of 2.3-dimethylbutanal 
(m.p. 158’ ) were filtered off and divided into two approximately, 
equal parts. One part was radioassayed and the other was sub- 
jected to Kuhn-Roth oxidation [15]. The resulting acetic acid 
was neutralized with NaQH and radioassayed. 

The other half of the 2,3-dimethylbutanal-containing steam 
distillate was divided into two approximately equal parts. One 
part was made alkaline with NaOH (pH 12) and allowed to 
stand overnight at room temp. under N, [ 171. It was then neu- 
tralized with AcOH and the dimedone derivative prepared as 
before and radioassayed. The other part was made slightly alka- 
line (pH 8.5) and treated with aq. KMnO, according to the 
method of Hanahan and Wakil[24]. The resulting 2,3-di- 
methylbutanoic acid was neutralized with NaOH and radioas- 
sayed. 

Acknowlrdgements-We wish to thank Prof. P. F. Wareing, 
F.R.S., Dept. of Botany, U.C.W.. Aberystwyth for allowing our 



il.C.iiI. Ahcrystwyth for his help with the oionollsis 01 ergo;- 

tero1. 14. 

Alexander. ci. J.. Gold. A. M. and Schwcnk. E. (19571 J 4rri. 
c‘/I?0I. SOC. 79, 2967. 
Parks. L. W. (1958) J. ,.4/u. C/ICIII. Sot X0. 7073. 
Jaurt:guihcrr!. G. Law. J. 1-I.. McCloskc~. J. A. and 

Ledcrer. F. f 1965) B~o~/l~~/,lf.\t~.~, 4. 37. 
Ledcrcr. E. 1 IOh9) Q. Rc,I. Cirv~rr. Sot 22. 45.3. 
Tomita. Y.. Liomori. A. and Minato, H. I 1971) Ph~~toc/wn- 
i\li,j, 10. 573. 
Goad. L. J.. tinapp, F. F.. Lcnton. J. K. and Cioodwln. 1‘. 
W. (19721 .!?b~c~/ic,,,i. J. 129. 319. 
Tomlta. I’.. I;omori. A. und Minato. F-1. ( 1970) I’/i!~ro~lf~,,,rr.s- 
li’l’ 9. 555. 
Akhtar. M.. Hunt. P. F. and Parkez. M. A. ( 1967) Nlocherrz. 

J. 103, 616. 
RLI~c’II. P.T.. \an Alla-. R. T. and Nes. W. R. (1967) J. Viol. 
CllC~Jii. 242, .x301. 

Ahhtar. M.. Palrvct. M A and Hunt. P. b. (196X) Hirv//~/r~. 
J 106. 62.:. 

I s. 

16. 

I I. 

18. 

I’). 

20. 
21. 

23. 

2 3 

23. 


