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ABSTRACT 

The convers ion  of  l a n o s t e r o l  t o  e r ~ o c t c r o l  i n  t h e  y e a s t  

Saccharomyces c e r e v i s i a e  and of  f e c o s t e r o l  t o  ergosta-7 ,22-dien-  

36-01 i n  a  n y s t a t i n  r e s i s t a n t  s t r a i n  o r  t h e  same organism have 

been i n v e s t i g a t e d .  Maintenance of  t h e  yea.st under anaerobic  

c o n d i t i o n s  dep le t ed  t h e  s t e r o l  c o n t e n t  of  t h e  organism. A sub- 

sequent  change t o  a e r o b i c  c o n d i t i o n s  Ljas accompanied by r a p i d  

growth and a c c e l e r a t e d  s t e r o l  p roduc t ion .  I n  t h e  normal y e a s t  

s t r a i n  t h e  composi t ion of t h e  s t e r o l  f r a c t i o n  changed w i t h  t ime.  

I d e n t i f i c a t i o n  of t h e  s t e r o l s  p a r t i c i p a t i n g  i n  t h e  g r o s s  bio- 

g e n e t i c  sequence i n d i c a t e d  t h a t  t h e  s t r u c t u r a l  m o d i f i c a t i o n s  

proceeding from l a n o s t e r o l  involved i n i t i a l  n u c l e a r  demethyla- 

t i o n  a t  C - 1 4  fo l lowed by demethylat ion a t  C - 4 .  A l k y l a t i o n  a t  

C-24 can  occur  be fo re  o r  a f t e r  complete removal of t h e  C - 4  methyl 

groups.  This  was a s c e r t a i n e d  by s imul taneous f e e d i n g  of  T25,26- 

14c 1 l a n o s t e r o l  and [2 ,4 -3~] -zymos te ro l  t o  whole y e a s t  c e l l s .  

Syn thes i s  of  suspec ted  i n t e r m e d i a t e s  ( 14c l a b e l l e d  o r  

3~ l a b e l l e d )  posses s ing  2 4 - s u b s t i t u t i o n  and va ry ing  unsa tu ra -  

t i o n ,  eg. A ~ ' ~ ,  A 7 ,  a8, A Z 2 ,  A ~ ~ ( ~ ~ ) ,  was c a r r i e d  o u t .  Feeding 

and t r a p p i n g  exper iments  l e d  t o  t h e  d i scovery  of  s i x  previou-sly 

un repor t ed  i n t e r m e d i a t e s  i n  t h e  b i o s y n t h e t i c  sequence. The 

involvement o f  t h e s e  t o g e t h e r  wi th  p rev ious ly  r e p o r t e d  y e a s t  

s t e r o l s  i n  s e v e r a l  a l t e r n a t e  pathways i n  l a t t e r  s t a g e s  of  t h e  

s t e r o l  b i o s y n t h e s i s  was i n v e s t i g a t e d .  The conve r s ion  of  feco-  

s t e r o l  (ergosta-%,24(28)-dien-3 B-01) t o  e r g o s t e r o l ,  which 

invo lves  i n t r o d u c t i o n  of A5, A7 and A * ~  u n s a t u r a t i o n  a s  w e l l  

a s  r e d u c t i o n  of  t h e  24-methylene group, was found t o  occur  i n  

iii 



s e v e r a l  sequences .  Al tkoueh t h e  A" t o  A7 i s o m e r i z n t  i-on was 

found t o  be r e v e r s i b l e ,  t h e  A5 and A Z 2  doub le  bonds a r e  n o t  

removed once t h e y  have been i n t r o d u c e d .  Neither .  i s  t h e  Pl(") 

met,hylene group reformed once  i t  i s  reduced  t o  methyl .  Al- ter-  

n a t i v e  0 p e r a t i . n ~  sequences  were i n t e r p r e t e d  a s  e v i d e n c e  f o r  t h e  

a b i l i t y  o f  t h e  e n z y m s  r e s p o n s i b l e  f o r  a  p a r t i c u l a r  s t r u c t u r a l  

change t o  modify s e v e r a l  c l o s e l y  r e l a t e d  s u b s t r a t e s .  For  

example, t h e  enzyme(s)  r e s p o n s i b l e  f o r  i n t r o d u c t i o n  o f  t h e  

bond must be a b l e  t o  a c c e p t  s t e r o l  s u b s t r a t e s  c o n t a i n i n g  

b8, A7 ,  A 5 j 7  o r  ~ ~ j ~ j ~ ~ ~ ~ ~ ~  doub le  bonds. 

An ana logous  i n v e s t i e a t i o n  o f  t h e  n y s t a t i n  r e s i s t a n t  mutant  

o f  Sacch.  c e r e v i s i a e  i n d i c a t e d  t h a t  s t e r o l  b i o s y n t h e s i s  i n  t h i s  

o rgan i sm i n v o l v e d  t h e  same g r o s s  f e a t u r e s  a s  i n  normal  s t r a i n s  

w i t h  t h e  e x c e p t i o n  t h a t  t h e  enzyme s y s t e m ( s )  r e s p o n s i b l e  f o r  

t h e  i n t r o d u c t i o n  o f  t h e  A" u n s a t u r a t i o n  i s  e i t h e r  b locked  o r  

m i s s i n g .  The major  s t e r o l  produced by t h i s  mutant  was found t o  

be ergosta-7,22-dien-3$-01. T h i s  s t e r o l  i s  t h e  immediate  p re -  

c u r s o r  o f  e r g o s t e r o l .  T h i s  n y s t a t i n  r e s i s t a n t  y e a s t  i s  t h e  

f i r s t  Sacch.  c e r e v i s i a e  mutant  f o r  which a n  enzymat ic  d e f i c i e n c y  

w i t h  r e s p e c t  t o  s t e r o l  b i o s y n t h e s i s  h a s  been e s t a b l i s h e d .  
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INTRODUCTION 

I n  vivo s y n t h e s i s  of s t e r o l s  proceeds  v i a  t h r e e  wel l -  -- 

def ined  phases  ( ~ i g .  1 ) :  - 
Phase I: Conversion of a c e t a t e  ( 1) i n t o  i sopen teny l  - 

pyrophosphate ( 2 )  v i a  mevalona t e (3) . Head- - 
t o - t a i l  condensa t ion  of  t h r e e  i sopen teny l  

pyrophosphate r e s i d u e s  y i e l d i n g  f a r n e s y l -  

pyrophosphate (5 )  and f i n a l l y  t a i l -  t o -  t a i l  

condensa t ion  of two f a r n e s y l  u n i t s  t o  g i v e  

squa lene  ( 2 ) .  

Phase 11: C y c l i s a t i o n  o f  squalene v i a  i t s  epoxide 

g e n e r a t i n g  l a n o s t e r o l ( 6 )  and/or c y c l o a r t e n o l  - 

(7) - 

Phase 111: Transformat ion of l a n o s t e r o l  o r  c y c l o a r t e n o l  

i n t o  c h o l e s t e r o l  and/or p h y t o s t e r o l s  ( 9 ) .  - 

The l i t e r a t u r e  r e l a t e d  t o  phases  I and I1 has  been 

reviewed i n  d e t a i l  i n  s e v e r a l  e x c e l l e n t  p u b l i c a t i o n s :  t h e  

s t e r eochemis t ry  of t h e  enzymatic p roces ses  l e a d i n g  t o  squa lene  

has  been i n v e s t i g a t e d  i n  d e t a i l  and i s  reviewed by c l a y t o n '  

and by Cornfor th  and popjak2.  Dean3 has  reviewed t h e  enzy- 
7 

mology and chemist ry  involved i n  squalene c y c l i z a t i o n .  

~ a l a l a y ~  has  reviewed t h e  enzymology of  s t e r o i d  t r ans fo rma t ions .  

Sih  and whi t locks  have d i scussed  t h e  biochemical  mechanisms o f  

e r o i  d metabolism. 

Most e a r l i e r  work has  been done on mammalian t i s s u e s ,  

mainly wi th  c h o l e s t e r o l  b i o s y n t h e s i s  i n  mind. There i s  l i t t l e  



Figure 1: Three Phases of Sterol Biosynthesis 





doubt t h a t  many o r  t h e  bi0synthet-i.c i n t e r m e d i a t e s  involved  i n  

c h o l z s t e r o l b i o s y n t h e s i s  a r e  a l s o  p r e c u r s o r s  of  t h e  p l a n t  

t r i t  e r p e n s a n d  s t e r o l s 6 j 7 .  The weight Y evidence1 p o i n t s  t o  

very  s i m i l a r  s t e r o l  b i o s y n t h e t i c  r o u t e s  ' n  p l a n t s  and an imals  

t o  t h e  p o i n t  o r  squa lenc  ox ide  c y c l i z a t i o n .  The produc t  of 

t h i s  c y c l i z a t i o n  i n  mammals i s  l a n o s t e r o l  whi le  i n  p l a n t s  a 

v a r i e t y  o f  t e t r a c a r b o c y c l e s  and pen tacyc l e s  may a r i s e .  Of 

p a r t i c u l a r  i n t e r e s t  i n  connec t ion  wi th  s t e r o l  b i o s y n t h e s i s  i s  

t h e  g e n e r a t i o n  of  c y c l o a r t e n o l  and l a n o s t e r o l  i n  t h i s  s t e p .  

Both of  t h e s e  can s e r v e  as p r e c u r s o r s  of  p h y t o s t e r o l s .  

An immense amount of e f f o r t  has gone i n t o  t h e  s tudy  of 

t h e  s t e p s  involvzd i n  t h e  convers ion  of l a n o s t e r o l  t o  chole-  

s t e r o l  i n  marnrnalTan t i s s u e .  There a r e  b a s i c a l l y  f i v e  t r a n s f o r -  

mations involved i n  t h i s  convers ion:  
J J  J 

, 1) Removal of  t h e  t h r e e  methyl groups a t  C - 4  and C-14; 

/ 2 )  I somer i za t ion  o f  t h e  A8 double bond t o  n7; 
i? 3) I n t r o d u c t i o n  o f  a  double bond a t  A'; 

4 4) Reduction of t h e  double bond a t  A7; and 

/ 5)  Reduction of  t h c  double bond a t  A Z 4 .  */ 

\, The o r d e r  i n  which t h e s e  t r a n s f o r m a t i o n s  occur ,  l a r g e l y  

deduced from t r a c e r  exper iments ,  i s  t h a t  i n  which they  a r e  l i s t z d  

above. There i s  some o v e r l a p  between t r a n s f o r m a t i o n s  and each 

t r a n s f o r m a t i o n  may be a composite of  s e v e r a l  enzymatic s t e p s .  

The d e t a i l s  of t h i s  sequence a r e  d i scus sed  i n  a r e c e n t  revisw 

by Mulheirn and ~arnrn~.  

We have under taken  a n  i n v e s t i g a t i o n  of' t h e  convers ion  of  



l a n o s t e r o l  t o  e r g o s t e r o l  i n  t h e  y e a s t ,  Saccharomyces c e r e v i s i a e .  

The o b j e c t  of t h e  p r e s e n t  s tudy  was t o  a t t e m p t  t o  e l l u c i d a t e f ; h e  

t r a n s f o r m a t i o n  sequence involved  i n  t h i s  convers ion .  

The enzymatic conve r s ion  of  l a n o s t e r o l  t o  e r g o s t e r o l  i n  

Saccharomyces c e r e v i s i a e  r e q u i r e s  s i x  g e n e r a l  t r a n s f o r m a t i o x :  

1) Removal o f  t h e  t h r e e  methyl groups i n  l a n o s t e r o l  a t  
L/ J J 

C - 4  and C - 1 4 ;  8 

2 )  I s o m e r i z a t i o n  o f  t h e  A8 double bond t o  n7; J 

3) Reduct ion of t h e  n2* double bond; 4 

4 )  I n t r o d u c t i o n  o f  a  methyl group a t  C-24;' .: . . 

5) I n t r o d u c t i o n  of  a  a5 double bond; J 

6 )  I n t r o d u c t i o n  of  a  nZ2 double bond. 



Each of' tlhese t ransformat i .ons  can  be a  m u l t i s t ~ e p  

enzymatic p roces s .  If one c o n s i d e r s  t h e  individu.a l  enzymatic 

r e a c t i o n s  t o  be mutual ly  independent t hey  could conce ivab ly  

occur  i n  any oydcr .  The t o t a l  number of  p o t e n t i a l  m e t a l ~ o l i c  

i n t e r m e d i a t e s  involved i n  t,he l a n o s t e r o l  t o  e r g o s t e r o l  con- 

v e r s i o n  would t h e n  depend on t h e  t o t a l  number of p o s s i b l e  com- 

b i n a t i o n s  of  enzymatic s t e p s  involved.  

By analogy w i t h  c h o l e s t e r o l  b i o s y n t h e s i s R ' "  some of  t h e  

s t r u c t u r a l  f e a t u r e s  l i k e l y  t o  emerge i n  b iosyn the t  i c  i n t e r -  

mediates  would a r i s e  from t h e  fo l lowing  p o s s i b i l i t i e s :  

(1) V a r i a t i o n  i s  p o s s i b l e  i n  t h e  o r d e r  o f  removal o f  t h e  

methyl groups a t  C - 4  and C-14. 

( 2 )  The s i d e  c h a i n s  of  i n t e r m e d i a t e s  could be methyla ted  

8 a t  C-24 o r  n o t .  

( 3 )  V a r i a t i o n s  i n  number and p o s i t i o n  o f  double bonds 

could occur  eg. A5 ,  A ~ ' ~ ,  A7,  A8, A 8 ' 1 4 ,  A 7 ' 1 4 ,  

AS( 1 4 )  ~ 1 4 ,  ~ 2 2 ,  ~ 2 4 ,  A ~ ~ ( ~ ~ ) ,  as w e l l  a s  s e v e r a l  

combinations of  t h e s e .  

( 4 )  V a r i a t i o n s  o f  t h e  o x i d a t i o n  s t a t e  a t  C - 3 ,  which can 

be e i t h e r  a 3$-a lcohol  o r  a ketone,  i s  p o s s i b l e .  

( 5 )  Seve ra l  o x i d a t i o n  s t a t e s  a r e  p o s s i b l e  du r ing  t h e  

removal of  C-30, C - 3 1  and C-32, e .g .  -CH3, -CH20H, 

-CHO, o r  -COOH; 

( 6 )  Add i t i ona l  hydroxyl groups could  be p r e s e n t  a t  s e v e r a l  

p o s i t i o n s  ( e . g .  C - 5 ,  6 o r  15) dur ing  i n t r o d u c t i o n  o f  

r e s p e c t i v e  double bonds. 



I n  o r d e r  t o  s i m p l i f y  t h o  o v e r a l l  p i c t u r e  and t o  reduce 

t h e  t o t a l  number o f  p o t e n t i a l  i n t e r m e d i a t e s  t o  a  r ea sonab le  

1 1  number, s e v e r a l  ' eac t ion  sequencer, were combined i n t o  one-s tep-  

transformations". I n  a d d i t i o n  t h e  evidencc a v a i l a b l e  i n  t h e  

l i t e r a t u r e  a l lowed some d ~ d u c t i o n z  t o  t e  made concerning t h e  

occur rence  of some t r a n s f o r m a t i o n s  p r i o r  t o  o r  subsequent  t o  

o t h e r s .  The r a t i o n a l  f o r  condensing some sequences in to  one - s t ep  

t r a n s f o r m a t i o n s  a s  w e l l  a s  p ropos ing  t h e  occu r r ence  o f  some 

t r a n s f o r m a t i o n  p r i o r  t o  o t h e r s  i s  o u t l i n e d  below: 

S t e p s  1 - 2.  The i n d i v i d u a l  s t e p s  involved d u r i n g  t h e  oxida- 

t i v e  removal of t h e  methyl groups  a t  C - 4  and C - 1 4  a r e  n o t  con- 

s i d e r e d  a s  d i s c r e t e  s t e p s .  I n  t h e  c a s e  o f  c h o l e s t e r o l  b io-  

s y n t h e s i s  it i s  cons ide red  t h a t  t h e  C-14 methyl  group i s  removed 

i n i t i a l l y .  T l ~ e  presence  i n  y e a s t  o f  4 ,4-dimethyl  zymosterol  

a s  w e l l  a s  t h e  appa ren t  absence of 4-desmethyl-14-methyl s t e r o l s  

s u g g e s t s  t h e  14a-methyl i s  l o s t  p r i o r  t o  t h e  4 methyls  i n  y e a s t  

a l s o .  

Alexander -- e t  a l . 1 • ‹  have shown t h a t  t h e  C-14 methyl i s  

removed i n  c h o l e s t e r o l  b i o s y n t h e s i s  a s  formic  a c i d .  They 

proposed t h e  sequence CH34H20H-XHO-+formic a c i d .  The formic  

a c i d  was env is ioned  a s  be ing  de r ived  from t h e  C-14 a ldehyde .  

The l o s s  o f  t h i s  group involved  t h e  concomitant  i n t r o d u c t i o n  of 

a  double bond. S ince  no p roduc t s  o t h e r  t h a n  t h e  demethyl- 

a t e d  s t e r o l s  can  i n  a l l  p r o b a b i l i t y  be expected from any one 

of t h e  proposed i n t e r m e d i a t e s  it seems r ea sonab le  t o  cons ide r  

such a  sequence as  one t r ans fo rma t ion .  ~ c h r o e ~ i ' e r "  ha s  pro- 



posed a  pathway f o r  metabolism of  1 4 a - r n e t h y l - ~ ~ - s t e r o l s  i n  

mammalian systems which invo lves  format ion  of a  A 8 ( 1 4 )  i n t e r -  

mediate .  T h i s  i s  cons idered  t o  be conver ted  t o  an A ~ - " ~  

d i e m  and t h e n  t o  a 14-desmethyl-A8 s t e r o l .  

If a p a r a l l e l  pathway o p e r a t e s  i n  y e a s t ,  it can be senn 

t h a t  t h e  immediate p r e c u r s o r  o f  a A7 compound would be a  A8 

compound r e g a r d l e s s  of  what happens dur ing  C - 1 4  demet,hylat ion.  

Based on t h e  above, we cons ide r  t h e  i somer iza t ion .  of  

t o  n7 as a  d i s t i n c t  s t e p  and cons ide r  t h a t  i t  occu r s  a f t e r  l o s s  

o f  t h e  methyl a t  C-14. The C-4 methyl groups a r e  removed v i a  

t h e  sequence CH,+CH20H-+CHO+COOH+C02. Th is  o x i d a t i o n  sequence 

proceeds  i n i t i a l l y  a t  t h e  4a p o s i t i o n .  The 4~ methyl i s  t h e n  

isomerized t o  t h e  4 a p o s i t i o n  and o x i d a t i v e l y  removed. A t  

some t ime  du r ing  t h e  o x i d a t i v e  removal s t e p s , t h e  3p-hydroxyl 



i s  conver ted  t o  a  ketone.  Aftzr. methyl removal t h e  38-hydro,:yl 

i s  r e g e n e r a t e d " ' l l .  Accordingly we have cons ide red  t h e  l o s s  o f  

each methyl a t  C-4 a s  a s i n g l e  s t e p .  

S t eps  3 - 4. The r e d u c t i o n  of  t h e  A** dou-ble bond and in t roduc -  

t i o n  of t h z  e x t r a  carbon a t  C-24 i.s cons idered  t o  be one 

1 2  t r ans fo rma t ion .  Ava i l ab l e  evidence,  reviewed by Lederer  , 

sugges t s  t h e  t r a n s f e r  of  a  methyl group from S-adenosyl methio- 

n i n e  t o  (2-24 fol lowed by hydr ide  t r a n s f e r  from C-24 t o  C-25. & 

Loss o f  a  p ro ton  from C-28 g i v e s  a  24-methylene i n t e r m e d i a t e  

which i s  l a t e r  reduced.  
\ + 

Labe l l i ng  s tu-dies  have provided t h e  evidence f o r  t h i s  

sequence. Thus CD3-methionine y i e l d s  CD2- e r g o s t e r o l  i n  - S. 

ce rev is iae13  whi le  [ 3 ~ - 2 4 ] - l a n o s t e r o l  y i e l d s  t 3 ~ - 2 5  ] - e rgos t e ro l  

i n  t h i s  organism14. 

Gaylor -- e t  a1.  l 5  have r e c e n t l y  shown t h a t  t h e  i n i t i a l  pro- 

duc t s  formed from A * ~  s t e r o l s  by a s o l u b l e  A 24-s te ro lmethyl -  

t r a n s f e r a s e  system i s o l a t e d  from - S. c e r e v i s i a e  were t h e  cor-  

responding 24-methylene s t e r o l s .  Hence we cons ide r  t h e  i n i t i a l  

fo rmat ion  of a  24-methylene d e r i v a t i v e s  a s i n g l e  s t e p  and t h e  

r e d u c t i o n  o f  t h i s  24(28)  u n s a t u r a t i o n  i s  a subsequent and 

independent s t e p .  

S t ep  5. Although t h e r e  i s  some e v i d e n c e 1 6 ~ 1 7  t o  i n d i c a t e  t h e  

i n t r o d u c t i o n  of t h e  fI5 double bond invo lves  p r i o r  5a- 

hydroxyla t  i o n  and subsequent dehydrat ion,  we have cons idered  



t h i s  process  a s  a  s i n g l e  s t ep .  Since no metabol i tes  a r e  present  

i n  y e a s t  t h a t  possess  n5 without A7 u n s a t u r a t i o n   able I ) ,  we 

cons ider  it highly  l i k e l y  t h a t  n7 unsa tu ra t ion  i s  introduced 

p r i o r  t o  h5 unsa tura t ion .  

Step 6. Nothing i s  known of t h e  s i n g l e  versus  m u l t i s t e p  n a t u r e  

of  t h e  i n t r o d u c t i o n  of t h e  A22 double bond, hence i t  i s  con- 

s i d e r e d  a s  a s i n g l e  s t ep .  

Once t h e  r e s t r i c t i o n s  o u t l i n e d  above were taken  i n t o  

account we turned  t o  a  cons ide ra t ion  of  t h e  s t u d i e s  of  ergo- 

s t e r o l  b iosyn thes i s  i n  Saccharomyces c e r e v i s i a e .  Tables I and 

I I o u t l i n e  t h e  l i t e r a t u r e  r e p o r t i n g  t h e  presence of  a  number of 

p o s s i b l e  s t e r o l  precursors  of e r g o s t e r o l  i n  y e a s t  and t h e i r  con- 

ve r s ion  t o  e rgos te ro l .  

The i n v e s t i g a t i o n s  recorded i n  t h e s e  t a b l e s  involved, i n  

most cases ,  r e a d i l y  a v a i l a b l e  s t e r o l s ,  i s o l a t e d  e i t h e r  from 

e r g o s t e r o l  mother l i q u o r s  o r  obtained from o t h e r  sources.  

Only e r g o s t e r o l  was u s u a l l y  recovered. The experiments were 

c a r r i e d  out w i t h  s e v e r a l  systems under t h e  d i f f e r e n t  condi t ions  

ind ica ted  i n  Tables I and 11. The s i g n i f i c a n c e  of t h e  ind iv idua l  

experiments, a s  f a r  a s  they  a r e  r e l evan t  t o  t h i s  work, w i l l  be 

discussed l a t e r .  

The work c i t e d  above was done exclus ive ly  with normal 

s t r a i n s  of Saccharomyces cerevisae .  Recently, mutants showing 

d i f f e r e n c e s  i n  t h e i r  s t e r o l  metabolism have become a v a i l a b l e .  

woods8 and ~ h m e d ~ ~ ' ~ ~  i s o l a t e d  var ious  mutants of y e a s t  which 

a r e  r e s i s t a n t  t o  n y s t a t i n ,  a  polyene a n t i b i o t i c .  



Polyene a n t i 1 ) i o t i c s  have  s t r o n g  f u n g i c i d a l  p r o p e r t i e s ,  

t h e y  a r e ,  however, n o t  b a c t e r i o s t a t i c .  It i s  now gznzl-a l ly  

accep t ed  t h a t  polyene a n t i h i o t i c c  act,  a t  t h e  l e v e l  of  t h e  c e l l  

membranes so  t h a t  t h e  l a t t e r  no l onge r  f u n c t i o n  as s e l e c i i v e  

b a r r i e r s .  I n  a d d i t i o n  it seems t h a t  t h e  p re sence  of s t e r o l s  

i n  n a t u r a l  membranes i s  a neces sa ry  p r e r e q u i s i t e  f o r  polyene 

s e n s i t i v i t y  ( f o r  rev iews  on t h e  s u b j e c t  s e e  ~ i n s l ~ y ~ ~ ' ~ ~  and 

~ e k k e r " ' ) .  

woodss1 found t h a t  mutants ,  r e s i s t a n t  t o  n y s t a t i n ,  d i f f e r  

from n y s t a t i n  s e n s i t i v e  s t r a i n s  i n  t h e i r  s t e r o l  c o n t e n t .  

working wi th  a  n y s t a t i n  r e s i s t a n t  mutant ,  found t h a t  

t h i s  y e a s t  d i d  n o t  c o n t a i n  ergost%rol  but  accumulated a pos- 

s i b l e  p r e c u r s o r  o f  e r g o s t e r o l  which he determined t o  be e r g o s t a -  

8 ,22-dien-3 B-01, u. This  p a r t i c u l a r  compound had n o t  p r e v i o u s l y  

been i s o l a t e d  from y e a s t  sugges t i ng  t h a t  t h i s  mutant was l a c k i n g  

t h e  enzymatic sys tem needed f o r  t h e  t r a n s f o r m a t i o n  o f  t h i s  

s t e r o l  t o  e r g o s t e r o l .  S ince  t h a t  s t e r o l  was e f f i c i e n t l y  t r a n s -  

formed t o  e r g o s t e r o l  i n  normal y e a s t ,  it seemed t h a t  a n  e r g o s t e r o l -  

p r ecuso r ,  u s u a l l y  n o t  d e t e c t a b l e ,  had accumulated.  

~ a r d ~ *  i n v e s t i g a t e d  s e v e r a l  pheno typ ica l l y  d i s t i n c t  s e t s  

o f  n y s t a t i n - r e s i s t a n t  mutants  and found t h a t  t h e  d i f f e r e n t  

mutants  v a r i e d  i n  s t e r o l  c o n t e n t ,  depending on t h e  degree  of 

r e s i s t a n c e .  It seemed t h a t  f o r  t h e  f i r s t  t ime  mutants  were 

a v a i l a b l e  which accumulated s t e r o l s  which were p o t e n t i a l  

i n t e r m e d i a t e s  i n  e r g o s t e r o l  b i o s y n t h e s i s .  One mutant 

de s igna t ed  nys-3 was, t h e r e f o r e ,  i n v e s t i g a t e d  w i t h  r e s p e c t  
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t o  s t e r o l  con ten t  as w e l l  a s  w i th  r ega rd  t o  o p e r a t i v e  s t e r o l  

b i o s y n t h e t i c  pathways. 

Taking i n t o  account  t h e  r e s t r i c t i o n s  d i scus sed  above and 

t h e  s t e r o l  m e t a b o l i t e s  p rev ious ly  formed i n  Saccharomyces 

c e r e v i s i a e , t h e  network shown i n  F igu re  - 3*can be c o n s t r u c t e d .  

It r e p r e s e n t s  t h e  most l i k e l y  p o t e n t i a l  pathways f o r  t h e  

t r a n s f o r m a t i o n  of  l a n o s t e r o l  t o  e r g o s t e r o l .  

( * ~ i g u r e  3: See fo ld -ou t  a t  t h e  end of t h e  theses . )  

THE PROBLEM - 

A s  i s  obvious  from Fig.  3, a m u l t i t u d e  o f  p o t e n t i a l  pa th-  

ways e x i s t  whereby l a n o s t e r o l  can  be conver ted  t o  e r g o s t e r o l  

i n  y e a s t .  The problem of  prime importance i s  t o  d i s t i n g u i s h  

I between t h e  o p e r a t i o n  of  a  unique pathway and t h e  o p e r a t i o n  

of  competing a l t e r n a t i v e  pathways. Assuming t h a t  s e v e r a l  

pathways a r e  i n  f a c t  o p e r a t i v e ,  t h e  de t e rmina t ion  of  t h e i r  

r e l a t i v e  dominance under va ry ing  c o n d i t i o n s  i s  impor tan t .  

In format ion  a v a i l a b l e  from t h e  l i t e r a t u r e  a l lowed t h e  cons t ruc-  

t i o n  o f  t h e  scheme as shown i n  Fig .  4 .  Th i s  scheme i s  

i d e n t i c a l  i n  c o n s t r u c t i o n  t o  t h e  one shown i n  Fig.  3 wi th  t h e  

excep t ion  t h a t  on ly  t h o s e  compounds a r e  shown which had been 

i s o l a t e d  from Saccharomyces c e r e v i s i a e  p r i o r  t o  t h i s  work. 

The scheme desc r ibed  i n  Fig .  3 subsequent ly  se rved  a s  a working 

model. 

The g e n e r a l  procedure  used t o  e s t a b l i s h  a n  o v e r a l l  sequence 

of  t r a n s f o r m a t i o n s  was t o  determine t h e  precursor -produc t  r e l a -  

t i o n s h i p  of  t h e  i n d i v i d u a l  members of  t h e  sequence ( ~ i g s .  3 and 





4 ) .  The proof of involve~nent  of i n d i v i d u a l  i n t e r m e d i a t e s  i n  

t h e  b iogenes i s  of' e r g o s t e r o l  was cons idered  t o  be e s t a b l i s h e d  

when a l l  of t h e  fo l lowin& c r i t e r i a  wzre met: 

( I )  The presence  of  t h e  i n t e r m e d i a t e  i n  y e a s t  must be 

e s t a b l i s h e d  and i t s  i d e n t i t y  must be confirmed. 

( 2 )  The i n t e r m e d i a t e  must be conver ted  t o  e r g o s t e r o l  by 

l i v i n g  y e a s t .  

( 3 )  The i n t e r m e d i a t e  must be i s o l a t e d  i n  l a b e l l e d  form 

from incuba t  i o n  exper iments  by t r app ing .  

Although t h e s e  c r i t e r i a  s a t i s f a c t o r i l y  i d e n t i f y  metabol ic  

i n t e r m e d i a t e s ,  t hey  do no t  e s t a b l i s h  t h e  exac t  p o s i t i o n  o f  a 

p a r t i c u l a r  s t e r o l  i n  a  proposed metabol ic  pathv~ay.  This  i n f o r -  

mation i s  on ly  ob ta ined  by i n v e s t i g a t i o n  of  f o u r  a d d i t i o n a l  

a s p e c t s :  

(1) The compound must be observed t o  be formed from i t s  

proposed immediate p recu r so r .  

( 2 )  It must be conver ted  t o  t h e  s t e r o l  o r  s t e r o l s  sus-  

pec t ed  t o  be i t s  d i r e c t  t r a n s f o r m a t i o n  produc t (  s ) .  

(3)  The p o s s i b i l i t y  t h a t  i n d i v i d u a l  s t e p s  a r e  r e v e r s i b l e  

must be cons idered .  

( 4 )  The p o s s i b i l i t y  o f  a compound being a branchpoin t  of 

two o r  more pathways must be cons idered .  

The g e n e r a l  methods a v a i l a b l e  f o r  o b t a i n i n g  t h e  r e q u i r e d  

i n t e r m e d i a t e s ,  as w e l l  as informat  i o n  concern ing  t h e  sequences 

i n  which they  a r e  involved,  a r e  g iven  below: 

(1) A thorough szarch  of t h e  y e a s t  Saccharomyces c e r e v i s i a e  



should yield the major sterol intermediates if tlleir 

steady state concentrations are high enough to allob: 

detection. 

If the system rcsponds to environmental changes one 

might be able to find optimal conditions which 

increase the steady state concentrations of' inter- 

mediates normally present in too low a concentration 

to allow isolation. 

Suspected intermediates can be either isolated from 

sources where they are more abundant or they can be 

synthesized chemically. Tracer experiments can then 

be carried out using these compounds for trapping 

labelled intermediates of low concentration. 

Mutants possessing distinct enzymatic blocks which 

give rise to accumulation of a particular intermediate 

can be utilized. 

The enzymes, catalysing particular transformations, 

can be isolated and tested with suspected substrates. 

Metabolic inhibitors, blocking specific steps in the 

proposed sequence are available, and can in some 

cases be used to cause accumulation of intermediates. 

These compounds can then be isolated, identified and 

their positions in the pathway assessed. 

solution of the problem on hand was approached in the 

following way. The first phase involved the chemical synthesis 

of the greater part of the desmethyl sterols shown in the lower 



p a r t  o f  t h e  schemn i n  F ig .  3 .  The second phase  c o n s i s t e d  o f  

a thorough sea rch  of  t h e  t o t a l  s t e r o l  f r a c t i o n  o f  y e a s t  f o r  

p o t e n t i a l  i n t e r m e d i a t e s .  I n  a  t h i r d  phase t h e  s y n t h e t i c  and 

t h e  n a t u r a l l y  o c c u r r i n g  s t e r o l s  were i n v e s t i g a t e d  w i t h  r e s p e c t  

t o  t h e i r  involvement i n  t h z  b i o s y n t h e s i s  o f  e r g o s t e r o l .  Bio- 

s y n t h e t i c  pathways were i n v e s t i g a t e d  i n  normal a s  w e l l  a s  i n  a  

mutant s t r a i n  o f  - S. c e r e v i s i a e  u s i n g  r a d i o a c t i v e  t r a c e r s .  

CHEMICAL SYNTHESIS - OF INTERMEDIATES 

Comparison of Fig .  3 and Fig .  4 r e v e a l s  t h a t  a t  t h e  

o u t s e t  of t h i s  s tudy  r e l a t i v e l y  few of t h e  i n t e r m e d i a t e s  which 

could  conce ivab ly  be invo lved  i n  t h e  conve r s ion  o f  l a n o s t e r o l  

t o  e r g o s t e r o l  had been d e t e c t e d  i n  y e a s t .  I n  o r d e r  t o  e laho-  

r a t e  t h e  p o s s i b l e  b i o i n t e r c o n v e r s i o n s  i n  t h e  c i r cumsc r ibed  

p o r t i o n  o f  F ig .  3 we decided t o  s y n t h e s i z e  t h e  suspec t ed  

i n t e r m e d i a t e s .  Th is  approach had t h e  fo l l owing  advantages  

over  a d e t a i l e d  s e a r c h  f o r  t h e s e  compounds i n  y e a s t  c u l t u r e s :  

(1) Crude a n a l y s e s  of  y e a s t  s t e r o l  mix tu re s  r e v e a l e d  

t h a t  most b i o s y n t h e t i c  i n t e r m e d i a t e s  were p r e s e n t  i n  

r a t h e r  low c o n c e n t r a t i o n .  S ince  a p p r e c i a b l e  q u a n t i t i e s  

( <  100 mg) were r e q u i r e d  of  each i n t e r m e d i a t e  t o  he 

t e s t e d  i n  s e v e r a l  t r a p p i n g  exper iments ,  s y n t h e s i s  

had t h e  obvious  advantage of supp ly ing  t h e  q u a n t i t i e s  

neces sa ry .  

( 2 )  An i n i t i a l  s y n t h e s i s  would a l low an unambiguous s t r u c -  

t u r e  ass ignment  o f  new,and p r e v i o u s l y  known i n t e r -  



mediates  which were subsequeni ly  i s o l a t e d  and were 

shown t o  have i d e n t i c a l  p h y s i c a l  p r o p e r t i e s .  

(3 )  Acquisition of  a  corflp~und by s y n t h e s i s  would permi t  

c h a r a c t e r i z a t i o n  o f  i t s  chromatographic p r o p e r t i e s .  

Th i s  would subsequent ly  f a c i l i t a t e  i t s  d e t e c t i o n  

and i s o l a t i o n  i n  t h e  even t  it t u r n e d  o u t  t o  be a 

n a t u r a l  y e a s t  m e t a b o l i t e .  

( 4 )  R e l a t i v e l y  d i r e c t  s y n t h e t i c  p rocedures  had t o  be 

dev i sed  i n  any event  f o r  t h e  p r e p a r a t i o n  o f  r a d i o -  

a c t i v e  compounds l a t e r  needed i n  t r a c e r  exper iments .  

A s  can  be s e m  from Fig.  3 t h e  r e q u i r e d  i n t e r m e d i a t e  

pos se s s  A8, A7 and n5j7 r i n g  systems wi th  v a r y i n g  s t r u c t u r e s  

and degrees  o f  u n s a t u r a t i o n  i n  t h e  s i d e  cha in .  Table  3 l i s t s  

t h e  s t e r o l  i n t e r m e d i a t e s  syn thes i zed  o r  i s o l a t e d  i n  l a b e l l e d  

and u n l a b e l l e d  form d u r i n g  t h i s  work. 

The m a j o r i t y  o f  t h e  neces sa ry  s t e r o l s  p o s s e s s i n g  a  A8 

double bond were s y n t h e s i z e d  s t a r t i n g  from read i - ly  a v a i l a b l e  

e r g o s t  a-7,22-diene a c e t a t e  ( 2 7 )  - a s  fo l l ows  ( p i g .  5) : " 
Treatment o f  - 27 wi th  mercur ic  a c e t a t e  i n  d i ~ x a n e ~ ~  gave 7 , 9 ( 1 1 ) ,  

2 2 - e r g o s t a t r i e n  a c e t a t e ,  - 28. The c rude  t r i e n e  was epoxid ized  

w i th  m-chloro-perbenzoic a c i d  i n  CHC13 t o  g i v e  3p -ace toxy -9 , l l a -  

epoxy-ergosta-7,22-diene (3). Rearrangement of  t h e  epoxide 

w i th  f e r r i c  c h l o r i d e 5 6  gave 38-acetoxy-11-keto-ergosta-8,22- 

diene  (2). Reduct ion wi th  LiAllil i n  r e f l u x i n g  e t h e r  

* The exper imenta l  p rocedures  were i d e n t i c a l  t o  t h o s e  r e p o r t e d  
i n  t h e  r e f e r r e d  l i t e r a t u r e  and w i l l  t h e r e f o r e  n o t  be de- 
s c r i b e d  f u r t h e r .  A l l  compounds had t h e  expec ted  n. m. r .  
s p e c t r a  and t h e  r epo r t ed  m e l t i n g  p o i n t s .  
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Figure 5: Synthesis of A'-sterol Intermediates. 

Mercuric acetate. Saucy -- et a1.54 
m-chloro perbenzoic acid. Heusser et al. 55 
Ferric chloride. Heusser et al. 57- - 
LiA1H4. Hallsworth et a1 .- - 

(7), (8), (9) .see experimental. 



gave e rgos ta -8 ,22  - d i m e - 3 p ,  l l g - d i o l  (31) .  The d i o l  was - 
f i n a l l y  t r e a t e d  i n  ethylarnine wi th  an excess  of  l i t h i u m 5 7  t o  

g i v e  t h e  diene (11) . Hydrogenation of t h e  corresponding - 
a ~ e t a t e ~ ~ ( 3 2 )  - gave 3)p-acetoxy-ergost-8-e11e (33).  Ozonolysis  - 
of' 32 gavc 34 which was conver ted t o  35 by a W i t t i g  r z a c t i o i ~ " ~ .  - - - 
An a t tempted   onv version"^ o f  32 t o  35  by bromination- - - 
dehydrobrominat i o n  was unsucces s fu l .  

Fecos t e ro l  (16)  was i s o l a t e d  from y e a s t  s t e r o l  mother - 
l i q u o r s  a s  desc r ibed  i n  a succeeding s e c t i o n .  Labe l led  

f e c o s t e r o l  was syn thes i zed  accord ing  t o  t h e  scheme o u t l i n e d  

i n  Fig .  6. , 

L 

RO AcO dV 1 37 - 
14 R=H - 
36 R=Ac - 

RO 

38 R=-Ac [28 - I4c] - 
16 R =  H [28-I4c] - 

Figure  6: Syn thes i s  of F e c o s t e r o l  



Pre l iminary  exper iments43 had been executed p r i o r  t o  t h i s  

work which r e s u l t e d  i n  t h e  development of  a n  e f f i c i e n t  pro- 

cedure  f o r  s y n t h e s i s  of n7 and n S J 7  s t e r o l s  wi th  v a r i o u s  s i d e  

c h a i n  s t r u c t u r e s .  The sequence used f o r  s y n t h e s i s  o f  most 

of t h e  a7 i n t e r m e d i a t e s  i s  i l l u s t r a t e d  i n  Fig .  7. The synthe- 

s i s  l e a d i n g  t o  56 i s  r e l a t i v e l y  d i r e c t ,  t h e  on ly  n o t e a b l e  

f e a t u r e  being t h e  o b s e r v a t i o n  t h a t  C-20 r e t a i n e d  i t s  conf igura-  

t i o n  i n  t h e  convers ion  of - 55 t o  t h e  a ldehyde (56). 

Two methods f o r  t h e  r e c o n s t r u c t i o n  o f  t h e  d e s i r e d  new 

s idecha ins  were a v a i l a b l e :  

( a )  t h e  e n t i r e  A ~ ~ ' ~ ~ ( ~ ~ )  s i d e  c h a i n  ( 2 1 )  - could be 

in t roduced  i n  one s t e p  by a W i t t i g  r e a c t i o n  u s i n g  

2-methylene-3-methyl- butan- 1- t r iphenylphosphorane  

o r  

( b )  a A22-24-keto s i d e  c h a i n  (38) - could be c o n s t r u c t e d  

i n  a n  i n i t i a l  s t e p  by condensa t ion  of t h e  a l d e -  

hyde wi th  3-methylbutan -2-on -1- t r iphenylphosphorane .  

I n  a second r e a c t i o n ,  t h e  24-methylene group could  

t h e n  be in t roduced  (39 -t - 40 o r  - 38 + - 4 1 )  by a conven- 

t i o n a l  W i t t i g  r e a c t i o n  u s i n g  methyltriphenylphosphorane. 

Since  [ 1 4 ~ ] - m e t h y l  i o d i d e  i s  r e a d i l y  a v a i l a b l e  and t h e  

i n t r o d u c t i o n  o f  r a d i o  l a b e l  i n t o  t h e  d e s i r e d  compound i s  d e s i r a b l e  

a s  l a t e  as p o s s i b l e  i n  a r e a c t i o n  sequence, method ( b )  was 

g e n e r a l l y  p r e f e r r e d .  

The A" double bond of  t h e  A"-24-keto-side c h a i n  can  

r e a d i l y  be reduced (1% P ~ / B ~ s o ~ )  wi thout  a t t a c k  o f  n u c l e a r  
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Figure 7 : Synthesis of A 7-sterol Intermediates. 



double bonds (57 -+ 39)  a t  e i t h e r  t h e  5 o r  7 p o s i t i o n .  - - 
Reduction of e r g o s t e r o l  a c e t a t e  (55)  wi th  Raney N i  - 

gave i n i t i a l l y  27 which on f u r t h e r  r e d u c t i o n  gave 42.  - - 
Hydrolys i s  of  42 gave 20 which upon o x i d a t i o n  wi th  Jones  - - 
reagent  gave 9. Base c a t a l y z e d  exchange of 4 3  i n  3 ~ 2 0  - 
followed by borohydride  r e d u c t i o n  gave t r i t i a t e d  20 (p ig .  8). - 

The s t e r o l  i n t e r m e d i a t e s  were prepared  by s e v e r a l  

r o u t e s .  The A 5 - ' 7 ~ 2 2 - ' 2 4 ( 2 8 ) t e t r a e n  -3g-01 (26) was prepared  i n  

l a b e l l e d  and u n l a b e l l e d  form a s  desc r ibed  e a r l i e r 4 3 .  Labe l led  
I 

e r g o s t e r o l  was ob ta ined  from y e a s t  c u l t u r e s  grown En [u-c'* 1- 

a c e t a t e .  The ~ ~ ' ~ - d i e n  -3$-01 (a) was syn thes i zed  from 

l a b e l l e d  and u n l a b e l l e d  e r g o s t e r o l  v i a  r e d u c t i o n  of t h e  

e r g o s t e r o l  ace ta te -male ic  anhydr ide  adduct  a s  desc r ibed  i n  

t h e  l i t e r a t ~ r e ~ ~ .  Th- ,, -3$-01 ( 2 3 )  was - 

syn thes i zed  i n  l a b e l l e d  and u n l a b e l l e d  form acco rd ing  t o  t h e  

scheme o u t l i n e d  i n  F ig .  9 (9 -t 3). 
I n  a d d i t i o n  t o  t h e  s t e r o l s  desc r ibed  a b o v e , l a b e l l e d  

l a n o s t e r o l  and zymosterol  were syn thes i zed .  Lanos t e ro l  was 

syn thes i zed  with  '"c i n  6-26 and C-27 acco rd ing  t o  t h e  pro- 

cedure  o f  Akhtar e t  a1 .14 .  Zymosterol was l a b e l l e d  wi th  3~ -- 
a t  C-2 and 6-4 by base c a t a l y z e d  exchange of zymosterone i n  

3 ~ 2 ~  fol lowed by r e d u c t i o n  of t h e  carbonyl  func t ion  to 

t h e  a l c o h o l .  
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Figure  8. Synthesis of Er.gost-7-en-3~-01.  



Figu re  9: Synthesis of E1.gost-5,7,24(28)-trien-3~-01. 
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With most o f  t h e  p o t e n t i a l  de smz thy l - s t e ro l  i n t e r m e d i a t e s  

a t  our  d i s p o s a l ,  a t t e n t i o n  was d i r e c t e d  t o  t h e  i n v e s t i g a t i o n  

of t h e  4,14-desmethyl s t e r o l  f r a c t i o n  of  y e a s t .  Three sou rces  

o f  s t e r o l  mix tures  were a v a i l a b l e :  ( a )  mother l i q u o r s  o f  

e r g o s t e r o l   crystallization+^, ( b )  t h e  u n s a p o n i f i a b l e  m a t e r i a l  

from base hydrolyzed commercial y e a s t ,  and ( c )  t h e  s t e r o l  

f r a c t i o n  of l a b o r a t o r y  grown y e a s t  c u l t u r e s .  It became 

apparen t  a t  t h e  very  e a r l y  s t a g e  o f  t h e  i n v e s t i g a t i o n  t h a t  

t h e  e x t r a c t s  from t h e  commercial y e a s t ,  when d i r e c t l y  e ~ t r a c t e d  

a s  supp l i ed ,  was a n  inadequa te  source  of  e r g o s t e r o l  p r e c u r s o r s .  

The commercial y e a s t  ( a l e  brewers y e a s t  ob t a ined  from a  l o c a l  

brewery) was u s u a l l y  ha rves t ed  dur ing  i t s  s t a t i o n a r y  growth 

phase. It became ev iden t  t h a t  y e a s t  e x t r a c t e d  a t  such a  

growth s t a g e  con ta ined  mainly e r g o s t e r o l  (25.) - and e rgos t a -  

5,7,22,24(28)-tetraen-3$-01 ( 2 6 )  - , t h e s e  two compounds hav ing  

reached r a t h e r  h igh  s t eady  s t a t e  c o n c e n t r a t i o n s .  I n  o r d e r  t o  

e s t a b l i s h  t h e  presence  o r  absence o f  t h e  p rev ious ly  syn thes i zed  

and p o s t u l a t e d  s t e r o l  i n t e r m e d i a t e s  i n  mix tures  de r ived  from 

n a t u r a l  sou rces ,  mother l i q u o r s  from which t h e  bu lk  o f  ergo- 

s t e r o l  had been removed by c r y s t a l l i z a t i o n  were i n v e s t i g a t e d .  

The s o l u t i o n - w a s  evaporated and t h e  r e s iZue  p a r t l y  

p u r i f i e d  by a c e t y l a t i o n  and base hydro lyses  t o  g i v e  a semi- 

c r y s t a l l i n e  mix ture  of  t h e  f r e e  s t e r o l  a l c o h o l s .  This  mix ture  
/- 

was s e p a r a t e d  chromatographica l ly  on a n  alumina column i n t o  

+t Kindly supp l i ed  by Mycofarm-Dslft, D i v i s i o n  of  Royal 
Nether lands  Fermentat ion I n d u s t r i e s  L td . ,    elf ti Holland.  

a 



five major fractions as illustrated in Fig. 10. 

Fraction 1 contained squalene and a clear oil consisting of a 

number of low-boiling compounds which had g. I. c. retention 

times close to that of squalene. Squalene was identified by 

comparison of its n. m. r. with that of authentic material. 

The remaining oily mixture was not further investigated, 

Fraction 2 contained essentially a single compound which was 

identified by n. m. r., m. s. and g. 1. c. and comparison with 
1 

authentic material as lanosterol (6). - 

Fraction 3 contained a mixture of at least four compounds as 

evidenced from g. 1. c. The two major components were deter- 

mined to be 4,Qdimethyl-zymosterol (10) - and 4 a-methyl zymosterol 

(g) on the basis of relative g. 1. c .  retention and 

m. s . ~ ~ .  TO the third compound was tentatively assigned the 

4 a-methyl-ergosta-8,24(28) diene-3p-01 (13) - structure based on 

g. 1. c. retention time and m. s. The structures of - 10 and - 12 

were later confirmed by comparison with authentic compounds6". 

Fraction 4 was a mixture of mono-, di- and triunsaturated 

4,14-desmethylsterols. 

Fraction 5 contained ergosterol (25), - tetraene (s) , and a 

third unidentified sterol. 

Fractions 4 and 5 were acetylated individually. Pre- 

liminary examination of the mixtures by m. s. showed strong 

possible parent ions at 442, 440, 438, 436 and 426 mass units. 

The W spectrum of fraction 4 showed absorption at approximately 

330 - 340 nm but no absorption at higher wavelength. Fraction 
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5 s h o ~ ~ e d  t h e  t y p i c a l  e r g o s t e r o l  (35)  - alnd t e t r a m e  (36) 
a b ~ o r p t i o n s - ? ~ .  The two fr,ac t ions \]ere f l w t h e r  s e p a r a t e d  by 

15% AgNOc3- s i l i c a  ge l  colunm clhromatogvzphy and/or pi-epara t i ~ ~ e  

T. L. C .  The s t e l -01s  i n  f r a c t i o n  4 were e l u t e d  from t h e  

column w i t h  i n c r e a s i n g  amoumts of  d i e t h y l e t l l z c  i n  hexan?. 

Three s u b f r a c t i o n s  were c o l l e c t e d  ( 4 - 1 ,  4 -2 ,  and 11-3 a s  

i l l u s t r a t e d  i n  F ig .  11). F r a c t i o n  4-1 con ta ined  mainly 

38-acetoxy-ergost -7-ene ( 4 0 ) .  - Tlhe s t r u c t u r e  was a s s i g n e d  

on t h e  b a s i s  o f  t h e  f o l l o w i n g  evidence.  The compound was 

expected t o  be i n  t h i s  f r a c t i o n  a s  found by p rev ious  separa -  

t i o n s  u s i n g  s y n t h e t i c  mix tures .  The m e l t i n g  p o i n t ,  g. 1.. c .  

r e t e n t i o n  t ime ,  n. m. r .  and mass s p e c t r a  o f  t h i s  compound 

were i d e n t i c a l  t o  t h e  r e f e r e n c e  sample p repa red  above ( p i G .  8 ) .  

The cor responding  b8 isomer,  jp -ace toxy-ergos t -8-ene  (2) , 

which was expected,  i f  p r e s e n t ,  t o  appear  i n  t h e  same f r a c t i o n  

could  i n i t i a l l y  n o t  be i s o l a t e d  a l t hough  t h e r e  was a  very  

smal l  peak w i t h  t h e  c o r r e c t  r e l a t i v e  r e t e n t i o n  t ime  p r e s e n t  

i n  g. 1. c .  t r a c e  o f  t h i s  f r a c t i o n .  I t s  p re sence  t h e r e f o r e  

i n i t i a l l y  remained i n  doubt ( s e e  l a t e r  t r a p p i n g  expe r imen t s ) .  

F r a c t i o n  4-2 was a  mix ture  o f  t h r e e  compounds (g. 1. c .  ) and 

was t h e r e f o r e  f u r t h e r  p u r i f i e d  by p r e p a r a t i v e  T. L. C .  

Two bands were recovered .  The band wi th  t h e  h i g h e r  Rf had 

t h e  same Ri, v a l u e  as 5 ,6 -d ihyd roe rgos t e ro l  a c e t a t e  (27). - The 

recoverad  m a t e r i a l  gave no me l t i ng  p o i n t  d e p r e s s i o n  when 

mixed wi th  a u t h e n t i c  5 ,6 -d ihyd roe rgos t z ro l  a c e t a t e  ( F i g .  7 ) .  

The n. m. r .  and m. s.  o f  t h e  i s o l a t e d  and o f  t h e  s y n t h e t i c  
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Figure  11: T. L. C.  F r a c t i o n a t i o n  of S t e r o l  Ace ta t e s  



m a t e r i a l  were i d e n t i c a l .  

The m a t e r i a l  from t h e  slower moving band had a M' a t  

m/e 426. A strofig peak a t  m/z 31.3 h d i c a t e d  a n  u n s a t u r a t e d  

C 8  s i d e  cha in .  The f r e e  s t e r o l  showed a  cor responding  peak 

a t  mb 271. The n. m. r. speftrzrn o r  t h e  a c e t a t e  shoved 

angu la r  methyl s i n g l c t s  a t  b 0.62 and 6 0.98. Two s i n g l e t s  

a t  6 1.62 and 6 1 .70  were a s s igned  t o  methyl groups on a n  

u n s a t u r a t e d  carbon.  The only a b s o r p t i o n  i n  t h e  o l e f i n i c  

r eg ion  was a  broad peak a t  6 5 . 0  - 5 . 2 .  Based on t h i s  evidence 

and t h e  me l t i ng  p o i n t  o f  t h e  f r e e  s t e r o l  and t h e  a c e t a t e , t h i s  

compound was i d e n t i f i e d  as zymosterol  a c e t a t e  ( 3 6 ) .  - 

A t h i r d  compound which co-chromatographed wi th  5,6- 

d ihydroe rgos t e ro l  a c e t a t e  could  no t  be i s o l a t e d  i n  pure  form 

due t o  l a c k  o f  m a t e r i a l .  The r e l a t i v e  r e t e n t i o n  t ime  on 

g .  1. c .  corresponded t o  t h a t  of  3p-acetoxy-ergosta-8,22-diene 

(3%). Comparison o f  t h e  m. s .  o f  t h e  n a t u r a l  s t e r o l  ob t a ined  

by g. 1. c. - m. s . ,  w i th  t h e  mass spectrum o f  t h e  s y n t h e t i c  

~ ~ - ' * * - d i e n e  ( ~ i g .  5) showed t h a t  t h e s e  s p e c t r a  were i d e n t i c a l .  

F r a c t i o n  4-3 was a mix ture  of  fou r  compounds and was s e p a r a t e d  

by p r e p a r a t i v e  T. L. C. u s i n g  benzene as so lven t ;  t h e  mix tu re  

s epa ra t ed  i n t o  two bands. The f a s t e r  moving band had t h e  

same Rf v a l u e  a s  zymostercl a c e t a t e  (36) - and when i s o l a t e d  was 

i d e n t i c a l  wi th  a u t h e n t i c  zymos te rd  a c e t a t e  ( ~ i g .  6 ) .  The 

slower running band, when viewed under W l i g h t ,  showed a  dark  

band of  h ighe r  Rf t h a n  a  p a r t i a l l y  s e p a r a t e d  yellow band o f  

lower Rf ( s e e  exper imenta l  f o r  p r e p a r a t i v e  T.  L. C .  ) .  The two 

bands were recovered  s e p a r a t e l y  and rechromatographed two times, 



each t ime s e p a r a t i n g  t h e  dark  from t h e  yellow band. The 

dark  band co-chromatographed wi th  38-acetoxy- ergosta-7 ,22,24 

( 2 8 ) - t r i e n e  (41) - on T. L. C .  A f t e r  p u r i f i c a t i o n  by T. L. C .  

( 2 x )  and c r y s t a l l i z a t i o n  from methanol,  t h e  s t e r o l  a c e t a t e  

gave no mel t ing  p o i n t  dep re s s ion  when mixed wi th  s y n t h e t i c  

t r i e n e  ( ~ i g .  7 ) .  The W and n. m. r .  s p e c t r a  o f  - 4 1  i s o l a t e d  

above were i d e n t i c a l  w i th  t h e  s p e c t r a  o f  t h e  s y n t h e t i c  s t e r o l  

+ a c e t a t e  ( ~ i g .  7 ) .  The mass s p e c t r a  showed M m/e 438 and 

s i g n i f i c a n t  peaks a t  423, 395, 378, 363, 313 of  i n t e n s i t i e s  

i d e n t i c a l  t o  t h o s e  of  t h e  s y n t h e t i c  s t e r o l  a c e t a t e .  The 

g. 1. c .  r e t e n t i o n  t imes  on two d i f f e r e n t  columns (QF-1, 

XF-60) were t h e  same a s  f o r  t h e  s y n t h e t i c  compound. Based on 

t h i s  evidence , t h e  presence  of  e rgos ta -7 ,22 ,24(28)  t r i m - 3 ~ - 0 1  

(g) was e s t a b l i s h e d  as a  n a t u r a l l y  o c c u r r i n g  s t e r o l .  

The t h i r d  band from f r a c t i o n  4-3 con ta ined  two compounds 

which could  be s epa ra t ed  c l e a n l y  by T. L. C u s i n g  benzene- 

hexane ( 4 : 6 )  a s  so lven t  and running t h e  p l a t e s  tw ice .  The 

two s t e r o l  a c e t a t e s  were i d e n t i f i e d  a s  f e c o s t e r o l  a c e t a t e  (38) - 

and e p i s t e r o l a c e t a t e  (40 )  - based on t h e  fo l lowing  evidence:  

The slower running band Co-chromatographed wi th  s y n t h e t i c  

e p i s t e r o l  a c e t a t e  ( F i g .  7 )  on T. L. C. and g. 1. c .  and t h e  

mixed me l t i ng  p o i n t s  of  i s o l a t e d  and s y n t h e t i c  m a t e r i a l s  showed 

no depress ion .  I n  a d d i t i o n  t h e  n.  m. r .  s p e c t r a  o f  m a t e r i a l s  

der ived  from t h e  y e a s t  and v i a  s y n t h e s i s  were i d e n t i c a l .  

The m a t e r i a l  from t h e  f a s t e r  running band gave a n  i. r .  

spectrum which showed bands a t  1640 and 890 ern-'. These bands 



a r e  c h a r a c t e r i s t i c  of  1 , l - d i s u b s t i t u t e d  e t h y l e n e s .  The mass 

spectrum had M+ m b  a t  440 (100%) and s i g n i f i c a n t  peaks a t  

(rn/e) 425, 380, 365, 313, 255 and 213. The n. m. r .  spectrum 

o f  t h i s  compound was i d e n t i c a l  t o  t h a t  of  f e c o s t e r o l  a c e t a t e  

(38) - prepared  e a r l i e r  ( ~ i g .  7 ) .  Although t h e  m e l t i n g  p o i n t  

o f  i s o l a t e d  f e c o s t e r o l  (136 .5  -, 137.5")  d i d  no t  a g r e e  w i t h  t h e  

va lue  r e p o r t e d  by Wieland -- e t  a1.35 it was i d e n t i c a l  t o  t h e  

m e l t i n g  p o i n t  o f  t h e  f e c o s t e r o l  syn thes i zed  from zymosterol .  

F r a c t i o n  5 con ta ined  t h r e e  s t e r o l  a c e t a t e s ,  

I 

Benzene 

The t h r e e  compounds were found taco-chromatograph on  T. L. C .  

wi th  e r g o s t e r o l  ( 2 5 ) ,  - t e t r a e n e  ( 2 6 )  - and e rgos t a -5 ,7 ,22 (24 )  - 
t r i e n  - 3 p - 0 1  (23) .  - The f i r s t  two compounds were i s o l a t e d  and 

t h e i r  i d e n t i t y  confirmed by comparison wi th  a u t h e n t i c  samples. 

Ergosta-5 ,7 ,24(28)  - t r i e n  - 3 p - 0 1  ( 2 3 )  - had no t  been r e p o r t e d  

t o  occur  i n  y e a s t .  The i d e n t i t y  of  t h e  i s o l a t e d  compound was 

proven by comparison of  t h e  T. L. C .  and r e l a t i v e  r e t e n t i o n  

t imes  of t h e  i s o l a t e d  s t e r o l  wi th  t h o s e  of a  s y n t h e t i c  sample. 



Furthermore t h e  correspondence of t h e  n. m. r .  and i. r. 

spec t ra  of t h e  i s o l a t e d  and s y n t h e t i c  samples i n d i c a t e d  

s t r u c t u r e  - 51 f o r  t h e  i s o l a t e d  a c e t a t e .  Thence t h e  correspond- 

ing  a lcoho l ,  - 23, occurs  i n  yeas t .  This  s t e r o l  has  been 

previously repor ted  i n  Phycomyces blakesteeanus5'.  The 

presence of ergosta-5,7-dien -3 p - 0 1  ( 2 4 )  - expected i n  t h i s  
,' 

f r a c t i o n  could not be demonstrated. 

No at tempt  was made t o  determine t h e  r e l a t i v e  amounts 

of t h e  ind iv idua l  s t e r o l s  i s o l a t e d  from mother l i q u o r s  from 

which e r g o s t e r o l  had been l a r g e l y  removed. Meaningful 

information concerning t h e  r e l a t i v e  amounts of t h e  s t e r o l s  

i n  a  crude non-saponif iable  p repara t ion  can only be obtained 

by i n v e s t i g a t i o n  of t h e  t o t a l  s t e r o l  f r a c t i o n  from a n  a c t i v e l y  

growing system. 

ISOLATION - OF STEROLS -- FROM THE MUTANT STRAIN 

Only a  l i m i t e d  amount of unsaponi f iab le  m a t e r i a l  from 

t h e  n y s t a t i n  r e s i s t a n t  s t r a i n  was a v a i l a b l e  because, a s  w i l l  

be discussed l a t e r ,  t h i s  yeas t  can not  be c u l t u r e d  i n  l a r g e  \ 

batches.  Separa t ions  were t h e r e f o r e  c a r r i e d  out  e n t i r e l y  by 

p repara t ive  T. L. C .  The o v e r a l l  procedure i s  shown i n  Table 

m. The same procedure was l a t e r  used f o r  t ime course s t u d i e s  

and i n  t h e  b iosyn the t i c  experiments. The ind iv idua l  s t e r o l s  

were i d e n t i f i e d  us ing  t h e  same c r i t e r i a  a s  above. 

A prel iminary i n v e s t i g a t i o n  of t h e  crude s t e r o l  e x t r a c t  

by g. 1. c .  revealed t h e  presence of one major s t e r o l  ( ~ 8 0 % )  
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1 ) R e l a t i v e  r e t e n t i o n  t imes a r e  r e l a t i v e  t o  8-choles tanol  on 
1.5% QF-1. 

2 ,  Normal yeas t :  complex mixture  of p o l a r  m a t e r i a l  
E rgos te ro l  l e s s  s t r a i n :  very l i t t l e  m a t e r i a l  l e f t  a t  origin 

3 ,  6: benzene, H: hexane, EA: e t h y l  a c e t a t e  

4, Band 3 and contained no d e t e c t a b i 2  amount of' mat .er ia l  w i t h  
pure nys-3 s t r a i n .  

" )  Band 7-1  and 7-2. The r e s p e c t i v e  compounds can be fur ther .  
separa ted  by continuous T. L. C .  ( 2 4  - 4 8  hours )  u s i n g  1% 
benzene a s  so lven t .  L 



,, which, a f t e r  p u r i f i c a t i o n ,  was i d e n t i f i e d  a s  ergosta-7 ,22-  

diene-3B-01 ( 1 9 ) .  The second most abundant s t e r o l  was - 
indeed t h e  ~ 8 , 2 2  d iene ,  - 11, a s  r e p o r t e d  e a r l i e r  by Parks  - e t  

a1.37. The mixture  showed UV a b s o r p t i o n  i n  t h e  r e g i o n  - 
220 - 240 mp but no s i g n i f i c a n t  amount of e r g o s t e r o l  could 

be de t ec t ed .  Mass s p e c t r a l  a n a l y s i s  of  t h e  c rude  mix ture  

showed p o s s i b l e  molecular  i o n s  a t  426 ( >3%)t, 412 ( > 3 % ) ,  400 

( 3 0 % ) ~  398 (10%~ 396 ( 1 4 $ ) ,  384 (28$).  The c rude  s t e r o l  

f r a c t i o n  was a c e t y l a t e d  and ana lyzed  us ing .  a combinat ion o f  

T. L. C .  - g. 1. c.  - m. s. I n  a t y p i c a l  s e p a r a t i o n  e i g h t  
+ 

bands were recovered  ( s e e  under A i n  Table  4 ) .  The i n d i v i d u a l  

bands were rechromatographed a s  under A s i n c e  some m a t e r i a l  

from neighbouring bands was u s u a l l y  i s o l a t e d  wi th  t h e  recovered  

band. The cor responding  bands were pooled and rechromatographed 

as under B. Only band 5 showed s t r o n g  W a b s o r p t i o n  i n  t h e  

r e g i o n  220 - 240 mp. When c u l t u r e s  were worked up which had 

p a r t l y  r e v e r t e d  ( see  " C u l t u r i n g  Methods" f o r  a n  exp lana t ion )  

band 3 showed t h e  t y p i c a l  e r g o s t e r o l  UV a b s o r p t i o n .  

I n  ca se  o f  t h e  mutant bands 1, 2  and 3 con ta ined  no 

s i g n i f i c a n t  amount o f  m a t e r i a l .  Band 4 con ta ined  f e c o s t e r o l  

a c e t a t e  and e p i s t e r o l  a c e t a t e  i n  a  r a t i o  o f  l : 2 5  . These two 

a c e t a t e s  were r e a d i l y  s epa ra t ed  by T. L. C .  and i d e n t i f i e d  

by comparison o f  t h e i r  s p e c t r a  wi th  s p e c t r a  o f  a u t h e n t i c  

compounds. Band 5 con ta ined  mainly 7 , 2 2 , 2 4 ( 2 8 ) - t r i e n  , - 41, 

i d e n t i f i e d  by comparison wi th  a u t h e n t i c  m a t e r i a l  ( ~ i g .  7 ) .  

G. 1. c.  r evea l ed  however a  minor component ( l e s s  t h a n  5% 



o f  t h e  t o t a l  m a t e r i a l  Tn band 5) w i t h  t h e  same r e t e n t i o n  t imz  

a s  s y n t h e t i c  t r i e n e ,  35. - 
The minor compound could  n o t  be i s o l a t e d  by T. L. C .  i-n 

pu re  form. C o l l e c t i o n  from g. 1. c .  o f  enough m a t e r i a l  f o r  

mass s p e c t r a l  and u l t r a  v i o l e t  a n a l y s i s  sho-,!~ed it t o  be 

i d e n t i c a l  w i th  t h e  s y n t h e t i c  m a t e r i a l .  Attempts t o  demon- 

t 
s t r a t e  t.he same compound i n  t h e  normal s t r a i n  f a i l e d .  

Band 6 ,  a f t e r  c r y s t a l l i z a t i o n ,  gave pure  zymosterol  

a c e t a t e  ( 3 6 ) .  - Band 7 con ta ined  f o u r  components w i t h  t h e  
I 

r e l a t i v e  g. 1. c.  r e t e n t i o n  t imes  cor responding  t o  7 - e r g o s t e r o l -  

42, b8'*' e r g o s t a d i e n e  - 32, and ~ ~ ' ~ ~ - e r g o s t a d i e n e  - 27. - - - 
Thi s  mix ture  was f u r t h e r  s e p a r a t e d  by T .  L. C .  i n t o  two 

bands c o n t a i n i n g  monounsaturated and d i u n s a t u r a t e d  s t e r o l s .  

The double  bond isomers  i n  each band cou ld  f i n a l l y  be 

s e p a r a t e d  by con t inuous  T. L. C .  ( p r e p a r a t i v e  T .  L. C .  p l a t e s  

were covered w i t h  a  second p l a t e  and clamped t o g e t h e r .  The 

t o p  was extended wi th  f i l t e r  paper  t o  t h e  o u t s i d e  o f  t h e  

deve lop ing  chamber.) The p l a t e s  were u s u a l l y  run  f o r  

twenty-four  hours .  The compounds were recovered  and i d e n t i -  

f i e d  by comparison w i t h  a u t h e n t i c  samples.  The two major 

A7 isomers  cou ld  a l s o  be ob t a ined  pure  by c r y s t a l l i z a t i o n .  

The n. rn. r .  d a t a  repor ted37  f o r  t h e  i s o l a t e d  e rgos t a -8 ,  

22-diene-3P-01, - 11, d i d  n o t  a g r e e  w i th  v a l u e s  ob t a ined  from 

s y n t h e t i c  m a t e r i a l .  A sample o f  t h e  s y n t h e t i c  - 11 was compared 

w i t h  t h e  s t e r o l  i s o l a t e d  e lsewhere  and found t o  be i d e n t i c a l . + $  

* Thi s  comparison was c a r r i e d  o u t  by D r .  T. Bond, U n i v e r s i t y  
o f  C a l i f o r n i a ,  San Diego. 



Analyses o f  t h e  s p e c t r a  ( 2 2 0  ~ 4 3 1 ~ )  of  more p l e n t i . f u l  

s y n t h e t i c  m a t e r i a l  showed t h a t  some o f  t h e  i n i t i a l l y  r e p o r t e d  

chemical  s h i f t s  werz m i s i n t e r p r ~ t e d .  

I n  o rde r  t o  exclude t h z  p o s s i b i l i t y  t h a t  t h e  t e t r a -  

- 
( ) s u b s t i t u t e d  double bond o.C 11 cou1.d he  l o c a t e d  a t  t h e  n8 

% 

p o s i t i o n ,  t h e  i s o l a t e d  e rgos ta -8 ,22-d iene ,  - 11 and ergost-8-enz,  

15, were compared wi th  t h e  cor responding  8 ( 1 4 )  isomers ( s e e  - 
Table 3 ) .  Mel t ing p o i n t ,  g. 1. c .  and n. m. r .  da t a  d i f f e r e d  

C s u b s t a n t i a l l y  i n  both ca ses .  , Band 8 conta ined  p r i n c i p l y  

squalene and 4- o r  4 ,14-methylated compounds ( e . g .  - 10, - 12, - 13) .  

Th i s  f r a c t i o n  was no t  f u r t h e r  i n v e s t i g a t e d .  

The i s o l a t i o n  and i d e n t i F i c a t i o n  o f  t h e  new s t e r o l s  

15, 17, 20, 3, and 23 completed t h e  desmethyl s t e r o l  p a r t  - - -  - 

of  Fig.  4 .  The on ly  except ions  a r e  compounds - 18 and 24. - 

No evidence f o r  t h e  presence  of 18 has  been ob ta ined .  Pre- - 

l im ina ry  examinat ions  o f  t h e  s t e r o l  f r a c t i o n  ob ta ined  from a  

c u l t u r e  of  t h e  mutant which had p a r t l y  r e v e r t e d  and t h e r e f o r e  

produced e r g o s t e r o l  seemed t o  sugges t  t h e  presence  o f  e rgos t a -  

5,7-diene-3$-01 ( g .  1. c . ) .  



1. Time course s t u d i e s :  R e s u l t s  and Discuss ion  

The p r o j e c t e d  b i o s y n t h e t i c  s t u d i e s  n e c e s s i t a t e d  t h e  acqui-s t -  

t i o n  of most of t he  e rgos t , e ro l  p r e c u r s o r s  shown i n  t h e  lower 

p a r t  of F ig .  3 .  P a r a l l e l  w i t h  chemical  syn theses  of  t h e s e  com- 

pounds we i n v e s t i g a t e d  c u l t u r e  c o n d i t i o n s  conducive t o  

ach iev ing  h igher  t h a n  u s u a l  l e v e l s  of  s t e r o l  i n t e r m e d i a t e s  t han  

occur red  i n  y e a s t  under normal c o n d i t i o n s .  

It was known from t h e  experiments of K le in  e t  a l . G 7  t h a t  -- 

s t e r o l  fo rmat ion  could be induced i n  Saccharomyces c e r e v i s i a e  

by vigorous  a e r a t i o n  of c e l l s  t h a t  had p rev ious ly  been grown 

under s t r i c t l y  anae rob ic  c o n d i t i o n s .  Under t h e s e  condi t ions ,  

S. c e r e v i s i a e  becomes auxot rophic  f o r  s t e r o l s ,  and squalene - 

accumulates (Klein"') . New and vigorous  s t e r o l  s y n t h e s i s  can 

be induced by commencement of a e r o b i c  cond i t i onsR7 .  This  has  

been found t o  be due t o  t h e  n e c e s s i t y  of molecular  oxygen f o r  

t h e  format ion  o f  2 ,3-oxidosqualene,  t h e  immediate p r e c u r s o r  of 

l a n o s t e r ~ l " ~ ' ~ ~ .  I n  a d d i t i o n  s e v e r a l  of  t h e  s t e p s  involved i n  

t h e  t r a n s f o r m a t i o n  of  l a n o s t e r o l  t o  e r g o s t e r o l  a r e  a l s o  oxygen 

dependent, e .  g. removal of  t h e  e x t r a  methyl groups,  i n t r o d u c t i o n  

of double bonds and methyla t ion  a t  C-24. These s t e p s  a r e  con- 

sequent ly  a l s o  i n h i b i t  ed under anaerobic  c o n d i t i o n s .  

Although t h e  l a c k  of oxygen p rov ides  adequa te  r ea son  f o r  

t h e  l a c k  of p roduc t ion  of  s t e r o l s  i n  y e a s t ,  l i t t l e  i s  known 

about t h e  p roces s  g i v i n g  r i s e  t o  t h e  a c t u a l  d e p l e t i o n  o f  s t e r o l s  

under anaerobic  c o n d i t i o n s .  From t h e  g e n e r a l  behaviour desc r ibed  



above two methods emerge by which i n t e m e d i a t e s  i n  t h e  s t e r o l  

b iosynthes is  scheme could be  induced to  accumulate i n  higher  

propor t ions  than  would nornielly bz t h e  case.  F i r s t l y , i f  ergo- 

s t e r o l  i s  an  ob l iga to ry  in termedia te  i n  t h e  anaerobic consurnp- 

t i o n  process  r e s u l t i n g  i n  dep le t ion  of y e a s t  s t e ro l s ,  onc ' ~ o u l d  

expect some e r g o s t e r o l  precursors  t o  occupy more prominent 

p o s i t i o n s  i n  t h e  yeas t  s t e r o l  mixtures remaining a f t e r  anaerobic 

maintenance. This would be t r u e  of those s t e r o l  in t e rmedia tes  

t h a t  could not be transformed t o  e r g o s t e r o l  anae rob ica l ly .  

Secondly, a f t e r  dep le t ion  of t h e  s t e r o l  content  by anaero- 

b ic  maintenance, and commencement of aerobic  cond i t ions ,  i n i t i a l  

s t e r o l  production should be accompanied by accumulation of 

i n i t i a l  in termedia tes .  Depending on t h e  r a t e s  of in terconvers ion ,  

some in termedia tes  could occupy more prominent p o s i t i o n s  i n  t h e  

s t e r o l  mixture a t  e a r l y  s t ages  r a t h e r  than  a t  l a t e r  s t a g e s .  

Although t h e  dependence of t o t a l  s t e r o l  product ion upon 

c u l t u r e  condi t ions  has  been wel l  i n v e s t i g a t e d ,  l i t t l e  information 

i s  a v a i l a b l e  regarding v a r i a t i o n s  i n  t h e  composition of t h e  

s t e r o l  f r a c t i o n  a s  a func t ion  of growth condi t ions .  ~ r o n n ~ '  

and Kodicek -- e t  a l .  7 2  repor ted  a n  in termedia te  accumulation of 

l a n o s t e r o l  ( 6 )  - during fermentat ion.  Langley -- e t  a1.73 repor ted  

ergosta-5,7,22,24(28)  t e t r aene-3  p o l  (26)  - and zymosterol ( 1 4 )  - 

a s  t h e  major s t e r o l s  and minor amounts of e r g o s t e r o l  i n  c e l l s  

grown batchwise a t  25". Hunter and ~ o s e ~ *  found a  s l i g h t  var ia -  

t i o n  i n  t h e  t e t r aene /e rgos te ro l  r a t i o s  depending on t h e  tempera- 

t u r e  a t  which t h e  yeas t  was grown. ~ e t z o l d ~ ~  found a change of 

t h e  t e t r aene /e rgos te ro l  r a t i o  of 7:3 i n  batch c u l t u r e s  t o  a  r a t i o  



of  3: 7 i n  cont. inuously grown c u l t u r e s .  Prelliminary exper iments  

designed p r i m a r i l y  t o  determine op t imal  c u l t u r i n g  c o n d i t i o n s  

confirmed, i n  g e n e r a l ,  t h e  above obse rva t ions .  

Yeast  ha rves t ed  du r ing  i t s  s t a t i o n a r y  g r o ~ t h  phase con- 

t a i n e d  e r g o s t e r o l  ( 2 5 )  - and t e t r a e n e  ( 2 6 )  - a s  major s t e r o l s  as  

w e l l  a s  smal l  amounts o f  zymosterol  ( 1 4 )  - and l a n o s t e r o l  ( 6 ) .  - 

The former two accounted f o r  more t h a n  80% of t h e  t o t a l  s t e r o l  

f r a c t i o n .  When t h e  same y e a s t  was c u l t u r e d  under n i t r o g e n  f o r  

80 hours,  t h e  major p o r t i o n  of t he  s t e r o l s  d i sappeared .  The 

composi t ion of t h e  smal l  amount l e f t  had change a p p r e c i a b l y ,  

a l though  t h e r e  were t r a c e s  of  e r g o s t e r o l  l e f t ,  as  judged from 

U. V. s p e c t r a .  The major s t e r o l  was now ergosta-7 ,22-diene-3 8- 

01 ( 1 9 )  - f o l l o w ~ d  i n  dec reas ing  amounts by e rgos t a -7 ,22 ,24 (28 ) -  

t r i ene-3p-01  (21), - l a n o s t e r o l  (6), - zymosterol  ( 1 4 )  - and e rgos t a -  

8,22-diene-38-01 (11). - Upon a e r a t i o n ,  t h e  t o t a l  s t e r o l  c o n t e n t  

i nc reased  r a p i d l y  a t  t h e  beginning and l e v e l l e d  o f f  a f t e r  a p p r o x i ~ a t s l  

20-30 hours .  The l a n o s t e r o l  con ten t  reached i t s  maximum a t  

approximately  2  hours .  The e r g o s t e r o l / t e t r a e n e  r a t i o s  v a r i e d  

wi th  t ime from approximately  2 :3  a t  10  hours  t o  4 : 3  a t  24 hours .  

These p re l imina ry  exper iments  seemed t o  i n d i c a t e  t h a t  s i g -  

n i f i c a n t  changes i n  s t e r o l  composi t ion d i d  occur  upon anaerobic -  

a e r o b i c  t r ea tmen t .  Time cour se  s t u d i e s  were t h e r e f o r e  c a r r i e d  

ou t  on a n e r o b i c a l l y  p r e t r e a t e d  y e a s t  c u l t u r e s  which were r e sus -  

pended i n  f r e s h  medium and a e r a t e d .  ( s e e  exper imenta l  s e c t i o n  

f o r  d e t a i l s ) .  A l iquo t s  of c e l l  suspens ions  were removed a t  s e t  

t ime i n t e r v a l s  f o r  dry weight de t e rmina t ions  and s t e r o l  ana lyses .  

The s t e r o l  f r a c t i o n  o f  each a l i q u o t  ob t a ined  from base  h y d r o l y s i s  



was a c e t y l a t e d  and t o t a l  s t e r o l  con ten t  determined by g. 1. c .  

  he t o t a l  a r e a  under t h e  curve  was eva lua t ed  p l a n i m e t r i c a l l y . )  

The a c e t a t e s  were s epa ra t ed  by T. L. C .  i n t o  e i g h t  bands which 

were t h e n  ana lysed  by g. 1. c .  h e i g b t  x width  a t  peak 

h a l f  h e i g h t ,  r e l a t i v e  t o  a  lmol.~n amount of added s t a n d a r d ) .  

D i f f i c u l t i e s  i n  p r e c i s e l y  c o n 5 r o l l i n g  a l l  c u l t u r e  c o n d i t i o n s  

e .g .  anaerobic  p re t r ea tmen t ,  t o t a l  c e l l  popu la t ion  a e r a t i o n  and 

p a r t i c u l a r l y  t h e  r a t i o  of  v i a b l e  c e l l s  t o  dead c e l l s  caused 

a p p r e c i a b l e  d i f f e r e n c e s  from one experiment t o  t h e  o t h e r .  A f t e r  

s e v e r a l  experiments it became c l e a r  t h a t  t h e  major d i f f e r e n c e s  

between i n d i v i d u a l  exper iments  concerned t h e  t ime  a t  which t h e  

maximum c o n c e n t r a t  i o n  of t h e  individual .  s t e r o l s  appeared.  I n  

gene ra l ,  i t  was observed t h a t  t h e  slower t h e  maxima o f  i n d i v i -  

dual  s t e r o l s  were achieved t h e  lower were t h e i r  observed con- 

c e n t r a t i o n s .  When t h e  t o t a l  s t e r o l  con ten t  i n c r e a s e d  very slowly, 

no a c t u a l  accumulat ion of i n t e r m e d i a t e s  could be observed.  The 

r e s u l t s  ob t a ined  from two extreme exper iments  ( A  and B) a r e  

shown i n  Fig .  12.  Fig .  13 i l l u s t r a t e s  t h e  r e s u l t s  ob t a ined  

from one p a r t i c u l a r  experiment i n  which t h e  c o n c e n t r a t i o n s  of 

s e v e r a l  components of  t h e  s t e r o l  f r a c t i o n  were fol lowed w i t h  

t ime.  

Squalene i n c r e a s e d  b r i e f l y  a t  t h e  beginning and t h e n  de- 

c r eased  s h a r p l y  a s  t h e  t o t a l  s t e r o l  con ten t  i nc reased .  When 

s t e r o l  p roduc t ion  l e v e l l e d  o f f ,  squalene s y n t h e s i s  approximately  

p a r a l l e l e d  s t e r o l  s y n t h e s i s .  Lanos te ro l  and 4 , lQ-me thy la t ed  

s t e r o l s  i n c r e a s e  du r ing  e a r l y  s t a g e s  and reach a  maximum a t  

2 t o  3 hours .  Lanos t e ro l  reaches  i t s  s t eady  s t a t e  concentra-  
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Figu re  12: V a r i a t i o n  o f  S t e r o l  Content  w i t h  Growth Cond i t i ons  



t a t i o n  ( 1 0  - 15% of t h e  t o t a l  s t e r o l  f r a c t i o n )  a t  approximately 

10 hours.  The concen. t rat ions of 4-mono- and 4,4-dimethyl 

s t e r o l s  vary i n  a  s i m i l a r  manner, however, a f t e r  i n i t i a l  a t t a i n -  

ment of r a t h e r  high p ropor t iona l  concent ra t ions  they drop t o  

r a t h e r  low concentrations.  The 4,14-desmethyl' s t e r o l s ,  w i t h  t h e  

except ion of ergosta-5,7,24(28)  - t r i en  - 3 p - 0 1  (3). i n c r e a s e  

slowly towards t h e i r  s teady s t a t e  concent ra t ions .  E p i s t e r o l ,  

ergosta-7,22,24(28) - t r i e n  -3p-o1,and f e c o s t e r o l   l lotted i n  

Fig.  13 a s  t h e i r  sum f o r  c l a r i t y )  inc rease  s t e a d i l y  w i t h  r e l a -  

t i v e  concent ra t  ions  which dev ia te  only s l i g h t l y  from t h e  r a t i o  

of 4 :  2: 1 during t h e  whole per iod  inves t iga ted .  Noteworthy i s  

t h e  low concent ra t ion  of ergost-7-en-38-01 compared w i t h  t h e  

o the r  desmethyl s t e r o l s .  The concent ra t ion  of ergosta-  5,7,24 

(28)  - t r ien-3p-ol  behaves s i m i l a r l y  t o  t h e  o t h e r  4,14-desmethyl 

s t e r o l s  i n i t i a l l y  but l a t e r  f a l l s  t o  lower va lues  and i s  prac-  

t i c a l l y  absent  a f t e r  10 h r s .  

An analogous experiment was performed with t h e  nys-3 

mutant (F'ig. 1 4 ) .  It was expected t h a t  p recurso r s  of t h e  

major s t e r o l  ( ergosta-7,22- dien-3$-01) of  t h i s  organism would 

accumulate during t h e  e a r l y  growth phase. Experiments however 

revealed t h a t  t h i s  yeas t  s t r a i n  d id  not  respond i n  t h e  same man- 

ner  a s  normal y e a s t  t o  t h e  anaerobic-aerobic  t rea tment .  Squa- 

lene  accumulated more slowly i n  t h e  mutant t h a n  i n  t h e  normal 

s t r a i n  under anaerobic condi t ions .  Although under ae rob ic  con- 

d i t i o n s  both normal and nys-3 s t r a i n s  produced comparable amounts 

of s t e r o l s ,  t h e  s t e r o l  content  decreased much more slowly i n  t h e  

mutant than  i n  t h e  normal s t r a i n  under anaerobic  maintenance. 



6 12 18 24 
TIME (HOURS) 

a- a 

1.1 ME (HOURS) 
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To Figure 13: 

25: Ergosterol, 26: Ergosta-5,7,22,24(28)-tetraen-- -01, - - 

14, Zymosterol, M: Episterol 22 1 Fecosterol 16 + Ergosta- - - - - 

7,22,24(28)-trien-33-01 - 21, 6: Lanosterol 

P: 4,and 4,4-methyl-sterols 10,12 and 13. - -- - 

The insert shows total sterols (TS) and squalene (s) of the 

same experiment on a reduced scale. 





After  24 h r s  ( a n a e r o b i c ) , t h e  s t e r o l  content  of t h e  normal s t r a i n  

had decreased t o  l e s s  than  5% of i t s  o r i g i n a l  value while  i n  

t h e  mutant approximately 80% of t h e  s t e r o l s  remained. Unlike 

t h e  n o r m 1  s t r a i n ,  t h e  composition of t h e  remaining s t e r o l  

f r a c t i o n  i n  t h e  mutan t , a f t e r  anaerobic treatment,remained essen- 

t i a l l y  unal te red .  Furthermore t h e  composition of t h e  small  

amount of s t e r o l s  l e f t  a f t e r  anerobic  t reatment  of normal y e a s t  

was e s s e n t i a l l y  t h e  same a s  t h e  s t e r o l  d i s t r i b u t i o n  i n  t h e  nys-3 

s t r a i n .  If only diene systems were sub jec t  t o  r ap id  

anaerobic degradat ion i n  t h e  normal s t r a i n ,  t h e  anerobic  s t e r o l  

content  of t h i s  organism could well  become c l o s e l y  matched t o  

t h a t  of the  mutant which con ta ins  only A7 (and A8)  s t e r o l s .  

This s i t u a t i o n  would be expected t o  a r i s e  i f  no conversion of 

A7 (and n8) t o  s t e r o l s  were p o s s i b l e  under anerobic  con- 

d i t i o n s .  Since Akhtar e t  a1.32 have shown t h a t  i n t r o d u c t i o n  -- 

of t h e  As double bond r e q u i r e s  oxygen,no A7 3 A ~ ' ~  conversion 

i s  indeed poss ib le  ane rob ica l ly .  The f a c t  t h a t  s t e r o l s  of t h e  

mutant a r e  metabolized a t  a l l  i n  anaerobic  cond i t ions  i n d i c a t e s ,  

however, t h a t  A7 s t e r o l s  a r e  a l s o  sub jec t  t o  t h e  anerobic  

degradat ion process.  The r a t e  of degradat ion of  A7 s t e r o l s  

would appear,  from t h e  above evidence, t o  be s i g n i f i c a n t l y  

slower than  t h a t  of t h e  n S j 7  analogs.  

An equal ly v a l i d  r a t i o n a l e  f o r  t h e  correspondence of t h e  

s t e r o l  composition i n  t h e  nys-3 and normal s t r a i n , a f t e r  

anaerobic t reatment  of t h e  normal s t r a i n ,  i s  t h a t  t h e  

nys-3 mutant c e l l s  a r e  present  a t  a l l  t imes a s  a  small  percen- 

t age  of t h e  t o t a l  c e l l  populat ion i n  a  normal y e a s t  c u l t u r e .  



Evidence has been repor ted  t h a t  t h e  development of 

polyene a n t i b i o t i c  r e s i s t a n c e  i s  based on a  s e l e c t i o n  of 

n a t u r a l l y  occurr ing mutants r a t h e r  then  on adaptat jon7".  

One would t h e r e f o r e  expect a  small  popula t ion  of mutant c e l l s  

t o  be present  i n  normal y e a s t .  Since nys-3 i s  only deple ted  

of s t e r o l s  very slowly under n i t rogen  a s  shown above, t h e  

s t e r o l  f r a c t i o n  i s o l a t e d  from t h e  ane rob ica l ly  maintained 

normal s t r a i n  could represent  t h e  s t e r o l  f r a c t i o n  of t h e  

mutant. Both of t h e  above descr ibed f a c t o r s ,  e.g.  r a p i d  

degradat ion of ~ ~ ' ~ - d i e n e s  a s  wel l  a s  'p resence  of  small  

amounts of mutants i n  normal c u l t u r e s ,  do i n  a l l  p robab i l i ty ,  

con t r ibu te  t o  t h e  o v e r a l l  e f f e c t .  



2. Tracer  Experiments: R e s u l t s  and Discuss ion  

The t r a c e r  exper iments  were designed t o  y i e l d  i n fo rma t ion  

concerned wi th  t h e  b i o i n t ~ r c o n v e r s i o n s  (shown i n  F ig .  3) 

invo lv ing  t h e  4,14-desmethyl s t e r o l  r eg ion  . A s  i s  i l l u s t r a t e d ,  

f i v e  As-s terols  (11, - - 15 - 18) could  be fo rma l ly  de r ived  from 

4a-methyl p r e c u r s o r s .  Although a l l  o f  t h e s e ,  wi th  t h e  excep- 

t i o n  of - 18, have been shown t o  occur  i n  y e a s t , o n l y  two o f  

t h e i r  4a-methylated p r e c u r s o r s  have t h u s  f a r  been i s o l a t e d ,  e .g .  

1226 and 1326. Formally,  compound 12 y i e l d s  zymosterol  ( 1 4 ) ,  - - - - 

and s t e r o l  - 13 g i v e s  f e c o s t e r o l  ( 1 6 )  - upon 4-demethylat ion.  

Using F igu re  3 a s  a model, f e c o s t e r o l  cou ld  i t s e l f  be t r a n s -  
, I 

formed i n  f o u r  ways: e i t h e r  t o  t h e  A8 s t e r o l  15, t o  t h e  - 

A'' 2 " ~  2 4 ( 2 8 ) - t r i e n e  - 17, t o  e p i s t e r o l  ( 2 2 )  - and t o  zymosterol  ( 1 4 ) .  - 

Some evidence f o r  t h e  r e v e r s i b i l i t y  of  t h e  C-24 a l k y l a t i o n  has  

r e c e n t l y  been repor ted77 .  

Due t o  t h e  g r e a t  number o f  p o s s i b l e  i n t e r c o n v e r s i o n s ,  

n e i t h e r  f e c o s t e r o l  nor  zymosterol  seemed t o  be l o g i c a l  c h o i c e s  

t o  i n i t i a t e  i n v e s t i g a t i o n s  of  t h e  i n t e r c o n v e r s i o n s  p o s s i b l e  i n  

t h i s  r e g i o n  of  Fig .  3. I somer i za t ion  o f  t h e  A8 double  bond i n  

f e c o s t e r o l  t o  A7 g i v e s  e p i s t e r o l  (16 - -, - 22) .  S ince  e p i s t e r o l  

occupied a more c e n t r a l  p o s i t i o n  i n  t h e  i n t e r c o n v e r s i o n  model 

dep ic t ed  by F ig .  3,we i n i t i a t e d  incuba t ion - t r app ing  exper iments  

d i r e c t e d  a t  t h e  de t e rmina t ion  of t h e  s equence ( s )  o p e r a t i n g  i n  

t h e  convers ion  o f  e p i s t e r o l  t o  e r g o s t e r o l .  The r e s u l t s  o f  t h e s e  

experiments a r e  summarized i n  Table  V and i l l u s t r a t e d  i n  Fig .  1 5 .  - 



TABLE V 

A C T I V I T Y  I N  ISOLATED METABOLITES4* 

3tThe given values a r e  $ i ncorpora t ion  based on t h e  t o t a l  a c t i -  
v i t y  recovered i n  t h e  nonsaponif iable  f r a c t i o n .  I n  cases  where 
more t h a n  one value i s  obtained .they a r e  from d i f f e r e n t ,  
independent experiments. No given value means t h a t  t h i s  par- 
t i c u l a r  compound was not  i n v e s t i g a t e d  f o r  a c t i v i t y  i n  t h a t  
p a r t i c u l a r  experiment. For d e t a i l s  see  experimental  p a r t .  





Feeding l a b e l l e d  - 32 r e s u l t e d  i n  r a d i o a c t i v i t y  i n  - 20, - 21, 

23, 26 and 25 (Experiments #1, 2 and 3 ) .  I n c o r p o r a t i o n s  were 
7 - - 

low i n  - 23 and - 20 ( l e s s  t h a n  1%). I n  21, - 25 and - 26, t r a c e r  

i n c o r p o r a t i o n  ranged from 2.9 t o  l7.6$.  The s p e c i f i c  a c t i v i t i e s  

were comparable f o r  - 21, - 23, 6 and - 25 ( -  10" cpm/mg). Although 

t h e  i n c o r p o r a t i o n  of  - 22 i n t o  - 20 was r a t h e r  low, - 20 i t s e l f  was 

e f f i c i e n t l y  conver ted t o  t h e  d iene  - 1 9  and t o  e r g o s t e r o l  (10 .4  

t o  16.4$, s p e c i f i c  a c t i v i t y  r~ l o 4  cpm/mg) a s  determined by two 

s e p a r a t e  f eed ing  experiments ( ~ x ~ e r i ' m e n t s  4 and 5 ) .  No a c t i -  

v i t y  was found i n  e i t h e r  - 22, - 26 and - 24 upon f e e d i n g  r a d i o a c t i v e  

20. Desp i te  t h e  f a c t  t h a t  no s i g n i f i c a n t  a c t i v i t y  was a s s o c i -  - 

a t e d  wi th  t h e  ~ " ~ - d i e n e  - 24 upon f eed ing  - 20, it was conver ted  

r a t h e r  e f f i c i e n t l y  t o  e r g o s t e r o l  when f e d  i n  l a b e l l e d  form t o  

y e a s t  ( 19.2%; Experiment 6 ) .  E r g o s t e r o l  was t h e  on ly  l a b e l l e d  

s t e r o l  recovered from t h i s  experiment.  Feeding o f  l a b e l l e d  - 21 

( ~ x p e r i m e n t  #7) produced, a s  expected,  l a b e l l e d  - 19, - 25 and - 26. 
\ 

No a c t i v i t y  was found i n  - 22. Likewise l a b e l l e d  e r g o s t e r o l  ( 2 5 )  - 

was ob ta ined  when l a b e l l e d  - 23 (Experiment #8) and l a b e l l e d  - 26 

(Experiment #9) were fed .  

None of  t h e  t r ans fo rma t ions  i n v e s t i g a t e d  were found t o  be 

r e v e r s i b l e ,  eg. 23-22, 21-e22,  26*23, 26*221, 20*22 and - - - - - - - - - -  

25-e26.  S ince  a c t i v i t y  was found i n  19 and 25 bu t  no t  i n  - 7 - - 



21 o r  26 when 20 was f e d  ( ~ x ~ e r i m e n t  #I and 5), t h e  t ransforma-  - - - 
t i o n  o f  21 t o  19 can consequent ly  not  be r e v e r s i b l e .  It - - 
appears  t h e r e f o r e  t h a t  once t h e  C-22 and C - 5  double bonds a r e  

in t roduced  they  a r e  no t  subsequent ly  removed ( i .  e. A ~ ~ - - - +  22H, 

23H: - 26 23, 21 M 22 and a5 +e 5H,  6H: 26 N 21, 25 ++ g) . - - - - - - 
Nor does it seem l i k e l y  t h a t  a r e i n t r o d u c t i o n  of a methylene 

( ) a t  C-24(28) occurs  once it i s  reduced t o  methyl ( 2 4 - ~ e  -+ 28 : 

2 0 w  22, 2 5 9 ~  2 6 ) .  - - - - 
E p i s t e r o l  ( 2 2 )  i s  t ransformed i n  a t  l e a s t  t h r e e  ways: - 

r e d u c t i o n  of  A ~ ~ ( ~ ~ ) ,  i n t r o d u c t i o n  of , and o f  A'. Each 

one of t h e s e  changes g i v e s  r i s e  t o  a  d i f f e r e n t  i n t e r m e d i a t e  
I 

which t h e n  undergoes one o f  t h e  two remaining t r a n s f o r m a t i o n s  

t h a t  a r e  r e q u i r e d  f o r  t h e i r  convers ion  t o  e r g o s t e r o l .  The 

r e l a t i v e  importance of  t h e  i n d i v i d u a l '  sequences d i scovered  

i s  a s  y e t  r a t h e r  d i f f i c u l t  t o  a s s e s s .  The p r i n c i p l e  d i f f i c u l t y  

involved has  been t h e  i n t e r p r e t a t i o n  o f  t h e  a v a i l a b l e  da t a  i n  

terms o f  a  h igh  o r  low r a t e  o f  t u rnove r  'of each in t e rmed ia t e .  

The procurement of  t h e s e  parameters  w i l l  de termine t h e  e f f i -  

c iency c i t e d  above provided t h e  amount o f  a c t i v i t y  a s s o c i a t e d  

wi th  each in t e rmed ia t e ,  i t s  s p e c i f i c  a c t i v i t y  and e f f e c t i v e  
1 

pool  s i z e .  

Time cour se  s t u d i e s  ( ~ i g .  13) i n d i c a t e  t h r e e  t y p e s  of  

behaviour wi th  r e s p e c t  t o  pool  s i z e .  The c o n c e n t r a t i o n s  o f  

l a n o s t e r o l ,  4 and 4 ,4-methylated i n t e r m e d i a t e s  and t h e  

A 5 1 7 ' 2 4 ( 2 8 )  t r i e n e ,  - 23, i n c r e a s e  r a p i d l y  t o  a t t a i n  a n  e a r l y  

maximum c o n c e n t r a t i o n ,  t h e n  subsequent ly  dec rease  r a p i d l y  t o  



very low va lues .  The c o n c e n t r a t i o n s  of most A7 and A8 i n t e r -  

mediates  i n c r e a s e  s t e a d i l y  un t i l .  apparen t  s.teady s t a t e  con- 

c e n t r a t i o n s  a r e  reached.  The c o n c e n t r a t i o n s  of e r g o s t e r o l  

and t e t r a e n e ,  - 26, i n c r e a s e  slowly a t  f i r s t ,  t h e n  accumulate 

a t  a n  i n c r e a s i n g  r a t e  dur ing  t h e  middle of  t h e  t ime cou r se  

(24 h r ) .  F i n a l l y  t h e s e  two s t e r o l s  reach  h igh  c o n c e n t r a t i o n s  

i n  t h e  s t e r o l  f r a c t i o n  a s  would be expected o f  f i n a l  p roduc t s  

o f  metabolism. 

The r e l a t i v e l y  low c o n c e n t r a t i o n  of  4,14- and 4-methylated 

p r e c u r s o r s  p re sen t  a f t e r  t h e  i n i t i a l  i n c r e a s e  and subsequent  

r a p i d  decrease  i s ,  i n  our  view, most l i k e l y  due t o  r a p i d  t u r n -  

over .  These compounds a r e  p r e c u r s o r s  of t h e  desmethyl s t e r o l s  

and must t h e r e f o r e  be produced a t  l e a s t  a s  f a s t  a s  t h e  i n c r e a s e  

of  t h e  subsequent p roduc ts .  

The case  of  t r i e n e  - 23 i s  n o t  a s  c l e a r  c u t  a s  t h e  ca se  of  

4-methylated s t e r o l  p r e c u r s o r s .  A f t e r  seven t o  e i g h t  hours ,  

t h e  u s u a l  t ime i n t e r v a l  o f  t h e  t r a c e r  i n c u b a t i o n  exper iments ,  

i t s  c o n c e n t r a t i o n  i s  r a t h e r  low. The t o t a l  r a d i o a c t i v i t y  

a s s o c i a t e d  wi th  t h i s  t r i e n e  upon f eed ing  e p i s t e r o l  ( 2 2 )  - was 

a l s o  low ( O.4$, Experiment #2). I t s  s p e c i f i c  a c t i v i t y  i s  how- 

ever  comparable w i th  t h a t  of  t h e  o t h e r  i n t e r m e d i a t e s  formed 

from - 22. T h i s  i n fo rma t ion  does no t  a l low one t o  d i f f e r e n t i a t e  

between r a p i d  and slow turnover .  . Such a combinat ion of  

r e s u l t s  could be due t o  f a s t  i n f l u x  and f a s t  outf low l e a v i n g  

l i t t l e  a c t i v i t y  i n  t h e  pool  a t  any t ime.  S p e c i f i c  a c t i v i t y  

under t h e s e  c o n d i t i o n s  would remain h igh  s i n c e  t h e  pool  i s  

no t  d i l u t e d  wi th  m a t e r i a l  der ived  from o t h e r  sou rces .  Slow 



i n f l u x ,  coupled wi th  slow o u t f l o ~ t ~  would c r e a t e  t h e  same s i t u a -  

t i o n .  It i s  however noteworthy t h a t  a  decrease  i n  p roduc t ion  

of  t e t r a e n e  26 fo l lows  t h e  decrease  of  fo rmat ion  of  23. A - - 
p o s s i b l e  i n t e r p r e t a t i o n  of  t h e  above i s  t h a t  26 i s  formed - 
e f f i c i e n t l y  from - 23 as  w e l l  a s  from 21. With t ime ,  t h e  n e t  - 
produc t ion  of  - 23 decreases  wi th  a  concomitant  dec rease  i n  

r a t e  o f  fo rmat ion  o f  - 26. This  l e a d s  t o  t h e  sugges t ion  t h a t  

22 -> 23 + 26. It i s  v e r y  d i f f i c u l t  from t h e  i n c u b a t i o n  exper i -  - - - 
ments t o  determine t h e  e f f i c i e n c y  of t h e  22 + 20 19  and - - - 
22 -+ 21 + 19 sequences. Each r o u t e  has  one a p p a r e n t l y  e f f i c i e n t  - - - 

. s t ep  as judged from t h e  high i n c o r p o r a t i o n  pe rcen tages  and low 

pool  s i z e s  of  i n t e r m e d i a t e s  becoming l a b e l l e d  du r ing  t h e  course  

o f  t h e  experiments ( i . e .  - 22 + - 21 and - 20 +z). F i n a l l y ,  t h e  

f a c i l i t y  of t h e  - 21 + - 19 + 25 vs  2 1 ' +  26 + 25 sequence cannot  - - - - 
be a s s igned  on t h e  b a s i s  of  p r e s e n t l y  a v a i l a b l e  da t a .  The 

de t e rmina t ion  of  t h e  e f f i c i e n c i e s  of  t h e s e  newly uncovered 

sequences a w a i t s  f u r t h e r  i n v e s t i g a t i o n s  ( s e e  Proposed ~ e s e a r c h )  . 
I n  subsequent experiments ( ~ x ~ e r i m e n t  # l o )  t h e  i n t e r -  

mediary r o l e  of  e p i s t e r o l  ( 2 2 )  - was e s t a b l i s h e d  by f e e d i n g  

l a b e l l e d  f e c o s t e r o l  ( 1 6 ) .  - A c t i v i t y  was found i n  e p i s t e r o l  

a s  w e l l  a s  i n  t e t r a e n e  ( 2 6 )  - and e r g o s t e r o l  a s  was expected.  

One of  t h e  p o s s i b l e  p r e c u r s o r s  of f e c o s t e r o l  i s  zymosterol .  

Very l i t t l e  was known about  i t s  (zymoste ro l )  involvement i n  

t h e  b i o s y n t h e s i s  of e r g o s t e r o l  i n  whole c e l l s  of  y e a s t .  

Schwenk -- e t  a l . 1 9  f a i l e d  t o  o b t a i n  i n c o r p o r a t i o n  of zymosterol  

i n t o  e r g o s t e r o l  by c e l l  f r e e  homogenates under a e r o b i c  condi-  



t i o n s .  The same system d i d  i n c o r p o r a t e  squa lene  and l a n o s t e r o l .  

~ a s t e r s ~ ~ i n v e s t i g a t i n g  growth suppor t ing  e f f i c i e n c i e s  of a  

number o f  s t e r o l s  i n  y e a s t  kept  under anae rob ic  c o n d i t i o n s ,  

found t h a t  zymosterol  when incuba ted  t o g e t h e r  w i t h  [ 1 4 ~ ~ 3 - m e t h y 1 ] -  

methionine was t ransformed i n t o  a new s t e r o l  ( p o s s i b l y  feco- 

s t e r o l ,  g. 1. c . )  c o n t a i n i n g  r a d i o a c t i v i t y  but  no a c t i v i t y  

was found i n  e r g o s t e r o l .  Katsuki  e t  a1 .29  found t h a t  zymosterol  -- 
was conver ted t o  e r g o s t e r o l  under a e r o b i c  but  no t  under anaero-  

b i c  cond i t i ons .  

Moore and ~ a ~ l o r ~ ~ " ~  i s o l a t e d  and p u r i f i e d  a  s t e r o l  

t rans -methylase  which showed s to i ch iome t ry  between t h e  d i s -  

appearance of zymosterol  and t h e  appearance o f  f e c o s t e r o l .  

They were a b l e  t o  demonstra te  t h a t  zymosterol  was s u p e r i o r  t o  

4,4-dimethyl zymosterol  and 4-methyl zymosterol  a s  a  s u b s t r a t e  

f o r  t h i s  system. If t h e  r e l a t i v e  r a t e s  observed i n  t h i s  system 

a r e  a n  i n d i c a t i o n  of t h e  a b i l i t y  of  whole c e l l s  t o  a l k y l a t e  

t h e s e  s u b s t r a t e s  t h e n  t h e  i n t r o d u c t i o n  of  t h e  C-24 methyl 

group most l i k e l y  occurs  a f t e r  n u c l e a r  demethylat ion,  e. g. 

a t  t h e  zymosterol  s t a g e .  The i s o l a t i o n  o f  &a-methyl-ergosta-  

8 , 2 4 ( 2 8 ) - d i e n e - 3 ~ - 0 1  2 4  , 26 (13) - from whole y e a s t  c e l l s  sugges t s  

t h a t  C-28 may be added b e f o r e  complete demethyla t ion  o f  t h e  

r i n g  s t r u c t u r e .  Feeding experiments have shown26 t h a t  t h i s  

compound i s  e f f i c i e n t l y  conver ted  t o  e r g o s t e r o l .  I f  both  

compounds, zymosterol  and 4 a-methyl-ergosta-8,  24( 28)-diene-3 p-01 ,  

a r e  indeed e r g o s t e r o l  p r e c u r s o r s  i n  whole c e l l  y e a s t  p repara-  

t i o n s ,  t h e n  two a l t e r n a t i v e  pathways must be o p e r a t i v e  ( a s  can 

e a s i l y  be s een  i n  ~ i g . 1 5 )  s i n c e  zymosterol  ( 1 4 )  - and 4a-methyl 

s- 



Figure 16: Variation in in Zymosterol and Ergosterol 
Upon Feeding 26,27-14c Lanosterol and 2 , 4 - 3 ~ -  
Zymosterol 
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Figure  17: Proposed Model f o r  Demethylat i o n  Alky la t  i o n  Sequence. 



ergos ta -8 ,%4 ( 2 8 )  -diene-3p-ol  (13) - a r e  no t  i n c o n v e r t i b l e .  A 

p r e l imina ry  experiment showed t h a t  t r i t i u m  l a b e l l e d  zymosterol  

was e f f i c i e n t l y  i nco rpo ra t ed  i n t o  e r g o s t e r o l  a f t e r  only  6 hours  

i ncuba t ion  with  whole y e a s t  c e l l s .  I n  o r d e r  t o  f u r t h e r  s tudy  

t h e  importance of zymosterol  a s  a n  e r g o s t e r o l  p recu r so r ,  a  

double l a b e l  t r a c e r  experimen-t was c a r r i e d  ou t .  

A mixture  o f  26 J 2 7 - 1 4 ~ - l a n o s t e r o l  and 2,4-3~-zymosterol 

was f e d  t o  a growing Saccl~aromyces ~ e r e v i s i a e  c u l t u r e  which 
L 

h a d , p r i o r  t o  feeding, been dep le t ed  o f  endogeneous s t e r o l s  by 

anaerobic  growth. A l iquo t s  were removed a t  s e t  t ime i n t e r v a l s  

washed wi th  buffer* ,  and ana lyzed  f o r  14c/  3~ r a t i o  i n  t h e  t o t a l  

s t e r o l  f r a c t i o n ,  i n  zymosterol ,  t e t r a e n e - 2 6  - and i n  e r g o s t e r o l .  

The r e s u l t s  a r e  shown i n  Fig. 16. 

I n  t h e  t o t a l  s t e r o l  f r a c t i o n  t h e  14c/ 3~ r a t i o s  were 

h o u r s ) .  S ince  t h e  weight a s  w e l l  a s  t h e  a c t i v i t y  of  t h e  two 

added p r e c u r s o r s  was c l o s e  t o  u n i t y , t h i s  o b s e r v a t i o n  i s  

i n t e r p r e t e d  a s  i n d i c a t i n g  t h a t  t h e  r a t e s  of  d i f f u s i o n  (kL and 

k Fig .  1 7 )  o f  l a n o s t e r o l  and zymosterol  i n t o  t h e  c e l l s  a r e  of z 
t h e  same o r d e r  of  magnitude. Although l a n o s t e r o l  and zymosterol  

both appear  t o  be e f f i c i e n t  p r e c u r s o r s  i n  whole y e a s t  c e l l s ,  

$ The b u f f e r  wash was r e q u i r e d  t o  remove e x t r a c e l l u l a r  l a n o s t e r o l  
and zymosterol .    his was e s p e c i a l l y  important  i n  t h e  ca se  o f  
zymosterol  s i n c e  any l a b e l l e d  e x t r a c e l l u l a r  zymosterol  pre-  
s e n t  du r ing  t h e  h y d r o l y t i c  work up o f  t h e  c e l l s  of  t h e  c u l t u r e  
would be  mixed w i t h  i n t r a c e l l u l a r  zymosterol .  Th i s  would g i v e  
r i s e  t o  abnormally low c14/  3H r a t i o s  i n  zymosterol  i n  t h e  
e a r l y  s t a g e s  o f  i ncuba t ion .  The bu f f e r  wash used e f f i c i e n t l y  
removed e x t r a c e l l u l a r  s t e r o l s .  These were found t o  be i n  
wate r  s o l u b l e  form ( p a r k s  -- e t  a l . 73 ,  Anding -- e t  a l . 8 0 ) .  



t h e  r a t e s  a t  which they  a r e  i nco rpo ra t ed  i n t o  f i n a l  p roduc t  

va ry  cons iderab ly  w i th  t ime.  The s t e a d i l y  dec reas ing  '"c/ 3 ~ i  

r a t i o  observed i n  zymosterol  i s  i n t e r p r e t e d  i n  terms o f  e f f i -  

c i e n t  convers ion  o f  zymosterol  t o  e r g o s t e r o l  du r ing  e a r l y  

s t a g e s  but  l e s s  e f f i c i e n t  convers ion  a s  t h e  system reaches  i t s  

normal equ i l i b r ium s t age .  The s t e a d i l y  i n c r e a s i n g  '"c/ 3H 

r a t i o  i n  e r g o s t e r o l  i n d i c a t e s  t h a t  1 4 ~ - l a n o s t e r o l  i s  i nco r -  

po ra t ed  i n t o  e r g o s t e r o l  v i a  a  pathway n o t  i n v o l v i n g  zymosterol  

( e .  g. - 12 -t - 13 + - 16 + 9). I n  zymosterol ,  i n  a d d i t i o n  t o  t h e  

r e l a t i v e  amount o f  t r i t i u m  i n c r e a s i n g  wi th  t ime,  t h e  a b s o l u t e  

amount of  zymosterol  i n c r e a s e s .  I f  Fig .  3 r e p r e s e n t s  t h e  

a c t u a l  s t a t e  o f  a f fa i rs ,  t h e  on ly  r o u t e  by which I 4 c  can  

pas s  i n t o  zymosterol  i n  t h i s  experiment i s  v i a  t h e  4 a  methyl 

p recu r so r  - 12. I n  o r d e r  t h a t  t h e r e  may be a n  i n c r e a s e  i n  t h e  

t r i t i u m  con ten t  i n  zymosterol  r e l a t i v e  t o  14c, t h e  r a t e  o f  

t h e  l a n o s t e r o l  + zymosterol  t r ans fo rma t ion  must be sma l l e r  

t h a n  t h e  r a t e  o f  d i f f u s i o n  of  3 ~ - z y m o s t e r o l  from t h e  exogenous 

pool  i n t o  t h e  c e l l s .  I f  one c o n s i d e r s  t h e  b i o s y n t h e t i c  r o u t e  

from l a n o s t e r o l  t o  f e c o s t e r o l  t o  branch a t  t h e  4a-methyl- 

zymosterol  ( 1 2 )  - s t a g e ,  t h e  d i f f e r i c g  '"c/ 3~ r a t i o s  i n  zymo- 

s t e r o l  compared t o  e r g o s t e r o l  r e p r e s e n t  compe t i t i on  between 

kl v s  k2 and ks v s  kc. Relevant  t o  t h e  i n t e r p r e t a t i o n  of t h e  

p r e s e n t  experiment i n  terms o f  Fig .  16 a r e  t h e  r e p o r t s  by Gaylor 

e t  a l .  4 5  t h a t  zymosterol  compe t i t i ve ly  i n h i b i t s  t h e  nuc l ea r  -- 

demethylat ion o f  4 a  methyl s t e r o l s  ( i . e .  slows p roces ses  such 

a s  kl and k 4 ) .  Hunter and ~ o s e ~ ~  f u r t h e r  sugges t  t h a t  t h e  

s y n t h e s i s  of zymosterol  ( i. e .  l a n o s t e r o l  -+ zymosterol)  i s  



moderated by t h e  accumulat ion of  e r g o s t e r o l .  S ince  both  

zymosterol and e r g o s t e r o l  accumulate under t h e  p r e s e n t  con- 

d i t i o n s  it i s  t o  be expected t h a t  whatever t h e i r  i n i t i a l  

va lues ,  kl and k4 decrease  du r ing  t h e  cou r se  of t h i s  expe r i -  

ment. 

The e f f e c t  o f  zymosterol  and e r g o s t e r o l  c o n c e n t r a t  i o n  

on t h e  r a t e  of  methyl t r a n s f e r  (k2 and k3) has  been observed.  

Katsuki  and t loch^ d e s c r i b e  evidence sugges t ing  t h a t  upon 

i n c r e a s i n g  zymosterol  c o n c e n t r a t i o n s ,  t h e  i n c o r p o r a t i o n  o f  

[14~-methyl ] -meth ion ine  i n t o  e r g o s t e r o l  i s  decreased .  

Working wi th  a  s o l u b l e  A24- s t e r o l  me thy l t r ans f  e r a s e  

i s o l a t e d  from yeast,Moore and ~ a ~ l o r ' ~  co r robora t ed  t h i s  

observa t ion .  They found t h a t  a t  high c o n c e n t r a t i o n s  o f  

zymosterol ,  t h e  m e t h y l t r a n s f e r a s e  system was i n h i b i t e d  by 

a d d i t i o n  o f  e r g o s t e r o l  whereas a t  lower c o n c e n t r a t i o n s  of  

zymosterol ,  a d d i t i o n  of e r g o s t e r o l  had a s t i m u l a t o r y  e f f e c t .  

These obse rva t ions  would sugges t  t h a t  from t h e i r  i n i t i a l  va lues ,  

k2 and k3 would dec rease  as  zymosterol  end e r g o s t e r o l  i n c r e a s e  

i n  concen t r a t i on .  

The p r e s e n t  experiment c l e a r l y  shows t h a t  both pathways, 

1 2  -t 13 + 6, and 12 -t 14 -t 16 o p e r a t e  a t  a l l  t imes .  The i r  - - - - - 
r e l a t i v e  importance however i s  d i f f e r e n t .  The low concen- 

t r a t i o n  of - 13 throughout  t h e  l a t t e r  cou r se  o f  t h e  experiment 

means k4 2 k2. A t  e a r l y  s t a g e s  k3 i s  much g r e a t e r  t h a n  k2 

because zymosterol  i s  t h e  b e t t e r  s u b s t r a t e  f o r  t r ansme thy la se  

and i n  a d d i t i o n  e r g o s t e r o l  s t i m u l a t e s  t r ansme thy la t ion .  A s  

zymosterol  i n c r e a s e s ,  i t  s t a r t s  t o  i n h i b i t  demethyla t ion  of  



13 ( 1 ~ 1  ) and s o  s l o v ~ s  o r  model-ates i t s  ov~n p roduc t ion ,  i. e .  pro- - 
duct  i n h i b i t i o n .  E r g o s t e r o l  beg ins  t o  i n h i b i t  methy la t  i o n  of  

zymosterol  (k,) which i n  t u r n  cou ld  make 24-methyla t ion o f  - 1 2  

(k,)  more compe t i t i ve  w i th  i t s  4a-demethyla t ion (kl) . 
Since  - 17 does n o t  a c c u m u l a t e , i t s  demethy la t ion  (k4) 

does no t  appear  t o  be i n h i b i t e d  by t h e  accumula t ion  o f  zymo- 

s t e r o l .  It would seem t h a t  whatever t h e i r  i n i t i a l  r e l a t i v e  

c o n t r i b u t i o n s ,  t h e  r o u t e  v i a  - 14 i s  expected t o  be i n h i b i t e d  

t o  a  l a r g e r  e x t e n t  t h a n  t h a t  v i a  - 13 w i t h  t h e  accumula t ion  o f  

zymosterol  and e r g o s t e r o l .  The changes i n  14c/ 3~ r a t i o s  

o f  zyrr~osterol  and e r g o s t e r o l  r evea l ed  i n  ~ i g u r e 1 6  a r e  e a s i l y  

i n t e r p r e t e d  i n  t e rms  o f  t h e  above. 



3. Isomerizat ion of t h e  A ' - ~ o u b l e  Bond 

Tra.cer experiments were subsequently c a r r i e d  out  wi th  t h e  

nys-3 mutant. I s o l a t i o n  experiments had a l r eady  e s t a b l i s h e d  

t h e  absence of e r g o s t e r o l  and t h e  presence of b7'**diene - 19 

a s  t h e  major s t e r o l .  Incubat ion with l a b e l l e d  e p i s t e r o l  ( 2 2 )  - 

- ( 1 was expected t o  y i e l d  l a b e l l e d  ~ ~ ' ~ ~ - d i e n e  19, a 7 ' 2 2 ' 2 4  28 - 

t r i e n e  - 21 and b7-monoene 20 b u t ' n o  a c t i v i t y  was expected i n  ergo- - 
s t e r o l .  This expecta t ion  was confirmed ( ~ x p e r i m e n t  #11). I n  

add i t ion ,  t h e  A 8 '  *'-diene-11 - was checked f o r  a c t i v i t y .  This 

compound a s  wel l  a s  fecostero1,were found t o  con ta in  l a b e l .  

Radioact iv i ty  i n  t h e s e  A '  in te rmedia tes  can be explained only 

if A "  + A 7  i somer iza t ion  i s  r e v e r s i b l e .  

Gaylor -- e t  a1 .66  have i n v e s t i g a t e d  s e v e r a l  a spec t s  of 

enzyme system i s o l a t e d  from r a t  l i v e r  which isomerizes A~ 

isomers. They found t h a t  a l though t h e  r a t e  of i somer iza t ion  

of &-methyl s t e r o l s  was comparable t o  t h a t  of 4-desmethyl 

s t e r o l s ,  t h e  presence of a  l k - m e t h y l  group prevented isomeriza- 

t i o n .  In  a d d i t i o n  they found t h e  i somer iza t ion  t o  be i r r e v e r -  

s i b l e .  Working with l i v e r  microsomes,it was shown t h a t  t h e  

9a-hydrogen, introduced when A was isomerized t o  A o r i g i n a t e d  

from t h e  medium and no t  v i a  an in t ramolecular  hydrogen migra- 

t i o n  from C-7". Furthermore,when cholest-7-en-3P-01 was re -  

i s o l a t e d  a f t e r  incubat ion  i n  t h e  presence of t r i t i a t e d  water, 

a c t i v i t y  was found t o  be incorporated a t  t h e  C-9 pos i t ion82 .  

This r equ i res  t h e  r e v e r s i b i l i t y  of t h e  A + A 7  t ransformat ion  

i n  microsomes. The l ack  of r e v e r s i b i l i t y  i n  t h e  case of t h e  



i s o l a t e d  enzyme but  not  with the  ~hrhole c e l l  system suggests  

t h a t  two d i f f e r e n t  enzymes ca ta lyse  t h e  forward and reverse  

reac t ion .  No analogous information i s  a v a i l a b l e  f o r  y e a s t  

systems, Isomerization of t h e  n8 double bond involves 

s t e r e o s p e c i f i c  l o s s  of t h e  7P hydrogen atom i n  mammalian 

t i s s u e s  but i n  y e a s t  t h e  7a prokon i s  i n d i -  

ca t ing  t h a t  t h e r e  i s  some divergence between t h e  two systems. 

I n  a  f u r t h e r  experiment (Experiment # 1 2 ) , l a b e l l e d  feco-  

s t e r o l  was incubated with nys-3. Ac t iv i ty  was found t o  be 

associa ted  with 15, 17 and 22 a s  well  a s  with the  A7'**-diene - - - 

19. These r e s u l t s  i n d i c a t e  t h a t  modif ica t ion  of t h e  s i d e  - 
chain a t  the  d 8  l e v e l  can occur i n  any o rde r  before  i s o -  

merizabion of A' t o  d 7  takes  p lace ,  I f  one assumes t h a t  not  

only the  e p i s t e r o l  + f e c o s t e r o l  t ransformat ion  but  o t h e r  n8  + 

A 7  i somerizat ions a r e  r eve r s ib le , a  l o g i c a l  r a t i o n a l e  f o r  t h e  

constant  r a t i o s  of t h e  A', A 7  isomeric p a i r s  observed i n  t h e  

mutant yeas t  s t r a i n  emerges. 

Having e s t a b l i s h e d  t h e  r e v e r s i b i l i t y  of t h e  A 8  + A 7  

t ransformation i n  t h e  mutant it became s i g n i f i c a n t  t o  determine 

i t s  r e v e r s i b i l i t y  i n  t h e  normal s t r a i n .  I s o l a t i o n  procedures 

suggested t h e  presence of t h e  ~ ~ - s t e r o l - l 5  a s  we l l  a s  of t h e  - 
A 8' "-diene-11. - Feeding of 14C-epis terol-22 - t o  normal y e a s t  

produced l a b e l l e d  A 8' 22-diene- l l  - ( -~xper imen t  13). The incor-  

pora t ion  of a c t i v i t y  i n t o  s t e r o l  - 11 was however low compared 

with t h a t  obtained i n  nys-3. The suggest ion i s  put  forward 

t h a t  t h e  r a t h e r  high concent ra t ion  of ~ ~ " ~ - d i e n e  i n  t h e  mutant 



e x e r t s  an inf luence on t h e  isomerizat ion equi l ibr ium,  e.g. A '  + 

a 8  isomerizat ion i s  more prevalent  i n  t h e  mutant than  i n  t h e  

normal y e a s t  where t h e  concent ra t ion  of A7-s tero ls  i s  low. 

4. In t roduct ion  of A 5 - ~ o u b l e  Bond 

I s o l a t i o n  procedures a s  wel l  a s  t r a c e r  experiments c a r r i e d  

out i n  t h i s  study e s t a b l i s h e d  t h e  f a c t  t h a t  t h e  enzymatic 

block i n  t h e  mutant nys-3 i s  due t o  t h e  absence and/or t h e  

i n h i b i t i o n  of t h e  enzymatic system in t roducing  t h e  A "  double 

bond (e.g.  no t ransformations occur between t h e  A 7  and t h e  

l e v e l ) .  Two a l t e r n a t i v e  mechanisms have been proposed 

f o r  t h e  in t roduc t ion  of t h e  A s  double bond. One involves a  

hydroxylation-dehydration mechanism, while t h e  second involves 

t h e  d i r e c t  e l imina t ion  of two hydrogens from carbons 5  and 6. 

Topham and ~ a y l o r ' ~  showed t h a t  ergosta-7,22-dien-3f3,5a-diol 

(56) i s  converted t o  e r g o s t e r o l  under anaerobic condi t ions  by a  

c e l l - f r e e  e x t r a c t  of - S. ce rev i s i ae .  These same workers i s o l a t e d  

an enzyme from - S. c e r e v i s i a e  which c a t a l y s e s  t h e  conversion of 

t h e  hydroxylated intermediate  t o  e rgos te ro l .  Akhtar 

e t  a1 .32  hodever f a i l e d  t o  incorpora te  r'-3~J - - 
ergosta-7 ,22-dien-3f3, 5a -d io l  i n t o  e r g o s t e r o l  i n  y e a s t  

whole c e l l s  under anaerobic  condi t ions.  Under ae rob ic  con- 

d i t i o n s , t h e  same compound was e f f i c i e n t l y  transformed t o  ergo- 

s t e r o l .  These workers then  proceeded t o  incorpora te  5,6-dihydro 

[ 5 a , 6 a - 3 ~ 2 ] - e r g o s t e r o l  i n t o  e rgos te ro l .  The b iosyn thes i s  of 

e r g o s t e r o l  from t h e  l a t t e r  r e s u l t e d  i n  c m p l e t e  l o s s  of t r i t i u m  

from both t h e  5a- and t h e  6a-posi t ion.  They t h e r e f o r e  con- 



eluded t h a t  t h e  i n t r o d u c t i o n  of t h e  5,G double bond i n  ergo- 

s t e r o l  proceeded v i a  a  cis-removal of 5a- and Ga-protons r a t h e r  - 
than v ia  a  hydroxylation - dehydration mechanism. Topham and 

~ a ~ l o r l ~  recen t ly  repor ted  a d d i t i o n a l  evidence f o r  t h e  dehydra- 

t i o n  mechanism. They were able  t o  show t h a t  3a-"H-er.gostti-7,22- 

dien-3p-01 i s  converted t o  e r g o s t e r o l  w i t h  l o s s  of t h e  3%-"H. 

The amount of s u b s t r a t e  disappearance,  c a l c u l a t e d  from tritium 

l o s s ,  was equiva lent  t o  t h e  amount of e r g o s t e r o l  formed. A 

mechanism was proposed which i s  c o n s i s t e n t  with t h e  l o s s  of t h e  

3a-hydrogen a s  wel l  a s  with the  e l imina t ion  of t h e  c i s  hydrogens - 

a t  C-5 and C-6 ( ~ i g u r e  18 ) .  

Figure 18: Poss ib le  Reaction Mechanism f o r  t h e  Conversion of 
Ergosta-7,22-dicn-3O,-5a,-diol t o  Ergos te ro l  ( ~ o ~ h a l n  and ~ a ~ 1 0 1 - l ~ ) .  

Since n e i t h e r  of t h e  two repor ted  i n v e s t i g a t i o n s  unequivaocally 

demonstrated t h e  ob l iga to ry  intermediacy of a  5a -hydroxylated 

compound,we at tempted t o  e s t a b l i s h  t h e  involvement of such a  

s t e r o l  i n  e r g o s t e r o l  b iosynthes is  by a t r app ing  experiment. 



Labelled episterol was Ted to growing, sterol depleted, 

yeast as usual. Unlabelled er@osta-7,22-dien-3B-5a-diol was 

added to the harvested cells and the mixture hydrolyzed in 

base. The re- isolated diol was radioactive. This observation 

demonstrates tha.t a 5a-hydroxy intermediate is indeed involved 

in the introduction of a A5 double bond. 



CONCLUSIONS 

T h i s  i n v e s t i g a t i o n  has  conc lus ive ly  shown t h e  presence  of 

m u l t i p l e  pathways i n  t h e  b i o s y n t h e s i s  of  e r g o s t e r o l  i n  t h e  

y e a s t ,  S. c e r e v i s i a e .  The e l u c i d a t i o n  of t h e  i n d i v i d u a l  bio- - 

s y n t h e t i c  sequences desc r ibed  i n  t h i s  i n v e s t i g a t i o n  have b e m  

achieved by a p p l i c a t i o n  of t h r e e  p r i n c i p a l  l i n e s  o f  i n v e s t i g a -  

t i o n :  1) chemical  s y n t h e s i s  o f  p o t e n t i a l  b i o g e n e t i c  in te rmedi -  

a t e s ,  2 )  a n  e x t e n s i v e  s ea rch  i n  y e a s t  s t e r o l  f r a c t i o n s  f o r  such 

compounds and 3) t h e  involvement of  t h e s e  compounds as biosyn- 

t h e t i c  p r e c u r s o r s  of e r g o s t e r o l  by r e q u i s i t e  f eed ing  and t r a p -  

p ing  experiments.  

The i n i t i a l  ' c o n s t r u c t i o n  of a  b i o g e n e t i c  model d e s c r i b i n g  

a  v a r i e t y  o f  p o t e n t i a l  pathways between l a n o s t e r o l  and e r g o s t e r o l  

was found t o  be o f  prime importance throughout  t h i s  work. It 

became immediately obvious from t h i s  model t h a t  s e v e r a l  new 

s t e r o l s ,  s o  f a r  no t  i s o l a t e d  from y e a s t ,  had t o  be p o s t u l a t e d  

i f  p a r t i c u l a r  sequences were t o  be invoked. A number o f  such 

s t e r o l s ,  a s  suggested by t h e  model network, were syn thes i zed  

chemical ly .  The subsequent i n v e s t i g a t i o n  of  t h e  y e a s t  s t e r o l  

f r a c t i o n  d i d  indeed r e v e a l  t h e  presence  of  most of  t h e s e  h i t h e r t o  

non- impl icated s t e r o l s .  A s  can be seen  i n  F ig .  3, t h e  number 

of p o s s i b l e  t r ans fo rn i a t i ons  dec reases  proceeding from t h e  t o p  t o  

bottom. The s t r u c t u r e s  of  t h e  i s o l a t e d  y e a s t  s t e r o l s  do however 

sugges t  a n  i n c r e a s e  of  t h e  o p e r a t i v e  t r a n s f o r m a t i o n s  towards t h e  

end o f  e r g o s t e r o l  b i o s y n t h e s i s .  

Only one 4 ,4 ,14 - t r ime thy l  i n t e r m e d i a t e  ( l a n o s t e r o l ) ,  one 



4, )~-d imzthyl  s t e r o l ,  and two 4-mono-methyl s t e r o l s  have s o  f a r  

been de tec ted .  But, a s  has  been shown i n  t h i s  i n v e s t i g a t i o n ,  

p rac t i ca l - l y  a1 1 p o s s i b l e  desmsthyl s t e r o l s  occur  i n  t h i s  organ- 

i s m .  The n o t i c e a b l e  excep i ions  a r e  dzsmethyl s t e r o l s  no t  

methylated a t  C-24, eg. r i n g  B modif ied d e r i v a t i v e s  o f  zymosterol  

(14) o r  cholesta-8,22,24-trien-3$-01 (18). These have no t  been 

observed nor a r e  t hey  l i k e l y  t o  occur  i n  t h i s  y e a s t .  

I n  gene ra l ,  it seems t h a t  enzymes c a t a l y z i n g  24-methylat ion 

and nuc lea r  demethylat i o n  a r e  f a r  more spec i f  i c  t h a n  enzyme( s )  

involved i n  i n t r o d u c t i o n  and r e d u c t i o n  of  double bonds. The 

enzymatic s t u d i e s  by Gaylor and co-workers1' ,  have shown 

t h a t  A Z 4  s t e ro l -me thy l  t r a n s f e r a s e s  as w e l l  a s  n u c l e a r  demethyl- 

a s e s  have r a t h e r  s t r i c t  s t r u c t u r a l  s p e c i f i c i t i e s .  I f  t h e s e  

t r ans fo rma t ions  c a t a l y z e d  by p u r i f i e d  enzymes a r e  r e p r e s e n t a t i v e  

o f  t r ans fo rma t ions  i n  whole c e l l s ,  t h i s  could be t h e  r ea son  f o r  

t h e  observance of  t h e  o p e r a t i o n  of  r e l a t i v e l y  few of  t h e  t r a n s -  

format ions  i n  t h e  upper p a r t  of  t h e  model i l l u s t r a t e d  i n  F igs .  

3 and 4 .  I n  t h e  desmethyl s t e r o l  reg ion ,  t r a n s f o r m a t i o n s  seem 

t o  occur i n  any p o s s i b l e  o r d e r  g i v i n g  r i s e  t o  t h e  d i f f e r e n t  path-  

ways shown i n  F ig .  1 5 .  

S ince  each one of  t h e  r o u t e s  observed r e p r e s e n t s  a  d i f f e r e n t  

p o s s i b l e  o r d e r i n g  of  t h e  sequence i n  which each f u n c t i o n a l l i t y ,  

i s  in t roduced ,  it i s  i n t e r e s t i n g  t o  view t h e  r e s u l t s  from a  d i f -  

f e r e n t  p e r s p e c t i v e .  Assuming each s t e r o l  t r a n s f o r m a t i o n  i s  

mediated by a s i n g l e  enzymatic system, t h e n  t h e  r e l a t i v e  r a t e s  

of  t h e  i n d i v i d u a l  t r a n s f o r m a t i o n s  i n  v a r i o u s  sequences a r e  i n  



essence t h e  s u b s t r a t e  , s p e c i f i c i t i e s  of each enzyme system. The 

p a r t i c u l a r  enzymatic systems with which one i s  concerned i n  t h e  

present  cases  a r e  those  in t roducing  t h e  h7, h5 and A2' unsatura-  

t i o n  a s  wel l  a s  t h a t  reducing t h e  A 2 4 ( 2 8 )  double bond. These 

systems, r ega rd less  of t h e i r  na tu re ,  u n i t a r y  o r  otherwise,  can 

and do obviously opera te  on s e v e r a l  c l o s e l y  r e l a t e d  s u b s t r a t e s .  

The r e l a t i v e  importance of t h e  observed pathways seems, 

however, t o  depend considerably on t h e  cond i t ions  one imposes 

on t h e  system. Two major s i t u a t i o n s  seem t o  e x i s t .  One i n  

which t h e  normal steady s t a t e  s t e r o l  d i s t r i b u t i o n  p r e v a i l i n g  

i n  systems i n  t h e i r  s t a t i o n a r y  growth phase i s  obtained,  and a  

second by which t h e  s t e r o l  depleted system reaches i t s  normal 

s t e r o l  content  during a n  acce le ra ted  growth period.  T h i s  

second s i t u a t i o n  suggest a  r a t h e r  i n t r i c a t e  r egu la to ry  mechanism. 

Whether o r  not  t h e  r a t h e r  f l u i d  system observed under forced  

growth rep resen t s  t h e  t r u e  p i c t u r e  i s  d i f f i c u l t  t o  a s s e s s .  The 

general  p a t t e r n  which seems t o  emerge a t  t h i s  s t a t e  i s  t h e  f o l -  

lowing: The A5 double i s  one of t h e  l a s t  t ransformat ions  t o  

occur, al though some crossover  with t h e  reduct ion  of t h e  A 2 4 ( 2 8 )  
/ 

double bond occurs  a l s o .  I n  a  f i r s t  approximation, pathways 

involving t h e  A ~ ~ ( ~ ~ )  double bond seem t o  be more important 

than  those  involving f u l l y  s a t u r a t e d  s ide-chains .  The in t roduc t ion  

of t h e  A'"* double bond can occur a t  t h e  A8, a7 as well  a s  a t  t h e  -. 
A " ~  l e v e l .  The only t ransformat ion  which was found t o  be 

r e v e r s i b l e  t o  a  s i g n i f i c a n t  ex tent  was t h e  b8 + A7 i somer iza t ion .  

This s t e p  could be p a r t  of a  regula tory  mechanism. 



Since i t  was found t h a t  a )  A7-4-methyl s - t e r o i s  a r e  n0.t 

demethylated i n  y e a s t 4 5 ,  b)  no A7-methylated s t e r o l s  have been 

found i n  yeas t2 '  ( t h e y  do occur i n  p l a n t s  and a n i m a l s ) ,  and c )  

4,4-dimethyl e r g o s t e r o l  was no t  i nco rpo ra t ed  i n t o  e r g o s t e r o l  

by whole y e a s t  c e l l s 2 " ,  i t  can be concluded t h a t  n u c l e a r  de- 

methyla t ion  t a k e s  p l a c e  a t  t h e  A8 l e v e l .  

Methyla t ion  a t  C-24 can  no t  occur  a t  t h e  l a n o s t e r o l  l e v e l  

s i n c e  24-methylene l a n o s t e r o l  has  been excluded as a n  i n t e r -  

mediate by t r a p p i n g  exper imentsz6.  The most l i k e l y  l e v e l  o f  

me thy la t i&  i s  a t  t h e  zymosterol  s t a g e .  It has  been r e p o r t e d  

t o  be t h e  most h igh ly  s u i t a b l e  s u b s t r a t e  f o r  t h e  me thy la t ing  

enzyme. I n  a d d i t i o n ,  it has  been shown i n  t h i s  work t h a t  a 

sequence invo lv ing  zymosterol  forms a  s i g n i f i c a n t ,  if n o t  t h e  

major pathway involved i n  t h e  t r ans fo rma t ion  of l a n o s t e r o l  t o  

n8 s t e r o l s .  The in fo rma t ion  a v a i l a b l e  so  f a r  seems t o  i n d i c a t e  

t h a t  t h e  major r o u t e ( s )  t o  e r g o s t e r o l  i nvo lves  t h e  sequence 

shown i n  Pig .  19.  



L a n o s t e r o l  

4 ,4 -d imethy l -  zymos te ro l  

4 a-methyl- zymos te ro l  

F i g u r e  19: Proposed O p e r a t i v e  B i o s y n t h e t i c  Pathway from 

L a n o s t e r o l  t o  E r g o s t e r o l  



PROPOSED RESEARCH 

S e v e r a l  a s p e c t s  o f  e r g o s t e r o l  b i o s y n t h e s i s  i n  y e a s t  ( o r  

o t h e r  mlcroorganisms) which evolved from t h i s  work awa i t  f u r t h e r  

i n v e s t i g a t i o n .  The most obvious  be ing  t h e  i n v e s t i g a t i o n  o f  t h e  

r e l a t i v e  importance of  t h e  path~ways on a q u a n t i t a t i v e  b a s i s .  

One experiment c a r r i e d  o u t  dur ing  t h i s  s tudy ,  e .g .  t h e  l ano-  

s t e ro l - zymos te ro l  double l a b e l  exper iment ,  seems t o  i n d i c a t e  

t h e  f e a s i b i l i t y  of a  s i m i l a r  approach t o  t h e  d e t e r m i n a t i o n  of 

t h e  importance of  a l t e r n a t e  b i o s y n t h e t i c  r o u t e s .  By f e e d i n g  

s imul taneous ly  two d i f f e r e n t  l a b e l l e d  p r e c u r s o r s  ( 1 4 C  and 3H)  

a t  t h e  most e f f i c i e n t  network p o s i t i o n s  one of  t h e  p r e c u r s o r s  

can  a c t  as an i n t e r n a l  s t anda rd .  A s  i l l u s t r a t e d  below, f e e d i n g  

"c-A and -?H-C l e a d s  t o  t h e  e s t ab l i shmen t  o f  a 1 4 C /  3~ r a t i o  

i n  C which on comparison wi th  t h e  14cPH r a t i o n  i n  D p rov ides  

s u f f i c i e n t  i n f o r m a t i o n  t o  e s t i m a t e  t h e  r e l a t i v e  importancz of 

t h e  A -+ C -+Drou te  v s  t h e  A -+ B + D r o u t e .  

I n  o r d e r  t o  q u a n t i t a t i v e l y  c a l c u l a t e  t h e  c o n t r i b u t i o n s  of 

each pathway a workable mathemat ical  model ha s  however t o  be 

e l a b o r a t e d .  

A second p o i n t  i n t i m a t e l y  connected w i th  t h e  s t e r o l  bio-  

s y n t h e s i s  i n  y e a s t  a s  w e l l  as o t h e r  s t e r o l  producing micro- 

organisms i s  t h e  i n t e r r e l a t i o n  of  s t e r o l  c o n t e n t  and polyene 

a n t i b i o t i c  r e s i s t a n c e .  The composi t ion of  t h e  s t e r o l  con t en t  



changes w i t h  i nc reas ing  degrees of r e s i s t a n c e  a s  we l l  a s  w i t h  

t h e  type of a n t i b i o t i c  used5"'. The nys-3 mutant i n v e s t i g a t e d  

here i s  t h e  f i r s t  - S. c e r e v i s i a e  mutant f o r  which s t e r o l  bio- 

qynthesis has been inves t iga ted  i n  d e t a i l .  The l a c k  of ergo- 

s t e r o l  and o the r  r i n g  B conjugated s t e r o l s  a s  we l l  a s  t h e  

accumulation of a7jP2-diene and t h e  presence of a l l  o t h e r  

normally occurr ing  s t e r o l s  i n  t h e  n y s t a t i n  r e s i s t a n t  s t r a i n  

may ind ica te  t h a t  n y s t a t i n  does not i n t e r a c t  w i t h  s t e r o l s  o t h e r  

than those possessing r i n g  B conjugat ion such a s  e r g o s t e r o l .  

Inves t iga t ion  of t h e  s t e r o l  content  and s t e r o l  b iosyn thes i s  of 

mutants possessing d i f f e r e n t  degrees of r e s i s t a n c e  a s  we l l  a s  

of s t r a i n s  r e s i s t a n t  t o  d i f f e r e n t  a n t i b i o t i c s  should provide 

a d d i t i o n a l  information on t h e  r e l a t i o n s h i p  between a n t i b i o t i c  

r e s i s t a n c e  and s t e r o l  content .  Such s t u d i e s  might a i d  i n  t h e  

e luc ida t ion  of t h e  mode of a c t i o n  of polyene a n t i b i o t i c s  a t  

t h e  molecular l e v e l .  

Study of t h e  so -ca l l ed  methionine-requir ing s t r a i n s  i s  

an  a d d i t i o n a l  a r e a  of i n t e r e s t .  I f  s u i t a b l e  growth can be 

obtained without a d d i t i o n  of methionine one would expect C-24- 

unmethylated s t e r o l s  t o  accumulate, e.g. zymosterol o r  even 

r i n g  B modified d e r i v a t i v e s  of zymosterol. Such compounds 

have not been i s o l a t e d  i n  yeas t  although they  a r e  common i n  

c h o l e s t e r o l  b iosynthes is .  



EXPERIMENTAL 

Ins t ruments  and m a t e r i a l s .  M. p t s .  were ob ta ined  on a 

F isher -  Johns m. p. a p p a r a t u s  and a r e  unco r rec t ed .  Spec t ra  were 

ob ta ined  on t h e  fo l lowing  ins t ruments :  Perkin-Elmer 457 ( I R ) ,  

Unicam SP 800 ( U V )  , and Varian A 56/60 o r  XL-100 Nbm spec t ro -  

meter.  NYB r e s u l t s  a r e  r e p o r t e d  a s  6 u s i n g  TMS a s  i n t e r n a l  

s t anda rd  ( 6 = 0 ) .  I o n i s i n g  v o l t a g e  f o r  MS, Perkin-Elmer H i t a c h i  

RMU-7, was 80eV i f  no t  s p e c i f i c a l l y  mentioned o therwise .  

S t i g m a s t e r o l  was generously  supp l i ed  by t h e  Upjohn Company, 

Kalamazoo, Michigan. Yeast was donated by C a r l i n g  Breweries 

Limited i n  Vancouver. 

S e p a r a t i o n  of  Yeast S t e r o l s  by Column Chromatography 

Free  s t e r o l s  were s epa ra t ed  on alumina ( a c t i v i t y  11). The 

s t e r o l  mix ture  (approx.  10 g)  d i s s o l v e d  i n  a minumum amount of 

benzene was added t o  t h e  column (200 - 250 g  of  a lumina)  made 

up i n  hexane. E l u t i o n  was s t a r t e d  wi th  pure hexane. Benzene 

was added a u t o m a t i c a l l y  u n t i l  mix ture  had changed t o  pu re  

benzene, then e t h y l  e t h e r  was added u n t i l  a  1:l s o l u t i o n  of  

benzene-ethyl  e t h e r  had been ob ta ined .  I n  a  t y p i c a l  r u n  - ca 

15 1 of  s o l v e n t  were used.  F r a c t i o n s  o f  10 m l  were c o l l e c t e d  

a u t o m a t i c a l l y .  The i n d i v i d u a l  f r a c t i o n s  were ana lyzed  by T. L. C . ,  

g. 1. c .  and/or W and t h e  cor responding  f r a c t i o n s  were s e t  

a s i d e  and f r a c t i o n a t e d  i n  a second run. 

S t e r o l  a c e t a t e s  were s e p a r a t e d  on s i l i c a  g e l  coa t ed  wi th  

15% AgN03. E l u t i o n  was c a r r i e d  ou t  i n  a n  analogous way u s i n g  

hexane/ether a s  s o l v e n t .  



Thin- layer  Chromatomanhv (T. L. c . ) :  

P l a t e s  f o r  p r e p a r a t i v e  chromatography were made up by 

spread ing  a  mi-xture o f :  18 g AgN03 

40 g s i l i c a  g e l  G ( ~ e r c k )  

0 .1  g  rhodamine 6 G 

65 - 70 rill I-1~0 

20 m l  e thano l  

over 4 p l a t e s  ( 2 0  x 20 em). Unless o the rwi se  s t a t e d ,  benzene 

was used a s  so lven t  f o r  t h e  s e p a r a t i o n  of  s t e r o l  a c e t a t e s .  The 

s t e r o l  c o n t a i n i n g  r eg ions  were r evea l ed  a s  dark  r ed  bands on 

pa l e - r ed  background under d a y l i g h t .  Under W - l i g h t , s t e r o l  

a c e t a t e s  w i t h  i s o l a t e d  double bonds appeared as b r i g h t  yellow 

bands whi le  t h o s e  wi th  conjuga ted  double bonds gave dark bands. The 

i n d i v i d u a l  bands were recovered from t h e  p l a t e s  and t h e  m a t e r i a l  

e x t r a c t e d  fou r  t imes  wi th  d i e t h y l  e t h e r  by r e suspens ion  and 

c e n t r i f u g a t i o n .  The e t h e r  was evaporated,  t h e  r e s i d u e  t a k e n  

up i n  10  m l  hexane-ether  ( 4 :  1, u/u) and p e r c o l a t e d  through a  

column ( 1 0  x  1 cm) of c e 1 i t e : s i l i c a  g e l  (1:1, w f w )  t o  remove 

t h e  e x t r a c t e d  rhodamine. The column was washed wi th  a d d i t i o n a l  

50 m l  of t h e  same so lven t  mixture .  The so lven t  was evaporated 

g i v i n g  t h e  crude s t e r o l  a c e t a t e s .  

Tes t  exper iments  wi th  s e v e r a l  r a d i o a c t i v e  compounds showed 

a  recovery  o f  a t  l e a s t  85% u s i n g  t h e  above method. For analy-  

t i c a l  p l a t e s  t h e  Ehodarnine 6 G was omi t ted  and t h e  s p o t s  made 

v i s i b l e  by sp ray ing  wi th  e i t h e r  SbC13 i n  g l a c i a l  a c e t i c  a c i d  

o r  a mix ture  of  0.5% v a n i l l i n  i n  H2S04-ethanol 4 : l  u/u 

and h e a t i n g  f o r  5 - 10  min a t  120' C. 



Authent ic  samples were s p o t t e d  on one s i d e  of a l l  p l a t e s  

a s  r e f e r e n c e s .  

Gas Chromatography (g. 1. c . )  

A Var ian Model 2100 chromatograph equipped wi th  a n  a l l  

g l a s s  system and a H2 f lame i o n i z a t i o n  d e t e c t o r  was used.  

Standard c h a r t  speed was 5 inches  p e r  h r .  The g l a s s  columns 

( 3 . 4  m x  25 mm) were packed wi th  e i t h e r  3% QF-1 o r  3% XF-60 

on Chromosorb G-AW-DMCS (80 - 103mesh). Flow r a t e  o f  hel ium 

was 60 m l  h r - l .  R e t e n t i o n  t imes  a r e  r e l a t i v e  t o  dihydro- 

c h o l e s t e r o l .  Q u a n t i t a t i v e  de t e rmina t ions  were c a r r i e d  ou t  

acco rd ing  t o  t h e  method o f  R o z a n ~ k i . ~ ~  

Base Hydro lys i s  and E x t r a c t i o n  of  t h e  Nonsaponif iable  F r a c t i o n :  

The y e a s t  c e l l s  were ha rves t ed  by c e n t r i f u g a t i o n  and t h e  

wet weight determined.  The c e l l s  were resuspended i n  - ca  50 m l  

d i s t .  H20 and t r a n s f e r r e d  i n t o  a  h y d r o l y s i s  mixture  made up a s  

fo l lows:  15 g KOH 

20 r n l  H20 

Ethanol  t o  g i v e  a t o t a l  of  100 ml. 

This  s o i u t i o n  (100  r i l l )  was mixed wi th  wet c e l l s  ( 2  g ) .  The 

mix ture  was s t i r r e d  a t  r e f l u x  under a n  atmosphere o f  n i t r o g e n  

f o r  3 h r s .  An equa l  amount of c o l d  d i s t .  wa te r  was added and 

t h e  mix ture  e x t r a c t e d  w i t h  f o u r  100 m l  p o r t i o n s  of  heptane.  

The heptane e x t r a c t  was washed wi th  water  u n t i l  n e u t r a l  and 

d r i e d  over anhydr. Na2S04. Evaporat ion of  t h e  s o l v e n t  gave 

t h e  c rude  nonsapon i f i ab l e  m a t e r i a l .  



General Procedure Tor t h e  Incorpora t ion  Studies  

The rad ioac t ive  s t e r o l  of known a c t i v i t y  (1 - 5 mg) was 

emulsif ied i n  Tween 80 ( ~ 5 0  mg) and d isso lved  i n  1 m l  of ace- 

tone.  This mixture was d i l u t e d  w i t h  d i s t .  water ( ~ 3  m l )  and 

added t o  t h e  incubat ion v e s s e l .  The acetone was removed w i t h  a  

stream of n i t rogen.  S t e r i l i z e d  growth medium ( 1 . 5  1) M - 2  vdas 

added and t h e  s o l u t i o n  s t i r r e d  vigorously f o r  10 min. Anaerobi- 

c a l l y  p r e t r e a t e d  yeas t  c e l l s  were added and t h e  c u l t u r e  grown 

a s  described above. A t  t h e  end of t h e  incubat ion  t ime, the  

c e l l s  were c o l l e c t e d  by c e n t r i f u g a t i o n  ( 2 0  min a t  2500 rpm), 

resuspended i n  phosphate buf fe r ,  cen t r i fuged  and hydrolyzed 

and ex t rac ted  a s  above. 

The crude nonsaponif iable  m a t e r i a l  was d r i ed  under 

vacuum, weighed and d isso lved  i n  heptane. The s o l u t i o n  was 

made up t o  50 m l  and a  0 .5  m l  a l i q u o t  removed t o  determine t h e  

t o t a l  incorporat ion.  The remainder of t h e  s o l u t i o n  was eva- 

porated and a c e t y l a t e d  i n  pyr id ine  a c e t i c  anhydride ( 2 :  1 u/u) 

overnight a t  room temperature.  The a c e t a t e s  were worked up 

t h e  usual  way and t h e  crude a c e t a t e s  d isso lved  i n  50 m l  of hep- 

tane .  Tota l  a c t i v i t y  of t h e  a c e t a t e s  was determined. The hep- 

t ane  was evaporated and t h e  a c e t a t e s  separa ted  on T.  L. C .  i n t o  

t h e  s i n g l e  f r a c t i o n s  a s  descr ibed above. * 

The s i n g l e  f r a c t i o n s  were d isso lved  i n  25 m l  of heptane 

and a  0 .5  m l  a l i q u o t  removed f o r  counting g iv ing  t h e  t o t a l  

a c t i v i t y  i n  t h e  band. A known amount was i n j e c t e d  i n t o  g. 1. c .  

and t h e  t o t a l  content of t h e  component i n  ques t ion  determined a s  

above. Unlabelled mate r i a l  was usua l ly  added and t h e  s t e r o l  then  



p u r i f i e d  and c r y s t a l l i z e d  t o  c o n s t a n t  a c t i v i t y .  The r e p o r t e d  

'$ i n c o r p o r a t i o n  i n t o  t h e  i n d i v i d u a l  p r e c u r s o r s  i s  based on t h e  

a c t u a l  amount of t h e  p a r t i c u l a r  s t e r o l  p r e s e n t  a s  determined by 

Yeast Growth Condi t ions :  

1. Normal S t r a i n  

Yeast  Saccharomyces c e r e v i s i a e , o f  a n  unknown s t r a i n  ( a l e  

brewers y e a s t )  was o b t a i n e d  f r e s h  from a l o c a l  brewery each 

t ime b e f o r e  u se .  The y e a s t  was p r e t r e a t e d  under  a n e r o b i c  con- 

d i t i o n s ,  t h e n  resuspended f o r  a e r o b i c  growth. For t h e  

anae rob ic  growth phase t h e  l i q u i d  medium (M-1) had t h e  f o l -  

lowing composi t ion ( ~ u r n e r  -- e t  a l .  , 19651'~) : 

1) DIFCO Malt E x t r a c t  0.5% 

2 )  B. B. L. Yeast  E x t r a c t  1.5% 

0.68% 0.1 molar i n  
phosphate  

0.87% p~ 6.4 

6 )  Glucose 2 5% 

Components 1-5 and g lucose  were d i s s o l v e d  i n  500 m l  o f  wate r  

each i n  a 1 - l i t e r  f l a s k  and s t e r i l i z e d  s e p a r a t e l y  f o r  15 min 

a t  120".  Immediately a f t e r  removal from t h e  a u t o c l a v e  t h e  

s o l u t i o n s  were combined and coo led  t o  30".  The f l a s k  was 

f i t t e d  w i th  Bunsen va lve  and gas  i n l e t  t u b e  and f l u s h e d  wi th  

n i t r o g e n  f o r  1 0  min t h e n  50 m l  y e a s t  cream ( c a  - 8 g dry weigh t )  

i n  phosphate  b u f f e r  were added. The f l a s k  was f i l l e d  complete- 



l y  w i th  s t e r i l i z e d  b u f f e r ,  f l u s h e d  wi th  n i t r o g e n  f o r  a d d i t i o n a l  

10 min and kept a t  30' i n  s t a t i c  c u l t u r e  f o r  80 h r s .  The cu l -  

t u r e  was f l u shed  approx.  every 12 h r s  wi th  n i t r o g e n  f o r  5 min. 

Then t h e  y e a s t  was ha rves t ed  by c e n t r i f u g a t i o n ,  washed t ~ i c e  : ~ i t h  

phosphate b u f f e r ,  resuspended i n  b u f f e r ,  r e f r i g e r a t e d  f o r  10 - 

15 h r s  and t h e n  used f o r  t h e  a e r o b i c  growth phase.  The y e a s t  

t a i n i n g  pe r  l i t e r :  Glucose 40 .0  g  

K2HP04 8.7 g 

KH2P04 6.8 g 

The y e a s t  was grown i n  a  4 1 f l a s k  on a  

c e l l s  were added t o  1 .5  1 s t e r i l i z e d  growth medium (M-2) con- 

V i r t i s  f e rmenter  under 

t h e  fo l lowing  cond i t i ons :  

min- 

Temp. : 30" 

A i r :  4 - 5 1  

S t i r r i n g :  400 RPM 

Time: a s  c a l l  ed f o r  by t h e  i n d i v i d  a 1  experiment.  

Dow Corning Antifoam A Spray was used t o  p reven t  foaming. 

2. Mutant S t r a i n  

A Saccharomyces c e r e v i s i a e  y e a s t  mutant des igna t ed  n ~ s - 3 ~ ~  

obta ined  from Prof .  L. W .  Parks was used.  The s t r a i n  was o r i -  

g i n a l l y  i s o l a t e d  by The c e l l s  were mainta ined on YEPD- 

Agar s l a n t s  a n d ' r e c u l t u r e d  every 3 - 4 weeks. Aerobic c u l t u r e s  

were grown on a  fermenter  i n  one l i t e r  b a t c h s s  i n  medium M - 1 .  

A e r a t i o n  was 4 - 5 l/min, s t i r r i n g  was s e t  a t  400 rpm 

and t h e  tempera ture  was kept  a t  30" C.  The c u l t u r e s  were 

i n o c u l a t e d  wi th  a  smal l  c u l t u r e  grown ove rn igh t  on a  shaker  



i n  t h e  same medium. The c e l l s  were harves ted  a r t e r  ca  20 h r s  - 

by c e n t r i f u g a t i o n  and base hydrolyzed. When anserobic-aerokic  

growth was des i red ,  c e l l s  obtained a s  above were washed w i t h  

phosphate buf fe r ,  resuspended i n  f r e s h  medium of  t h e  same com- 

posit j-on and kept i n  a  s t i l l  cul-ture under n i t r o g e n  TOY' - ca 70 

h r s .  The c e l l s  were then  harvested,  washed w i t h  bufTer and 

resuspended i n  a  medium conta in ing  glucose (4%) and phosphate 

buf fe r  ( 0 . 1  molar).  Fermenter condi t ions  were t h e  same a s  

above. 

When l a r g e  q u a n t i t i e s  of c e l l s  were produced i n  a s e r i e s  

of l a r g e r  batches,each time us ing  c e l l s  from t h e  previous batch 

f o r  inocu la t ion ,  t h e  s t e r o l  content  changed. Inc reas ing  amounts 

of e r g o s t e r o l  were found. This could be prevented by inocula- 

t i n g  each batch from s tock  c u l t u r e s  and by keeping t h e  batches 

small .  Crude s t e r o l  mixtures conta in ing  d e t e c t a b l e  amounts of 

e r g o s t e r o l  (w) were t h e r e f o r e  not  considered r e p r e s e n t a t i v e  of 

t h i s  mutant and were s e t  a s ide .  Nysta t in  r e s i s t a n c e  on s o l i d  

medium was determined a s  descr ibed by ~ a r d ~ ~ .  When r e s i s t a n c e  

was determined i n  l i q u i d  medium, n y s t a t i n  was added as a  Tween 

80 emulsion i n  water t o  a  medium of t h e  same composition a s  

above (M-1). 



Prepara t ion  of 3$-~cetox~-er~osta-8,22-diene, - 32. 

This s t e r o l  was prepared from 3157. It had t h e  following - 
physical  p roper t i e s :  rn. p. 168 - 169" ( l i t .  57 166 - 1 6 g 0 ) ,  

n. m. r .  ( C D C 1 3 ) :  6 0.58 ( c ~ ~ - C - 1 8 ,  s ) ,  0.94 ( C H 3 - C - 1 9 ,  s), 

( C H ~ - C O O -  , s ) ,  5.2 (H-C-22, H-C-23, broad m u l t i p l e t ) .  

Prepara t ion  of 38-Acetoxy-ergost-8-ene, - 33. 

This s t e r o l  was prepared by hydrogenation of t h e  diene 

32 i n  e t h y l  a c e t a t e  i n  t h e  presence of Adamf s c a t a l y s t s 7 ,  - 
m. p. 158 - 159" (lit.57 156 - 1 5 8 O ) .  N. m. r. ( c D c ~ ~ ) :  

6 0.60 (cH~-C-18 ,  s ) ,  0.95 ( c H ~ - C - 1 9 ,  s ) ,  0.80, 0.87, 0.91,- 

( c H 3 -  a t  C-20, C-24, C-25, d, J = 7)  and 2.02 ( c H ~ - C O O - ,  s ) .  

Prepara t ion  of 3p-Acetoxy-ergosta-8,22,24(28)-triene, - 35. 

( a )  Attempted d i r e c t  prepara t ion .  

A s o l u t i o n  of 3$-acetoxy-ergosta-8,22-diene (150 mg) i n  

dry e the r  (50  m l )  a t  0" was t r e a t e d  with a n  equimolar amount 

of B r 2  i n  g l a c i a l  a c e t i c  a c i d  ( 0 . 5  m l ) .  Bromine was taken up 

immediately. The r e a c t i o n  mixture was poured i n t o  water and 

t h e  e t h e r  e x t r a c t  washed u n t i l n e u t r a l .  The e x t r a c t  was d r i ed  

over Na,S04 and evaporated.  The pa le  yellow o i l  obtained was 

taken up i n  to luene  t o  which l ,5-d iaza-b icyclo  14, 3, 0 1  non- 

5-ene was added and t h e  s o l u t i o n  ref luxed f o r  18 hourss8. 

Af ter  workup a  mixture of  seve ra l  compounds was obtained a s  

evident from g. 1. c .  The mixture showed a  s t r o n g  W absorp- 

t i o n  i n  the  r eg ion  t y p i c a l  of  a  7 ,9(11)  diene and only 

s l i g h t  absorp t ion  near  230 nm. The major product ( c a  7% 



of t h e  mix ture )  had a  r e l .  r e t .  t ime on g. 1. c .  i d e n t i c a l  

wi th  , 3  p-acetoxy-ergo~ta-7~9(11), 2 2 - t r i e n e .  One of  t h e  

minor p roduc ts  had t h e  same r e t .  t ime a s  t h e  d e s i r e d  product  

ob t a ined  by t h e  method descr ibed  below. The mix ture  was 

no t  f u r t h e r  i n v e s t i g a t e d .  

( b )  P r e p a r a t i o n  v i a  t h e  22-aldehyde. 

1) When 3 $-acetoxy- e rgos t a -8>  22-diene ( 3 2 )  was ozonized - 
i n  a  s o l u t i o n  of C H 2 C 1 2  c o n t a i n i n g  2% p y r i d i n e  a t  -70" and 

subsequent ly  worked up u s ing  z inc  and a c e t i c  a c i d  as 

desc r ibed  e a r l i e r 4 3 ,  a  product  was ob ta ined  which d i d  no t  show 

t h e  expected n. m. r .  spectrum. The chemical  s h i f t s  f o r  t h e  

angu la r  methyl groups corresponded t o  t h e  c a l c u l a t e d  va lues  

cor responding  t o  t h e  isomeric  aldehyde,  3$-acetoxy-23,24-di-nor 

5a-chol-8(14)-en-22-a1. The product  was no t  f u r t h e r  i n v e s t i -  

ga ted .  

2 )  The 3 $-acetoxy-ergosta-8,22- d iene  was ozonized acco rd ing  

t o  t h e  modif ied method of Pappas e t  al.85 The d i ene  was ozonized -- 

a t  -70" i n  a s o l u t i o n  of C H 2 C 1 2  c o n t a i n i n g  0.5% p y r i d i n z .  Ozone 

was passed through t h e  s o l u t i o n  u n t i l  a p a l e  b lue  c o l o r  per-  

s i s t e d  ( ~ 5  min).  The system was f l u s h e d  wi th  N2 and a n  

excess  o f  ( c H ~ ) ~ s  i n  methanol was added. The s o l u t i o n  was 

s t i r r e d  and a l lowed t o  r i s e  s lowly t o  r .  t .  The s o l u t i o n  

was evaporated,  water  was added and t h e  a ldehyde e x t r a c t e d  

wi th  hexane and d r i e d  over Na2S04. The produc t ,  34, was - 

approx. 93% pure  by g. 1. c .  and was used wi thout  f u r t h e r  

p u r i f i c a t i o n .  N. rn. r .  ( c D c ~ ~ ) :  6 0.61  ( C H 3 - C - 1 8 ,  s ) ,  0.95 



(CH3-c-19, s )  and 9.57 (a ldehyde  H, d, J = 3 H Z ) .  

Ergosta-8,22-24(28)-trienyl-3pacetate (35) was prepared  

from t h i s  a ldehyde according t o  t h e  method desc r ibed  e a r l i e r 4 3 .  

f o r  p r e p a r a t i o n  o f  ergosta-5,7,22-24(28)-tetren -3 $-01. An 

excess  o f  2-methylene-3-methyl- butan - 1 - t r i p h e n y l p h o ~ p h o ~ m z  

i n  TI-IF was r e a c t e d  with t h e  above a ldehyde (250 mg). The 

u s u a l  work up, a c e t y l a t i o n  and p u r i f i c a t i o n  on T. L. C .  

y i e l d e d  a  product  which melted a t  131 - 133'. umax ( K B ~ )  1722 

EtOH 230 mp ( ~ ~ 2 8 5 0 0 )  and 240 rnp shoulder  ( c = and 890 em-'; X 

16800); n. m. r .  ( c D c ~ ~ ) :  6 0.57 ( c H ~ - c - ~ ~ ,  s ) ,  0.93 

( c H ~ - C - 1 8 ) )  1 .05  ( ( c H ~ ) ~ - c - ~ ~ ,  CH3-C-20 d, J = 7 H Z ) ,  2.01 

(CH3-COO,  s )  4 . 8  ( C H ~  = C-24, d, J = 2 H Z ) ,  5.51 (H-C-22, 

d  of  d, J = 16 Hz, J = 8 H Z )  and 5.90 (H-C-23, d, J = 16 H Z ) .  

P r e p a r a t i o n  of  128-14c]-~rgosta-8,24(28)-dien -3p-01, 16. 
To 500 mg zymosterol a c e t a t e  (36, - 1.17 m mole) i n  15 m l  

o f  THF and 3 m l  o f  w a t e r , a t  oO,NBS (250 mg, 1 . 4  m mole) was 

added wi th  s t i r r i n g .  The mix ture  was s t i r r e d  f o r  2 h r s ,  

poured i n t o  wate r  and ex t r ac t ed  wi th  e t h e r .  The e x t r a c t  was 

d r i e d  over Na2S04and evaporated.  The produc t  was c r y s t a l l i z e d  

s e v e r a l  t imes  from methanol t o  g i v e  370 mg o f  24-0x0-5a- 

cholest -8-en-3p-yl-acetate  (37), - pure  by g .  1. c .  N .  m. r .  

( C D C 1 3 ) :  6 0.62 ( c H ~ - c - ~ ~ ,  s ) ,  1 .0  ( c ~ ~ - C - 1 9 ,  s )  and 1 .06  

(cH3-C-20, d, J = 7 H z ) .  The ketone (100 mg) was r e a c t e d  wi th  

t h e  y l i d e  prepared  from 4~ ]-methyl tr iphenyl-phosphonium 

i o d i d e  and BuLi i n  THY' analogous t o  methods desc r ibed  e a r l i e r .  

A f t e r  t h e  u s u a l  work up, a c e t y l a t i o n ,  p u r i f i c a t i o n  by T. L. C .  



and c r y s t a l l i z a t i o n  from methanol, f e c o s t e r o l  a c e t a t e  (38) ,  - 
pure by g. 1. c . ,  was i s o l a t e d .  The phys ica l  data  were 

i d e n t i c a l  with those  of f e c o s t e r o l  a c e t a t e  i s o l a t e d  from 

yeas t .  Base hydrolys is  gave f e c o s t e r o l  (16) - which had an 

a c t i v i t y  of 6 .9  x 105 cpm/mg. 

Prepara t ion  of 3p-Acetoxy-5a-ergosta-7,22-dien, - 27. 

Ergos tero l  a c e t a t e  ( 3 6 ) ,  - (15 g, 0.034 mole) i n  400 m l  

of thiophgne f r e e  benzene,was hydrogenated i n  a 500 m l  g l a s s  

conta iner  a t  40 p s i  with ca - 10 g Raney N i .  Af te r  2 h r s , l . l  m 

of H2 were taken  up. The c a t a l y s t  was f i l t e r e d  through a 

s h o r t  column of C e l i t e  535 and t h e  benzene evaporated. The 

res idue  was r e c r y s t a l l i z e d  from e t h y l  acetate-methanol t o  
8 G  

y i e l d  92% - 27, m. p. 184.5 - 187' ( l i t .  m. p. 182.5 - 186.8") .  

'ma x ( K B ~ )  1731, 1250 (-OAC) , 1028 and 965 em-'; n. m. r. 

( c D c ~ ~ ) :  6 0.55 (CHS-C-18, S )  0.80 (cH~-C-19,  s ) ,  0.82 

( ( ~ ~ 3 ) 2 - ~ - 2 6 , 2 7 ,  d, J = 6.0 H Z ) ,  0.91 (CH~-C-28,  d, J = 6 .0)  

1.01 (CHS-C-20, d, J = 6 . 0 ) )  2.01 ( c H ~ - C O - ,  s ) ,  4.4 - 5.05 

(H-C-3, m ) ,  5.-5 - 5.3 (H-C-7, H-C-22, H-C-23, m ) .  

P repara t ion  of 3 8-Acetoxy- 5a-cholest-7-en-22-a1 , - 37 

The aldehyde - 37 was prepared by ozonolysis  according t o  

Sakai e t  a1.87 from t h e  a c e t a t e  27. It had m. p. 144  - 145', -- - 

"ma x ( K B ~ )  2710, 1730 ( - C H O )  , 1732 and 1250 (-OAC) cm-l; n. m. r .  

( c D c ~ ~ ) :  6 0.58 ( c H 3 - C - 1 8 ,  s ) ,  0.82 (cH3-C-19, s ) ,  1.13 ( c H ~ - C -  

21, d, J = 6.5 H Z ) ,  2.01 (cH,-COO-, s ) ,  2 .1 - 2.5 (H-C-20, m ) ,  

4 .9 - 5.0 (H-C-3, m) 5.1 - 5.33 ( H - C - 7 ,  m)  and 9.58 ( H - C O - ,  d 

J = 3Hz) .   he n. m. r. spectrum of  - 3 7 i s  i d e n t i c a l  with t h a t  



reported by Sucrow -- e t  a1.88 

Prepara t ion  of 3p-Acetoxy-5a-cholesta-7,22-dien-24-one,38. - 

The aldehyde - 37 was reac ted  i n  DMSO with 3-methylbutane- 

2-one-1-triphenylphosphorane f o r  60 h r s  a t  80". The r e a c t i o n  

mixture was t r e a t e d  with 10% aqueous H2SO4 and t h e  product 

ex t rac ted  with e t h e r .  The e t h e r  e x t r a c t  was washed severa l  

t imes with H20 and d r i ed  over Na2S04 (anhydr). The product was 

p u r i f i e d  on a s i l i c a - g e l  column us ing  10% e t h y l  e t h e r  i n  hexane 

a s  e l u t i n g  so lvent  t o  give 4 . 2  g (67 .2 ) ,  m. p. 1 4 3  - 144". 

Melting poin t  and spec t ra  were i d e n t i c a l  with t h e  values repor- 

t e d  by Sucrow -- e t  a1.88 

u ( K B ~ )  1732 (-OAC) , 1698, 1674, 1628 and 993 ( - C H =  ma x 

CH-CO-) em-'; Gzyanol 222 mp ( E = 19550); n. m. r .  ( C D C l , )  : 

6 0.575 (cH~-C-18,  s ) ,  0.815 ( c H ~ - C - 1 9 ,  s ) ,  1.1 ( ( c H ~ ) z - c - ~ ~ ,  

CH3-C-21, d, J = 7.1  H Z ) ,  2.01 (CH3-COO-,  s ) ,  2.81 (H-C-25, 

sept ,  J = 7 .1  H Z ) ,  4 . 4  - 4 . 9  (H-C-3, m), 5.05 - 5.28 ( H - C - 7 ,  m ) ,  

6.06 (-C=CH-C=O,  d , ~  = 16 H Z )  and 6.74 (H-C=C- ,  d of d, J = 16, 

Prepara t ion  of 3p-Acetoxy-5a-cholest-7-en-24-one,39. - 

A s o l u t i o n  of 1 . 2  g (2.73 rnmole) o f '  ketone - 38 i n  50 rn l  

e t h y l  a c e t a t e  was hydrogenated a t  r.  t .  and 50 p s i  p ressu re  

over 1% p a l l a d i u r n / B a ~ 0 ~ " ~ .  The suspension was f i l t e r e d  

through a column of C e l i t e  535 and r e c r y s t a l l i z e d  from methanol 

t o  g ive  m. p. 97 - 980.88umaX ( K B ~ )  1731, 1250 ( - O A C )  and 

1716 (c=o)  em-'; n. m. r .  ( c D c ~ ~ ) :  6 0.525 ( C H 3 - C - 1 8 ,  s ) ,  



0.81 (C13,-C-lg, s ) ,  1.08 ( ( ~ ~ 3 ) 2 - ~ - 2 5 ,  CH3-C-20, d, J = 7 H Z ) ,  

2.01 (c1-13~00-, s )  2.4 ( - c H z - ~ ~ ,  t ,  J = 5.5 H Z ) ,  2 .61 (H-C-25, 

s e p t . ,  J = 7 H z ) ,  4 .45  - 4.95 (H-C-3, m ) ,  and 5.15 (H-C-7, m ) .  

P r e p a r a t i o n  of 3 f3-Acetoxy-5a- e rgos ta -7 ,24  ( 2 8 )  -dien, - 40. 

To a suspension of methyltriphenylphosphonium i o d i d e  

( 2 . 4  g, 10 rnrnole) i n  50 m l  dry t e t r ahydro fu ran , a  s o l u t i o n  

of  BuLi i n  heptane ( 2 . 2  rnrnole) was added. The mix ture  was 

l e f t  t o  r e a c t  under dry n i t r o g e n  f o r  1 h r  a t  r .  t. The ketone 

39 ( 0 . 9  g, 2.05 m o l e  i n  THF) was added and t h e  r e a c t i o n  - 

mixture  s t i r r e d  f o r  1 h r  a t  r. t .  and r e f l u x e d  f o r  2 .5  h r s .  

Excess reagent  was decomposed wi th  wet THF. The mix ture  was 

t h e n  poured i n t o  500 m l  Me0H/H20 (1 :5 )  and t h e  produc t  

e x t r a c t e d  wi th  e t h e r .  The e t h e r  e x t r a c t  was washed s e v e r a l  

t imes  wi th  H20 and s a t u r a t e d  N a C l  s o l n . ,  d r i e d  over  anhydr.  

Na2S04 and evaporated.  The crude product  was r e a c e t y l a t e d  i n  

p y r i d i n e - a c e t i c  anhydr ide  ( 2 : l )  a t  r .  t. f o r  - c a  1 2  h r s .  The 

a c e t a t e  was worked up i n  t h e  u s u a l  way by r a p i d  f i l t e r i n g  

through a  s h o r t  s i l i c a  g e l  column u s i n g  hexane-ether  ( 9 : l )  as 

s o l v e n t .  C r y s t a l l i z a t i o n  from e thano l  gave 0 .55 g  (60.5%) of  

product  - 40, m. p. 136 - 137". Two more r e c r y s t a l l i z a t i o n s  
90 

brought t h e  m. p. t o  140 - 140.5' ( l i t .  m. p .  140 ) .  No m. p. 

depress ion  was observed when t h e  s y n t h e t i c  product  was mixed 

with  e p i s t e r o l a c e t a t e  i s o l a t e d  from y e a s t .  

Urnax ( K B ~ )  887 cm-l; n. m. r .  ( c D c ~ ~ ) :  6 0.54 ( c H ~ - c - ~ ~ ,  

S )  , 0.81 (CH3-C-19, S )  , 1 .03  ( ( c H ~ )  2 - ~ - 2 6 , 2 7 ,  CH3-C-21, d, 

J = 6.5 Hz), 2.01 (CH3-CO-,  s ) ,  4.70 ( C H 2 = ,  d, J = 2.5  Hz) and 



5.15 (11-C-7, broad s ) .  Spec t r a  of t h e  s y n t h e t i c  broduct  and 

of  t h e  n a t u r a l  compound were i d e n t i c a l .  Hydro lys i s  o f  

e p i s t e r o l  a c e t a t e  40 gave t h e  f r e e  a l c o h o l  22, w i th  m. p. - - 
90 

130 - 130.5" ( l i t .  131). 

Analysis :  Calcd. f o r  C2,H4,0: C 84.35, H 11.63 

Found : C 84.29,  H 11.50. 

P r e p a r a t i o n  of [28-14c ]-~rgosta-5a-7,24(28)-diene-3f3-01, - 22. 

This  s t e r o l  was prepared  as above from ketone - 39 u s i n g  

[14~~-methyl-triphenylphosphonium i od ide .  The compound had 

i d e n t i c a l  s p e c t r a  w i th  t h a t  p repared  above and had an a c t i -  

v i t y  of 6 . 2 ~ 1 0 ~  cprn/rng. 

Analysis :  Calcd. f o r  C2,H4,0: C 84.35, H 11.63 

Found: C 84.27, H 11.64. 

p r e p a r a t i o n  of  3p-Acetoxy-5qrergosta-7,22, 24(28)  - t r i e n e  - 41.  

Ketone - 38 ( 1 . 0  g; 2 .28 m o l e )  was r e a c t e d  i n  THF with  a 

5 - f o l d  excess  of  t h e  y l i d e ,  gene ra t ed  from methyl t r iphenyl -  

phosphonium i o d i d e  and BuLi i n  THF, i n  t h e  same manner as 

f o r  compound - 40. The same work up and r e a c e t y l a t i o n  gave 652 

m g  (65%) - 41, m. p. 134.5 - 136.5. urnax ( K W  1640, 975, 965 

and 890 e m 1 ;  lEtoH 232 mp ( c  = 33100); n. m. r .  ( c D c ~ ~ ) :  6 0.54 
max 

( c H ~ - C - 1 8 ,  s ) ,  0.80 ( C H 3 - C - 1 9 ,  S )  1 .06 ( ( c H ~ ) ~ - c - ~ ~ ,  CH3-C-20, 

d,  J = 7 H Z ) ,  2 .01 (CH3-COO-,  s ) ,  2.48 (H-C-25, s e p t . ,  J = 

7 H Z ) ,  4.8 ( c H ~ = c - ~ ~ ,  d, J = 2Hz), 5.14 (H-C-7, broad s ) ,  

5.52 (H-C-22, d o f  d J = 16 Hz, J = 8 Hz) and 5.92 (H-C-23, 

d,  J = 16 H z ) .  Hydrolysis  o f  t h e  a c e t a t e  - 4 1  gave t h e  f r e e  



a l c o h o l  21 wi th  m. p. 1 2 1  - 124".  - 
Analysis:  Calcd. f o r  C2,H4,0: C 84.79, H 11.18 

Found : C 84.55, H 11.01.  

I. r. and n. m. r .  s p e c t r a  o f  t h e  s y n t h e t i c  and n a t u r a l  

s t e r o l s  were i d e n t i c a l .  

P r e p a r a t i o n  of [28-14C ]-~r~osta-5a-7,22,24(28) - t r im-3 f3-01, 21. 

This  compound was prepared  as above from ke tone  - 38 u s i n g  

4~ 1-methyl-triphenyll~hosphcnium i o d i d e .  The t r i e n e  had t h e  

same p r o p e r t i e s  as - 21 above and showed a n  a c t i v i t y  o f  4.52 x l o 5  

cpm/mg 

Analysis :  Calcd.  f o r  C2,H4,O: C 84.35, H 11.63 

Found : C 84.51, H 11.48. 

P repa ra t i on  of  Ergost-7-en-3B-01, - 20. 

E r g o s t e r o l  a c e t a t e  - 36 ( 2 . 0  g )  d i s s o l v e d  i n  t h i o p e n e - f r e e  

benzene ( 7 0  m l )  was hydrogenated a t  r .  t .  and 45 p s i  u s i n g  

f r e s h l y  p repared  Raney Ni u n t i l  2.2 mole equiv .  were absorbed .  

The mixture  was f i l t e r e d  over C e l i t e  535, t h e  s o l v e n t  evapora- 

t e d  and t h e  compound r e c r y s t a l l i z e d  from e thano l .  The compound 

was sepa ra t ed  from un reac t ed  s t a r t i n g  m a t e r i a l  ( r ~  6% by g. 1. 

c . )  on AgN03 coa t ed  s i l i c a  g e l .  M. p. 162 - 164 ( L i t .  162 - 
91 39 9 2 

164" ; 153 ; 158 - 160 ) .  N. m. r ,  (CIICl3): 6 0.54 ( c H ~ - C -  

18, s ) ,  0.78 (CH3-C-28, d, J = 6 .5  H Z ) ,  0.81 ( C H ~ - C - ~ ~ ,  s ) ,  

0.85 (cH3-~-26 ,27 ,  d, J = 6.5 H Z ) ,  0 .93 ( c H ~ - C - 2 1 ,  d, J = 

6.5 H Z ) ,  2.0 ( c H ~ - C O O - ,  s )  4 .4  - 4.95 (H-C-3, m) and 5.18 

(H-C-7, m ) .  



The a c e t a t e  was hydrolyzed wi th  2% K2C03 - 10% H20 i n  

methanol t o  g i v e  t h e  a l c o h o l ,  m. p .  145 - 146" ( l i t .  1 4 1  - 

145 34; 148 ") . 
N.  m. r .  ( c D c ~ ~ ) :  6 0.525 ( c I I ~ - c - ~ ~ ,  s ) ,  0 .79 ( c H ~ - C - ~ ~ ,  

s ) ,  0.79 ( c H ~ - C - 2 8 ,  d, J = 6 .5  H Z ) ,  0.825 ( cH~-C-26 ,  27, d ,  

J = 6 .5 ) ,  0.92 ( c H ~ - C - 2 1 ,  d, J = 6.5  H Z )  1 .675  ( H O - ,  S, D20 

e x c h . ) ,  3 . 2  - 3 . 9  (H-C-3, m) and 5.16 (H-C-7, m). 

P r e p a r a t i o n  of Ergost-7- en-3-one, 43. 

A s o l u t i o n  of ergost-7-en-3B-ol ( 2 0 )  (750  mg)' i n  100 m l  

o f  a ce tone  was cooled t o  10' C and t r e a t e d  f o r  15 min w i t h  

1 .2  m l  of Jones r eagen t  . Excess r e a g e n t  was, decomposed 

wi th  i sobu tano l  and t h e  mix ture  poured ove r  i c e .  The ketone 

was e x t r a c t e d  w i th  e t h e r  and t h e  e x t r a c t  washed wi th  wate r ,  

d r i e d  over anhydr.  Na,S04 and evaporated.  C r y s t a l l i z a t i o n  

from e thano l  gave 610 mg ketone 43, m. p.  164.5 - 165.5". - 
KBr 1 7 0 8 c = 0  em-', n. m. r .  ( c D c ~ ~ ) :  6 0.56 (cH3-c-18, urnax 

s ) ,  0 .78 ( d ,  J =  6 . 5 ) ,  1 . 0  (c&-19, s )  and 5,1 - 5, 3 

(H-C-7, m ) .  

P r e p a r a t i o n  of [ ~ , T - ~ H  1-Ergost-7-en-3- one, - - 44 .  

The ketone - 43  (100 mg) was d i s s o l v e d  i n  8 m l  o f  THF and 

4 m l  o f  benzene. Alcohol ic  KOH ( 2  m l  of 5% KOH i n  methanol)  

and 0.15 m l  of t r i t i a t e d  water  (3.75 mc) were added. The 

mixture  was kep t  a t  r.  t .  f o r  44 h r s ,  t h e n  added t o  a n  excess  

o f  wate r  and e x t r a c t e d  wi th  e t h e r .  The e t h e r  e x t r a c t  was 

washed s e v e r a l  t imes  w i th  wate r ,  d r i e d  over  anhydr.  Na2S04, 



evaporated and t h e  r e s i d u e  r e c r y s t a l l i z e d  from methanol,  82 mg 

m. p. 162.5  - 164.5" .  No dep res s ion  of t h e  m. p. was observed 

when mixed wi th  t h e  o r i g i n a l  ketone.  

P r e p a r a t i o n  of12 -3&Ergost-7-en-3p-ol, - 20. 

The t r i t i a t e d  ketone (80 mg) was d i s s o l v e d  i n  25 m l  of 

methanol and 20 mg NaBH, added. The mixture  was s t i r r e d  a t  

r. t .  f o r  1 h r ,  added t o  a n  excess  o f  wate r  and e x t r a c t e d  wi th  

e t h e r .  The u s u a l  wmk up and r e c r y s t a l l i z a t i o n  from e t h a n o l  

gave 4 1  rng of  a l c o h o l  - 20. The compound had a n  a c t i v i t y  of 

3 . 2 ~ 1 0 ~  cpm/mg. I 

P r e p a r a t i o n  of  [ 2 8 - 1 4 ~ ] - ~ r g o ~ t a - 5 , 7 ,  22,24(28)  - t e t r a e n  

3 p - 0 1 ,  &. 
The t e t r a e n e  (3) was prepared v i a  W i t t i g  r e a c t i o n  from 

jp-benzoxy-5,7,22- t r i ene-24-one  and [14c 1-methyl- t r iphenyl  

phoshonium i o d i d e  as desc r ibed  e a r l i e r 4 3 .  The compound had 

a n  a c t i v i t y  o f  7.2 x  l o 5  cpm/mg. 

P repa ra t ion  of 4~ 1 - ~ r ~ o s t e r o l :  

Label led e r g o s t e r o l  was ob ta ined  b i o s y n t h e t i c a l l y  by 

incuba t ing  y e a s t  a e r o b i c a l l y  i n  t h e  presence  o f  [u-l4c 1 a c e t a t e .  

The ha rves t ed  c e l l s  were hydrolysed and e r g o s t e r o l  recovered  

a s  t h e  a c e t a t e .  Hydro lys i s ,  p u r i f i c a t i o n  by T.  L. C .  and s i x  

c r y s t a l l i z a t i o n s  gave t h e  pure  compound (by  g. 1. c . )  w i t h  a  

cons t an t  a c t i v i t y  o f  3 . 0  x l o 4  cpm/mg. 

P repa ra t ion  of  E r g o s t a - 5 , 7 - d i m  -3B-01 ( 2 4 ) .  - 

This  compound was prepared  from e r g o s t e r o l  a c e t a t e  v i a  



t h e  maleic  anhydride  adduct  and hydrogenation over  Adamf s 

9 4 c a t a l y s t  a s  descr ibed  e a r l i e r  , m. p. o f  a c e t a t e  155 - 156".  

The l a b e l l e d  compound was prepared  i n  a n  analogous manner 

u s i n g  [ U - 1 4 ~ ]  e r g o s t e r o l  ob ta ined  b i o s y n t h e t i c a l l y  a s  desc r ibed  

above. The a c t i v i t y  was 2 .9  x l o 4  cpm/mg. 

P r e p a r a t i o n  o f  3 $-Acetoxy-cholest-5-en-24-one, 46. - 
A s o l u t i o n  of  1 . 2  g  ( 2 . 7  .mmole) 3p-acetoxy-5,22-cholesta- 

d i e n  -24-one 45 43  - i n  50 m l  e t h y l  a c e t a t e  was hydrogenated 

a t  r. t .  and 50 p s i  p r e s s u r e  f o r  35 min, u s i n g  1% ~ a l l a d i u r n /  

B ~ S O , ~ ~  a s  c a t a l y s t .  The mixture  was f i l t e r e d  through a  c e l i t e  

535 column and t h e  so lven t  evaporated.  R e c r y s t a l l i z a t i o n  from 

methanol gave 1 . 1 4  g  46 (95%) m. p. 128.5 - 129.5O ( l i t .  - 
m. p .  1289. 

'ma x ( K B ~ )  : 1728 ( C = O  a c e t a t e ) ,  i710  (c-24,, k e t o n e ) ,  1040 

and 800 ( ~ 5 )  em-'; n. m. r .  ( c D c ~ , ) :  6 0.675 ( C H 3 - C - 1 8 ,  s ) ,  

1 .01  (cH3-C-19, s ) ,  1.075 (C133-C-21, (CH3)2-~-25 ,  d, J = 6 . 8  

H Z ) ,  2.00 (cH,-COO-, s ) ,  2.4 (H-C-25, hep. ,  J = 6.8 H Z ) ,  4 .30 

- 4.85 (H-C-3, m)  and 5 .25  - 5.47 (H-C-6, m ) .  
I 

P r e p a r a t i o n  of 3 $-Acetoxy-5-cholesten-24-ethylene k e t a l ,  47. - 

A s o l u t i o n  of  1 . 0  g  ( 2 . 2  rnrnole) ketone,  46, 3 m l  d i e thy -  - 

l e n e  g l y c o l  and 150 mg p - to luenesu l fon ic  a c i d  i n  800 m l  of  dry 

benzene was r e f l u x e d  f o r  60 min. Benzene was t h e n  slowly 

d i s t i l l e d  o f f  over  a pe r iod  of  ca 10  h r s  u n t i l  500 m l  d i s t i l l a t e  - 

was c o l l e c t e d .  The benzene s o l u t i o n  c o n t a i n i n g  t h e  product  was 

washed wi th  conc. NaHC03 s o h .  t h e n  wi th  H20 u n t i l  n e u t r a l ,  

d r i e d  over anhyd. CaC12 and evaporated.  The c r y s t a l l i n e  r e s i -  



due (0 .97  g, 88.5%) was r e c r y s t a l l i z e d  from acetone,  m. p .  

134.5 - 135". 

U max ( K B ~ )  1728 ( a c e t a t e  c=o) ,  1040 and 798 (A5) ern-'; 

n. m. r. ( c D C 1 3 ) :  6 0.69 ( c H ~ - c - ~ ~ ,  s ) ,  0.925 ( C H 3 - C - 2 1 ,  d ,  

J = 6 .5  H Z ) ,  1 . 0 2  (ClI3-C-19, s )  , 2.02 ( c H ~ - C O O - ,  s ) ,  3.95 

( - o - c H ~ - c H ~ - O - ,  s ) ,  4 .3  - 4 . 9  (H-C-3,  m )  and 5 .3  - 5.55 (H-C-6, 

m >  

Prepara t ion  of  3 8-Benzoxy- 5-cholestene- 24- e thylene k e t a l ,  48. 

The a c e t a t e  - 47 was hydrolyzed by r e f l u x i n g  i n  2% K 2 C O 3  i n  

1% aqueous methanol f o r  1 h r  and t h e  f r e e  a l coho l  obtained was 

benzoylated w i t h  benzoyl c h l o r i d e  i n  pyr id ine .  Af te r  t h e  usual  

work up, p u r i f i c a t i o n  over a s h o r t  alumina column and r e c r y s t a l -  

l i z a t i o n  from acetone,  t h e  compound had m. p. 146 - 148". 

'ma x  ( K B ~ )  1710 (benzoate  C=O), 1250, 110 ( C - 0 - ) ,  1040 

and 798 ( ~ 5 )  em-'; n. m. r .  ( c D C ~ , ) :  6 0.695 (c~,-C-18,  s ) ,  

0.92 ((cH3),-C-25, CH3-C-20,  d, J = 6 . 5  H Z ) ,  3.96 (-0-CHZ-0- 

s ) ,  4.6 - 5.2 (H-C-3, m ) ,  5.4 - 5.6 (H-C-5, m )  and 7 .3  - 8.25 

(aromatic  H,  m ) .  

P repara t ion  of 3 8- benzoxy-5,7-cholestadiene-24- ethylene  k e t a l  , 

A s o l u t i o n  of 0.9 g (1 .8  mmole) of 3p-benzoxy-5-cholesten- 

24-ethylene k e t a l  (48)  - i n  50 m l  C C 1 4  was heated t o  r e f l u x  and 

0.34 g NBS (2.2mmole) added. , The mixture was ref luxed f o r  10 

min.then cooled i n  i c e  and t h e  p r e c i p i t a t e d  succinimide re-  

moved by f i l t r a t i o n .  The f i l t r a t e  was evaporated and t h e  o i l  



obtained takzn up i n  xylene. T h i s  so lu t ion ,  conta in ing  t h e  

bromosterol, was addeddropwise t o  a vigorously b o i l i n g  solu- 

t i o n  of 0.7 g  t r imethylphosphi te  i n  20 m l  xylene. Af ter  

r e f l u x i n g  f o r  90 min t h e  xylene was d i s t i l l e d  o f f  a t  75" under 

vacuum and t h e  c r y s t a l l i n e  r e s idue  r e c r y s t a l l i z e d  from acetone 

t o  give 0.55 g (61%) of k e t a l  49 w i t h  m. p .  140 - 142". - 
U m x  ( K B ~ )  1710 (c-0 benzoate) ,  1250, 1110 ( - - 0 )  , 1600, 

1580, 1065, 1025, 832 and 800 (05,  7 )  em-'; n. m. r .  ( c D c ~ ~ ) :  

6 0.64 (c&-C-18, s ) ,  0.93 ( ( c H , ) ~ - c - P ~ ,  d ,  J = 6.8  H Z ) ,  1.05 

(c~,-C-19,  S )  , 1.10 (cH3-C-20, d,  J = 7.0 Hz, 3.96 ( - O - C H ~ - C H , I - O ,  

s ) ,  4.75 - 5.3  (H-C-3, m ) ,  5 .3  - 5.75 (H-C-5, H-C-6, m) and 

7 .3  - 8.25 (aromatic H, m ) .  
I 

Prepara t ion  o f  3 8-Benzoxy- cholesta-5,7dien -24-one, 50. - 
To a  s o l u t i o n  o f  0.9 g (1 .65  rnmole) of k e t a l  49 i n  THF, - 

5% aqueous H2S04 was added u n t i l  t h e  s o l u t i o n  became t u r b i d .  

The s o l u t i o n  was c l a r i f i e d  w i t h  a d d i t i o n a l  THF and s t i r r e d  a t  

r. t .  f o r  90 min., n e u t r a l i z e d  w i t h  N a 2 C 0 3  s o l u t i o n  and t h e  THF 

evaporated. The product (0 .71  g, 86%) was ex t rac ted  w i t h  e t h e r  

and r e c r y s t a l l i z e d  from methanol, m. p .  140 - 141". 

N.  m. r .  ( c D c ~ ~ ) :  6 0.64 ( c H ~ - c - ~ ~ ,  s ) ,  1 . 0  ( c H ~ - c - ~ ~ ,  s ) ,  

m), 5 - 3  - 5.8  (H-c-5, H-c-c-6, m) and 7 .3  - 8.25 (aromatic  H, 

Prepara t ion  of 3  $-Acetoxy- ergosta-5,7,24(28) - t r i e n ,  51. - 

A s o l u t i o n  o f  3p-benzoxy-cholesta-5,7-dien24-one, 50, ( 0 . 4  - 



g) i n  THP was added t o  a  THP s o l u t i o n  of t h e  y l i d e ,  prepared 

from 1 . 2  g ( 5  mmole) of methyltriphenylphosphonium i od ide  

and 4 . 5  rnmole o f  buty l l i th ium.  The r e a c t i o n  mixture was kept 

1 h r  a t  r .  t .  and 3  h r s  a t  65'. Af ter  t h e  usua l  work up 

( see previous p r e p .  ) , reaceLylat ion w i t h  a c e t i c  anhydride i n  

pyr id ine ,  p u r i f i c a t i o n  on a s i l i c a  g e l  column and r e c r y s t a l -  

l i z a t i o n  from methanol, t h e  product (84 mg, 24%) had m. p.  

133 - 134". ( N O  m. p.  was r epor ted  f o r  t h e  n a t u r a l  product 

by Goulstone e t  a l .  5 9  
-- 

' m a ~  ( K B ~ ) :  1732 ( C = O ,  a c e t a t e )  1645, 887 ( t e r m i n a l  

methylene),  1600, 1580, 1025, 832, 800 (A5, 7 )  cm-I. N. m. r .  

( i n  C D C 1 3 ) :  6 0.625 ( c H ~ - c - ~ ~ ,  s ) ,  0.970 (CH3-C-19, s ) ,  1.03 

( ( c H ~ ) ~ - c - ~ ~ ,  CH3-C-20 ,  d ,  J = 7  H Z ) ,  2.03 ( c H ~ - C O - 0 - ,  s ) ,  

4.7 ( C H 2  = c < , m ) ,  and 5.3 - 5.65 (H-C-5, H-c-6, m j .  

P repara t ion  of Ergosta-5,7,24(28)-trien -38-01, 23. - 

The a c e t a t e  51 was hydrolyzed by r e f l u x i n g  i n  2% K , C O ~ /  - 
1% H 2 0  i n  methanol f o r  1 h r .  M. p. 129 - 130.S0, hmax 

(hexane) 262.5 mp ( ~ 9 8 0 0 ) ,  271.8 mp. ( ~ = 1 3 7 8 0 ) ,  282.0 m v  ( ~ 8 5 5 0 ) .  

'ma x  ( K B ~ )  1650, 887 ( C H ~ = C  <),  1600, 1580, 832, and 800 

( ~ 5 , 7 )  cm-l; n. m. r .  ( c D c ~ , ) :  6 0.64 ( C H ~ - C - ~ ~ ,  s ) ,  0.95 

( c H ~ - C - 1 9 ,  s ) ,  1.04 ( ( c H ~ )  2-C-25, C - 2 0 ,  d,  J = 7  H Z ) ,  

1.265 ( H - 0 - C ,  s )  and 4 .7  (cH,=c< , broad m ) .  

Analysis ca lcd .  f o r  C28H440 :  C 84.79, H 11.18 

Found: C 84.61, H 11:25. 

The s y n t h e t i c  s t e r o l  had phys ica l  p r o p e r t i e s  i d e n t i c a l  t o  

t h e  i s o l a t e d  n a t u r a l l y  occurr ing  compound . 



P r e p a r a t i o n  o f  [28-14~)-~rg~sta-5,7,24(28)-trien - j$ -01 ,  

Th i s  s t e r o l  was p repa red  from ketone 50 v i a  a c e t a t e  51  - - 
u s i n g  ['*c 1-methyltr iphenylphosphoniurn i o d i d e .  The produc t  

showed m. p .  and n. m. r .  i d e n t i c a l  t o  23 prepared  above and - 
had a n  a c t i v i t y  of 7 .1  x l o 5  cpm/mg. 

P r e p a r a t i o n  of [26,27- *C 1 - l a n o s t e r o l ,  6.  - 
This  l a b e l l e d  s t e r o l  was prepared  a s  d e s c r i b e d  by Akhtar  

e t  a l .  1 4 .  A f t e r  p u r i f i c a t i o n  of t h e  a c e t a t e  on T.  L. C . ,  -- 
r e d u c t i o n  w i th  LiAlH4, t h e  product  was c r y s t a l l i z e d  t o  c o n s t a n t  

a c t i v i t y  ( 4 x ) .  Lanos t e ro l  had a n  a c t i v i t y  o f  1 . 7 5 ~ 1 0 ~  cpm/mg. 

The produc t  had p h y s i c a l  p r o p e r t i e s  i d e n t i c a l  t o  a u t h e n t i c  

l a n o s t e r o l .  

P r e p a r a t i o n  of [2,4 3 ~ ] -  Zymosterol, - 14.  

A mix ture  of 200 mg of zymostero1,chromium t r i o x i d e  (290 

mg), wa te r  ( 4  m l ) ,  g l a c i a l  a c e t i c  a c i d  ( 6  m l )  and 15 m l  of  

benzene was shaken f o r  2 h r s  a t  r. t. Benzene ( 4 0  m l )  was 

added and t h e  aqueous l a y e r  d i scarded .  The benzene f r a c t i o n  

was washed wi th  NaHC03 s o l n . ,  t h e n  w i th  wa te r  u n t i l  n e u t r a l  

and d r i e d  over  Na2S04. The so lven t  was evapora ted  and t h e  

r e s i d u e  c r y s t a l l i z e d  from methanol. The produc t  mel ted over  

t h e  range 85 - 91" and was used wi thout  f u r t h e r  p u r i f i c a t i o n .  

Base c a t a l y z e d  3 ~ - e x c h a n g e  was c a r r i e d  o u t  i n  a n  analogous  

f a s h i o n  t o  t h a t  de sc r ibed  f o r  ergost-7,22-dien-3-one.  A f t e r  reduc- 

t i o n  wi th  NaBH,, p u r i f i c a t i o n  by T. L. C .  and c r y s t a l l i z a t i o n  

from methanol, t h e  p roduc t  was pure  by g. 1. c .  and had a  m. p .  



o f  113-114". No d e p r e s s i o n  of t h e  m. p .  was observed when 

mixed wi th  unlabel l -ed m a t e r i a l .  Zymosterol had a n  a c t i v i t y  

of  2.75 x l o 5  cpm/mg. 



BIOSYNTHEl ' IC EXPERIMENTS 

A l l  f eed ing  and t r a p p i n g  exper iments  u s i n g  l a b e l l e d  pre-  

c u r s o r s  were c a r r i e d  ou t  i n  a n  analogous manner. The r e s u l t s  a r e  

r epo r t ed  i n  t a b u l a r  form. The a c t i v i t i e s  a r e  i n  most c a s e s  c a l -  

c u l a t e d  based only on t h e  added c a r r i e r .  I f  t h e  weight of  the 

recovered m a t e r i a l  could be determined it  was t a k e n  i n t o  account .  

The $ i n c o r p o r a t i o n  i s  based on a c t u a l l y  i nco rpo ra t ed  a c t i v i t y .  

Experiment $1 i s  desc r ibed  i n  d e t a i l  as a n  example 

Experiment #l 

Label led e p i s t e r o l  ( [28-14c 1-ergosta-7,  24(28)-diene-3p-01)  

1.78 x l o 5  cpm was incuba ted  wi th  growing y e a s t  ( -500 mg wet 

we igh t ) .  A f t e r  7 hour s , t he  c e l l s  were c o l l e c t e d  by c e n t r i f u g a -  

t i o n  and washed wi th  phosphate b u f f e r .  Base h y d r o l y s i s  and 

e x t r a c t i o n  gave t h e  crude f r e e  s t e r o l  f r a c t i o n  which was d i s -  

solved i n  50 m l  of heptane.  An a l i q u o t  of  0 . 5  m l  was counted 

and had a n  a c t i v i t y  of  940425 cpm .'. 100 x 9403~5 cpm = 9.4  x  l o 4  + 
500 cpm. T o t a l  i n c o r p o r a t i o n  = 52.6%. The f r e e  a l c o h o l s  

were a c e t y l a t e d  and t h e  t o t a l  a c t i v i t y  i n  t h e  a c e t a t e s  de t e r -  

mined ana logous ly  : 9 . 0 ~ 1 0 ~  h500 cpm. 

The a c e t a t e s  were s epa ra t ed  on T. L. C .  ( 5  p l a t e s  20 x 20) ;  

a u t h e n t i c  s t e r o l s  were co-chromatographed a s  markers)  and t h e  

bands moving with  ergost-7-  eny l  a c e t a t e ,  ergosta-7,22,211-(28) - 

t r i e n y l - a c e t a t e ,  ergosta,5,7,22,24(28)-tetraen~l-acetate and 

e r g o s t e r o l  a c e t a t e  were recovered.  

1. ) Ergost-7-enyl a c e t a t e .  To t h e  recovered  m a t e r i a l  

( >  1 mg) 30 me; of  u n l a b e l l e d  s t e r o l  was added and t h e  mixture  



c r y s t a l l i z e d  and rechromatographed (2x ,  benzenehexane  1: 1) .  

The compound was not  pure by g. 1. c.  The small  peak observed 

had t h e  r e l .  r e t .  t ime of  A7'22-diene. The mixture  was t h e r e -  

f o r e  submitted t o  continuous T. L. C .  f o r  4 8  h r s  (1% benzene 

i n  hexane).  The recovered m a t e r i a l  was pure by g. 1. c .  and 

a f t e r  two c r y s t a l l i z a t i o n s  had a  cons tan t  a c t i v i t y  of 9.9 cpm/ 

mg (based on c a r r i e r  s t e r o l )  equiva len t  t o  0.32% incorpora t ion .  

2. ) Ergosta-7,22,24(28\-trienyl a c e t a t e .  To ta l  a c t i v i t y  

i n  band recovered from T. L. C .  con ta in ing  t h e  t r i e n  was 1.60 

x l o 4  cpm. G.  1. c .  showed small  amounts of  e p i s t e r o l  t o  be p resen t  

I n a c t i v e  m a t e r i a l  (100 mg) was added and t h e  mixture  r e c r y s t a l -  

l i z e d ,  rechromatographed and r e c r y s t a l l i z e d .  The obta ined  

ma te r i a l  was pure by g. 1. c.  and had a n  a c t i v i t y  of  55.5 cpm/ 

mg based on c a r r i e r  s t e r o l ,  corresponding t o  6.1% incorpora t ion .  

3. ) Ergosta-5,7 ,22(28)  - t e t r a e n y l  a c e t a t e .  ,To t h e  recovered 

m a t e r i a l  ( m  1 mg) 100 mg of un labe l l ed  m a t e r i a l  was added. The 

m a t e r i a l  was p u r i f i e d  2x by T. L. C .  and c r y s t a l l i z e d  t o  con- 

s t a n t  a c t i v i t y .  1st r e c r y s t .  30 .3  cpm/mg 

2nd r e c r y s t .  49.0 cpm/mg 

3 rd  r e c r y s t .  50.4 cpm/mg 

4 t h  r e c r y s t .  50.2 cpm/mg 

5 t h  r e c r y s t .  48.5 cpm/mg 

M. p. of 5 t h  c r y s t .  142.5 - 144". 

Based on added c a r r i e r  s te ro1 ,4 .85  x  l o 3  cpm a r e  equ iva len t  t o  
I 

5.4 incorpora t ion .  



4.) Ergosterol acetate. Unlabelled ergosterol acetate 

(100 mg) was added to the recovered material and the sterol 

purified by T. L, C. (lx) and crystallization: 

1st recrystallization 60.3 cpm/mg 

2nd recrystallization 34.1 cpm/mg 

3rd recrystallization 31.1 cpm/mg 

4th recrystallization 26.8 cpm/mg 

5th recrystallization 26.4 cpm/mg 

2.64 x lo3 cpm/mg corresponding to an incorporation of 2.93%. 



EXPERIMENT # 1 

Incubat  i o n  o f  

T o t a l  a c t i v i t y  added: 

I ncuba t i on  t ime:  

A c t i v i t y  recovered  from 
nonsaponif  i a b l e  m a t e r i a l :  

T o t a l  a c t i v i t y  i n  a c e t a t e s :  

I nco rpo ra t i on :  

2 t i v i t y  determined i n  
ne a c e t a t e s  o f  

.- 

ergost -7-en-3  B - 0 1  

e rgos t a -7 ,22 ,24 (28 ) -  
t r i e n - 3  p - 0 1  

e rgos t a -5 ,7 ,22 ,24 (28 ) -  
t e t r a en -3p -01  

e r g o s t e r o l  

1 . 7 8 ~ 1 0 ~  cpm 

7 hou r s  

0 . 9 4 ~ 1 0 ~  cpm 

0 . 9 0 ~ 1 0 ~  cpm 

52.6% 

Found 
Incorp .  cpm/W 



EXPERIMENT # 2  

Incu-bat ion  of 

[28-14~] -e rgos ta -7 ,  24(28) -dien-38-01 

Total  a c t i v i t y  added: 8.88x104 cpm 

Incuhat ion  timg: 7 hours 

Ac t iv i ty  recovered from 
nonsaponi f i a h l e  ma te r i a l :  7 . 5 1 8 ~ 1 0 ~  cpm 

Total  a c t i v i t y  i n  a c e t a t e s :  7 . 3 0 ~ 1 0 ~  cpm 

Incorporation: 84.6$ 

. c t i v i t y  determined i n  
,he a c e t a t e s  of 

Found 
7; Incorp.  c~m/mg 

0.7x103 

9 . 2 ~ 1 0 ~  

2. 1x103 

I 

1) ergosta-5,7,  24(28)-  0.4 

i 
! 

I I 
I 

i 
I 

I i 

t r i e n - 3  8-01 

2 )  ergosta-5,7,22,24(28)-  
t e t r a e n - 3  P - 0 1  

3 )  e rgos te ro l  

17.6 

4.6 



EXPERIMENT # 3 

Incuba t i on  of  

[28-14c 1-ergosta-7 ,24(28-dien  - 3 p - 0 1  

T o t a l  a c t i v i t y  added: 

Incuha t i o n  t ime:  

A c t i v i t y  recovered  from 
nonsaponif  i a b l e  m a t e r i a l :  

T o t a l  a c t i v i t y  i n  a c e t a t e s :  

I nco rpo ra t i on :  

i c t i v i t y  determined i n  
;he a c e t a t e s  o f  

-- 

, 2 )  e r g o s t e r o l  

1 . 2 4 ~ 1 0 ~  cpm 

7 hou r s  

0 . 3 6 ~ 1 0 ~  cpm 

0 . 3 1 ~ 1 0 ~  CPm 

29. % 

Found 
I Incorp .  cpm/W 



EXPERIMENT # 4  

, Incuba t  i o n  of 

[ ~ , J c - ~ H  1-ergost-7- en-3 f~-01 

Tota l  a c t i v i t y  added: 

Incuba t ion  t ime: 

A c t i v i t y  recovered from 
nonsaponif i a b l e  m a t e r i a l :  

To ta l  a c t i v i t y  i n  a c e t a t e s :  

Incorpora t ion :  

. c t i v i t y  determined i n  
,he a c e t a t e s  of 

-- 

ergosta-7,232-dim-3 p- 
o l  

ergosta-5 ,7 ,22,24(  28)- 
t e t r a e n - 3  B - 0 1  

e rgosta-5 ,7-dien-3@-01 

e r g o s t e r o l  

7 . 9 2 6 ~ 1 0 ~  cpm 

7 hours  

2 . 5 6 ~ 1 0 ~  cpm 

1 . 4 1 ~ 1 0 ~  cpm 

32 35% 

Found 
Incorp .  C P ~ / W  



EXPERIMENT # 5 

Incubation of 

[2,4-3~]-ergost-7-en-3p-ol 

Total activity added: 

Incubation t imz : 

Activity recovered from 
nonsaponifiable material: 

Total activity in acetates: 

Incorporation: 

ctivity determined in 
he acetates of 

- 

ergosta-7,24(28)-dien- 
3B-01 

ergosta-5,7,22,24(28)- 
tetraen-3 8-01 

ergosta-7,22-dien-3 p o l  

ergosterol 

9 . 3 ~ 1 0 ~  cpm 

7 hours 

2 . 5 8 ~ 1 0 ~  cpm 

2.10~10~ cpm 

27.8% 

Found 
: Incorp. cpm/mg 



EXPERIMENT ?# 6 

Incubat ion  of 

Tota l  a c t i v i t y  added: 

Incubat ion time: 

A c t i v i t y  recovered from 
nonsaponif iable  m a t e r i a l :  

Tota l  a c t i v i t y  i n  a c e t a t e s :  

Incorporat ion:  

8 . 2 3 ~ 1 0 ~  decomp./m 

7 hours  

3 . 9 2 ~ 1 0 ~  decomp ./m 

3 . 6 3 ~ 1 0 ~  decornp. /m 

~ c t i v i t y  determined i n  
;he a c e t a t e s  of 

ergosta-5,7,24 ( 2 8 )  - 
t r i e n - 3  8-01 

ergost-7-en-3 p - 0 1  

e r g o s t e r o l  



EXPERIMENT # 7 

Incubation of 

[28-14~]-ergosta-7,22,21+(28)-trien-3fbol 

Total activi-ty added: 

Tncubat ion time: 

Activity recovered from 
nonsaponifiable material: 

Total activity in acetates: 

Incorporation: 

ctivity determined in 
acetates of 

ergosta-7,22-dien-3 8-01 

ergosta-5,7,22,24(28)- 
tetraen-3 p-01 

ergosta-7,24(28)-diene- 
3p-01 ( episterol) 

ergosterol 

9.90~10~ cpm 

7 hours 

8 . 2 5 ~ 1 0 ~  cpm 

7.9~10~ cpm 

83 3% 



EXPERIMENT ?/ 8 

I n c u b a t i o n  of 

[28-14c 1-ergosta-5,7,24(28)-trien-?p-o1 

T o t a l  a c t i v i t y  added: 

Incuba t  i o n  t imz: 

A c t i v i t y  recovered  from 
nonsapon i f i ab l e  m a t e r i a l :  

T o t a l  a c t i v i t y  i n  a c e t a t e s :  

I nco rpo ra t i on :  

, c t i v i t y  determined i n  
,he a c e t a t e s  o f  

--- 

( 2 )  e r g o s t e r o l  

1.02~10~ cpm 

7 hou r s  

5.92x104 cpm 

5.4~10~ cpm 

58.1% 

Found 
: Incorp.  



EXPERIMENT 9 

Incubation of 

[28-14c ]-ergostay 5,7,22,24(28)-tetraen-3 B-01 

Total activity added: 

Incubation time: 

Activity recovered from 
nonsaponif iahle material: 

Total activity in acetates: 

Incorporation: 

2.68~10~ cpm 

2.25~10~ cpm 

38.5% 

ictivity determined in 
;he acetates of 

- 

ergosta-7,22,24(28)- 
trien-3 8-01 

ergosta-5,7,24(28)- 
trien-3 B-01 

ergosterol 

Found 
j Incorp. cpm/mg 



EXPERIMENT # 10 

Incubat ion  of 

[28-14~]-ergosta-8,24(28)-di"n-3$-ol 

Tota l  a c t i v i t y  added: 

Incubat ion t ime: 

A c t i v i t y  recovered from 
nonsaponif i a b l e  m a t e r i a l :  

Tota l  a c t i v i t y  i n  a c e t a t e s :  

Incorpora t ion :  

i c t i v i t y  determined i n  
;he a c e t a t e s  of  

(1) e p i s t e r o l  

(3) e r g o s t e r o l  

1 . 3 ~ 1 0 ~  cpm 

9 hours  

0 . 6 ~ 1 0 ~  cpm 

0 . 5 8 ~ 1 0 ~  cprn 

46.8 

Incorp.  



EXPERIMENT #11* 
-- 

Incubation of 

Total activity added: 

Incubation time: 

Activity recovered from 
nonsaponif iable material: 

Total activity in acetates: 

Incorporation: 

1 . 0 4 ~ 1 0 ~  cpm 

8 hours 

5.48x105 cpm 

.5.27x105 cpm 

52.5% 

.ctivity determined in 
,he acetates of 

ergosta-8,22-dien-?F- 
01 

ergosta-7,22,24(28)- 
trien-3p-01 

ergost-7-en-3p-01 

ergosta-7,22-dien-3p- 
01 

ergosta-8,24(28) -dien- 
3B-01 

ergosta-5,7,22-trien- 
3B -01 

episterol 

Found 
c pm/ing Incorp. 

2.1 



Incubation of 

Total actlvity added: 

Incubation time: 

Activity recovered from 
nonsaponif'iable material: 

Total activity in acetates: 

Incorporation: 

~ctivity determined in 
,he acetates of 

-- - 

ergosta-8,22,24(28)- 
trien -36-01 

ergosta-7,24(28)- 
dien -3B-01 

ergost-7-en-3B-01 

ergosta-7,22-dien - 
3B-01 

ergosterol 

l.04xl0' cpm 

8 hours 

5. 27x105 cpm 

50.6% 

Found 
I 1ncor.p. c p rn /rng 



- 

I n c u b a t i o n  of 

T o t a l  a c t i v i t y  added: 

I ncuba t  ion t i h c :  

A c t i v i t y  recovered  from 
nonsaponi f i a ' i ~ l  z lnat cr i a l  : 

T o t a l  a c t i v i t y  i n  a c e t a t e s :  

I n c o r p o r a t i o n :  

1 . 2 5 ~ 1 0 ~  cpm 

8.5 hou r s  

0 . 8 0 ~ 1 0 ~  cpm 

0 . 8 0 ~ 1 0 ~  cpm 

64$ 

L c t i v i t , y  determ'ined i n  
;he aceta te : ;  o f  

e r g o s t e r o l  

Found 
I I nco rp .  c  pm/mg 



Trapping of Ergosta-7,22-dim-3@ ,5~-diol 

[28-14c] - rgosta-7, 2,24 (28) -dienol(l. 5x105cpm) was added 

to a growing yeast culture as usual. After 10 hrs the cells 

were harvested, 100 m g  of unlabelled 3@,5a-diol added and the 

mixture hydrolyzed as usual. The crude sterols were acetylated. 

(~otal activity in acetates : 0.85~10~ cpm) The mixture was 

separated on a small alumina column (activity 11). Hexane- 

benzene (1:l u/u) removed sterol acetate, benzene-ether (3:l 

U/U) gave ~~-acetoxy-ergosta-7,22-dien-5a-ol. The compound 

was crystallized from ethyl acetate-metha,nol. 

1st recrystallization 173 cpm/mg 

2nd recrystallization 58 CP~/W 

3rd recrystallization 41 cpm/mg 

4th recrystallization 15 CP~/W 

5th recrystallization 16 CP~/W 

6th recrystallization 14 cpm/mg 

7th recrystallization 18 cpm/mg 

8th recrystallization 17 C P ~ W  

A total incorporation of 170 cpm/mg corresponding to 0.2% 

incorporation is calculated based on added carrier and on 

the activity recovered in the total acetates. 



Double l a b e l  f'eedri-n~ emer5ment:  

A mixture of [ 2 6 , 2 7 - 1 4 ~ ] - l a n o s t e r o l  (3.4 mg, 1 . 7 2 ~ 1 0 '  cpm/ 

mg) and [ 2 , k 3 H ]  -zymosterol (3 .7 mg, 1 . 7 5 ~ 1 0 "  cpm/~w) was fed  

t o  y e a s t  c e l l s  deple ted  fr-om s t e r o l  by anaerobic  growth. A l i -  

quots were removed a t  s e t  time i n t e r v a l s  and t h e  c e l l s  co l -  

l e c t e d  by c e n t r i f u g a t i o n .  The c e l l s  were thoroughly washed 

3 times by resuspension i n  b u f f e r  and c e n t r i f u g a t i o n .  Unlabelled 

zymosterol (50 mg) and e r g o s t e r o l  (50 rng) were added t o  t h e  c e l l s  

and t h e  mixture hydrolyzed and e x t r a c t e d  with hexane a s  usual .  

The hexanc e x t r a c t  was made up t o  e x a c t l y  50 m l  and an a l i q u o t  

removed f o r  counting. The ' * c / ~ H  r a t i o  was determined f o r  t h e  

t o t a l  s t e r o l  f r a c t i o n .  A f t e r  evaporat ion of t h e  so lven t  t h e  

crude s t e r o l  f r a c t i o n  was separa ted  on T. L. C .  (10% e t h y l  

a c e t a t e  i n  benzene) and t h e  zymosterol and e r g o s t e r o l  bands 

co l l ec ted .  Both s t e r o l s  were p u r i f i e d  by T.  L. C .  and c r y s t a l -  

l i z a t i o n  u n t i l  pure by g. 1. c. and showed cons tan t  a c t i v i t y .  

The 1 4 C / 3 ~  r a t i o s  were determined. The r e s u l t s  a r e  shown i n  

Fig. 16. 
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