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6 
- - -- - - -- --- 

- Previous work in this labo;atory has-shown that iphibition 

of -sterol methyltransferase (24-SMT) in cultures of 

Saccharomyces cerevisiae by sterols containing nitrogen in key 

sidechain positions was efficient. The inhibition resulted in 

the increased production of C27 sterols such as zymosterol, 

cholesta-5,7,22,24-tetraen-3,B-01 and cholesta-5,7,24-trien-38- 

01. The goal of this study was to achieve efficient production 

and synthetic utilization of these CT7 sterol metabolites. In . 

addition, this study was directed at determining the mode of en- 
- -- - - 

L 
- 

zymatic inhibition of these azasterols. 

production of zymosterol, free of its h7 isomer, was t 

3; 
achieved by growth of an 2 *sterol mutant ( A ~ + ' A ~  isomerase 

blocked) of S. cerevisiae in the presence of 0.5 vM 25-azachole- - 
sterol (an inhibitor of 24-SMT). 
- 

The production of [ '  3 ~ ]  -labelled zymosterol by, S. - 
cerevisiae cultured in the presence of [1-13c]acetate and 25- 

azacholesterol was achieved. The conversion of zymosterol (ob- 

tained from inhibited yeast cultures, S, cerevisiae) to - 
cholesterol in nine steps (6% overall yield) was effected. 

A synthesis of 25-hydroxy provitamin D3 (6% overall yield 

from yeast NSF) 'was executed from cholesta-5,7,24-t~ien-38-01, 

isolated from inhibited mutant cultures (- 5, lacking A ~ ~ -  
- - - - - -- - - - -- - 

desaturase). 

iii 



The kinetics of the inhibition of 24-SMT.by azast 1s-were ' ??' 
studied using cell-free preparations pf ~~'-s_ter~l medltrans- \ 
ferase. Attempts to develop a method of determining the rate of . 

product formation or substrate disappearance by GLC were not 

successful because' of endogenous sterol in the preparation. I* 

hibition kinetics were measured by the standard assay method 

using [l'~]-~-adenosyl-~-methionine (SAM ) . 
At constant SAM and varying zymosterol concentrations, 25- 

, 
azacholesterol '(Ki' = 5.4 nM), 25-aza-24,25-dihydrozymosterol 

(Ki' = 5.1 n H ) ,  23-azacholesterol (Ki' = 7,2 nM) and 25-methyl- - , 

25-azacholeskerol ( K i t  = 2.8 nM) exhibited kcompetitive inhibi- 

tion with respect to zymosterol. At constant zymosterol and 

varying SAM concentrations 25-aza-24,25-dihydrozymosterol ex- 

inhibition (Ki = .1.25 nM). These results 

terms of a sequential binding of zymosterol 

and SAM to 24-SMT. - % 

The same assay methcjd showed that cycloartenol was not a 

,substrate and that ergosterol was a non-competitive inhibitor. 

When zymosterol was kept at constant concentration and S- 

adenosyl-L-methionine concentrations were varied, the addition 
'. 

of S-adenosyl-L-homocysteine (2 P M )  gave product inhibition for 

each SAM concentration. 

In related work, it was shown that 24-methylene'sterol 

~~'(~~)-reductase - - - - - 
- 

- - - is - - inhibited - - only by 23- and 
-- 



2 4 - a ~ a c h o l e s t ~ r ~ l  but' not by 25-azasterols.% 
* 

- - - - -- 

. * 
~ a n d i d a  utilfs, grown in a culture containing 25-aza- 1 . + 

cholesterol ( 1.0 uM) , showed inhibition of that yeast's '24- ' 

production of -C27 sterols. 

an inhibitor of any sidechain 

sterol methyltransferase 
9 

25-Fluorocholesterol w a s  

and 

not _ 

sterol-modifying enzymes. 
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INTRODUCTION 

A. Background 

Several laboratories, including ours, have stuaied the lat- 

ter stages of ergosterol biosynthesis n ye -3 (Fryberg -- et a1 . , 
1973; Barton - et .- al:, 1973; Fryberg -- et al., 1975). A general 

model has been developed for the conversion of lanosterol (1) to 

ergosterol ( 14 ) -in Saccharomyces cerevisiae. The sequence of 

structural transformations involves: 1) loss of 140-methyl and 
I* b 

loss of the C4 methyl groups; 2) methylation at C24 with reduc- 

'tion at C25 and generation of a (28 1-methylene; 3)- iso- 

merization of A' to A7; 5) introduction of dduble bond; 5) 

introduction of A' double bond; and 6) reduction of A 24 (28 ) 

double bond generating a Ce4-methyl. Figure 1 illustrates many 
b 

of the possible routes from lanosterol (1) to ergosterol (14), 

with a number of the possible metabolic intermediates shown. 

This representation was f irst put forward 

(Fryberg -- et al., 1973) as an aid in the design of experimen'ts as 

well as to display the possible intermediates in an orderly 

fashion. Each, structural transformation was treated as a single 

step, although most of these processes are multistep. In this 

particular scheme, a number of separate transformations can be 
P 

dealt with and st iL1 have skruc~tar-al nearest-~eiqkbcwr-s-ad* 

when treated in, this manner will-yield sixty-four possible in- 

termediates. Therefore, in order to represent the possible 

alternatives as in Figure 1, certain assumptions had to be 



employed to simplify the graphical representation and give a 

more concenfrated picture of the process. 

The sequence from lanosterol ( - 1 ) to zymosterol (4) , wherein 
nuclear demeth~lation occurs prior to CP,+ alkylation, was suq-' 

# 

gested first by Gaylor's work with yeast bZ4-sterol methyl , 

transferase (24-SMT) which showed methylated sterols were poor 

substrates and zymosterol w the best substrate for this enzyme f .  
in vitro (Moore and Gaylor, 1970). Secondly, a study to clarify - 

the routes operative from lanosterol ( - 1 ) to ' fecosterol (6) has . I -  

been reported. This study, through searches: for metabolites 

such as 4,4-dimethylfecosterol and tracer time-course studies, 

using labelled lanosterol and zymosterol revealed that the prin- 

ciple pathway involved conversion of lanosterol (1 )  - to 4,4- 

dimethylzymosterol (2) - aAd then to 40-methylzymo&terol (3). At 

this point, the pathway to fecosterol diverges. In mature 

cells, fecosterol is produced equally from a pathway involvinq 

zymosterol and 40-methyl fecosterol (5) - (Fryberq -- et al., 1975j. % -C 

4% 

40-Methyl fecosterol (5) and zymosterol were previously found qs ' 
I - 

I 

minor metabolites in commercial y$ast mother liquors (Fryberg - et 

al., 1973) and in yeast sterol mi/tures (Barton et al., 1970). - -- 
Fecosterol (6) - has been shown by /Gaylor to be the immediate pro- 

duct df the methyl transferase. ~ l l  the other sterols in this a -  

i- - - - 

particular scheme, except ergosta-0, 22-diena (8 - ) and ergosta- 

5,7-dieG51 7T53, - were found in yeast T r y b w - e t  -- aT., 7Y73,  

Barton et al., 1972; Barton et al., 1970). Therefore, more than -- -- 
one unique pathway must be present. That is, the enzymes 



F i g u r e  *l 

S t e r o l  b i o s y n t h e s i s  i n  S. c e r e v i s i a e .  - 
mdjor  pa thways  - 

. minor  pa thways  
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";*involved in each structural* change possess sufficient flexibili- 

ty to accept several substrates in the production 'of ergosterol. 

The part icu1ar biosynthetic grid, represented in Figure 1, 

is a simplified biosynthetic scheme in that there is a bias 

y against b5 re-sterols (which have been found in erq 2 sterol 

mutant of S. cerevisiae (Pierce et al., 1979)). It also does - -- 
not show many of the possible sterols involvedl in demethylation 

at the 14 and 4 positions of the sterol. A more comprehensive - 

- grid, (for several yeast) has been put forward by this lab which 

.does not possess- some of these biases (~~ierce et al., 1978bl. -- 
Finally, Figure 1 does not account for possible metabolites with 

ST i 

A ' , ' ~  unsaturation (which h;~e been found in % 2 and 5 ste- 

rol mutants). However, .the figure dbes show the major enzymatic' 

'transformations and the major metabolites of S. cerevisiae, wild - 

type 

Tracer studies were carried out with labelled sterol meta- 

bolites present in yeast. Isolation of the labelled products of 

further metabolism, by trapping with unlabelled synthetic 

material (Fryberg et dl., 1973; Barton et al., 1973), yielded -- -- 
information on major transformations. Studies in both Canadian 

and British labo'ratories concluded that the h8+b7 isomerization 

was the only step that was reversible. Both studies found that 
- -- - -- -- -- 

the reduction at A ~ ~ ( ~ ~  ) was irreversible. Fryberg etgal. -- 
-- -- -- -- - - --- - -- - 

(1973) pointed out that 'ihen the tracer study was combined with , 

time-course analysis, which gave information on sterol 

size, major -pathways could be deduced by assuminq that 

1 

& 4, 

pool 8 ' 

high 



- 6 r- 

,-- 
-- ii 

-7 
L 

incorporation into &;sterol metabolite coupled with a high pool 

size indicated an efficient-transformation. This study con- - 
eluded that the major sequenqe was fecosterol (6) + episterol - 

d 6 %  

Q11) + ergosta-7,22,24(28)-trien-3eol (12) +- ergosta- - 

-5,7,22,24 (28)-tetraen-38-cd (17) + ergosterol (14) as per Figure 
- ,  - 

' b 1. Fryberg et al. (1973) concluded th t the enzymes operating t 
7. 

I on the metabolites in lanosterol- to ergosterol conversion can 

each operate on a variety of substrates, but there is a particu- 

lar substrate which is preferred by each enzyme. 

Thg realization that there was some latitude'in substrate 

specificity for enzymes in this system led to th <dea that . 
d 

manipulation of the sterol biosynthetic system, pecifically to i 
produce more desirable metabolites than ergoster 1,~would be b 
possible. It was reasoned that if a specific sterol-modifying 

enzyme was inactivated, the remaining active enzymes would oper- 
P 

ate on available substrates to produce metabolites transformed 

by all enzymes except the one removed from action. Inactivation 

of specific enzymes in the yeast biosynthetic scheme may be ac- 

complished by genetic mutation (Molzahn and Woods, 1972) or 

specific enzyme inhibitors. 

Enzyme inhibitors are useful tools in determininq substrate 
I 

spec'ificity, the type of functional groups at the active site, 
- - - - - - - - - - - -- -- - - -- - - - - - - - - - - - 

the mode of catalysis and confprmational stability of enzymes. 
-- -- 

' In biological systems, inhibition of certaineniimesy com- 

pounds in the cell can be a form of regulation of that system. 
'*- 

The use and study of enzyme inhibitioL includes the fields of 



drugs and insecticides can all bg considered enzyme inhibitors, 

if they act at the enzyme Ievel. Two types of inhibition can 

take place: irreversible, which reduces enzyme activity by 

modifying the enzyme active site of structure, rind reversible, 

where the inhibitor forms a complex with 'enzyme which modifies 

its activity without permanent damage., The activity can be re- 

gained by administering excess substrate or by using physical 

methods (eig., dialysis). Substrate analogs are commonly used 
- 

reversible inhibitors of enzymes. The strategy is to-aesi- the . -- 
inhibitor such that it is structurally related to the normal , 

substrate (s) of th'e enzyme, but is"dif ferent' chemically. One 

group of inhibitors, effective in bkcking'sterol modifying en- 

zymes is sidechain azast'erols. 

~zasterols were first 'synthesized with the hope that they 
I - 

Id function as hypocholesterolemic agents. When qiven to 

raks, blood serum cholesterol levels decreased and desmosterol 

in serum and liver increased (Counsell et al., 1962a,b,)-. , In ...- -- 
' ,  

these':studiks, 25-azachblesterol was the most potent azasterol 
- 

investigated (Counsell et al., 1.965). The accumulation of des- -- 
mosterol (cholesta-5,24-dienol) led these workers to conclude 

that the b2'-sterol reductase was inhibit.e.d. A study with 
F 

. - 

lesterol was fp also a - potent - inhibitor - - of cholesterol biosvnthesis 

and- that the dimethylamino end group and side chain length were 
% 

important in determining inhibitory activity (Counsel1 -- et al., 



1 9 6 2 a , b ) .  The i m p l i c a t i b n  was t h a t  t h e  a c t i v e  s i t e  o f  t h e  re- t 

d u c t a s e  was. s p e c i f i c  f o r  a  m o l e c u l e  w i t h  t h e  d i m e n s i o n s  of .ch& 
.L 

les tero l .  
0 

I n s e c t  sterol me tabo l i sm was a l s o  e f f e c t e a  by t h e  admin i s -  . 
C 

t r a t i o n  of a z a s t e r o l s  w i t h  n i t r o g e n  c o n t a i n i n g  s i d e c h a i n s r  

These  s t u d i e s  were aimed a t  b l o c k i n q  i n s e c t  c o n v e r s i o n  o f  p l a n t  

s terols  (e  .go, B - s i tos t e ro l )  t o  e c d y s o n e s ,  which r e q u l a t e  molt- 
I 

ing and developmefik. S t u d i e s  w i t h  a z a s t e r o l s  were c a r r i e d  o u t  

on the .  s i lkworm, Bomhyx mpri ( ~ u j i m d t o  -- e t  al., 1974)  and t h e  . 

co hornworm, Manduca. s e x t a  ( ~ v o b G d a  and ~ o b b i n s ,  1971 ) . In 
. .- 

t h e  si.lkwbrm s t u d y ,  2 4 , 2 8 - i m i n o f u c o s t e r o l  was f e d  t o  , t h e  i n s e c t  

a l o n g  w i t h  B-sitosterol. S t e r o l  sis showed a  marked de- 
Q 

c r e a s e  i n  c h o l e s t e r o l  fo rema t ion  w i t h  a  c u m u l a t i o n  o f  B-sito- 
' - 

sterol,  i n d i c a t i n g  an i n h i b i t i d n  of d e a l k y l a t i o n  a c t i v i t y  i n  t h e  
B 

. 
i n s e c t ,  F o r  Manduca s e x t a ,  s e v e r a l  m o n ~ a ~ a s t e r o l s  (20,, 22,23,24 

a n d % - a z a s t e r o l s )  and 2 0 . 2 5 - d i a z 8 c h o l e s t e r o l  were fed'  t o  t h e  - 
i n s e c t s  w'ith d i e t a r y  B-sitosterol, w i t h  t h e  r e s u l t  t h a t  c h o l e -  ' 

sterol  l e v e l s  d e c r e a s e d  g r e a t 1 9  w h i l e  d e s m o s t e r o l  l e v e l s  i n -  - 
c r e a s e d  s l i q h t l y .  2 0 , 2 5 - D i a z a c h o l e s t e r o l  h e l p e d  i n c r e a s e  

+a ' 

d e s m o s t e r o l  l e v e l s  i n  t h e  i n s e c t  even  more WE& u s e d  w i t h  8- 
* .. 

s i tos t e ro l .  When t h e  m o n o a z a s t e r o l s  were a d m i n i s t e r e d  t o ' t h e  

hornwor&i th  s t i g m a s t e r o l ,  c h o l e s t e r o l  l e v e l s  d r o p p e d  s i g n i f  i- - 
- - - - 

-7 
- - -- - - - - - 

c a n t f y  and the d e s m o s t e r o l  l e v e l s  ' i n c r e a s e d  a s  t h e  n i t r o g e n  
-s - - - - - - - -- - -- 

moved from t h e  20 to  t h e  -25 p o s i t i o n  i n  t h e  s i d e c $ a i n  . These  - 
* 

r e s u l t s  . i n d i c a t e d  an i n h i b i t i o n  o f  t h e  -sterol i e d u c t a s e .  ' 

When s t i g m a s t e r o l  was- 'g iven to  t h e  hornworm 'w i th  a z a s t e r o l s ,  



- i**- - B 
- - -- - -- - -- - - 

cholesta-5,22,24-trienol levels increased in the insect, espe- 
-- 

cially when nitrogen was in the 20 and 22 positions indicating a 
-r-- - 

+ - possible block of the r 24 -reductase. 

' More recently, plant sterol biosynthesis has b-een examil7d- 

using azasterols in - in vitro as well as in vivo studies. 25- -- 
Azacycloartenol was administered to a cell-fr;e extract of maize 

embryos (Zea - mays) known to contain a microsomal CZ4-sterol- 
methyltransferase. Inhibition of cycloartenol-(221,-methyltrans-  

ferase in the presence of cycloartenol and I4c-s~l4 as well as 
- - --- 

inhibition of the 24-methylene lophenol-C28-methyltransferase 

was observed with increasing azasterol concentrations (Rahier - et 

al., 1980) . Bramble cells (Rubus fruticosus) , incubated with - 
25-azacycloartenol ( 1.0 pM)', @owed large decreases in 'the 

amount of 24-ethyl sterols (sitosterol and isofucosterol) and an 

equally large increase in unalkylated sterols (cycloartend, - 

desmosterol, cholesterol ) (Schmitt -- et a1 . , 1981 ) . This indi- 
d 

cated inhibition of the cyclbartenol-C24-methyltransferase and 

' the 24-methylene-lophenol-C28-methyltransferas -- in vivo by the 

az'asterol. Inhibition of the ~ ~ ~ - r e d u c t a s e  was also postulated 

in the azasterol-treated bramble cells because af the accumula- 

tion of cycloartenol and desmosterol (~~~-sterols), as well as. 

(28 )-sterols (24-methylene cholesterol) . Recently, 
- - - - - -- -- - -- - - -- 

20,44 and 25-azacholesterol inhibition of the methyl transferase 

in mai5e m3crosomes (in - vitro) was investigated and C2~-methyla- 
tion was inhibited most by 25-azacholesterol (Beneveniste, 1981, 

private communication). 



-32 - - 

- 

L 

The use of azasterols to induce production -SE  aesired - 
sterol metabolites in yeast -was trigqered by their successful 

-- 
use in rats and insects. The three sterol sidechain modifying 

9 

enzymes active in yeast, -sterol methyltransferase ( 24-SMT) , 

-22,23-sterol desaturase (22,23-SD) and 24-methylene- 

('* )-sterol reductase (24,28-MSR) , have been targeted for 

inactivation by azasterols (Avruch -- et al., ,1976;-~ierce et al., -- 
1978a). The ~ ~ ~ - s t e r o l  methyltransferase -(-E.C. 2.1.1.41) has 

been the subject of the most detailed inhibition and substrate 
- - 

- 

specificity studies (Moore and Gaylor, 1970; Bailey -- et al., 

1974; Bailey -- et. al., 1976;'~cdammon and Parks, 1981).' This en- 

zyme system converts  sterols to A~~ t 2 8  )-sterols ('doore 
A; +?- -. 

and Gaylor, 1969) by mediatinq the transfer of the S-methyl 

group from S-adenosyl-L-methionine to  sterol intermediates 

(Parks, 1958) with simultaneous C24+C25 hydrogen migration 

(Goulston et al., 1967). In order to sain information about the -- 
active site, the stereochemistry of the methylation process, as 

well as the final reduction of erqost-5,7,22,24 (28) -tetraen01 to 

ergosterol, has been investigated by Arigoni and co-workers 

(Arigoni, 1978). The initial methyl transfer from smethionine 

. occurs on the Si face of the double bond with an inversion of 

the methyl group (Arigoni, 1978). The next step involves the 



. I 
, s @  
/ \ 

Ad Meth 

-7 

m i g r a t i o n  of t h e  hydrogen 

p o s i t e  s i d e  of  t h e  double  

C 2 5  which occurs on t h e  

bond ' (Re f a c e ) .  A t  t h e  same time 

there is a loss of a  hydroqen  a t  c28 ( a l s o  from t h e  R e  f a c e )  

which produces  t h e  A 24 ( 2 8  1-methylene group.  

, 
The m i g r a t i o n  of  t h e  hydroqen f r o m  C24  t o  C 2 5 ,  however, 

--- - - -- 
&? +- 

would r e q u i r e  t h e  hydrogen t o  p a s s  i n  t h e  v i c i n i t y  of t h e  base  
---- - - -- - 

which h e l p s  i n  t h e  removal of  t h e  hydrogen a t  C 2 * .  i f  w e  con- 

s i d e r  t h e  p o s s i b l e  mechanisms t h a t  have been d e s c r i b e d  f o r  t h i s  



process fUehlschlaqer. et al., 1980) ,  which involve a nudeo= -- 
philic group mediating the methylation process, an explanation 

of the migration of the hydrogen can be put forward. The first 

mechafrism is a carbocation rearrangement (a), where C-25 is 

electron deficient providing the impetus. In the nucleophilic 

addition-rearrangement (b) C-24 and C-25 are electron-rich. A 

neighbouring group, such as a nucleophile introduced durinq 

methylation, could participate in migration of the hydrogen from 

C24 to C 2 ~  by acting as a bridging group to induce the trans- 

fer. Such a group would be trans-antiparallel to the hydrogen 

lost from C28 during formation of the C " (" )--mtthlleee. 

There is one report of a non-enzymatic alkylation that provides 

an example of part icigatien bya-nudeephi.le in the 6.l k y h t  ion - - 

of a double knd by a dimethylsulphonium group ( C h i u t  _and - 

Felkin, 1967) as illustrated below: 



c 

In this case, t he  entering nucleophile attack the double ban+ -- % 
undergoing alkylation in a trans fashion. The stereoehemistry 

of the reduction of (28 ) has been investigated. The ob- 

servation was made that there was a net retention of configura- ' 

te 

tion- for the 

intermediate 

duction must 

methyl group 

methyl group from methionine throuqh the methylene 

to ergosterol. For this to happen, the final te- 
- - 

occur from the same sjde ,15f the double bond as the -. - -, 
F ' I  4 * 

3 

originally approached. Since the stereochemistry 

at C24 involves attack of H (usinq NADPH, Neal & Parks, 1977 )  

from the side of A 24 (28 ) Opposite to this, tkelreduction -. 
7i 

must proceed in a tran's fashion. 

Inhibition of the methylation process could result from 

blocking actual methyl donation, hydrogen transfer or removal of 

An initial study (Avruch et al., 1976) showed the 24-SMT 
- - -- - - - -- -- 

enzyme was efficiently inactivated by 25-aza-24,25-dihydrozymo- 

sterol ( 1  ) added to aerobically growing yeast. Its.. inhibitory - 
action has been attributed to the nuclear identit* of 



25-aza-24,25-dihydrozymosterol ( 1  - ) w i t h  z y m o s t e r o l ,  t h e  p r e -  - 
f e r r e d  s u b s t r a t e  o f  24-SMT (Moore and G a y l o r ,  l 9 7 O ) ,  a s  w e l l  a s  

* <at 

its e l e c t r o n i c  r e s e m b l a l l ~ e  a t  t h e  25 w s i t i o n  t o  d 2 * - s t e r o l s  
.f. a * ,  

( o e h l s c h l a g e r  -- et? a l . ,  1980g; 2 3 - A z a c h o l e s t e r o l  ( 2 )  was i n v e s t i -  - - 
gaked  t o  d e t e r m i n e  i f  it would i n h i b i t  t h e  2 2 , 2 3 - s t e r o l  d e s a t u r -  

a s e  i n  c u l t u r e s  o f  S. c e r e v i s i a e  ( P i e r c e  e t  a l . ,  1 9 7 8 a ) .  I t  - 7- 

f a i l e d  to  i n h i b i t  t h i s  enzyme, b u t  was found to  be an e f f i c i e n t  

i n h i b i t o r  o f  t h e  24-methylene-624(28)-~terol r e d u c t a s e .  I n  

t h i s  c a s e ,  the n i t r o g e n  l o n e  p a i r  a t  C23 w a s  c i t e d  as a r e a s o n  

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

l o n e  p a i r  o f  t h e  n i t r o q e n  a t  p o s i t i o n  23 i n  t h e  s i d e  c h a i n  c o u l d  

m i m i c  t h e  d2' d o u b l e  bond i n  ergasta-5,7,22,24(28)-tetraen-313- 

01, which  is t h e  p r e f e r r e d  s u b s t r a t e  ( J a rman  e t  a l . ,  1975)  o f  -- 
t h e  r e d u c t a s e .  The a z a s t e r o l  c o u l d  i m i t a t e  an e l e c t r o p h i l i c  or 

n u c l e o p h i l i c  c e n t e r  -- - depend ing  on i ts  - - - s t a t e  o f  p r o t o n a t i o n .  - - - A s  a  
u 

r e s u l t ,  t h e  enzymes may b i n d  the a z a s t e r o l  as w e l l  a s  or b e t t e r  
- - - - - - - - - - - -- 



- - 

I( 

- - - 

t h a n  t h e  p r e f e r r e d  s u b s t r a t e . .  I n  t h e  s t u d y  w i t h  23.-azacho- 

l e s t e r o l ,  t h e  2 2 , 2 3 - s t e r o l  d e s a t u r a s e  was n o t  i n h i b i t e d ,  presum- 

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

t h e  23 p o s i t i o n  t o  t h e  p r o d u c t  of  t h i s  enzyme ( e r g o s t a - 7 , 2 2 , 2 4 -  

( 2 8 ) - t r i e n - 3 8 - 0 1 )  which is p roduced  , f rom e p i s t e r o l  ( 1  1 ) , t h e  

p r e f e r r e d  s u b s t r a t e  o f  22,23-SD ( F r y b e r g  et , 1 9 7 3 ) .  
* ?  

P-&i 

G e n e t i c  mut&.$oh h a s  a lso  been  used to  i p u l a t e  y e a s t  -. .% ,- 3 
s t e r o l  b i o s y n t h e t i c  s y s t e m s .  T h i s  t e c h n i q u e  u t i l i z e s  a number 

-4. 

of i s o l a t e d  n y s t a t i n  r e s i s t a n t  m u t a n t s  o f  S .  c e r e v i s i a e  (Molzahn - 
and Woods, 1 9 7 2 ) .  T h e s e  m u t a n t s  which were b l o c k e d  a t  o n e  par- 

titular enzyme i n  t h e  c o n v e r s i o n  o f  z y m o s t e r o l  t o  e r g o s t e r o l ,  .. 
were  grown and t h e i r  s t e r o l s  w e r s % o l a t e d  and c h a r a c t e r i z e d  - . 
( B a r t o n  e t  a l . ,  1 9 7 4 ) ,  i n  o r d e r  t o  d e t e r m i n e  which  enzymes were -- 

- a f f e c t e d  f o r  e a c h  m u t a n t .  I n  e a c h  c a s e ,  t h e  a c t i v e  enzymes ,  
& 

a c t i n g  on a v a i l a b l e  s u b s t r a t e s ,  p roduced  i n  l a r g e  amounts  t h e  

f i n a l  s t e r o l  m e t a b o l i t e  e x p e c t e d  f o r  e ach  b l o c k e d  s y s t e m  b a s e d  

o n  t h e  s t e ro l  b i o s y n t h e t i c  g r i d  p r e s e n t e d  ear l ie r .  The s t&ol  

c o m p o s i t i o n  a lso  showed an i n c r e a s e  i n  t h e  p r e f e r r e d  s u b s t r a t e  
- 

f o r  each  i n a c t i v a t e d  enzyme when compared to  t h e  amount found  i n  

t h e  w i l d  t y p e  y e a s t .  Doub le  m u t a n t s ,  y e a s t  b l o c k e d  a t  t w o  en-. 
?*""  - 

zymes, have  a l s o  been  grown and t h e i r  s terols  i s o 1 , a t e d  ( B a r t o n  7 

I 

Bard e t  a l . ,  -- T h e r e  w a s  a s i g n i f i c a n t  d r o p  

i n  s te ro l  s o d u c t  i o n  i 6 - d o u b l e  ~ Z i i E s - G d  T h e  s terols  pfoduced  
J 

4 

e m  - i n d i c a t e d  that The una f - c t a  enzymesymes ware r e s t r i c t e d  i n  

o p e r a t i o n  on a v a i l a b l e  s u b s t r a t e s .  



- 16 - 

- A 

F i n a l l y ,  s i m u l t a n e o u s  c h e m i c a l  and g e n e t i c  m a n i p u l a t i o n  of  
'% 

t h e  y e a s t  sterol bi* he t ic  a p p a r a t u s  h a s  been  u s e d  t o  a l t e r  
\3 f .!< - 

-i 

t h e  s t e r o l s  p roduced  by ye'a'sts ( P i e r c e  e t  a l . ,  1978'; P i e r c e  e t  -- - 
4 .  

a l . ,  1 9 7 9 ) .  I n  o n e  s t u d y ,  a m u t a n t  s t r a i n  o f  S. c e r e v i s i a e  w a s  - 
\_I 1 

- 
i n c u b a t e d  > i t h  25-aza-34.25-dihydrozymosterol ., -.+ r e s u l t i n q  i n  t h e  

S 

i n h i b i t i o n  o f  t h e  ~ ~ ~ z s t e r o l  m e t h y l t r a n s f e r a s e  and t h e  loss  o f  

t h e  1 4 ~ m e t h y l  g r q u p s  ( P i e r c e  e t  a l . ,  l 9 7 8 b ) .  I n  t h e  o t h e r  s t u d y  
, F -- 

P 

( P , i e r c e  -- e t  a l . ,  19.29), s terol  m u t a n t  y e a s t s  (Molzahn and  Woods, 

1972; Bard - e t  &., 1977)  were grown w i t h  2 3 - a z a c h o l e s t e r o l ,  25- 

a z a c h o l e s t e r o l  or 2 5 - a z a c h o l e s t , a n o l  and t h e i r  s t e r o l s  were . - 
6 

a n a l y z e d .  T h i s  s t u d y  showed t h a t  s p e c i f i c  sterols c o u l d  be  

e f f i c i e n t l y  p roduced .  One p a r t i - c u l a r  s t e r o l ,  c h o l e s t - 5 , 7 , 2 4 -  

trien-313-01 c o u l d  be produced  i n  l a r g e r  amounts  when 25-azacho-  

l e s t a n o l  was u sed  w i t h  e r q  5 s terol  mu tan t  ( l a c k i n g  - 
- - 

d e s a t u r a s e )  t h a n  when, d o u b l e  m u t a n t s  ( B a r t o n  e t  a l . ,  l 9 7 5 ) ,  -- 
s i n q l e  m u t a n t s  ( B a r t o n  e t  a l . ,  1974 )  o r  w i l d  t y p e  S o  c e r e v i s i a e  -- - 
i n h i b i t e d  by 25-aza-24,25-dihydrozymosterol, (Avruch -- e t  a l . ,  

1976)  were grown. I n  a l l  i n s t a n c e s ,  t h e  m a j o r  t r a n s f o r m a t i o n  

b l o c k e d  w a s '  t h e  -sterol' m e t h y l  t r a n s f e r a s e .  
4 

B. A i m s  
\ 

;3 The f i r s t  aim o f  t h e  c u r r e n t  s t u d y  w a s  t h e  e f f i c i e n t  p ro -  
- ,  2.. 

- 
d u c t i o n  of C Z 7  sterols  - - i n  y e a s t  - w i t h  - ~ a r t i c d l a r  -- - a t t e n t i o n  -- - to  ob-  - 

"1; 

t a i n i n g  cholesta-5,7,24-trien-38-ol, b e c a u s e  o f  i t s  p o t e n t i a l  
- - - - - - - - - -- - - - - - - - 

u s e  a s  a s y n t h e t i c  p r e c u r s o r  o f  25-hydroxy p r o v i t a m i n  D3. - ,-'- 
V i t a m i n  D3 is p r e s e n t l y  p roduced  f rom c h z l e s t e r o l  ' b y  i n t r o -  

. d u c t i o n  o f  t h e  h7-double  bond and i r r a d i a t i o n  ( F i e s e r  and 

=-az 



Fieser, 1959). Poultry can only utilize vitamin D3 (Sebrell and 

Harris, 1973) and are major consumers of vitamin D (Standen, 

197O), ' also the conyersion of cholesterol to vitamin D3 accounts 

for a large part of the world production of D vitamins. 25-Hy- 
- 

droxy vitamin D3 (25fOH)D3) was the first metabolite of vitamin 

- - D isolated and chemically characterized (Blunt -- et al., 1968) and 

is the major circulating metabolite (DeLuca, ' 1979, p. 12; 
L 

Norman, 1979, p, 254). -Both vitamin D2 and D3 are hydroxylated . . 

in the liver (Jones et al., 1976) as the first step in their ', -- 
conversioi to the more active metabolites, the 1,25-dihydroxy 

sh 

derivatives (DeLuca, 1979, p. 17; Norman, 1979, p. 242). The 

level of 25-hydroxy vitamin D3 circulating in an organism is a 

general quide to its nutritional status (Preece -- et al., 1975; 
- 

b. 

Arnaud -- et al., 19-76). 25-Hydroxy vitamin D3 has been found to i$ 

sc 
be at low levels whe; intake or production of vitamin D is in- 

adequate (Preece -- et al., 1975; Arnaud et al., 19762, vitamin D -- 
intestinal absorption is defective (Preece et al., 1973) and 

when steroid therapy (Klein et al., 1977) or ahti-convulsive -- 
drugs are adminis,tered (Stamp -- et al., 1972). Currently, the 

Upjohn Company is developing 25-hydroxy D3 for commercial dis- 

tribution for administration in case of chronic renal failure 

(Norman, 1979, p. 413). Lesser amounts of this compound are re- 
* 

4 quired than vitamin D itself to treat rickets (Fraser -- et al., 
- - - - 

1973) and the problem of vitamin D toxicity could be corrected 
- - - - -  -- -- - 

for by administering the hydroxy compound, which has a shorter 

half-life than vitamin D in the body (DeLuca, 1979, p. 59). At 



p r e , s e n t ,  however,  p r o d u c t i o n  of  25-OH-D3 and i ts  p o t e n t i a l  u s e s  1 

a r e  l i m i t e d  by t h e  cost and d i f f i c u l t y  o f  i ts  c h e m i c a l  s y n t h e -  

sis. 

' A second aim o f  t h i s  s t u d y  d e v e l o p e d  b e c a u s e  o f  t h e  i n i t i a l  

r e s u l t s  of t h e  i n h i b i t i o n  of t h e  ~ ~ P - s t e r o l  m e t h y l t r a n s f e r a s e .  

A s  p o i n t e d  o u t  e a r l i e r ,  s t u d i e s  i n  which w i - a d  t y p e  y e a s t  and 

s t e r o l  m u t a n t s  were t r e a t e d  w i t h  a z a s t e r o l s  (Avruch e t  a l . ,  
- .  

1976; P i e r c e  e t  a l . ,  1979)  produced  s e v e r a l  C Z 7  s terols  w i t h  a  

c h o l e s t a n e  s k e l e t o n ,  the main one be ing-  z y m o s t e r o l  ( 4 ) .  T h i s  
P 

developfnent ,  p l u s  t h e  f a c t  t h a t  [ 1 4 c ]  - a c e t a t e  (Hanahan and 

~ i - ~ a k i l ,  1952) Fryberg-ef  -- a l . ,  1973)  and [ 1 3 c ] - e n r i c h e d  a c e t a t e  

[=35%, Cushley  and F i l i p e n k o ,  19761 are';-ef f i c i e n t l y  i n c o r p o r a t e d  

i n t o  e r g o s t e r o l ~ b y  - S. c e r e v i s i a e ,  encouraged  p u r s u i t  of produc-  

t i o n  of [ l 3 c 1  - e n r i c h e d  s t e ro l s ,  s p e c i f i c a l l y  [ 1 3 c ]  - e n r i c h e d  cho- 

l e s t e r o l .  H i g h l y  e n r i c h e d  [ l 3 c 1  - c h o l e s t e r o l  c o u l d  be u t i l i z e d  

f o r  13c NMR s t u d i e s  i n  a r t i f i c i a l  membrane p r e p a r a t i o n s ,  en- 

z y m e - s u b s t r a t e  i n t e r a c t i o n s  a s  w e l l  a s  b i o s y n t h e t i c  processes. 

[ 1 3 ~ ] - c h o l e s t e r o l  h a s  a l r e a d y  been produced  from 1 1 3 c ] - a c e t a t e  

and [ 1 3 ~ ] - m e v a l o n a t e  f e d  t o  r a t s ,  b u t  w i t h  ["c] - en r i chmen t  o n l y  

twice t h a t  o f  n a t u r a l  abundance  a t  t h e  e n r i c h e d  p o s i t i o n s  

( P o p j a k  e t  a l . ,  1977) .  A t  p r e s e n t ,  membrane s t u d i e s  w i t h  -- 
[ 1 3 c ]  - e n r i c h e d  compounds have been conduc ted  w i t h  f 13c,+ 1 -cho- 

- p - - p p - - -- - - 
- 

les tero l  i n  model membrane p r e p a r a t i o n s  (DeKrui j f f ,  1978)  a s  
- - -- 

- -- 

w e l l  a s  [ 1 3 c ]  - e n r i c h e d  c h o l i n e  h e a d q r o u p s  i n  b i o l o g i c a l  mem-  

b r a n e s  ( D e K r u i j f f  -- e t  a l . ,  1 9 8 0 ) .  Enzyme-subs t r a t e  i n t e r a c t i o n s  

f o r  t h e  enzyme l u c i f e r a s e  have  been s t u d i e d  u s i n g  [13c] - e n r i c h e d  



- - 
--- - 

s l b s t r a t e s  p roduced  b i o s  n t h e t i c a l l y % ~ i s w a n a t h a n  e t  a l . ,  L \ -- 
% - 

1 9 7 9 ) .  - I n  a  r e c e n t  s t u d y ,  [ 1 3 c ] - e n r i c h e d  p e p t i b e s  were used  td ," 
3* 

c 
s t u d y  o p i a t e  r e c e p t o r s  i n ' b ~ k l o ~ i c a l  membranes ( D e s l a u r i e r  ,$ 

>L 

I,- - - 
a l . ,  1 9 8 0 ) .  I f  it is p o s s i b l e  t o  p r o d u c e  e n r i c h e d  s terols  i n  - 
l a r g e  enough q u a n t i t i e s ,  t h e s e  sterols c o u l d  be m a n i p u l a t e d  syn-  " &  

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

NMR s t u d i e s  o f  b i o l o g i c a l  s y s t e m s .  

The f i n a l  a i m  o f  t h i s  work was t o  s t u d y  t h e  k i n e t i c s  of t h e  

i n h i b i t i o n  o f   sterol m e t h y l t r a n s f e r a s e  by s i d e c h a i n  n i t r o -  
- 

g e n a t e d  s t e r o l s .  The t y p e  o f  i n h i b i t i o n  c a u s e d  by t h e s e  aza -  

s terols  s h o u l h  g i v e  i n f o r m a t i o n  on t h e  mechanism o f  t h e  me thy l  

t r a n s f e r  and t h e  i n h i b i t i o n  model .  



, I. Materials 

A. General 

EXPERIMENTAL 
-r 

S-Adenosyl-L-methionine (Grade 11, chloride salt) and S- 

adenosyl-L-homocysteine were purchased from Sigma 

S-Ademsyl [ ~ e - l ~ c ]  -L-methisnine (Lot No. 850672, 

m Ci/mM, in dil. HOAc, pH 4) was purchased from ICN Pharmaceu-' 
- 1  

ticals, Inc. Sodi-um detate-1-["c] (90 atom % C-13, Lot No. 

B-1100) was obKained from Merck Sharge and Dohme Canada, Ltd. 

Ergosterol was obtained from ICN and recrystallized from 

methanol-chloroform. Cycloartenol acetate was a gift fro m\ 
Prof. P. Beneveniste. 25-Fluorocholesterol was 9talned f r m ii 
Merck Shagp and Dohme Research Lab, Merck and Co., Inc., U.S.A. 

B. 25-Azacholesterol, 23'-Azacholesterol, 24-A~acholester~l and 
* 

25-Azacholestdrol was prepared by the method of Counsell et 
-L - - 

* 
al. (1965) and meLlted at 146.5-148.5. (reported 147.5-149.5, - 

et al., - .- 
23-Azacholesterol was synthesized by Dr. H.D. Pierce usinq 

the method of Counsell et al. (1965) and melted at 128d29" (re- -- 
p m b d  129--Ill0 (Counsel-Let, al,, -L%S$$, - - - - - - - - - - -- - -  - -- 

* 
24-Azacholesterol was synthesized by Mr. M, McGuire from 

30 -acetoxy-22,23-bisnor-5-cholenic acid (Steraloids, - 1-nc. ) by 

- way of an Arndt-Eistert chain extension (Sax and Berqmann, 

1955) . m i s  product was then convert&- to the azasterol by the 
-4 F e 



- - - -- - -- - - 
I, 

-% - 

method  o f  C o u n s e l 1  -- e t  a l .  ( 1 9 6 5 )  and  m e l t e d  a t  159.5-162.5" 

( r e p o r t e d  164-166" ( C o u n s e l 1  -- e t  a l . ,  1 9 6 5 ) ) .  

2 5 - A z a c h o l e s t a n o l  was p r e p a r e d  u s i n g  a m e t h o d ' s i m i l a r  to  

t h a t  o f  B ruce  and g a v e  a m e l t i n g  p o i n t  o f  144.5-145.5".  

' MS ( c a l c u l a t e d  3 8 9 )  389 (M', 4 5 ) ,  374 ( M + - C H ~ ,  

251 ,  58 ( ( c H & N + ,  1 0 0 ) .  

25-Aza-24,25-dihydrozymosterol was s y n t h e s i z e d  by t h e  meth-  

od of ~ v r u c h  -- e t  alz. (1976 )  w i t h  t h e  f o l l o w i n g m o d i f i c a t i o n 3 .  

The  z y m o s t e r o l  w a s  o b t a i n e d  f rom a c u l t u r e  o f  t h e  e r q  5  m u t a n t  
> 

- 

o f  - S.  c e r e v i s i a e  ( P i e r c e  e t  a l . ,  -- grown w i t h  

l e s t e ro l  ( . 5  P M ) .  The z y m o s t e r o l  was p u r i f i e d  a s  t h e  a c e t a t e  by 
- L 

f l a s h  ch roma toq raphy  ( S t i l l  -- e t  a l . ,  1978 )  and b y  s i l v e r  n i t r a t e  

( 2 5 % )  p r e p a r a t i v e  t h i n  l a y e r  c h r o m a t o g r a p h y  (P-TLC$".to 99+% 

p u r i t y  ( b y  GLC, OV-101, 10 m ,  0 .25 mm i . d . ,  c a p i l l a r y  c o l u m n ) . .  

E q u i m o l a r  amounts  o f  z y m o s t e r o l  a c e t a t e  ( - 1 5 0  g ,  -35 m m o l e s )  and  

N-bromosucc in imide  ( . 060  g ,  . 35  mmples) ( r e c r y s t a l l i z e d  f rom 

water)  were added  t o  THF-water (5:  1  ) s l o w l y  o v e r  10 g i n  and t -hen 
a 

7 

s t i r r e d  f o r  2  h. The workup  p r o c e d u r e  was  t h e  same as a n e  u s e d  
& .  

p r e v i o u s l y  ( d i l u t i o n  w i t h  water ,  e x t r a c t i o n  w i t h  e t h e r ,  d r y i n q ,  
'\ 

f i l t r a t i o n ,  r emova l  o f  s o l v e n t  j. The r e s i d u e  was .  d i s s o l v e d  i n  

. . 
a t  25' fo r  1 - 5  b, --The rnlxtuxe was again & i l u t e d  with w a t e r  and 

F. 

e x t r a c t e d  w i t h  e t h e r .  The  e t h e r e a l  e x t r a c t  was washed w i t h  ,. 

water and t h e  e x t r a c t  d r i e d .  The r e s i d u e  ( . I 4 0  g) w a s  p u r i f i e d .  - 
by p r e p a r a t i v e  t h i n  l a y e r  c h r o m a t o g r a p h y  to  y i e l d  - 1 3 2  q o f  t h e  



d 
- - - -- - - - - - - - - - - - - - - - - 

- 24.25-epoxy-zymosterol .   he epoxide was immediately manipulat,ed . 

- . . 
i - as previously- &es~ribed to the final product, 25-aza-24,25- 

dihydrozymosterol c(overall yield 50%) which. melted at 11  2-1 14',; 
\ 

(lit. 110-116" (Avruch et al., 1976)). The azasterol was ana- -- 
i - .  - * 

I 
a lyzed by GLC and fohd tq be 96% .pure. MS (calculated C26H45N0, 

b 7 

387) -(CH~-CI), 388.1 (P+1, 5 6 ) ,  387 (P, 54.43, 386 (P-I, 88.7),! 

25-~za-24 ,%-dihydrolancsted was prepared f r o m  e o m s k r e i a l  
K 

- grade lanosterol. Oxidatipn of <he b2' linkage (Bernassau and 

+ 

Fetizon, 1975) gave the tri-noracid which was> then converted to 

the methyl ester of 3B;acetoxy-25,26,27-trisnorlanost-8-en-24- 
4 

oic acid. This was converted to the azasterol as follows. 
- , 

Dimethyl amin;. (0.945 g ) ,  dissplved in THF (8 mL), was added to 
. - - 

a suspension of LiAlH4 (0.235 g) in THF (50 mL) and allowed to 

stir at y t .  for 1 hour! The amine-LiAlH, product wds c-ooled to 

0" and. methyl-3~-acetoxy-25,26,~27-8-en-24-oate (0.15 g) . dis- 

solved in THF (25 mL) was added. The mixture was .stirred fyr 2 
- 

h at 0' and 1.5 h at rot. (Khanna et-.al., 1975). Water:THF -- 
-ii 

a -T=- 

were added successively to the suspension. The mixture was f"i1- 

3 tered - - and the filtrate extracted with- ether (3 .x 50 mL). The-- 
- - - - - -- - - -- 

extract was dried over anhydrous Na2S04, filtered and concen- -.= = - -  -- - --- - - \- - ' 
a 

trated in vacuo. -The residue was recrystallized from acetone- - 
< 

dioxane to give D.08 g, m.p. 163-165'~ (reported 1 - 6 4  (Lu c' , - 



4 ~ ~ e ) ;  0.88 (s, .3H, C14Me), 0.99 (s, 6 ~ ,  4aMe and ~ ~ ~ ~ j , - i - 2 2  

(sf 6H, CZ6 and C27H), 3.03-3.90 (m, 1H, C3H). MS (calculated 

for C2gH51N0, 429) 429 (M', 90) ~ ! ~ ( M + - c H ~ ,  40), 58 . 
,, 

- 

((CH3 )~NCHZ+, 100). 
- 

E. Synthesis of (20R) and (20s) 22,25-Diazacholesterol ;- 
1 .--*.. ' 

C"' 
( 20R) and (205)-22,25~~iaaacholesterols were synthesized by 

Dr. H.D. Pierce, Jr. as previously reported (Counsel1 -- et al., 
f 

1965). Separati% - -% and purification of the (20R) and (20s) ' - . . - - 

22,25-diazacholesterols (2 g) was achieved by column chromato- 

graphy on 300 g of silica gel. Elution with 500 mL of 
r- 

CHC13 :CH30H (1:1, v/v) taking 10 mL fractions gave ,O.JS 9 of a 
k 

3 -  - 
5-pregnendiol (M', 318). Elution with an additional 400 mL of 

this solvent system gave the (20R) isomer which was one spot on 

TLC (Silica Gel, GP 254, CHCl3:CH30H,=ltl, v / v ) .  The compound 

was crystallized from ethano1:water (5:7) to give 0.67 g, mop.- 
-2 

129.5-130.5"~. NMR (CDC13) 6 0.75 (s, 3H, C18H), 0.99 ( d ,  J = 6 

Hz, 3H, C21H), 1.02 (s, 3H, ClgH), 2124 ( s f .  6H, C26 and Cz7H)r 

5.3 (m, 1H, C5H). M.s. (calculated for C24H~4N20, 388) 388 

((~H~)~N'-cHz, loot, 
Elution withe an additional liter of CHC13 :CH30H ( 1 : 1 ) gave " , 

- - - - - - - - - - - - - - - - - - 

after crystallization from methanol:water, (205) 22,25-diazacho- 
- ---- -- 

lesterol, Oil25 g, m.p. 1 T2.5-113.5'~ (reported 110-1 13'~ 

(Counsel1 -- et al., 1965)). NMR (CDC13), 6 0.70 (s, 3H, C18H), 



"1 

' C26 and CZ7H), 5.31 (m, 1H, C5H). MS (calculated for C24H44N20r 
6 

388) 388 (M', 0.4), 330 (M+-CH~N(CH~ )2, 51.5), 58 / 

((CH3)2~+-~~;, 100). 

F. 25-Methyl-25-Azacholesterol Iodide 

25-Azacholesterol -(30 mg) dissolved in 5 mL of methanol was 

stirred with .1 g df K2C03 and . I  mL of me€hyl iodide at r. t. 

(Chen and Benoiton, 1976). The reaction was monitored by TLC 
- 

(CHC13 :MeOH:NH40H, 60: 40:. 6) and stopped by the addition of 
- i - r  * 
wat!er after 24 h. The reaction mixture was evaporated and the 

solids dissolved in hot acetone-water, BFltered and crystallized 
r j .  

(on cooling). The solid product was filtered and washed with 
. . 

ether to yield 12 mg (38%). NMR (CD30D) 6 0..69 (s, 3H, C1,H), 

(calculated for CZ?HI+~NO, 402)'. 387 (M+-15 (CH3 ) ,  10). - 

360(2O), 342 (M-(CH3 )3NH, 40) (low resolution) . - M.p', 270" 

(turns brown), 280" (melts). TLC (60:40:.6, CHC13:MeOH:NH40H) 

~f = .029 (Rf for 25-azacholesterol = -58). 



25- azacholesterol 

. . 
24- azacholesterol 

- 

25-methyl-25-azacholesterol 22.25- diazacholesterol 

G. Isolation of ~~rnosterol 

A culture of wild type S. cerevisiae was grown in the pre- - 

sence of 1.0 p M  25-azacholesterol.   he yeast was- harvested by 

centrifugation after 24 h growth, washed and hydrolyzed in 10% 
I 

KOH-ethanol (10 mL per -g of yeast). The non-saponif iable frac- 

tion (NSF) was obtained by diluting the base hydrolysate with 'an 
- -- -- - - - - - - - - - - - - - - - - - - -- 

equal volume of water and then extracting the mixture with an 
- - - - 7 

equal volume of hexane (divided into four equal portions). The 

hexane fraction was washed with water, dried with MgS04 and fil- 

tered. The solvent was removed and the N S ~  was kept at -25" 



until used. One gram of the NSF was dissolved in hexane and 

chromatographed on alumina (act 111, 100 g ) .  Elution was per- 
/ 

formed with hexane (400 mL), hexane/ethyl acetate, 95:5 (v/v) 

and successiVely with 90:10, 85:15 and 80:20 (v/v) hexane/ethyl 

acetate (500 mL each). Fractions of 15 mL were taken and ana- 

lyzed by GLC on an OV-101 capillary column (10 m/.25 mm i.d.) as 

the TMS derivatives. Zymosterol and cholesta-7,24-dien-36-01 as 

well as small amounts of C28 and b5r7-sterols eluted togetherF in 

the last two solvent systems. In order to remove these, final 

impurities (C28 and b5 r7-sterols) these fractions were acetyl- 
J 

ated with acetic anhydride/pyridine (2: 1 ) . The crude acetates 

.(0.65 g) were then subjected to chromatography on alumina (act 

111, 65 g) impregnated with 25% AgN03. Elution was performed 

with 9:1 hexane/benzene (400 mL) then successively 8:2 and 7:3 

hexane/benzene (400 mL each, v/v), while collecting 15 mL frac- 

tions and monitoring by the ~iebermann-~urchard test 

(Liebermann, 1885). Zymosterol acetate eluted in the last sol- 

vent system. The zymosterol acetate was hydrolyzed and the free 

sterol was recrystallized from MeOH-CHC13. This was analyzed by 
, - 

GLCv andafound to be 96% pure (OV-101 capillary column). 

H. Culture Medium and Yeast Strain 

The culture medium and S. cerevisiae sk rah-Cwi ld  type)  - 
used were as previously described (Avruch et al., 1976). The 

- - - -- 
sterol mutants erg 2 and erg 5 were derived-~from the wild type 

strain A184D (erg') of S. cerevisiae and have been previously - 



d e s c r i b e d  (Molzahn  and Woods, 1972;  Bard  -- e t  a l . ,  1 9 7 7 ) .  C a n d i d a  

u t i l i s  (ATCC 8205)  was t h e  s t r a i n  of y e a s t  u s e d .  



11. Methods 

A. Instrumentation 

A Varian 2100 gas chromatograph equipped with a flame ioni- 

zation detector was employed Eor sterol analysis usinq two types 

of columns: Silar 10C, 1.83 m x 2 nun glass U-tube packed with 

3% Silar 10C on Gas Chrom &I (100/120); OV-101 capillary, 30 m x 

0.25 mm glass capillary coated with OV-101. Acetates were ana- 

lyzed on both columns relative to cholestanol aketate (OV-101 at 
L 

245", Silar 10C at 220"). Trimethylsilyl ethers were analyzed 

at 240" relative to trimethylsilyl cholestanol (Pierce -- et al., 
,. 

1979). %s spectra of sterol acetates and free sterols were 

obtained on two machines. One was a Hitachi-Perkin Elmer RMU-6E * 
\ 

mass spectrometer (ionization voltage of 80 eV and probe 

temperature 180") coupled to a Varian-il400 gas chromatograph us- 

) ing a 1.83 m x 2.2 mm glass column packed with 3% SILAR 10C on 

Gas Chrom Q (100/120) at 230". The other was a Hewlett-Packard 

59858 GC/MS system mass spectrometer (ionization voltage 70 eV, 

CHA4 chemical ionization; direct insertion probe temperature, 

200-280." ) . NMR spectra were recorded on three machines: Varian 

A-60, XL-100 or EM-360 spectrometers; samdles were dissolved in 

CDC13 containing tetramethylsilane at 25'. In the case of 25- 
1 

methyl -25 -azachof es tetol iodide r-methaml-dq wa-th-- 

spectrophotometer. ~adioactivity was determined by Beckmann 

liquid scintillation counters, Model No. LS-8000 and LS-200B. 

Fermentations were done on a Virtis fermenter, Model 40-300. 



- - - 

M e l t i n g  p o i n t s  were d e t e r m i n e d  on a  F i s h e r - S o k n s  a p p d r a t i i s .  

Color d e t e r m i n a t i o n s  f o r  t h e  Lowry p r o t e i n  a s s a y  were done  on a 

Coleman I1 J u n i o r  s p e c t r o p h o t o m e t e r .  C e n t r i f u g a t i o n s  were car- 

r i e d  

or a 

o u t  on e i t h e r  an IEC c e n t r i f u g e ,  a  S o r v a l  RC-5 c e n t r i f u g e  

Beckmann L5-75 p r e p a r a t i v e  u l t r a c e n t r i f u g e .  , 

I n h i b i t i o n  E x p e r i m e n t s  and  I s o l a t i o n  o f  t h e  Non- 

S a p o n i f i a b l e  F r a c t i o n  

A s t a r t e r  c u l t u r e  w a s  p r e p a r e d  by i n o c u l a t i n g  10 mL of m e -  

w i t h  a loop of - S ,  c e r e v i s i a e  ( w i l d  t y p e )  cells and i n c u -  

b a t i n g  f o r  24 h o u r s  a t  30•‹.-- T h i s  was added t o  ,100  mL o f  medium 
37 2- 

2 %$ 

c o n t a i n i n g  a z a s t e r o l  a t  t h e  same ' b n c e n t r a t i o n  a s  u s e d  i n  t h e  
- 

0.1-1 p M  i n h i b i t i o n  e x p e r i m e n t s .  T h i s  i nocu lum c u l t u r e  w a s  

grown f o r  48 h o u r s  a t  25'C. T h i s  method was a l s o  employed when 

g rowing  erg 5 s t e ro l  mu tan t  y e a s t ,  e x c e p t  t h a t  2 5 - a z a c h o l e s t e r o l  

was u sed  a t  1.0 vM.  The C. u t i l i s  y e a s t  c u l t u r e s  were also - 

s t a r k e d  as a b o v e ,  b u t  o n l y  grown i n  t h e  100 mL i nocu lum s t a g e  

f o r  24 h. F o r  t h e  erq 2  m u t a n t  (qrown w i t h  .5 r d a c h o -  

l e s te ro l )  as w e l l  a s  f o r  5 and 10 UM i n h i b i t o r  e x p e r i m e n t s ,  t h e  

s t a r t e r  c u l t u r e  and inocu lum c u l t u r e  vo lumes  were 20 mL and 200 

mL, r e s p e c t i v e l y .  Each i nocu lum c u l t u r e  was t r a n s f e r r e d  t o  a 4 

L V i r t i s  f e r m e n t o r  j a r  c o n t a i n i n g  1.5 L o f  s t i r r e d  ( 4 0 0  r e v l m i n )  

medium t o  which  a z a s t e r o l ,  as a s o l u t i o n  i n  e t h a n o l  (1-2 mL) ,  
--L -- - - - - - - - - - - - 

had been added  b e f o r e  i n o c u l a t i o n .  The a z a s t e r o l  w a s  added i n  
-- - -- - -- - 

. 4  mL a l i q u o t s  f o r  t h e  sterol m u t a n t s  erg 2,.  erg 5  and  C.  u t i l i s  - 

b e f o r e  i n o c u l a t i o n .  A f t e r  s t i r r i n g  f o r  0.5 h ,  t h e  c u l t u r e s  were 

a e r a t e d  (1 .9  ~ / ; n i n )  f o r  24 h ,  or 48  h  f o r  t h e  m u t a n t s ,  - a t  30' o n  

# f 



a  V i r t i s  f e r m e n t e r .  Dow A n t i f o a m  A spray 

foam "Cn e m u l s i o n  was added to  c u l t u r e s  t o  c o n t r o l  foaming .  
i 

The y e a s t c c e l l s  were h a r v e s t e d  by c e n t r i f u g a t i o n  ( 2 0  min a t  

2500 x g ) ,  washed twice i i t h  d i s t i l l e d  w a t e r ,  we ighed  w e t  and 

e i t h e r  s a p o n i f i e d  i m m e d i a t e l y  (Avruch -- e t  a l . ,  1976 )  or s t o r e d  a t  
-A 

= > 
-27•‹C u n t i l  l a t e r  p r o c e s , s i n g .  

C. G e n e r a l  Method f o r  S e p a r a t i o n  and A n a l y s t s  o f  y e a s t  S t e r o l s  

' A c h l o r o f o r m  s o l u t i o n  c o n t a i n i n g  a b o u t  -90 mg o f  t h e  non- 

s a p o n i f i a b l e  f r i c t i o n  o f  e a c h  c u l t u r e  was a p p l i e d  t o  t h r e e  - 

p l a t e s  ( 2 0  x 20 c m ) ,  c o a t e d  w i t h  a  0.5 mm l a y e r  o f  s i l i c a  g e l  
7 

GF-254 i m p r e g n a t e d  w i t h  25% s i l v e r  n i t r a t e  and 0.2% rhodamine  

6G, by w e i g h t .    he p l a t e s  were d e v e l  d w i t h  m e t h y l c y c l o -  ?@ 
h e x a n e / e t h y l  a c e t a t e  ( 9 5 : 5 ,  v /v )  and s e v e r a l  bands  were 

v i s u a l i z e d  unde r  s h o r t w a v e  u l t r a v i o l e t  l i g h t .  The Rf v a l u e s  
4 

and  c o m p o s i t i o n  o f  t h e  bands  on d e v e l o p e d  p l a t e s  a r e  a s  f o l l o w s :  

0.2-0.3,  b 5  ' 7 - d i e n e s ;  0.35-0.46, d e s m e t h y l  s te ro ls ;  0.47-0.51, 
- - - - - -  - 

4a-methyl  s t e ro l s ;  0.52-0.56,  4 , 4 - d i m e t h y l  s te ro ls ;  0.60-0.67, - 

s q u a l e n e .  The  bands  were remov-&, and t h o r o u g h l y  e x t r a c t e d  w i t h  

e t h e r .  A f t e r  e v a p o r a t i o n  o f  t h e  e t h e r ,  t h e  f r a c t i o n s  were p r o -  

c e s s e d  to  remove c o l o r e d  i m p u r i t i e s  as d e s c r i b e d  p r e v i o u s l y  
f * - ,  . , 

( F r y b e r g  -- e t  a l , ,  1 9 7 3 ) .  Each p u r i f i e d  f r a c t i o n  was d r i e d  t o  

c o n s t a n t  w e i g h t ,  t a k e n  up  i n  c h l o r o f o r m  (1-2 mL) an& a l i q u o t s  o f  
- -- - -  - - -- 

t h e  s o l u t i o n  t r a n s f e r r e d  t o  microsample t u b e s  ( C l a y t o n ,  1962 )  
-- - 

- - - -  
- 

pp - 

(25-30 x 6 nun) c o n t a i n i n g  0.1 mg c h o l e s t a n o l .  S o l v e n t  w a s  re- 

moved u n d e r  an  N2 stream. The t u b e s  were s t o p p e r e d  w i t h  



s l e e v e - t y p e  r u b b e r  s e p t a  ( 4 . 5  mm) and t h e  t r i m e t h y l s i l y l  e t h e r  

d e r i v a t i v e s  were p r e p a r e d  by i n j e c t i o n  of  50-100 u L  ~ r i - S i 1  

"TBT" and h e a t i n g  to  50•‹C fo r  5-10 m i n u t e s .  A c e t a t e  d e r i . v a - t i v e s  

were  p r e p a r e d  i n  s t o p p e r e d  mic rosample  t u b e s  by o v e r n i g h t  r e a c -  

t i o n  w i t h  p y r i d i n e / a c e t i c  a n h y d r i d e  ( 1  : 1 ,  v v  . Reagen t  was re- 

moved by e v a p o r a t i o n  unde r  a  n i t r o g e n  s t r e a m ,  The r e s i d u e  was 
1 

d i s s o l v e d  i n  50-100 u L  benzene  or h e p t a n e  f o r  a n a l y s i s .  Each 

d e r i v a t i z e d  f r a c t i o n  was a n a l y z e d  i n  d u p l i c a t e  by gas  chromato-  

g r a p h y .  The p r e s e n c e  o f  t h e  i n d i v i d u a l  s t ' e r o l s  i n  the.  s e p a r a t e d  

f r a c t i o n s  was e s t a b l i s h e d  by c o m p a r i s o n  of t h e  ~ e l d t i v e  r e t e n -  
P 

t i o n  t i m e s  o f  t h e  p e a k s  on t h e  chromatograms  t o  s t a n d a r d  v a l u e s  

( P i e r c e  e t  a l . ,  1978a;  P i e r c e  e t  a l . ,  1979). .  -- -- 

D. P r o d u c t i o n  o f  [ 1 3 c ]  ~ n r i ~ h e d  S t e r o l s  and C o n v e r s i o n  o f  

Zymoste ro l  t o  C h o l e s t e r o l  

1 .  G e n e r a t i o n  o f  [ l  3 ~ ]  e n r i c h e d  s t e r o l s  
-1 

A s t a r t e r  c u l t u r e  o f  S. c e r e v i s i a e  was p r e p a r e d  by inocu -  - 
l a t i n g  10 mL of  c u l t u r e  medium (Avruch -- et  61., 1976)  w i t h  a  loop 

o f  ce l l s  and i n c u b a t i o n  f o r  24 h  a t  30".  T h r e e  s u c h  t u b e s  were 
i 

1 
added to  a  4-L V i r t i s  f e r m e n t e r  jar c o n t a i n i n g  1  L  o f  s t i r r e d  a 

i 

( 3 0 0  ;pm)" medium w i t h  1-2 g  o f  l - [ 1 3 ~ ] - s o d i u m  a c e t a t e  ( d i s s o l v e d  4 

i n  10 mL o f  d i s t i l l e d  w a t e r  and a u t o c l a v e d  p r i o r  t o  a d d i t i o n ) .  - 6 

A f t e r  a d d i t i o n  o f  t h e  y e a s t ,  t i e  c u l t u r e  was a e r a t e d  (-5 L/min) 3 

7 

f o r  72 h  a t  30" on t h e  f e r m e n t e r .  D o w  a n t i f o a m  ATr Dow C o r n i n g  - 
/ 

=3 

? 
-- A ~ t i t b m t  "C" e m t t l s i m  w a s  *a tcrthectrFttme Lo -mmtxbl A Y 

4? 

foaming.  

A z a s t e r o l  t r e a t m e n t  i n v o l v e d  g e n e r a t i o n ,  o f .  a  10 mL starter a 



c u l t u r e  which was t r a n s f e r r e d  to  100 mL o f  medium c o n t a i n i n g  

.2-.4 p M  a z a s t e r o l  and [13c] a g e t a t e  a s  above .  

The y e a s t  w a s  h a r v e s t e d  by, c e n t r i f u g a t i o n  (20  min a t  2500 x " 

-'L 
g ) ,  washed twice w i t h  d i s t i l l e d  w a t e r ,  weiqhed and e i t h e r  

s a p o n i f i e d  immed ia t e ly  or s t o r e d  a t  -27" u n t i l  p r o c e s s e d .  

A n a l y s i s  o f  [ l  3 ~ ]  -?nrkchment o f  t h e  s t e ro l s  
2 

The j f l ~ 6 o b t a i n e d  from y e a s t  ( S .  - c e r e v i s i a e )  , grown a s  

above ,  was s e p a r a t e d  i n t o  v a r i o u s  f r a c t i o n s  by p r e p a r a t i v e  TLC 

as o u t l i n e d  ear l ier ;  I n  t h e  case of  z y m a s t e r o l ,  t h e  a p p r o p r i a t e  

PTLC band was removed and e x t r a c t e d  w i t h  e t h e r .  The s terol  iso- 

l a t e d  was a n a l y z e d  by mass s p e c t r o m e t r y  and 13c NMR. Enrichment  

o f  t h e  s t e r o l  w i t h  3~ can  be d e t e r m i n e d  i n  t w o  ways. By com- 

p a r i n g  t h e  peak h e i g h t s  o f  e n r i c h e d  c a r b o n  s i g n a l s  t o  n a t u r a l  

't abundance  ca rbon  si 'cgnals i n  t h e  l 3~ NMR s o e c t r a ,  o n e  c a n  d e t e r -  

mine t h e  r e l a t i v e  i n c r e a s e  i n  t h e  v a r i o u s  r e s o n a n c e s .  E n r i c h -  

- ment can  a l s o  be c a l c u l a t e d  from t h e  mass s p e c t r u m  o f  t h e  

i s o l a t e d  s terol  by assuming 100% e n r i c h m e n t  was 100% o f  13c a t  

e a c h  o f  t w e l v e  p o s i t i o n s .  

Enr i ched  e r g o s t e r o l  was i s o l a t e d  a s  t h e  a c e t a t e  f rom p r e -  

p a r a t i v e  TLC p l a t e s ,  . impregna ted  w i t h  s i l v e r  n i t r a t e ,  which were 

d e v e l o p e d  w i t h  benzene  a s  e l u e n t .  

3 .  Hydrogena t ion  o f  a y m o s t e r y l  a c e t a t e  ( u n e n r i c h e d )  
- - - -- - - - -- 

F o l l o w i n g  a  p r o c e d u r e  s i m i l a r  to  K i r c h e r  ( 1 9 7 4 ) ,  z y m o s t e r y l  
- - 

- - 7 -- - 

-- a c e t a t e  ( - 4 0 0  g ) ,  10% Pd/C ( . 350  g) . ,  e t h y l  a c e t a t e  ( 1 5  m L )  and 

g l a c i a l  a c e t i c  a c i d  ( 5  mL) were p l a c e d  i n  a 150 mL q l a s s - l i n e p  

P a r r  a u t o c l a v e .  Hydrogena t ion  was c o n d u c t e d  w i t h  s t i r r i n g  a t  - ,  



=., 

150" over 1.5 h using a H2 pressure Q•’ L L 5  atmfollowed by-34 - -  

etm for 1 h at 150". Removal of the catalyst and solvent gave 

: an 85% yield ok cholestanyl acetate; m.p. 109-1 1 1 "  (confirmed by 

MS and NMR). 

- 4. Transformation of cholesthnyl acetate to 

Cholest-4-en-3-one ' 

Cholestanyl acetate obtaine ove (unenriched) was deace- 

tylated with base (Fryberg et al., 1973) in a yield of 85%, -- 
giving a product of mop. 141-142•‹ (lit. 142-143-0 (Bruce, 

1943) ) . The eholestanol was then oxidized to 5a-cholesta-3-one 

(Bruce, 1943) in 85% yield m.p. 128-129" (lit. 129-130" (Bruce, 
8 

1943)). Bromination (Wilds and &,erassir 1946) gave 2a.4~-, 

dibromo-cholestan-3-one in a 68% yield, m.p. 185-187" (lit. 
*% 

r r  

187-188" (wilds and ~jerassi, 1946)). Conversion of the dibromo 

derivative to the b4-ketone, via the iodo derivative (not iso- 

lated (Rosenkranz -- et al., 1950)), yielded cholest-4-ene-3-one in 
- 

78% yield, m.p. 81-82' *(lit. 80-81' (Rosenkranz -- et al., 1950). 
- - 

Structures were confirmed by NMR and mass spectral data, 

5. f5-~holestadiene-3~-acetate 

A solution of - 4 0  g of cholesta-4-ene-3-one in 10 mL of 

isopropen 1 acetate and .08 g of p-toluenesulphonic acid was de- Y I 

\ 
I 

fluxed for 2 h (Hagemeyer and Hull, 1948). A t  the end of the .{ 

first hour, the co_d_d_enser was removed and the solition heated-, 

gently for 15 min. The solution was then refluxed for an addi- 
- -  - -  -- - - - - , 

.tional hour. At that time, i 2  q of anhydrous sodium acetate was 

added and the mixture was concentrated in vacuo. The residue - 



was d i l u t e d  w i t h  c h l o r o f o r m  and f i l t e r e d  f rom t h e  sod ium a c e -  

t a t e .  A d d i t i o n a l  c h l o r o f o r m  was added and t h i s  s o l u t i o n  was 

added t o  W i l i n g  m e t h a n o l .  C r y s t a l l i z a t i o n  f rom c h l o r o f o r m -  

me thano l  y i e l d e d  .220 g  (50% y i e l d ) ,  mop. 70-72" ( l i t .  76-78' 

C-3BAcO), 5.41 ( m ,  lH, C 5 H ) ,  5 , 7 5  ( d ,  lHI  C 3 H ) .  MS ( c a l c u l a t e d  

f o r  C 2 9 H 4 3 0 2 r  426)  426 (M', 1 8 ) ,  366 ( M + - C H ~ C O O H ,  1 0 0 ) .  

6 .  C h o l e s t e r o l  

R e d u c t i o n  o f  t h e  en01 a c ~ t a t e  was a c c o m p l i s h e d  f o l l o w i n g  *- 

p r o c e d u r e , ~  s i m i l a r  t o  Dauben and Eastham ( 1 9 5 1 )  and B e l l e a u  and 

G a l l a g h e r  (19511 ,  w i t h  some m o d i f i c a t i o n s .  A s a m ~ l e  o f  .10 g o f  

'5-cholestadiene-3~-acetate was d i s s o l v e d  i n  95% e t h a n o l  ( 6 5  

mL) and c o o l e d  t o  5 " .  A sample  of  .20 g o f  NaBH4 d i s s o l v e d  i n  

70% e t h a n o l  ( 7 . 5  mL) was added and k e p t  a t  5' f o r  2 h. The 

. e t h a n o l  s o l u t i o n  was t h e n  h e a t e d  to  r e f l u x  and 2.5 mL o f  5% NaOH 

was added t o  t h e  s o l u t i o n .  T h i s  m i x t u r e  was t h e n  c o o l e d  and t h e  

e t h a n o l  e v a p o r a t e d .  The r e s i d u e  was d i s s o l v e d  i n  e t h e r  and 

washed w i t h  2  N HC1 s o l u t i o n  ( 5 0  mL). The e t h e r  was e v a p o r a t e d  

. and t h e  r e s i d u e  d i s s o l v e d  i n  e t h a n o l  ( 2 5  mL). T h i s  w a s  h e a t e d  - 
t o  r e f l u x  w i t h  .5 mL of  conc .  H C 1  f  'a r 1 h ,  The e t h a n o l  was re- 

moved and t h e  r e s i d u e  d i s s o l v e d  a g a i n  i n  e t h e r .  The e t h e r  was 

t h e  r e s i d u e  ( - 0 8 0  g )  g a v e  l o w  y i e l d s  ( .035  g )  o f  impure  m a t e r i a l  
- - -  - -- - - - - -- - --- - 

m . p ,  119-130' c o n s i s t i n g  o f  c h o l e s t e r o l  and c h o l e s t a n o l  i n  a  

70:30 r a t i o ,  which w a s  c o n f i r m e d  by mass s p e c t r a l  and g a s  

c h r o m a t o g r a p h i c  a n a l y s i s .  The t o t a l '  r e s i d u e  ( .O8O g )  was 



- ?- - - 

a - 
r e c a v e r e d  f o r  f u r t h e r  p u r i f i c a t i m .  - -- L- 

7. P u r i f i c a t i o n  o f  C h o l e s t e r o l  
h 

A sample  o f  t h e  s te ro l  m i x t u r e  ( . 0 5 5  g )  f rom t h e  r e d u c t i o n  

was a c e t y l a t e d  a s b e e f o r e  ( p y r i d i n e / A c i O )  and t h e  c r u d e  p r o d u c t  

( . 060  g )  w a s  s e p a r a t e d  ( .030  g  p e r  p l a t e ) '  on .5  mm t h i c k ,  S i l i c a  

G e l  HF-366 and 254-20% .AgN03 p l a t e s  ( b y  w e i g h t ) ,  doubl'y de-  

v e l o p e d  i n  hexane/b 'enzene,  5:2 (V/V), i n  an u n l i n e d  t a n k  as 

d e s c r i b e d  by I d l e r  and S a f e  ( 1 9 7 2 ) .  The band a t  Rf = .61,  

which  matched t h e  v a l u e  o f  t h e  c h o l e s t a n y l  acetate s t a n d a r d ,  was 
a 

remove& f r o m  t h e  p l a t e  and  e l a t e d  w i t h  ether. A f t e r  the ether - - + 

was removed (stream o f  N 2 ) ,  t h e  w h i t e  c r y s t a l l i n e  s o l i d  l e f t  

weighed .013  g ,  m.p. 109" ( l i t .  111' (Windho lz ,  1976 ' ) )  ( 2 1 %  

y i e l d ) .  The band a t  Rf = . 50 ,  which matched  t h e  v a l u e  o f  t h e  
3 ' 

c h o l e s t e r y l  acetate s t a n d a r d ,  was 2emoved f rom t h e  p l a t e  and , 
* 

e l u t e d  w i t h  e t h e r  which a f t e r  s o l v e n t  r e m o v a l ,  q a v e  a w h i t e  
- 

c r y s t a l l i n e  s o l i d  w e i g h i n g  .028 'g,  m i p .  113-114' (lit. 115-116" 

(Windho lz ,  1976 )  ) ( 4 7 %  y i e l d ) .  A f t e r  b a l e  h y d r o l y s i s ,  t h e  resi- 

d u e  was r e c r y s t a l l i z e d  f rom M ~ O H - H ~ ~  g i v i n g  -022  g  ( 8 8 %  y i e l d ) .  

o f  c h o l e s t e r o l  m . p .  144-146' ( l i t .  148" (Windho lz ,  1 9 7 6 ) ) .  

8. ' 3~ NMR e x p e r i m e n t s  w i t h  1 3~~ e n r i c h e d  z p o s t e r o l  

Z y m o s t e r o l ,  u n e n r i c h e d ,  ( .030  g )  w a s  d i s s o l v e d  i n  1.0 o f  

CDC13 and  p u t  into a  5  mm OD t u b e ,  and a "C NMR s p e c t r u m  w a s  

t a k e n  ( F i g .  4 )  (2. 59).-- - - 

Z y m o s t e r o l ,  ( - 0 1 5  g ,  7% e n r i c h e d )  w a s  d i s s o l v e d  i n  1.0 mL 
-- - -- - , - - - - -- - 

o f  CDC13 and p u t  i n t o  a 5  mrn OD t u b e ,  and a 13c NMR ,spectrum w a s  

t a k e n  ( F i g .  4 ) .  %, G- 



b 

- - - -- -- - - 

a ~ ~ - a - ~ h o s p h a t i d ~ l  c h o l i n e ,  d i p a l m i t o y l  ( D P L )  was d i s s o l v e d  

i n  CDC13 ( .5 M )  a n d  p o r t i o n s  of t h i s  s o l u t i o n  were added to  t h e  . f 5 

t u b e  c o n t a i n i n g  t h e  e n r i c h e d  s t e r o i d .  S p e c t r a  o f  t h e  DPL ster- 
;ti -&+ 

o i d  mix tu& were taken .  a ter e v e r y  a d d i t i b n .  The DPL c o n c e g t f a -  
'g - fLE< J 

t i o n s  were 40,  60 ,  and 70 &ole p e r e e n t  ( F i g .  5 ) .  

S p e c t r a  were r u n  on  a  V a r i a n  XL-'1 00-15 i n  a  p u l s e  F o u r i e r  
A 

t r a n s f o r m  (FT)  o p e r a t i o n  a t  25.2 MHz w i t h  'H n o i s e  d e c o u p l i n g .  

t 

E. 25-Hydroxy P r o v i t a m i n  D3 S y n t h e s i s  
< 

1 .  E r g  5 growth :  Iselat ion and i+nalvsis uf NSF - - -  

The g rowth  o f  t h e  erg 5  m u t a n t  i n  t h e  p r e s e n c e  of T.0 v M  
. , 

2 5 - a z a c h o l e s t e r o l  w a s  as d e s c r i b e d  above .  The p r o c e d u r e  f o r  t h e  

- i s o l a t i o n  o f  t h e  NSF was m o d i f i e d  as f o l l o w s .  A f t e r  e x t r a c t i o n  

- of c r u d e  NSF, hexane  was removed and t h e  r e s i d u e  d i s s o l v e d  i n  

p y r i d i n e / a c e t i c  a n h y d r i d e  ( 1  : 2 ) .  The s o l u t i o n  w a s  l e f t  i n  a 

. s t o p ~ e r e d  E r l enmeye r  f l a s k ,  wrapped i n  f o i l ,  i n  t h e  d a r k .  A f t e r  

20 h ,  t h i s  s o l u t i o n  was worked up  by a d d i t i o n  of t h e  c s n t e n t s  $ 0  

t w i c e  t h e i T  volume o f  ice. The m i x t u r e  w a s  e x t r a c t e d  w i t h  e t h e r  . 
and  t h e  e t h e r  e x t r a c t  was washed w i t h  .I N H C 1 ,  2% N a H C 0 3  and 

'i I 

s a t u r a t e d  NaCl s o l u t i o n  i n  s u c c e s s i o n .  The  e t h e r  was d r i e d ,  
-- 

b e r e d  and t h e  s o l v e n t  removed. The c r u d e  acetat'es were an-  ? I 

\ -.*= 1 
%- 

a l y z e d  by GLC oh an  OV-101 q u a r t z  c ap i l l a ry  ( 1 0  m x - 2 5  mm i.d.) 

and 3% S i l a r  10C packed column w i t h  c h o l e s t a n y l  acetate  ( - 1  mg) 
- - - -- - - - - -- - -9 -- -- 

- as t h e  i n t e r n a l  s t a n d a r d .  The TMS d e r i v a t i v e  o f  t h e  c r u d e  NSF 
- - -  - - - -- - -- 

w a s  a l s o  a n a l y z e d  ( a  s m a l l  sample t a k e n  b e f o r e  a c e t y l a t i o n )  i n  

t h e  s t a n d a r d  f a s h i o n .  The  c r u d e  acetates were k e p t  i n  t h e  d&rk 

(a luminum f o i l  wrap) a t  -27' u n t i l  u sed .  



d i d n e  t o  ~ " ~ - d i e n e  NSF a c e t a t e s  

A sample o f  c r u d e  NSF a c e t a t e s  ( .9OO g )  w a s  d i s s o l v e d  i n  

d r y  a c e t o n e  ( 6 0 - m l )  and c o o l e d  w i t h  d r y  ice B c e t o n e  t o  -70. i n  a 

250 mL, , two-necked f l a s k  e q u i p p e d  w i t h  a  d r y i n g  t u b e  (Drier i te)  

and an a d d i t i o n  f u n n e l .  To t h i s  was added 

. I 2 8  g  o f  4-phenyl-1.2.4- 

t r i a z o l i n e - 3 , s - d i o n e  (PTAD) ("Barton e t  a l . ,  1 9 7 1 )  d i s s o l v e d  i n  -- 
L 

10 mL of a c e t o n e ,  u n t i l  a r e d  coldLr p e r s i s t e d .  The m i x t u r e  was  
- ,- - - 

m a i n t a i n e d  atf -70' h. A t  t h a t  time, 2.5 g  o f  n e u t r a l p p  
a' I - D 

a l u m i n a ,  a c t i v i t y  V (45% water) w a s  added  and " t h e  m i x t u r e  ., 
/ 

a l l o w e d  to  w a r m  t o  25' o"er&l.5 h. The m i x t u r e  was f i l t e r e d  and 
&9 -- .7ar+ 

t h e  s o l v e n t  removed. TLC (95:5 ,  b e n z e n e / e t h y l  a c e t a t e )  o f  t h e  

-- - , ,  c r u d e  p r o d u c t  showed o n e  spot ( R f  = - 2 )  which  r a n  close to  an  
* 

a . a u t h e n t - i c  ,sample o f  t h e  1 , 4 - c y c l o a d d g c t  - - - o f  e r g o s t e r y l  a c e t a t e  

( Rf = . 2 3 ) .  The  c r u d e  p r q d u c t  (1.08 g ) '  w a s  u s e d  below w i t h o u t  
II 

* f u r t h e r  p u r i f  i c a t i e .  
kll- * 

3 .  Column ch roma tog f  aphy o f  1 6 3 - 2 y c l o a d d u c t s  o f  f 

The c r u d e  p r o d u c t  f rom t h e  1 , 4 - c y c l o a d d i t i o n  r e a c t - i o n  was 

d i s s o l v e d  i n  benzene  and  added t o  a column o f  s i l i ca  g e l ,  60-200 
m 

mesh (120  g k  i n  benzene .  The column was e l u t e d  w i t h  b e n z e n e  ---- 

then. e l u t e t l d L h k n a e n ~ / P + h ~ l a c e t - a a - e ,  7Q:3Q (5QCLnL). -h 

f r a c t i o n  w a s  c o n c e n t r a t e d  and t h e  r e s i d u e s  a n a l y z e d  f i r p t  by TLC 

(95 : s .  b e n z e n e / e t h y l  acetate)  and  t h e n  by GLC'. The i n i t i a l  



f r a c t i o n  ( b e n z e n e )  c o n t a i n e d  t h e  NSF a c e t a t e s  l a c k i n g  t h e  A 5 r 7  
- 

d i e n e s  ( .689 g )  , w h i l e  t h e  s e c o n d  f r a c t i o n -  ( b e n z e n & / e t h y l  

a c e t a t e ,  70:30)  c o n t a i n e d  t h e  c y c l o a d d u c t s  of  d S r 7 - d i e n e  s t e r y l  

a c e t a t e s  ( - 3 5 8  g ) .  

4. ~ ~ o x i d i z a t i o n  of s i d e  c h a i n  d o u b l e  bonds  and  s e p a r a -  

t i o n  o f '  ~ r o d u c t s  

A sample  o f  . I 3 0  g  of 1  ,04-cyc loadduc t  o f  PTAD t o  A 5 r 7  

s t e r y l  a c e t a t e s  ( f r o m  column ch roma tog raphy  ) was d i s s o l v e d  i n  

m e t h y l e n e  c h l o r i d e  ( 7  mL). To t h i s  s o l u t i o t ,  w a s - a d d e d ,  w i t h  
- 

s t i r r i n g .  a t  0 • ‹ ,  .O4O, g o f  m - c h l ~ r o ~ e r b e n z o ~ c  a c i d  ( 95% p u r e ) .  . \ 
The m i x t u r e  w a s  s k i r r e d  f o r  18 h  ( M o r i s a k i  -- e t  a l . ,  1 9 7 3 )  t h e n  

s h a k e n  w i t h  a q u e o u s  s o l u t i o n s  o f  p o t a s s i u m  i o d i d e ,  sod ium t h i o -  . 
9 -. 

s u l p h a t e ,  sodium b i c a r b o n a t e  and t h e n  w a t e r .  The o r g a n i c  l a y e r  
v 

was d r i e d  w i t h  a n h y d r o u s  sod ium s u l p h a t e ,  f i l t e r e d  and concen-  

t r a t e d .  The r e s i d u e  w a s  p u r i f i e d  i n t o  t w o  ma jo r  components  by 

-PTLC (15 :85 ,  e t h y l  a c e t a t e / b e n z e n e )  on S i l i c a  G e l  GF. The bands  

were v i s u a l i z e d  by s p r a y i n g  w i t h  a , s o l u t i o n  o f  Rhodamine 6G i n  

a c e t o n e .  The s terols  i s o l a t e d  f rom t h e  bands  w e f e  a n a l y z e d  by 

NMR i n  CDC13 and  MS. The u p p e r  band (. 058 g ,  Rf = . 6 2 )  w a s  

t h e  1 . 4 - c y c l o a d d u c t  o f  PTAD t o  ergosta-5 .7-die?-30 - a c e t a t e ,  

m.p. 181-183'. NMR ( c D c ~ ; )  6 . 72 ,  .80 ,  . 90 ,  .98 (15H, Me 



adduct of PTAD to 24,25-eppxy-chol-esta-5,7,24-trien-38-acetate, 

m.p. 170-173'. NMR (CDC13) .80 (s, 3H, Cl~-Me), .97 ( 6 ~ .  C21 .+ 

and C19Me), 1.23 and 1.28 (6H: C26 and CZ7-Me), 2.00 (s, 3H, 

30-AcO), 6.17 (IH, d,:J = 8 Hz), 6.37 (lH, .d, J = 8 Hz), 7.33 

(5H, m, Ph). MS (calculated for C37Hlt7k305, 613) 440 

(M-C8H5N302, . IT), 380 (M-C8H5N302-AcO, loo), -365 
(M-C8 H5N302-AcO-CH3, 1 1  ) . 

5. Production of cholesta-5,7-dien-30,25-diol' 
- 

- 

A sample of the 1,  4-cycloadduct of PTAD to 24, 25-epoxy- 

cholesta-5,7,24-trien-313-a6etate ( .035 g) wbs dissolved in dry 

THF (5 mL) and treated with lithium aluminum hydride (.060 g).. 

The mixture was refluxed under nitrogen • ’ 0 4 8  h. ~xbess hv- ' 

dride was destroyed with wet THF (2: 1 ,  THF/water) and then 2 N 

NaOH (2 mi) was added. After stirring •’0; 15 min, water (5 mL) 
- 2 

was. added, and the mixture was stirred for another 15 min. The 
, 

mixture was extracted with ether/~~F (1: I), 3 x 20 mL and the 

organic layer was washed with saturated NaCl solution. The 

organic layer was then dried over anhydrous sodium sulphate, 

filtered and concentrated. The residue G a s  recrystallized from . 
hot methanol-water to give after, drying .Ol3 g (57% yield) of ' % >  

platelet crystals, m.p. 187-190" (lit. 188.5-191.5" (ethanol- 

ethyi acetate) (Hdkes and- Van *+*9h- W4Rwes3+eD-3-e? 



( M + - ( C H ~  )2COH, 4 2 . 5 ) ,  271 ( M + - s i d e  c h a i n  or ' ~ 1 g ~ ~ i r 0 )  , 59 

A s t a ~ € e r  c u l t u r e  of  y e a s t  was p r e p a r e d  by i n o c u l a t i n g  4 x 

10 mL o f  medium w i t h  a  l o o p  -of - S. c e r e v i s i a e ,  w i l d  t y p e ,  c e l l s  

and i n c u b a t i n g  them for 24 h  a t  30". These  10 mL inoculum were 

hdde&'to  2 x 1.5 L  ( t w o  10 mL inoculum t o  e a c h  1.5 L o f  medium) 

o f  growth  medium i n  4-L V i r t i s  f e r m e n t e r  j a r s .  The c u l t u r e s  , 
- 

were s t i r r e d  a t  400 rev/min f o r  15 min and t h e n  a e r a t e d  f o r .  20 h  

a t  '30" on a  V i r t i s  f e r m e n t e r  w i t h  - c o n t i n u o u s  s t i r r i n g .  T h e  re- 
J 

rnaining s t e p s  were e s s e n t i a l l y  the same a s  t h e  method of  'Ba i l ey  

e t  a l .  (1974). The y e a s t  c e l l s  were h a r v e s t e d  by c e n t r i f u g a t i o n  -- 
( 20 min a t  2500 x - 9 )  , washed o n c e  w i t h  .1 M Tris-HC1 b u f f e r  (pH 

7.6, c o n t a i n i n g  .lrmM ~ g + +  (MgC12 ) )  and weighed w e t .  The 
1 " .  

y e a s t  c e l l s  were suspended  i n  .1 M Tris-HC1 b u f i e r  to a  f i n a l  

c o n c e n t r a t i o n  o f  1 g  o f  c e l l s / m L .  The r e m a i n i n g  s t e p s  were c a r -  

r i e d  o u t  a t  4". Twenty- f ive  mL of  y e a s t  c e l l s  were added t o  a  
I' 

75 mL Duran f l a s k  c o n t a i n i n q  40 g  o f  -25 mm g l a s s  beads .  The 

f l a s k  was s t o p p e r e d  and s e c u r e d  i n  a  Braun MSK c e l l -  homd- 

g e n i z e r .  The cel ls  were g i v e n  a  45s burst and t h e  homogenate 

was p u t  on ice. The t o t a l  homogenate  was c e n t r i f u g e d  a t  25,000 
- -- ppp---p - 7- - 

- - - - - - - - - pp - - - - -- 

x g f o r  20 min and t h e  p e l l e t  was d i s c a r d e d .  The. s u p e r n a t a n t  

was c e n t r i f u g e d  a t  I ~ , U U O  x c-f f o r  1 h  i n  a Beckmann, L5-75 pre -  

p a r a t i v e  p l t r a c e n t r i f u g e .  The s u p e r n a t a n t  was removed and t h e  
. - 

p e l l e t  was r e s u s p e n d e d  i n  . I  M Tris-HC1 b u f f e r ,  p H  7.61 The . 

\ 

p r o t e i n  c o n c e n t r a t i o n  was d e t e r m i n e d  by t h e  method o f  Lowry e t  - 



- 
-- - - -p - - - - - - - - - - 

a l .  (1951  ) u s i n g  b o v i n e  se rum a l b u m i n  ( S i g m a )  as a  s t a n d a r d .  - 
The s u s p e n s i o n  w a s  d i v i d e d  i n t o  a l i q u o t s  a n d  s t o r e d  a t  -25' 

u n t i l  n e e d e d .  The p r e p a r a t i o n  was s t a b l e  a t  t h i s  t e m p e r a t u r e  

' f o r  3 weeks .  

G. G e n e r a l  Enzyme ~ s s a y  ' p r o c e d u r e  

The method o f  ' a s s a y i n g '  -sterol  r n e t h y l t r a n s f e r a s e  a c t i v i -  

t y  was s imi la r  to  t h a t  u s e d  by Thompson e t  a l .  ( 1 9 7 4 ) .  Enzyme -- 
a c t i v i t y  was  a s s a y e d  by m e a s u r i n g  [14c] , i n c o r p o r a t i o n  f r o m  

1 4  
[ ~ - ~ - m e t h ~ l l  -s-adenosyl-'L-methibnine i n t o  t h e ,  @ - s a p o n i f  i a b l e  - '*.- i 

l i p i d  f r a c t i o n  o f  enzyme p r e p a r a t i o n s  t o  w h i c h  z y m b s t e r o l  had  

b e e n  a d d e d .  A l l  i n c i b a t i o n s  were c a r r i e d  o u t  ' i n  25 mL 

E r l e n m e y e r  f l a s k s  e q u i p p e d  w i t h  14/20 q r o u n d  g l a s s  j o i n t s .  The 
2 

a s s a y  f l a s k s  c o n t a i n e d  3 . 2  mL o f  0.1 M Tr is -HC1 b u f f e r ,  , p v 4 7 . d j ,  

10 p m o l e s  o f  MgC12:5H20, 60 p m o l e s  o f  K H C 0 3 ,  50 t o  400 n m b l e s  o f  

s terol  s u b s t r a t e  ( e . g . ,  z y m o s t e r o l )  , a n d  .5  mL o f  enzyme p r e -  

- 
p a r a t i o n  ( p r o t e i n  c o n c e n t r a t s o n  of enzyme p r e p a r  t i  = I 5  mq/mL) =9 
(Lowry -- e t  a l ,  1951 ) .  - S u b s t r a t e  and a z a s t e r o l ,  d i s s o l v e d  i n  a 

t o t a l  o f  .2 mL o f  e t h a n o l ,  were t h e n  a d d e d ,  s u c c e s s i v e l y , ~  to  t h e  - . 

r e a c t i o n  m i x t u r e .  When S-adenosyl-L-homocys&ine w a s  u s e d  a s  a n  

i n h i b i t o r  it was d i s s o l v e d  i n  b u f f e r  ( . l  M Tris-HC1,  p a  7 . 6 ) ,  
- * 

r a t h e r  t h a n  e t h a n o l .  The r e a c t i o n  was i n i t i a t e d  by t h e  a d d i t i o n  

o f  0 .1  mL ,of b u f  f e r - _ c o n t a i n i n g  - -1- vCi a t ~ - a d e n ~ q & = l ~ e ~ * ~ ~ - ~  

m e t h i o n i n e  - d i l u t e d  i n  400 nmoles  o f  SAM. The  f l a s k s .  were s t o p -  
- - - -  

p e r e d  and w e r e  i n c u b a t e d  w i t h  g e n t l e  s h a k i n g  a t  30" = i n  a  w a t e r  

b a t h .  The r e a c t i o n  was s t o p p e d  bv a d d i t i o n  o f  2  mL o f  60% KOH 

s o l u t i o n .    he f l a s k s  were removed and h e a t e d  t o  r e f l u x  ( b o i l i n q  



- ~ 4 2  - 
% 

c h i p s  added)  f o r  1  h under  N2. Each sample  s o l u t i o n  was d i l u t e d  

w i t h  1  mL o f  d i s t i l l e d  w a t e r  and e x t r a c t e d  twice w i t h  10 mL 

hexane .  The combined hexane e x t r a c t s  were washed twice w i t h  
% 

w a t e r ,  d r i e d  o v e r  anhydrous  ' N ~ ~ s o ~  and f i l t e r e d .  The h e i a n e  was 

e v a p o r a t e d  and t h e  r e s i d u e  t r a n s f e r r e d  i n t o  a  l i q u i d  s c i n t i l l a -  

t i o n  v i a l  w i t h  10 m ~ '  of  Aquasol  I ( I C N )  c o u n t e r  f l u i d  and 

coun ted  f o r  10 min. The amount of  t r a n s m e t h y l a t i o n  was c a l c u -  

l a t e d  from t h e  c o u n t  r a t e s  and t h e  s p e c i f i c  a c t i v i t y  o f  t h e  sub-  

s t r a t e .  The t r a n s m e t h y l a t i o n  r e a c t i o n  by t h e  ce l l  e x t r a c t  was 
- 

l i n e a r  f o r  u p  t o  1.5 mL of  enzyme p r e p a r a t i o n  f o r  30 min. 

The s t a n d a r d  er,ror d e p i c t e d  by t h e  error b a r s  i n  t h e  

f i g u r e s  was c a l c u l a t e d  from t h e  v a r i a t i o n  between d u p l i c a t e  'as- 

s a y s .  The c o u n t i n g  e f f i c i e n c y  of  t h e  s c i n t i l l a t i o n  c o u n t e r  w a s ,  

95  + 1  .a%. The c o u n t i n g  error was t y p i c a l l y  be tween  .5 and 

1.5%. The c o u n t s  f o r  t h e  s a m p l e s  v a r i e d  between-  1500 cpm * 1.5% 

( b a c k g r o u n d )  t o  2 . 4  x l o 4  cpm ' .5% (100  v M  z y m o s t e r o l ,  un in -  

h i b i t e d ) .  The error i n  work-up from sample  t o  sample  a s  ex- 

p r e s s e d  i n  cpm v a r i e d  between 5  and 15% f o r  t y p i c a l  s a m p l e s  i n  a  

. k i n e t i c  e x p e r i m e n t .  

Dixon p l o t s  (Dixon, 1953)  were used t o  d e t e r m i n e  t y p e  o f  

i n h i b i t i o n  c a u s e d  by t h e  a d m i n i s t r a t  i o n  o f  t h e  a z a s t e r o l s .  The 

d a t a  was p l o t t e d  u s i n g  a l i n e a r  r e g r e s s i o n  a n a l y s i s  which 
- - -- - -- - - - -- - -  - - - - A  

y i e l d e d  c o r r e l a t t o n  c o e f f i c i e n t s  o f  .94  or b e t t e r  f o r  t h e  l i n e s  
-- -- -- 

dr=-(iett*kard 3 3 ~ ~ ~ c i e n t i f  i b  c a l c u l a t o r ) .  



= < 

En Vivo ~nhibitidtt studies on S. cerevisiae -- - 
1. Effect of azasterols on. yeast growth and sterol 

The presence. of sidechain azasterols did n6t appreciably 

affect yeast growth at inhibitor concentrations below 1.-0 uM, 

except for 25-aza-24,25-dihydrozymosterol (25 A2 ) . At .5 PM  

25-AZ, dry cell weight was approximately 50% sf that for other 

inhibitors and sterol yield decreased as the concentration of 
- 

25-AZ increased. Other inhibitors caused a slight decl+be in 

cell yield at above 5 P M  concentrations. 

2. Effect of azasterol inhibitors on sterol biosynthesis 

and composition 

The 25-azasterols influenced yeast sterol composition 

greatly as seen fqom the yelati-ve amounts of ~ymosterol (4), er- - 
gosterol (14) and ergostatetraenol (17) in the various cultures - 
(Table I). The amount of ergosterol and ergostatetraenol de- 

creased while zymosterol increased in relative proportion. 

There was also an increase in the'amount of CZ7 sterols,' 

cholesta-7,24-dienol (18), cholest-5,7,24-trienol ( .19) and - - 
cholesta-5,7,22,24-tetraenol (20), when the yeast was t2eated 

P - 
with 25-azasterols, because of the inhibition of 24-SMT (Figure 

2 1 .  An -estimate ~ F t E e e f f e F t i K e Z T o f e a c h  inhibitor in 

Wmekknq t h i x e n q m  m-obtdined Ly comparison of the propor- 

tion of ~ ~ ~ - a l k ~ l a t e d  sterols produced in the presence of the 

inhibitor (Lc2' -alki ) with that produced in control cultures 
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24 ( 2 8 ) -  A Z 4  ("1 sterols in the control cultures (1 A - 
i ' 

sterols c), in the -followiqg expression: 

ergosterol i 

1 ~24'(2*)-sterol i) 
percent - - 

ergosterol c . . 

1 A 24(28)-sterols c) 

The 3 inhibition, for each concentration of inhibitor, of 

24(28)-MSR is given in Table I. The inhibition of 24(28)-MSR by 

23--aza-cholesterol is higher than by 24-azacholqsterol. 

rather constant ergostero1:ergostptetraenol ratio in control and 

- 25-azasterol inhibition experiments suggests none of the 25-aza- 

sterols inhibit 24-methylene sterol-24(28)-reductase.7 
/ * 

No inhibition of the 22,23-desaturase was detected in any 

of the experiments by comparison of b Z 2  metabolites with C p 2  and : 

C Z 3  saturated compounds, 

B. Effect of 25-F1uorocholesterol on S. cerevisi>e and -25- - -- 
Azacholesterol on - C. utilis 

* '  
When S. cerevisiae was grown with 1.0- l i M  825-f luorocho- - 

lesterol, cell production was lower but sZerol production in- .. . 
\ 

creased. Little difference was found in the sterol composition 

of c ~ n t r d  and- ~~uorosteroF-cult ures 2nd xo- nodified'ntprols,----- 

such as cholesta-5,7,24-trienol or cholesta-5,7,22,24-tetraenol, 
- - - - - --- - - - - - - - - - - -- -- - -- 

were detected. 
, 

When a culture of C, utilis was grown with 1.0 V M  - 



- - - -  

- 2 

condentration of 25-azacholesterol, there was inhibition of the 

methyl transfirase that was calculated tb be 33% by the foTmula , 

stated previously. There was a decrease in-the percentage of 
C 

ergosterol in the NSF from 69.3% for the control; to 44.5% as 

welle '-as an increase in zymosterol to 38.1% from 8.3% for the 

control. C Z 7  -Sterols were also produced in these cultures. 
- 1  

Cholesta-5,7,24-trienol -. contributed 3 . 9  and chdlesta- 
\ 

5,7,22,24-tetraenol 1.3% of the sterol. The cell yield was the 

same for the inhibited and ,non-inhibited cultures, however, the 
- - - 

sterol production decreased. 

i -  
C. Production of pure Zyrnosterol for Synthetic Manipulation 

of S. cerevisiae (Bard et al., -- r 

proauced zymosterol, 

which- represented 50% of the sterols. T h e  major impurity was , 

I 

ergosta-5,8,22-trienol with smaller amounts of cholest -5,8,24-- -4. 
, trienol, cholesta-5,8,22,24-tetraenol and fecosterol$ Thes+e im- 

C 

B r i t i e s  were removed by a combination of flash chromatography 

(Still -- et al., 1978) and preparative argentation (A~NO& 20%)- + 
3 

TLC to produce zymosterol, 99$$ pure by gas chromatography. The 
*-,d++ .. 

elimination of cholesta-y ,24<3ienol, which is a major impurity 

in azastepl inhibited wild t i p e  yeast (Avruch &, 1976) and 

i baker's yeast (Taylor et al., "1981 1 ,  from the zymosterol by the - ,- 
! use o f  the B- 2 (blockeb at d a + b 7  -isomerase) sterol mutant 

yeast is most effectjve. The yeast produces 7.5 g/L dry cell 

weight with 1% of the dry weight being sterols. 
/- 



'I 

- 5 4  - 
-- 

- - - --- 

' ~ r o d u c t i o n  Bf [ l  CI  E n r i c h e d  S t e r o l s  and C o n v e r s i o n  o f  - 

Z y m o s t e r o l  t o  C h o l e s t e f o l  
* 

1. E n r i c h m e n t  l e v e l s  - v e r s u s  sterol. + d u c t i o n  

When S. c e r e v i s i a e  was grown i n  t h e  p r e s e n c e  o f  2.0 q/L, , I -  - 
["cI-sodium ace'tate, 749 mg/L o f  N S ~  were o b t a i n e d  f rom which 

'. - 
w a s  i s o l a t e d  80 mg o f  e r g o s t e r o l  acetare e n r i c h e d  by 17.2% o v e r  ' 

t h e  n a t u r a l  abundance  by MS and 5 t o  20 - fo ld  by comgiarison o f  

p e a k  h e i g h t s  i n  t h e  1 3 C  NMR: 
B 

T h i s  compare f a v o r a b l y  w i t h  t h e  same y e a s t  grown i n  t h e  
i 

p r e s e n c e  ~f .2  V M  2 5 - a z a c h o l e s t e r o l  - i n  medium c o n t a i n i n g  1 .0  g/L 

l - [ 1 3 ~ ] - s o d i u m  ace ta te  -which p r o d u c e d  1 .23 g/L NSF.' The iso- 
- 

l a t e d  z y m o s t e r o l  (41-0 mg/L) was e n r i c h e d  by 7.2% o v e r  t h e  

' ' n a t u r a l  abundance  by MS and 4 to  7 1 f o l d  by C NMR ( F i g u r e  4 ) .  
,$ 

I n  ' an  e f f o r t  t o  i n c r e a s 6  e n r i c h m e n t ,  y e a s t  was grown.. an-. 
- : P 

a e r o b i c a l l y  i n  t h e  p r e s e n c e  of .4 P M  2 5 - a z a c h o l e s t e r o l  i n  medium 

c o n t a i n i n g  1 .0  g/L 6 1 - [ 1 3 ~ 1 - s o d i u m  a c e t a t e .  The ' o v e r a l l  y i e l d  o f  

z y m o s t e r o l  ( 8  mg) f rom 65 mg *of NSF was v e r y  l o w  a l t h o u g h  eh- 

r i c h m e n t  ( 2 9 % )  w a s  h i g h  by MS. 

As sod ium acetate c o n c e n t r a t i o n s  wece i n c r e a s e d  i n  y e a s t  

c o n t r o r l s  t o  2 g/L, t h e  amount o f  y e a s t  and NSF d e c r e a s e d  s l i g h t -  . , 

l y .  I t  w a s  t h u s  d e c i d e d  to  l i m i t  t h e  maximum a c e t a t e  c o n c e n t r a -  

t i o n  tQ 2.0 g/L. - -  - L - --- -- --- 

2. C h o l e s t e r o l  p r o d u c t i o n  fdom z p d s t e r o l  - 

F i g u r e  

c h o l e s t e r o f  

3 shows t h e  steps and y i e l d s  i n  t h e  ' s y n t h e s i s  o f  

f rom z y m o s t e r o l .  The i n i t i a l  s tep was d e v e l o p e d  



. Synthesis 

- 
Figure 3 

I 

of Cholesterol from Zymosterol, 





f rom a p r o c e d u r e  by K i r c h e r  ( 1 9 7 4 ) ,  w h e r e i n  z y m o s t e r o l  was suc-  

c e s s ~ u l l y  c o n v e r t e d  to c h o l e s t a n o l  ( 8 5 % ) .  The s t e p s -  up to  and 

i n c l u d i n g  t h e  p r o d u c t i o n  ~f t h e  en01 a c e t a t e  were t h e  same a s  i n ,  
4 

t h e  r e f e r e n c e s  c i t e d .  The r e d u c t i o n  o f  t h e  en01 a c e t a t e  gave  a  

m i x t u r e  o f  c h o l e s t e r o l  and c h o l e s t a n o l  (70 :  3 0 )  c o n f i r m e d  by GLC 

and mass s p e c t r a l  d a t a ,  which was d i f f e r e n t  ' i n  c o m p o s i t i o n  from 
A 

t h e  p u b l i s h e d  r e s u l t s  ( B e l l e a u  and G a l l a g h e r ,  1951 ; Dauben and 

Eastham, 1951) .  The u s e  o f  l o w  t e m p e r a t u r e  r e a c t i o n s  (-20') d i d  
0 

u s i n g  prepii$B~iiye t h i n - l a y e r  ch roma tography  (AgN03, 2 0 % )  ( I d l e r  
" - 

' "F; 
and S a f e ,  1972) ,  gave  c h o l e s t e r o l  o f  h i g h  p u r i t y  i n  a n  o v e r a l l  

y i e l d  of  6%. 

3 .  13c NMR e x p e r i m e n t s  4 
The 13c NMR s p e c t r u m  o f  e n r i c h e d  ( 7 % )  z y m o s t e r o l  ( F i g u r e  4 )  

- - - - - 

shsws  a  s i g n i f i c a n t  i n c r e a s e  i n  t h e  s i g n a l  o f  t h e  e n r i c h e d  car- 

bons  o v e r  t h o s e  t h a t  were n o t  e n r i c h e d .  

dn m i t i o n  o f  i n c r e a s i n g  amounts  o f  d i p a l m i t o y l  l e c i t h i n  
*-. 

(DPL) to  t h e  sample  o f  e n r i c h e d  z y m o s t e r o l  ( 7 % ) ,  t h e  r e s o n a n c e s  

o f  e n r i c h e d  c a r b o n s  become less and less d i s t i n g u i s h a b l e  frbm 
9- :gT 

t h o s e  of DPL-Garbons ( F i g u r e  5 ) .  A t  7-0 mole peYkent DPL, t h e  

r e ~ o n ~ n c e s  of  v i n y l  c a r b o n s  o f  z y m o s t e r o l  ( t a i l  and n u c l e a r )  

were s t i l l  - - - r e c o g n i z h b l e .  - -- - - - - - - 



F i g u r e  4 

' 3 C  NMR, Zymostero l  

a )  Zymos te ro l  ( .030  g ) ,  n a t u r a l  abundance was 

dissozved i n  1 - O  AFL of CDC13 and put into a 5 
a 

mrn t u b e ,  1000 s c a n s .  
3 

b)' Zymos te ro l  ( - 0 1 5  g ) ,  e n r i c h e d  ( = 7 % )  was d i s -  

s o l v e d  i n  1.0 mL of  CDC13 and p u t  i n t o  a  5 mrn 

OD t u b e ,  1000 s c a n s .  

Scale i n  pa r t s  p e r  m i l l i o n  (ppm) . 
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NMR, 

Mole 

F i g u r e  5 

Z y m o s t e r o l  and  D l p a l m i t o y l  L e c i t h i n  

p e r c e n t  

z y m o s t e r o l .  

60  Mole p e r c e n t  

z y m o s t e r o l .  

0 

40 Mole p e r c e n t  

(DPL).  

DPL, 

DPL, 

DPL, 

30 mole p e r c e n t  e n r i c h e d  

40 mole p e r c e n t  e n r i c h e d  

60 mole p e r c k n t  e n r i c h e d  

Scale i n  par t s  per m i l l i o n  ( p p m ) .  
0 

DPL p e a k s  (D) 





E. Production of 25-Hydroxy Provitamin D3 from Erg 5 Mutant 

Yeast an4 25-Azacholesterol Inhibition , 

1. S?terol composition and production of NSF from erg 5 

1 yeast culture inhibition by 25-azacholesterol 

Growth of two 3 L cultures of erg 5, each containing 1,O P M  

25-azacholesterol, gave 230 g (wet weight) of yeast. -The com- 

bined cultures yielded 1.18 g of crude steryl acetates. GLC 

analysis showed cholesta-5,7,24-trienol ( 15 $ 2%) and 
t 

' - -- - - 

ergosta-5,71dienol (-12 5 2%) were the two major d 5  #'-diene con- 
\ 

taining sterols in the non-saponifiable/ fraction. 

2. Isolation of d 5  ,'-diene compound-s \ 

Cycloaddition of 4,-phenyl-1,2,4-triazoline-3,s-dione to 

the A' ,' steryl acetates was most efficient at -70•‹, as judged 
by TLC. - 

~olu& chromatography on silica gel proved to be the most 

efficient method to obtain the b5"-steryl aceTate cycload- 

ducts. ~ o i - r i n ~  B derivatized steryl acetates (including zymo- 

steryl .acetate and methylated steryl\ acetates) were eluted 
i 

rapidly with benzene while the derivatized steryl acetates 
3 ,  

eluted with benzene/ethyl acetate. The efficiency of the, l,4- 

cycloaddition reaction, as dete~mined by GLC analysis of the 
-- 573 -- -- benzene eluate fC% T -sterylcetates, revealed that 1% of the 

b5<7- -ed in the M B .  .mis corresponds 4 to a - .< > 

reaction efficiency of 94%. Analysis of the 1,4-cycloadduct 

fraction by GLC was flitile as the compounds decompokd upon in- 

jection. The GLC recording showed (broad and not well 
9. 

w 



- - --- - -  - -A - - - 

defined) with retention times corresponding to-the steryl ace- 
a 

tates of cholesta-5,7,24-trienol and ergosta-5,7-dierrol. 
'. 

3. - Isolation of 1,4-cycloadduct of cholesta-5,7,24- 

The 1,4-cycloadduct fraction was treated with m-chloroper- 

: benzoic acid, tb epoxidize the ~ ~ ~ - d ~ u b l e  bond of the cholesta- 

-C 
5,7,24-trienyl acetate adduct, thereby facilitating the 

separation of the 1,4-cycloadduct of ergosta-5,7-dienyl acetate 
\ 

from the .cholesta-5,7,24-trienyl - acetate - - 
tion was accomplished by preparative TLC 

NMR spectra of egch isolated cycloadduct 

polar band was the 1,4-cycloadduct of 24, 

cycloadduct. Separa- - - 

and con•’ irmed by NMR; 

showed that the more 

25-epoxy-cholesta- 
f 

5,7,24-trien-3B -acetate an9 the upper band to be the 1, l-cyclo- 
+ 

adduct of ergosta-5,7-dien-36-acetate; GLC and molecular ion 
@ 

mass spectral evidence were difficult to obtain "as the F,4- 

cycloadducts were unstable to heat. 

4. Production of ,25-hydroxy provitamin D3 

Reaction of lithium tstrahydrpaluminate with the 24,25- 

epoxy-1 ,4-cycloadduct of cholesta-5 ,%dien-38 -yl- acetate accom- , 

plished reduction of the epoxide, cleavage of the acetyl group 

at the 36-position and the conversion of the ring B, 1,4-cyclo- 

adduct moiety. to a A' '7-diene in 57% yield. The overall yield 
& - - - - - --P------ - - -- 

of cholesta-5,7-dien-3'B,25-diol from yeast NSF was 6%. 
- - -- 



- "-.a I n i t i a l l y ,  a t t e m p t s  were made t o  d e t e r m i n e  enzyme a c t i v i t y ,  
% 

e i t h e r  by f o l l o w i n g  z y m o s t e r o l  d i s a p p e a r a n c e  and/or  f  e c o s t e r o l  

b 

35 - - - - - - -- - 

F. - I n  v i t r o  S t u d i e s  o f  b z r - ~ t e r o l  M @ t h y l t r a n s f e r a s e  w i t h  - Aza- 

sterols 

1. O b t a i n i n g  an ac>iv_e 24-SMT enzyTe p r e p a r a t i o n  

A t t e m p t s  a t  p u r i f i c a t i o n  o f  t h e  24-sP1~ by tge method o f  
. /g+" 

Moore and G a y l o r  ( v e  an enzyme p r e p a r a t i o n  w i t h  incon-  t- 

d 

s - i s t e n t  a c t i v i t y .  T h e r e f o r e ,  t h e ,  method o f  B a i l e y  e t  a l .  ( 1 9 7 4 )  
. n 

was used  t o  p r o d u c e  a  c e l l - f r e e  p r e p a r a t i o n  possessing 24-SMT 

a c t i v i t y .  Yeas t  were grown a s  i n  t h e  i n h i b i t e d  c u l t u r e  e x p e r i -  
- -- 

ment s  w i t h  2 4  h  a e r a t i o n  and r a p i d  s t i r r p i n g .  A f t e r  b e i n g  pro-  
- 

c e s s e d ,  t h e  ' p r e p a r a t i o n  was f r o z e n  a t  - 2 S 0  u n t i l  r e q u i r e d .  

( t h e  p r o d u c t  o f  t h e  enzymic r e a c t i o n )  a p p e a r a n c e  by g a s  chroma- L 
1 

D - 1 
t o g r a p h y .  However, e n d w n o u s  steroEs p r e s e n t  i n  t h e  p r e p a r a -  

- 

t i o n  ( e v e n  i n  t h e  pel let  from u l t r a c e n t r i f u g a t i o n  a t -  105,000 x 
-- 

g )  p r e v e n t e d  t h e  d e t e c t i o n  o f  f e c o s t e r o l  by g a s -  chromatog;aphy. I 

'% 
1 

Z y m o s t e r o l  c o n t e n t  a f t e r  t h e  r e a c t i o n  showed no d e t e c t a b l e  de- 
- 

C 

c r e a s e  compared t o  a  c o n t r o l  sample .  T h e r e f o r e ,  t h e  s t a n d a r d  

. . 
a s s a y  o f  u s i n g  [I4 C - ~ e ]  -s-adenosyl-L-methionine a s  t h e  i n d i c a t o r ,  - c  

for  t r a n s m e t h y l a t i o n  was employed (Moore and G a y l o r ,  1969; ' 

Thompson e t  al . ,  1 9 7 4 ) .  -- 
, .  - ~ + ~ r e - ~ r s p r - e s e n k s  the c f f e c t - o f - i ~ x + a & ~ ~ f ~ ~ - -  

c o n c e n t r a t i o n s ,  iS1, on t h e  i n i t i a ' i l  v e l o c i t y ,  a of  t h e  enzyme s - 

1 
-- 

! 

t r a n s m e t h y l a t i o n .  F i g u r e  7 ;  is t h e  s t a n d a r d  Lineweaver-Burk 
-- - iS 

-- - - 

t r a n s f o r m a t i o n  o f  t h e  d a t =  which g i v e s  a  KM o f  57.1 D M  andla 
+ 

Vm,, o f  11.7 nmoles/hr/mg p r o t e i n .  - 
+ 



Figure 6 

, 

Regular Rectangular Hyperbola Plot for Zymosterol, - - % 

The standard assay procedure was used (P. 41 ) . Each 

-- f F s k  mrrtahimi -3- lifl T&s-R€I b-r, .pW 7 .B, - .3--mnK- - - - - -- =--- 
a 

~9" and the concentration of zymosterol indicated 

( a )  *A volume of . 5  mL of enzyme preparat was ad- &, , 

ded and the reaction was initiated by [14~~-~-adenosyl ;P 

methionine ( . 
. - 

',an average of 

1 i~ Ci per 400 nmoles), The points are 

five separate experiments (duplicate 

= nmoles of ["c-Me] of SAM incorporated into ~Sf/hr per 

mg protein. 









In .the ~stan~ard experiment we s h o w e d c y c i i i a r t ~ i s  n o t p a  

substrate fbr this yeast methpltransferase enzyme. i 
2. Inhibition studies with azasterols on d2' -st.e,rol 

methyltransferase I 

i <- 

In the initial experiments witb 25-azachplesterol, a con- 
I * 

centration was used that gave 50% qnhibition in the in vivo ex- -- 
I periments (100 nM). However, this concentration proved to be 
I 

completely inhibitory - in vitro so dhe concentration of the in- 
-+&- 

I 

hibitbr vras decreased by a factor pf ten (to 10 nM). qigures 8 , 

- -- - - --- - ---  - - I - -  -- - -- 

to 1 1  are Dixon plots (Dixon, 19531 showing the effect of aza- 

sterols on the activity of the. ~ ~ ~ i s t e r o l  methyltransferase 
I 

i preparation. When SAM concentrati ns are constant, the plot of 

I/V - vs. [I] (reciprocal of initial velocity vs. inhibitaq con- i - - 
centration) gives parallel 1 ines which is indicative of uncorn- 

I 

petitive inhibition (~ognish-~owder/, l974), 'his can be 
I 

confirmed by examining the plots offa's/v vs. [,I] (substrate con- - 
b 

1 
2 _ 

'centration/initial velocity - vs. indibitor -concentration), which 
f 

'show intersection of thebines giving a KI1 (~igures 12 to 
I 

'1 5 ) . The KI ' values (see figures) are similar in magnitude -- I 
I 

indicating nearly equal potency of the inhibitors in vitro. - - 
I 

When the zymoster concentrations are constant ( 100 I.I M )  , 2 
t the '~ixon plot for the effect of 25-aza-24,25-dihydrozymosteror" '̂ .. 

-- 

gives intersect i n g T E n e s ~ w h i c h s i n d i  cat ive of competitive in- 
9 1 

hibitor constant) is obtained which gives .a value of 1.25 nM. 
- 

- - 



Dixon Plot for the Inhibition of 24-SMT Transmethylatjon 

The standard assay procedure was used (P. 41). 
- 

- - 

Each flask contained . 1  M Tris-HC1 buffer, pH 7.6, 

.I rnM MCJ++ and the-concentration of inhibitor in- 

dicated. Zymosterol, either 12.5 I.IM ( A ) ,  25 P M  ( W 

) or 50 vM ( ) , was added, then the inhibitor. A 

volume of .5 mL of enzyme preparation was added and 

1 4  I the- reaction was initiated by .[ C] -S-adendsyl--L- 

methionine ( - 1  v Ci per 400 nmoles). The points 

are an average of14 determinations in two separate- -. 

experiments. 





Figure 9 

Dixon plot for the Inhibition of 24-SMT ~ransmethylation 
b 

by 25-&~a-24,25-dihydrozymosterol (l/v - vs. I ) x 'c 

The standard assay procedure wa$ used (P. 41 ) . 
- - - - -  - - - 

Each flask contained. .l PI Tris-HC1 buffer, pH 7.6, 

. I  rnM M ~ + +  and- the concentration of inhibitor in- 

dicated.. Zymosterol, either 12.5 v M  ( A  ), 25 P M  (. 
I 

) or 50 p M  ( ), was. added, then the inhibitor. & 

volume of . 5  mL of enzyme pzeparation was added and - 

-7% k? the reaction was Initiated,by -[ 1-S-adenosy4-L- 

The points -,methionine ( .I 

are an average 

experiments. 

per 400 moles). 

determinations in two separate 





for 

by 

Figure- 10 

Dixon 

The 

Plot the Inhibition .of 24-SMT Transmethylation 

standard 

(l/v vs. I) . 
7 

assay - prpcedurf was used (P. 411 .- - - 

Each flask contained . I  M Tris-HC1 buffer, pH 7.6, 

.I mM ~ g + +  and the concentration of inhibitor in- 

dicate&. , Zymosterol, either 25 uM ( A ' )  or 50 P M  

( m ) ,  was added, then the inhibitor. A volume of 

.5 mL of 

tion was 

(-1 i.~ Ci 

. a g e  of 4 

mehts. 

enzyme- preparation was added and the reac- 

14 initiated by f C] -S-adenosyl-L-methionine 

per 400 nmoles). points are an aver- 

separate experi- determinations in 





the 

Figyre 1 1  

DCxon. Plot for Inhibition of 24-SMT Transmethylation 
- . 

-- - 
by 25-Met-hyl-25-azacholesterol ( l/v vs. I ) - 

The standard assay procedure was used- (P. 41 ) . 
g? - -- - - - - - 

7.6, 

in- 

Each _- flask contained .I M Tris-HC1 buffer, pH 
$ 

, . I  rnM M ~ + +  and the concentration of inhibitor 

d-icated. ~ymosterol, either &25 P M  ( rn ) or 50 

( e ) ,  was added, then the inhibitor. A volume of 

enzyme preparation was added gnd the reqc- 

initiated by l i4c]  -s-ad&osyl-L-methionink 
" a 

per 400 nmoles). The points are an aver- 

determinations in two separate experi- % 

t ion was 

.: age -of 4 
4 

ments. 





Figure 12 

+Dixon Plot for the ~nhibition of. 24-SMT ~ransrnethylation 
4 - 4  * G .  

by 25-azacholesterol ( s / v  vs. I) - 

The standard assay procedure was used (P. 4 ; ) .  
- - - - - - - - - -- - - 

Each flask contained .1 M ~risf-fl~l buffer, pA 7.6, 
- 

'. 1 mM M ~ + +  and the concentra.tlon of inhibitor in- 
i 

dicated. Zymosterol, either 12.5 P M  ( ) ,  25 v M  

( m ) or 50 D M  ( A ) ,  was added, then the inhibitor. 

A volume of - 5  mL of enzyme preparation was added -- 

and the reaction uasSinitiated'by fl*c]-s- -- 

adenosyl-L-methionine (.I v Ci per 400 nmoles). 

The points are an average of 4 determinations in - - 

two separate experiments. 

8 





Fiqure 13 

Dixon Plo t for the Inhibition ? ,of 24-SMT Transmethylation 
< 

by 25-~za-24,25-dihydrozymosterol (s/v vs. I) 

- 

The standard assay procedure was used (P. 41). 
- - - - - - - - - - - 

Each flask contained . t  M Tris-HC1 buffer, pH 7.6, 

'. 1 mM M ~ + +  and the concentration of inhibitor in- 

dicated. Zymosterol, either 12.5 r M  (A), 25 P M  (. 

) )  or 50 r M  ( ) was added, then the inhibitor. A 

volume of .5 mL of enzyme preparation was added and 

the, reaction was initiated by [ I 4  - C] -S-adenosyl-L- 

methionine ( . I  I.I Ci per 400 nmoles). The points 

are an average of 4 determinations in two separate 

experiments. 





Figure 14 

Dixon Plot for the Inhibition of 24-SMT Transmethylation 

The standard assay procedure was used (P. 4 1  ) . 
Each flask contaYned . I  M Tris-HCI buffer, pB 7.6, 

. I  mM M ~ + +  and the concentration of inhibitor in- 

dicated. Zymosterol, either 25 pM ( A ) or 50 I J M  

( m ) ,  was added, then the inhibitor. A volume of 

.5 mL of enzyme preparation was added and the reac- 

14 t ion was initiated by [ C ]  -S-adenosyl-L-methionine 
- # - - 

2 ( . I  IJ Ci per 400 nmoles) . ' The points are an aver- 
age- of 4 determinations in" two separate experi- 

ments, I 





Figure 15 

Dixon Plot for the Inhibition of 24-SMT ~ransmethylation 

by 25-Methyl-25-Azacholesterol (s/v vs. I) i - 
b 

'? The stand rd assay procedure was used (P. 4 1 ) .  

Each flask contined . 1  M Tris-HCl buffer, pH 7.6, - - -- 

. 1 .mM MCJ++ and the concentration of inhibitor in- 

dicated. Zymosterol, either 25 P M  ( ) or 50 P M  ' 

-2-f 
( A ) ,  was added, then the inhibitor. A-volume of 

.5 mL of enzyme preparation was added and the reac- 

tion was initiated by [ l  C] -S-adenosyl-L-methionine 

( . I  P Ci per 400 nmoles). The points are an aver- 

1 age of 4 determinations in two separate experi- 

ments. 





Figure 16 

Dixon Plot for the Inhibition of 24-SMT Transmethylation 

by 25-Aza-24,25-Dihydrozymosterol .[l/v vs. I) - 

The standard assay procedure was used (P. 41). @ 

t 
qach flask contained . I  M Tris-HCl buffer, pH 7.6, - 

.I rnM M ~ + +  and the concentration of inhibitor in- 

dicated. Zymosterol added 'was7 at a concentrat on J 
of 100 vM. A volume of .5 mL of enzyme preparation 

was added. S-adenosyl-L-methionine was either 

25 p M  ( A ) ' or 50 p M  ( m ) .  Points are an average of 

4 determinations in two separate experiments. 



Fig . 16 



/ 3.. . Inhibition of 24-SMT by Ergosterol and S-Adenosyl-L- 

I Homocysteine (SAH ) 
4 

24 

/ A Lineweaver-Burk, plot of ergosterol inhibition of A - 
/' 

/ 
I sterol methyltransferase methylation of zymostefol (Figure 17) 
i - - 

~ d i c a t e s  non-competitive inhibition by ergosterol, KI (cal- 

culated from the graph) is 120 IJM. 
B 

' The inhibition of transmethylation of zymosterol by S- 
- 

adenosyl-L-homocysteine (dissolved in Tris-HC1 buffer, pH 7.6, 

.I rnM M ~ + + )  is given in Figure 18. When the SAH cchcentkation 

" is at i! p.M, there is a definite inhibition of the rate of reac- - -  

tion of the enzyme even when the concentration of S-adenosyl- 

L-methionine is increased (zymosterol concentration is constant, 

100 pM). The complex nature of the [S] - vs. v curve indicates 

that product' inhibition is occurring with an effect on the 

ability of SAM to bind the m y m e  resulting in decreased rate. a" 



Figure 17 

, Lineweaver-Burk Plot for the Inhibition of 24-SMT 

~ransmethylation by Ergosterol 

The standard assay procedure was used (Po 41 ) . 
Each flask contained - 1  M Tris-HCI bhffer, pH 7.6, 

. 1  mM ~ g + +  and the concentration of zymosterol . 

indicated ( rn ) , ~r~ostcrol, 50 P M  ( ) was added 
B 

to each substrate concentration. A volume of .S4 mL 

of enzyme preparation was added and the reaction - 

14 
was initiated by [ C 1 -S-adenosyl-~'methionine ( .I P 

Ci per 400 nmoles). Points are an average of 2 de- 

terminations. 



Fig 



Plots - of v -  v ~ ,  [ S ]  for S-Adenosyl-L-Methionine 
- --- 

- 
L 2  

and SAM +, 2 P #  S-Adenosyl-L-Homocysteine .(SAH) . 

d 

.1 rnM big++ and the concentration of S-adenosyl-L- 

methionine indicated ( a'.). Zymosterol is at a con- . 

centrgtion of 100 PM.  SAH, 2 vM ( .) was added to 
1 
'i 

each SAM concentration. A volume of - 5  mL of en- 

- zyme preparation was added and the reaction is ini- 

tiated by [ l 4 c ]  -S-adenosyl-L-methionine ( . 1  IJ Ci 

per 400 nmoles). Points are m average of 3 doter- 
I > 

-\ 

minations.' . . 





DISCUSSION 

Growth of - S. c e r e v i s i a e ,  i p  t h e  p r e s e n c e  o f  s e v e r a l  s i d e  

f . c h a i n  n i t r o g e n - c o n t a i n i n g  s terols ,  r e s u l t e d  i n  d e c r e a s e d  ce l l  

g r o w t h  and  s terol  , p r o d u c t i o n  a t  a z a s t e r o l  c o n c e n t r a t i o n s  o f  5 v M  

or g r e a t e r  ( T a b l e  I ) .  D e c r e a s e d  c e l l  p r o d u c t i o n  c o u l d  be re- 
$ 

l a t e d  t o  a d e c r e a s e  i n  t o t a l  s terol  or a d e c r e a s e  i n  

e r g o s t e r o l  ( A 5  f 7  -sterols) a t  h i g h e r  i n h i b i t o r  c o n c e n t r a t i o n s .  

E r g o s t e r o l  h a s  been  r e p o r t e d  to  be i m p o r t a n t  i n  t h e  r e s p i r a t o  
- - 

- - 

g r o w t h  of y e a s t  (Adams and P a r k s ,  1969; P a r k s  e t  a l . ,  1979)  and -- 

t h e  2 4 8 - m e t h y l - ~ 2 2  m o i e t y  was r e p o r t e d  to  be i m p o r t a n t  to  t h e  

g r o w t h  of - S, c e r e v i s i a e  ( N e s  e t  a l . ,  1 9 7 8 ) .  Ano the r  p o s s i b l e  -- 
. e x p i k a t i o n  is t h a t  t h e s e  a z a s t e r o l s  c o u l d  behave  a s  r e g u l a t o r s  

o f  s te ro l  b i o s y n t h e s i s  a s  d o  h y d r o x y  s terols  i n  mammalian 

s y s t e m s  ( P a r i s h  e t  a l . ,  1979;  P a r i s h  and S c h r o e p f e r ,  1979 ) .  Hy- -- 
d r o x y - s t e r o l s  a r e  b e l i e v e d -  t o  h a v e  an e f f e c t '  on  enzymes i n v o l v e d  

i n  s te ro l  b i o s y n t h e s i s ,  s p e c i f i c a l l y  hydroxy-methylglutaryl-CoA 
i 

r e d u c t a s e  (HMG-CoA r e d u c t a s e )  ( S c h r o e p f e r ,  1981 ) .  J~~~ +. ,- - +. 
C 

' The sterol c o m p o s i t i o n  o f  y e a s t  c u l t u r e s  grown i n  t h e  
C . 

p x e s e n c e  o f  v a r i o u s  a z a s t e r o l s  w a s  d i f f e r e n t  from' t h a t  of  con- 

t r o l  c u l t u r e s  ( T a b l e  I ) .  The a l t e r a t i o n  o f  s t e ro l  c o m p o s i t i o n  

of y e a s t  c u l t u r w w h e n  grown i n  t h e  p r e s e n c e  o f a z a s t e r o l s ,  i n -  

r n e t h y l t r a n s T e r a s e  (24-SMT) and o t h e r  s i d e c h a i n  modify- enzymes  

( a z 4  ) - m e t h y l e m  s t e ro l  r e d u c t a s @ ) .  F o r  example ,  t h e  ap- 

pearance 3 new sterol m e t a b o l i t e s ,  s u c h  as 

C"> 

f 



c h o l e s t a - 5  ,?,n, 24- te t raen-3B -01 and cholesta-5,7,24-trien-313- 

01, and t h e  d e c r e a s e  i n  e r g o s t e r o l  p r o d u c t i o n  o b s e r v e d  when 24- d 

and 2 5 - a z a s t e r o l s  were a d m i n i s t e r e d  to  B. c e r e v i s i a e  i n d i c a t e s  - 
i n h i b i t i o n  o f  24-SMT ( T a b l e  I ) .  T h i s  i n h i b i t i o n  e x h i b i t  

s a t u r a t i o n  k i n e t i c s  i n d i c a t i n g  a z a s t e r o l  enzyme complexa 

I t  h a s  been p o s t u l a t e d  (Avruch e t  a l . ,  1976; O e h l s c h l a g e r ,  1980)  -- 
t h a t  24-SMT i n h i b i t i o n  by 24 .and 2 5 - a z a s t e r o l s  is due to  t h e  

close e l e c t r o n i c  r e l a t i o n s h i p  between t h e  n i t r o g e n  l o n e  p a i r  and 

t h e  -system o f  normal  24-SMT s u b s t r a t e s .  

I f  one  assumes a  c a r b o c a t i o n  r e a r r a n g e m e n t  mechanism for t h e  

m e t h y l a t i o n  p r o c e s s  ( O e h l s c h l a g e r  e t  a l . ,  1 9 8 0 ) ,  t h e n  m o l e c u l e s  -- 
5 

which ; r e semble  i n t e r m e d i a t e s  i n  t h e  s equence  cou ld  be i n h i b i t o r s  
I L  



~ h w s ,  the protonated form of a 24-azasterof cool& mimlc inter- 

mediate B while protonated. 25-azacholesterol could mimic inter- 

mediate A. 

This explanation has been put forward to exp*lain inhibition of 

dZ4-sterol thyltransferase in microsomes of maize 'seedlings 7 * ~. 

(Narula -- et a ., 1 9 8 1 )  by 24-methyl-25-azacycloartenol and 25- 

azacycloartenol and in cultures of bramble cells (Schmitt et - 

al., 1 9 8 1 )  by 25-azacycloartenol. - 
In yeast, the effectiveness of 25-azasterols in inhibition . 

of 24-SMT is related to their nuclear structure (25-azazymo- 
. 

sterol > 25-azacholestanol > 25-azacholesterol > 25-azalano- 

sterol). This is in the order of tn6 a&eptability of the d 

-& - 
corresponding d2' -sterols as substrates for yeast 24-SMT (Moore 

and Gaylor, 1 9 7 0 ) .  This trend has been considered to indicate 

that 25-azasterol s behave as s k e r o l  s~bst~atemimkcs-~VI?TC- - - 

al., 1 9 7 6 ;  Pierce et al,, 1 9 7 8 a ;  (km - -- 1 e - w - -  

As expected from the hypothesis, sidechain nitrogen- con- 

taining azasterols mimic htural substrates, 23-azacholesterol - 



,,%" .' I& a -  

" % ,+' *. 

is a weak 24-SMT inhibitor and"i4-azacholesterol is comparable 
- 

to 25-azacholesterol in inhibition of 24-SMT (Table I). Since 

24-azacholesterol also inhibits the 24-methylene-A 24 (28 ) - 

sterol reductase, competition between this enzyme and the 24-SMT , 
- =4' for this azastexol may reduce the effective concentration of the 

azasterol available to inh it the latter, enzyme. 

Diazas'terolS, (20R) a ( 20s)-22,25-diazacholesterol, were 

less inhibitory than the other 25-azasterols investigated prob- 

ab,ly because the nitrogen at C22 decreases the effectiveness of 
-- - 

the azasterol due to steric effects. 22,25-Diazasterols were 

also less effective at inhibiting sterol biosynthetic processes, 

in insects (Svoboda and Robbins, 1971) and rats (Counsel1 - et 

a1 . , 1965) , than analogous 25-monoazasterols. - 
' Inhibition of 24-methylene-A 24 (28 )-sterol reductase by, 

23-azacholesterol was greater than by 24-azacholesterol which, - 

8 '. 

" .  . in turn, was greater than by any of the other azasterols. If 

azasterols ' are acting as substrate mimics for the 24 ( 28)-.MSR, 

the nitrogens at C Z 3  and C24 could be viewed as mimics (Pierce $ 

et al., 1978a; Oehlschlager et al., 1980) for the and -- -- 
bZ4 (28) linkages of the best substrate of the rediictase, 

ergosta-5,7,22,24(28)-tetraen-36-01 (17) - (Jarman et al., 1975). -- 
It is also possible that 24-azacholesterol binds 24-SMT reducing 

- 

its effective inhibition 07 the 24zm~~ene-be'-(*e~-ster61 

sterols is probably due to non-interaction of the nitrogen at -, 
.-.. - 

C25 withang part of the enzyme. -- 



. . 
T h e  2 2 , 2 3 - s t e r o l  d e s a t u r a s e  5s n o t  i n h i b i t e d  by any  o f  t h e  -- 

c " 
/ 

a z a s t e r o l s .  2 3 - A z a c h o l e s t e r o l  resembles t h e  p , roduct  o f  t h e  de-  

s a t u r a s e  more t h a n  t h e  s u b s t r a t e ,  e p i s t e r o l  ( P i e r c e  -- e t  a l , ,  . 
I .  '4"  

1978a;  F r y b e r g  --- et  a l . ,  1 9 7 3 ) .  2 4 - A z a c h o l e s t e r o l  +nd t h e  25-aza- 

s t e r o l s  had  no e f f e c t  on t h e  d e s a t u r a s e ,  p r e sumab ly  b e c a u s e  n i -  

. t r o g e n ~  i n  t h e s e  a z a s t e r o l s  are too d i s t a n t  t o  a f f e c t  t h e  a c t i v e  
I-- 

si te .  The d i a z a s t e r o l s ,  20 ( R )  and 20 ( S )  2 2 , 2 5 - d i a z a c h o l e s t e r o l ,  

are a lso t h o u g h t  to b e  s i m i l a r  to  t h e  p r o d u c t  o f  t h e  d e s a t u r a s e  

and t h e r e f o r ' e  i n e f f e c t i v e  ( O e h l s c h l a g e r  -- e t  a l . ,  1 9 8 0 ) .  

The i n h i b i t i o n  o f   sterol m e t h y l - t r a n s f e r a s e  i n  - C. u t i l i s  , 

by 2 5 - a z a c h o l e s t e r o l  ( 1 .0  u M )  is n o t  a s  p ronounced  as  i n  - S. 

c e r e v i s i a e  ( i n h i b i t i o n  of 33% a s  opposed  to  92% a t  i d e n t i c a l  

c o n c e n t r a t i o n ) .  T h i s  may be  d u e  t o  d i f f e r e n c e s  i n  t h e  b i o s y n -  

t h e t i c  pathway used  by t h e  t w o  y e a s t s .  S i n c e  m e t h y l a t e d  

s t e r o l s  a r e  s u b s t r a t e s  o f  t h e  m e t h y l t r a n s f e r a s e  i n  - C. u t i l i s ,  

d e s m e t h y l  a z a s t e r o l s  may n o t  be as e f f e c t i v e  i n  t h i s  y e a s t .  

(1 2 5 - F l u o r o c h o l e s t e r o l  had no e f f e c t  on any  o f  t h e  s i d e c h a i n  

m o d i f y i n g  enzymes i n d i c a t i n g  t h a t  t h e  s i t e  i n v o l v e d  i n  m e t h y l a -  

t i o n  is n o t  a f f e c t e d  by t h e  s i z e  or e l e c t r o n e g a t i v i t y  o f  t h e  

f l u o r i n e  atom. 

I s o l a t i o n  o f  s p e c i f i c  y e a s t  s te ro ls ,  r e l a t i v e l y  p u r e  and i n  

l a r g e  q u a n t i t i e s ,  had p r e v i o u s l y  been  t e d i o u s  and t i m e  consum- 

a z a s t e r o l s  w i t h  y e a s t s  ( w i l d  t y p e  and m u t a n t )  t o  p r o d u c e  s p e c i -  

f i c  s terols  h a s  r e d u c e d  some o f  t h e s e  p r o b l e m s  ( O e h l s c h l a g e r  - e t  



a l . ,  1 9 8 0 ) .  Fo r  example,  g rowth  of erg 2 stera1 mutan t  yeast - 
w i t h  2 5 - a z a c h o l e s t e r o l  is t h e  most e f f e c t i v e  way to  p roduce  

l a r g e  q u a n t i t i e s  o f  p u r e  z y m o s t e r o l  c o m p l e t e l y -  f r e e  o f  cho- 

l e s t a - 7 , 2 4 - d i e n o l .  The 1 a t t e . r  s te ro l  can  be removed o n l y  0 y a 

l o n g  and i n v o l v e d  c h r o m a t o g r a p h i c  p r o c e d u r e  a t '  p r e s e n t  ( T a y f a r  

t h i s  work were 

[13c] - e n r i c h e d  

When w i l d  

The t w o  p r a c t i c a l  a p p l i c a t i o n s  t h a t  evo lved  from 

t h e  p r o d u c t i o n  o f  25-hydroxy p r o v i t a m i n  D3 and 
1 

I 

c h o l e s t e r o l .  I I 
I 

t y p e  S. c e r e v i s i a e  is grown i n  t h e  p r e s e n c e  o f  
I 

- 
s m a l l  c o n c e n t r a t i o n s  o f  25-azacho-terol ,  t h e  s t e ro l  f r a c t i o n  

c o n t a i n s  40-60% z y m o s t e r o l .  T h i s  f a c t o r  coup led  w i t h  s h c c e s s f u l  ' 

i n c o r p o r a t i o n  o f  1- [ 1 4 c ]  - a c e t a t e  (Hanahan and Al-Wakil ,  1952; I 
i 

F r y b e r g  -- e t  a l . ,  1973)  and ~ - [ ~ ~ ~ ] - a c & t a t e  ( F i l i p e n k o  and 

C u s h l e y ,  1976)  i n t o  e r g o s t e r o l  s u g g e s t e d  a  r o u t e  t o  s i g p i f i c a n t -  

l y  e n r i c h e d  [' C]  - zymos te ro l .  Thus ,  S. c e r e v i s i a e  grown i n  t h e  - 
p r e s e n c e  o f  [ "c ] - en r i ched  a c e t a t e  ( 9 0  atom % )  and 25-azacho- 

l e s t e r o l  p r o d u c e  [' C ]  - e n r i c h e d  z y m o s t e r o l  . I t  w a s  found t h a t  

by r e d u c i n g  bobh a e r a t i o n  ( b y  8 0 % )  and s t i r r i n g  o f  t h e  y e a s t  

(see P. 3 1 )  a l o n g  w i t h  an i n c r e a s e  i n  t h e  [ 1 3 C ] - a c e t a t e  t o  2.0 

g/L i n  t h e  medium, produced  t h e  b e s t  i n c o r p o r a t i o n .  High a e r a -  

t i o n  i n c r e a s e d  s t e ro l  p r o d u c t i o n ,  b u t  d e c r e a s e d  i n c o r p o r a t i o n .  

H i g h e r  h c e t a t e  c o n c e n t r a t i o n s  d e c r e a s e d  t h e  y i e l d  o f  y e a s t  and 
- 

s t e ro l s .   heref fore, the optimum condi t ionsareacompr~misehee-  

tween h i g h  i n c o r p o r a t i o n  - - - - - -  and r e a s o n a b l e  -- s t e r o l  p r o d u c t i o n .  Be- 

c a u s e  of  t h e  r e q u i r e m e n t  f o r  [ l  3 ~ 1  - e n r i c h e d  c h o l e s t e r o l  f o r  

b i o l o g i c a l  work,  w e  deve loped  a  r o u t e  f o r  s y n t h e s i s  o f  
I - 



choles terol  from z y m o s t e r o l .  The i m p o r t a n t  s t e p s  were e f f f - i e n t  

i s o l a t i o n  o f  z y m o s t e r o l  and its hydrogenat- ion t o  c h o l e s t a n o l .  
:a 

\ 
\ 

The i s o l a t i o n  r e q u i r e d  t w o  chr ,omatographic  s t e p s ,  w h i l e  t h e  hy- " 
d r o g e n a t i o n  k a s  f a s t  and e f f i c i e n t .  S u b s e q u e n t  r e a c t i o n s  t o  t h e  

, 

\ 
\ 

r e d u c t i o n  w i t h  b o r o h y d r i d e  were done a s  d e s c r i b e d  i n  t h e  r e f e r -  , 

e n c e s  ( s e e  P. 3 3 ) .  The r e d u c t i o n  

d e s c r i b e d  ( B e l l e a u  and G a l l a g h e r ,  

S p e c t r a l  s t u d i e s  c a r r i e d  o u t  

I 
was accompl ' ished a s  p r e v i o u s l y  1 

1951; Dauben and Eastham, 
\\ 

\ .  
'\ 

I 

I \ 

w i t h  e n r i c h e d  z y m o s t e r o l  ( 7 % )  I , 

showed t h e  i n c r e a s e d  1 3 c - c o n t e n t  of  t h e  s t e ro l  g i v i n g  improved \ 

s i g n a l - t o - n o i s e  ( F i g u r e  4 ) .  I n  o r d e r  t o  i n c r e a s ' e  r e s o l u t i o n  and 
I 1 
I 

s e n s i t i v i t y  n a t u r a l  abundance  13c NMR s t u d i e s  were r e c e n t l y  c a r -  ] 

r i e d  o u t  w i t h  cho?;erol i n  egg y o l k  l e c i t h i n  v e s i c l e s  a t  h i g h  

m a g n e t i c  f i e l d  ( B r a i n a r d  and C o r d e s ,  1981 ) .  L a r g e  samples  were 

used and a c c u m u l a t i o n s  were o v e r  l o n g  p e r i o d s  o f  t i m e .  The 

s p e c t r a  o b t a i n e d  were - s u f f i c i e n t l y  c l e a r  to. d e t e c t  c a r b o n  n u c l e i  

o f  c h o l e s t e r o l  i n  t h e  b i l a y e r  sys t em.  Only one c a r b o n  (C6) re- 

sonance  was unobscured  by p h o s p h o l i p i d  r e s o n a n c e  . O t h e r  s te ro l  

ca rbon  r e s o n a n c e s  which s h o u l d  have been v i s i b l e  were n o t .  I t  

is. p r o b a b l e ,  t h a t  i f ,  [ l  3~ I - e n r i c h e d  s t e ro l s  were used  i n  t h e s e  

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

c o u l d  be l o c a t e d .  

- S e v e r a l  akf f i cu- f t  ies have  plague& producw- af-25=hy3r&xy : - 

p r o u i U  D g  C c h o L s k ~ ~ 5  - , 7 d i i e n = 3 & , 2 5 ~ L & ~ ~ ~ k Z d + + p -  - - 

y e a s t .  The g r e a t e s t  p roblem was t h a t  t h e  i d e a l  s t a r t i n g  m a t e r i -  
-J'-- 

a l ,  cholesta-5,7,24-trien-3-1, was a n l y  a minor  component 



(25%) in a mixture with cholesta-5,7,22 ,24-tetrae-n-30--ol, from 

which it was separable only after multiple crystallization 

(Avruch et al., 1976). Efforts to reduce the unwanted tetraenol 
7- 

by inhibiting the 22,23-desaturase with 23-azacholesterol .were 

unsuccessful (Pierce -- et al., 1978a). Growth of erg 5 sterol 

mutant with 25-azacholestanol did however provide an optimal 

route to cholesta-5,7,24-trienol (Pierce et al., 1979). In the 
-7 

present investigation, it was found that 25-azacholesterol gave ' 

inferior results. Mutant cultures grown with 1.0 V M  25-azacho- =,. 
, I  

1esterol-h this work compared to the cultures, grown in the 
C 

previous study (Pierce -- et al., 1979) more 'sterols 

(1.55 vs.- !. 30% of dry cell weight), but only a little more than - 
half of the cholesta-5,7,24-trien-3B-01 predicted (1 5.% vs. - 
26.6%) and more ergosta-5,7-dien-3B -01 than expected ( 13% as op- 

, posed to 1.8%). However, 24-SMT inhibition was only 85% com- 
h 

pared with 92% for the earlier study. .Thus, the best source of 

cholesta-5,7,24-trien-3B-ol is still from the mutant yeast erg 

5. The synthesis of cholest-5,7-dien-3B,25-diol was accom- 

plished in four steps. The sterols in the NSF were acetylated 
- 

and then reacted with 4-phenyl-1,2,4-triazoline-3,5-dione in or 

der to derivatize all of the A' '7-diene sterols. Chromato- 

graphic separation of the 1,4-cycloadducts of the A' '7-dienyl - 
sterols from the unreacted NSF sterols gave the 1,4-cycloadducts 

3 - - -- - - - - -- - - A- 

? 

of the target metabolite, cholesta-5,7,24-trien-3-1,s and a 
- - - - - -- 

small amount of ergosta-5,7-dien-38 -01. The cyclaadducts were 



treated with m-chloroperbenzoic acid at low temperature to <. 

epoxidize 'the -double bond of the trienol cicloadduct. The 

ingr&;pd polarity of the epdxide of the CP7-sterol adduct 
4%f2,- , g ' 

facilitated its sepasation from the CZ8 -sterol adduct. Reduc- 

tion by- lithium aluminum hydride gave the provitamin in 57% 
P 

, yield. At present, use of the erg 5 mutant inhibited by 25-aza- 

cholestanol or 25-azacholesterol is an efficient source of pre- 

. cursor .>or the production of 25-hydroxi provitamin Ds from 
5 

yeast .. 
P 

The  sterol methyltransferase of yeast has been'exten- 

' sively studied in terms of its substrate specificity and inhibi- 

tion (Moo,re and Gaylor, 1970; Bailey et al., 1974; Bailey et -- - 
al., 1976; McCammon,and Parks, 1981). The in vivo effects of - -- 
azasterols on S. cerevisiae (and mutants) led us to conqider - A .  

their mode of action. These azasterols were extremely powerfuld 

inhibitors in yeast cultures over long periods of time (up to 72 

h). Increases in the concentrations of the-substrates zymo- 

and ergostatetraenol did not seem to reverse the effects 
i 

inhibitqrs of the methyltransferase and reductase en- 

zymes. For 24-SMT, the observed inhibition could be due to a 

feedback mechanism because of the zymosterol buildup as was con- , 
sidered previously (Moore and Gaylor, 197 0; Katsuki and Bloch, 

- 

1967). However, ~ a r k s  found the addition of zymosterol increased 
- 

24-SMT activity greatly over the activity observed with endogen- 

ous sterols (Bailey et al., 1974). These conflicting results -- 



* 
for zymosterol , plus the des i r e t~  examhie' &he validi-Ly- of- the 

sterol substrate-mimic model for the mode of action of aza- 

sterols on 24-SMT, led us to study the in vitro enzyme kinetics - 
of the methylation using partially purified 24-SMT. 

F 
Gaylor's preparation of the 24-SMT proved long and gave in- 

consistent results, while Parks' cell-free preparation, although 
4 

yielding 24-SMT of lower purity, gave more consistent kinetic 

results, was rapid and facile. An attempt to follaw the enzyme 

reaction by gas chromatography failed, because of th5 extremely 

small changes i r r  substrate and product concentration, with Ye- 
i 

spect to the endogenous sterols, found in the cell-frec prepara-"-.. 

tions. 

The amount of work i n v o w d  in processing the enzyme assays 

led to the use of the Dixon plot (Dixon, 1953) to determine 

trends in inhibition. Using this plot, several inhibitor con- 
- - 

centrations could be used in one experiment and difficulties 

with determination of absolute concentrations of substrate mini- 

mized. The data indicated that, when zymosterol was varied at 

constant S-adenosyl-L-methionine concentration, inhibition was 

I uncompetitive. In this type- of inhibition, the slopes of the 1 
I 

lines for a Dixon plot ari constant but possess different inter- 

cepts (Figures 6-11). For this type of inhibition, when the 

substrate concentration is divided by initialvelocity (s/=).- 

the lines converge in the second quadrant (~ig'ures .l2-15). A 
- -- - -- -- - - - -- . 

line drawn from this intersection, perpendicular to the inhibi- 

tor axis, gives the KI' directly (Cornish Bowden, 1974). The 



KI '7erm is a  d i s s o c i a t i o n  c o n s t a n t  f o r  t h e  b i n d i n g  o f  t h e  i n -  

+ -  
h i b i  Lo r I w i t h  t h e  ES  complex, The KI's o f  t h e  a z a s t e r o l s  

n 

. s t u d i e d  a r e  e lx t remely  l o w  (lower t h a n  t h e  -- i n  v i v o  

c o n c e n t r a t i o n s )  and a r e  o f  t h e  same o r d e r  of magnitude (nano-  - 

m o l a r ) .  Even t h e  KI1 v a i u e  f o r  2 3 - a z g c h o l e s t e r o l  is s i m i l a r  

J t o  t h e  KI' v a l u e s  f o r  o t h e r  a z a s t , e r o l s  which c o n t r a s t s  w i t h  

t h e  i n  v i v o  r e s u l t s  ( ~ a ~ 1 6  II).. A p s s i b l e  r e a s o n  f o r  t h i s  ob- -- 
s e r v a t i o n s  is t h a t  t h e  24-methylene-A 24 ( 2 8  ) -s terol  r e d u c t a s e  

i s  ~ e m o v e d  i n  t h e  c e J l - f r e e  p r e p a r a t i o n  of  t h e  24-SMT a t  t h e  

- i n i t i a l  c e n t r i f u g a t i o n  of  25 ,000  x g .  Maximum r e d u c t a s e  a c t i v i -  

. t y  is found i n  t h e  25,000 x g p e l l e t  (Nea l  and P a r k s ,  1977) . , 

which i s  d i s c a r d e d  i n  24-SMT p r e p a r a t i o n s .  

Uncompe t i t i ve  i n h i b i t i o n  o c c u r s  when an i n h i b i t o r  b i n d s  

w i t h  an ES  complex meaning t h a t  t h e r e  is no b i n d i n g  s i t e  a v a i l -  

a b l e  f o r  t h e  i n h i b i t o r  u n t i l  s u b s t r a t e  b i n d s  w i t h  t h e  enzyme. 

T h i s  t y p e  o f  i n h i b i t i o n  is s i m i l a r  t o  o r d e r e d  s e q u e n t i a l  reac- 

t i o n s ,  where t h e  second  s u b s t r a t e  can  b ind  o n l y  when enzyme and 
- 
- - -- - pp - - -  _- -- .' 

t h e  f i r s t  s u b s t r a t e  a r e  complexed. S i m i l a r l y ,  more complex CCL' 

- - - -- - - - - - - - -- -- - - - - - - 

m u l t i - s u b s t r a t e  c a s e s  a r e  more l i k e l y  to  g i v e  r e s u l t s  which f i t  ' 

t h e ,  u n c o m p e t i t i v e  p a t t e r n .  I n  o r d e r  t o  a n a l y z e  f o r  t h i s  t y p e  o f  

i n h i b i t i o n  i n  a  m u l t i - r e a c t a n t  s i t u a t i o n ,  t h e  c o n c e n t r a t i o n  of 



- 104 - 0 "  J 
- - - - - - -. 

2 
- -- - - - -- - - - - - - - - 

one substrate must be varied whkle t5e concentration of the 

other is kept constant, when inhibitor is present. When S- 

adenosyl-L-methionine concentrat ion is kept constant and zymo- 

ste81 concentration is va~ied, one obtains an uncompet itive 

pattern (parallel lines). 

Varying SAM concentration and keeping a constant zymosterol 

concentration gives a ~ixon' plot in which the lings converge 

(-Figure 1 6 ) ,  a ~ompetitivq~ pattern. The inhibition patterns of 

multi-substrate enzyme reactionsL have been set out by Cleland 
- - - - - -  - 

(1'963). In hi; study, a set of rules were derived, which give 
F 

by inspeption, 'a qualitative picture of the type of in%ibitio 

occurring. In this way, complex inhibition caused by either 

product or dead-end inhibition can be interpreted( -*The parti- 

cular patterns given by theLmethyltransferase enzyme, when in- 

hibited by the azasterols, indicated that they are dead-end ' 

inhibitors which bind to an EA complex. In this type of mechan- 

ism, A is the first substrate bound in an ordered bireactant 

mechanism as expressed below: 

-+  + f t - 

E EA EAB+ EPQ EQ . E  

According to the rules set out by Cleland, dead-end inhibi- 

tors wh i& r-esemble n o f a -  ~ e a e & a ~ t - + - e ~ a ~ + ~ ~ s e f  -- 

-. 
the enzyme or activesite LQ glve amphexes which are unable 

participate in *the normal enzyme reaction. In such an instance, 



,* - - - - - - - --- - - - - -- - - - -- - 

t h b  i n h i b i t i o n  o f  t h e  m e t h y l t r a p s f e r a s e  c a n n o t  be r e v e r s e d '  by - 
2 ,. ., 

z y m o s t e r o l  i f  t h a t  is w h a t - ' b i n d s -  f i r s t  t o  t h e  enzyme.  he o t h e r  

p a r t  o f  t h e .  p a t t e r n  would g i v e  com e t i t i v e  i n h i b i t i o h  when t h e  S 
z y m o s t e r o l  c o n c e n t r a t i o n  is k e p t  c o n s t a n t  and S-adenosyl-L- 

m e t h i o n i n e  c o n c e n t r a g i o n  is v a r i e d .  -  his r e s u l t  is o b s e r v e d  
t\ 

i r i t h  2 5 - a z a G 5 - d i h ; d r o z y m o s t e r o l  a s  t h e  i n h i b i t o r  ( F i g u r e  

1 6 ) .  
Q 

These  a rgumen t s  s u g g e s t  t h a t  a z a s t e r o l s  b ind  a  fqrm o f  t h e  

m e t h y l t r a n s f e r a s e  d i f f e r e n t  f r o m - t h a t  which b i n d s  t h e  z y m o s t e r o l  " 
- - - - - -- - 

s u b s t r a t e  l o w e r i n g  t h e  tot-a1 amount o f o e n z y m e  a v a i l a b l e  f o r  sub-  

s t r a t e  c o m p l e x a t i o n  ( E A ) ,  m e t h y l a t i o n J E A B )  and p r o d u c t  r e l e a s e  
< 

7 

(EPQ, EQ). The i n c r e a s e  i n  z y m o s t e r o l  c o n c e n t r a t i o n  t h a t  o c c u r s  

i n  ma tu re  c e l l s  would t h e n  n o t  r e v e r s e  t h i s  p r o c e s s .  The compe- 
P 

t i t i v e  inh- ;bi t ion '  p a t t e r n  o b s e r v e d  f o r  v a r i a b l e  SAM c o n c e n t r a -  . 

t i o n s  i n d i c a t e s  t h a t  a  sat!&&ting SAM . c o n c e n t r a t i o n  would 
P - 

. > 

r e v e r s e  t h e  e f f e c t s  o f  t h e  i b h i b i  or. I n  v i v o ,  when i n h i b i t o r  J - - -  
is p r e s e n t  and i f  t h e  p h y s i o l o g i c a l  c o n c e n t r a t i o n  s f  SAM is 

lower t h a n  t h a t  r e q u i r e d  to  r e v e r s e  i n h i b i t i o n ,  t h e  ?lead-end . .- 
complex w i l l  p e r s i s t .  The i n  v i t r o  c o n c e n t r a t i o n  o f  SAM used* n 

a - 
w a s  on t h e  o r d e r  o f  100 PM. 

fill 
- 

The r e s u l t s  i n d i c a t e  t h a t  a z a s t e r o l s  b i n d  t o  an enzyme- 

z y m o s f e r o l  complex t o  yi&d a  t e r n a r y  complex t h a t  d o e s  n o t  b i n d  
- - - - -- - -- - - 

S-adenoq l -L-me th iqn ine .  The a z a s t e r ~ ~ s ,  t h u s ,  d o  n o t  a c t  
3 ,  1 

s t r i F € l y ~ ~ m i m i c q .  f o r  A 2 *  - 2 k e r o l s  i n  terms o f  b i n d i n g  better  t o  

t h e  enzyme t h a n  t h e  p r e f e r r e d  ~ ~ ' + - s t e r d l  s u b s t r a t e s .  On th; * 
,' 

o t h e r  hand ,  1 5-aza-24-methplene-D-hornoch6lest'a-diene, a 
, - 

Y 



-. metabo1,ite from the mold Geotrichum flavo-brunneum, which con- 

tains a nitrogen in the D ring, is a competitive inhibitor of 

the -sterol ,methyltransferase with respect to SAM (Bailey et 
E: 

al., 1976). Interestingly, cholesterol and dihydrozymosterol 
," 

- - - - - - - - - 

15--a za- 24<methylene-~zhOmoF~ho1eStX- 
. H 

have been shown to be competitive inhibitors of 24-SMT with res- 

'pect to zymosterol at levels comparable to the KM of zymo.- 

sterol (Moore and Gaylor, 1970). The results of the in vivo -- 
study indicated that-the nuclear structure of the inhibitor is 

I 

important (25-aza-24, 25-dihydro-zymosterolL >--25-azachblesterol> , - 

25-aza-24,25-dihydrolanosterol) pdssibly in the initial binding 

pf the inhibitor or transport of the inhibitor in the yeast. 

However, the in vivo results also showed the placement of the -- 
nitrogen in the side chain is crucial to the potency of the in- 

hibitor (25 > 24 > 23-azacholesterol). The ability of the 

nitrogen to becdme protonated might be the key to the inhibitory 

power of the azasterols studied. It is conceivable that fn the 
- - - - - - - -- - -- 

C 
microenGironment of the active site the nitrogen is charged and 

could compete for the S-adknosyl-L-methionine site.   his would 

fit the kinetic pattern observed. Additional evidence for this 
- - 

line of argument comes from the in vitro inhibition of - 



 ste sterol methylt'ransferase by the quarternary ammoniym ion of 

25-methyl-25-azacholesterol. 

- Kinetic experiments carried, out to probe the inhibition of 
- 3 

24-SMT by ergosterol and S-adenosyl-L-homocysteine were done to 

compare the  resent enzyme preparation with previous prepara- , 

tions (Parks et al., 1979; McCammon and Parks, 1981 ) . Ergo- -- --- 

sterol (Figure 17) is a non-competit ive' inhibitor with respect 

to zymostetol (Parks et al., 1979). This indicates that it -- 
- - b i d s  to-the 24-SF-& a site nut fnvoIvea with the binding 6f 

the sterol substrate. In this case, ergosterol, as has been 

pointed out (Moore and Gaylor, l97O), could be acting as-a regu- 

lator of the methyltransferase by changing the enzyme conforma- 

tion so that there is an effectiye decrease in the rate of 
?- .. 

methylation of zymosterol. The value of KI calculated* (120 

PM) is higher than found in previous work (28 vM, Parks -- et al., 

1979), however, zymosterol concentrations used in the present 

experiments were ten times higher and ergosterol concentration 

were twice that used previously (50 pM versus 25 vM) . Use of a 

high concentration of zymosterol could reduce the concentration 

of the form of the enzyme that binds ergosterol, requiring a 

higher ergosterol concentration to affect inhibition. 

adenosyl-L-methionine concentrations has been extensively 
-Y -- 

studied (Thompson -- et al., 1974). The atypical triphasic 

Michaelis-Henten results previously observed is also observed 

with our preparation (Figure 18). The explanation given 



- - -- - - - - - --.- -- -- - 

p r e v i o u s l y  w a s  t h a t  t h r e e  enzymes were p r e s e n t  i n  t h e  p r e p a r a -  

t i o n  and were s u b j e c t  to changes  , i n  pH, z y m o s t e r o l  and SAM con- 

c e n t r a t i o n s .  Another  way o f  r a t i o n a l i z i n g  t h e  r e s u l t  is to 
8 

p o s t u l a t e  t h a t  changes  i n  S-ad '&osyl -L-ke th ionine  c o n c e n t r a t i o n s  

a l t e r  t h e F e f f i c i e n c y  o f  t h e  enzyme. T h r e e  s e p a r a t e  enzyme forms  

w i t h  * s e p a r a t e  a k f i n i t i e s  f o r  SAM may be p r e s e n t  i n  e q u i l i b r i u m ,  . - 

so, a t  l o w  c o n c e n t r a t i o n s  a s  w e l l  a s  h i g h  

t h e  enzyme m e t h y l a t e s  z y m o s t e r o l  b u t  a t  

r e l a t e  t h i s  to  an  o r d e r e d  b i - r e a c t a n t  enzyme s y s t e m ,  w e  would 
- - - - - - - 

e x p e c t  v a r i o u s  forms 6 f  t h e  enzyme t o  be  i n  e q u i l i b r i u m  w i t h  . 
e a c h  o t h e r  depending on t h e  c o n c e ' n t r a t i o n s  o f  t h e  r e a c t a n t s ,  

z y m o s t e r o l  and SAM. Zymas te ro l ,  i n  t h e  p r e s e n t  - c a s e , .  is .a t  a 

c o n c e n t r a t i o n  which is s a t u r a t i n g  so k h a t  a l l  t h e  enzyme forms  

t h a t  b ind  S-adenosyl-L-methionine .could .be p r e s e n t ,  AS  t h e  con- 

- c e n t r a t i o n  o f  SAM changes ,  t h e  e f f i c i e n c y  of t h e  enzyme c o u l d  be . 

r e g u l a t e d  depend ing  on t h e  e q u i l i b r i u m  be tween  v a r i o u s  fdrms  o f  

t h e '  enzyme. Then, a s  the- c o n c e n t r a t i o n  o f  SAM i n c r e a s e s ,  one 

form o f  enzyme may be  f a v o r e d  o v e r  a n o t h e r  e f f e c t i v e l y  s h i f t i n g  

t h e  e q u i l i b r i u m  and i n c r e a s i n g  t h e  r a t e  o f  m e t h y l a t i o n  o f  zymo- 

s terol .  , The 24-SMT enzyme may be more a f  f e c t e d  by c h a n g e s  of  

SAM c o n c e n t r a t i o n  - i n  v i t r o  t h a n  it would be  i n  t h e  cel l  i n  v ivo .  -- 
C o m p e t i t i v e  i n h i b i t i o n  o f  the b Z 4 - s t e r o l  m e t h y t t r a n s f e r a s e  

- - -- - - - -- - - - - - 
-- -- 

w i t h  r e s p e c t  t o  SAM h a s  been  p r e v i o u k l y  shown w i t h  S-adenosyl-  
- 

L-nomocys te ine  ( P a r k s  e t  a l . ,  -- . I n  t n e  p r e s e n t  work, there 

i s  a  s l i g h t  r e v e r s a l  o f  t h e  i n h i b i t i o n  as t h e  SAM c o n c e n t r a t i o n  

i n c r e a s e s  ( F i g u r e  1 8 ) ,  so, a  c o m p e t i t i v e  t y p e  i n h i b i t i o n  cou'ld -- - - - -  



be deduced. Since S-adenosyl-L-homocysteine is a product of the 

methylation reaction,' the inhibition by this compound may be 

simply due to this product. 



SUMMARY AND PROP6SEI33WSR&R€3+ --. 
---.A t 

Azasterol inhibition of  sterol methyltrhsferase in 

yeasts results in reasonable production of d 5  r74227 'Jterols. . 
. . 

Inhibition of 24-SMT of erg 5 by 25-azacholestanol or 25-azacho- 
.V 

lesterol' provides acceptable amounts of cholesta-5,7,24-trien- 

36 -01 for synthesis of 25-hydroxy provi tamin fi3 . 
Inhibition of wild type - S. cerevisiae with 25-azacholesterol, ^ 

1 3  coupled with reeding [ C1-acetate, produces [' C] -enriched 

sterol encountered in the wild type yeast work is 'eliminated but- - 

production of .the sterol is decreased (5.2% versus 1.3% sterols - 
of dry cell weight for erg 2). 

The -- in vivo growth studies indicate that the  sterol 
methyltransferase discriminates between the azasterol inhibitors 

possessing different nuclear-structures just a s  it does for 

A"-sterol substrates - in vitro (Moore and Gaylor, 
l9'O4? The 
L position of the nitrogen in the side chain is more crucial to 

the potency of the inhibitor in vivo than in vitro, possibly, -- - 
because of in vivo competition for the azasterol inhibitor be- -- 
tween different cellular enzymes (24-SMT versus 24(28)-MSR). 

The - in vi.tro inhibition results indicate that azasterol in- 

hibitors have significant effects on the binding and utilization 
- - - - ----- -- 

of S-adenosyl-L-methionine by the enzyme. It is conceivable 

that the side-chain nitrogen of the azasterol, if positively 

charged, could mimic the sulphonium species of the SAM mole- 

cule.' The kineti'c study shows that the azasterol inhibition 



- -- - ---- - -- 

24-SMT is due to its competition with SAM. This could be due to 

the charged nitrogen on the inhibitor binding with the SAM bind- 

ing site. The antifungal agent sinefungin, a SAM analog and a 

competitive inhibitor of 24-SMT with respect to SAM (McCammon 
+. ,. . 

J and Parks, 1981), also has a strategically placed nitrogen (a 
+~>, 

primary amino group in the 6-position) which is in the same 

position as the sulphonium-methyl moiety of SAM.   he mode of 

action of si,nefungin could also be similar in that it could com- 
* 

- 

pete for a negatively-charged site that binds S-adenosyl-L- 
- - - - - -  - 

methionine. 

Study of azasterol inhibition of 24-SMT at various pH 

values, above and below the pH of the enzyme, could .provide in- ,. ' 

\ 

famation concerriing the state of protonation of the azasterol 

in its inhibitory form., 

- - - - - - - 
c3iain could possibly be a better inhibitor of 24-SMT than the 

nitrogen in the azasterols are at present, as it would resemble 

the sulphonium group of SAM (Pierce, ' 1981, private communica- 

tion). It is felt that the sulphur of the sterol could compete 



with the' sulphur group of SAM directly, However, Ff t k d z e - o f  -: 

the nitrogen atom in the azastero1.i~ a factor in its effective 

inhibition *of 24-SMT, then a sulphur atom may not inhibit as 

well as it could be displaced easily. If the environment around 
i 

a SAM binding site is such that a nitrogen atom ofzkhe azasterol 

fits "tighter" than a sulphur atom of either SAM or the 

sulphonium grou~-of a sterol sidechain, then the former may not 

be displaced as easily. A sulphonium sterol could be easily 

tested with the cell-free preparation of  sterol methyltrans- 
•’erase. Presently, cultures of yeast are grown with i-ihftf-ifs - 
of 24-SMT at various concentrations, and the effectiveness of 

i + each inhibitor is determined by changes it causes in) the sterol 

hmposition of the culture. The enzyme assay, when done on a 

smaller scale, would yield information about a potential inhibi- 

tor much,more quickly. Although the in vivo results could still -- 
be different from the in vitro results as seen with 23-azacho- - 

lesterol, preliminary testing could be carried out this wpy. 
V r  

' Product inhibition studies with fecosterol and S-adenosyl- 

L-homocysteine- (the immediate products of the enzymatic reac- 

-\ tion) co Id be e ~ a n d e d  to determine the order of binding of Y - 

substrates. The fecosterol could be obtained from & 2 or 23- 
azacholesterol (1. P M )  inhibited erg 2. f 

- Final 1 y , the _eff_eCtLaf sge ci f ic~nuc~eophilicgroupcouM 

be studied using -- cell-free 24-SMT enzyme preparation. Bor exam- 

ple, 24-SMT inhibition by a mercury(~~ ) *compound, such as mer- 

cury(I1) p-hydroxy benzoate could be used to determine if a 

'sulfhydryl group is important to its activity. 

,.I - 
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