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SUMMARY 

In yeast the enzyme 2,3-oxidosqualene -lanosterol cyclase (cyclase) is found in 
the soluble fraction of cell homogenates. The corresponding enzyme from liver is 
associated with the microsomes. t h e  soluble 5,east cyclase is optimally active in 
solutions of low ionic strength and stimulated by Triton X-Ioo. By contrast, the 
detergent-solubilized liver eyclase requires deoxycholate and high ionic strength 
media for optimal activity. After acetone precipitation yeast cyclase is no h mger 
soluble though it still responds to Triton X-loO. Acetone-precipitated liver cyclase 
is rendered soluble by deoxycholate. 

INTRODUCTION 

Enzyme activities catalyzing the cyclization of 2,3-oxidosqualene to lanosterol 
have been demonstrated in cell-free extracts of liver ~ a and yeast 4. The oxidosqualene- 
lanosterol cyclase from detergent-solubilized hog liver microsomes has been partially 
purified and characte.rized in this laboratory ~,2. Examining }'east extracts, we have 
found the properties of enzyme from this source to differ markedly from those of 
liver cyclase. Most notably, yeast cyclase is found in the highspeed supernatant of 
otherwise untreated cell homogenates and at this stage is activated by Triton X-ioo 
and inhibited by deoxycholate. On the other hand, on centrifugation of liver homo- 
genates, most of the cyclase activity is recovered in the microsomal fraction and does 
not become soluble until treated with deoxycholate. The enzymes from the two 
sources differ also in their response to media of high ionic strength. High salt concen- 
trations markedly enhance the activity of liver cvclase but inhibit the activity of the 
yeast enzvlne. 

.MATI-RIAI.S AND METHOI)S 

Triton X-Ioo and sodium deoxycholate were purchased from Rohm and Haas, 
and Sigma Cllemical, respectively. The 14C-labeled and the unlabeled 2,3-oxido- 
squalene used in these experiments was kindly supplied by Profl,ssor E. J. Corer 
and his associates. For final purification, the labeled epoxide was subjected to thin 
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layer ch rmna tog raphy  on silica gel (i plate.s, with 3'.I. ethyl  a c e t a t e  in hexane a~ 
developing solvent.  98% of the product  was associated with a peak that  migra ted  
with Rv of o.45. Rechronu~tography did not remove the small  amounts  of mater ia ls  
at the origin and at the ~olvent front. It was, therefl)re, inferred tha t  the 2~I,, impur i ty  
was fl~rmed during chrolnatogral)hy,  l log  liver microsomal fraction was obta ined  as 
pre\'i~msly described I. The yeast  was "Bakers  I)ricd Active Yeast"  obtaintM from 
Nutr i t ional  Biochemical Corp., Cleveland, Ohio. I:our grams of this \ ' e a s t  ~,Vt,l(, Slls- 
pended in 4o ml ,~f o.o 5 .M potass ium phosphate  buffer, pH 7.5 o. The cell suspension 
wa~ passed twice through a French press at 22 ooo lb..inch 2 and then ctmtrifugc(l at 
5ooo / . .~ for IO Inill. The superna tan t  was collected ('arefulh" so at, t,~ cxchl(lc t i c  
fl~,ating fi t t lv lavcr. The c~dlct'ted supcrnat:.ult was cell tr ifugcd at IO 5 ooo ...~ fin 
9o rain and the high speed superna tan t  (SlOt,) separa ted  from the par t icu la te  tratti~m. 
T h e  Sl0. , so, obta ined  contained 7 to IO mg protein per ml. l'r,~tein was de te rmined  
acc~rding t~ l.owRY cl al.Q 

Assay mixtm'es  for the liver enzyme contained in a to ta l  v o l u m e  ~Jt 1. 5 ml, 
1-14(" ]2 ,3 -ox idosquah 'ne  (73 nmoles, Io ooo counts/rain),  i 5o / ,mo les  p - t a s s m m  phos- 

phate  or Tris  buffer (pt l  7.5o). The com:entrat i ,ms of KC1, detergent  and e n z \ m c  arc 
noted in the figures and tattles. Incuba t ions  were ~tar ted by the addi t ion  of ~xi&~- 
squalene dispersed in o.I nil of o.oI M potass ium phosl)hate buffer, pH 7.5 o, with 
o.I mg "l'ween ,~o. React ions were t e rmina ted  by the addi t ion ~,t" i .o ml ~t IO°,, K()H 
in methan~d (w..v). After  s tanding at  3 7  > fl~r 3 ° lllin, the solu t ion ,  xvtq'c cxtr , tc tcd 
with three 3-ml quant i t ies  of light petroh 'um. The ex t rac t s  were  dried with anh\dr~,us 
Na.,S() 4 and s,d\ 'cnt  l ' tqDovt 'd  under ~t strcalll  of ni trogen at  rot)ill tCliipcrattlrc. 

Mixtures for the yeast  cnzvlll( ~ &%sH.v contained,  in a t - t a l  vol l l l l l t '  ()[" 0. 5 llll, 
, I - lq~z,3-oxid~)squah'ne 05 mnoles, 2o ooo c-unts. .min),  25 t ,molcs tn, tassium l~ho~ - 
phate  buffer, pH 7.5, K('l ,  dvtergcnt ,  and enzyme as noted in the tables  and figure 
legends. The oxidosquah.ne was dispersed as described for the rat  liver enzyme assa\ 's .  
Incubat ions  \yore s ta r ted  by the addi t ion  of c n z ~ m e  and s topped b\ '  addit i(m c.f 
o. 5 ml of acet(,nc. The solutions were ex t rac ted  immc'diatclv with three 3-ml quant i -  
ties of benzene acetone (3 : I ,  by vol.) and the combined ex t rac t s  were  cvapora t cd  t -  
dryness  undc'r at s t ream of ni trogen at  1"()O111 tempera ture .  

The lipid residues recovered from all enzyme a s s a \ s  wcrv applied t,, pre-coatcd 
silica gel (Brinkman) th in- laver  chromatographic  plates (2 cm .., 2o Cln) and the 
plates  developed in unsa tu ra ted  tanks  to a height ~)f io cm with v t h \ l  acc ta lc  
1)CllZellC (5:95, 1)y vol.). RI,, values of 0. 9 al ia  0. 5 were consis tent ly  ob ta ined  fin. 
oxidosqualene and lanostcrol,  respectively.  The areas of the thin lax'or plates  com.- 
sponding to lanostcrol  and oxidosqualene were scraped d i r e c t h  into sc in t i l l a t i -n  
count ing vials and 15 ml ~f scint i l la t ion fluid was added.  Samph's  were counted m a 
Packard  Tr i - ( ' a rb  scint i l la t ion spec t rometer  and counts  corrected fl~r quenching by 
the channel rat io method.  

Acet,me powders were prepared b," adding enzyme s~dutions dr~,p\vise t,~ ~o \'~,1. 
¢ff acc t -n t '  at - - 2 o .  The prec ip i ta ted  protein was collected by ccntrifugati~m alld 
dried m~der a s t ream , f  nitrogen. 

l .anostvrol  fl)rmcd from the above incubat ions  had the sanlc re tent ion t ime 
as an au thent ic  sample of unlabeled lanostend on gas chromatograph ic  analysis  
t~vrfl)rmed with an F. M, Model 8733, ins t rument .  I .anosterol  was the sole labeled 
pr,)duct ob ta ined  with ei ther  \ 'east  or liver ellZVllles. 
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R ES U I.TS 

The distribution of cyclase act ivi ty alter centrifugation of broken cell prepa- 
rations ()f yeast and liver is shown in Table I. Both types of cells were hoin()genized 
in troffer without  addition of det(rrgent. In the absence of detergent, both the se(ti- 
merited and Sul)ernatant y'east fractions sh()we(l relatively h)w activitv. Subse(luent 
addition of Triton X-IoO, however, st inmlated ('vclase activi ty ()f the soluble yeast 
fracti(m 5- t,) 0-fi)ld. The detergent did not raise the h)w activi ty of the particulate 
yeast enzyme. As already reported ~,', the bulk ()f liver cy('lase act ivi ty resides in the 
microsomal flacti()n and becomes soluble (noil-sedimentable) on t reatment  with 
de,)xvcholate. The detergent-solubilized liver cyclase can be purified by" anmu)nium 
sulfate fractionati(m, gel tiltration, and by ('hr()mat()graphy on DE.\E-cellul()se ()r 
hydroxylapat i te  6. 

Although the yeast cyclase remains in solution when subjected to centrifugation 
at IOO ooo ~ ,¢ for periods up to 3 h, a t tempts  tt) t>urify it either in the presence 
()r at)sent(, ()f Trit()n X- too  by ammonium sulfate fra('tionati()n, gel filtration ()r 

TA BLI'; 1 

d ,~=OXII )ONQI 'AIA ' ;NI ' ; - I .  ANOSTI~ROI.  CYCI.ASI' ;  A C T I V I T Y  IN C E L L  F R A C T I O N S  OF L I V E R  ANt.) YI'~AST 

St)urcc of cu :ymc I?claltvc aclivity 
(%) 

[.lUCY 
M i c r o s o m a l  f r ac t i on  -S.o 
M i c r o s o m a l  f r a c t i o n  - o.2'!~) d e o x v c h o l a t c  IOO" 
t l i g h  speed  s u p ( r n a t a n t  3.44 
l l igh  speed  s u p c r i m t a n t  • o.t<',, d e o x v c h o l a t e  7.9o 

}'caSt 
I ' a r t i c u l a t e  f r a c t i o n  i 7.6 
l ' a r t i c u l a t c  f r a c t i o n  : o._,",, T r i t o n  X - I o o  I7.2 
I l igh  speed  s u p c r n a t a n t  l,s 
l l i g h  speed  SUl )c rna tan t  : o . - %  T r i t o n  X-IOO IOO" 

• U n d e r  the  s t a n d a r d  a s s a y  c o n d i t i o n s ,  e n z y m e  a c t i v i t y  was  l i nea r  w i t h  t ime .  ;\ r e l a t i v e  
a c t i v i t y  of  lOO r e p r e s e n t s  a 15" .  convt!rsioll  ()f s u b s t r a t c  by  l i ve r  Cl lzvnlc  tIll(l 1(}--20°1 ") convcrs io l l  
of  s u b s t r a t c  1,y ) ' cas t  e n z y m e .  

chr(mmtography on either DEAE-cellulose or hydroxylapat i te ,  all failed resulting in 
nearly complete loss of enzwne activity. We do not know whether this failure, is due 
to the intrinsic instability of yeast cyclase or whether the enzyme, though soluble 
by the usual centrifugal criteria, is, in fact, particulate in nature. It seems remarkable 
at a n y  rate that  yeast cvclase ('an be obtained from homogenates in a non-sedi- 
nwntable form without the aid of a surface-active agent whereas the corresponding 
liver enzyme requires detergent fiw solut~ilization. The activities of the two enzvnws 
also respond differently when exposed to detergents. The neutral Triton X-xoo raises 
the activi ty of the soluble yeast cw:lase 5- to 7-fold without affecting the low act ivi ty 
of the particulate yeast fraction. The anionic deoxycholate does not raise yeast 
cyclase act ivi ty significantly (Fig. rA). Conversely, liver enzyme is almost to ta lh '  
dependent on deoxych()late at all stages of purification. The deoxvchCate  stinmlation 
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Fig .  I. A. R e s p o n s e  o f  s o l u b l e  .yeas t  f r a c t i o n  t(i d e t e r g e n t s .  I n c u b a t i o n  m i x t u r e s  c o n t a i n e d  -t m g  
s u p c r n a t a n t  p r o t e i n ,  25 i tml , lcs  p o t a s s i u m  phosphate buf fe r ,  p H  7.~,, t m d  6 n m o h , s  o f  2 ai-oxi- 
d o s q u a h m e  in a t o t a l  v o l u m e  o f  0. 5 ml.  I i m u b a t i o n s  a t  37 ° for  3 ° th in .  < × , s o d i u m  d e o x v c h o -  
h t t e ;  " - - "  T r i t o n  X - t o o .  B. R e s p o n s e  o f  l i v e r  m i c r o s o m a l  c v c h t s e  to  d e t e r g e n t s  I n c u b a t i o n  
m i x t u r e s  c o n t a i n e d  4 . "  m R  o f  m i c r o s o m a l  p r o t e i n ,  0 o o  / i m o l c s  o f  KC1. 15o n m o h * s  o f  T r i s - H ( ' l  
b u f f e r ,  p H  7.5,  a n d  73 n m o l c s  o f  2 , 3 - o x i d o s q u a l c n c  in  a t o t a l  v o l u l n e  ¢)f x. 5 inl .  I n c u l ) a l i o n s  ~tt .{7 
fo r  15 n l in ,  x - - X ,  s o d i u m  d c o x y c h o l a t o ;  ~ . ~ - - ( , ,  " | ' r i ton  X - l ( , o .  

is exhib i ted  in a ra ther  narrow con(-entration range with an op t imal  effect at  o. I o.2'Io 
(Fig. IB). 

The cyclase ac t iv i ty  ifl" solubil ized liver enzyme was previously  shown to 
depend not  only on deoxychola te  or related anionic detergents ,  but  also on tile ionic 
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[gig. 2. l£f lect  o f  ion ic  s t r e n g t h  o n  l i v e r  a n d  y e a s t  c y c l a s c .  F o r  t i le  e x p e r i m e n t s  w i t h  l i ve r  c y c l a s e ,  
assa, y m i x t u r e s  c o n t a i n e d  1.5 II1~ Of " d c t e r g c l l t - d e p c n d c n t "  CI1ZVIIIC 1 , 73 Ill]lO]CS Of 2 , 3 - o x i d o -  
s q u a l e n e ,  15 / t m o l c s  o f  p o t a s s i u m  p h o s p h a t e  buf fe r ,  p i t  7.5,  x.5 mR s o d i u m  d c o x y c h o l a t c  a n d  
K( ' I  a s  i n d i c a t e d  ill a t o t a l  VOIUlIlC o f  1.5 nil. I n c u b a t i o n s  a t  37 for  15 ra in .  Y e a s t  cvc]i ls( '  w a s  
a s s a y e d  in s o l u t i o n s  c o n t a i n i n g  4 .0  lllg s u p c r n a t a n t  p r o t e i n ,  ¢) 11IllOlC~4 - , .{ -ox idosqUalc l lC ,  25 
p m o l e s  o f  p h o s p h a t e  buf fe r ,  p l  I 7.6, 1.o mR of  "]'i 'itoll X-1o(1 0_11d K( ' I  its s h o w n  in a toted v o h i m c  
o f  o. 5 llll. ] l l c l l b a t i o n s  a t  .17:: fo r  I 5 mi l l .  X " - ;< ,  } ' c a s t  c y c l a s c ;  , , ,  - - : ,  l i v e r  c y c l a s c .  
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environment. Raising the ionic strength in a medium containing o.I°,/o deoxycholate 
from o. x to o. 4 M (KC1) increases enzyme activity approximately 6-fold. The opposite 
effect is observed with yeast eyelase. This enzyme, in the presence of optimal concen- 
trations of Triton X-Ioo, suffers a sharp decline of activity with rising ionic strength 
(ff the assay medium (l:ig. 2). In the case of the liver enzyme, the ionic strength effect 
is producible by a variety of salts t and therefore nonspecific. The specific activities 
for the yeast and the liver enzymes arc o.o2 nmole/mg protein per rain and o.75 
nmole/nlg protein per min, respectively. Thus, the solubilized liver enzyme is about 
37 times more active than the crude yeast preparation. 

Many particulate enzymes or enzymes of particulate origin are adversely 
affected by treatment with acetone. When deoxych~)late-solubilized liver cvclase is 
precipitated with acetone, enzyme activity is lost, but can be restored fully and 
resolubilized by addition of deoxycholate to the buffer-suspended acetone powder 
(Table II). Presumably, acetone removes the detergent which is essential both fi~r the 
activity of the liver enzyme and for keeping it in solution. Yeast cvclase precipitated 
from the ~oo ooo × g supernatant by acetone is still active and stimulated by Triton 
X-~oo but is rendered insoluble by this organic solvent t reatment (Table II). The 

"I'A I~I.F. 1[ 

C Y C L A S E  AC'I 'IVIT"," O1: A C E T O N E - T R E A T E D  H O M O G I , ' N A T I ' ; S  

The  ace tone  powders  were t ho rough l y  dispersed in the  indicated buffer with a P o t t e r - E l v e h j e m  
homogenize r  to give a final concen t ra t ion  of 7 nag protein  per ml. The  protein suspens ions  were 
cen t r i fuged  a t  ioSOOO × g for o o m i n .  Por t i tms  of the  resul t ing s u p e r n a t a n t s  and  resuspended  
prec ip i ta tes  were assayed.  

Fraclion t l  omogenization Total 
buffer activity" 

F%) 

[ .  i t , e r  

High speed s u p e r n a t a n t  o.o33 M po t a s s i um p h o s p h a t e  69 
but ter  (pl-I 7-5) con ta in ing  ; oh 
deox.vcholate 

Prec ip i ta te  1 7 
Yeast 

ItiRh speed s u p e r n a t a n t  o. 5 31 potassiuna phospha t e  4.~ 
buffer  (pH 7.5) con ta in ing  o .z% 
Tr i ton  X- loo  

Prec ip i ta te  6 ~ .3 

• Rela t ive  to whole part icle suspens ion  in the  presence of opt imal  de te rgen t  concen t ra t ion .  

acetone-soluble material obtained bv this procedure neither solubilizes nor stimulates 
the precipitated yeast cyclase activity. 

The cvclases from liver and yeast have also been exposed to various lytic 
enzymes. Proteases (pronase, trypsin, chymotrypsin) failed to solubilize or inactivate 
the microsomal liver eyclase. Moreover, after solubilization by deoxycholate, liver 
cyclase proved remarkably resistant to the proteolytic enzymes, both with respect 
to catalytic activity and to behavior on St'phadex G-zoo gel filtration. These digestions 
also failed to alter the dependence of liver cvclase activity on detergent and high 
ionic strength ~. 
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An a t t e m p t  to resolubilize the acetone-precipitated yeast cvclase by digesting 
the powder with ploteolytic enzymes was unsuccessful and led to at 5 o %  loss . f  
enzyme activity,  lq~ospholipascs were similarly ineffective resolut)ilizing agents. 
Moreover, they did not reduce veast c w'lasc ac t iv i t \ .  

I ) I S C U S S I O N  

The finding> rcl)orted here il lustrate the marked differences in properties 
between functionally identical enzvmes of different qJrigin, l.iver cv<'lasc as isolated 
from homogenates is clearly a microsomal enzyme and obtainable in a t)article-frce 
soluble form only with the aid ~f detergents. All the evidence so far suggests that  
liver cyclase is not a lipoprotein n~r does it seem to require ~t specitic lipid for ac- 
t iv i ty  (F. \V. SWI,:A'r, unpublished).  Nevertheless, the s~lubilized cyclasc retains many 
of the l)ropcrties characteristic of part icle-bound enzymes. 

Yeast cyclase, as init ially obtained by ccntrifugation of cell h~mlogcnatcs, 
appears to be a soluble enzyme which is diss~ciable flom the particulate cell elenmnt> 
wi thout  detergent.  However, the fact that  this enzyme cann~t be handled by t)r~ - 
ccdure> ordinari ly apt)lic;tble to soluble enz \nws  and that acetone prccil~itatim~ leads 
t o  an insoluble preparat ion suggests that  \e~tst cvclase als~ inav 1)c a t~articulatc 
enzvlnV. Conceivably, the \vast  cell contains m~h,culcs with detergent properties 
which facilitate the solubilization of the enzyme and keep it soluble during the initial 
extract ion pr~x'edure. 
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