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S U M M A R Y  

Investigation of the intracellular localization of the principal enzymes involved in the 
formation and breakdown of/~-hydroxy-~-methyl-glutaryl CoA (HMG CoA) in rat  
liver has shown that  HMG CoA condensing and cleavage enzymes are both prepon- 
derantly in the mitochondria. HMG CoA reductase, which leads to the pathway of 
cholesterol synthesis, is in the microsomes, and is only one twentieth as active as 
the cleavage enzyme which leads to acetoacetate production. In spite of this un- 
favorable ratio, cholesterol synthesis does occur--possibly because a small amount 
of condensing enzyme and most or all of the reductase are in the microsomes which 
are low in cleavage activity. 

Stimulation of cholesterol synthesis by injection of Triton, or inhibition by  fasting 
does not importantly alter the amount or distribution of the condensing and cleavage 
enzymes. However, a severe depression of reductase activity in fasting suggests that  
this may be a significant factor in the rate limitation of cholesterol synthesis in this 
condition. 

INTRODUCTION 

When cell-free preparations of rat  liver were studied under conditions in which 
cholesterol formation from acetate was experimentally either stimulated or suppressed, 
the results pointed to the existence of a major rate-controlling step at an early stage 
in the biosynthetic sequence. The evidence implied that  the sensitive step lay in the 
reaction chain somewhere between acetyl CoA and mevalonic acid, and that  it was 

Abbrev ia t ions  used : CoA, coenzyme  A ; D P N  a n d  TPN,  di- and  t r i phosphopyr id ine  nucleo-  
t ides  respec t ive ly ;  D P N H  and  T P N H ,  the i r  reduced  forms;  glucose-6-P,  g lucose-6-phospha te ;  
H M G  CoA, f i -hydroxy-/~-methyl  g lu ta ry l  coenzyme  A; Tris, t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e ;  
E D T A ,  e thy lened iamine te t r aace t i c  acid. 

* This  is pub l i ca t ion  No. 996 of the  Cancer  Commiss ion  of H a r v a r d  Univers i ty .  A p r e l im ina ry  
repor t  of th i s  work  was  p re sen t ed  a t  mee t ings  of the  Fede ra t ion  of A m e r i c a n  Societies for Exper i -  
m e n t a l  Biology (Federation Proc., 18 (1959) 2o). 
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mediated by  an enzyme which was bound to the microsomes a~sd dei~'e~dc~t upon 
reduced pyridine m~c]eotide (probably T P N H ) > <  

The pathways  for ~,he formation of cho!esi:erol and acetoacel:ie ~ck.', f~:o~;~ ~.<c :ty] 
CoA are out]ined in Fig. r : they arc identical up to the ]eve] of H73.1G CubA, b,,syond 
which they diverge. In the studies mep, tioned in tl~e paragrapl~ a b o ~ ,  on~ me;:v;c: 
employed to suppress the conversion of acetate to cho!estero] wa~-~ ~o dep:-:i,e ani~a]c, 
of food for _o4 h. Since acetoacetate format%n is increased in livers o~ !~,~;ti<g aniJnaJs '%',  
it can be inferred tha t  tl~e production of its immediate precursor, I:t!~{G CoA (-~ee ,-el. 7), 
is not  impaired in this co~dition. HMG CoA is a]so a precursor of me;'alop.Sc ~;<id :vhiei~ 

?a~ the reduction ~:.' is on the pa thway  leading l:o cholesterol. "]Thus ttae irn]?iJcatJon is ~q - 
cholesterol formation exhibited by ]ivers of ~astJng animals derivc'.~ not J[ro~> lack of 
production of HMG Cok, but  rather I tem interfereJ~ce wiih ',is ~:]~:t]-~<_'2- progress 
towards meva]onic acid (Fig. z). The prescott JmvestJga tion provide-, evidence 9~ SuppO!Tf 
of a lowering of HMG Cok rednctase ~,.ctivity in s;ach anima]s. 

tea 

2AC-COAZ-'*~cAc-GoA 
iC, OLES,EROL] 

$ ?educedpyrJdi~e nucleoltde AC ID j 

\ 

c/eavoqe enzyme ' A G ] D 

Fig. ~. I°a thways for the forma.tion of mcvalonic acid and acetoacct:ic acid frc?: acet3 1--Co/... The 
following abbrevJa.tions are used : Ac-CoA, acetyl-CoA ; AcAc CoA, acetoa.eel},] Co:', IH-V1G CoA, 

fi-hyd~oxy-fi-metI}ylglutaryl-CoA ; M-VAL, ~qaeva.ldic acid. 

EXPERIMENTAL 

MaferiaZs a¢e,d mdhods 

Materials: We are indebted to ])r. J. KNAPP>; for bJosyntheHe pret>}rqt%n of 
!I,3,5-14C!HMG CoA as well as %r mevalonic dehydrogenase and mc',-~do~:tic kinas~e. 
~>14Ciacetate was obtaJ~~ed from Ken~reaktor ]3au- und Betriehsgesc]Vdlah ; -i.B.) r?, 
Karlsruhe, and DPN, TPN, glucose-6-P and glucose--6-P de]lydrogcnase all hem, 
C. F. Boehringer, S6hne, Mam~heim-Waldhof. 

A~#nals." Young adult  male Sprague-Dawley rats were allowe:d stock diet and 
water ad lib. Animals treated with Triton W R I 3 3 9  received z m] ,A: ~o !g aqueomc 
solution per Ioo g of body weight intravenously ~4 h before rennet, a] of the l{ver. 
Fast ing animals comprised those deprived of food %r :B 4 h. 

P~'@aragioJz of l¢;,'e~v Rats  were s tunned by a blow on the head a,~d decapitated. 
Livers were excised, chil]ed thoroughly in crushed ice, rinsed 5~ m,ndim-n and put  
through an ice-cold tissue press. The liver pulp was homogenized a~; pre~ior>]y de-- 
scribed< For determination of HMG CoA condensing and c]eavage ,mzyme< the 
medium consisted of o.e 5 3 ]  sucrose. For  other determinations Jt was com~)os~:d of 
o.I  M potassium phosphate  buffer pH  7.4, o.oo4 M magnesium chloride, a>d o,o2 J?:f 
nicotinamide. 

]3~;oC£};tn. .]]iO/)]z)'S. /] cLo, .4 o (I 96o) ~9} -;)0 r 
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The supernatant fluid obtained from centfifugation of whole homogenates for 
io rain at 5,ooo ;< g was employed for routine incubations. I t  consisted principally of 
microsomes and soluble cell components, and will be designated S-5ooo. In more de- 
tailed cell fractionation studies a crude "nuclear" fraction (containing in addition to 
nuclei, red blood cells, unbroken liver cells and cell debris) was sedimented by centri- 
fugation for IO min at 6oo-7oo × g and a mitochondrial fraction at 9ooo × g. These 
procedures were carried out in a cold room at 4 ° in a Servall centrifuge, type SSI. 
A microsomal fraction was obtained after I h at Io5,ooo × g in a Spinco preparative 
ultracentrifuge. Each fraction was washed once by resuspension and recentrifugation. 
The supernatant fluid from the final centrifugation was considered to comprise the 
soluble cell components. 

Cholesterol biosynthesis: S-5ooo preparations were incubated for 2 h aerobically 
with [I-14C~acetate, DPN, TPN and glucose-6-P. After alkaline hydrolysis cholesterol 
was extracted with petroleum ether, precipitated with digitonin, and its radioactivity 
determined in an end window counter with an efficiency of approx. 8 % (see ref. 2). 

Acetoacetate formation: S-5ooo preparations were incubated with labeled acetate 
as above. After addition of acetoacetate as carrier they were deproteinized with tri- 
chloroacetic acid and strongly acidified with HC1. The E14C~acetone was collected by 
steam distillation in a solution of 2,4-dinitrophenylhydrazine, and the resulting hy- 
drazone extracted with carbon tetrachloride 9. This extract was washed thoroughly 
with solutions of sodium acetate and sodium bicarbonate and water, and concentrated 
by evaporation in vacuo. An aliqout was plated for determination of its radioactivity. 
Enzyme-free control preparations, serving as blanks, showed that no Ei-14Clacetate 
contaminated the final product. 

HMG CoA Condensing and cleavage enzymes: Livers were homogenized and frac- 
tioned in 0.25 M sucrose. The fractions were then rehomogenized for I min in 0.o 5 M 
potassium phosphate buffer at pH 7-5 in a high speed (approx. 35,000 rev./min) blen- 
dor-type homogenizer (Edmund BiShler, Co., Tflbingen), while cooled in a saline bath 
at - - 6  to - - I o  °. In the case of the microsomes the potassium salt of EDTA was added 
in a final concentration of IO -a M to promote further ]ysis of the particles. These proce- 
dures were found necessary for activation of particle-bound portions of the enzymes 
(see below). The assays were carried out by the methods previously describedL Prepa- 
rations were incubated with Tris buffer, sodium sulfide, coenzyme A, reduced gluta- 
thione, lithium acetyl phosphate and Cl. kluyvcri extract, the latter to provide for 
generation of acetyl CoA and acetoacetyl CoA. For assay of condensing enzyme an 
excess of cleavage enzyme from beef liver was added, and for assay of cleavage enzyme 
an excess of condensing enzyme from baker's yeast. The beef liver extract was free 
from condensing enzyme activity and the yeast extract was free from cleavage 
enzyme activity. At the end of a 3o-min incubation the amount of acetoaeetate 
formed was determined colorimetrically 1°. Each liver fraction was run at a minimum 
of two concentrations; results were considered acceptable if they fell within ± IO % 
of the mean. (At extremely low levels of enzyme activity the error was somewhat 
larger.) A unit of enzyme activity was considered to be the amount yielding I t, mole 
of acetoacetate under the conditions of this assay. Specific activity was defined as 
units/rag of protein. 

HMG CoA Reductase : Measurement of HMG CoA reductase was carried out only 
on washed microsomes (see below). These were incubated for I h with K2HPO4, re- 
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duced glutathione, potassmm salt of EDTA, glucose-6-P, glucose-6-P dehydrogez?ase, 
TPN,  DPN, serum albumin, mevalonic dehydrogenase, and [L3,5-~C]IIik[G CoA. 
The pH was adjusted to approx. 7 with e N KOH. After Jncubatio~ 11~e rea(tion 
was stopped by  heating for 2.5 rain in a boi]ing water bath. Carrqt,- meva]o.>ic acid 
was added, and an excess of Dowex 5 ° (H form), and the mixture wa~5 ti~en exl:.tacted 
overnight  in a continuous extractor  with peroxide-free ether. After addition of an 
excess of KOH solution the ether was distilled off i~ vace~,o. The residne, eep, tairimg 
any  [~4Qmevalonic a.cid tha t  had formed, was neutralized ai~d reJncub2ted v,,ith 
magnesium salt of EDTA, potassium bicarbonate,  potassium fluoride, serum aibur~J>,, 
ATP and mevalonie kinase. After ~ h incubation, T)owex 5o (H form) ,.v~> added, 
and the mixture again extracted continuously whh ether overnight. The phospho- 
mevalonic acid formed from [~C mevalonie acid remained in tt~c aqueous p}>~,se, 
while residual [I'aC]HMG was removed bv the ether. Determiriat%n of the radio- 
act ivi ty  in the aqueous phase therefore gave a measure of the amom~t of ff)~G CoA 
tha t  was reduced ~1. Microsome-free blanks were run with each experime~t. 

Mevaidic acid disajh~ea~,a¢tce: Mevaldic acid disappearance was mea.s~.,red ~s an 
index of mevalonic acid dehydrogenase activity. S-5ooo preparations were incubated 
for 30 rain with potassium phosphate buffer at pH 7.o, potassium ff;uo~ ide, gluco,~e-6 -P, 
glucose-6-P dehydrogenase, TPN and mevaldic acid. The mixture -wa~- deproteh-iized 
with trichloroacet]c acid, and the residual mevaldic acid determined colorin~etricaJIy 
by reaction with e,4-dinii rophenylhydra.zine J-~. 

Pfotei~ : Protein was determined by the biuret reaction ~ :. 

R E S U L T S  

H M G  CoA co~zdensi~g a,~d cleavage e~zdmzes. Initial experiments were carried oi]I: to 
determine the in tracellu] a i- distributio~ of H MG CoA conden sing an d ,:fieavage en zym e~ 
in normal liver. At first the liver fractions in 0.25 M sucrose were i~,st.ed direct7% 
but  the resulting \a lues  were too low, since an approximatelh~ zo-fold i>crease in 
act ivi ty  of both enzymes occurred in particulate preparations tha t  were s~orcd at 
- - z 5  ° {Table IA). However,  the act ivi ty of particle-free supernata~t  ~uJd oblai;~ed 
f r o m  c e n t r i f u g a t i o n  at  !o5 ,ooo  g d id  l~_ot increase d u r i n g  s torage cruder s i m i l a r  

cond i t i ons .  
I n  o rde r  to  ac t i va te  the b o u n d  enzymes,  va r ious  m e t h o d s  were  h>,. 'estigated fo r  

breaking up the particles. Preparatio~ of an acetone powder follov.'~, d by ext;racdon 
with phosphate  buffer yielded Jower values than homogenization alo>e. Fepeated 
freezing and thawing resulted only in doubling the activi ty of condep, sing- enzym% 
compared to the zo-fo]d increase obtained in the same preparation on sl ora~e a l  z5 ~'. 
High frequency oscillation with bal]otJni produced only two-thirds a:~ much aet_~vation 
as the final method. Addffion of surf;ice-active agents was also unsuccessfn]: Triion 
WR-z339 in a final concentration of ~: % had no effect, and cholate at o . z - I  ",', :fina] 
concentrat ion was stronft]y inhibitory. The most  convenient and reproducible tech- 
nique, and the one ult imately adopted for the s tandard assay proccdur<, was homo- 
genization for I ]I~in in the Bfl]]leF apparatus,  as described abort ' .  Altl~oin(]~ ~ot ideal. 
the results indicated that  a high degree of activation was obtaT~ab!  uncier thes~ 
cond i t i ons  w i t h o u t  undu ] ) ,  r a p i d  d e s b u c t i o n  of the r a the r  uns tab le  ...... ~ ...... ~, t ....... . . . .  
{Table IB). Confidence h~ t?~.is technique is engendered by the data i~,:} TrH)],*s I i  ;~:id I I I ,  

ZDochf;~,. ] ? i o i a k y s .  _ 7~>'o, ,I ; (; 96~.;) ,~,,) ~ 5c~ 
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which show that the sum of the activities of the various cellular fractions, in units/g 
of liver, were in reasonable accord with the level in the unfractionated homogenate. 

T A B L E  I 

ACTIVATION OF H M G  CoA CONDENSING AND CLEAVAGE ENZYMES 

D a t a  are expressed  as e n z y m e  specific act ivi t ies .  For  d e t e r m i n a t i o n  of condens ing  e n z y m e  
2 o / , m o l e s  of l i t h i u m  acety l  phospha t e ,  7 ° / , m o l e s  of Tris  buffer  p H  7.9, 7 / , m o l e s  of Na2S, 
o. 3 / , m o l e  of CoASH,  3 #mo l e s  of reduced g lu ta th ione ,  4 #mo le s  of MgC12, 7 / , m o l e s  of d ipo t a s s ium-  
m a g n e s i u m  sal t  of E D T A ,  o.oi ml  of CI. k l u y v e r i  ext rac t ,  p lus  a p p r o x i m a t e l y  i un i t  of purif ied 
H M G  CoA cleavage e n z y m e  f rom beef  l iver  (specific ac t iv i ty  12 n n i t s / m g  protein) were i ncuba t ed  
for 30 m i n  a t  37 ° wi th  a l iquots  of l iver  p repa ra t ions  in a final vo lume  of 0.7 ml .  For  c leavage  
e n z y m e  the  condi t ions  were t he  same ,  excep t  t h a t  a p p r o x i m a t e l y  I un i t  of condens ing  e n z y m e  
from a to luene  au to lysa t e  of bake r ' s  yea s t  (specific ac t iv i ty  o.6 un i t s /mg) ,  or enr iched p repa ra t i ons  

thereoff,  was subs t i t u t ed  for the  beef  l iver p repara t ion .  

iooo × g supernatant from homogenate in o.25 M sucrose 

Fresh 5 days at - -x5  ° 

Condens ing  e n z y m e  0.006 0.078 
Cleavage e n z y m e  0.063 0.53 

Biihler homogenate (uncentrifuged) in o.o5 M phosphate buGer 

x rain 2 rain 3 min 4 rain 

Condens ing  e n z y m e  0.o67 o.o61 o.o51 0.055 
Cleavage  e n z y m e  0.94 0.97 0.89 0.95 

It  is evident from the values obtained in whole homogenates of normal livers that 
there was considerable variation among animals with respect to both cleavage and 
condensing enzymes (Tables I I  and III).  However, the cleavage enzyme was of the 
order of IO times more active than the condensing enzyme. 

The intracellular distribution of the two enzymes was very similar: nearly one- 
third of the activity appeared in the crude "nuclear" fraction, two-thirds in the mito- 
chondrial and a small amount in the soluble fraction. The levels in the microsomes, 
especially in the case of the more labile condensing enzyme, were too low to be deter- 
mined reliably by this method of assay. 

When animals were subjected to fasting, which strongly suppresses cholesterol 
formation, or were injected with Triton WR-I339, which greatly enhances it, the 
levels of condensing and cleavage enzymes in the small series of animals studied did 
not appear to rise importantly above the normal range. In any case it is clear that the 
slight changes that did occur, whether real or attributable to statistical variation, 
were in no way parallel to, or commensurate with, the enormous differences in con- 
version of acetate to cholesterol exhibited by S-5ooo preparations from similar ani- 
mals (Table IV). 

The distribution of condensing and cleavage enzymes among the cellular fractions 
in the treated animals also remained closely similar to the normal pattern (Tables 
I I  and III) .  

HMG CoA reductase: Relative to cleavage enzyme, the activity of cholesterol- 
forming enzymes was very tow. For example, when S-5ooo from normal liver was in- 
cubated with [I-14Clacetate under conditions favorable for cholesterol synthesis, 

B i o c h i m .  B i o p h y s . . 4 c l a ,  4 ° (I96O) 49I 5oi 
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TABLE i i  

D I S T R I B U T I O N  OF HMG CoA C O N D E N S I N G  EXZS"MF. IN CELLULAR IrRACTIONS 

Enzyme activities are expressed as units/g of fresh liver. Specific activities are expressed as unitsimg 
o~ protein. Values in parentheses are perceatagcs of activity attributable to each fra.ction if the 

sum of the activities is taken as leo %. Procedures as in Table i. 

I1onu~gcna2c Crude "nuclei" Milcchomtria 31,crr .so;::e$ ,~*~per~mtan! 

.'¥ormal 

9.4 
I I . O  

26.7 
~-4.2 

4.6 9.6 
5.7 13.I 
3.6 ~o.4 

9.7 4-4 8.6 -- 0. 4 
I2.3 3.6 7.9 - ' -  0.4. 
IL 7 2.8 8.4 --- 0.4 

Average units/g 15.o 4.1 (29 %) 9.7 (6,? %) - -  0-4 (3 %) 

Average specific activity" 0.073 0.068 o.I82 < o.oo3 0.007 

Triton-treated 

21.8 
7.3 }6.r 

37.~ 7.4 23.4 e.:. 5.8 

Average units/g 29.5 7.4 !a2%) ~9.8 (60°'0) o.r (o.3%) 5.8(z8%) 

Average specific activity o.I 38 o. 1 ~5 0.3", 5 0.006 0.08 

18.9 
6.9 14.5 
9.I 23.3 

26.3 ] r.9 29.} o.o~. 4.5 

Average units/g 22.6 9-3 (26%) 22. 4 (62%) o.o8 (0.2%) 4.5 (12 °..~) 

Average specific activity o.o86 oJ49 o.382 o.oo5 o.o59 

1.80 vmoles oi acetate were converted to acetoacetate while only 0.086/zmoles were 
converted to cholesterol, a rat io favoring the cleavage pa thway  of 20 to I. Because of 
this overwhelming tendency towards cleavage, it was no t  feasible to measme the 
IIMG CoA reductase ac t iv i ty  in S-5000 preparations,  with the l i :nited supply  of la- 
beled HMG CoA available. However,  it had already been shown tha t  the rate-con- 
troll ing step in cholesterol formation is dependent  upon the microsomcs ~ which,  ,~s 
indicated above, contain very li t t le cleavage enzyme. Accordingly, determinntiofis  of 
II3IG CoA reductase were carried out  only on washed microsomes. In  an a t t empt  
to mnpli fy  the result ing differences, liver microsomes from animals  s t imula ted  by  in- 
jection of Tr i ton were compared with those from animals  depressed by  fasting. 

Biocl~im. J3iophys. Aaa,  4 ° (z960) 49r.-ser 
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TABLE I I I  

DISTRIBUTION OF HSIG CoA CLEAVAGE ENZYME IN CELLULAR FRACTIONS 

See above Table II .  

497 

Homogenate Crude "nuclei" Mitochondria M i c r o s o m e s  Supernatant 

Normal 

123 
185 
175 
lO 5 

33 IOO 
3 ° 85 
26 83 

lO 7 41 52 o.25 2.5 
lO2 36 52 o.8o 4.0 
139 33 lO2 o.7 ° 2. 3 

Average uni ts /g  134 33 (28 %) 79 (68 %) 0.58 (o.5 %) 2.9 (3 %) 

Average specific act ivi ty  0.66 0.54 1.48 o.04 o.05 

Triton-treated 

IlO 

56 IiO 
I95 48 117 1.2 g.o 

Average uni ts /g  153 52 (3 ° %) 114 (65 %) 1.2 (0.7 %) 8.0 (5 %) 

Average specific act ivi ty o.71 o.89 1.87 0.06 o . i i  

Fasting 

147 
37 64 
56 I33 

30o 64 175 2.0 15.o 

Average uni ts /g  224 52 (27 %) 124 (64 %) 2.0 (1%) i5.o (8 %) 

Average specific ac t iv~y  0.88 0.84 2.06 o.13 o.I9 

TABLE IV 

CONVERSION OF ACETATE TO CHOLESTEROL BY LIVER PREPARATIONS 

2.0 ml of S-5ooo prepara t ions  were incubated for 2 h at  37 ° wi th  20 #moles  of glucose-6-P, 
2 ?,moles each of TPN, and D P N  and 5 #moles of El-14C]acetate (2.5 #C) in a final volume of 2.45 ml. 

Normal Fasting Triton treated 

Cholesterol (ac -* ch) Cholesterol (ac --* ch) Cholesterol (ac ~ ch) 
counts/rain ilmoles counts/rain l, moles counts/rain ttmoles 

5,39 o o.o75 o* -- 18,7oo o.26o 
6,4oo o.o89 5 - -  19,25o* o.268 
6,200 o.o86 16"* - -  19,6oo** 0.272 
8,640 o.119 

* S-5ooo prepared f rom same livers as microsomes in Expt .  No. I, Table V. 
** S-5ooo prepared from same liver as microsomes in Expt .  No. 2, Table V. 

B i o c h i m .  B i o p h y s .  Ac ta ,  4 ° (196o) 491-5Ol 
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As shown in Table V, microsomes from the Trite,v-treated animals >ei:e J?;gb ]y  

active in reducing HMG C o i  to mevaJonic acid; S-5ooo preps.rat;or>.- fro;t? the same 
livers were similarly acth:e in the total  syntlnesis of cholesterol f;:o~ qcetat.; (Ts:blc ]u ,  
footnote). In  the first experiment  in Tab]e V doubling the concentra0ion of ;>7e.'.-o~:omes 
did not  increase the tot:;~] conversion oi HMG CoA to mevaionate.  He~ce e,~en at the. 
lower microsomal concentrat ion the amoun t  of HMG CoA added m;)y ~:ot F,a~-e been 
quite sufficient to demonstra te  maxima! activity.  In ti~e second expcrin:en< ]7ovce-, er, 
the HMG CoA could not  have been l imit ing singe d o u b I b g  its eonee;~tratJoJ~ did not 
increase mevalonate  formation. Ti~e capacity of microsomes to reduce H2ffG CoA tl-us 
appeared to be of the order of 3 -4"  ~o-~ ~zmo]es/mg of microsoma~ p:o~ein/ia in livers 
from Tri ton- t reated animals. 

TA BLE v 

RIg])I£CTIOIg el ~ ]-~]G Co2~ ]35 ~ ?ffIGROSO~I]£S F~OM7 LIV~]~S el 7 ~AL;'J'INc~ /~.ND T]~xTO~ --F~T~A'Y]£]3 f-:/~3"'J, 

For determination of H.MG CoA reductPse activity, washed nlicrosomes v. eTe h2cu[_~aftcd ~Or ;I ]} 
at 37 ° with ~o Fmo]es of K~_HPO 4, .5/,moles each of reduced g]utathione and po{assum sa!t of 
EDTA, o.3 /zmo]e each of ])PN and TPN, 8 ,umo]es of ghmose-6-P, o. 3 mg of serum a]bumJn, 
glucose-6-P dehydrogenase, mevalonic acid dehydrogenase, and [1aC]tlMG CoA (o.,.)~ /n~oJe 
containing approximately 6ooo counts/rain). After adjustment of the pH ~o %o 7-:, ,vlth 2 N 

]((DH the :fins,] volume was approx. 0. 7 m]. 

/]'Iicroso;,ne LabclZed (HMG Co,4 -~ ; / I 2 4 )  by ",!~7cr( somds 
EnrpL No. Rals ps'o{c'i~e p~'~se~l¢ ]-tMG CoA ad&~i . . . . . . . . . . . . . . . . . . . . . . . .  

(~rg) (Fmeh,xj To~al actw, 7y ,~ sm'~:/ ~ q'pe'o : i /  
(col~ngs/vei!g5 ( l emohs  >: £o :} 

I Tr i i oJa  I, 5 o . o r  3 4 8 0  3 .9  

3.0 o.o~: 343 o ~,9 
F a s t  ] 11 g I • 8 o .  o ] o ,o 

3.6 o.o~ o o 

2 TrFcon ~- 5, o.o c 285 o 3 " 
] .5 o,o2 2860 2.2 

lVa sting ~ .~ o.oi 4 ° o o<, 
s . i 0.02 2 7 o.oq 

The preparat ions from fasting animals exhibited grossly impair(d capacities !~o 
synthesize cholesterol fi:om acetate and to reduce HMG CoA (Table:-.: tV and \')~ The 
failure to demonst ra te  reductase ac t iv i ty  could indicate either actuai inhibi t ion or ]os~ 
of the enzyme itself, or ~m increase Jn HMG CoA cleavage enzyme suff~eien~ ~':~ mask 
the reductase by  elhnJnation of its substrate.  However, we have already shown thaL 
the act ivi ty  and dis t r ibut ion of cleavage enzyme in tern]s of i:ot3] capaci{ 2 (i,g. 
after disruption of the pardcles in the Bfihler homogenizer) do noi  differ sig.',~ificant]y 
in fasting, normal and  Tr i ton- t rea ted  preparations.  Fm:ther, we examined m";dX>:rupted 
mitochondria  from similar animals to find whether fasting per se resulted in ..'~etivation 
of bound  cleavage enzyme. The results (Table VI) were somewhat equivoc:a] in <hat the 
lowest as well as the higl~ost values obtained in these in tac t  particles "acre in th< fastln!- 
series, bu t  3 out of 4 fell within the normal range. Although Jt cannot be entire1? ruled 
out, the data  lend little support  to the idea that  the c]ea\ age enzyme i~ fasting animals 
is in a part icular ly active state. These findings therefore suggest tha t  t h e r e  is  an  actual 
inhibi t ion or loss of HMG CoA reductase Jn the fasting animal.  

The reduct ion of HMG CoA to mevalonic acid has been found to be media:.ed i~y 

13iochi~:~..UiopDys. 7('!c~, 4',; (~96o; 9 --5o~ 
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T A B L E  V I  

CONDENSING AND CLEAVAGE ~NZYME ACTIVITIES IN INTACT AND DISRUPTED MITOCHONDRIA 
FROM LIVERS OF NORMAL, FASTING AND TRITON-TREATED RATS 

P r o c e d u r e s  a s  i n  T a b l e  I .  

Expt. No. 

Normal Triton Fasting 

Intact Disrupted Intact Disrupted Intact Disrupted 
specific activity specific activity specific activity specific activity specific activity specific activity 

Condensing e~*~yme 

I O.0O2 0 : 0 9 3  o . 0 0 2  0 . 0 6 5  0 . 0 0 2  0 . 0 8 5  
2 o . o o i  0 . o 3 4  o . o o i  o . o 4 5  o . o o 2  o . o 4 9  
3 o.ooi 0.O02 O.OOI 
4 o . o o i  0 . 0 0 2  0 . 0 0 5  

Cleavage enzyme 

I 0 . 0 0 7  O.82 0.0O 4 1 .02 0 . 0 0 5  0 . 9 6  
2 0 . 0 o 6  0 . 9 7  o . 0 0 5  1 .12  0 . 0 0 4  1 .43  
3 0 . 0 4 9  0 . 0 2 9  o .o41  
4 0 . o 4 9  o . o 2 9  0 . 0 7 7  

a single enzyme in yeast, and mevaldic acid is not an intermediate in this reaction n, 14. 
Although the same condition may obtain in mammalian tissues, the possibility of a 
two-step reaction involving mevaldic acid has not yet been ruled out (Fig. I). Accord- 
ingly we measured the disappearance of mevaldic acid as an index of mevalonic 
dehydrogenase activity. Comparison of normal, Triton-treated and fasting animals 
with respect to conversion of acetate to cholesterol by S-5ooo preparations yielded 
8,64o counts/min in the normal, 18,7oo counts/min in theTriton-treated, and 5 counts/ 
min in the fasting respectively. Incubation of o.5-ml aliquots of these same preparations 
for 3o min with mevaldic acid resulted in relatively insignificant differences: o.256 
/,moles disappeared from the normal, o.282 from the Triton-treated and o.266 from the 
fasting. 

D I S C U S S I O N  

Although there are other pathways for its formation 15-17, it is probable that a major 
portion of the hepatic t-IMG CoA is produced from acetyl CoA and acetoacetyl 
CoA by the action of the condensing enzyme. This enzyme appears to be preponderantly 
associated with the mitochondria; approximately two-thirds of the condensing activity 
appeared in this fraction and nearly an additional third occurred in the crude "nuclear" 
fraction which contained enough contaminating mitochondria to account for most if 
not all of the activity there. The small portion of condensing enzyme found in the 
soluble fraction was probably derived largely from particles disrupted during homo- 
genization and fractionation. Negligible activity was demonstrated in microsomes. 
However, RUDSEY, using isotopic techniques which are far more sensitive than the 
biochemical methods that we employed, was able to detect this enzyme and isolate 
it from washed microsomes, showing that at least a small fraction of it is bound to 
these particles. I t  is important to note that these sensitive isotopic tests did not demon- 
strate the overwhelmingly high concentration of condensing enzyme present in the 
mitochondrial fraction, because the high activity of cleavage enzyme prevented 

Bioch im .  B i o p h y s .  Ac ta ,  4 ° (196o)  4 9 I  5 o r  
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accumulat ion of HMG CoA upon which these tests depend. In  the method ~hat v,,,~ 
employed, interference by  cleavage enzyme was not a factor. I t  can be ca!e~Iatcd f':or.~ 
RUDNEY'S data ~s tha i  i;~ his system o.oo 3/ ,moles  of HMG were formed fro~> >~'cet;~te/ 
mg of microsome protein/3o rain. This level is at the borderline of detectr~bilitv b',: 
our method of measuring condensing enzyme. We found the mit-ochoJsdl-ia ~o have 
specific act ivi ty  of o.z8~/ ,moles~rag,  or 6o times the act ivi ty  deter>)%ed by 7-~c >xF>." 
in the mierosomes. 

The pattern of distribution of cleavage enzyme in the ceilular fraction,s was closely 
similar to tha t  of the condensing enzyme, indicating that  it too functions mainly in 
the mitochondria.  Possibly acetoacetate production is primari!}" a mitochondriaJ 
function, carried out by the condensing and cleavage enzymes th, ' t  are abundant  ;b? 
these particles, whereas the small fraction of the condensing eJ~zi:>e that  is Jn the 
microsomes produces the HMG CoA which is converted to meva]o>_ic acLd bv tile 
microsomal reductase. This ]after HMG CoA would be more readii.: a".:0JJ;;])lc to tile 
reduetase because of the low level of cleavage enzyme i.~ the micro.sor's->s. Suc}~ com- 
par tmenta t ion could expiain how cholesterol s}a?thesis iron? acetate can oecn-:i~ a 
tissue with a m a n y  times greater potential capaci ty tc split HMG CoA +]san f-o syn- 
thesize it or reduce it (:o mevaJonic add.  

The high level of HMG CoA reductase in microsomai preparations fro.,> i ' r i ton- 
treated and the low level from fasting rat livers is in accord with the incorporat{on o~ 
acetate into cholesterol in such preparations. For the Triton-treated ar~imai.s we fonnd 
tha t  o.oo3-o.oo4 y n o h  of HMG CoA were reduced/rag ot microsom~! proteh~/D v,d;en 
measured directly. For  comparison, S-5ooo preparations; containing appro?.:. ;-;o rag/of 
protein, approx. 30 % of which >:as microsomai, converted o.26 F.moic o.~ acet ~te ~.o 
cholesterol, which is eguivaIent  to approx, o.ooe /zmo]e of HM(; CcA redu,.:ed/mg of 
microsomal proteii~/h. ,.<,face these two sets of values for reduction of HMG Ce',A are 
of the same order of magnitude,  the a.ssumptioJs appears valid that: most J[ r:ot ai] 
of the reductase is bound to the lT / ic roson ' IeS .  

I t  has bec~ show~ thrlt mevaldic acid can be couverted to me, a}onic acid by r~it 
liver i.~s vite'£ ~, sa and ;Jlso that  addition of unlabeled 1heraldic acid to a i,.omoge~ate 
suppresses the conversion of [s~C]acetate to cl]olesterol as effecti'.<137 ;'.s ;a~]~abeied 
mevalonic acid e~. Further,  [*~C]mcvaidic acid is cony< rted to steroid b F ra t  ii,-<r ~omo- 
genates much more efi'iciently thap. acetate*, tn a few e:.cperiments ,7c ~e;~su~:ed the 
disappearance of mevaldic acid whe~ J]~cubated ,,vitb S-5ooo prepar:at%ns ;~}d found 
insignificant differences between normal, fasting arid Tr i ton- t re~ l tc ( !  animal>. This 
finding suggests tha t  7f h-) ]iver, unlike }:east, the reduction of HMG Coi~ occ~:r~; h-~ ~ v,.'o 
stages with mevaldic acid as an intermediate, the first rather than t]~< secend >-duetive 
step is the critical one. 

From the e~idence pre~-ented above, the diminution in cholest<:el fornqa~io~ fro.,> 
acetate tha t  is Jound in livers of fasting rats appears to he associated with a decrease 
in HMG CoA reductasc acitvity. This finding is no doubt  relevant to ~he olvcralion oi 
the physiological control of hepatic chole:steroi synthesis, but  ~t shou!d be e~s~pha:;fzed 
that  comparison of isolated systems v\ith tlnose ope~ aii~g in tlne inta~ ct animal i~>. oh. es 
the risk of minimizing ,.-ariables tha t  are readily eliminated i~z z:~,0"<~ and y'.'~: :nay bc 
paramount  i~. z,ivo. The, partially inactive state of the condensing a~d cier~vage e~- 
zymes in intact particles is a case in point. Its physiological significasec ca~:mot b< prop 

* \~/-e a re  i n d e b t e d  to  Dr.  [ .  C-RAWT for ~;his u r t p u b i i s b e d  ip . fo rma t ion .  
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erly evaluated on the basis of the maximum capacities which are measured after the 
particles have been disrupted. Alterations in fragility of particles in altered physio- 
logical states may interfere with accurate determinations in non-disrupted particles. 
This may partially explain the variability in our own experiments, as well as the 
findings of MIGICOVSKY that mitochondria from fasting animals contain an inhibitor of 
cholesterol synthesis 22. Thus the final limitation in the whole animal may be effectively 
brought about either by alteration of a critical step on the direct pathway, or of some 
ancillary step operating to alter the availability of essential substrates or cofactors. 
Whether the lowering of reductase activity in fasting is coincident with or consequent 
to alterations in these ancillary steps requires further study. 
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