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ABSTRACT

A multi-enzyme complex o f  f a t t y  acid  o x id a t io n  was iso la te d  from 

Escherichia c o l i  G c e l ls  and was p u r i f ie d  to near homogeneity by a 

simple two-step procedure. The complex exh ib ite d  th io la se  ( EC2*3 .1 .1 6 ),  

enoyl-CoA hydratase (EC4.2.1.17) * and 3-hydroxyacyl-CoA dehydrogenase 

( EC 1 .1 .1 . 35) a c t i v i t i e s  towards short-, medium-and long-chain substra tes. 

The complex was shown to  have a molecular weight o f  approximately

300,000 and is  apparently  composed o f two types o f subunits w ith  molec­

u la r  weights o f  78,000 and 42,000.

The presence o f on ly  one th io la s e  a c t i v i t y  ( th io la s e  I)  in  w i ld -  

type E .c o l j  induced fo r  enzymes o f  p -o x id a t io n  was demonstrated. A 

d i f f e r e n t  th io la s e  ( th io la s e  I I )  was shown to be present in  a mutant 

c o n s t i tu t iv e  fo r  the enzymes o f bu ty ra te  degradation. The two th io lases  

were p u r i f ie d  to near homogeneity and were found to  be associated w ith  

d i f f e r e n t  p ro te ins  as shown by gel e lec tro p h o re s is .  Thiolase I ,  which 

is  a component enzyme o f the multi-enzyme complex, was a c t ive  on 3-keto- 

acyl-CoA d e r iv a t iv e s  con ta in ing  4 to  16 carbons, but exh ib ite d  optimal 

a c t i v i t y  w ith  medium-chain subs tra tes , whereas th io la se  I I  was shown to 

be s p e c i f ic  fo r  acetoacetyl-CoA. The molecular weight o f  th io la s e  I I  

was estimated to be 175,000 in  the absence and 41,500 in  the presence 

o f  sodium dodecyl s u l fa te .  Hence i t  appears th a t  th is  th io la s e  is  com­

posed o f  fou r subun its . The pH optimum fo r  th io la s e  I was found to be 

approximately 8 when assayed w ith  both acetoacetyl-CoA and 3-ketodecanoyl- 

CoA. Thiolase I I  showed a pH optimum o f  8 .2 . The maximal v e lo c i t ie s  fo r  

the t h i o l y t l c  cleavage o f acetoacetyl-CoA and 3-ketodecanoyl-CoA by 

th io la s e  I were estimated to be 1.2 and 27.7 nmoles/min/mg o f
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p ro te in ,  re s p e c t iv e ly ,  and th a t  fo r  th io la se  I I  as 187.5 pmoles/inin/mg 

o f p ro te in .  The Km values fo r  acetoacetyl-CoA observed w ith  th io la s e  I 

and I I  were 31uM and 7.5pM re s p e c t iv e ly  and the values determined fo r  

CoA were 2CfciM and 7.6pM re s p e c t iv e ly .  Thiolase I in  d i lu te  s o lu t io n  

proved to be much less s tab le  than th io la s e  I I  and showed 1n co n tras t 

to  th io la se  I I  an absolute requirement f o r  a th io l  reagent.
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INTRODUCTION I

The degradation o f  f a t t y  acids through 3 -o x id a t io n ,  f i r s t  suggested 

by Knoop in  1904, involves a sequence o f  fo u r  reactions in  which two 

carbon atoms are removed from a f a t t y  acid as acetyl-CoA. The steps o f  

th is  pathway as estab lished by the groups o f Lynen, Green, Ochoa and 

others in  mammalian t issues are (see F ig. 1): 1) a c t iv a t io n  o f  the

f a t t y  a d d  to  i t s  coenzyme A (CoA) th io e s te r  by acyl-CoA synthetase 

(EC 6 .2 .1 .3 ) ;  2) dehydrogenation o f  the acyl-CoA to  the tra n s -enoy l-  

CoA by acyl-CoA dehydrogenase (EC 1 .3 .9 9 .3 ) ;  3) hyd ra tion  o f the a, 0 - 

unsaturated-acyl-CoA to the L(+)-0 -hydroxyacyl-CoA by enoyl-CoA 

Aydratase (crotonase) (EC4.2.1 .17); 4) o x id a t io n  o f  the 0 -  hydroxy- 

acyl-CoA to  t h e 0 - ketoacyl-CoA by 3 -hydroxyacyl-CoA dehydrogenase 

(EC 1 .1 .1 .3 5 ) ;  and 5) t h i o l y t i c  cleavage o f the 0 -ketoacyl-CoA 

d e r iv a t iv e  to  acetyl-CoA and an acyl-CoA two carbons sh o rte r  in  length 

by th io la s e  (EC 2 .3 .1 .16 ) (1 ) .  The re s u l t in g  acyl-CoA compounds then 

pass through the fou r 0 -o x id a t io n  reactions l is te d  under 2 ) to 5 ) 

u n t i l  the f a t t y  acid  is  completely degraded to acetate u n i ts .

Despite the importance o f  understanding the re g u la t io n  o f f a t t y  

a d d  o x id a t io n ,  l i t t l e  is  known about the con tro l o f  th is  m etabolic 

pathway in  eukaryo tic  c e l ls  and about the 1n v ivo  o rgan iza tion  o f  the 

enzymes o f  0 -o x id a t io n .  Work w ith  ra t  l i v e r  m itochondria  (2 , 3) 

ind ica tes th a t  these enzymes are e i th e r  attached to  the Inner membrane 

o r lacated 1n the m a tr ix  space. Orysdale and Lardy (4) have been un­

successful in  demonstrating the accumulation o f acyl-CoA in term ediates

- 9 -



during  the convers ion o f  octanoyl-CoA to acetyl-CoA and suggested th a t  

the tru e  In term edia tes o f  & -o x id a t io n  may be enzyme bound. S im i la r  

conclus ions were reached by Garland, Shepherd and Yates (S) who s tud ied  

the o x id a t io n  o f  pa lm ity l-C oA  in  In ta c t  r a t  l i v e r  m itochondria .

The absence o f  d e tec tab le  amounts o f  in te rm ed ia tes  in  f a t t y  ac id

o x id a t io n  led to the statement o f  Drysdale and Lardy (4) in  19S3 th a t  

“ I t  Is e q u a lly  p o ss ib le  th a t  the acyl-CoA cou ld  t ra n s fe r  I t s  f a t t y  ac id  

to  a group on the enzyme before o x id a t i o n . . . . "  resembling the s i t u a t io n  

in  f a t t y  ac id  syn thes is  where the in te rm ed ia tes Invo lved are enzyme 

bound as t h io l  es te rs  to  one o r  more o f  the p ro te in s  Invo lved  ( 6 ) .  

A l te r n a t iv e ly ,  the low concen tra tions  o f  in te rm ed ia tes in  f a t t y  acid 

o x id a t io n  may be due to  t h e i r  movement from one enzyme to another w i th ­

ou t re lease in to  the medium. Thus, the suggestion th a t  the enzymes o f  

B -o x id a t io n  e x is t  in  a h ig h ly  ordered arrangement 1n v ivo  1s based on 

e a r l i e r  observa tions made during  s tud ies  o f  f a t t y  ac id  o x id a t io n .

Although s tud ies  w ith  b a c te r ia  have helped to  c l a r i f y  the mechanism 

o f  f a t t y  ac id  syn thes is  (7 ,8 ) ,  the re  have been few s tud ies  o f  f a t t y  ac id  

o x id a t io n  In  b a c te r ia l  systems. Besides the e a r ly  work w ith  C lo s tr id iu m  

k lu y v e r l  by b a rke r, Stadtmin and Kennedy (9 ,  10) who stud ied  s h o r t -  

chaln f a t t y  a d d  metabolism and the p o ss ib le  in te rm ed ia tes  invo lved 

in  b u ty ra te  o x id a t io n .  In fo rm a tio n  regarding B-ox1dat1on 1n m ic ro ­

organisms is  r e la t i v e l y  scarce. The f i r s t  h in t  o f  the in d u c lb lH ty  o f 

the enzymes o f  f a t t y  acids 1n E . col 1 came from the work o f S1 i n k e r  

and R lttenberg  (11) bu t la te r  s tud ies  (12, 13) f a i le d  to  show the 

presence o f  B -o x id a t io n  enzymes 1n e x tra c ts  o f  E . col 1 as w e ll as in  

those o f  o th e r  microorganisms.

- 1 0 -



The recent work by Overath e t al. (14) and Weeks e t  a l . (15) has 

demonstrated the presence o f  the 0 -o x id a t io n  enzymes in  E .c o l i  and 

th e i r  co -ord ina te  in d uc tion  when c e l ls  were grown on long-cha in  f a t t y  

acids as the sole carbon source. Further genetic  work by Overath and 

coworkers ( 16) and the subsequent is o la t io n  o f  mutants o f f a t t y  acid

o x id a t io n  ( 16) has led to  the suggestion th a t  genes o f th io la s e ,  

enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase form an operon 

and tha t f a t t y  acid  o x id a t io n  in  j.sCo1 1 1s regu la ted a t  the t ra n s*  

c H p t lo n a l - t r a n s la t io n a l  le v e l .  In view o f  the extensive genetic  work 

done by Overath and the a v a i l a b i l i t y  o f  f a t t y  ac id  o x id a t io n  mutants 

and because o f the great c o n tr ib u t io n  th a t  b a c te r ia l  genetics has made 

in  understanding m etabolic  mechanisms, th is  p ro je c t  was undertaken in  

the hope tha t the study o f  enzymes o f  P -o x id a t io n  from E .col 1 would 

provide some in s ig h t  in to  the o rgan iza t io n  o f  these enzymes as w e ll as 

In to  the regu la t io n  o f  f a t t y  acid  o x id a t io n .

In the f i r s t  pa rt  o f  th is  thes is  the is o la t io n  and p u r i f i c a t io n  of 

a multi-enzyme complex o f  f a t t y  «c1d o x id a t io n  from E . col 1 B c e l ls  is  

reported. This multi-enzyme complex e x h ib i ts  th io la s e ,  enoyl-CoA 

hydratase and 3-hydroxyacl-CoA dehydrogenase a c t i v i t i e s  toward s h o r t* ,  

medium-, and long-cha in  substra tes .
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MATERIALS AND METHODS I

Chemicals. CoA, NAD , NADH, acetyl-CoA and n-decanoyl-CoA were 

purchased from PL-Biochemicals. Ethyl c h lo ro fo rn a te ,  t r ie th y la m in e ,

d ike tene , pyruvic acid  and trans-A 2*3-decenoic acid  were obtained from
2 3A ld r ic h  Chemical Co. trans-A  * -Hexadecenoic acid and a p o fe r r i t ln  were 

purchased from Miles Labora to r ies , Inc. L-3 Hydroxyacyl-CoA dehydro­

genase (EC1.1.1.35) was bought from Boehringer Mannheim Corp. Lactate 

dehydrogenase was purchased from Worthington Biochemicals Corp. Sepha­

rose 6B and Sephadex G-200 were bought from Pharmacia,Inc. ATP, glutmate 

dehydrogenase, phosphorylase A, phosphorylase B, bovine serum albumin, 

ca ta lase , p - 1odon1t ro te t ra z o l iu m  c h lo r id e  and phenazine methosulfa te 

were purchased from Sigma Chemical Co. A l l  o the r chemicals were o f 

reagent grade. Diketene and e thy lch lo ro fo rm a te  were d i s t i l l e d  before 

use whereas a l l  o the r chemicals were used w ithou t fu r th e r  p u r i f i c a t io n .  

Enoyl-CoA hydratase was Iso la ted  from beef l i v e r  according to  the 

procedure o f  Stelnman and H111 (17).

Synthesis o f  s u b s tra te s . trans-zi2 *3 -Hexeno1c a c id , trans - * 2 ,3 .

2 3octenolc  acid  and t r a n s - A ' -dodecenoic acid were synthesized by re ­

a c t in g  malonic acid in  the presence o f  p y r id in e  w ith  n-butyra ldehyde,

n-hexanal and n-decanal re s p e c t iv e ly ,  by fo l lo w in g  the procedure o f
2 3

Linestead et al ( IB ) .  The CoA d e r iv a t iv e  o f &  * -hexenolc acid and 

I t s  longer-cha ln  homologues were prepared by reac ting  t h e i r  mixed 

anhydrides w ith  CoA, as described by Schulz (19). The concentra tions 

o f  the re s u l t in g  A2 , 3 -enoyl-CoA substrates were determined by the method 

o f  Ellman (20) a f te r  c leav ing the th lo e s te r  bond w ith  hydroxylamlne a t

- 1 2 -



pH7. The 3 -ketoacyl-CoA su b s tra tes , o the r than acetoacetyl-CoA, were
2,3

synthesized enzym atica lly  from t h e i r  respective  ^  -enoyl CoA d e r i ­

va tives  In  the presence o f enoyl-CoA hydratase and3-hydroxyacyl-CoA 

dehydrogenase as described by Feigenbaum and Schulz (21). AcetoaCetyl- 

CoA was prepared from diketene and CoA fo l lo w in g  the method o f Seubert 

( 22).

Organism. E . c o l i  B ATCC 1177b c e l ls  were grown 1n M-9 mineral 

s a l ts  medium w ith  o lea te  as the so le  carbon source, as described by 

Overath e t  al (16). These c e l ls  were grown w ith  shaking to the la te  

exponentia l growth phase (absorbance o f  1.7 to  1.8 a t 420 nm, measured 

on a G i l fo rd  spectrophotometer, model 240), harvested, and stored a t 

-2QC.

P u r i f ic a t io n  o f the multi-enzyme complex o f  f a t t y  ac id  o x id a t io n .

The crude homogenate was prepared by suspending E .c o l i  B c e l ls  induced 

f o r  enzymes o f 0 -o x id a t io n  (20g) in  40 ml o f  10 mM potassium phosphate 

(pH 7.0) con ta in ing  lQmM 2-mercaptoethanol.and 25X ( v o l / v o l )  g lyce ro l 

and by s o n ic a l ly  t re a t in g  1 t fo r  4 min a t  0*5°C. A l l  fu r th e r  operations 

were performed a t 0 to  5°C unless otherw ise s ta te d . The re s u l t in g  crude 

homogenate was ce n tr i fu g e d  fo r  60 m1n a t 31,300x g and was then sub­

je c te d  to  a 10-min heat treatment a t  60°C. The heat trea ted  homogenate 

was cen tr ifuged  a t 3l,3G0xg fo r  30 m1n and d la lyzed overn igh t against 

1 l i t e r  o f  20 mM potassium phosphate (pH6 .6 ) con ta in ing  25x ( v o l /v o l )  

g ly c e ro l ,  and lQmM 2-merc*ptoethanol. This d la ly s a te  was app lied  to  a 

phosphocellulose column (S.O X 32cm) p rev ious ly  e q u i l ib ra te d  w ith  the 

d ia ly s is  b u f fe r .  The column was washed w ith  the same b u f fe r  u n t i l  no

-13 -



more u l t r a v io le t -a b s o rb in g  m a te r ia l was e lu te d .  The column was then 

developed w ith  a phosphate g ra d ie n t prepared from 21 o f  20mM potassium 

phosphate (pH6 . 6 ) co n ta in ing  lOmM 2-mercaptoethanol and 25% ( v o l / v o l )  

g ly c e ro l ,  and from 21 o f  500 mM potassium phosphate (pH6 . 6 ) co n ta in in g  

lGmM 2-mercaptoethanol and 25% ( v o l / v o l )  g ly c e ro l .  F rac tions  o f  20ml 

each were c o l le c te d  and assayed f o r  th io la s e ,  3-hydroxyacyl-CoA dehy­

drogenase and enoyl-CoA hydratase a c t i v i t i e s  as described under 

"P ro te in  and Enzyme D e te rm ina tions". The f ra c t io n s  co n ta in in g  these 

enzyme a c t i v i t i e s  were pooled and concentrated by u l t r a f i l t r a t i o n  w ith  an 

Amlcon concen tra to r  (PM-10 membrane) to  approx im ate ly  5ml. The p ro te in  

was stored a t  -70°C. When the enzymes were rechromatographed* 5ml (9mg) 

o f  the m a te r ia l p u r i f ie d  by chromatography on phosphocellu lose was 

app lied  to a second phosphocellu lose column (1.2x45an) p re v io u s ly  

e q u i l ib ra te d  w ith  0.1M potassium phosphate (pH6 . 6 ) co n ta in in g  lOnW

2-mercaptoethanol and 251 ( v o l / v o l )  g ly c e ro l  a f t e r  being d la lyzed  o ve r­

n ig h t  aga ins t the column e q u i l ib r a t in g  b u f fe r .  The column was washed 

w ith  th is  b u f fe r  u n t i l  no more u l t r a v io le t - a b s o rb in g  m a te r ia l was e lu te d  

and the multi-enzyme complex was e lu ted  w ith  a phosphate g ra d ie n t p re ­

pared from 500 ml o f  Q.1M potassium phosphate (pH6 . 6 ) con ta in ing

2-mercaptoethanol and 25J ( v o l / v o l )  g ly c e ro l  and 500 ml o f  0.4M 

potassium phosphate (pH6 . 6 ) con ta in ing  2-«tercaptoethanol and 251 

( v o l / v o l )  g ly c e ro l .  F rac t ions  (10 ml ) were c o l le c te d ,  assayed f o r  

enzyme a c t i v i t i e s  and concentra ted as described f o r  the f i r s t  phospho- 

c e l lu lo s e  column. Samples were s tored a t  -70°C. Data f o r  t h is  p u r i ­

f i c a t io n  procedure are presented in  Table 1.
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P ro te in  and enzyme d e te rm in a t io n s . P ro te in  concen tra tions  were

determined by the method o f  Lowry e t  a l (2 3 ) .  Th io lase a c t i v i t i e s  were

assayed by fo l lo w in g  sp e c tro p h o to m e tr ica l ly  the decrease in  absorbance
+2

a t  303 nm due to  the disappearance o f  the Mg -  eno la te  complex o f  the

3-ketoacyl-CoA substra tes as has been p re v io u s ly  described (21). The ex­

t i n c t io n  c o e f f ic ie n ts  used in  c a lc u la t in g  th io la s e  a c t i v i t i e s  were:
3 - 1 - 1  3 -1 -1

acetoacetyl-CoA, 16.9x10 cm M ; 3-ketohexanoyl-CoA 15.6x10 cm M ;
3 -1 -1

3-ketodecanoyl-CoA 13.5x10 cm M (2 4 ) .  The l a t t e r  va lue was a lso  used

as the e x t in c t io n  c o e f f i c ie n t  f o r  3-ketododecanoyl-CoA and 3-ketohexa-

decanoyl-CoA. The e x t in c t io n  c o e f f i c ie n t  used 1n c a lc u la t in g  th io la s e
3 -1 -1

a c t i v i t y  w ith  3-ketooctanoyl-CoA was 14.5x10 cm M . The assay o f 

3-hydroxyacyl-CoA dehydrogenase was based on the substra te-dependent 

• x ld a t io n  o f  NADH which was fo llow ed  by measuring the change 1n absorb­

ance a t  340nm a t 25°C (1 5 ) .  Enoyl-CoA hydratase was assayed by fo l lo w in g
2*3

sp e c tro p h o to m e tr ic a l ly  the h yd ra t io n  o f  A  -  enoyl-CoA subs tra tes  a t  

263nm as described by Schulz (19). U n its  o f  a c t i v i t y  are expressed as 

Li moles per m1n. The acyl-CoA synthetase a c t i v i t y  was measured by using 

the assay o f  Kornberg & P r ic e r  as described by Overath (1 6 ) .  The spec- 

tropho tom etr ic  assay o f  acyl-CoA dehydrogenase was performed by measuring 

a t  492 mi the reduc tion  o f  io d o n lt ro te tra z o H u m  c h lo r id e  in  the presence 

o f  phenaztne m e thosu lfa te , s im i la r  to  the procedure o f  Dormes and 

Kunau (25).

Disc gel e le c t ro p h o re s is . D isc gel e le c tro p h o re s is  o f  the m u lt i  - 

enzyme complex o f  f a t t y  ac id  o x id a t io n  was performed w ith  standard 

7.5% po lyacry lam ide gels a t  15°C and pH 8 .5 , as described by Davie (2 6 ) ,  

except th a t  lOrnm 2-mercaptoethanoT was added to the separa ting  gel and
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tr1s-(hydroxmethyl) amlnomethane-glydne bu ffe r. Gels were stained for  

protein with Coomassle b r i l l ia n t  blue or Fast Green, destained w ith 7 % 

acetic  a d d , and scanned a t 600m. When the gels were assayed fo r enzyme 

a c t iv it ie s ,  duplicate unstained gels were s liced and each s lic e  was In ­

cubated fo r 12 h rs .a t 5°C 1n 0 .2  ml of 0.05M tr1s-(hydroxymethyl) amlno- 

methane-HCL bu ffer (pH8.1) containing 25X (v o l/v o l)  g lycero l, bovine 

serian albumin (img/ml) and 2mM d ith lo th re lto l. Samples were assayed fo r  

enzyme a c tiv it ie s  as described under "Protein and enzjmie determinations". 

Polyacrylamide disc gel electrophoresis 1n the presence o f sodium dodecyl 

su lfa te  was carried out as described by Weber and Osborn (27). Analytical 

gradient gel electrophoresis was performed on 4X-30X polyacrylamide gradient 

slab gels (Pharmacia Fine Chemicals, In c .)  1n the presence of Tr1s-bor1c 

acid (pH8.35) at 10°C and 125V fo r  20 hrs. on a Pharmacia GE-4 e le c tro ­

phoresis apparatus.

Molecular weight determinations. Molecular weight estimations were 

carried out on a standardized Sephadex G-200 coliann following the pro­

cedure o f Andrews (28) and a s im ila r manner on a standardized Sepharose 

6B column.

Analytical u ltracen trifu g a tio n . Analytical u ltracen trlfu ca tlo n  was

carried out with a Beckman Model E ana ly tica l u ltracen trifu g e  equipped

with Schlleren optics. Sedimentation ve loc ity  runs were performed at

25°C using an AN-D rotor a t a speed of 40,000 rpm. Pictures were taken

every four minutes. The multi-enzyme complex was dlalyzed against 0.2M

Trls-C l (pH8.35) containing IGtaM 2-mercaptoethanol which was used during

the u ltracen trifu gation  run. The fin a l protein concentration was 5mg/m1.

The protein was run In a double sector c a p illa ry  type ce ll so that small

volumes could be employed. The sedimentation c o e ffic ie n t (S250) was 

determined by
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p lo t t in g  the n a tu ra l log o f  r (cm ), th e  d is tance  o f  the p ro te in  from the 

cen te r o f  the r o to r ,  versus time (s e c . ) .  The s lope o f  th is  l i n e  (m) Is  

used to  c a lc u la te  the S250 va lue where m*oo2r  and o>- angu la r v e lo c i t y  

o f  the r o to r  in  rad ian s /se c . The sedtmentation c o e f f i c ie n t  was co rrec ted  

to th a t  va lue f o r  H^O a t  20°C (S20 w) by using the fo l lo w in g  equation 

(29 ):

S20,w“  n -yP)20 .<*)T ,b  x S f.b
( l - v p )T ,b  qgQ*

where

riT . *  so lve n t v is c o s i t y  a t  25°C 'T.b J
^ 0  w 5 v is c o s i t y  o f  H20 a t  20°c 

v *  p a r t ia l  s p e c i f ic  volume f o r  p ro te in  s o lu t io n  

pT,b = de n s ity  o f  so lve n t a t  23°c

P20w -  d e n s ity  o f  H20 a t  20°C

Sy,b * sed im enta tion  c o e f f i c ie n t  in  so lve n t a t  25°C

Values used were;

i* 0 .7 4  cm^/g (approx im ation o f  average p ro te in  s o lu t io n s ,
Or. 0. Sloan)

PT ,b *  1.0Q436g/ml (c a lc u la te d  by weighing known volume
o f  s o lve n t)

P20,w-0.99676g/ml (standard va lue in  Handbook o f  Chemistry
and Physics)

-13
S y j j  * 11.50x10 se c (ca lcu la te d  from slope o f  l in e  1n F1g. 5)

m 1.080 (approximated from e x t ra p o la t io n  o f  data supp lied
q 2o ,w by » r .  0. Sloan)

Estim ations o f  the m o lecu la r we ight were made using the genera lized

equations o f  H a ls a l l  (30): log  $2 0 , *  -  3.383*0.044+2/3 lOgM, where S2qw *

sedimentation c o e ffic ie n t obtained In H20 a t 20°C and M- molecular weight.
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RESULTS I

During the p u r i f i c a t io n  o f  the enzymes o f  f a t t y  ac id  o x id a t io n  from 

E .co l 1 B c e l l s ,  on phosphocellu lose, i t  was observed th a t th io la s e ,  3- 

hydroxyacyl-CoA dehydrogenase and enoyl-CoA hydratase cochromatographed 

( F1g . 2 ). The enzyme p repa ra t ion  obta ined a f t e r  phosphocellu lose 

chromatography was a c t iv e  w ith  short-and  medium-chaln subs tra tes  o f  a l l  

th ree  enzymes. The re s u l ts  o f  the s imple two s tep  p u r i f i c a t io n ,  as 

summarized 1n Table 1, show 33 to  6 0 - fo ld  p u r i f i c a t io n  o f  the th ree  

enzymes in  approximate ly 25% y ie ld .  The reasons f o r  the v a r ia t io n s  in  

fo ld  p u r i f i c a t io n  from one enzyme to  another and between s h o r t -  and 

medium-chaln a c t i v i t i e s  o f  one enzyme have not y e t  been e lu c id a te d .  

However, an unequal in a c t iv a t io n  o f  the th ree enzymes and the removal 

o f  a d d i t io n a l  th io la s e ,  enoyl-CoA hydratase o r  3-hydroxyacyl-CoA de­

hydrogenase a c t i v i t i e s  from the  enzyme complex during  I t s  p u r i f i c a t io n  

may account f o r  these v a r ia t io n s .  Unequal degrees o f  in a c t iv a t io n  o f  

the component enzymes o f  the p u r i f ie d  complex during  d ia ly s is  and UEAE- 

c e l lu lo s e  chromatography has been observed. A lso , the removal o f  a 

separate medlunrchain enoyl-CoA hydratase a c t i v i t y  from the complex has 

been detected in  both the fo re ru n  and 1M potassium phosphate wash 

during  phosphocellu lose chromatography. Although no separate th io la s e  

and 3-hydroxyacyl-CoA dehydrogenase a c t i v i t i e s  were observed during 

phosphocellu lose chromatography, i t  is  poss ib le  th a t  such a c t i v i t i e s  

may have gone undetected o r  may have been lo s t  due to  In a c t iv a t io n .  In 

a d d i t io n ,  the low a c t i v i t y  o f  th io la s e  towards acetoacetyl-CoA made 1t 

d i f f i c u l t  to  determine a ccu ra te ly  the r a t i o  o f  s h o rt-c h a in  to medlum- 

chain a c t i v i t i e s .
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Rechromatographing a p u r i f ie d  enzyme p rep a ra t io n  on a second phos- 

p h oce llu lose  column re su lte d  in  a 60% loss o f  the a c t i v i t i e s  o f  a l l  

th ree  component enzymes w ith  no s u b s ta n t ia l  Increase in  t h e i r  s p e c i f ic  

a c t i v i t i e s .  Since t h is  second p u r i f i c a t io n  s tep on phosphocellu lose 

d id  not g ive  r is e  to  Increased s p e c i f ic  a c t i v i t i e s  o f  th io la s e ,  e n o y l-  

CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase, i t  was not r o u t in e ly  

inc luded in  the is o la t io n  procedure o f  the multi-enzyme complex.

Since i t  is  p o ss ib le  th a t  the th ree  enzymes cochromatographed as a 

r e s u l t  o f  the heat trea tm en t, t h is  step  was om itted  during  the p u r i f i ­

c a t io n  o f  one enzyme p re p a ra t io n . This p rep a ra t io n  as judged by 

phosphocellu lose chromatography, po lyacry lam ide g ra d ie n t gel e le c t r o ­

phoresis and gel e le c tro p h o re s is  in  the presence o f  sodium dodecyl 

s u l fa te  was id e n t ic a l  to  p repara tions  which had been heat t re a te d .  The 

p u r i f ie d  enzyme prepara tions  which had been sub jected to  heat trea tm ent 

was apparen tly  devoid o f  acyl-CoA synthetase and acyl-CoA dehydrogenase 

a c t i v i t i e s ,  bu t the e f fe c t  o f  the heat trea tm ent on these two a c t i v i t i e s  

has not y e t  been s tu d ie d .

The p u r i ty  o f  the f a t t y  ac id  o x id a t io n  enzymes a f t e r  phospho- 

c e l lu lo s e  chromatography was eva luated by po lyacry lam ide d isc  gel 

e le c tro p h o re s is .  As can be seen 1n F ig .3, a s in g le  p ro te in  band was 

observed which was associa ted  w ith  short-and  medium-chaln a c t i v i t i e s  

o f  th io la s e ,  enoyl -CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase.

A s in g le  band was a lso  observed when the enzyme was sub jected to  

e le c tro p h o re s is  on a po lyacry lam ide g ra d ie n t g e l .  A d d i t io n a l ly ,  the 

chromatography on Sepharose 6B showed the c o f l l t r a t i o n  o f  these three 

enzyme a c t i v i t i e s  (see F ig . 4 ) .
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Pictu res o f  a sedimentation v e lo c i ty  run o f  the multi-enzyme complex 

showed a s in g le  peak (see F ig . 5) thus denoting the presence o f  a s in g le  

p ro te in .  The fa c t  th a t  th io la s e ,  enoyl-CoA hydratase and 3-hydroxyacyl- 

CoA dehydrogenase cochromatographed on phosphocellulose and Sepharose 

6B and comigrated during polyacrylamide gel e lec trophores is  and during 

u l t r a c e n t r i fu g a t io n  suggests the ex istence o f  a multi-enzyme complex o f 

f a t t y  acid ox id a t io n  in  E .col 1 B.

The na tive  molecular weight o f  th is  complex as determined by gel 

f i l t r a t i o n  on Sephadex G-200 (F ig . 6A) and Sepharose 6B (F ig . 7) was 

estimated to  be 320,000. When subjected to polyacrylamide g rad ien t 

gel e le c tro p h o re s is ,  the complex behaved as a s in g le  p ro te in  w ith  a 

m olecular weight o f  270,000 when compared to  the mobi 11 t ie s  o f standard 

p ro te ins  on the same gel (F1g. 6B). Sedimentation v e lo c i ty  data obtained 

w ith  the multi-enzyme complex gave a S2ff> value o f  12.69 (see F ig . 5) 

which when analyzed by the method o f  H a lsa ll  (30) y ie lded  on estimated 

na tive  molecular weight of327,000 (See M a te r ia ls  and Methods I ) .  This 

high molecular weight obtained by fo u r  methods lends support to  the 

propose! th a t  th io la s e ,  enoyl-CoA hydratase and 3-hydroxyacyl-CoA de­

hydrogenase e x is t  as a multi-enzyme complex o f  f a t t y  ac id  o x id a t io n .

The subun it pa tte rn  o f  the enzyme complex (shown 1n F1g. 8A) as de­

termined by sodium dodecyl s u l fa te  polyacrylamide gel e lec trophores is  

1n the presence and absence o f  2-mercaptoethanol shows two main p ro te in  

bands corresponding to  molecular weights o f 78,000 ( I )  and 42,000 ( I I ) .  

When the enzyme prepara tion  was rechromatographed on a second phospho­

cel lu lose  column,the s p e c i f ic  a c t i v i t i e s  o f  a l l  th ree enzymes remained 

v i r t u a l l y  unchanged, whereas the subun it pa tte rn  showed a decrease o f

-2 0 -



band I I I  as I l lu s t r a te d  in  Fig 8B. Thus, the change in  subunit pa tte rn  

Ind ica tes th a t  band I I I  is  not an inherent pa rt  o f  the complex. The 

appearance o f  a minor band in  f r o n t  o f  band I (see F ig . 8B) may be an 

a r t i f a c t  s ince i t  was not observed in  the p ro te in  pa tte rn  o f  the o r ig in a l  

prepara tion  (see F1g . 8A). The multi-enzyme complex o f  f a t t y  acid 

o x id a t io n ,  the re fo re  appears to  be comprised o f  two types o f subunits o f 

m olecular weights 78,000 and 42,000 which are not c o va le n t ly  l inked .

When the p u r i f ie d  complex was subjected to  DEAE-cellulose chroma­

tography, evidence o f a breakdown o f  the multi-enzyme complex was 

apparent. At le a s t  two p ro te in  f ra c t io n s  conta in ing  th io la s e ,  enoy l- 

CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase were observed (see 

F ig .  9 ) .  The s p e c i f ic  a c t i v i t i e s  associated w ith  peak I were app rox i­

mately th ree  times those associated w ith  peak I I  (see Table 2 ). When 

samples corresponding to  peaks 1 and I I  were analyzed by g rad ien t gel 

e lec trophores is  both preparations showed a main band corresponding to 

a m olecular weight o f 270,000 whereas only the p ro te in  corresponding to 

peak I I  e x h ib ite d  two d e f in i t e  a d d it io n a l bands corresponding to  a mole­

c u la r  weight o f  165,000 and 64,000. Hence i t  appears th a t  the complex 

under the cond it ions  o f  DEAE-cellulose chromatography p a r t i a l l y  d is ­

soc ia ted .

Further attempts to  d isso c ia te  the complex w ith  cho line  ch lo r id e  

o r by exposure to  low io n ic  s treng th  b u f fe r  o r to  high pH resu lted  in  

extensive in a c t iv a t io n  w ithou t apparent d is s o c ia t io n .  Treatment w ith  

2M urea a lso  in a c t iva te d  the complex but caused as we ll d is s o c ia t io n  

o f  the complex y ie ld in g  p ro te ins  w ith  molecular weights o f 110,000  and

78,000 as judged by a g rad ien t gel e lec tro p h o re s is .  One o f  these
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p ro te in s  may be the same as the 78,000 m olecu lar weight subun it  ob­

served on sodium dedecyl s u l fa te  po lyacry lam ide gel e le c tro p h o re s is .

The sub s tra te  s p e c i f i c i t i e s  o f  the th ree component enzymes o f  the 

complex were determined sp e c tro p h o to m e tr ic a l ly  a t pH 8 . Th io lase and 

enoyl-CoA hydra tase, bu t not 3-hydroxyacyl-CoA dehydrogenase, were 

assayed by the standard procedures described under "M a te r ia ls  and 

Methods I . "  The 3-hydroxyacyl-CoA dehydrogenase a c t i v i t i e s  were f o l ­

lowed 1n th is  experiment by measuring the ra te  o f  dehydrogenation o f  3- 

hydroxyacyl-CoA substra tes  because the enzyme ca ta lyzes  the re a c t io n  in  

th is  d i r e c t io n  during  the 1n v iv o  o x id a t io n  o f  f a t t y  a c id s . I t  should 

be noted th a t the a c t i v i t i e s  o f  the dehydrogenase obta ined w ith  th is  

assay are d i f f e r e n t  from and g e n e ra l ly  much lower than the a c t i v i t i e s  

observed w ith  the standard assay. As shown 1n F ig . 10, a l l  enzymes 

were a c t iv e  on subs tra tes  over a broad range o f  chain leng ths . The 

a c t i v i t y  o f  enoyl-CoA hydratase 1s h ighes t w ith  sh o r t-c h a ln  su b s tra te s ,  

s p e c i f i c a l l y  w ith  erotonyl-CoA and Zi^*^-hexenoyl-CoA, but decreases con­

t in u o u s ly  w ith  inc reas ing  chain length  o f  the su b s tra te s . In c o n t ra s t ,  

th io la s e  and 3-hydroxyacyl-CoA dehydrogenase e x h ib i t  both t h e i r  h ighest 

a c t i v i t i e s  w i th  the medlum-chain su b s tra te s . Since long-cha in  acyl-CoA 

d e r iv a t iv e s  are good detergents and th e re fo re  cause the In a c t iv a t io n  o f  

many enzymes, 1t is  poss ib le  th a t  th io la s e  and 3-hydroxyacyl-CoA dehy­

drogenase are most a c t iv e  under in  v ivo  co n d it io n s  w ith  long-cha in  

su b s tra te s . F ig . 10 a lso  demonstrates th a t  the slowest re a c t io n  measured 

w ith  the complex was the t h l o l y t l c  cleavage o f  acetoacetyl-CoA which may 

be the ra te -H m 1 t in g  step 1n 0 -ox1d a t1on unless the a c t i v i t i e s  o f  the 

acyl-CoA dehydrogenases are even lower.
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DISCUSSION I

The presence o f an enzyme complex o f  f a t t y  acid o x id a t io n  in  E .c o l i  

B c e l ls ,  induced fo r  the enzymes o f 0 -o x id a t io n ,  was detected in  the 

process o f is o la t in g  and p u r i fy in g  th io la s e  from these c e l ls  (see 

Part I I ) .  Despite various p u r i f i c a t io n  procedures, the subunit p a tte rn  

o f  th is  th io la se  prepara tion  repeatedly showed two main bands on sodium 

dodecyl s u l fa te  polyacrylamide gels and the na tive  mole - 

c u la r  weight o f  th is  preparation was estimated to  be approximately 

300,000. Since th io lases  from various sources (31-33) were reported to 

have molecular weights around 160,000 and to be composed o f  four id e n t i ­

cal subunits w ith  molecular weights o f approximately 40,000, the high 

values obtained fo r  the E .c o l i  0 th io la s e  preparation from both n a t ive  and 

subunit molecular weight data seemed unexplanable. In l i g h t  o f  these 

f in d in g s ,  the p u r i f ie d  th io la se  preparation was assayed fo r  o ther 

enzymes o f  0 -o x id a t io n  and was shown to con ta in  su b s ta n tia l enoyl-CoA 

hydratase and 3-hydroxyacyl-CoA dehydrogenase a c t i v i t i e s .  Since these 

enzyme a c t i v i t i e s  remained associated when subjected to  a v a r ie ty  o f  

separation techniques, i t  1s concluded th a t  th io la s e ,  enoyl-CoA hydratase 

and 3-hydroxyacyI-CoA dehydrogenase e x is t  as a multi-enzyme complex which 

1s apparently  devoid o f  acyl-CoA synthetase and acyl-CoA dehydrogenase 

a c t i v i t i e s .

In view o f these f in d in g s ,  1t is  in te re s t in g  to  note th a t  the genes 

fo r  th io la s e ,  enoyl-CoA hydratase, and 3-hydroxyacyl-CoA dehydrogenase 

(17), but not those f o r  acyl-CoA synthetase, (17) and the acyl-CoA dehy­

drogenases (34), are c lo se ly  l inked  and perhaps form an operon named the

"fad " operon by Overath (35). Since th io la s e ,  enoyl-CoA hydratase and
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3-hydroxyacyl-CoA dehydrogenase are linked gen etica lly  and 1n view of 

the fa c t that th e ir  coordinate In d u c tlb lllty  has been demonstrated 1n 

i . c o l1 ce lls  grown on 1ong-cha1n fa tty  acids (1 6 ), 1t  1s possible that 

the "fad11 operon assures the synthesis of these three enzymes 1n amounts 

necessary fo r the correct assembly of the multi-enzyme complex. I f  the 

same multi-enzyme complex o f fa tty  a d d  oxidation also exists 1n E .coll 

c e lls , an explanation o f the nature of the fad-5 mutation, which 1s 

characterized by the lack o f th io lase , enoyl-CoA hydratase, and 3-hydroxy- 

acyl-CoA dehydrogenase a c t iv it ie s  (3 5 ), can be provided. In th is  ex* 

planatlon, I t  Is assumed a mutation Involving these genes may lead to 

the formation o f gene products which cannot be Incorporated Into  the 

multi-enzyme complex thus preventing Its  formation with the resu lt that 

the a c tiv it ie s  of a l l  three component enzymes are lo s t. In add ition, 1t 

Is possible that the fad-5 mutation Is caused by a deletion of the 

structura l genes of these three enzymes.

Although the native molecular weight of the multi-enzyme complex 

has been estimated and the presence of two types of subunits was demon­

s tra ted , the quaternary structure of the complex has not been d e fin ite ly  

established. This Is due to the fa c t that the molar ra t io  of the two 

subunits cannot be exactly determined by sodium dodecyl su lfa te  gel 

electrophoresis because d iffe re n t proteins do not s ta in  equally well 

(A. Pramanlk, unpublished observations.) Given a native molecular 

weight o f approximately 320,000 and subunit molecular weights of 78,000 

(« ) and 42,000 (p ), the following quaternary structures are possible:

«2P** * 302* The subunit structure of « j0% best agrees with the 

molar ra tio s  of the two subunits observed on sodium dodecyl s u lfa te  gel 

electrophoresis. Throughout th is study 1t has been assumed that each
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o f  the two main bands, which were observed when the complex was subjected 

to  sodium dodecyl s u l fa te  gel e lec tropho res is  represented a homogeneous 

p ro te in .  I f  th is  assumption 1s c o r re c t ,  1t must be concluded th a t  two 

o f  three enzyme a c t i v i t i e s  o f  the complex are located on one p o ly ­

peptide cha in . Such s i tu a t io n s  are known to e x i d  in  b a c te r ia l systems 

such as 1n E .c o l1 DNA polymerase I (36) and E .c o l i  DNA polymerase I I  

(37, 38). In  a d d it io n  to both these m u lt i - fu n c t io n a l  p ro te in s ,  DNA 

polymerase I I I  o f  E . c o l1 cons is ts  o f  two types o f  po lypeptide cha ins, 

one o f  140,000 dal tons and one o f  40,000 dal tons (39) and 1s associated 

w ith  three d i f f e r e n t  enzymatic a c t i v i t i e s  (40 ), a p ic tu re  very s im i la r  

to  th a t  o f the multi-enzyme complex o f f a t t y  acid o x id a t io n  in  E .c o l l  B 

c e l ls .  A s i tu a t io n  where one po lypeptide contains a m u lt ip le  o f  

enzymatic a c t i v i t i e s  1s, th e re fo re ,  not Impossible but because the con­

c lu s io n  1s unexpected, fu r th e r  v e r i f i c a t io n  o f  the quaternary s t ru c tu re  

o f  the complex 1s needed.

A c t i v i t y  measurements w ith  the multi-enzyme complex revealed th a t  

the component enzymes were a c t iv e  w ith  substra tes o f  a l l  chain lengths. 

S im ila r  to  the mammalian enzymes, enoyl-CoA hydratase (41, 42) 

e xh ib ite d  the maximal a c t i v i t y  w ith  sh o rt-cha ln  substra tes whereas the 

h ighest th io la s e  (24,43) and 3-hydroxyacyl-CoA dehydrogenase (44,45) 

a c t i v i t i e s  were observed w ith  medlum-chaln subs tra tes . The fa c t  th a t  

the complex 1s composed o f  three enzyme a c t i v i t i e s  a c t iv e  w ith  a l l  

cha ln - leng th  substra tes but composed o f  on ly  two types o f po lypeptides, 

leads to  the suggestions th a t  only one enzyme each cata lyzes the hy­

d ra t io n ,  dehydrogenation, and t h l o l y t l c  cleavage over the whole cha ln- 

length range. In  l i g h t  o f  the observations by K le in  e t  a l . (46) th a t
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mutants d e f ic ie n t  in  acetoacetyl-CoA th io la s e  o r 3- hydroxybutyryl-CoA 

dehydrogenase a c t i v i t i e s  can p a r t i a l l y  o r even t o t a l l y  degrade long- 

chain f a t t y  ac ids , one must assume th a t  the minimal remaining a c t i v i t i e s  

o f  the f a t t y  acid o x id a t io n  enzymes exh ib ited  by these mutants (16) is  

s u f f i c ie n t  to  degrade long-cha ln  f a t t y  ac ids . In  a d d i t io n ,  because 

these enzymatic a c t i v i t i e s  were assayed by K le in  e t  a l . on ly  w ith  sh o rt-  

chain substra tes (46 ), the a b i l i t y  o f mutants d e f ic ie n t  in  th io la s e  and

3-hydroxyacyl-CoA dehydrogenase to o x id iz e  long-chaln f a t t y  ad d s  may not 

be su rp r is in g  considering the h igher a c t i v i t i e s  o f  these enzymes towards 

long-chaln than towards sho rt-cha ln  substra tes . I t  1s, however, poss ib le  

th a t extremely la b i le  th io la s e  and 3-hydroxyacyl-CoA dehydrogenase 

a c t i v i t i e s  have so fa r  gone undetected. The observation o f  a separate 

medium-chaln enoyl-CoA hydratase a c t i v i t y  remains to be confirmed but 

may in d ic a te  th a t  more than one enoyl-CoA hydratase are present 1n E .c o l l .

The Is o la t io n  o f  three enzymes o f  0 -o x id a t io n  1n the form o f  a 

multi-enzyme complex provides the o p p o rtu n ity  to  compare the c a ta ly t ic  

e f f ic ie n c y  o f an In teg ra ted  enzyme system versus th a t  o f  an enzyme 

m ix tu re . Furthermore, a d e ta i le d  study o f  the quaternary s t ru c tu re  o f  

the complex w i l l  provide an understanding o f  the In v ivo  o rgan iza tion  of 

the enzymes o f p-ox1dation . I t  1s a n t ic ip a te d  th a t a d e ta i le d  p ic tu re  

o f  the E .c o l i  f a t t y  acid o x id a t io n  system w i l l  be h e lp fu l 1n e lu c id a t in g  

the o rgan iza tion  and re g u la t io n  o f the m itochondria l 0 -o x id a t io n  systems 

o f  mammals.

-26 -



INTRODUCTION I I

Th io lase , the la s t  enzyme in  the f a t t y  ac id  o x id a t iv e  pathway,

ca ta lyzes  the t h i o l y t i c  cleavage o f  3-ketoacyl-CoA th io e s te rs  to  ace ty l -

CoA and sa tu ra ted  acyl-CoA es te rs  s h o r te r  by two carbon atoms: o o o o
I S  i i  i i  n

R-CH2-C-CH2-C-SCoA+CoASH-» R-CH2-C-SCoA + CH3-C-SC0A, where R* sa tu ra ted  

carbon cha in . A th io la s e  s p e c i f ic  f o r  acetoacety l-CoA, c r y s ta l l i z e d  

from pig hea rt and e x te n s iv e ly  s tud ied  by Gehring e t  a l .  (4 7 ) ,  conta ins 

an e sse n t ia l cys te ine  residue a t  the a c t iv e  s i t e  which p a r t ic ip a te s  in  

the fo rm a tion  o f  an acyl-enzyme In te rm e d ia te . Recent work w ith  the 

yeast th io la s e s  (32) demonstrated th a t  borohydride In h ib i t s  enzymatic 

a c t i v i t y  in  the presence o f  acetoacety l-CoA. A mechanism f o r  the 

t h i o l y t i c  cleavage has been proposed which suggests the involvement o f 

an amino group besides the t h io l  group 1n c a ta ly s is .

The wide d is t r ib u t io n  o f  th io la s e s  in  nature r e f le c ts  the u b iq u ito u s  

occurence o f  the f a t t y  ac id  o x id a t io n  c y c le .  Among b a c te r ia ,  Pseudomonas 

pu tlda  (4 8 ) ,  Rhodospri1lum rubrum (13) and C lo s t r id ia  (13) were found to 

con ta in  th io la s e  in  a d d i t io n  to  E .c o l1 c e l ls  induced f o r  enzymes o f  f a t t y  

ac id  o x id a t io n  (14, 48). Yeast con ta ins  two forms o f  th io la s e  (32) one 

o f  which is  present in  the cytoso l whereas the o the r is  located in  the 

m itochondria . Thiolases have been shown to  be present 1n a l l  manmalian 

t is su e s  th a t  have been examined. L iv e r ,  h e a r t ,  kidney and r a t  adrenals 

(24) are examples o f  t issues  w ith  high th io la s e  a c t i v i t y .  Recent re po r ts  

have demonstrated the presence o f  m u l t ip le  forms o f  th io la s e  1n r a t ,  ox 

and avian l i v e r  (24, 49,33) and th a t  th io la s e  a c t i v i t i e s  are located 

both 1n m itochondria  and in  the cytoplasm as had p re v io u s ly  been re ­

ported f o r  yeast. This recen t work on the m u l t i p l i c i t y  o f  th io la s e s
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has led to  the proposal th a t  m itochondria l th io la se s  w ith  broad chain 

length s p e c i f i c i t ie s  are a c t ive  in  f a t t y  acid o x id a t io n  (24,43) where­

as acetoacetyl-CoA th io lases  located in  l i v e r  m itochondria are involved 

in  ketone body form ation (24, 33, 50), and those located in  m itochondria 

o f  ex trahepa tic  t issues are involved in  acetoacetate u t i l i z a t i o n  (24).

The c y to s y l ic  acetoacetyl-CoA th io la s e ,  absent from muscle t issu e  (24), 

has been im p lica ted  in  cho les te ro l b iosynthesis  (33,51,52). I t s  t issue  

d is t r ib u t io n  agrees w e ll w ith  the capac ity  o f  these t issues to produce 

c h o le s te ro l.  F ig . 11 i l l u s t r a t e s  the possib le  metabolic ro les  o f

d i f f e r e n t  th io la s e s .

The existence o f  more than one th io la s e  a c t i v i t y  In E.c o l i  has been 

the sub jec t o f  recent work (35). The co -1nduc ib i1i t y  o f the enzymes o f 

f a t t y  ac id  ox id a t io n  in  E.c o l i  and the existence o f  th e i r  genes 1n the 

form o f  a " fad" ( f a t t y  acid degradation) operon was demonstrated by 

Overath e t  al (16). Further genetic  s tud ies by these workers (35) showed

th a t 1n the presence o f  acetoacetate , E.c o l1 th io la se  and ace toace ty l-  

CoA: aceta te  CoA-transferase a c t i v i t i e s  were s t im u la ted  by a fa c to r  o f 

3000, and th a t the s t ru c tu ra l  genes fo r  these enzymes were c lo s e ly  l inked  

together w ith  a re gu la to ry  gene forming an “a to " operon (acetoacetate 

degradation). Genetic s tud ies proved th is  operon to be located on the 

E .c o l l  chromosome map at a po in t d i f f e r e n t  from the lo ca t io n  o f  the " fad" 

operon and thus the a b i l i t y  o f E .c o l i  to  synthesize two th io lases  from 

two d is t in c t  s t ru c tu ra l  genes was suggested (35):

th io la s e  I ,  synthesized by the genes o f the " fa d “ operon and involved in 

f a t t y  ac id  o x id a t io n  and th io la s e  I I  coded fo r  by a gene on the "a to" 

operon and requ ired fo r  bu ty ra te  degradation.Growth curves o f  d i f f e r e n t

constructed mutants (3b) showed tha t th io la s e  I 1s not required fo r  

bu ty ra te  degradation in  the presence o f  th io la s e  I I  but th a t  th io la s e  I I
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could not replace thiolase 1 in long-chaln fa tty  acid oxidation.

Thiolase I ,  however, can p a r t ia lly  replace thiolase I I  1n butyrate  

degradation Illu s tra t in g  that these two thiolase a c t iv it ie s  are In te r-  

replaceable during butyrate degradation. These conclusions led to the 

suggestion that th io lase I must have a broad substrate s p e c lflty  

whereas th io lase I I  must be specific  fo r short-chain substrates.

This study was therefore undertaken to establish the number of 

thiolases synthesized In E .co li 1n response to induction by fa t ty  acids 

and by acetoacetate and to compare th e ir  c a ta ly tic  and physical proper­

t ie s . In add ition , the recently established m u lt ip lic ity  of thiolases  

1n higher organisms can provide some fu rth er Insight Into the evolutionary  

development o f these enzymes by comparing these m ultip le  thiolases and 

discussing th e ir  possible roles In metabolism. By studying both the 

c a ta ly tic  and physical properties o f E. col 1 th io lases, whose functions 

are known, one may conclude that thiolases In higher organisms having 

s im ila r properties as the E .co li thiolases may have s im ila r metabolic 

ro les. In this part of th is  thesis the Iso la tion  and p u rific a tio n  of 

th iolase I and th io lase I I  are reported. Thiolase I was Isolated  

from w ild  type E .co li Induced fo r  the enzymes of fa tty  a d d  oxidation  

whereas th io lase I I  was obtained from a con stitu tive  mutant able to 

degrade butyrate. In  agreement with the work of O verath, th io lase I 

was found to be an enz>me acting on s h o rt-, medium- and long-chaln 

substrates whereas thiolase I I  1s an acetoacetyl-CoA specific  

enzjme.
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MATERIALS AND METHODS I I

M a te r ia ls  and chem icals. New Zealand w h ite  ra b b its  were purchased 

from Marl and Breeding Farms, New Jersey. Immunodiffusion p la tes and 

Freund's ad juvant were bought from Cappel Labora to r ies . N-ethyl-male im ide 

was purchased from Sigma Chemical Co. and a-iodoacetamide was bought from 

Calbiochem. A l l  o th e r  m a te r ia ls  and chemicals are the same as l i s t e d  under 

“M a te r ia ls  and Methods I " .  E .c o l1 mutant, fad -5 -fad -16-a toC C49 was ob­

ta ined from P. Overath.

I s o la t io n  o f  a n t i - th lo la s e  I I  a n t ib o d ie s . Two New Zealand w h ite  

ra b b its  (3-4kg) were in je c te d  subcutaneously in to  two footpads each w ith  

0 .5 mg o f  th io la s e  11(3.26 mg/ml) which had p rev ious ly  been dia lyzed 

e x te n s ive ly  aga inst s a l in e  s o lu t io n  (0.9% NaCl) adjusted to  pH7.2-7.4, 

and then em u ls if ie d  in  a 1:1 r a t io  w ith  Freund's complete adjuvant- 

A f te r  seven days, a booster in je c t io n  o f  1 mg o f th io la s e (4  mg/ml) was 

s im i la r ly  In jec ted  in to  each o f  two footpads o f  the same ra b b i ts .  The 

booster In je c t io n  o f  p ro te in  was p rev ious ly  d ia lyzed  aga ins t s a l in e  and 

e m u ls if ie d  1n a 1:1 r a t io  w ith  Freund's Incomplete ad juvant. Veinal 

b leeding was performed 10 days la te r  a t  which time 25-50 ml o f  blood 

was co l le c te d  in  c e n tr i fu g e  tubes. The whole blood was cooled fo r  30 

minutes a f te r  which red blood c lo ts  were loosened from the w a lls  o f the 

tubes w ith  a wooden spatu la and the re s u l t in g  serum was spun a t  17000xg 

f o r  20 min a t  4^C and stored a t -20°C. P u r i f ic a t io n  o f the a n t i -  

th io la s e  I I  an tibod ies was performed on a DEAE-cellulose column according 

to  a published procedure (53). A co n tro l ra b b i t  was in je c te d  w ith  a 

s a lin e  s o lu t io n  em u ls if ied  w ith  Freund's adjuvant and the re s u l t in g
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serum was used as a con tro l in  immunodiffusion experiments.

Immunodiffusion Q u a l i ta t iv e  immunodiffusion was performed on

immunodiffusion agar s labs . The enzyme s o lu t io n  was placed in  the 

center w e ll w h ile  vary ing amounts o f  serum were added to  the f iv e  ou te r 

w e l ls .  A f te r  overn igh t incubation  a t 0-5°C, an an tigen-an tibody re ­

ac tion  was demonstrated by the presence o f a p re c ip i ta te .  The antibody 

concentra tion  was assumed to  be equal to the known concentra tion  o f 

th io la s e  when the p r e c ip i ta t io n  band was midway between the antigen and 

antibody w e lIs .

pH optima. The pH optima o f  th io la s e s  I and I I  were determined by

spectrophotometric assays as described under "M ate r ia ls  and Methods I " .

The e x t in c t io n  c o e f f ic ie n t  used fo r  acetoacetyl-CoA a t  various pH values

were obtained by e x tra p o la t in g  the data o f  Stern (54) to  match the con-
+2

d it io n s  o f  th is  assay (25nt1 Mg ; \  * 303 nm). The values thus obtained
3 - 1 - 1  3 -1 -1

are: pH7.4, 7,47x10 an M ; pH7.8, 14.94x10 cm M ; pH8.1, 23.47 x
, 3 -1 -1 3 - l _ i  3 "1 -1
10 cm M ; pH8.45, 27.74x10 an M ; pH8.55, 28.45x10 cm M ;

A l l  o the r methods are described under "M ateria l and Methods, I " .
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RESULTS AND DISCUSSION I I

Thiolase I ,  iso la te d  from induced w ild - ty p e  E .c o l i  and th io la s e  I I  

iso la te d  from a c o n s t i tu t iv e  L . c o l i  mutant fad-5-fad-16atoC 49 were 

p u r i f ie d  by the same two step procedure. Since th io la s e  I is  a component 

enzyme o f the multi-enzyme complex o f  f a t t y  acid o x id a t io n ,  the p u r i f i ­

ca t ion  procedure o f  the complex as o u t l in e d  under “M a te r ia ls  and Methods 

I "  represents a lso the p u r i f i c a t io n  procedure o f  th io lases  I and I I .

Thiolase I and th io la s e  I I  were e lu ted  from phosphocellulose w ith  

approximately 0.2M potassium phosphate (F ig . 2 and F ig. 12). In the case 

o f th io la s e  I ,  which in  co n tra s t to th io la s e  I I  is  a lso a c t iv e  on long- 

chain subs tra tes , a c t i v i t i e s  w ith  acetoacetyl-CoA and 3-ketodecanoyl-CoA 

were associated w ith  the same f ra c t io n s .  The re s u lts  o f these p u r i f i ­

ca tion  procedures are summarized in  Tables 1 and 3A. As p rev ious ly  

discussed, the rechromatography o f  the th io la se  I a c t i v i t y  on a second 

phosphocellulose column d id  not r e s u l t  in  an increase in  s p e c i f ic  

a c t i v i t y  and was the re fo re  not included in  the ro u t in e  is o la t io n  pro­

cedure. In the case o f  th io la s e  I I ,  chromatography o f  20g o f  c e l ls  on 

phosphocellulose (see Table 3B) re su lted  1n a lower s p e c i f ic  a c t i v i t y  

and lower p u r i ty  than th a t  obtained w ith  on ly  2g o f c e l ls  (see Table 3A). 

Rechromatography o f  th is  la rge prepara tion  on a second phosphocellulose 

column y ie lded  a homogenous p ro te in  but o f lower s p e c i f ic  a c t i v i t y  

(Table 3B). This decrease in  s p e c i f ic  a c t i v i t y  may poss ib ly  be due to 

In a c t iv a t io n  as a re s u l t  o f  keeping the enzyme 1n d i lu te  s o lu t io n  over 

an extended period .

The p u r i t ie s  o f  the two th io lases  were evaluated by polyacrylamide 

d isc gel e le c tro p h o re s is .  As can be seen 1n Fig. 13B, one main p ro te in
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band was observed f o r  th io la s e  I which was associated w ith  sh o r t-  and 

medium-chaln a c t i v i t i e s  and a s in g le  p ro te in  band was observed fo r  

th io la s e  I I ,  which was associated w ith  on ly  acetoacetyl-CoA t h i o l y t i c  

a c t i v i t y  (F ig .  13A). When th io lases  I and I I ,  whose r e la t iv e  m o b i l i t ie s  

were 0.23 and 0.40 re s p e c t iv e ly ,  were examined on the same g e l,  a good 

separation o f these two enzymes was achieved (F ig . 13C) and the r e la t iv e  

m o b i l i t ie s  observed agreed w e ll w ith  those which had been determined 

when the enzymes were subjected to e lec tropho res is  on separate ge ls . 

Because a l l  acetoacetyl-CoA t h i o l y t i c  a c t i v i t y  o f th io la se  I was assoc i­

ated w ith  one band (F ig .  13B) which migrated d i f f e r e n t l y  from th io la s e  I I ,  

i t  Is concluded th a t  no th io la s e  I I  was present in  the th io la s e  I 

p repara tion . This f a c t ,  as w e ll as the observation tha t the ra t io s  o f 

a c t i v i t i e s  w ith  acetoacetyl-CoA and 3-ketodecanoyl-CoA remained f a i r l y  

constant throughout the p u r i f i c a t io n ,  ind ica tes  th a t  on ly  one th io la s e  

( th io la s e  I )  1s present 1n E .c o l i  B c e l ls  Induced fo r  enzymes o f  f a t t y  

acid  o x id a t io n  and th a t  th is  enzyme is  a c t ive  on sh o r t-  and long-chain 

substra tes .

The na tive  m olecular weights o f  th io la s e  I and th io la se  I I  were 

determined using s im i la r  procedures. As described p rev ious ly  (see 

Results , Part I ) ,  th io la s e  I was associated w ith  a multi-enzyme complex 

o f  f a t t y  acid  o x id a t io n  whose native  molecular weight has been estimated 

to be 320,000 by gel f i l t r a t i o n  and 270,000 by g rad ien t gel e le c t ro ­

phoresis. As seen in  F ig. 6A,chromatography o f  th io la s e  I I  on a s tan­

dardized Sephadei G-200 column y ie lded  an estimated molecular weight 

o f  175,000. When subjected to  polyacrylamide g rad ien t gel e le c t ro ­

phores is , th io la s e  I I  behaved as a s in g le  p ro te in  w ith  a molecular
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weight o f 155,000 when compared to the m o b i l i t ie s  o f  standard prote ins 

run on the same gel (F ig . 6B). The subunit pa tte rn  o f the multi-enzyme 

complex as discussed above ind icates the presence of two prote ins w ith  

molecular weights o f 78,000 and 42,000 (see Fig. 8 ). When th io lase  I I  

was subjected to  sodium dodecyl s u lfa te  gel e lectrophores is  in  the 

presence and absence o f  2-mercaptoethanol only one p ro te in  band co rre ­

sponding to a molecular weight o f  41,500 was observed. Since both the 

native and subunit molecular weights estimated fo r  th io lase  I I  agree 

well w ith  values obtained prev ious ly  w ith  other th io lases (31-33), i t  is  

assumed tha t th io lase  I I  consists o f  fou r id e n t ica l subunits which are 

not linked through covalent bonds.

The substrate s p e c i f ic i t ie s  of th io lases I and I I  were determined 

by use o f the spectrophotometrlc assay described previously (see "Materia ls 

and Methods I " ) .  The substra te  s p e c i f ic i t ie s  o f th io lase  I has been 

presented in  "Results, Part I . "  Thiolase I I ,  which is  induced by aceto­

acetate (35) was shown to be s p e c if ic  fo r  acetoacetyl-CoA. Since the 

a c t i v i t y  o f th io lase  I I  towards 3-ketohexanoyl-CoA was found to be less 

than IX o f tha t observed w ith  acetoacetyl-CoA, i t  is concluded tha t 

th io lase  I I  is  an acetoacetyl-CoA th io la se . In view o f the p o s s ib i l i t y  

tha t the ra te - l im i t in g  step In p -ox ida tion  is  the t h io l y t i c  cleavage 

o f acetoacetyl-CoA (see Discussion, Part I ) ,  i t  may be possible tha t 

acetoacetyl-CoA accumulates and 1n tu rn  causes the induction o f 

th io lase  I I .  However, during the course o f th is  study th io lase  I I  was 

not detected 1n w ild - type  t . c o l i  B c e l ls  induced fo r  f a t t y  acid ox ida tion .

When the k in e t ic  parameters o f th io lases land  I I  were stud ied, 

reaction rates o f both enzymes were shown to be l in e a r  w ith  respect to
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enzyme concen tra tions  (F1g. 14). Substra te  in h ib i t i o n  was not observed 

fo r  th io la s e  I o r  I I  a t  acetoacetyl-CoA and CoA concen tra tions  up to  

33pM and lOOpM re s p e c t iv e ly  (F ig* 15 and 16). Th io lase I was In h ib i te d  

a t  3-ketodecanoyl-CoA concen tra t ions  o f  above 20pM p o ss ib ly  due to  

the de tergent e f fe c t  o f  the lonq -cha in  f a t t y  acyl-CoA 

compound (see "R esu lts , P a rt I " ) .  By p lo t t in g  ra tes o f  t h i o l y t i c  

cleavage versus CoA and acetoacetyl-CoA c o n ce n tra t io n s , re s p e c t iv e ly ,  

on re c ip ro ca l coord ina tes (see F ig . 17) the fo l lo w in g  k in e t ic  parameters 

o f  th io la s e  I I  were determined: Vmax o f  187.511/mg w ith  acetoacetyl-CoA as 

substra tes and apparent Km values o f  7.6pM fo r  CoA and 7.5pM f o r  ace to ­

acetyl-CoA. The Vmax (1 8 7 .^ /m g )  o f  th io la s e  I I  was found to  be lower 

than the o r ig in a l  s p e c i f ic  a c t i v i t y  o f  the same p repara tion  (22CU/mg, 

see F ig . 3B), a f in d in g  which r e f le c ts  the In a c t iv a t io n  o f  the enzyme 

upon storage. S im i la r  k in e t ic  s tud ies  w ith  th io la s e  I y ie ld e d  a Vmax o f 

1 .2^/mg w ith  acetoacetyl-CoA as the v a r ia b le  sub s tra te  and apparent K/n 

values o f  20jirt and 31pM f o r  CoASH and acetoacetyl-CoA re s p e c t iv e ly  

(F ig . 18). The apparent Km fo r  3-ketodecanoyl-CoA was too low (<2pM) to  

be determined a cc u ra te ly  w ith  the o p t ic a l  assay. The Vmax f o r  th io la s e  

I w ith  p-Ketodecanoyl-CoA as a su b s tra te  was estimated to be 27.7u/mg.

The lower Vmax values as compared to  the s p e c i f ic  a c t i v i t y  f o r  th io la s e  I 

shown in  Table I may be due to  the in a c t iv a t io n  o f  th is  enzyme upon 

storage.

To determine the optimal pH f o r  both th io la s e  I and th io la s e  I I ,  

t h e i r  ra tes o f  re ac tions  were determined between pH 6-10. The optimal 

pH fo r  th io la s e  I w ith  acetoacetyl-CoA as the su b s tra te  was pH 7.8 whereas 

the optimal pH fo r  the t h i o l y t i c  cleavage o f  3-ketodecanoyl-CoA proved to
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be in  the ranqc from pH 8.1 to 8.55 (F ig . 19). A s im i la r  study w ith  

th io lase  I I  showed an optimal pH of 8.2 {F ig .  19).

The e f fe c t  o f d i lu t io n  on enzyme a c t i v i t y  was used to  study the

s t a b i l i t y  o f th io lases I and I I .  As i l lu s t r a te d  in  F1g. 20, th io la se  I 

was t o t a l l y  inac t iva ted  w ith in  130 minutes when d i lu te d  in  a T r is  b u f fe r  

(pH 8.1) contain ing g lycero l (25% v o l / v o l ) ,  bovine serum albumin ( l ^ / m l )

and 2-mercaptoethanol (lOmM) to a f in a l  concentration o f 2.25 pg/ml.

When compared to the a c t i v i t y  o f the und ilu ted  enzyme, an inr . :dte loss 

o f  50% o f the a c t i v i t y  was observed when the enzyme was d i lu te d  in  the 

b u ffe r  fn. the presence o f the p o ten tia l s ta b i l iz e r s .  This rapid i n i t i a l  

in a c t iv a t io n  was followed by a continuous but slower loss o f a c t i v i t y .

The omission o f  any one o f  the three s ta b i l iz e rs  resu lted  in  an Increase 

ra te  o f  In a c t iv a t io n .  The rapid in a c t iv a t io n  o f  th io la se  I 1n d i lu te  

so lu t io n  made i t  d i f f i c u l t  to  assay th is  enzyme and may have led to an

underestimation o f  i t s  s p e c if ic  a c t i v i t y .  Thiolase I I  proved to be

stable in  d i lu te  so lu t io n  even a t a concentration as low as 1.3 M-9 /m l, 

although in  the absence o f  a s u lfh yd ry l reagent an i n i t i a l  loss o f 50% 

o f a c t i v i t y  was observed (see Fig. 20). The a c t i v i t y  o f  th io lase  I I  in  

th is  d i lu te d  form persisted fo r  24 hours even in the absence o f d i t h lo -  

t h r e l t o l .

The greater s t a b i l i t y  o f th io lase  I I  as compared to tha t o f

th io lase  I could also be observed when the a c t i v i t ie s  o f the stock

so lu tions kept a t 5°c were followed over an extended period o f  time.

As seen in Fig. 21, th io lase  I showed an approximate 50% decrease in 

a c t i v i t y  w ith in  33 days even when stored in  the presence o f lOmM 2- 

mercaptoethanol whereas th io la se  I I  reta ined 73% o f  i t s  a c t i v i t y  a f te r
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41 days o f storage under the same co n d it io n s . The loss in  a c t i v i t y

o f th io la s e  I I  was la te r  shown to  be due to  the o x id a t io n  o f the

s u lfh y d ry l reagent and the s t a b i l i t y  o f  both enzymes was g re a t ly  in ­

creased when stored a t - 7 0 cC.Under th is  con d it io n  no s ig n i f ic a n t  loss 1n 

a c t i v i t y  o f  e i th e r  enzyme was observed w ith in  one month.

Thiolase I e xh ib ite d  an absolute requirement fo r  a s u l fh y d ry l  

reagent as evidenced by an Immediate and to ta l  loss o f  a c t iv i t>  when 

th io la se  I a c t i v i t y  was assayed in  the absence o f 2-mercaptoethanol.

The reason fo r  de tec ting  th io la s e  I a c t i v i t y  when the enzyme was d i lu te d

in  the absence o f  a th io l  reagent (see Fig. 20) was e v id e n t ly  due to  the

fa c t  th a t  a l l  d i lu te d  enzyme preparations were assayed 1n a b u f fe r  con­

ta in in g  2-mercaptoethanol (see assay cond it ions  under "M ateria l and 

Methods I " ) .  In c o n tra s t ,  th io la s e  I I  showed no change in  a c t i v i t y  

when assayed in  the absence o f a s u l fh y d ry l  reagent.

The In h ib i t io n  o f  th io la s e  I I  a c t i v i t y  by known s u lfh y d ry l  group

in h ib i to rs  is  I l lu s t r a te d  1n Table 4. Complete loss o f th io la s e  a c t i v i t y
.3

in  the presence o f N-ethyl-male im ide (5x10 M) was observed a f te r  15

minutes. While 70% o f  the a c t i v i t y  was lo s t  during incubation  w ith
-3

iodoacetamlde (1x10 M)* complete substra te  p ro te c t io n  o f  th io la s e  I I  

against in a c t iv a t io n  by iodoacetamlde was seen in  the presence o f  0.93mM 

acetyl-CoA. This data agrees we ll w ith  the work o f Gehrlng e t al (47) 

who reported a strong in h ib i t io n  o f p ig heart th io la se  by th io l  

In h ib i to rs  and p ro te c t io n  against th is  in h ib i t io n  by acetyl-CoA. Cor­

responding in h ib i t io n s  experiments could not be performed w ith  th io la s e  

1 due to i t s  absolute requirement f o r  2-mercaptoethanol during the assay. 

However, th is  fa c t  I t s e l f  leads to  the suggestion th a t th io la s e  I 

s im i la r ly  to  th io la s e  I I  contains an essen tia l s u lfh y d ry l group.
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I n i t i a l l y ,  one o f  the aims in  studying fc..c o l i  th io lases  was to  

examine the s im i la r i t i e s  between th io la s e s l  and I I  and the sho rt-cha in  

and general th io lases  iso la te d  from pig heart in  the hope o f  ob ta in ing  

evidence fo r  the e vo lu t io n  o f  various th io la se s  from the same ancestra l 

gene. The form ation o f  an tibod ies aga inst th io la s e  I I  was undertaken in  

o rder to  determine i f  any an tibody-reac tions  would be observed 

between antibod ies to  th io la s e  I I  and th io lases  o f these two systems.

The re s u l t  o f  inm unodiffus lon on agar slabs showed p o s it iv e  recog n it io n  

o f  th io la s e  I I  by i t s  own antibody but no c ro s s - re a c t iv i t y  between 

th io la s e  I I  an tibod ies and th io la s e  I o r the pig heart th io la s e s .  Hence, 

f t  is  concluded th a t  poss ib le  s t ru c tu ra l  s im i la r i t i e s  between the t h io ­

lases o f E .c o l i  o r between th io lases  o f  E .c o l1 and pig heart are not 

s u f f i c ie n t  to be detected by an an tlbody-an tigen  re ac t io n .

The ro le  o f th io lases  1n both the cleavage and form ation o f  ace to ­

acety l -CoA and the recent evidence o f the occurrence o f  m u lt ip le  

th io lases  in  h igher organisms have led in v e s t ig a to rs  to  suggest pos­

s ib le  d i f f e r e n t  metabolic ro les  fo r  these Isozymes (see Fig. 11 and 

Table 5). C y to sy l ic  acetoacetyl-CoA th io la se s  found in  yeast (32, 52) 

avian l i v e r  (33), r a t  l i v e r  and many o the r t issues (24,49,51) but 

absent from muscle t issue  (24) have been proposed to be Involved 1n 

ch o les te ro l syn thes is . The high Km values e xh ib ite d  by th is  yeast 

th io la s e  toward acetoacetyl-CoA (3 2 ), and the strong in h ib i t io n  o f  t h io ­

lase a c t i v i t y  by increasing concentra tions o f  e i th e r  ace toacety l- toA  

a n d / o r  CoA (32)agree we ll w ith  th is  suggested ro le  fo r  the c y to s y l ic  

th io la se s . The k in e t ic  parameters o f  these enzymes together w ith  t h e i r  

lo c a l iz a t io n  1n the cytosol Ind ica tes  th e i r  prime ro le  1s in  supplying 

acetoacetyl-CoA as a substra te  fo r  the 3-hydroxy-3-m ethy lg lu tary l-CoA
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synthase 1n the f i r s t  step towards ch o les te ro l b iosyn thes is . In support 

o f  th is  ro le ,  Clinkenbeard e t  a lj(55 ) have demonstrated th a t the c y to p la s ­

mic th io lases  from chicken and ra t  l i v e r  are sub ject to  cho les te ro l 

feedback c o n t r o l .

Acetoacetyl-CoA th io la s e s ,  have been reported in the mitochondria 

o f  yeast (5 2 ) ,  pig h e a rt ,  muscle, (31, 47) avian l i v e r  (33) r a t  l i v e r  and 

o the r tissues (24, 49, 50) and are proposed to  be involved 1n e i th e r  

ketone body u t i l i z a t i o n  or fo rm ation . The yeast m itochondria l aceto- 

acetyl-CoA th io la s e  which e x h ib i ts  a low Km value fo r  acetoacetyl-CoA 

and CoA (32) may be responsib le fo r  acetoacetate u t i l i z a t i o n .  Although 

c y to s y l ic  th io lases  are not present 1n s ig n i f i c a n t  q u a n t i t ie s  in  muscle 

(24 ), th is  t issu e  does conta in  su b s ta n tia l amounts o f m itochondria l 

th io la s e s . Heart t issue  contains both a general substra te  th io la s e  as 

w e ll as a m itochondrla l acetoacetyl-CoA th io la se  (24) whereas the t h io ­

lase present in  s k e le ta l muscle such as h1nd-leg muscle is  mainly an 

acetoacetyl-CoA s p e c i f ic  enzyme (24). The widespread occurence o f  m ito ­

chondria l acetoacetyl-CoA th io lases  1n muscle, a t issue  which uses 

acetoacetate as the p re fe re n t ia l  metabolic  fue l (56, 57) and the good 

c o r re la t io n  between 3-oxoac1d-CoA trans fe rase  (the  f i r s t  enzyme in  

acetoacetate metabolism) and these th io lases  (24) a l l  support the ro le  

o f  th is  enzyme in  ex trahepa tic  ketone body u t i l i z a t i o n .  The presence 

o f high a c t i v i t i e s  o f a m itochondria l acetoacetyl-CoA th io la s e  in  l i v e r  

(24), a t issue  devoid o f  3-oxoacid-CoA trans fe rase  and known to be 

almost exc lus ive  In  syn thes iz ing  acetoacetate (58) ind ica tes  th a t  th is  

enzyme 1s Involved in  acetoacetyl-CoA form ation , the f i r s t  step in  

ketogenesis. This th io la s e  has been lo ca l ize d  w ith in  the m atr ix
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compartment o f  the m itochondria  and 1s one o f  the 3 -hydroxy-3 -m ethy l- 

g lu ta ry l-C o A  cyc le  enzymes respons ib le  f o r  ketogenesis (5 9 ). The meta­

b o l ic  fu n c t io n  o f  a th io la s e  which 1s a c t iv e  on a broad range o f  sub­

s t ra te s  and which has been c r y s ta l l i z e d  from ox l i v e r  (43) is  in d ica te d  

by both i t s  m itochondr ia l lo c a t io n  and broad sub s tra te  s p e c i f i c i t y  to  be 

the th io la s e  invo lved in  p -o x id a t io n .

The known fu n c t io n  o f  th io la s e  I In  f a t t y  ac id  o x id a t io n  and th a t  

o f  th io la s e  I I  in  b u ty ra te  and acetoaceta te  degradation agree w e ll w ith  

t h e i r  chain length  s p e c i f i c i t i e s  presented in  th is  th e s is .  The s p e c i­

f i c i t y  o f  th io la s e  I I  towards acetoacety l-CoA, re f le c te d  in  both i t s  

low Km and high Vmax va lues , resembles the yeast th io la s e  reported to  

be Involved 1n acetoaceta te  u t i l i z a t i o n  (52). In a d d i t io n ,  the 

s im i l a r i t y  between the m itochondria l acetoacetyl-CoA th io la s e  o f  pig 

hea rt and th io la s e  I I  in  both n a t ive  and subun it m o lecu lar weight (see 

Table 5) suggests th a t  the pig hea rt acetoacetyl-CoA th io la s e  is  invo lved  

in  ketone body u t i l i z a t i o n .  The broad-chain length  s p e c i f i c i t y  o f  t h io ­

lase I is  ty p ic a l  o f  th io la s e s  thought to  be invo lved  in  f a t t y  ac id  

o x id a t io n  (4 3 ) .  Recent work on the m itochond r ia l general su b s tra te  

s p e c i f ic  th io la s e  from pig h ea rt (Staack, H ., unpublished data) in d ica te s  

the h ighe r a c t i v i t y  o f  th is  enzyme toward medlum-chaln substra tes  is  due 

to  both a very low Km (<2pM) toward p-ketodecanoyl-CoA and high Vmax 

(6 7^ fa g ) ,  and thus resembles th io la s e  I in  i t s  k in e t ic  parameters and 

suggested ro le  in  f a t t y  ac id  o x id a t io n .

Although th io la s e s  I and I I  are not synthesized a t  the same time 

when the t . c o l i  bacterium Is grown on o le a te  as the so le carbon source, 

the ex is tence  o f  the gene tic  in fo rm a t io n  fo r  these two enzymes in  a
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prim itive  system such as E .co l1 Indicates that m ultip le thiolases of 

d iffe re n t metabolic functions are not the resu lt of evolutionary 

development In higher organisms. The s im ila r ity  between the E .co l1 

thiolases and the mitochondrial thiolases of higher organisms 1n th e ir  

k inetic  properties and functiuns supports the theory that the bacteria l 

thiolases were maintained through evolution as mitochondrial th iolases. 

Since E .co li does not synthesize cholesterol, the cytoplasmic thiolase  

proposed to be Involved 1n cholesterogenesls may be an additional 

th iolase that evolved 1n higher organisms.

This report describes the is o la tio n  of two d is tin c t thiolases  

from E .co li c e lls . The differences In th e ir  chain length s p e c if ic it ie s ,  

k in e tic  parameters, native and subunit molecular weights, pH optima and 

s ta b il it ie s  and the good corre lation  between th e ir  substrate s p e c ifi­

c it ie s  and proposed functions Indicate that acetoacetyl-CoA th io lase  

(th io lase  I I )  which was mapped a t the "ato" operon and the general 

th io lase (th io lase  I )  who gene 1s located on the "fad" operon on the 

E .co l1 chromosome map (35) are two physically and functionally  

d is tin c t enzymes.

-41-



Table 1. Sunmary o f  the p u r i f ic a t io n  o f  the multi-enzyme complex o f f a t t y  acid ox ida tion  **

Sp. act w ith  C4 substrates* 
(umoles/min per mg o f prote in)

Sp. act. w ith  C-jq substrates* 

( pmoles/min per mg o f  prote in)
Total

Protein
(mg)

Thiolase
Enoyl-CoA
hydratase

3-Hydroxyacyl- 
CoA dehydrogenase Thiolase

Enoyl-CoA
hydratase

3-Hydroxyacyl- 
CoA dehydrogenase

Crude
Homogenate 0.037 1.79 1.05 0.98 0.48 0.93 1447.0

Heat Treated 0.12 3 24 4.68 3.47 0.78 4.04 390.1

Phosphocel lu lose 1.99 59.00 49.30 40.00 29.00 33.65 9.2

P u r i f ic a t io n  ( fo ld ' 54 33 47 41 60 36

Yield ( i ) 34.5 21.0 30.0 26.5 36.0 23.0

♦Enzyme a c t iv i t ie s  were determined as described under "Materia ls and Method I" , using acetoacetyl-CoA 
as the substrate fo r  th io lase  and 3-hydroxyacyl-CoA dehydrogenase and crotonyl-CoA as the substrate fo r  
enoyl-CoA hydratase.

+Enzyme a c t iv i t ie s  were determined as described under “M ateria ls and Methods I " r is ing  3-ketodecanoyl- 
CoA as the substrate fo r  th io lase  and 3-hydroxyacyl-CoA dehydrogenase and ^ ’ ^-decenoyl-CoA as the 
substrate fo r  enoyl-CoA hydratase.
t  Deta ils  o f the p u r i f ic a t io n  procedure are given under "Materia ls and Methods I " .
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Table 2. Chromatography o f the multi-enzyme complex o f  f a t t y  acid ox ida tion  on DEAE-cellulose

Sp. ac t. w ith  substrates* Sp. ac t. w ith  C10 substrates+
(nmoles/min per mg o f pro te in ) (pmoles/min per mg o f  p ro te in )

Thiolase
Enoyl-CoA
hydratase

3-Hydroxyacyl- 
CoA dehydrogenase Thiolase

Enoyl-CoA 
hydratase

3-Hydroxyacyl- 
CoA dehydrogenase

Peak #1 1.64 46.88 26.50 16.45 12.97 undetermined

Peak #2 0.44 15.37 12.57 6.00 4.57 undetermined

‘ Enzyme a c t iv i t ie s  were determined as described under "Materia ls and Methods I "  using acetoacety l- 
CoA as the substrate fo r  th io lase  and 3-hydroxyacyl-CoA dehydrogenase and crotonyl -CoA as the substrate 
fo r  enoyl-CoA hyoratase.

+Enzyme a c t iv i t ie s  were described under "Materia ls and Method^ I "  using 3-ketodecanoyl-CoA as the 
substrate fo r  th io lase  and 3-hydroxyacyl-CoA dehydrogenase and -decenoyl-Co-A as the substrate fo r  
enoyl-CoA hydratase.
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Table 3. P u r i f i c a t io n  o f th io la s e  I I

P u r i f ic a t io n  step
Total a c t iv i t y *  

(pmol/min)
Total p ro te in  

(mg)
Sp. act. 

(nmol/min per 
mg o f p ro te in )

P u r i f ic a t io n
( fo ld )

A.
Crude Homogenate 1207 101 12.0 1

Heat Treated 1155 73.7 15.7 1.3

Phosphocellulose 498 0.98 506 42.4

B.
Phosphocellulose #1 2658 12.0 220.8 25.5

Phosphocellulose #2 890 7.56 117.7

*  Enzyme a c t iv i t y  was determined as described under "Materia ls  and Methods I "  using acetoacetyl-CoA

as substrate.

A. P u r i f ic a t io n  procedure o f th io lase  I I  using 2g o f c e l ls .

B. P u r i f ic a t io n  o f  th io lase  I I  by phosphocellulose chromatography asing 20g o f  c e l ls .  
Refer to "Results and Discussion I I . "

-44-



Table 4. I n h ib i t i o n  o f  th io la s e  I I

Reagent Added % a c t i v i t y  remaining 
a f t e r  15 min.

no a d d i t io n 100%

SxlO'^M N-ethyl-maleimide 5%
-35x10 M N-ethyl-maletmide 0%

5xl0"^M Iodoacetamlde 35%
-4

1x10 M rodoacetamide 29%
-41x10 M Iodoacetamlde +

Q.93nM Acetyl-CoA 100%

Th io lase  I I  ( 6 . 3|j.g/m 1) was Incubated w ith  in h ib i t o r s  a t  Ind ica ted  

concen tra tions  and kept f o r  15 m1n a t  0-5°C. The re a c t io n  was stopped 

by the a d d it io n  o f  excess 2-mercaptoethanol as described by Gehrlng e t  

a 1 .(5 6 ) .  The enzyme was assayed 1n a to ta l  volume o f  0 .6 ml in  the 

presence o f  22fiM acetoacetyl-CoA and 7£*iM CoA as described under 

“M a te r ia ls  and Methods I . "  Percentage a c t i v i t y  remaining was c a lc u la te d  

based on enzyme assays done in  the absence o f  i n h ib i t o r .
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Table 5. P roperties  o f  various th io la se s

Tissue and 
Loca liza tion

Substrate*
S p e c i f ic i ty

Native
Molecular

Weight

Subunit
Molecular

Weight

K ine tic *
Parameters

Suggested 
Metabolic Role Reference

E .c o l i c4 175,000 41,500 V7.5HM (C4) 
Kb,=7.6mM (CoA)

Acetoacetate
u t i l i z a t io n

th is  thesis

c4“c 16 320,000
(complex)

H»*31|iM (C 4) 
^ = < 2 ^  (CIO) 
Km=20pM (CoA)

Fatty Acid 
Oxidation

th is  thesis

Yeast
Cytoplasm C4 140,000 Kni=370|iM (C4) 

Km=160pM (CoA)
Cholesterol
Synthesis

32, 52

Mitochondria c4 65,000 Kflf,*20pM(C4) 
t^K lpM  (CoA)

Acetoacetate
U t i l i z a t io n

32, 52

Pig Heart 
Mitochondria r a*b

c4 170,000* 42,000® Kj=11.8pM(C4) 
kJ°=51 -3iiM(CoA)

Acetoacetate
U t i l i z a t io n

47*
Staack, H. **

(unpublished 
data )

Mitochondria C4-Ci6b 200,000b 46,000b Km=16.1(iM (C4) 
KjK2pM (Cio) 
Kt|=9.lMM (CoA)

Fatty Acid 
Oxidation

Avian L ive r 
Cytoplasm c4 169,000 41,000 V 3 8 . V 1  (C4 ) 

Km=6.M (CoA)
Cholesterol
Synthesis

33

Mitochondria C4 Acetoacetate
formation

33
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Table 5 (Continued)

Tissue and 
Loca liza tion

Substrate*
S p e c if ic i ty

Native
Molecular

Weight

Subunit
Molecular

Weight

K ine tic *  
Parameters

Suggested 
Metabolic Role Reference

Rat L ive r  
Cytoplasm C4 170,000 44,000 V 33(iH  (C4 ) 

K,-15|iH (CoA)
Cholesterol
Synthesis

51

Mi tochondria C4 (C4 )
KJ1=21mM(CoA)
ISn=6.^|M (Acetyl-CoA)

Acetoacetate
formation

&
b

50

Mitochondria C4 -C10 Ka-lOpH (C4) 
Kfn=18jiM (CoA)

Fatty Acid 
Oxidation

’24 '

Ox L iver 
Cytoplasm C4 Kffl=20uM (C4) 

Kib-7mM (CoA)
Cholesterol
Synthesis

49

Mitochondria C4 Kq,-1QHM (C4) 
1 ^*29^  (CoA)

Acetoacetate
formation

49

Mitochondria C4 -C16* k£-10mm (c4)
K j - K y t  (CoA)

Fatty Acid 
Oxidation

4 3 *

49b

*Abbrevations: C^, Acetoacetyl-CoA;C]q, p-ketodecanoyl-CoA; C^g, p-ketohexadecanoyl-CoA.
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RCH2CH2COOH

acyl-CoA 

synthetase

. ATP+CoASH 

^*AMP + PP.*

N|/

RCH2CH2COSCoA ^

acyl-CoA 

dehydrogenase

.FAD

FADH-

RCH»CHCOSCoA

h 2o

. th io l  ase 

CoASH

.RCCH2COSCoA

CHj COSCo>̂ T
NADH + H

^  3 -hydroxy-

acyl-CoA
'  I

dehydrogenase

NAD

enoyl-CoA hydratase 
----------------------- ^  RjHCH'2COSCoA

OH

Figure 1. Pathway * f  (J -ox ida tion  o f  f a t t y  acids
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Legends

Figure 2. P u r i f ic a t io n  o f  enzymes o f f a t t y  acid o x id a t io n  by chroma­

tography on phosphocellu lose. Symbols: 0, th io la s e  a c t i v i t y  w ith

3-ketodecanoyl-CoA; a , 3 hydroxyacyl-CoA dehydrogenase a c t i v i t y  w ith  

acetoacetyl-CoA; I ,  enoyl-CoA hydratase a c t i v i t y  w ith  crotonyl-CoA. 

The absorbance a t 280 nm is  not shown because the amount o f  p ro te in  

e lu ted w ith  the potassium phosphite g rad ien t was very sm all. A phos­

phocellu lose column (1 .2  x 45cm) was developed as described under 

"M ate r ia ls  and Methods I " .
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Figure 3. Disc gel e lec trophores is  o f  the multi-enzyme complex o f  
f a t t y  acid o x id a t io n .

Gels were developed and sta ined fo r  p ro te in  and d u p lica te  unstained 

gels were s l ic e d  and assayed fo r  a c t i v i t y  as described under "M ate r ia ls  

and MethodsI". A l l  s l ic e s  were assayed fo r  th lo la s e  a c t i v i t y  and those 

s l ic e s  corresponding to the p ro te in  peak were assayed fo r  enoyl-CoA 

hydratase and 3-hydroxyacyl-CoA dehydrogenase a c t i v i t i e s .  Hatched bars 

In d ica te  r e la t iv e  a c t i v i t i e s  o f  the three enzymes. The a c t i v i t i e s  1n 

the peak f ra c t io n  when assayed w ith  C-jq substra tes were: th lo la s e ,

78 m H 'f ra c t io n , enoyl-CoA hydratase, 140 m ty fra c t io n  and 3-hydroxy- 

acyl-CoA dehydrogenase, 112 m ̂ / f r a c t io n .  The ra t io s  o f  to  Cjq 

a c t i v i t i e s  fo r  a l l  three enzymes were approximately the same as 

observed w ith  the p u r i f ie d  enzymes. Gels were pre-e lectrophoresed 

f o r  30 m1n a t 3mA per g e l.  I f  th is  step was om itted , a second 

s ig n i f i c a n t  band was observed, s im i la r  to  the p ic tu re  shown 1n F1g. 13B.
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Figure 4. Gel f i l t r a t i o n  o f the multi-enzyme complex o f  f a t t y  acid 

o x id a t io n  on Sepharose 6B. Symbols: 0, th io la s e  a c t i v i t y  w ith  aceto-

acetyi-CoA; a , 3-hydroxyacyl-CoA dehydrogenase a c t i v i t y  w ith  aceto- 

acecyl-CoA; t, enoyl-CoA hydratase a c t i v i t y  w ith  crotonyl-CoA.

A Sepharose 6B column (2.6 x 77 cm) was e q u i l ib ra te d  w ith  0.05 M 

potassium phosphate {pH 7) con ta in ing  0.1 M NaCl and 10 mM 2-mercapto- 

• th a n o l.  The void volume was determined w ith  blue dextran • Prote ins 

were ex tens ive ly  d la lyzed aga inst the column b u f fe r  before th e i r  

a p p l ic a t io n  on the column. Fractions were co l le c te d  (1.84 ml) and the 

e lu t io n  volumes o f  the standards were determined by measuring peaks o f  

absorbance a t 280 nm. Standards used were: glutamate dehydrogenase,

phosphorylase A, ca ta lase , phosphorylase B, la c ta te  dehydrogenase, and 

bovine serum albumin. Those f ra c t io n s  necessary fo r  determining the 

e lu t io n  volume o f the complex were assayed fo r  the three enzyme 

a c t i v i t i e s .
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Figure 5. Sedimentation v e lo c i ty  o f  the multi-enzyme complex as 

determined by u l t r a c e n t r i fu g a t io n .  Inse t are photographs o f  Sch lieren 

patterns o f the complex obtained 32, 36 and 40 min. a f te r  the beginning 

o f  c e n tr i fu g a t io n  a t  40,000 RPM. D ire c t io n  o f sedimentation is  from 

r ig h t  to l e f t .  D e ta i ls  o f  procedure are explained under "M ateria ls  

and Methods I " .
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Fiqure 6A. M olecu lar weight de te rm ina tion  o f  the multi-enzyme complex 
o f  f a t t y  ac id  o x id a t io n  and th io la s e  I I  on Sephadex G-20Q.

A Sephadex G-200 column (2.6x58cm) was e q u i l ib ra te d  w ith  0.Q5M 

potassium phosphate (pH) co n ta in in g  0.1M Nacl and lOmM 2-mercaptoethanol. 

The vo id  volume was determined w ith  b lue  dextran . The fo l lo w in g  standards 

were used: 0, phosphorylase B; □ ,  ca ta la se ; la c ta te  dehydrogenase;

X, bovine serum albumin. A l l  standards (lOmg/ml) were app lied  to  the 

column in  2 ml samples and t h e i r  e lu t io n  volumes were determined by 

measuring absorbances a t  280nm. A 2 ml sample o f the multi-enzyme 

complex (4mg) and th io la s e  I I  (3mg) were app lied  se pa ra te ly  to  the column 

and t h e i r  e lu t io n  volumes were determined by the th io la s e  assay. Arrow I 

in d ic a te s  p o s it io n  o f  the multi-enzyme complex and arrow I I  in d ica te s  

p o s i t io n  o f  th io la s e  I I .
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Figure 613. Molecular weight de term ination o f the multi-enzyme complex 

o f f a t t y  acid  o x id a t io n  and th io la se  I I  by g rad ien t gel e lec tropho res is  

20^g o f  each p ro te in  were applied to  the slab g e l.  The fo l lo w in g  

standards were used on the same ge l:  0, a p o fe r r i t in ;  □ ,  ca ta lase ; zi,

la c ta te  dehydrogenase;X , bovine serum albumin. Arrow I ind ica tes  the 

p o s it io n  o f the multi-enzyme complex; arrow I I  in d ica tes  p o s it io n  o f  

th lo la s e  I I .
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M olecu lar weight de te rm ina tion  o f  the multi-enzyme complex

o f  f a t t y  acid  o x id a t io n  on Sepharose 6B. The fo l lo w in g  standards

were used: X, g lutamate dehydrogenase; 0 , phosphorylase A; Q (

c a ta la se ; A, phosphorylase B. A l l  standards (IQmg/ml) were

app lied  to  the column In 1 ml samples and t h e i r  e lu t io n  volumes

were determined by measuring absorbances a t  280nm. A 1 ml

sample o f  the multi-enzyme complex ( l.dm g /m l)  was a pp lied  to

the column and those f ra c t io n s  necessary f o r  de term in ing the

e lu t io n  volume o f  the complex were assayed fo r  the th ree  enzyme 

a c t i v i t i e s .  For d e ta i ls  o f  the Sepharose 6B column see Legend 
to  F ig . 5. Arrow In d ica te s  the p o s i t io n  o f  the multi-enzyme complex
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Figure 8 . Disc gel e le c tro p h o re s is  o f  the multi-enzyme complex o f  

f a t t y  a c id  o x id a t io n  1n the presence o f  sodium dodecyl s u l fa te  on a 

10% po lyacry lam ide g e l .

A. Enzyme p repara t ion  from the f i r s t  phosphocellu lose column.

B. Enzyme p repara t ion  from the second phosphocellu lose column. 

The p ro te in s  were incubated a t  37°C f o r  2 hours 1n 0.01 M 

sodium phosphate (pH 7 .0 ) ,  10% in  sodium dodecyl s u l fa te  

and 1% in  2-m ercaptoethanol. The p ro te in  concen tra tions

in  the incuba tion  m ixtures were 1 mg/ml and b-10 p,g o f  

each p ro te in  were app lied  to  each g e l.
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Figure 9. DEAE-cellulose chromatography o f  the multi-enzyme complex. 

Symbols: A , th lo la s e  I a c t i v i t y  assayed w ith  acetoacety l-CoA; X, th lo la s e  

I a c t i v i t y  assayed w ith  3-ketodecanoyl-CoA. DEAE-cellulose chroma­

tography was performed by p r e - e q u i l ib r a t in g  a DEAE-cellulose column 

{1.2x22an) w ith  lOnfl potassium phosphate (pH 7.3) co n ta in in g  IQmM 2- 

mercaptoethanol and 25% v o l /v o l  g ly c e r o l .  A p u r i f ie d  p repa ra t ion  o f  

the multi-enzyme complex (1.8mg)was d la ly z e d  a ga ins t 90nf1 potassium 

phosphate (pH 7 .3 ) co n ta in in g  lOmM 2-mercaptoethanol and 25%( v o l / v o l )  

g ly c e ro l  and was a pp lied  to  the p re -e q u i l ib ra te d  DEAE-cellulose column. 

The column was washed w ith  the e q u i l ib r a t in g  b u f fe r  u n t i l  no more u l t r a ­

v io le t -a b s o rb in g  m a te r ia l was e lu te d .  The column was then developed 

w ith  a phosphate g ra d ie n t prepared from 75 ml o f  90mM potassium phosphate 

( pH7.3) con ta in in g  lOnW 2-mercaptoethanol and 25% ( v o l / v o l )  g ly c e r o l ,  

and from 75ml o f  250mM potassium phosphate ( pH7.3) co n ta in in g  lOmM 2- 

mercaptothanol and 25% ( v o l / v o l )  g ly c e ro l .  F rac tions  o f  3ml each were 

c o l le c te d  and assayed f o r  th lo la s e  a c t i v i t y  as described under "M a te r ia l 

and Methods I " .  The f r a c t io n  co n ta in in g  enzyme a c t i v i t i e s  were pooled 

and concentrated by u l t r a c e n t r l f u g a t lo n  w ith  an Amicon concentra te  PM-10 

membrane to  approx im ate ly  1 .4mt. Concentrated f ra c t io n s  were assayed 

f o r  th lo la s e ,  enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase 

as described under "M a te r ia ls  and Methods I " .
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Figure 10. Chain length s p e c i f i c i t ie s  o f  the component enzymes o f the

multi-enzyme complex o f  f a t t y  ac id  o x id a t io n .  Symbols: s o l id  bars,

th io la s e  a c t i v i t y ;  open bars , enoyl-CoA hydratase a c t i v i t y ;  hatched 

bars, 3-hydroxyacyl-CoA dehydrogenase a c t i v i t y .  Thiolase and enoyl-CoA 

hydratase were assayed as described under "M ater ia ls  and Methods I ” . 

3-Hydroxyacyl-CoA dehydrogenase was assayed a t pH 8 by spectrophoto- 

m e tr ic a l ly  fo l lo w in g  the reduction  o f NAD+ a t 340 nm in  the presence

o f  the 3-L-hydroxyacyl-CoA substra tes formed from the corresponding

2 3z r *  -enoyl-CoA d e r iva t ive s  by the a c t io n  o f  enoyl-CoA hydratase. A 

ty p ic a l  assay contained 50 tzmoles o f  potassium phosphate b u f fe r ,  pH 8,

0 .2 mg bovine serum albumin,lpmole o f  2-mercaptoethanol, 150 nmoles
+ 2 3CoA, 270 nmoles NAD , 10 nmoles £ *  -enoyl-CoA and enzyme in  a to ta l

volume o f 0 .6 ml. The hydra tion  o f the enoyl-CoA compound was allowed
+

to come to e q u i l ib r iu m  in the absence o f  NAD . The assay was then
+

s ta r te d  by the a d d it io n  o f NAD . The presence o f  CoA In the assay 

m ix tu re  resu lted  in  the t h l o l y t i c  cleavage o f the reac tion  products, 

3-ketoacyl-CoA d e r iv a t iv e s ,  which otherwise in h ib i te d  the 3-hydroxyacyl- 

CoA dehydrogenase.
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Figure 11. Possible metabolic roles 

Mitochondria |
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Figure 11. Possible Metabolic  Roles o f  M u lt ip le  Thlolases 
Abbrev ia tions :

T . *  Acetoacetyl-CoA m itochondria l th lo la se
m associated w ith  ketone body cormation

Tm i i  * Acetoacetyl-CoA m itochondria l th lo la se  
associated w ith  ketone body u t i l i z a t i o n

Tm I I I  = General-Substrate m itochondria l th io la se  
associated w ith  0-ox1dat1on

Tc j * Acetoacetyl-CoA cytoplasmic th lo la se
associated w ith  cho les te ro l b iosyn thes is .
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Figure 12. P u r i f i c a t io n  o f  th lo la s e  I I  by chromatography on 

phosphocellu lose. Th io lase I I  a c t i v i t y  was de­

term ined w ith  acetoacety l-CoA. a phosphocellu lose 

column (1.2x45cm) was developed as described under 

"M a te r ia ls  and Methods I " .  The absorbance a t  280nm 

is  not shown because the amount o f  p ro te in  e lu ted  

w ith  the potassium phosphate g ra d ie n t was very sm a ll.
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Figure 13

Disc gel e lectrophoresis o f th io lase  I and th io la se  I I .  (A), Thiolase I I ;  

(B), th lo lase  I ;  (C), th io lases I and I I .  The pos it ions o f the t h io l y t i c  
a c t iv i t ie s  are ind icated by hatched bars. (A) A c t iv i t y  w ith  acetoacety l* 
CoA; (B), a c t i v i t y  w ith  acetoacetyl-CoA and p-ketodecanoyl-CoA.



Figure 14. The ra te  o f  the th io la s e  re a c t io n  as a fu n c t io n  o f  the 

enzyme co n ce n tra t io n . A. Th io lase I I .  B. Multi-enzyme complex.

A l l  assays were performed in  a to ta l  volume o f  0.6 ml as described 

under "M a te r ia ls  and Methods I I " .
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CO
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Figure 15

The ra te  o f the t h l o l f t l c  cleavage o f acetoacetyl-CoA as a 
fu n c t io n  o f  acetoacetyl-CoA concen tra tion . Symbols: 0,
multi-enzyme complex; X, th lo la s e  I I .  A l l  assays were 
performed 1n a to ta l  volume o f  0.6ml a t  a constant CoA 
concentra tion  o f  90jiM and using the Ind ica ted  amounts o f 
acetoacetyl-CoA. The assay contained 2.25 ng o f  the 
multi-enzyme complex o r 3.8 ng o f th lo la s e  I I .
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Figure 16

The ra te  o f  the t h i o l y t i c  cleavage o f  acetoacetyl-CoA as a 
fu n c t io n  o f  CoA co n ce n tra t io n . Symbols: 0, multi-enzyme complex;

X, th lo la s e  I I .  A l l  assays were performed in  a to ta l  volume o f

0 .6  ml con ta in ing  38 acetoacetyl-CoA when assaying the m u lt i  - 
eniyme complex and 28 (iM acetoacetyl-CoA when assaying th lo la s e  I I  

using the In d ica ted  amounts o f  CoA. The assay contained 2.25 p.g 
o f  the multi-enzyme complex o r  3 .8 ng o f  th lo la s e  I I .
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Figure 17. Double re c ip ro c a l p lo t  o f  the ra te  o f  th lo la s e  I I  re a c t io n  

versus sub s tra te  co n ce n tra t io n . A. vary ing  CoA concen tra tions  a t  a 

f ix e d  co ncen tra t ion  o f  40jiM ace toacety l-C oA . B. vary ing  a c e to a c e ty l- 

CoA concen tra tions  a t  a f ix e d  concen tra t ion  o f  90|iM CoA. tach assay 

contained 6 ng o f  enzyme and was done in  a to ta l  volume o f 0 .6 ml as 

described in  'M a te r ia ls  and Methods I " .
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Figure l t i .  Double re c ip roca l p lo t  o f  the ra te  o f  th io la s e  I re ac tion  

versus substra te  concen tra tion . A. varying CoA concentrations a t a 

f ixe d  concentra tion  o f  39pM acetoacetyl-CoA using 14pg o f  enzyme per 

assay. B. varying acetoacetyl-CoA concentrations a t a f ix e d  concen­

t r a t io n  o f 90pM CoA using 2 . 2  pg of enzyme per assay. C. varying 

3-ketodecanoyl-CoA a t a f ix e d  concentra tion  of 90pM CoA using 4.5 pg 

o f  enzyme per assay. Each assay was done in  a to ta l  volimie o f 0.6 ml 

as described in "M ate r ia ls  and Methods I " .
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Figure 19. pH optima o f  th lo lases  I and I I .  A. pH optimum o f 

th lo la se  I when assayed w ith  acetoacetyl-CoA and 4.5p.g o f  enzyme.

B. pH optimum o f th io la se  I when assayed w ith  3-ketodecanoyl-CoA 

and 45 r,g o f  enzyme. C. pH optimum o f  th io la se  I I  when assayed 

w ith  acetoacetyl-CoA and &*g o f  enzyme. Buffers  used were potassium 

phosphate, 0, and T r is -H C l,  a . The assay m ixture was in  a to ta l  

volume o f 0.6 ml, 100«M o f  t h e  i n d i c a t e d  f c u f f e r ,  20*0i 

acetoacetyl-CoA or 10pM 3-ketodecanoyl-CoA, 50pM CoA, and enzyme.
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Figure 20. S t a b i l i t y  o f th lo la s e  I and I I  upon d i lu t io n .  Thlolase I 

was d i lu te d  to a concentra tion  o f  2.25 ^g/ml in  the fo l lo w in g  b u f fe rs ,  

kept a t  0.5°C and assayed a t  various times: A, 1M Tris-HCl (pH 8.0)

con ta in ing  lOmM 2-merc«ptoethanol,1 mg/ml bovine serum albumin and 25% 

( v /v )  g ly c e ro l ;  Q,1M Tris-HCl (pH 8 .1 ) con ta in ing  lOmM 2 - m e r c a ptoethano1; 

I ,  1M Tris-HCl (pH 8 .1 ) conta in ing  25% (v /v )  g ly c e ro l ;  X, 1M Tr1s-HCl 

(pH 8 .1 ) .  The assay was in  a to ta l  volume o f 0.6 ml and contained 9 tiM 

3-ketodecanoyl-CoA, 50nM CoA, 0.9^g o f  enzyme and assay b u f fe r  as 

described under "M ate r ia ls  and Methods I " .  Th lo lase 11 was d i lu te d  to

1.26p.g/ml In the fo l lo w in g  b u f fe rs ,  kept a t 0-5°C and assayed a t various 

times: L j , 1M Tris-HCl (pH 8 .1 ) ,  lOmM 2-mercaptoethanol, Img/ml bovine 

albumin and 25% (v /v )  g ly c e ro l ;  ■  , 1M Tr1s-HCl (pH 8 .1 ) .  The assay 

contained in  a to ta l  volune a/ 0.6 ml 20^M ace toace ty l-CoA, 50|iM CoA,

4.8 ng o f  th io la s e  I I  and assay b u f fe r  as described under "M ate r ia ls  

and Methods I " .
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S t a b i l i t y  o f  th io la se  I and I I  stock so lu t ions  upon storage 

a t  0*5°C. Thiolase I I  { X) was stored a t 1.26 mg/ml In O.IW po­

tassium phosphate (pH 6.6) conta in ing  lOmM 2-mercaptoethanol, 

and 25% (v /v )  g ly c e ro l .  The assay contained in  a to ta l  volume 

o f  0 .6 ml 3.8 ng o f  enzyme, 40pM acetoacetyl-CoA, 90pM CoA and 

assay b u f fe r  as described under "M ate r ia ls  and Methods I " .  

Th lo lase I (0) was stored a t 0.45 mg/ml under the same cond it ions  

as th io la s e  I I .  The assay is  as described above except 2.25*ig of 

o f th io la s e  I was added to  the assay m ixture  con ta in ing  30pM

acetoacetyl-CoA and 50pM CoA.
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