
229 

Biochimica et Biophysica Acta, 410 (1975) 229--235 
Q Elsevier Scientific Publishing Company, Amsterdam -- Printed in The Netherlands 

BBA 67644 

SEPARATION OF ACTIVE ENZYME COMPONENTS FROM THE FATTY 
ACID SYNTHETASE OF CHICKEN LIVER 

STELLA C. BRATCHER and ROBERT Y. HSU 

Department of Biochemistry, SUNY, Upstate Medical Center, Syracuse, N.Y. 13210 (U.S.A.) 

(Received February 7th, 1975) 
(Revised manuscript received August 5th, 1975) 

Summary 

Fatty acid synthetase (EC 6.2.1.-) of chicken liver was dissociated into 
half-size subcomplexes and then separated into three protein fractions by the 
preparative disc-gel electrophoresis technique. The anodal protein (Fa )  of a 
molecular weight of approx. 6000 contains the prosthetic group, 4'-phospho- 
pantetheine. It binds acetyl group from acetyl-CoA and is identified as the acyl 
carrier protein component. The slower moving proteins (FI and FII) corre- 
spond to the subcomplexes resolved by the analytical method (Y .n, S.L. and 
Hsu, R.Y. (1972) J. Biol. Chem. 247, 2689--2698). Both contain acetyl transa- 
cylase and palmityl-CoA deacylase activities, but only F~ contains fl-ketoacyl 
reductase activity. Active acetyl transacylase and palmityl-CoA deacylase com- 
ponents were obtained by the sucrose density centrifugation technique in a 
broad 3 S protein band from the F~ fraction, following dissociation at 4°C for 
12 days. Slight modification of the electrophoresis conditions yields a homo- 
geneous 1.55 S ~-ketoacyl reductase component. 

Introduction 

The component enzymes of the dissociable fatty acid synthetase system 
(EC 6.2.1.-) in Escherichia coli have been isolated and characterized. Their 
availability permitted the delineation of individual steps in the reaction se- 
quence [2]. Corresponding studies on the analogous enzymes of the highly 
organized multienzyme complexes of animal origin, however, were hindered by 
the lack of methodology to dissociate and isolate these components in active 
form. In a previous report, transacylase activity was detected by Plate et al. [3] 
in the partially resolved dissociation products of the pigeon liver complex after 
treatment with guanidine hydrochloride. 

In the  present communication, an electrophoretic technique is described 
for tile separation of acyl carrier protein and subcomplexes from the chicken 
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liver synthetase. Catalytically active acetyl transacylase, palmityl-CoA de- 
acylase and fl-ketoacyl reductase components were obtained for the first time, 
the latter in homogeneous form. 

Materials and Methods 

Acetyl-CoA, malonyl-CoA, and NADPH (P-L Biochemicals) dithiothreitol, 
ethylenediaminetetraacetic acid (tetrasodium dihydrate) and bovine serum al- 
bumin (Calbiochem); [1-' 4C] acetyl-CoA, [1-' 4C] palmityl-CoA and [1-14C] _ 
pantothenate (New England Nuclear), ammonium sulfate and sucrose (special 
enzyme grade) (Mann), acrylamide, bisacrylamide, N,N,N',N'-tetramethylene- 
diamide, ammonium persulfate (Eastman Kodak), lactate dehydrogenase and 
cytochrome c (Boehringer Mannheim) were purchased from the above desig- 
nated sources. Bovine insulin was a gift of Eli Lily Company. S-acetoacetyl-N- 
acetyl-cysteamine was synthesized by the method of Lynen et al. [4]. 

Fatty acid synthetase activity was determined spectrophotometrically at 
340 nm by the method of Yun and Hsu [1]. Assays for acetyl transacylase, 
palmityl-CoA deacylase (pH 6.8) and ~-ketoacyl reductase activities were per- 
formed essentially according to Kumar et al. [5], except the latter reaction was 
carried out at 38°C and an NADPH concentration of 90 pM. Fatty acid syn- 
thetase concentration was determined at 279 nm [6]. Concentrations of sub- 
complexes and protein fragments were determined by the method of Lowry et 
al. [7]. Radioactivity was measured in the Beckman LS-150 liquid scintillation 
counter using Aquasol as the scintillation fluid. Sedimentation experiments 
were carried out on the Spinco Model E analytical ultracentrifuge. 

Chicken liver fatty acid synthetase was purified as described previously 
[6]. The radioactive enzyme was prepared from livers of chickens injected with 
doses of [1-' 4C] pantothenate at 4 and 24 h after refeeding [8]. The purified 
enzyme was precipitated at 33% ammonium sulfate saturation, centrifuged, and 
redissolved in a minimum volume of Tris (5 mM)/glycine (35 mM)/EDTA 
(1 mM), pH 8.3, buffer containing 1 mM dithiothreitol. Dissociation into half- 
size subcomplexes was affected by dialyzing the enzyme solution against the 
buffer for 40--48 h at 4°C essentially as described by Yun and Hsu [1]. Homo- 
geneity of the purified and dissociated preparations were routinely established 
by velocity sedimentation. 

Preparative disc-gel electrophoresis was performed on a BiJchler polyprep 
200 apparatus according to the procedure of Chrambach et al. [9], using a 
6 cm gel column containing 5% acrylamide in the buffer system described by 
Yun and Hsu [ 1 ], except that the lower and upper reservoir buffers contained 
1 mM dithiothreitol. After preelectrophoresis, a sample of dissociated syn- 
thetase (2--3 ml, containing 20--40 mg protein) was mixed with glycerol to 
give a final concentration of 10% (v/v), and carefully layered on the gel 
column. Electrophoresis was carried out at a constant current of 50 mA. 6-ml 
fractions were collected. 

Results and Discussion 

In a previous study [1,10], we reported the resolution of dissociated fatty 
acid synthetase into two subcomplex bands of approximately equal intensity 
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Fig. 1. Preparat ive  d isc-ge l  e l e c t r o p h o r e s i s  o f  d i s s o c i a t e d  fa t ty  acid s y n t h e t a s e .  T h e  p r o t e i n  s a m p l e  c o n -  
ta ined  3 8  m g  o f  d i s s o c i a t e d  e n z y m e  i n  a v o l u m e  o f  2 .4  ml .  E l e e t r o p h o r e s i s  and e n z y m e  assays w e r e  
p e r f o r m e d  as d e s c r i b e d  in Materia ls  and  M e t h o d s .  F r a c t i o n s  6 - - 8  ( F a )  , 1 2 - - 1 5  ( F I )  , a n d  2 1 - - 2 3  ( F I I )  w e r e  
p o o l e d  s epara te ly .  F I and  FII  w e r e  c o n c e n t r a t e d  b y  v a c u u m  u l tra f i l t ra t ion  in dialys is  tubings .  T h e  ace ty l -  
t ransacy lase  D; p a l m i t y l - C o A  d e a c y l a s e  ~; and  ~ - k e t o a e y l  r e d u c t a s e  [] act iv i t ies  o f  c o n c e n t r a t e d  F I and  F I I  
are s h o w n  in the  inset .  

Fig. 2.  S e d i m e n t a t i o n  p a t t e r n  o f  c o n c e n t r a t e d  F I. V e l o c i t y  s e d i m e n t a t i o n  was  p e r f o r m e d  at 56 0 0 0  

r e v . / m m  and  a bar angle  o f  6 5  . T e m p e r a t u r e ,  20  C. S e d i m e n t a t i o n  was  f r o m  right to  lef t .  The  p i c ture  
was  t a k e n  2 4  m i n  after  r e a c h i n g  ful l  s p e e d .  

on analytical disc-gel and acrylamide isoelectrofocusing columns. The former 
technique also yielded a fast anodal band, suggesting the presence of  an acidic 
protein of  low molecular weight. Further attempts were then made to isolate 
these protein bands on a preparative scale. Three separate protein peaks were 
obtained by the preparative disc-gel electrophoresis method as shown in Fig. 1. 
The two major peaks (F I and FII ) were concentrated and examined in the 
analytical ultracentrifuge. F I yielded a homogeneous  9.4 S peak (Fig. 2) indi- 
cating the presence of  intact subcomplex molecules. The F~I fraction, however, 
gave three sedimenting peaks of  9 S, 6.7 S, and < 3  S. Since Fn was initially 
eluted as an electrophoretically homogeneous  species, it was concluded that the 
9 S peak represented the intact subcomplex,  which was unstable and gave rise 
to smaller dissociation products. The properties of  these protein fragments 
were not  fdrther analyzed. 

The enzymatic properties of  concentrated FI and Fn fractions are shown 
in the inset to Fig. 1. ~-Ketoacyl reductase activity was present only in the F~ 
fraction, whereas acetyl transacylase and palmityl-CoA deacylase activities were 
found in both fractions. The ubiquitous presence of  transacylase activity is 
unlikely to be the result of  cross-contamination, since this activity was distrib- 
uted approximately equally between F I and FII fractions isolated in several 
electrophoretic runs. The apparent paradox between this finding, which sug- 
gests the presence of  transacylase component  i n  both halves of  the chicken 
enzyme and on the reported presence of  this enzyme in only one of  the two 
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Fig.  3. Sucrose  dens i ty  cen tr i fuga t ion  o f  aged F I. Dens i ty  gradient  centr i fugat ion  was p e r f o r m e d  accord-  
ing to  the  m e t h o d  o f  Martin and A m e s  [14 ]  wi th  a Sp inco  SW 50L  rotor  in the  Sp inco  Mode l  L 
preparative centr i fuge  at 4 °C .  Gradients  were  m a d e  wi th  2.4 ml  each  o f  25% and 10% sucrose  conta in ing  
0.2 M potas s i um p h o s p h a t e  buffer ,  p H  7.0,  and  10 raM di tb io thre i to l  in a 5 ml  Bi]chler  l inear gradient  
device .  0 . 2  ml  o f  F I (0 .8  rag) recovered  f rom the  e x p e r i m e n t  in Fig. 2 and aged for  1 2  days  at 4 °C  was  
layered  on the sucrose  gradient  and centr i fuged  at an average speed  o f  39 800  rev . /min  for 9 4 3  rain. 
15-drop  fract ions  were  c o l l e c t e d  and di luted wi th  0 .5  ml  o f  0.2 M p o t a s s i u m  phosphate ,  pH 7.0 for 
prote in  and act iv i ty  de terminat ions .  The  s e d i m e n t a t i o n  c o e f f i c i e n t s  were  e s t i m a t e d  by co mpa r ing  the 
d is tance  o f  the prote in  peak (3 S) or  reductase  act ivi ty  peak  (9 S) f rom the m e n i s c u s  against that  o f  the 
lactase  d e h y d r o g e n a s e  re ference  ( L D H )  standard (7 S) [15 ]  centr i fuged  s i m u l t a n e o u s l y  in a separate  tube  
• e ,  280  n m  absorpt ion;  o . . . . . .  o, f l -ketoacyl  reductase  act iv i ty;  ~, ace ty l  transacylase  act iv i ty;  ~, 
p a i m i t y l - C o A  deacy lase  act iv i ty .  

subcomplexes of  the analogous enzyme from pigeon [11] needs clarification 
by additional experimentation. 

The homogeneous  FI fraction dissociates into smaller fragments upon 
aging. The sedimentation pattern of a preparation aged 10 days at 4°C showed 
significant reduction in the 9.4 S peak, accompanied by the appearance of a 
new, broad 3 S peak. The presence of  these peaks were verified by the sucrose 
gradient experiment shown in Fig. 3. The protein peak at the bottom repre- 
sents aggregation products and was not  further analyzed. The intact subcom- 
plex was not  detectable by 280 nm absorption measurements, owing to its low 
concentration and interference by variable amounts of  oxidized dithiothreitol 
in the samples. It was, however, located by the presence of  a single ~-ketoacyl 
reductase peak at the 9 S position which also contained acetyl transacylase 
activity. The palmityl-CoA deacylase activity was not  detectable at this concen- 
tration. The 3 S protein peak represents dissociation products of  the subcom- 
plex including active acetyl transacylase and palmityl-CoA deacylase compo- 
nents which are obtained for the first time from an animal source. These results 
indicate, not  surprisingly, that structural integrity at the subcomplex level is 
not required for the expression of  these activities, and that active components  
may be readily obtained from the electrophoretically purified F~ fraction by 
aging. Currently, experiments are in progress to obtain preparative amounts of  
these components  by the gel-filtration method for a study on their molecular 
properties. 

The anodal fraction from preparative disc-gel electrophoresis (F a in Fig. 1) 
was concentrated by lyophilization, and passed through a Sephadex G-25 
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Fig. 4. (a) Binding of  ace ty l  group b y  ch icken  l iver  acyl  carr ier  p ro te in .  Pur i f ied F a ( 5 1 4 p g )  o b t a i n e d  f r o m  
Sephadex  G-25 c o l u m n  was lyopbi l i zed ,  a nd  dissolved in 0 .4  ml  of  10 m M  p o t a s s i u m  p h o s p h a t e  b u f f e r  p H  
7.0, con t a in ing  0.1 M KCl. D i th io th re i to l  (20  mM )  was added .  The  p ro t e in  so lu t ion  was i n c u b a t e d  a t  
30°C for  30 m i n  and  k e p t  a t  4°C overn igh t  to  e f fec t  r e d u c t i o n  of  disulf ide bonds .  Ace t a t e  b ind ing  was 
car r ied  ou t  by  incuba t ing  the  r e d u c e d  p ro t e in  wi th  [1 -l 4C] ace ty l -CoA (12 n mo l ,  1 .54 X 10 s d p m ) ,  f a t ty  
acid syn the t a se  (20  pg), in 0.2 M po ta s s ium p h o s p h a t e  buffer ,  p H  7.0 in a v o l u m e  of 1.0 ml  for  5 rain at  
0°C.  The  r eac t i on  was t e r m i n a t e d  wi th  30 pl of  60% perch lor ic  acid and  the  p ro t e in  p rec ip i t a t e  was 
r ecove red  by  cen t r i fuga t i on  a f t e r  the  add i t i on  of  1 m g  a l b u m i n  as carr ier .  The  p rec ip i t a t e  was dissolved in 
1.0 ml  of  p o t a s s i u m  p h o s p h a t e  buf fe r ,  p H  7.0 and  r ep rec ip i t a t ed  wi th  percb lor ic  acid as before .  This 
p r o c e d u r e  was r e p e a t e d  unt i l  all acid-soluble  r ad ioac t iv i ty  (i.e. free ace ty l -CoA)  was r e m o v e d .  Th e  labe led  
p ro t e in  was t aken  up  in 0 .5  m l  of  10 m M  po t a s s ium p h o s p h a t e  buf fe r ,  pH 7.0 con ta in ing  1 m M  di thio-  
thre i to l ,  a n d  c h r o m a t o g r a p h e d  on a Sephadex  G-50 c o l u m n  (1 × 30 c m ) ,  equ i l ib ra ted  and  e lu ted  wi th  the  
same b u f f e r  in 1.1 ml  f rac t ions .  The  e lu t ion  p a t t e r n  is s h o w n  in Fig. 4a. A l b u m i n  and  labeled  syn the t a se  
were e lu ted  as a single p e a k  in the void  v o l u m e .  14C-labeled F a was e lu ted  in the second  peak.  (b)  The  
4 , . p h o s p h o . [ 1 . 1 4  C] p a n t e t h e i n e  labeled p r o t e i n  was ob t a ined  as desc r ibed  in the  text .  Af te r  lyophi l i za t ion ,  
it  was dissolved in 2.5 X Tris(5 mM) /g lyc ine  (35  m M ) / E D T A  (1 mM),  p H  8.3 b u f f e t  con ta in ing  1 m M  
d i th io th re i to l  and c h r o m a t o g r a p h e d  on a Sephadex  G-50 c o l u m n  (1 × 26 c m )  wi th  the  same buf fe r .  0 .85  
ml  f rac t ions  were  co l lec ted .  A r r o w  indica tes  the  e lu t ion  v o l u m e  of bov ine  s e ru m a l b u m i n  (BSA).  

column (0.6 × 10 cm) in the Tris/glycine/EDTA buffer. A sharp, symmetrical 
peak absorbing at 280 nm was obtained after the void volume, indicating the 
presence of  a single protein of  low molecular weight. This protein was concen- 
trated as before, and tested for its ability to bind acetyl group by incubating 
with [1-' 4C]acetyl-CoA in the presence of  catalytic amounts of  fatty acid 
synthetase. The reaction mixture was then freed of  unbound [1- '4C]  acetyl- 
CoA by repeated precipitation with perchloric acid. The protein precipitate was 
redissolved and rechromatographed on the Sephadex G-50 column as before 
(Fig. 4a). Fatty acid synthetase and carrier albumin were eluted as a single 
frontal peak. Nearly all radioactivity cochromatographed with the retained Fa 
peak, indicating the former was protein-bound as [14C] acetyl.Fa. It is a small 
protein, eluting at the same position as bovine insulin (mol. wt 5733)  [12 ] ,  
with a retention volume significantly larger than that of  cytochrome c (mol. wt 
12 500) [12 ] .  

Since F a protein exhibits properties typical of  the acyl carrier protein 
molecule [2 ] ,  such as the small size, high negative charge, and the ability to 
bind acetate from acetyl-CoA, it was thought to be the acyl carrier protein of  
chicken liver. In a separate experiment, a preparation of  4'-phospho- [ 1- ' 4 C] - 
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Fig. 5. S e d i m e n t a t i o n  p a t t e r n  of  the  ~3-ketoacyl r educ tase  c o m p o n e n t .  The  s e d i m e n t a t i o n  e x p e r i m e n t  was 
carr ied ou t  as descr ibed in Fig. 2. S e d i m e n t a t i o n  was f r o m  r ight  to left.  The  p ic tures  ( f r o m r ight  to  lef t )  
were t aken  at  72, 104,  and  136 min  af ter  reach ing  full speed.  This c o m p o n e n t  has a s e d i m e n t a t i o n  
coeff ic ient  of 1 .55,  and  ca t a lyzed  the  ox ida t ion  of  29.5 n m o l  N A D P H / m i n / m g  p ro t e in  using S-acetoace-  
tyl -N-acetyl  c y s t e a m i n e  as the  subs t ra te .  

pantetheine-labeled fat ty acid synthetase (11 mg) was subjected to preparative 
disc-gel electrophoresis as before. The radioactive peak appeared at the elution 
volume of F a (Fig. 1). Further identification of acyl carrier protein was per- 
formed by pooling the radioactive fractions, followed by lyophilization. The 
lyophilized material was then subjected to Sephadex G-50 chromatography as 
described before. The chromatogram (Fig. 4b) showed that radioactivity was 
associated with a homogeneous protein of low molecular weight. The typical 
yield of acyl carrier protein is approx. 1.2% of purified synthetase, representing 
quantitative recovery on the basis of molecular weight and stoichiometry con- 
siderations [ 13].  

While acyl carrier protein of chicken liver is readily obtained in free form 
by the electrophoretic technique, the analogous protein of pigeon liver is re- 
solved as a component  attached to the reductase subcomplex during affinity 
chromatography [10].  Notwithstanding differences in methodology, the inter- 
esting possibility of subtle species differences in the mode of a t tachment  of this 
protein to the synthetase complex should be the subject of additional compara- 
tive study. The disc-gel electrophoresis technique provides a powerful tool 
potentially capable of resolving a number (if not  all) of  fat ty acid synthetase 
components.  A homogeneous ~3-ketoacyl reductase component  (Fig. 5) was ob- 
tained immediately following the F a fraction by electrophoresing a large 
amount  (76 mg) of dissociated synthetase in the same buffer system, except 
with the omission of dithiothreitol. Moreover, when the present continuous gel 
system was replaced by a discontinuous system containing stacking gel, the 
dissociated enzyme yielded a minimum of six protein peaks. One was active in 
acetyl transacylation reaction, whereas two others contained palmityl-CoA 
deacylase activity. Work on the further refinement of this technique is current- 
ly in progress. 
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