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SUK~iARY: C i t r a t e  lyase  from St reptococcus  f a e e a l i s  has been p u r i f i e d  to homo- 
g e n e i t y .  The enzyme has a molecu la r  weight  of about 580 000 and c o n t a i n s  3 non-  
i d e n t i c a l  s u b u n i t s  of about  53 000, 37 000 and 14 000 da l tonso  The s u h u n i t s  are 
not  l i n k e d  by i n t e r p e p t i d e  d i s u l f i d e  b r i d g e s .  The enzyme does no t  d i s s o c i a t e  i n  
b u f f e r s  of low ion i c  s t r e n g t h .  The enzyme shows only a weak r e a c t i o n  i n a c t i v a t i o n  
and the enzyme complex i s  not  a s soc i a t ed  wi th  a c e t y l a t i n g  enzyme a c t i v i t y  fo r  
r e a c t i v a t i o n  of the H S - c i t r a t e  lyase  i n  presence  of a c e t a t e  and ATP. 

C i t r a t e  lyase  (EC 4 . 1 . 3 . 6 )  which c a t a l y s e s  the c leavage  of c i t r a t e  to oxa l -  

a c e t a t e  and a c e t a t e  has been obta ined  homogeneous from K l e b s i e l l a  aerogenes (1) ,  

S t r ep tococcus  d i a c e t i l a c t i s  ( 2 , 3 ) ,  and Rhodopseudomonas g e l a t i n o s a  (4 ) .  

The enzyme from K.aerogenes ,  which has been s tud ied  the  most, i s  a complex 

of  3 n o n - i d e n t i c a l  s u b u n i t s  of about  54 000,  32 000 and 10 000 da l tons  ( 5 , 6 ) .  

The s m a l l e s t  s u b u n i t  c a r r i e s  an a c e t y l  group i n  t h i o e s t e r  l i nkage  with a c y s t e -  

amine r e s i d u e  and f u n c t i o n s  as an acyl  c a r r i e r  p r o t e i n  (ACP) (6) .  The 54 000 

and 32 000 d a l t o n s  s u b u n i t s  have been shown to f u n c t i o n  as acyl  %ransferase invo-  

lved  i n  e i t ry l -ACP fo rma t ion  and i n  the  subsequent  l yase  r e a c t i o n ,  r e s p e c t i v e l y ( 7 ) .  

The enzyme undergoes r e a c t i o n  i n a c t i v a t i o n  (8) through d e a c y l a t i o n  of the a c t i v e  

enzyme to  the d e s a c e t y l  (}IS-) enzyme (9 ) .  The i n a c t i v e  K S - c i t r a t e  l ya se  i s  r e -  

a c t i v a t e d  by a c e t y l a t i o n  e i t h e r  chemica l l y  or by an enzyme i n  the presence  of 

a c e t a t e  and ATP ( 9 , 1 0 ) .  C i t r a t e  l ya se  from S . d i a c e t i l a c t i s  shows only  a weak 

r e a c t i o n  i n a c t i v a t i o n  ( 2 , 3 ) .  This has been a t t r i b u t e d  to the a s s o c i a t i o n  of the 

HS-enzyme a c e t y l a t i n g  a c t i v i t y  i n  the enzyme complex which d i s t i n g u i s h e s  i t  from 

the  more r a p i d l y  i n a c t i v a t e d  enzymes from K_.aerogenes and from R . g e l a t i n o s a  (3) .  

The p re sen t  communication d e s c r i b e s  the p u r i f i c a t i o n  and p r o p e r t i e s  of c i t r a t e  

l y a s e  from S . f a e c a l i s .  G i l l e s p i e  and Gunsalus (11) f i r s t  repor ted  the  presence 

of t h i s  enzyme as a s u b s t r a t e - i n d u c e d  a c t i v i t y  i n  the organism. 
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KgTERIALS AND METttOD$ 

Assay of C i t r a t e  1yase: The enzyme was assayed a t  30°C as repor ted  e a r l i e r  (12) 
except  t h a t  the t e s t  medium conta ined  20 mMMgS04 i n s t e a d  of 10 n~ as the  h igher  
c o n c e n t r a t i o n  gave optimal  a c t i v i t y .  1 U  of enzyme i s  de f inedas  the a m o u n t o f  
enzyme r e q u i r e d  for  c a t a l y z i n g  cleavage of l ~ m o l e  c i t r a t e / m i n  under assay  
c o n d i t i o n s .  
P r o t e i n  d e t e r m i n a t i o n :  P r o t e i n  was determined by the procedure of Lowry e t  a l . ( 1 3 ) .  
Samples c o n t a i n i n g  s t r ep tomyc in  were d i a l y s e d  before  a n a l y s i s .  
U l t r a c e n t r i f u g a t i o n :  Spinco model E i n s t r u m e n t  equipped wi th  phase p l a t e  was used.  
Molecular  weight  and 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 de termined as descr ibed  
e a r l i e r  (12) .  P a r t i a l  s p e c i f i c  volume of the  enzyme was assumed to be 0 .735.  
Polyacry lamide  gel  e l e c t r o p b o r e s i s :  Disc e l e c t r o p h o r e s i s  was c a r r i e d  out i n  
5~ acry lamide  gel  a t  pH 8.3 according  to Davis (14) .  Sodium dodecyl s u l f a t e  
(SDS)-polyacrylamide gel  e l e c t r o p h o r e s i s  was c a r r i e d  out  i n  7~ ge ls  us ing  the 
sodium phosphate b u f f e r  system descr ibed  by Weber and 0sborn  (15) .  The ge l s  
were s t a i n e d  fo r  p r o t e i n  wi th  Amido b lack .  For molecular  weight  e s t i m a t e s ,  
bovine serum albumin,  ovalbumin,  myoglobin, lysozyme and cytochrome c were used 
as marker p r o t e i n s .  
Organism: S . f a e c a l i s  s t r a i n  10CI was a g i f t  from Dr. I .C .G unsa l u s ,  U n i v e r s i t y  of 
I l l i n o i s .  For enzyme p r o d u c t i o n  the organism was grown a t  37°C wi thout  a e r a t i o n  
i n  a medium of the fo l lowing  composi t ion:  KtI2P04, 20 g; (NH4)2S04, 10 g; 
MgS04.7H20, 4 g; Yeast e x t r a c t ,  50 g; Peptone powder, 50 g; Na 3 c i t r a t e . 2 H 2 0 ,  
100 g; and water to make 10 L a f t e r  ad jus tment  of pH to  7.2 with 2N Na0H. Cel l s  
were harves ted  i n  a Sharples  c e n t r i f u g e  a f t e r  30 h growth. Yie ld  of c e l l s  was 
15-20 g per 10 L medium. 
P r e p a r a t i o n  of C e l l - f r e e  e x t r a c t :  C e l l s  were suspended i n  3 volumes of O.03H 
potass ium phosphate b u f f e r ,  pH 7 .0 ,  cooled i n  an i ce  ba th  and d i s r u p t e d  by 
son i c  o s c i l l a t i o n  a t  20 Ke (300 W) f o r  3 min. Ce l l  d e b r i s  was removed by c e n t r i -  
f u g a t i o n .  This and a l l  subsequent  ope ra t ions  were c a r r i e d  out a t  about  4°C. 
~ r i f i c a t i o n o f  C i t r a t e  Lyase: The c e l l - f r e e  e x t r a c t  (200 ml, 0o5~ p r o t e i n )  
was t r e a t e d  with sodium ace t a t e  (1 mM f i n a l  c o n c e n t r a t i o n )  and ATP (0 .5  m~ f i n a l  
c o n c e n t r a t i o n )  and l e f t  fo r  an hour to r e a c t i v a t e  H S - c i t r a t e  lyase  by a c t i o n  
of the  a c e t y l a t i n g  enzyme presen t  i n  the crude e x t r a c t .  The s o l u t i o n  was then 
t r e a t e d  wi th  s t r e p t o m y c i n  s u l f a t e  (2 .8  g) and the p r e c i p i t a t e d  n u c l e i c  ac ids  
removed by c e n t r i f u g i n g .  The c l e a r  s u p e r n a t a n t  was t r e a t e d  with 3 ml Alumina 
C~ ge l  (dry weight  33 mg/ml) and c e n t r i f u g e d .  The s u p e r n a t a n t  which con ta ined  
the  a c t i v i t y w a s  t r e a t e d  with ano the r  33 ml of the ge l  to adsorb the enzyme. 
The ge l  c o n t a i n i n g  the a c t i v i t y  was washed with 100 ml 0.01M potass ium phosphate 
b u f f e r  pH 7.0 .  This b u f f e r  and those  used i n  subsequent  s teps  c on t a i ne d  Hg$04 
(1.6 e~I). The washing which c o n t a i n e d n o  a c t i v i t y  was d iscarded a f t e r  c e n t r i -  
f u g i n g  and the enzym e e l u t e d  from the  gel  with 100 ml of 0.05 H potass ium 
phosphate b u f f e r  pH 7 .0 .  The e l u a t e  was separa ted  a f t e r  c e n t r i f u g i n g  and t r ea t ed  
w i t h  s o l i d  ammonium s u l f a t e  to 0 .5  s a t u r a t i o n  and then  c e n t r i f u g e d .  The super -  
n a t a n t  which c o n t a i n e d  the a c t i v i t y  was separa ted  and more s o l i d  ammonium 
s u l f a t e  added t i l l  0 .8  s a t u r a t i o n  to p r e c i p i t a t e  the enzyme. The p r e c i p i t a t e  
was c o l l e c t e d  b y c e n t r i f u g i n g  and d i s s o l v e d  i n  0.05M potassium phosphate bu f f e r  
pH 7 .5  and d i a ly sed  a g a i n s t  b u f f e r  of the same compos i t ion .  The d i a l y s a t e  (4 ml) 
was chromatographed on a 30 x 1 em column of D ~ c e l l u l o s e  with g radua l  inc rease  
i n  b u f f e r  c o n c e n t r a t i o n  over the range 0.05 M to 0.7 ~ potassium phosphate pH 7 .5 .  
The f r a c t i o n s  c o n t a i n i n g  the enzyme were pooled and p r e c i p i t a t e d  wi th  a o l i d  
ammonium s u l f a t e  added to  0 .8  s a t u r a t i o n .  The p r e c i p i t a t e  was c o l l e c t e d  a f t e r  
c e n t r i f u g i n g  and d i s so lved  i n  0.05M potass ium phosphate b u f f e r  pH 7.5 and was 
s u b j e c t e d  to gel  f i l t r a t i o n  through a 110 cm x 1 em column of Sepharose CL-6B 
p r e v i s u s l y  e q u i l i b r a t e d  with the  same b u f f e r .  The f r a c t i o n s  c o n t a i n i n g  a c t i v i t y  
were c o n c e n t r a t e d  e i t h e r  by u l t r a f i l t r a t i o n  or by p r e c i p i t a t i o n  with a~lnonium 
s u l f a t e  a t  0 .8  s a t u r a t i o n .  
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P r e p a r a t i o n  of H S - c i t r a t e  l y a s e :  H S - c i t r a t e  l yase  was prepared us ing  d i t h i o -  
t h r e i t o l  accord ing  to the procedure descr ibed  by K~mmel e t  a l .  (3 ) .  

RF~ULTS 

Purification: A typical purification of the enzyme is summarized in Table 1. 

Table  1. P u r i f i c a t i o n  of c i t r a t e  l yase  from St rep tococcus  f a e c a l i s  

Step 
Volume 

ml 

Total  Spec i f i c  Yie ld  
a c t i v i t y  a c t i v i t y  

u ulna, . . . . . .  

2560 2,5 
5120 5.0 100 
4403 5.9 86 
2652 13.0 52 

2371 40.0 46 
1280 58.6 25 

563 90.0 11 

C e l l - f r e e  e x t r a c t  
C e l l - f r e e  e x t r a c t  + a c e t a t e  + ATP 
S t r ep tomyc in  t r ea tmen t  
0.05M b u f f e r  e lua t e  of a lumina  

C~ ge l  
Ammonium s u l f a t e  ( 0 . 5 - 0 . 8  s a t . )  
DEAF, c e l l u l o s e  
Sepharose CL-6B 

200 
201 
196 
100 

1.8 
1.5 
0 .8  

The enzyme sedimented as a single symmetrical peak in 0.05M potassium phosphate 

b u f f e r  pH 7.5  c o n t a i n i n g  1.6 mM MgS04 (F ig .  l a ) .  The enzyme was a l so  homogeneous 

i n  d i sc  e l e c t r o p h o r e s i s  (F ig .  2a) .  The s20,w va lue  es t imated  a t  a p r o t e i n  con-  

c e n t r a t i o n  of 3.6 mg/ml was 15.5S and the molecu la r  weight 580 000. Unl ike  the  

enzyme from K.aerogenes  (12), c i t r a t e  lyase  from S . f a e c a l i s  did not  d i s s o c i a t e  i n  

b u f f e r  of low i o n i c  s t r e n g t h  ( l  mM EDTA + 1 ~q potassium phosphate bu f fe r  pH 7.5)  

as observed from sed imen ta t i on  p r o f i l e s .  

S t a b i l i t y :  The enzyme was s t a b l e  to s torage  a t  0°C or a t  -20°C i n  presence o f  

ammonium s u l f a t e .  I n  the absence of ammonium s u l f a t e  the enzyme was less  s t a b l e  

and such samples when f rozen  and thawed showed loss  i n  a c t i v i t y  and appearance 

of  two f a s t e r  sed iment ing  components as wel l  as a slower sed imen t ing  f r a c t i o n  

(F ig .  l b ) .  I n t e r p o l a t i o n  from the s20,w va lues  (16) of the f a s t e r  moving compo- 

nen t s  would sugges t  t h a t  these  a re  probably d imer ic  and t r i m e r i c  forms of the 

n a t i v e  enzyme; and the slower moving component a d i s s o c i a t e d  h a l f  molecule .  
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Fig. I: Sedimentation p r o f i l e s  of c i t r a t e  lyase from S . f a e c a l i s  in 
0.05 M potassium phosphate buf fe r  + lo6 m~ MgS04 (pH 7 .5 ) .  Speed 
59 7~0 rpm. Phase p la te  6 0 °  
a~ Native enzyme (3.6 mg/ml). Time 32 min. 
b) ~nzyme after freezing and thawing (6 mg/ml). Time 2~ min. 

a l 

b 

+ 

I II m 

Fig.  2: Polyacrylamide gel e l ec t ropho re s i s  
a) 5~ gel .  T r i s - g l y c i n e  buf fe r  pH 8.3, 4mA/tub% 2.5 hrs~ P ro t e in  loaded, 60f4g. 
b) SDS polyacrylamide gel e l ec t rophores i s  in Na-phosphate bu f f e r  pH 7.3, 8 mA/tub% 

4.5 hrs .  Total  p ro te in  100~o 

Subunit structure: Purified enzyme samples were dissociated either with i~ SDS + 

I~ 2-mereaptoethanol (2-ME) or plain I~ SDS by heating to iO0°C for 3 min prior 

to electrophoresis. SDS-polyaerylamide gel eleetrophoresis indicated the presence 

of 3 non- iden t i ca l  subunits (Fig.  2b, Bands I , I I  & I I I ) .  The estimated molecular  
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weights of s u b u n i t s  I , I I  and I I I  were 53 000~ 37 000 and 14 000 r e s p e c t i v e l y .  

S e p a r a t i o n  i n t o  the 3 po lypep t ide  cha ins  was obtained whether 2 - ~ w a s  used i n  

the  d i s s o c i a t i n g  system or not  i n d i c a t i n g  t h a t  the s u b u n i t s  are not  l i n k e d  by 

i n t e r p e p t i d e  d i s u l f i d e  b r i d g e s .  

R e a c t i o n  I n a c t i v a t i o n :  Progress  curve of c i t r a t e  c leavage wi th  c i t r a t e  l yase  from 

S . f a e c a l i s  i s  shown i n  F ig .  3 (Curve A). The cor responding  curve ob ta ined  with 

the enzyme from K.aerogenes  p u r i f i e d  as desc r ibed  e a r l i e r  (12) i s  i nc luded  for  

comparison (Fig.  ~ Curve B). The enzymes incubated  i n  absence of c i t r a t e  showed 

0 . 7  

0 " 6  

0 
Uo .5 
0 
I -  
W 
v O  .4  

W ~ 0 .3 

0 ' 2  

0 . 1  

0 
0 

A 

• B 

t I I I I 
5 I 0 15 20 25  

T I M E  ( m i n u t e s )  

Fig .  3: Di f fe rences  i n  the  r e a c t i o n  i n a c t i v a t i o n  of c i t r a t e  lyases  from 
S . f a e c a l i s  (Curve A),~ and from K.aerogenes  (Curve B), a t  30°C. 1 2 . ~ g  
S . f a e c a l i s  enzyme and 25 .0~gK.~erogenes  enzyme were t aken  s e p a r a t e l y  
i n  15 ml r e a c t i o n  mixture  c o n t a i n i n g  0.1M Na 3 c i t r a t e  + 20 ~ MgS04 + 
0.05 M Tr i s  HC1 pH 8 .0 .  1 ml a l i q u o t s  were taken out  for  a s say ing  a t  
d i f f e r e n t  t i ~ e  i n t e r v a l s .  

no measurable  loss  i n  a c t i v i t y .  I t  w i l l  be apparen t  from Fig.  3 t h a t  the  enzyme 

from S . f a e c a l i s  shows only  weak r e a c t i o n  i n a c t i v a t i o n .  Measurable a c t i v i t y  was 

observed wi th  t h i s  enzyme even a f t e r  a per iod of 90 min. In  c o n t r a s t  the  enzyme 

from K.aerogenes i s  comple te ly  i n a c t i v a t e d  a f t e r  2-3 min of r e a c t i o n .  

R e a c t i v a t i o  n of  H S - c i t r a t e  lyase :  The H S - c i t r a t e  l ya se  obta ined  from S . f a e c a l i s  

was r e a c t i v a t e d  by chemical  t r e a tmen t  wi th  a c e t i c  anhydr ide  (Table 2) .  Treatment 
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Table  2. R e a c t i v a t i o n  of H S - c i t r a t e  lyase  from St rep tococcus  f a e c a l i s  

H S - c i t r a t e  l ya se  prepared by i n c u b a t i n g  20 U enzyme (Sp. a c t .  90 U/mg) 
i n  2 ml 0.1M K-phosphate b u f f e r  pH 7 .8  + 0.2MKC1 + | mM MgS04 + 4 mM DTT fo r  
45 min a t  30°C. 0 .5  ml a l i q u o t s  were t r e a t e d  s e p a r a t e l y  with ( i )  a c e t i c  
anhyd r ide  ( f i n a l  cone.  4.7 ~I)  fo r  chemical  a c t i v a t i o n  and ( i i )  Na a c e t a t e  
( f i n a l  cone. 5 ~ )  + ATP ( f i n a l  cone.  0.1 mM) to t e s t  f o r  a s s o c i a t e d  a c e t y l a t i n g  
enzyme a c t i v i t y .  ( i )  and ( i i )  were incuba ted  a t  25°C f o r  5 min and 30 min 
r e s p e c t i v e l y .  0 .2  ml a l i q u o t s  were t aken  for  assay  of c i t r a t e  l yase  a c t i v i t y .  

Treatment  ~ i n i t i a l  a c t i v i t y  

DTT 0.0 
DTT + A c e t i c  anhydr ide  25.0 
DTT + Aceta te  + ATP 0.0 

of the d e s a c e t y l  p r e p a r a t i o n  wi th  ATP and a c e t a t e  produced no r e a c t i v a t i o n  a t  

a l l  e s t a b l i s h i n g  the absence of a e e t y l a t i n g  a c t i v i t y  i n  the enzyme complex. 

A c e t y l a t i n g  enzyme a c t i v i t y  checked i n  the samples a t  va r i ous  s teps  i n  the  p u r i -  

f i c a t i o n  procedure  i n d i c a t e d  t h a t  the a c e t y l a t i n g  a c t i v i t y  o r i g i n a l l y  p r e s e n t  

i n  c e l l - f r e e  e x t r a c t s  s e p a r a t e s  from c i t r a t e  lyase  dur ing  the  second Alumina Cb~ 

ge l  t r e a t m e n t ,  the a c e t y l a t i n g  a c t i v i t y  be ing  p re sen t  i n  the s u p e r n a t a n t  whi le  

c i t r a t e  l ya se  i s  adsorbed on the g e l .  The a c e t y l a t i n g  enzyme a c t i v i t y  which 

was sepa ra t ed  from c i t r a t e  lyase  by Alumina C~ gel  t r e a t me n t  comple te ly  r e a c t i -  

va ted  H S - c i t r a t e  lyases  both from S . f a e e a l i s  and K.aerogenes .  

DISCUSSION 

The i s o l a t i o n  of c i t r a t e  lyase  from S . f a e c a l i s  i n  u l t r a e e n t r i f n g a l l y  and 

e l e c t r o p h o r e t i c a l l y  homogeneous form i s  r epo r t ed  here fo r  the f i r s t  t ime.  The 

enzyme complex from t h i s  organism has a molecu la r  weight of 580 000 which i s  

i n  the range of va lues  of 520 000 - 585 000 r epo r t ed  fo r  the enzymes from 

K. aerogenes (5 ) ,  S . d i a c e t i l a c t i s  (2) and R . K e l a t i n o s a  (4 ) .  Like the enzymes from 

K_.aerogenes and S . d i a c e t i l a c t i s ,  c i t r a t e  l yase  from S . f a e e a l i s  a l so  c o n t a i n s  

3 n o n - i d e n t i c a l  s u b u n i t s  of about the same molecular  s i z e s .  I n  con t ra s t~  the  

enzyme from R . g e l a t i n o s a  i s  r epor ted  to c o n t a i n  p robab ly  only  two s u b u n i t s  of 

30 000 and 61 000 d a l t o n s ,  t he  s m a l l e r  p o l y p e p t i d e  c h a i n  a c t i n g  a s  the  ACPo 

C i t r a t e  lyase  from S . f a e c a l i s  l i k e  the enzyme from _ S . d i a c e t i l a c t i s  shows 
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only a weak reac t ion  inac t iva t ion  compared to the enzyme from K.aerogenes. The 

enzyme complex from S . f aeca l i s  shows no ace ty la t ing  enzyme a c t i v i t y  fo r  reac t iva-  

t i o n  of the HS-ci t ra te  lyase in presence of aceta te  and ATPo The as soc ia t ion  of 

such ace ty la t ing  a c t i v i t y  in the enzyme complexes from S . d i a c e t i l a c t i s  and 

Leuconostoc ¢itrovorum has been suggested as reason for  the i r  weak reac t ion  

i n a c t i v a t i o n  as compared to the enzymes from K.aer0genes and from R.gela t inosa  

which have no associated acetylating activity and show strong reaction inacti- 

vation (3).  The cause for  the weak reac t ion  inac t iva t ion ,  a t l e a s t  in the case 

of the enzyme from S . f a e c a l i s ,  ev ident ly  l ies  elsewhere, since the enzyme complex 

from this source is devoid of any acetylating activity. In ~.faecalis, like in 

K. aerogenes (10), the HS-eitrate lyase l igase a c t i v i t y  occurs as a separate 

enzyme distinct from the citrate lyase complex. 
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