
245 

Biochimica et Biophysica Acta, 452 (1976) 245--252 
© Elsevier/North-Holland Biomedical Press 

BBA 67943 

ENOLASE ISOENZYMES 

III. CHROMATOGRAPHIC AND IMMUNOLOGICAL CHARACTERISTICS 
OF RAT BRAIN ENOLASE 

LYNNE FLETCHER, C.C. RIDER and C.B. TAYLOR 

Department of Biochemistry, University of Sheffield, Sheffield, $10 2TN (U.K.) 

(Received April  28th, 1976) 

Summary 

1. The chromatography of rat brain enolase (2-phospho-D-glycerate hydro- 
lyase, EC 4.2.1.11) reveals three distinct components.  One of  these appears to 
be isoenzyme 1 (aa) but  isoenzymes 2 {aft) and 3 (fir) are absent. 

2. The most  acidic form of brain enolase was partially purified and an anti- 
serum raised against it in the chicken. 

3. A combination of chromatographic and immunological studies showed 
that a third type  of  subunit  (7) is present in the brain giving rise to two further 
isoenzymes (a 7 and ~/7). 

4. Developmental studies on the brain enzyme show an increase in total eno- 
lase activity from foetal life to maturi ty and a concurrent  rise in the proport ion 
of brain specific dimers. 

5. It is therefore concluded that there are three genetic loci ~, fl and 7, 
coding for the enolase isoenzymes of  rat tissues. 

Introduct ion 

We have previously reported [1] chromatographic and immunological evi- 
dence for the existence of  a brain specific isoenzyme of enolase (2-phospho-D- 
glycerate hydro-lyase, EC 4.2.1.11) in the rat. 

On QAE-Sephadex ion exchange chromatography the enolase activity of  this 
tissue eluted as a complex profile with a substantial port ion of  the activity 
bound more strongly to the exchanger than are the isoenzymes 1 (aa),  2 (aft) 
and 3 (fir) [1,2].  This activity, apparently unique to the brain failed to cross- 
react with antisera specific for muscle and liver enolases. In the present paper 
we describe further the characterization of  brain enolase and give an account  
of  the developmental  changes in the total activity of  the enzyme and in the re- 
lative proport ions of  its isoenzymes. 
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Experimental 

Animals. Wistar rats of the Sheffield University animal house colony main- 
tained and fed as previously described [2] were used throughout.  

Enzyme assays. Enolase activity was assayed as reported earlier [3] by cou- 
pling with pyruvate kinase and lactate dehydrogenase. Activities are expressed 
in enzyme units (1 unit = amount  of enzyme converting 1 #mol of  substrate in 
1 min at 30°C, except  for the analytical column chromatography eluates which 
were assayed at 37°C). Specific activities were expressed as units/mg protein; 
protein was determined by the method of Lowry et al. [4].  

Analytical column chromatography. Homogenates of  rat whole brain (1 : 5 
w/v) made in 15 mM sodium phosphate buffer, pH 7.9, containing 4 mM 
MgSO4, 0.1 mM EDTA and 0.1 M NaC1 were centrifuged at 125 000 × g for 40 
min at 5°C and the supernatant fluids dialysed against 20 vols. of  buffer for 
2 h. Samples (5 ml) were applied to DEAE-Sephadex (A-50) columns (2.5 × 10 
cm) previously equilibrated with the above buffer, 160 ml of  which was also 
used for the initial stage of  elution and followed by a linear gradient in which 
the NaC1 concentration was raised to 0.6 M. The ionic concentration of the 
eluate was monitored by conductivity measurements. 

Immunological procedures. The production of the anti-muscle and anti-liver 
enolase sera used here has been described previously [3].  Antiserum to the par- 
tially purified acidic brain enolase (see Results section} was raised in chickens 
by the following schedule. 1 mg doses of  the protein preparation which had 
been concentrated by ultrafiltration to 0.6 ml were emulsified with equal vol- 
umes of  Freund's adjuvant and injected subcutaneously into the wing at 0, 23, 
39 and 50 days. For the first and last of these injections Freund's complete  ad- 
juvant was used otherwise the incomplete form was employed.  

Serum was separated from blood taken by venepuncture and assayed for 
ant ibody activity against the purified brain enolase fraction. The immunological 
titration method was as described previously [3] except  that  the mixture of en- 
zyme and antiserum was centrifuged at 20 000 X g. Antisera neutralizing 0.4 
and 0.6 units of acidic brain enolase per ml serum were obtained at 49 and 57 
day respectively. 

Results 

DEAE-Sephadex chromatography of adult brain enolase 
Fig. 1 shows a better  resolution of rat brain enolases on DEAE-Sephadex 

than we have previously been able to achieve [1]. The immunological proper- 
ties of  the three peaks were investigated. The activity of  the first peak to be 
eluted is susceptible entirely to antiserum raised against liver enolase but  that 
of the third and most  acidic peak is unaffected. The second peak is inhibited 
50% by  the anti-liver enolase serum while none of the three peaks is significant- 
ly affected by anti-muscle enolase serum. Insofar as the immunological proper- 
ties indicate the nature of the subunits, peak 1 would appear to be isoenzyme 
1, the aa dimer, peak 3 an isoenzyme with subunits distinct from a and fl, 
whereas peak 2 has intermediate properties immunologicaUy and chromatog- 
raphically. 
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Fig. 1. S e p a r a t i o n  o f  eno la se  i s o e n z y m e s  o f  rat brain  b y  D E A E - S e p h a d e x  c h r o m a t o g r a p h y .  T h e  c o l u m n  
(2 .5  X 10 c m )  w a s  e l u t e d  w i t h  1 6 0  ml  1 5  m M  s o d i u m  p h o s p h a t e  buf f er ,  p H  7 .9  c o n t a i n i n g  4 m M  M g S O 4 ,  
0.1 m M  E D T A  and 0 .1  M NaC1, f o l l o w e d  b y  a l inear  grad ien t  in w h i c h  the  NaCI c o n c e n t r a t i o n  w a s  raised 

to  0.6 M. E n o l a s e  ac t iv i ty  e ;  c o n d u c t i v i t y  of  e lua te  o.  T h e  values  s h o w n  above  e a c h  p e a k  ind ica te  the  per- 
c e n t a g e  o f  the  ac t iv i ty  s u s c e p t i b l e  to  anti- l iver eno lase  s erum.  

Purification of "acidic brain enolase" 
The third or most  acidic fraction eluting from DEAE-Sephadex was purified 

as follows. All steps were carried out  at 5 ° C. Batches of  200 g rat brain were 
homogenized in 4 vols. 15 mM sodium phosphate buffer, pH 6.9, containing 5 
mM MgSOa and 0.1 mM EDTA and the homogenate centrifuged at 130 000 X g 
for 80 min. The supernatant fluid was applied to a CM-Sephadex column (5 X 
40 cm) previously equilibrated with the homogenization buffer which was also 
used for the elution. Fractions (10 ml) were collected and assayed for enolase 
activity and protein content.  A single broad peak of  activity was eluted without 
retardation. Fractions with specific activities over 4 units/mg were pooled,  ad- 
justed to pH 7.9 with 2 M NaOH and dialysed overnight against 4 vols. 15 mM 
sodium phosphate buffer pH 7.9 containing 4 mM MgSOa and 0.1 mM EDTA. 
The dialysate was run on to a DEAE-Sephadex column (4.5 X 20 cm) equilibrated 
with that buffer, 250 ml of  which was also used for the initial elution fol lowed 
by a linear gradient, 1500 ml, of  sodium chloride (0.1---0.7 M) in the same buff- 
er. Three peaks of  enolase activity were obtained and the elution profile was 
similar to that seen in Fig. 1. Those fractions of  the third peak having a specific 
activity greater than 2.5 units/mg were pooled and dialysed against 4 vols. of  
saturated ammonium sulphate. The resulting suspension was centrifuged for 20 
min at 14 000 X g and resuspended in a minimum volume of  the sodium phos- 
phate buffer, pH 7.9, without  sodium chloride. Substantial but reversible inac- 
tivation of  enolase occurred at this stage, between 0 and 20% of  the pre-dialysis 
activity remaining. The inactive preparation (20 ml) was applied to a Sephadex 
G-150 column (5 X 100 ml) equilibrated and eluted with the sodium phosphate 
buffer, pH 7.9. All the enolase activity lost in the ammonium sulphate step was 
recovered as a single peak. Fractions with a specific activity greater than 5.0 
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T A B L E  I 

S U M M A R Y  O F  T Y P I C A L  P R E P A R A T I O N  O F  R A T  B R A I N  E N O L A S E  ' A C I D I C  F R A C T I O N '  

F o r  the D E A E - S e p h a d e x  s epa ra t i ons  resul t s  fo r  the  f irs t ,  s econd  and  th i rd  e lu t ion  p e a k s  are given.  Speci f -  

ic ac t iv i t ies  are given only  for  the th i rd  e lu t ion  p e a k  w h i c h  is the  acidic  f r ac t i on  be ing  sough t .  

Pu r i f i c a t i on  s tep V o l u m e  To ta l  To ta l  Spec i f ic  % yield 

enolase  p r o t e i n  ac t iv i ty  

ac t iv i ty  

(ml)  (uni ts )  ( m g )  ( u n i t s / m g )  

Crude  h o m o g e n a t e  s u p e r n a t a n t  800  8 5 0 0  4 5 0 0  1,9 100 

C M - S e p h a d e x  e luate  1 0 0 0  7870  2 1 3 0  3.7 93 

Dia lysa te  905  5140  2 1 3 0  2.4 61 

D E A E - S e p h a d e x  I e lua te  1. 1 4 0 0  2 2 1 0  - -  - -  26 

2. 150  230  - -  - -  3 

3. 800  1125  415  2.7 13 

( N H 4 ) 2 S O  4 p r e c i p i t a t e  20 nil - -  - -  nil 
S e p h a d e x  G-150  e luate  250  1 4 0 0  235  6.0 16 

D E A E - S e p h a d e x  II e lua te  1. - -  nil - -  - -  nil 

2. 60 500 - -  - -  5.9 

3. 50 500  24 21 5.9 

units/mg were pooled and applied to a second DEAE-Sephadex column (2.6 X 
15 cm) which was equilibrated and eluted as before except that 100 ml buffer 
was used for the initial elution and 500 ml for the gradient (0.1--0.7 M sodium 
chloride). 

In this elution the first and second peaks of  activity are very much reduced 
and the third peak, designated acidic brain enolase, accounts for 50% of  the ac- 
tivity remaining and 6% of  the initial homogenate activity. The results of  the 
purification procedure are summarised in Table I. 

1 0 0  A L i v e r  e n o l a s e  

"z~80 Muscle enolase  

g 4o - 

o 
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Fig. 2. T i t r a t i o n  o f  the  enolase  ac t iv i ty  o f  ra t  l iver ,  musc l e  and 'ac id ic  b r a in  f r a c t i o n '  w i t h  ant i -ac idic  

b ra in  enolase  se rum.  The  ' ac id ic  b ra in  f r a c t i o n '  u s e d  here  and  aga ins t  w h i c h  the  s e r u m  h a d  been  ra ised  in 
ch i ckens ,  is the  th i rd  p e a k  of  ac t iv i ty  e lu t ing  in the  D E A E - S e p h a d e x  c h r o m a t o g r a p h y  of  c rude  b ra in  ex- 
t r ac t  f u r t h e r  p u r i f i e d  as i n d i c a t e d  in Table  I. F o r  each  t y p e  o f  enolase  the  ini t ia l  ac t iv i ty  was  0.01 uni ts .  

The  e n z y m e  sample ,  10 pl, was  m i x e d  w i t h  the  v o l u m e  o f  a n t i s e r u m  i n d i c a t e d  and  m a d e  up  to  a f inal  vol- 
u m e  of  65  pl  w i t h  co n t r o l  s e rum.  A f t e r  s t a n d i n g  fo r  15 ra in  the  m i x t u r e  was  c e n t r i f u g e d  a t  20 000  X g  for  

15 m i n  and  the  ac t iv i ty  r e m a i n i n g  in the  s u p e r n a t a n t  f luid d e t e r m i n e d .  
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Immunological characterization of brain enolase 
An antiserum was raised against the partially purified acidic brain enolase 

preparation, as described in the methods section, and its immunological prop- 
erties are seen in Fig. 2. The antiserum completely blocks the activity of  the 
brain fraction against which it was prepared whereas the liver enzyme (isoen- 
zyme 1) is unaffected and the muscle enzyme (isoenzyme 3) is inhibited to a 
small but  significant extent.  Thus the anti-acidic brain enolase serum complete- 
ly inhibits that portion of the brain activity which was unaffected by the anti- 
liver and anti-muscle enolase sera. This is consistent with our previous sugges- 
tion [1] that there exists a further type  of  subunit,  designated 7, and that the 
third or most  acidic fraction of brain enolase is entirely composed of  dimers of  
this immunologically distinct subunit.  The second or intermediate DEAE-Se- 
phadex peak is shown by  Table II to be partially susceptible to both anti-liver 
enolase serum and anti-acidic brain enolase serum and this indicates that  this 
fraction contains a and 7 subunits. The fact that  the whole of  the crude brain 
enolase activity {Table II) can be inhibited by a combination of the individual 
antisera raised against liver and acidic brain enolase means that this activity can 
be accounted for entirely in terms of  ~ and 7 subunits which would appear to 
be present in approximately equal amounts.  

We have previously reported [1 ] no effect  of  anti-muscle enolase serum on 
total brain enolase activity, ye t  as shown in Fig. 2 there is some cross-reaction 
between the anti-acidic brain enolase serum and crude muscle enolase. The ef- 
fect of  anti-muscle enolase was re-investigated (Fig. 3) and it was found that 
massive amounts  of  the antiserum do in fact inhibit the acidic brain fraction, 
but  70% inhibition is achieved only with thirty times the amount  of  antiserum 
required when muscle enolase is titrated. 

Fig. 4 shows developmental changes in the total enolase activity of  brain 
from foetal life to maturi ty and also the corresponding values for susceptibility 

T A B L E  II 

T H E  E F F E C T  OF EXCESS A N T I - L I V E R  E N O L A S E  S ERUM  A N D  A N T I - A C I D I C  B R A I N  E N O L A S E  
SERUM ON T O T A L  B R A I N  E N O L A S E  AND AN I N T E R M E D I A T E  C H R O M A T O G R A P H I C  FRAC-  
T I O N  

A: bra in  i n t e r m e d i a t e  f rac t ion  ( the  2 n d  p e a k  o f  ac t iv i ty  elu t ing  in the  D E A E - c h r o m a t o g r a p h y  o f  brain 
enolase  as s h o w n  in Fig. 1.) and B: to ta l  enolase act iv i ty  o f  h i g h - s p e e d  s u p e r n a t a n t  o f  rat w h o l e  brain ho- 
mogen~ te .  I m m u n o c h e m i e a l  t e s t s  w e r e  carried o u t  as d e s c r i b e d  in Fig. 2, in each case suf f ic ien t  an t i s e rum 
was  u s e d  to  give m a x i m a l  inh ib i t ion .  The initial activit ies were  0 .012  uni t s  and 0 .014  uni t s  respect ive ly  
for  A and B. 

Percen tage  of  enloase act iv i ty  r emain ing  

A 
I n t e r m e d i a t e  f rac t ion  
o f  brain eno lase  

B 
Tota l  b ra in  enolase  

C o n t r o l  s e r u m  100 
Anti- l iver  enolase  s e r u m  66 
Ant i -ac id i c  brain  eno la se  

s e r u m  40 
Anti - l iver  eno la se  s e r u m  

+ ant i -ac id ic  brain 
eno la se  s e r u m  12 

100 
49 

42 

4 
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F i g .  3 .  I m m u n o l o g i c a l  t i t r a t i o n  o f  l i ver  e n o l a s e ,  ' a c i d i c  b r a i n  e n o ; a s e '  a n d  m u s c l e  e n o l a s e  o f  rat  w i t h  ant i -  
m u s c l e  e n o l a s e  s e r u m .  T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  as  i n d i c a t e d  in  F i g .  2. I n  e a c h  c a s e  t h e  in i t ia l  ac- 
t i v i t y  w a s  0 . 0 1  u n i t s  o f  e n o l a s e .  

to anti-liver enolase serum. The total activity increases from 15 units/g in the 
late foetal and early neonatal periods to reach the adult value 45 units/g at 80 
days. The period of greatest change is between 10 and 30 days. In the foetus in- 
hibition by anti-liver enolase serum is virtually complete indicating that only 
the ~ containing isoenzymes are present. The effect of the antiserum decreases 
steadily until at 50 days 30% of the activity is resistant. 

The developmental changes in brain enolase were further investigated chro- 
matographically as shown in Fig. 5. It is seen that changes do occur but only 
within the three-peak elution pattern already described in Fig. 1. The main fea- 
ture of development is that the third peak, the brain specific isoenzyme, is ab- 
sent in the foetus, just detectable at 10 days and increases progressively until 
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F i g .  4 .  C h a n g e s  in  t h e  t o t a l  a c t i v i t y  a n d  i m m u n o l o g i c a l  p r o p e r t i e s  o f  b r a i n  e n o l a s e  d u r i n g  d e v e l o p m e n t .  
U n p u r i f i e d  h i g h  s p e e d  s u p e r n a t a n t s  w e r e  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  t o t a l  e n o l a s e  ( o ) ;  t h e  p e r c e n t a g e  
o f  t h e  e n o l a s e  r e s i s t a n t  t o  a n t i - l i v e r  e n o l a s e  s e r u m  is  s h o w n  f o r  e a c h  a g e  ( e ) .  A l l  p o i n t s  e x c e p t  t h a t  f o r  f ive  
d a y s  b e f o r e  b i r t h  r e p r e s e n t  t h e  m e a n s  f r o m  at  l e a s t  f o u r  a n i m a l s  a n d  in  n o  c a s e  d i d  t h e  s t a n d a r d  e r r o r  o f  
t h e  m e a n  e x c e e d  6% o f  t h e  v a l u e  g i v e n .  T h e  e a r l y  f o e t a l  v a l u e s  are  f o r  t h e  p o o l e d  h e a d s  o f  a w h o l e  l i t t e r  

o f  s ix .  
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Fig .  5. D E A E - S e p h a d e x  c h r o m a t o g r a p h y  o f  rat  b r a i n  e n o l a s e  d u r i n g  d e v e l o p m e n t .  T h e s e  s e p a r a t i o n s  w e r e  
c a r r i e d  o u t  as  i n d i c a t e d  in Fig .  1.  E n o l a s e  a c t i v i t y  o;  c o n d u c t i v i t y  o f  e l u a t e  o.  

adult levels are reached. All chromatographic peaks were tested with the anti- 
sera against liver and muscle enzymes and immunological properties were found 
to be similar to those of  the corresponding peaks separated from adult brain. 
Testing with anti-muscle enolase serum failed to show the presence of  fl sub- 
units at any stage of development. Calculation of  the relative proportions of  
the three isoenzymes from the elution peaks gives the following ratios for as  : 
a7 : 7% foetus, 79 : 21 : 0; 5 days, 69 : 28 : 3; 10 days, 59 : 34 : 7; 15 days, 
52 : 38 : 10; 30 days, 45 : 34 : 22; adult, 37 : 34 : 30. 

Discussion 

We have previously shown that in order to explain the multiple forms of  eno- 
lase found in rat brain it is necessary to postulate a third genetic locus (7) in 
addition to the a and 7 loci which appear to account adequately for the enolase 
isoenzymes of  other tissues. In this paper the product of  this putative gene has 
been isolated and an antiserum prepared against it. Titrations with this anti- 
body combined with improved chromatographic separation of  the brain eno- 
lases have shown that the brain specific isoenzymes are a~/and 77 dimers. We 
have found no evidence for the existence of  any dimers containing fl subunits 
in the brain. 

Recently three groups, Kamel and Schwarzfischer [5],  Pearce et al. [6] ,  and 
Chen and Giblett [7] have reported electrophoretic studies on human enolase 
and all indicate heterogeneity of the brain enzyme. The most complete of  these 
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studies [6] suggests, in agreement with our own conclusions for the rat [1,2],  
that enolase isoenzymes of  human tissues may be accounted for by three inde- 
pendent  genetic loci. 

The developmental studies show that in foetal brain isoenzyme 1 predomi- 
nates, to be partially replaced by increasing proport ions of  dimers containing 7 
subunits, a developmental change entirely analogous to that  found with muscle 
and heart in which tissues fl subunits replace a subunits as development pro- 
ceeds [2]. 

Whereas no immunological cross-reaction between a and fl subunits has been 
found, a definite cross-reaction (see Figs. 2 and 3) occurs between fi and 7 sub- 
units. This suggests that  the fl and 7 loci must  be related more closely one to 
another than either is to the a gene. It is also interesting to note that the fi and 
7 subunits seem never to be expressed together in the same tissue and that fur- 
thermore, in those tissues where they do occur, muscle and heart for the fi sub- 
unit  and brain for the 7 subunit,  the developmental patterns are similar. 

Recently it has been suggested that  the two proteins associated with brain 
specific antigen 14.3.2 [8] possess enolase activity and it seems that  these eno- 
lases must  be a7 and 77 forms described in this paper. The presence of  the 7 
subunit  in both of these dimers would explain their apparent antigenic identity. 

In conclusion strong chromatographic electrophoretic and immunological 
evidence has now been presented for the existence of ~ ,  aft, tiff, ~7 and 77 eno- 
lase dimers in rat tissues. As ye t  the remaining f17 combinant  has not  been 
found. It is no tewor thy  that the molecular heterogeneity of  enolase is compara- 
ble with that of aldolase [9] in that  each of these glycolytic enzymes is en- 
coded on three independent structural genes, one of which is active only in the 
brain. 
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