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SUMMARY 

Fructose-i ,6-diphosphate aldolase (fructose-I,6-diphosphate D-glyceraldehyde- 
3-phosphate-lyase, EC 4.1.2.13) from the two thermophiles Clostridium tartarivorum 
and Clostridium thermosaccharolyticum and from the mesophile Clostridium pasteuri- 
anum has been purified about 55-fold. The partially purified proteins exhibited proper- 
ties characteristic of Class I I  aldolases, i.e. they showed a requirement for a divalent 
cation best satisfied by Co 2÷, were stimulated by  K ÷ or NH4+ , exhibited a sharp pH 
opt imum of 7.3-7.6, were not inactivated by carboxypeptidase or t reatment  with 
NaBH 4 in the presence of dihydroxyacetone phosphate and had a molecular weight 
of about 68000. The Michaelis constants for the cofactors and the substrate fructose 
1,6-diphosphate were found to be similar for all three clostridial enzymes. The presence 
of cysteine or dithiothreitol in the absence of Co 2+ caused a 2-fold stimulation in 
activity. However, in the presence of Co 2+ the thiol compounds caused inhibition. 
Reaction with the sulfhydryl reagents p-chloromercuribenzoate and 5,5'-dithiobis- 
(2-nitrobenzoic acid) caused complete inactivation of the enzyme which could be 
reversed by the addition of 2-mercaptoethanol. Co 2+ but not fructose 1,6-diphosphate 
protected the enzyme from inactivation by the sulfhydryl reagents. C. pasteurianum 
aldolase exhibited maximum activity when assayed at 420 whereas the thermophile 
enzymes showed a maximum at 70-72°. The mesophile enzyme was completely in- 
activated within 5 min when incubated at 57°; the thermophiles aldolases remained 
stable for at least 4 h. Both the mesophile and thermophile enzymes were found to be 
equally susceptible to the denaturants urea and guanidine.HC1. 

The subject of thermophily in bacteria has received renewed attention in recent 
years. One reason for the interest is that  proteins isolated from such organisms usual- 
ly show a high degree of resistance to heat denaturation. By studying thermophile 
proteins it is anticipated that  more information concerning the relationship between 
pr imary and higher orders of protein structure can be obtained. We have been in- 

Abbreviat ions:  PCMB, p-chloromercuribenzoate;  DTNB, 5,5'-dithiobis(2-nitrobenzoic 
acid). 

Biochim. Biophys. Acta, 227 (1971) 199-2o 3 



200 E.M. BARNES et al. 

vestigating thermophily in the genus Clostridia and have reported on the properties 
of ferredoxin from thermophilic Clostridia 1. We have also shown 2 that  in crude ex- 
tracts most of the glycolytic enzymes from the thermophiles Clostridiurn tartarivorum 
and Clostridiurn thermosaccharolyticum are much more stable to heat inactivation 
than the corresponding enzymes from the mesophile Clostridium pasteurianurn. Fruc- 
tose-i,6-diphosphate aldolase (fructose-I,6-diphosphate D-glyceraldehyde-3-phos- 
phate-lyase, EC 4.1.2.13) is one enzyme that  we have chosen for further study and 
this report presents some properties of the partially purified protein from the three 
clostridial species. 

Fructose-I,6-diphosphate aldolase was purified from the three organisms using 
the following steps: (I) ferredoxin was removed from the autolysate by passing it 
through a DEAE-cellulose column 1, (2) the enzyme was precipitated with (NH4)sSO 4 
(5o-8o%), (3) the precipitate was suspended in buffer, dialyzed and adjusted to pH 
4.o and centrifuged, (4) the pH 4.o supernate was fractionated with (NH4)sS Q 
(67-77%), (5) the enzyme was further purified on DEAR-cellulose using a linear KC1 
gradient from o to o.3 M in o.o 5 M potassium phosphate buffer, pH 7.3. This proce- 
dure resulted in about a 5o-fold purification with about a 6o% recovery in activity 
units. The final specific activity was 48 which is about 5o% the maximum specific 
activity found for yeast aldolase 3. 

The three enzymes exhibited the characteristics expected for Class I I aldolases 4& 
The molecular weight of the enzyme determined by Sephadex G-2oo chromatography 
was 68ooo. The enzymes were not inactivated by carboxypeptidase or by t reatment  
with NaBH 4 in the presence of dihydroxyacetone phosphate. They showed a sharp 
pH optimum between 7.3 and 7.6 when assayed using the spectrophotometric assay 6. 
The activity of the enzymes using the colorimetric assay 7, which does not involve the 
use of coupling enzymes, was stimulated 9-io-fold by KC1 and NH4Cl and 2-fold by 
NaC1. A divalent cation was also required for maximal activity. This requirement was 
best satisfied by Co s+ which produced a Io-fold stimulation. The maximum stimu- 
lation by  Fe s+ was 4.3-fold. Other divalent cations (Mg ~+, Mn ~+ and Zn s+) were es- 
sentially ineffective. When Co s+ and NH4+ were included together a synergistic in- 
crease in activity was observed. The Km values for the substrate and cofactors deter- 
mined with the enzyme from C. thermosaccharolyticum at 55 ° using cation-free reagents 
were: fructose 1,6-diphosphate, 1. 4 . I o  -~ M; Co s+, 1 .8 . io  -6 M; NH4+, 2,3"IO -a M. 
Similar values were obtained with the enzyme from C. tartarivorum at 55 ° and C. 
pasteurianum at 37 °. 

The enzymes were found to be inhibited by the sulthydryl reagents p-chloro- 
mercuribenzoate (PCMB) and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). Of partic- 
ular interest is that  the inhibition is completely reversed by 2-mercaptoethanol and 
prevented by the inclusion of Co s+ (Table I). These results suggest that  the divalent 
cation may bind to a sulthydryl group in the enzyme. When added to the assay mix- 
ture, cysteine caused a slight stimulation of activity in the absence of Co s+, but in the 
presence of the divalent cation an inhibition was observed. This presumably is duc to 
removal of Co s+ by complex formation. 

Although the afore-mentioned properties were similar for the mesophile and 
thermophile enzymes the response of these proteins to temperature was quite dif- 
ferent. Shown in Fig. I is the temperature optima of the enzymes using the eolori- 
metric assay, The temperature opt imum for C. pasteurianum was found to be about 
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T A B L E  I 

EFFECT OF P C M B  AND D T N B  ON C. larlarivorum ALDOLASE ACTIVITY 

P C M B  o r  D T N B  w a s  i n c u b a t e d  w i t h  0. 5 m g  o f  t h e  p r o t e i n  in  i m l  o f  o.05 M i m i d a z o l e . H C 1 ,  
p H  7-4, a t  r o o m  t e m p e r a t u r e ,  in  t h e  a b s e n c e  a n d  p r e s e n c e  o f  0. 4 m M  CoC1 v S a m p l e s  w e r e  w i t h -  
d r a w n ,  d i l u t e d  a n d  a s s a y e d  u s i n g  t h e  s p e c t r o p h o t o m e t r i c  a s s a y .  A t  t h e  t i m e  s h o w n  2 - m e r c a p t o -  
e t h a n o l  w a s  a d d e d  t o  m a k e  t h e  f ina l  c o n c e n t r a t i o n  o f  o . i  M. 

Reagent Conch. Incubation Percent of initial 
(raM) time activity 

(h) 

P C M B  o.16 

o .5o 

- -  CoCI 2 + COC12 

0 I 0 0  I 0 0  

0.5  75 i o o  
3 .0  4 ° IOI 
3 .0  t h e n  2 - m e r c a p t o -  9 4  98  
e t h a n o l  
O IOO IOO 

0. 5 5 ° i o o  
I.O O 9 8 
I.O t h e n  2 - m e r c a p t o -  97  99  

e t h a n o l  

D T N B  0 .09  

o . I  9 

O IOO IOO 
0.25 80 IOO 
I .o 56  98  
I.O t h e n  2 - m e r c a p t o -  9 9  99  

e t h a n o l  
0 I00 -- 

° . 5  54 - -  
2.5 o - - -  
2. 5 t h e n  2 - m e r c a p t o -  93  
e t h a n o l  

420 whereas the temperature opt imum for the thermophile enzymes was about 7o-72°. 
A difference was also apparent in the thermostabili ty of the enzymes. Fig. 2 shows 
the results of thermostability experiments with purified preparations of the clostridial 
aldolases as well as with aldolase from rabbit  muscle. The most striking feature of 

180 

? 140 
o 

x 
~. 100 

l I I I 

20 
I 

0 
10 20  30  4 0  50 40 

Temperature 

120 - -  

100 

60 
40 
20 

I I I 

I I I I 1 

50 6 0  70  80  9 0  

Ternperoture 

I I I lo0 ~ C 

~o 8 C -  
6C 

x 

4© 

20 

0 
4 0  5 0  6 0  7 0  

T e m p e r a t u r e  

I I 

80 90 

F i g .  i .  T e m p e r a t u r e  o p t i m u m  o f  C l o s t r i d i a l  a l d o l a s e .  T h e  c o l o r i m e t r i e  a s s a y  w a s  u s e d  t o  d e t e r -  
m i n e  e n z y m e  a c t i v i t y .  A. C. pasteurianum a l d o l a s e .  B. C. tartarivorum a l d o l a s e .  C. C. thermo- 
saccharolyticum a l d o l a s e .  T h e  v e l o c i t y  is e x p r e s s e d  a s / ~ n l o l e s  a l k a l i - l a b i l e  p h o s p h o r u s  f o r m e d  p e r  
r a in .  
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Fig .  2. T h e r m o s t a b i l i t y  o f  f r u c t o s e - I , 6 - d i p h o s p h a t e  a l d o l a s e .  T h e  e n z y m e  s o l n t i o n s  (0.05 m g  
p r o t e i n  in  I m l  o f  o .o2  M p o t a s s i u m  p h o s p h a t e  bu f f e r ,  p H  7.4) w e r e  i n c u b a t e d  a t  57 °. S a m p l e s  
w e r e  r e m o v e d  a n d  a s s a y e d  s p e c t r o p h o t o m e t r i c a l l y  a t  3o° ;  Co 2+ a n d  N H 4 +  w e r e  n o t  a d d e d  f o r  t h e  
a s s a y  o f  m u s c l e  a l d o l a s e  a c t i v i t y .  I, C. tartarivorum a l d o l a s e  ; 2, C. thermosaccharolyticum a l d o l a s e  ; 
3, m u s c l e  a l d o l a s e ;  4, C. pasteurianum a l d o l a s e .  

these results is that C. pasteurianum aldolase is rapidly inactivated (lOO% within 
5 min) at 57 ° whereas the thermophile enzymes remain stable for hours. Muscle aldo- 
lase appears to be relatively stable for one hour but looses activity after that time. In 
these experiments, noticeable precipitation of protein was evident with muscle and 
C. pasteurianum aldolase. No clouding could be observed with the thermophile 
enzymes until inactivation began. 

Although there was a large difference in the thermostability of the mesophile 
and thermophile enzymes the rates of inactivation by urea and guanidine. HC1 were 
quite similar. Shown in Table I I  are the results of incubation of both enzymes with 

T A B L E  I I  

E F F E C T  O F  U R E A  A N D  G U A N I D I N E  • HC1 ON C. pasteurianum A N D  C. thermosaccharolyticum A L D O L A S E  

A C T I V I T Y  

P a r t i a l l y  p u r i f i e d  a l d o l a s e  w a s  i n c u b a t e d  a t  25 ° a t  a c o n c e n t r a t i o n  o f  0 .2  m g / m l  in  0 .05  M p o t a s -  
s i u m  p h o s p h a t e ,  p H  7.4,  c o n t a i n i n g  6 M u r e a  o r  2 M g u a n i d i n e .  HC1. S a m p l e s  w e r e  r e m o v e d  a n d  
a s s a y e d  a t  3 °0 b y  t h e  s p e c t r o p h o t o m e t r i c  a s s a y .  I n  t h e  a b s e n c e  o f  d e n a t u r a n t  n o  loss  in  a c t i v i t y  
o c c u r r e d .  

Denaturant Time Percent of initial activity 
(rain) 

C. pasteur- C. thermo- 
ianum saccharo- 

lyticum 

6 N i u r e a  o i o o  i o o  

5 7 ° 7 ° 
3 ° 5 ° - -  
60 - -  5 ° 
9 o  29 4 ° 

15o  15 31 

2 M g u a n i d i n e . H C 1  o i o o  i o o  
5 80  - -  
7 63 79 

20  55 71 
9 0  4 ° 55 
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6 M urea  and 2 M guanid ine .HC1.  A p p a r e n t l y  the  s t ruc ture  of bo th  enzymes  are af- 
fected in a s imi lar  manner  b y  these dena tu ran t s .  However ,  i t  mus t  be po in ted  out  
t ha t  af ter  incuba t ion  wi th  the  dena tu ran t s  the  enzyme was d i lu ted  for assay.  Thus,  
reversible  changes in s t ruc ture  would  not  be seen. 

I t  is a p p a r e n t  from these s tudies  t ha t  f ruc tose - I ,6 -d iphospha te  aldolase from 
the three  Clostr idia  used is a Class n aldolase. In  p rac t i ca l ly  all respects  the  mesophi le  
and  thermophi le  enzymes are ident ical .  The ma in  difference be tween them is thei r  
response to t empera tu re .  The the rmophi le  enzymes have a t empe ra tu r e  o p t i m u m  
abou t  3 °0 higher  than  the mesophi le  enzyme and  also show m a r k e d  t he rmos t ab i l i t y  
at  57 ° compared  to the  r ap id  inac t iva t ion  of  the  mesophi le  prote in .  The grea te r  hea t  
s t ab i l i t y  of  the  thermophi le  prote ins  is p robab ly  not  due to a grea ter  degree of hy-  
drogen bonding  since mesophi le  and  thermophi le  aldolases were s imi lar ly  affected b y  
the dena tu ran t s  urea  and  guanidine .HC1.  
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