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I n  vivo  and in v i tro  Molecular  Hybr id iza t ion  of Malate  D e h y d r o g e n a s e  I s o z y m e s  

M a l a t e  d e h y d r o g e n a s e  (L-mala te :  N A D  ox idoreduc tase ,  
E C  1.1.1.37) (MDH)  c o m m o n l y  ex i s t s  as  a d i m e r  w i t h  a 
mo lecu l a r  w e i g h t  of  t h e  o rde r  of 60,000 x. T h e  M D H  
isozymes  ~ in  t h e  m i t o c h o n d r i a l  a n d  t h e  s u p e r n a t a n t  
f r ac t i ons  a re  u n d e r  t h e  con t ro l  of s e p a r a t e  gene t i c  loci 8-s. 
A d d i t i o n a l  i sozymes  m a y  r e su l t  f r o m  allel ic v a r i a t i o n  3-s 
or  f r o m  d i f f e ren t  c o n f o r m a t i o n a l  fo rms  of t h e  s a m e  
e n z y m e  g, xe. T h e  s u b u n i t  c o m p o s i t i o n  of these  i sozymes  
m a y  be  s t ud i ed  b y  reve r s ib le  d e n a t u r a t i o n ,  us ing  guan i -  
dine-HC1, urea,  or  acidS, °-1~. I n  t h e  s ame  m a n n e r ,  h y b r i d  
d i m e r s  h a v e  been  p r e p a r e d  in v i t r o  f rom s u b u n i t s  f rom 
d i f fe ren t  species as well  as f rom s u b u n i t s  de r ived  f rom 
m i t o c h o n d r i a l  a n d  s u p e r n a t a n t  f r ac t ions  of t h e  s a m e  
o r g a n i s m  ~3. These  molecu la r  h y b r i d i z a t i o n  t e c h n i q u e s  
h a v e  occas iona l ly  b e e n  useful  in  c la r i fy ing  t h e  resu l t s  of 
gene t ic  i n v e s t i g a t i o n s  3-*,8, b u t  t he  t e c h n i q u e s  are  incon-  
ven ien t ,  r e su l t  in  g rea t  loss of e n z y m e  ac t i v i t y ,  a n d  
the re fo re  h a v e  l im i t ed  app l i ca t ion .  W e  h a v e  deve loped  
a s imp le r  t e c h n i q u e  based  u p o n  t h e  f r eeze - thaw p rocedu re  
f i r s t  e m p l o y e d  for  l a c t a t e  d e h y d r o g e n a s e  x4 

Our  s tud ies  h a v e  b e e n  p r i m a r i l y  c o n c e r n e d  w i t h  M D H  
f rom t h e  l a r g e m o u t h  bass  (Micropterus salmoides), t h e  
s m a l l m o u t h  bass  (M. dolomieui), a n d  t h e  Fx in terspec i f ic  
h y b r i d .  S amp le s  of  ske le ta l  musc le  f r o m  each  f ish were  
h o m o g e n i z e d  in  2 -3  v o l u m e s  of 0.1 M s o d i u m  p h o s p h a t e  
buffer ,  p H  7.5, a n d  cen t r i f uged  twice  a t  48,000g for  
30 rain.  T h e  i sozymes  in  t h e  s u p e r n a t a n t  f r ac t i on  were  
s e p a r a t e d  b y  ve r t i c a l  s t a r c h  gel e l ec t rophores i s  in  a 
d i s c o n t i n u o u s  Tris-citrate buf fe r  s y s t e m  a t  p H 6 . 8 7 .  
T e t r a z o l i u m  s t a i n i n g  specif ic  for  M D H  was  used to  
v i sua l ize  t h e  e n z y m e L  

T h e  F igu re  shows  t h e  i sozyme p a t t e r n s  of t he  2 p a r e n t a l  
species a n d  t h e  hyb r id .  On t h e  bas is  of gene t ic  ana lyses  
to  be  r e p o r t e d  e lsewhere ,  we h a v e  d e m o n s t r a t e d  t h a t  t h e  
3 b a n d s  of t h e  l a r g e m o u t h  a n d  s m a l l m o u t h  bass  resu l t  
f r o m  t h e  r a n d o m  a s s o r t m e n t  of t h e  gene p r o d u c t s  of 
2 d i s t i n c t  loci. I n  v i t r o  molecu la r  h y b r i d i z a t i o n  was  used 
to  i n v e s t i g a t e  t he  s u b u n i t  c o m p o s i t i o n  of t he  F~ isozymes.  

E q u a l  v o l u m e s  of c rude  e n z y m e  e x t r a c t  f r om each  
p a r e n t a l  species were  mixed .  T h e  so lu t ion  was  b r o u g h t  
to  0 . 5 M  in NaC1 b y  t h e  a d d i t i o n  of 0.14 m l  of 4 M  NaC1 
in 0 . 1 M  s o d i u m  p h o s p h a t e  buffer ,  p H  7.5, pe r  ml  of 
c o m b i n e d  ex t r ac t s .  F r eez ing  in  a d r y  i c e - m e t h a n o l  b a t h  
was  fol lowed b y  s to rage  a t  - -  70°C for  2 h. A f t e r  t h a w i n g  
s lowly a t  r o o m  t e m p e r a t u r e ,  t h e  m i x t u r e  was  cen t r i fuged  

a t  48,000g a t  4°C for 30 rain,  a n d  t h e  s u p e r n a t a n t  was  
s u b j e c t e d  t o  e l ec t rophores i s  as desc r ibed  above .  

As  seen  in  t h e  Figure ,  t h e  s imp le  a d d i t i o n  of e n z y m e  
ex t rac t s ,  w i t h o u t  freezing,  f rom s m a l l m o u t h  a n d  large-  
m o u t h  bass  does  n o t  p r o d u c e  t h e  second  m o s t  a n o d a l  
i sozyme (BB' )  of t h e  h y b r i d .  However ,  w h e n  t h i s  s a m e  
m i x t u r e  is s u b j e c t e d  to  a f r eeze - thaw cycle, a n  i sozyme  
b a n d  is g e n e r a t e d  w h i c h  is i den t i ca l  in  e l ec t rophore t i c  
m o b i l i t y  to  t h e  c h a r a c t e r i s t i c  b a n d  (BB' )  of t h e  h y b r i d .  
T h i s  i sozyme is a b s e n t  in  s amp l e s  of p a r e n t a l  e x t r a c t s  
f rozen sepa ra te ly ,  a n d  t h e  f r eeze - thaw cycle  a p p a r e n t l y  
does n o t  s ign i f i can t ly  a l t e r  t h e  p a t t e r n  of t h e  F 1 h y b r i d .  
These  resu l t s  s t r ong ly  sugges t  t h a t  t h e  second m o s t  
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Malate dehydrogenase. Freeze-Thaw hybridization. Starch gel elec- 
trophoresis of crude muscle honmgenates followed by specific 
tetrazolium staining for MDH. 1. Largemouth bass. 2. Smallmouth 
bass (the isozyme band anodal to the AA homopolymer in this 
species appears to be the result of a eonformational variant of this 
isozyme). 3. Simple mixture of parental extracts without freezing. 
4. Mixture of parental extracts and salt subjected to a freeze-thaw 
cycle. 5. F I hybrid. 6. F 1 hybrid extract mixed with salt and sub- 
jected to a freeze-thaw cycle. Note the generation of the BB" hybrid 
dimer in the freeze-thaw mixtures and in the F 1 extract, but not 
in the simple mixture of parental extracts. 
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anodal band of the F 1 hybrid and of the freeze-thaw 
mixture  of parental  extracts are identical and tha t  this 
band represents a hybrid dimer (BB') composed of 1 
subunit  from each of the most anodal parent  dimers. 
Thus, this in vitro technique apparently produces a 
molecular hybrid identical to tha t  synthesized in the 
cells of the interspecific hybrid organism. 

Preliminary investigations of our experimental  con- 
ditions have revealed some similarity between the 
hybridization of malate dehydrogenase and of lactate 
dehydrogenase. Hybridization does not occur when salt 
is omitted from the mixture, when the tissue is homo- 
genized in distilled water, or when 0.1M Tris-HC1, 
pH 8.0, is subst i tuted for the phosphate buffer. There is 
no apparent difference between quick freezing the mixture  
and slow freezing by storage at  - -20°C for 4h .  This 

.behavior is analogous to tha t  reported for lactate de- 
hydrogenase ~5 suggesting a similari ty in the mechanism 
of subunit assembly in these dehydrogenases. 

The freezing and thawing process does not greatly 
reduce the amount  of enzyme act iv i ty  detected by 
staining. I t  is possible that  an even better  recovery of 
enzyme act ivi ty  will be obtained by the use of coenzyme 
as a stabilizing agent as in the freeze-thaw hybridization 
of lactate dehydrogenase is. N A D H  has markedly enhanced 
the recovery of malate dehydrogenase during reactivation 
after acid or guanidine t rea tment  xa Like lactate dehydro- 
genase, variat ion in the concentration or nature of the 
hybridization p romot ing  ions may  also increase the 
yield 15. With  optimal conditions, this technique should 
prove useful in purification procedures and in the prepara- 
tion of molecular hybrids for the investigation of subunit 
interactions 16. 

Molecular hybridization can be useful in studying 
protein evolution by examining the affinity of monomeric 
polypeptides from widely divergent organisms in forming 
multimeric enzymes x*. The formation of such hybrid 
molecules implies a high degree of homology in higher 
order protein structure. Preliminary results suggest tha t  

evolutionary analyses of MDH polypeptides can be 
performed by the freeze-thaw technique. We have also 
obtained evidence tha t  the supernatant  malate  dehydro- 
genase subunits from the sheep and the largemouth bass 
assemble into the same dimer during freeze-thaw hybrid- 
ization. 

The present investigation is, to our knowledge, the 
first demonstration that  the freeze-thaw technique pro- 
duces molecular hybrids of malate dehydrogenase iso- 
zymes. This convenient and economical procedure should 
prove useful in the study of genetics, enzyme structure, 
and molecular evolution ~. 

Rdsumd. Les hybrides mol6culaires des isozymes de la 
d6shydrog6nase de malate de diffSrentes espbces de pois- 
sons peuvent  ~tre engendr~s in vitro en gelant puis 
d6gelant les isozymes en presence du sel. L' isozyme 
hybride est identique £ eelle observ6e in vivo clans 
l 'hybride intersp6cifique F 1. 
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Origin of Enzymic and Photosynthetic Activity in 

The evolution of enzymatic act ivi ty  from the primitive 
catalytic act ivi ty  of small molecules or ions has been 
the subject of much speculation. CALVI~ x has suggested 
the decomposition of H~O~ as one of the earliest examples 
of this process. Starting as an Fe+3 ion catalyzed reaction, 
it presumably evolved to the catalase catalyzed reaction 
by successive addition of increasingly complex organic 
ligands to the iron. 

We report that  UV-irradiation of a solution of NH4SCN, 
glycine, and several salts produces insoluble microspheres 
having peroxidase activity.  Glycine has been produced 
in many prebiotic experiments 1, ,, and may be presumed 
to have been present in a pr imit ive Ear th  environment. 
NH4SCN is a product of juvenile volcanic gases s. We 
use artificial sea water 4 as a plausible ionic medium and 
ferrous ammonium sulfate a convenient source of iron. 

In a typical experiment,  40 ml of sea water containing 
0.04 moles each of glycine and NH4SCN and 0.001 moles 
of Fe(NH4)¢(SO,) ~ was subjected to UV-irradiation at  
2 5 4 n m  for 3 h from a submerged pen lamp s. Particles 
appeared close to the surface after only 2 or 3 min of 
irradiation. The reaction was left standing for 14h;  
during this t ime the particle color changed from beige 
to grey, suggesting that  dark reactions occurred. The 

a Prebiotic System 

particles were separated from the solution on a 0.22 ~m 
filter and were washed repeatedly with distilled water. 

Microscopic examinat ion of the particles revealed tha t  
they were spherical, 0.2-1.0 izm in diameter, and tha t  
the average diameter  increased with irradiation time. 
Morphological integri ty remained after heating in boiling 
water and freezing. Thus stabili ty under geological con- 
ditions seems plausible. A scanning electron micrograph 
is shown in Figure 1. 

Because the microspheres were insoluble in common 
solvents, we used an aqueous suspension in the peroxidase 
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