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Single Gene Heterosis for Alcohol Dehydrogenase in Maize: 
the Nature of the Subunit Interaction 1 
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Summary. The products  of the AdhFt allele which specifies an active enzyme, and the Adhcm allele which specifies 
a stable enzyme, interact  in the heterodimer to give an active stable alcohol dehydrogenase. Investigations on the 
nature of the heterotic interact ion are presented including comparisons of in vivo and in vitro synthesized heterodimers.  

The  f irst  ev idence  for the  presence of h y b r i d  enzy-  
mes  in he t e rozygo te s  was p r e sen t ed  in 1960 in a re- 
po r t  of i nves t iga t ions  of the  E1 es terase  in maize  
(Schwar tz ,  t960).  The  e l ec t rophore t i c  ana lys i s  clear-  
ly  i n d i c a t e d  t h a t  the  homologous  subun i t s  which  
compr i se  m u l t i m e r i c  enzymes  can be  specif ied b y  dif- 
ferent  alleles. I t  was p roposed  in t h a t  p a p e r  t h a t  
h y b r i d  enzyme  fo rma t ion  migh t  be a basis  for the  
h y b r i d  v igor  or he teros is  obse rved  in he te rozygo tes ,  
i.e., an enzyme  molecule  composed  of p o l y p e p t i d e s  
specif ied b y  two d i f ferent  alleles, AA' ,  migh t  be more  
ac t ive  t h a n  the  co r respond ing  h o m o m u l t i m e r s  A A  or 
A'A ' .  This  could  r ead i ly  be d e t e c t e d  in e lec t ropho-  
r e t o g r a m s  since the  e n z y m a t i c  a c t i v i t y  of the  he te ro-  
m u l t i m e r i c  i sozyme  b a n d  would  be h igher  t h a n  would  
be p r e d i c t e d  f rom the  r e l a t ive  in tens i t i es  of the  homo-  
m u l t i m e r i c  i sozyme bands .  However ,  no well  es ta-  
b l i shed  cases of such in t e r ac t i ons  have  been r e p o r t e d  
excep t  in i n t r agen ie  c o m p l e m e n t a t i o n  s tud ies  wi th  
allel ic m u t a n t s  (Schlesinger and  Lev in tha l ,  1963 ; Cod- 
d ing ton ,  F i n c h a m ,  and  S u n d a r a m ,  t966).  

S ing le  gene he teros is  need  no t  be l imi t ed  to increa-  
sed specific a c t i v i t y  of an enzyme  and  should  inc lude  
a n y  allelie i n t e rac t ions  which  lead  to  the  f o r m a t i o n  
of a " b e t t e r "  enzyme.  A few yea r s  ago we r e p o r t e d  
evidence  of single gene he teros is  for a lcohol  d e h y d r o -  
genase  (ADH) in ma ize  (Schwar tz  and  Laughne r ,  
1969). The  i n t e r ac t i on  was obse rved  in he t e rozygo-  
tes which  con t a ined  an Adhf  allele which  specifies an 
ac t ive  b u t  s o m e w h a t  labi le  enzyme,  and  an Adh c~ 
al lele  which  p roduces  a r e l a t i v e l y  inac t ive  b u t  more  
s t ab le  form of the  enzyme.  Since the  enzyme  is a di-  
mer ,  th ree  A D H  i sozymes  are  fo rmed  in he te rozygo-  
tes  - -  F F  with  on ly  the  ac t ive  subuni t s ,  C ~ C"  wi th  
on ly  s t ab le  subuni t s ,  and  the  h e t e r o d i m e r  F C" 
which  con ta ins  one ac t ive  and  one s tab le  subun i t .  The  
h e t e r e d i m e r  is b o t h  ac t ive  and  s table .  The  F subun i t  
in the  h e t e r o d i m e r  m a i n t a i n s  i ts  full  a c t i v i t y  and  this  
d imer  wi th  on ly  one ac t ive  subun i t  is hal f  as ac t ive  

1 Ded ica t ed  to Dr. M. M. Rhoades on the occasion 
of this 70th bir thday,  with grat i tude,  admirat ion,  and 
appreciat ion.  

as the  F F  h o m o d i m e r  wi th  two ac t ive  subun i t s  
(Schwar tz  and  Endo ,  1966). The  s tab le  snbun i t  in 
some w a y  confers i ts  s t a b i l i t y  to  the  ac t ive  subun i t  in 
the  h e t e r o d i m e r  lead ing  to  heterosis .  H e t e r o z y g o u s  
p l a n t s  con ta in  the  s t ab le -ac t ive  FC '~ enzyme  whereas  
each h o m o z y g o t e  has  e i ther  the  s t ab l e - i nac t i ve  C~C "~, 
or the  ac t ive- lab i le  F F  enzyme.  This  p a p e r  is con- 
cerned  wi th  the  n a t u r e  of the  he te ro t i c  i n t e r ac t ion  
be tween  the  subuni t s .  

Methods and Materials 

Enzyme analyses were conducted on crude extracts  
from dry  kernels. The kernels were ground in a Wiley 
Mill through a 20 mesh screen, the meal steeped in 
0.005 M sodium phosphate buffer, pH 7.5, for 15 minutes 
and the slurry centrifuged at  39,000 X g for 15 minutes. 
The pellet was discarded. Enzyme act iv i ty  was measur- 
ed by following the reduction of NAD by optical densi ty 
measurements at  340 nm as previously described (Efron 
and Schwartz, 1968). A unit  of ac t iv i ty  represents a 
change of absorbancy of 0.001 per minute. 

The enzyme was dissociated and reassociated according 
to the method of Har t  (t971) as modified by  Meir Fischer 
(personal communication), a graduate  s tudent  in this 
laboratory.  The extract ion procedure is as described above 
except tha t  the extract ion was made with a solution con- 
taining 0.1 M sodium phosphate buffer, p H  7.5, 0.4 M 
sucrose, 1.0 M NaC1, and 0.1 M fl-mercaptoethanol. The 
extract  was frozen overnight a t  - -20 ~ then thawed 
rapidly by immersion in warm water. Ext rac t s  from diffe- 
rent  genotypes can be mixed either before freezing or after 
thawing, tha t  is, before or after dissociation. The reasso- 
clarion modification introduced by Fischer is to allow the 
thawed sample to s tand at  room temperature  for 11/2 hours 
after thawing rather  than immediate  dialysis. The A2DH 
subunits of maize reassociate readily at  room temperature  
even in the high salt  concentration. Dimerization is 
usually completed by  11/2 hours and as high as 9 0 ~  of 
init ial  enzyme act ivi ty  can be recovered. When the 
samples are to be run in electrophoresis they are subse- 
quently dialyzed in the cold for 3 hours to remove the 
NaC1. Dialysis buffer is the same as the extract ion buffer 
except tha t  the NaC1 is omitted. In  experiments designed 
to test  for the degree of dissociation, i t  was necessary to 
prevent  the recombination of the dissociated monomers 
to reform active dimers. This was accomplished by  
adding EDTA to the frozen sample prior to thawing. 
Sufficient EDTA was added such tha t  upon liquification 
the concentration of chelating agent was 0.01 M, and the 
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sample was dialyzed in the cold with 0.01 M EDTA in the 
buffer (Fischer, personal communication). The block to 
reassociation to form active enzymes can be overcome by 
the addition of zinc chloride. This concentration of EDTA 
has no effect on the activity of the undissociated dimer 
enzyme. The procedures for starch gel electrophoresis 
and development of the ADH zymograms have been pre- 
viously described (Schwartz and Endo, 1966). 

Results and Discuss ion  

Previous results have indicated that  an F subunit 
is more stable to treatment with high temperature 
and pH above 10 when in a dimer with a C ~ subunit 
than when it is in an F F  homodimer. This has been 
interpreted as evidence for stabilization of F by C m. 
However, it could be argued that  the treatment alters 
the structure of the F polypeptide regardless of its 
partner in the dimer, but that  C ~ interacts with 
altered F subunit such as to render it active, i.e., 
complementation between the subunits. This hypo- 
thesis was tested by the following experiments. Ker- 
nels of the genotype A d h ~ / A d h  cm were extracted in 
0.005 M phosphate buffer and heated at 65 ~ for 
30 minutes. This treatment is sufficient to inactivate 
the F F  dimer but the F C  ~ remains active (Schwartz 
and Laughner, 1969). An equal volume of double 
strength solution of the dissociation buffer was added 
to bring the extract to the usual concentration of the 
dissociation buffer. The sample was subjected to the 
dissociation-reassociation procedure, dialyzed to re- 
move the NaC1, and subjected to electrophoresis in 
starch gel. After dissociation the subunits recombine 
randomly so that  some of the F subunits in the reas- 
sociated F F  dimer had been derived from an F F  
dimer and some were present in an F C  ~ dimer prior 
to dissociation. According to the complementation 
hypothesis, only the reassociated F C  '~ dimer should 
be active and hence only t h e F C  m isozyme band should 
develop in the zymogram. On the other hand, if F 
is stabilized by its C m partner in the dimer, some of 
the dissociated F subunits should be unaltered and 
could reassociate to form active F F  as well as active 
F C  m dimers. The results are shown in Fig. 1. Both 

Fig. 1. Test of complementa- 
tion hypothesis with AdhF[ 
tldhC1 m extracts. Left: control 

sample showing F F  and 
F C m A D H  isozyme bands of 
equal intensity. Extract in 
dissociation buffer kept at 4 ~ 
overnight then dialyzed to re- 
move the NaC1. Right: treated 
sample heated 65 ~ for 30 mi- 
nutes, dissociated, reassociated, 
and dialyzed. Note both the F F  
and FCm bands are observed in 
the treated sample. The two 
isozyme bands are not equal 
in intensity since the F and Cm 
subunits were unequal in con- 

centration for reassociation 

F F  and F C  "~ active enzyme bands are observed. As 
an additional test the experiment was performed in 
the reverse manner. An F F  extract was heated to 
complete inactivation, mixed with the C~C m extract, 
dissociated, reassociated, dialyzed, and subjected to 
electrophoresis. According to the complementation 
hypothesis activity would be expected at the F C  '~ 
position but not at the F F .  However, neither an 
F C  ~ nor an F F  band was observed. These results 
eliminate complementation, or activation of an in- 
activated F by the C ~ subunit, as the mechanism 
responsible for the F C  m interaction. The F subunit 
in an F C  m dimer is stabilized and the question arises 
as to how C m confers its stability to F. A number of 
schemes have been considered and tested. 

I t  is possible that C m may confer its stability to 
the dimer as a whole rather than to the F subunit. 
A D H  of maize is active only in dimer form; the 
monomers are completely inactive. The c m c  m dimer 
is more stable than F F  and one could propose that  
the C m has exceptionally strong bonds for main- 
tenance of the dimerie structure and therefore the 
F C  m dimer is more stable than the F F  dimer. This 
was tested by comparing the degree of dissociation 
of the F F  and F C  m dimers frozen at increasing salt 
concentrations. Maize A D H  dissociates completely 
upon freezing in the dissociation buffer with t.0 M 
NaC1. The dissociation is complete since all A D H  

activity is eliminated and after dissociation and re- 
association of a mixture of homodimers the concen- 
tration of the heterodimer is twice that of either 
homodimer. A D H  does not dissociate when frozen 
in 0.t M NaC1. At this low salt concentration a simi- 
lar mixing procedure yields only the homodimeric 
forms and no heterodimers are observed. If the bonds 
which hold the F C  m dimer intact are stronger than 
those in the F F  one would expect the F F  dimer to 
dissociate upon freezing at a lower salt concentration 
than is required to dissociate the F C  m dimer. This in 
fact was found to be the case for the temperature 
sensitive enzyme specified by the A d h  sl~~ allele 
(Fischer, personal communication). A heterodimer 
containing one temperature sensitive and one stan- 
dard subunit dissociates at a lower salt concentra- 
tion than is required to dissociate a dimer composed 
of two standard subunits. 

For this test A d h ~ / A d h  cm kernels were mealed and 
extracted in a series of solutions all of which contained 
0A M sodium phosphate, 0.4 M sucrose, and 0.t M 
fl-mercaptoethanol but varied in the NaC1 concentra- 
tion ranging from 0.1 M to 1.0 M. The extracts were 
frozen at --20 ~ overnight. To prevent reassociation 
of the dissociated monomers, EDTA was added to 
the sample prior to thawing, and the solution was 
dialyzed at 4 ~ to remove the NaC1 in preparation 
for electrophoresis. Since reassociation is prevented 
by chelation of the zinc with the EDTA, and active 
dimer enzymes are not affected by the EDTA, enzy- 
me activity is a good measure of the degree of disso- 
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Fig. 2. Re l a t i ve  d issoc ia t ion  of F F  a n d  F C  m d imers  a t  
inc reas ing  NaC1 concen t ra t ions .  Two samples  were r u n  side 
by  side on each  gel. C = con t ro l  s amp l e  k e p t  in cold and  n o t  
d i ssoc ia ted  by  freezing.  T he  n u m b e r s  ind ica te  t he  NaC1 con- 
c en t r a t i ons  in t he  s amples  sub j ec t ed  to t he  d issocia t ion  t r ea t -  

m e n t  

ciation. The greater  the degree of dissociation, the 
lower the dimer concentration in the sample, and 
hence the lower the A D H  activity.  The relative 
dissociation of the F F  and F C  m dimers can readily be 
compared by  observing the relative intensities of the 
two isozyme bands in the gel following electrophore- 
sis. If  interdimeric bonds are weaker and F F  dimers 
dissociate at a lower NaC1 concentration than  the 
F C  ~ dimers, then as the salt concentration in the 
extract ion solution is increased the relative intensities 
of the F F  and F C  m isozyme bands should deviate 
from the t : 1 ratio observed in the undissociated con- 
trol extracts.  The F F  isozyme band should decrease 
in intensity relative to the F C  m band. However,  as 
is clearly seen in fig. 2 the relative intensities of the 
F F  and F C  m bands were constant in all NaC1 concen- 
trations. This result tends to eliminate differences in 
the s trength of the interdimeric bonds as the factor 
responsible for the increased stabil i ty of the F sub- 
unit in the heterodimer. 

Two possible pa thways  for the association of poly- 
peptide chains into active oligomeric enzymes have 
been proposed (see review by  Paulus and Alpers, 
1971). The subunit can be folded into its conforma- 
tion while still in the monomeric form and then the 
subunits aggregate to the oligomer without changing 
configuration. Alternatively, subunits can first ag- 
gregate then undergo a conformation change to yield 
the thermodynamic  stable structure. The lat ter  is 
thermodynamical ly  more at t ract ive and raises a que- 
stion as regards the stabilization of F C  m . Does the 
C m subunit stabilize F by  influencing the folding of 

the F subunit  as it undergoes its conformational 
change in the F C  'n dimer or is it s imply the presence 
of the C m subunit  in the dimer which stabilizes F ? 
Specifically, will an F subunit derived from an F F  
homodimer be stabilized when associated with a C m 
subunit which has come from a C'~C 'n homodimer ? 
This was tested by  utilizing the techniques of dimer 
dissociation and reassociation. F F  and CmC m extracts  
were dissociated separately by  freezing dissociation 
buffer extracts  of A d h ~ / A d h ~  and A d h C m / A d h  ~  ker- 
nels. Immedia te ly  after thawing the two extracts  
were mixed to allow random reassociation of the F 
and C m subunits according to the procedures outlined. 
As control, an extract  from an A d h ~ / A d h  cm hetero- 
zygote was prepared in the same fashion but  kept in 
the cold without freezing. Thus both  the A d h F /  
A d h  ~  control and the dissociated-reassociated mix- 
ture contained FC" '  dimers, but  differed in the source 
of the F subunit in the F C  'n dimer. The samples were 
dialyzed for four hours against dissociation buffer 
minus NaC1 and half of each sample was then dialyz- 
ed against a 0.t M carbonate bicarbonate buffer, 
pH 10, overnight to compare the relative stabil i ty of 
the F F  and F C  m dimers at the high pH.  The results 
are presented in fig. 3. The difference in stabil i ty of 
the F F  and F C  m dimers is still observed in both  
samples and hence the source of the F subunit in the 
heterodimer is immaterial .  Simply the association of 
the F subunit with C m in the dimer is sufficient to 
confer stabil i ty to F. 

Fig. 3. Test of the influence of the source of the F subunit 
in the relative stability of the F F  and FCm dimer (see text). 
Left half of each gel:crude extract from AdhVl[A dh cm hetero- 
zygotes. Right half of each gel: pH 10 treatment, a. disso- 

F F Cm c ia t ed  and  reassoc ia ted  m i x t u r e  of . 4 d h l [ A d h  1 and  4 d h  1 [ 
Adhcm extracts, b. control extract from AdhF/Adh cm hetero- 

zygote 
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The  associa t ion  wi th  C m m a y  a l te r  the  conforma-  
t ion of F subun i t  in the  he t e rod imer  such t h a t  i t  is 
less sensi t ive  to high t e m p e r a t u r e  or pH.  However ,  
if such a conf igura t iona l  change  occurs i t  does not  
a l t e r  the  ne t  surface charge of the  F subun i t  since 
th is  would  be ref lec ted  in an a l t e r a t i on  in e lec t ropho-  
ret ic  mobi l i ty .  F u r t h e r m o r e ,  th is  is not  the  mos t  
a t t r a c t i v e  hypo thes i s  since as was po in t ed  out  in the  
ear l ier  p a p e r  (Schwar tz  and  Laughner ,  1969) high 
s t a b i l i t y  and  high a c t i v i t y  in A D H  a p p e a r e d  to  be 
m u t u a l l y  exclusive.  I f  the  F subun i t  can be inf luen-  
ced b y  C m in the  h e t e r o d i m e r  to assume a conf igura-  
t ion which is bo th  ac t ive  and  s tab le  one would  expec t  
select ion forces to have  o p e r a t e d  to  fix an Adh l allele 
which makes  an ac t ive  s tab le  enzyme  in the  popula -  
t ion.  Ins tead ,  an A d h f  cm dup l i ca t e  locus was f ixed 
which insures  the  a d v a n t a g e  of he te rozygos i ty .  

In  view of the  resul t s  desc r ibed  in th is  p a p e r  I favor  
the  p roposa l  t h a t  the  two A D H  subun i t s  are ve ry  in- 
t i m a t e l y  assoc ia ted  and  the  mere  presence of a s tab le  
subun i t  in the  d imer  is suff icient  to  s tabi l ize  the  o the r  
subunit .  If, as a resul t  of an adverse  t r e a t m e n t ,  
bonds  are r u p t u r e d  in on ly  one subun i t  in a d imer ,  
the  presence of the  s tab le  u n d e n a t u r e d  subun i t  can 
inf luence or d i rec t  the  r e fo rma t ion  of the  r u p t u r e d  

for Alcohol Dehydrogenase in Maize 

bonds  such t h a t  the  p o l y p e p t i d e  will  r eassume an 
ac t ive  conf igura t ion .  
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