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Enzyme-Polymer  Adducts of Aldolase,  Glyceraldehydephosphate Dehydrogenase,  
and Fructosediphosphatase 

Inso lub i l i zed  enzym es  can  be  useful  in  a large n u m b e r  
of app l i ca t ions  i nvo lv ing  enzyme-con t ro l l ed  processes.  
The  e n z y m e - p o l y m e r  a d d u c t s  h a v e  p roper t i e s  d i f fer ing 
s ign i f ican t ly  f rom those  of t h e  n a t i v e  enzymes ,  t he  m o s t  
s ign i f ican t  be ing  e n h a n c e d  s t ab i l i t y  x, ~. W e  r e p o r t  here  
t h a t  comp lex  s u b u n i t - c o n t a i n i n g  enzymes  can  be  s ta-  
b i l ized b y  a t t a c h m e n t  to  po lymer i c  mat r ices ,  whi le  
r e t a i n i n g  much of t h e i r  c a t a l y t i c  proper t ies .  Aldotase,  
g lyce ra ldehyde -3 -phospha t e  d e h y d r o g e n a s e  (GAPD) a n d  
f ruc tose- I ,  6 -d iphospha t a s e  (FDPase)  h a v e  b e e n  cova-  
l en t ly  a t t a c h e d  to a m i n o e t h y l  cellulose (AEC) v ia  
g lu t a ra ldehyde .  I n  add i t ion ,  some a ldo lase -po lymer  
adduc t s  were p r e p a r e d  f rom e thy l ene  male ic  a n h y d r i d e  
copo lymer  (EMA) accord ing  to  t h e  p rocedure  of L~VlN 
a n d  KATCHALSKI a, a n d  f r o m  p - a m i n o b e n z y l  cellulose 
(PAB) b y  t he  p rocedure  of CAMPbeLL et  al. ~. 

The  g l u t a r M d e h y d e  t e c h n i q u e  ha s  been  used to  a t t a c h  
s ing le -cha ined  t r y p s i n  to  A E C  ~, a n d  we h a v e  now 
o b t a i n e d  a d d u c t s  of more  complex  enzymes  to  AEC. The  
fo l lowing de ta i l s  a p rocedure  for  p r e p a r i n g  a G A P D  
adduc t .  AEC was washed  successively  w i t h  de ionized  
water ,  p h o s p h a t e  buf fe r  (pH 7.5), de ion ized  water ,  
m e t h a n o l  a n d  t h e n  a i r  dr ied.  T he  A E C  (500 mg) was 
suspended  in  6.0 m l  of sod ium p h o s p h a t e  buf fe r  (0.05 M ,  
p H  7.5) c o n t a i n i n g  d i t h i o e r y t h r i t o l  (10 -a M) a n d  g lu ta -  
r a l d e h y d e  (1%).  Af te r  s t i r r i ng  5 r a in  a t  r oom t e m p e r a t u r e ,  
2.0 m l  of G A P D  (30.0 mg /ml ,  W o r t h i n g t o n )  was in t ro -  
duced  in to  t h e  suspension.  Th i s  suspens ion  was s t i r red  a t  

Table I. Protein content and specific Activity of insolubilized 
atdolase GAPD, and FDPase 

Enzyme-polymer mg enz]mg Maximum specific 
adduct Carrier ~ activity, moles 

NADH/min/mg 
Protein) 

Aldolase-EMA 4.9 • 10 -= 6.0 • 10 -7 
Aldolase-PAB 1.4 • 10 - t  4.1 • 10 -7 
Aldolase-AEC 4.2 • 10 -= 4.5 • 10 -v 
GAPD-AEC 3.6 • 10 -2 2.0 x 10 -~ 
FDPase-AEC 7.0 • 10 -~ 5.5 • 10 -~ 

~Protein was determined by the ninhydrin method l~ after the 
adduct was hydrolized in 6 N HC1 under reduced pressure for 40 h. 

r oom t e m p e r a t u r e  for 1 h, fol lowed b y  s t i r r ing  o v e r n i g h t  
a t  4 ~ The  r e su l t i ng  l i gh t  b r o w n  G A P D - A E C  a d d u c t  was  
col lected b y  f i l t ra t ion .  I t  was  washed  w i t h  cold p h o s p h a t e  
buffer  so lu t ion  (500 ml,  0.5 M ,  p H  7.5 c o n t a i n i n g  0.5 M 
NaC1), t h e n  w i t h  t h e  p h o s p h a t e  buffer  c o n t a i n i n g  no  
NaC1 un t i l  no G A P D  a c t i v i t y  could be  de t ec t ed  in  t h e  
washings ,  a n d  s to red  a t  4 ~ T h e  e n z y m e  assay  sy s t ems  
for  aldolase,  G A P D ,  ~nd F D P a s e  were a d a p t e d  respec-  
t i ve ly  f r o m  t h e  p rocedures  b y  IREJEVMAR e t  al. 6, ALLI- 
SON ~, and  I~ONTIIEMOLI 8 

E x p e r i m e n t s  i nd i ca t ed  t h a t  t h e  p ro t e in  c o n t e n t  of t h e  
a d d u c t s  are high.  Tab le  I shows t he  a c t u a l  a m o u n t s  b o u n d .  
The  insolubi l ized  a ldolase  de r iva t i ve s  h a d  a b o u t  10~o t he  
specific a c t i v i t y  of unmod i f i ed  aldolase,  a n d  G A P D  a n d  
F D P a s e  de r iva t i ve s  h a d  a b o u t  1~o t h a t  of u n m o d i f i e d  
enzymes .  

The  e n h a n c e d  s tab i l i t i es  of t h e  insolubi l ized  enzymes  
suggest  t h a t  these  complex  enzymes  m a y  der ive  t h e i r  in  
v ivo  s t a b i l i t y  f rom be ing  associa ted  w i t h  m e m b r a n e - l i k e  
mate r ia l s .  A ldo la se -EMA r e t a i n e d  i ts  or ig ina l  a c t i v i t y  for 
30 days  a t  4~ whi le  u n m o d i f i e d  a ldolase  lost  a b o u t  25% 
of i ts  or ig ina l  ac t iv i ty .  Aldo lase -AEC r e t a i n e d  a b o u t  
95% of t he  or ig inal  a c t i v i t y  a t  r o o m  t e m p e r a t u r e  for a 
pe r iod  of 3 weeks, b u t  u n m o d i f i e d  a ldolase  lost  more  t h a n  
70~o of t h e  or ig inal  a c t i v i t y  in  2~/~ weeks.  G A P D  prov ides  
a d r a m a t i c  d e m o n s t r a t i o n  of t he  increased  s t a b i l i t y  of 
t h i s  e n z y m e  resu l t ing  f rom i ts  a t t a c h m e n t  to  t h e  p o l y m e r  
ma t r ix .  U n m o d i f i e d  G A P D  b e c a m e  d e a c t i v a t e d  o v e r n i g h t  
a t  r o o m  t e m p e r a t u r e ,  b u t  G A P D - A E C  r e t a i n e d  a b o u t  
95~o of i t s  or ig ina l  ac t iv i ty .  

Inso lub i l i zed  enzymes  e x h i b i t  some a l t e red  p roper t i e s  
as a resu l t  of t h e i r  a t t a c h m e n t  to  va r ious  t ypes  of 
po lymers  ~. For  example ,  d e p e n d e n t  u p o n  t h e  t y p e  of 
p o l y m e r  used, t he  p H  o p t i m u m  for t h e  e n z y m e  can  be  
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0 The effect of pH on the activity of aldolase and insol- 
ubilized Mdolase derivatives. 
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shifted to ei ther  higher  or  lower values. As shown in the  
Figure,  the  app rox ima te  p H  op t imum of aldolase is 8.5; 
a ldolase-EMA 9.0, a ldolase-AEC 6.5 and a ldolase-PAB 
6.0. For  the  aldolase system, a t t a c h m e n t  to po lymers  
bear ing posi t ive  charges, such as AEC, shifts the  p H  
op t imum to the  acidic side. Thus, when G A P D  is at- 
t ached  to AEC, the  p H  o p t i m u m  is shifted f rom 9.0 for 
G A P D  to about  7.0 for GAPD-AEC.  When  F D P a s e  is 
a t t ached  to AEC, the  p H  o p t i m u m  is shifted f rom about  
9.3 to 8.5. I t  can be concluded tha t  po lymers  def ini te ly  
exer t  vicinal  effects on the  p H  around the  ca ta ly t ic  site 
of the  enzymes.  

The apparen t  Km for substrates  can be affected as 
shown in Table  I I .  When  the  substrates  are nega t ive ly  
charged, po lymers  bear ing nega t ive  charges increase the  
apparen t  Kin, as in the  case of aldolase-EMA. Polymers  
bear ing posi t ive  charges decrease the  apparen t  Kin, as 
in the  case of a ldolase-PAB and GAPD-AEC.  

I t  is possible to l ink sequent ia l  react ions by  appropr ia te  
co lumn techniques.  Two columns in series conta ining 
a ldolase-AEC and G A P D - A E C  were packed to demon-  
s t ra te  the  principle  of sequent ia l  synthe t ic  reactions.  
In to  the  first  column, conta in ing aldolase-AEC, was 
percola ted  a solut ion of f ruc tose- l ,6-d iphosphate  and 
n icot inamide  adenine dinucleot ide (NAD). The eff luent  

Table II. Apparent K,~ values for different enzyme-polymer adducts 

Enzyme Substrate Km values (mM) 

solution contained d ihydroxyace tone  phospha te  and 
glycera ldehyde-3-phosphate  (GAP) and unchanged NAD.  
This  mix tu re  was passed th rough  a second column 
packed wi th  G A P D - A E C  while sodium arsenate  was 
added. G A P D  cata lyzed oxida t ion  of G A P  to 3-phospho- 
glyceric acid in the  presence of N A D  and sodium arsenate,  
and the  N A D  was reduced to N A D H .  The eff luent  f rom 
the  second column flowed into a solut ion of me thy lene  
blue and diaphorase which were used as specific indicators  
for N A D H .  The decolorizat ion of me thy len  e blue proved  
the  presence of N A D H  which could only have  been 
formed by  the  projec ted  two-step sequent ia l  enzyme-  
ca ta lyzed  synthesis.  

Rdsumd. On a prepar6 des  enzymes polym~res d4riv6s 
de l 'aldolase, de l ' a ld6hyde glyc4rique-3-phosphate  d6hy- 
drog4nase et de la fructose-I ,  6-diphosphatase.  On peut,  
semble-t-il ,  t i rer  par t i  de la technique  de liaison t rans-  
versale par  l ' a ld6hyde glu tar ique  pour  augmente r  la 
t eneur  en prot6ine et  pour  obtenir  des enzymes polymSres 
adducteurs .  Les enzymes trai t6s sont  plus stables que les 
enzymes intacts .  La  direct ion des changements  du p H  
op t ima l  et du K ~  apparent  change selon les polymgres  
auxquels  on lie les enzymes.  
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Aldolase 
Aldolase-PAB 
Aldolase-EMA 
GAPD 
GAPD-AEC 

Fructose-I, 6-diphosphate 0.04 
Fructose-i, 6-diphosphate 0.006 
Fructose-i, 6-diphosphate 3.6 
Glycer aldehyde- 3 -phosphate 6.4 
Glyeeraldebyde-3-pbosphate 0.66 
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Presence of Lipid Bodies in Rice Leaves and their Discolouration During Pathogenesis  

Lipids  are considered as the  th i rd  i m p o r t a n t  class of 
p lan t  const i tuents  af ter  proteins  and carbohydrates ,  and 
are widely  d is t r ibuted  in p lan t  parts .  I n  vege ta t ive  par ts  
t hey  are usual ly  in 1Lhe form of small  droplets  or globules 
dispersed through the  cy top lasm of the  celP.  Al though  
the  l ipid con ten t  of the  grains of rice (Oryza sativa L.) 
have  been inves t iga ted  2, 3, nei ther  pure  ana tomica l  inves- 
t igat ions  nor  pathological  studies 4-~ have  previous ly  
resulted in reports  of the  presence of these globules in rice 
leaf tissue. 

Whi le  observing free-hand sections of rice leaves for 
ana tomica l  changes d u r i n g  pathogenesis,  we found 

abundan t  l ipid globules in cells th roughou t  the  chloro- 
phyl l -conta in ing pa r enchyma  tissue of several  var ie t ies  
(Figure). These spherical  globules averaged 3.3 ~m 
(range 1.6-4.8 vm). Both  hea l thy  and diseased cells 
conta ined the  l ipid globules. Usual ly  2 or more globules 
were visible per  cell. In  hea l thy  tissue the  globules appear  
colourless or l ight  green to yellowish green, p resumably  
because of thei r  locat ion close to chloroplasts.  In  diseased 
tissue, the  globules become reddish brown to dark  brown 
depending on the na ture  and stage of disease, and dis tance 
f rom the  site of infection. Discolorat ion of l ipid bodies is 
an ear ly  p r ima ry  s y m p t o m  of leaf spo t s  resul t ing f rom 
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