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ABSTRACT

The enzyme i s o c i t r i t a s e , w h ich  had  b e e n  p o s t u l a t e d  t o  o c c u r  i n  

B l a s t o c l a d i e l l a , h a s  b e en  p u r i f i e d  fro m  e x t r a c t s  o f  t h i s  o rg a n ism  c a . 

f i f t y - f o l d  and some o f  i t s  p r o p e r t i e s  s t u d i e d .  The p u r i f i e d  enzyme 

e x h i b i t s  maximum a c t i v i t y  a t  pH 7 i n  t h e  p r e s e n c e  o f  10 M co n cen ­

t r a t i o n s  o f  b o th  c y s t e i n e  and Mgf ' and h a s  a  M ic h a e l is  c o n s ta n t  o f
_ 4

4 -d x  10 M f o r  i t s  s p e c i f i c  s u b s t r a t e  d - ' i s o c i t r i c  a c i d .

.A seco n d  enzym e g l y c i n e - a l a n i n e  t r a n s a m in a s e ,  n o t  p r e v io u s ly  

p u r i f i e d  from  any  s o u r c e ,  h a s  b e e n  p u r i f i e d  _ca. e i g h t y - f o l d .  

S to i c h io m e t r i c  d e te r m in a t io n s  show th e  f o l lo w in g  t o  be  t h e  r e a c t i o n  

c a ta ly z e d  b y  th e  enzyme

g ly o x y la te  a l a n i n e  1 ■ p y r u v a te  -s g ly c in e  

The r e a c t i o n  w as fo u n d  t o  be r e v e r s i b l e  o n ly  w i th  d i f f i c u l t y ,  a 

t r u e  e q u i l i b r iu m  was n e v e r  a t t a i n e d ,  b e c a u s e  o f  an  i n h i b i t i o n  o f  t h e  

enzym e b y  p y r u v a t e .  I n d i r e c t  e v id e n c e  in d i c a t e d  t h a t  p y r id o x a l - ^ -  

p h o s p h a te  i s  t h e  p r o s t h e t i c  g ro u p  . Maximum a c t i v i t y  was o b ta in e d  a t  

pH d .5 . None o f  t h e  s e v e n te e n  am ino a c id s  t r i e d  r e p la c e d  a l a n i n e  i n  

sy s te m s  w i th  g l y o x y l a t e .

New m ethods w ere  d e v e lo p e d  w h ich  p e r m i t te d  e n z y m o lo g ic a l s t u d i e s  

on  c e l l  f r e e  p r e p a r a t i o n s  fro m  z o o sp o re s  a s  w e l l  a s  p l a n t s  a t  v a r io u s  

s t a g e s  o f  d e v e lo p m e n t- f ro m  n e a r - s y n c h r o n o u s , s i n g l e  g e n e r a t io n  c u l t u r e s  

o f  o r d in a r y  (O .G .)  c o l o r l e s s  p l a n t s .

v



The s y n th e s e s  o f  i s o c i t r i t a s e  and g l y c i n e - a l a n i n e  t r a n s a m i n a s e ,  

as r e f l e c t e d  in  a c t i v i t y  m easurements ,  were  fo l lo w ed  d u r i n g  th e  

developm ent  of  b o th  o r d i n a r y  c o l o r l e s s  and r e s i s t a n t  s p o r a n g i a l  ( R . S . )  

p l a n t s .  I n  O.C. c u l t u r e s  t r a n s a m i n a s e  s y n t h e s i s  was a l i n e a r  f u n c t i o n  

of  p l a n t  growth th ro u g h o u t  t h e  g e n e r a t i o n  t im e ,  whereas  i s o c i t r i t a s e  

e x h i b i t e d  a p ronounced l a g  e x t e n d in g  t o  c a .  o n e - t h i r d  of  t h e  g e n e r a t i o n  

t i m e .  Transam inase  and i s o c i t r i t a s e  a c t i v i t i e s  p a r a l l e l e d  each o t h e r  

d u r in g  R .S .  d eve lopm en t ,  r e a c h i n g  maximum a c t i v i t i e s  a t  c a .  t h r e e -  

f i f t h s  of  t h e  g e n e r a t i o n  t i m e - - t h e  p o i n t  of  no r e t u r n  i n  o r togeny--m uch  

h i g h e r  t h a n  a t  any o t h e r  s t a g e  of  t h e  l i f e  c y c l e .

An a t t e m p t  was made t o  i n t e g r a t e  t h e s e  r e s u l t s  i n t o  an i n t e r p r e ­

t a t i o n  of  t h e  f u n c t i o n  of  t h e s e  enzymes in  morphogenesis  and l i g h t  

s t i m u l a t e d  growth in  B l a s t o c l a d i e l l a .

v i
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1

INTRODUCTION

The d i s c o v e r y  ( C a n t i n o ,  1951) t h a t  t h e  development  o f  t h e  p r i m i t i v e  

a q u a t i c  f u n g u s , B l a s t o c l a d i e l l a  e m e rso n i i ,  a long  two d i f f e r e n t  morpho­

g e n e t i c  pathways  could  be de te rm in e d  by a s im ple  m a n i p u l a t i o n  o f  t h e  

e x t e r n a l  e n v i ro n m e n t ,  has  p r e s e n t e d  an e x c e l l e n t  o p p o r t u n i t y  f o r  s tu d y ­

in g  t h e  r e l a t i o n s h i p  between metabol ism  and m o rp h o g e n e s i s . However, 

even w i th  t h i s  r e l a t i v e l y  s im p le  organ ism ,  a lmost  a model sys tem  in  

f a c t ,  t h e  r e l a t i o n s h i p  i s  a complex one and t h e  p r o g r e s s  of  our  u n d e r ­

s t a n d i n g  i n e v i t a b l y  s low .  But p r o g r e s s  i s  b e in g  made and each new 

ex p e r im en t  and e v e r y  new f i n d i n g  has  s e rv e d  on ly  t o  i n t e n s i f y  t h e  

i n t e r e s t  of  t h o s e  engaged i n  B l a s t o c l a d i e l l a  r e s e a r c h .  The c o m p a r a t iv e ly  

r e c e n t  d i s c o v e r y  t h a t  l i g h t  p l a y s  a r o l e  i n  development has  added a new 

a s p e c t  t o  an a l r e a d y  f a s c i n a t i n g  s t o r y  which p e rh ap s  w i l l  have  broad  

i m p l i c a t i o n  i n  our  u n d e r s t a n d i n g  of  l i f e  i t s e l f .

I n  s e v e r a l  p a p e r s  ( s e e  l i s t  of r e f e r e n c e s ) ,  Cant ino  and co -w orkers  

have  p o s t u l a t e d  mechanisms f o r  t h e  m orphogene t ic  and l i g h t  phenomena i n  

B l a s t o c l a d i e l l a . An i n t e g r a l  p a r t  o f  t h e s e  h as  been  th e  k e y  r o l e  of  

an enzyme, i s o c i t r i t a s e ,  t h e  p r e s e n c e  of  which was im p l ied  b u t  not 

e x p l i c i t l y  d e m o n s t r a t e d .  I n  t h e  work r e p o r t e d  i n  t h i s  t h e s i s  t h e  

p r e s e n c e  of  i s o c i t r i t a s e  i n  B l a s t  o c l a d i e l l a  has  been  co n f i rm ed ,  t h e  

enzyme p a r t i a l l y  p u r i f i e d  and i t s  p r o p e r t i e s  and r e l a t i o n s h i p  t o  

development  s t u d i e d .  A second enzyme, g l y c i n e - a l a n i n e  t r a n s a m i n a s e ,  

p e rh a p s  in v o lv ed  In t h e  _in v iv o  r o l e  of  i s o c i t r i t a s e  has  been  s i m i l a r l y



2

examined.  These s t u d i e s  have a l s o  inv o lv ed  t h e  e l a b o r a t i o n  of  new 

t e c h n i q u e s  f o r  t h e  c u l t u r e  and s tu d y  of  t h e  organism which w i l l  be of  

im p o r tan ce  in  f u t u r e  r e s e a r c h .
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REVIEW OF THE LITERATURE

Morphogenesis  and L ig h t  S t im u la t e d  Growth ( L u m isy n th e s i s "  )
In  B l a s t o c l a d i e l l a  em e r s o n i i

The u n i f l a g e l l a t e  zoo sp o res  of  B l a s t o c l a d i e l l a  e m e r s o n i i  ( C an t ino  

and H y a t t ,  1953a.) a r e  c a p ab le  of  embarking on two a l t e r n a t i v e  pathways  

l e a d i n g  i n t o  t h e  development  o f  mature  p l a n t s  of  q u i t e  d i f f e r e n t
_ p

m orphology.  Can t ino  (1951) found t h a t  t h e  i n c o r p o r a t i o n  o f  ca 10 M 

sodium b i c a r b o n a t e  i n  growth media c o n t a i n i n g  p ep tone  always l e d  t o  

t h e  growth of  e s s e n t i a l l y  o n ly  one of  t h e  two p l a n t  t y p e s — t h e  r e s i s t a n t  

sporangium ( R . S . } - -w h e rea s  i n  t h e  absence of  b i c a r b o n a t e  on ly  o r d i n a r y  

c o l o r l e s s  (O .C .)  p lants* were p roduced  in  t h e  f i r s t  g e n e r a t i o n .

Both k i n d s  of  t h a l l i  c o n s i s t  of  a b a s a l  s t a l k  b e a r i n g  a r h i z o i d a l  

sys tem and an u p p e r  g lobose  s a c - - t h e  sporangium .  I n  R .S .  p l a n t s ,  

however ,  t h e  sporangium h as  a  v e r y  t h i c k  c h i t i n o u s  w a l l  ( C a n t i n o ,

L o v e t t ,  and H o r e n s t e i n ,  195?) im pregna ted  w i th  m e la n in  (C an t in o  and 

H o r e n s t e i n ,  1955) e n c l o s i n g  a p ro to p la s m  c o n t a i n i n g  a p p r e c i a b l e  q u a n t i ­

t i e s  of  l i p o i d a l  p a r t i c l e s  and gamma c a r o t e n e  (C a n t in o  and H o r e n s t e i n ,  

1956b) . O r d in a ry  c o l o r l e s s  s p o r a n g i a  on t h e  o t h e r  hand do n o t  p roduce  

m e la n in  o r  gamma c a r o t e n e ,  have c o m p a r a t iv e ly  t h i n  c h i t i n o u s  w a l l s ,  and 

b e a r  s e v e r a l  p rom inen t  d i s c h a r g e  p a p i l l a e  th ro u g h  which z o o sp o re s  a r e  

r e l e a s e d  a t  m a t u r i t y .

" L ig h t  s t i m u l a t e d  growth i n  t h e  absence  of  c h l o r o p h y l l .



li

Tn e x p e r im e n t s  d es ig n e d  t o  d e te rm in e  t h e  mode of  a c t i o n  o f  b i ­

c a r b o n a t e  ( C a n t i n o ,  195>l) i t  was found t h a t  b i c a r b o n a t e  a l o n e ,  i n  

c o n t r a s t  t o  i t s  b e h a v i o r  on p e p to n e  media ,  d id  n o t  in d u ce  R .S .  f o r m a t i o n  

on b a s a l  media  c o n t a i n i n g  c a s e i n  h y d r o l y s a t e  as t h e  n i t r o g e n  s o u r c e .

Subsequent  s t u d i e s  i n  which v a r i o u s  i n t e r m e d i a t e s  and i n h i b i t o r s  were
_ 2

i n c o r p o r a t e d  w i t h  10 M b i c a r b o n a t e  led  t o  t h e  w ork ing  h y p o t h e s i s  on 

w h ich ,  w i th  some m o d i f i c a t i o n s ,  a l l  work s i n c e  t h a t  t im e  has  been  b a s e d .  

Thus,  i f  a - k e t o g l u t a r a t e  or  c i t r a t e  were  p ro v id e d  or  t h e  r e s p i r a t o r y  

p o i s o n s  a r s e n i t e  o r  s e m ic a rb a z id e  added t o  t h e  b a s a l  medium w i t h  

b i c a r b o n a t e  t h e  a b i l i t y  t o  Induce  R .S .  was r e g a i n e d .  These and r e l a t e d  

o b s e r v a t i o n s ,  l e d  Cant ino  t o  p o s t u l a t e  t h a t  t h e  i n c r e a s e d  c o n c e n t r a t i o n s  

of  b i c a r b o n a t e  t e n d ed  t o  d e c r e a s e  t h e  r a t e s  of  t h e  d e c a r b o x y l a t i o n s  

c a t a l y z e d  by i s o c i t r i c  dehydrogenase  and a - k e t o g l u t a r a t e  d e h y d ro g en ase ,  

t h e r e b y  in d u c in g  an a c c u m u la t io n  of  i n t e r m e d i a t e s  be tw een  a - k e t o g l u t a r a t e  

and i t s  p r e c u r s o r s  i n  th e  K re b s '  c y c l e .  Somehow t h i s  was supposed t o  

i n i t i a t e  v a r i o u s  shun t  mechanisms l e a d i n g  t o  t h e  s y n t h e s i s  of  gamma 

c a r o t e n e ,  m e lan in  and t h e  o t h e r  i n g r e d i e n t s  r e l a t e d  t o  t h e  g e n e s i s  of  

a r e s i s t a n t  sporangium .

I n  l a t e r  s t u d i e s  ( C a n t in o ,  1952) i t  was found t h a t  t h e  b i c a r b o n a t e  

e f f e c t  was r e l a t e d  t o  c r i t i c a l  p e r i o d s  i n  t h e  development of  b o th  R .S .  

and O.C. p l a n t s .  Beyond t h r e e - f i f t h s  of  t h e  g e n e r a t i o n  t ime of  b o t h ,  

t h e  c o u r s e  of  development  could  be a l t e r e d  n e i t h e r  by t h e  a d d i t i o n  n o r  

removal  o f  b i c a r b o n a t e .  A change in  p e r m e a b i l i t y  was th o u g h t  t o  be a t  

l e a s t  p a r t i a l l y  r e s p o n s i b l e  though t h e  o p e r a t i o n  of  more fu n d am en ta l  

p r o c e s s e s  was no t  e x c l u d e d .
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The d i s c o v e r y  of  a mutant ( C a n t in o  and H y a t t ,  1953b) b r i g h t  orange  

i n  c o l o r  by v i r t u e  o f  i t s  c o n te n t  of l a r g e  amounts of  gamma c a r o t e n e  and 

which d id  no t  p roduce  r e s i s t a n t  s p o r a n g i a ,  o f f e r e d  f u r t h e r  o p p o r t u n i t y  

f o r  t h e  s tu d y  of  t h e  m e ta b o l i c  b a s i s  of  R .S .  f o r m a t i o n .  S t u d i e s  o f  t h e  

c o m p a ra t iv e  p h y s io l o g y  of  t h e  mutant and t h e  w i ld  ty p e  were c a r r i e d  out  

( C an t in o  and H y a t t ,  1953c)  . These r e v e a l e d  t h e  p r e s e n c e  i n  t h e  l a t t e r  

of  t h e  enzy m at ic  a c t i v i t i e s  a s s o c i a t e d  w i t h  cytochrome o x i d a s e ,  a c o n i t a s e ,  

a T P N -s p e c i f i c  i s o c i t r i c  d eh y d ro g e n a se ,  a TPN ( a n d / o r  DPN) dependent  

a - k e t o g l u t a r a t e  d eh y d ro g en ase ,  s u c c i n o x i d a s e , fum arase  and a D P N -sp e c i f ic  

m a l ic  d e h y d ro g e n a se .  On t h e  o t h e r  hand,  t h e  m utant  e x h i b i t e d  a l l  of  

t h e s e  a c t i v i t i e s  e x c ep t  a c o n i t a s e  and a - k e t o g l u t a r a t e  d eh y d ro g e n a se .

Thus, t h e  mutant  appea red  u n a b le  t o  c a r r y  out t h e  two o x i d a t i v e  d eca rboxy­

l a t i o n s  a s s o c i a t e d  w i t h  t h e  presumed t r i g g e r  mechanism o f  R.S.  morpho­

g e n e s i s  as a f u n c t i o n a l  u n i t .  Moreover enzym at ic  a c t i v i t i e s  of  a Krebs* 

c y c l e ,  p r e v i o u s l y  on ly  presumed t o  be p r e s e n t  i n  B l a s t  o c l a d i e l l a  on th e  

b a s i s  of  i n d i r e c t  e v id e n c e ,  was co n f i rm ed .

Subsequen t  e x p e r im e n ts  concerned  w i th  f i n d i n g  a c a u s a t i v e  r e l a t i o n ­

s h i p  be tween  t h e  a c t i o n  o f  b i c a r b o n a t e  and new b i o s y n t h e t i c  pa thw ays ,  

t h e n  s u g g e s te d  a mechanism whereby b i c a r b o n a t e  f i x a t i o n  may be coupled  

t o  m e lan in  p r o d u c t i o n .  F i r s t ,  i t  was found t h a t  m e lan in  s y n t h e s i s  by 

R .S .  could be uncoup led  _2n  v iv o  from t h e  r e s t  of  th e  m orphogene t ic  

p r o c e s s  by means of  i n c o r p o r a t i n g  p heny l  t h i o u r e a  i n t o  t h e  growth medium 

w i th o u t  a f f e c t i n g  t h e  g e n e r a t i o n  o f  o th e r w i s e  s t r u c t u r a l l y  normal and 

v i a b l e  R .S .  ( C a n t in o ,  1953)-  J h  v i t r o  s t u d i e s  d e m o n s t ra te d  t h a t  t h e  

a p p ea ra n c e  of  m e lan in  f o rm a t io n  was a s s o c i a t e d  w i th  a c e l l  w a l l  bound
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p o l y p h e n o l o x i d a s e  sy s te m ,  not  p r e s e n t  i n  O.C. p l a n t s ,  which was a l s o  

I n h i b i t e d  by  p h e n y l t h i o u r e a  (G an t ino  and H o r e n s t e i n ,  1955)* The enzyme 

was found t o  m ed ia te  e l e c t r o n  t r a n s p o r t  no t  o n ly  be tw een  s u b s t r a t e  and 

oxygen bu t  TPN as w e l l  ( b u t  n o t  w i th  DPN) . Moreover,  i t  appeared  t h a t  

a - k e t  o g l u t a r a t e  f u n c t i o n e d  as an e s s e n t i a l  f a c t o r  f o r  a c t i v i t y  by 

v i r t u e  of  i t s  r e d u c t i v e  c a r b o x y l a t i o n  and c o n c o m i t t a n t  o x i d a t i o n  of  

red u ced  TPN. Thus, i t  appeared  t h a t  an im p o r ta n t  l i n k  had b e e n  e s t a b ­

l i s h e d  .

O th e r  s t u d i e s  ( c f .  G an t in o ,  I9 6 0 ,  f o r  r ev iew )  have been concerned  

w i th  e l a b o r a t i n g  in  more d e t a i l  t h e  b i o s y n t h e t i c  and m e t a b o l i s  changes 

accompanying m o rp h o g en es i s .  The r e l a t i o n s h i p  between t h e  f i n d i n g s  

d e r i v e d  t h e r e f r o m  and t h e  b i c a r b o n a t e  e f f e c t  i s  however ,  i n  most c a s e s ,  

s t i l l  o b s c u r e .

I n  s t u d i e s  on n i t r o g e n  m etabo l ism  (G an t in o ,  L ove t t  and H o r e n s t e i n ,  

1957) i t  has  been  found t h a t  whereas  t h e  t o t a l  n i t r o g e n  c o n te n t  of  O.C. 

and R .S .  p l a n t s  were com parab le ,  c e r t a i n  s h i f t s  i n  d i s t r i b u t i o n  d id  

o c c u r .  The f o r m a t i o n  of  r e s i s t a n t  s p o r a n g i a  was accompanied by a sh a rp  

r e d u c t i o n  in  t h e  s o l u b l e  amino a c id  p o o l  and an ac id  s o l u b l e  n i t r o g e n  

f r a c t i o n ,  th e  l o s s  o f  two e l e c t r o p h o r e t i c a l l y  s e p a r a b l e  p r o t e i n  f r a c t i o n s  

and th e  ap p ea ran ce  o f  a  new one no t  p r e s e n t  i n  O.C. F u r th e rm o re ,  t h e  

d e c r e a s e  i n  t h e  ac id  s o l u b l e  n i t r o g e n  f r a c t i o n  was e q u i v a l e n t  t o  t h e  

i n c r e a s e  in  c h i t i n  n i t r o g e n .  A change in  t h e  b a l a n c e  o f  two enzymes 

concerned  w i t h  c h i t i n  s y n t h e s i s  was a l s o  d i s c o v e r e d  which may be r e l a t e d  

t o  t h e  n e t  i n c r e a s e  i n  c h i t i n  i n  R . S .  Both R .S .  and O.C. were found t o  

have  comparab le  enzym at ic  a c t i v i t y  a s s o c i a t e d  w i t h  t h e  a c e t y l a t i o n
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of  g lu c o se a m in e ,  a r e a c t i o n  in v o lv ed  i n  t h e  s y n t h e s i s  o f  c h i t i n .  But 

a c t i v i t y  o f  c h i t i n a s e ,  an enzyme c a t a l y z i n g  th e  c o n v e r s i o n  of  c h i t i n  

back t o  a c e t y l  g lu c o sa m in e ,  was d e c r e a s e d  g r e a t l y  as  compared t o  O.C.

S t u d i e s  were a l s o  c a r r i e d  out  which r e v e a l e d  c e r t a i n  changes i n  

a e r o b i c  m e tabo l i sm  a s s o c i a t e d  w i t h  t h e  g e n e s i s  o f  a r e s i s t a n t  sporang ium .  

C o r re sp o n d in g  t o  a d e c r e a s e  in  endogenous r e s p i r a t o r y  a c t i v i t y  (Qo2 °£ 

O.C. = 90; Q0  ̂ of  R .S .  = 0 .1 )  (Brown and C a n t in o ,  1955 j Can t ino  and 

H o r e n s t e i n ,  1955) i s  a p ronounced d e c r e a s e  in  enzym at ic  a c t i v i t y  

a s s o c i a t e d  w i t h  t h e  K rebs '  c y c l e .  Thus t h e  t e r m i n a l  cytochrome o x id a se  

i s  l o s t  and a c o n i t a s e  and o th e r  enzymes of  t h e  c y c le  l e a d i n g  from a - k e t o -  

g l u t a r a t e  t o  m a la te  e i t h e r  d i s a p p e a r  or  a r e  r e n d e re d  i n o p e r a t i v e .

However, t h e  i s o c i t r i c  dehydrogenase  needed f o r  r e v e r s i n g  t h e  c y c le  by 

t h e  r e d u c t i v e  c a r b o x y l a t i o n  of  a - k e t o g l u t a r a t e  rem ains  a c t i v e  ( C a n t in o  

and H o r e n s t e i n ,  1955) *

The s t u d i e s  of  t h e  e f f e c t  of  b i c a r b o n a t e  on m orphogenesis  were 

t e m p o r a r i l y  i n t e r r u p t e d  by t h e  d i s c o v e r y  of  a n o t h e r  f a c e t  of  t h e  r o l e  

of  C02 i n  t h e  l i f e  h i s t o r y  of  B l a s t  o c l a d i e l l a  e m e r s o n i i . I t  was observed  

by Cant ino  and H o r e n s t e i n  (1 9 5 6 a ) ,  t h a t  c u l t u r e s  of  o r d in a r y  c o l o r l e s s  

p l a n t s  grew more r a p i d l y  and produced  g r e a t e r  y i e l d s  o f  p l a n t  m a t e r i a l  

i n  t h e  l i g h t  t h a n  i n  t h e  d a r k . Moreover,  b i c a r b o n a t e ,  a l b e i t  a t  lower
_4

c o n c e n t r a t i o n s  (10 M) t h a n  f o r  m orphogenes is ,  was found to  be i n v o l v e d .  

I n  a  s e r i e s  of  e x p e r im e n ts  w i th  l a b e l l e d  and u n l a b e l l e d  b i c a r b o n a t e  i t  

was found t h a t  i l l u m i n a t i o n  induced a l a r g e  i n c r e a s e  i n  C02 f i x a t i o n  

by whole p l a n t s  over  da rk  l e v e l s  and a c o r re s p o n d in g  d e c r e a s e  i n  l a b e l l e d  

a - k e t o g l u t a r a t e  and i n c r e a s e  i n  l a b e l l e d  s u c c i n a t e  w i t h i n  t h e  o rgan ism .
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I n  a d d i t i o n  a compound ap p ea red  w h ic h , on t h e  b a s i s  of  p a p e r  chroma­

t o g r a p h y ,  was th o u g h t  t o  be o x a l a t e .  Both l a b e l l e d  and u n l a b e l l e d  

g lu c o s e  were a l s o  consumed more r a p i d l y  i n  t h e  l i g h t  w h i l e  d e p r e s s i n g  

b i c a r b o n a t e  f i x a t i o n .

D ur ing  j n  v i t r o  s t u d i e s ,  i t  was found t h a t  c e l l  f r e e  p r e p a r a t i o n s  

m ed ia ted  a r e d u c t i o n  of  TPN v i a  i s o c i t r i c  dehydrogenase  which was 

i n h i b i t e d  by l i g h t .  C onverse ly  t h e  same p r e p a r a t i o n s  m ed ia ted  a l i g h t  

s t i m u l a t e d  o x i d a t i o n  of  TPNH which was a c c e l e r a t e d  by  a - k e t o g l u t a r a t e  

and b i c a r b o n a t e .  Moreover s u c c i n a t e  was found t o  induce  a d e t e c t a b l e  

amount o f  C02 f i x a t i o n  p ro v id e d  TPNH .and l i g h t  were p r e s e n t  and t h i s ,  

t o o ,  ap p ea red  t o  be a T P N -s p e c i f i c  r e a c t i o n .  When u n l a b e l l e d  a - k e t o g l u ­

t a r a t e  and l a b e l l e d  b i c a r b o n a t e  were in c u b a te d  w i t h  c e l l - f r e e  e x t r a c t s  

i n  t h e  p r e s e n c e  of  TPNH t h e  r a d i o a c t i v i t y  was re co v e re d  in  i s o c i t r a t e ,  

s u c c i n a t e  and a - k e t o g l u t a r a t e .

Thus s t u d i e s  on t h e  l i g h t  e f f e c t ,  i n t e r e s t i n g  and of  wide i m p l i ­

c a t i o n  in  t h e i r  own r i g h t ,  had s e rv ed  t o  s u p p ly  d i r e c t  c o r r o b o r a t i v e  

e v id e n c e  f o r  t h e  r o l e  of  a - k e t o g l u t a r a t e  as a l o c u s  f o r  t h e  f i x a t i o n  

of  b i c a r b o n a t e  in  B l a s t o c l a d i e l l a . Moreover ,  i n  an a t t em p t  t o  i n t e g r a t e  

t h e  observed  f a c t s  from t h e  l i g h t  e x p e r i m e n t s ,  Gant ino and H o r e n s t e i n  

have  ex tended  t h e  o r i g i n a l  concept  of  t h e  mechanism of  b i c a r b o n a t e  f i x a ­

t i o n  t o  i n c l u d e  t h e  o p e r a t i o n  o f  an S .K .T .  ( s u c c i n a t e - k e t o g l u t a r a t e -  

i s o c i t r a t e )  c y c l e  which may p l a y  a r o l e  i n  morphogenesis  as w e l l .

The S.K.T . c y c l e  was th o u g h t  t o  o p e r a t e  as f o l l o w s :  I n  t h e  p r e s e n c e

of  b i c a r b o n a t e  l i g h t  energy  h e l p s  d r i v e  t h e  r e d u c t i v e  c a r b o x y l a t i o n  of  

a - k e t o g l u t a r a t e  t o  i s o c i t r a t e  and th e n c e  v i a  an enzyme presumed t o  be
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i s o c i t r i t a s e  t o  s u c c i n a t e  and a C2 f r a g m e n t .  Some o f  t h e  s u c c i n a t e  

somehow y i e l d s  more a - k e t o g l u t a r a t e  (some o f  which i s  a p p a r e n t l y  d e r i v e d  

from t h e  n i t r o g e n  p o o l )  th u s  co m p le t in g  t h e  c y c l e ,  w h i l e  t h e  C2 f r a g ­

ment and e x cess  s u c c i n a t e  a r e  i n t e g r a t e d  i n t o  t h e  r e s t  o f  t h e  m e t a b o l i c  

m ach in e ry  t o  y i e l d  i n c r e a s e d  g ro w th .  In  m o rp h o g en es is ,  i f  a s i m i l a r

mechanism i s  assumed t o  o p e r a t e ,  t h e  h ig h  c o n c e n t r a t i o n s  of  b i c a r b o n a t e  
_ 2

in v o lv e d  (10 M) must u p s e t  a c r i t i c a l  i n t e r n a l  b a l a n c e  so t h a t  i n s t e a d  

of  i n c r e a s e d  g row th ,  an e n t i r e l y  new c o u r se  of  development  i s  p u rsued  

c u l m i n a t i n g  i n  t h e  p r o d u c t i o n  o f  r e s i s t a n t  sporang ia , .  That t h i s  i s  

t h e  c a s e ,  now seems a l l  t h e  more l i k e l y  i n  view of  t h e  r e c e n t  o b s e rv a ­

t i o n s  ( G a n t in o ,  195?)  t h a t  t h e  R .S .  t r i g g e r  mechanism i s  a l s o  s t i m u l a t e d  

by l i g h t  .

I s o c i t r i t a s e

One of  t h e  c r i t i c a l  r e a c t i o n s  i n  t h e  h y p o t h e t i c a l  S . K . I .  c y c le  f o r  

B l a s t o c l a d i e l l a was t h e  C2-C4 c le a v a g e  of  i s o c i t r i c  a c id  th o u g h t  t o  be 

m ed ia ted  by t h e  enzyme i s o c i t r i t a s e .  Evidence f o r  such a d e v i a t i o n  

from th e  K r e b s 1 c y c le  i n v o l v i n g  t h e  f o rm a t io n  of  g l y o x y l a t e  and s u c c i n a t e  

from t h e  t r i c a r b o x y l i c  a c i d s  was f i r s t  p ro v id e d  by Campbell e t  a l . (1953)*  

u s in g  e x t r a c t s  of  Pseudomonos a e r u g i n o s a . The s p e c i f i c  s u b s t r a t e  o f  t h e  

r e a c t i o n  was a t  f i r s t  obscured  by t h e  f i n d i n g  of  t h o s e  w orkers  t h a t ,  

w h i l e  c i t r a t e  and a c o n i t a t e  were  a c t i v e ,  i s o c i t r a t e  was n o t . However, 

t h e  r e s u l t s  of  o t h e r s  (Smith and G unsa lus ,  195U; Saj  and H i l l a r y ,  1956; 

O lso n ,  1955) have s i n c e  shown d - i s o c i t r a t e  t o  be t h e  a c t u a l  s u b s t r a t e  

f o r  t h e  r e a c t i o n  c a t a l y z e d  by t h e  enzyme i s o c i t r i t a s e  (Smith  and G u n sa lu s .  

1 9 5 U )* The a c t i v i t y  h a s  been  i d e n t i f i e d  i n  a number of  a e r o b i c  and
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f a c u l t a t i v e  b a c t e r i a  (S m i th  and G u n s a l u s ,  1955', Wong and A j l ,  1999; 

Madsen and H o c h s t e r ,  1999) c e r t a i n  f u n g i  ( O l s o n ,  1959; K o rn b e rg  and 

C o l l i n s ,  1 9 9 8 ) , and t h e  c a s t o r  b e an  (K o rn b e rg  and B e e v e r s ,  1 9 9 7 ) .  I t  

h a s  b e e n  p a r t i a l l y  p u r i f i e d  f rom pseudomonas  (S m i th  and G u n s a l u s ,  1991) 

and B a k e r s 1 y e a s t  ( O l s o n ,  19 9 9 ) .  Growth c o n d i t i o n s  (Sm ith  and G u n s a lu s ,  

1999; K o r n b e r g  et_ ad_., 1998) f o r  optimum enzyme p r o d u c t i o n  by  b a c t e r i a  

h a v e  b e e n  shown t o  b e  a e r o b i c  i n  a c e t a t e  and m i n e r a l  s a l t s  m e d ia .

G lu c o se  c o m p l e t e l y  r e p r e s s e s  i s o c i t r i t a s e  f o r m a t i o n  i n  f a c u l t a t i v e  

b a c t e r i a '  and d e c r e a s e s  a c t i v i t y  somewhat i n  a e r o b i c  o r g a n i s m s } t h e r e f o r e ,  

i t  a p p e a r s  t o  be  a d a p t i v e l y  formed in  t h e s e  o r g a n i s m s .

S m i th  and G u n sa lu s  (199U? 1997) have  s t u d i e d  t h e  s p e c i f i c i t y ,  

s t o i c h i o m e t r y ,  e q u i l i b r i u m  and e n e r g e t i c s  o f  t h e  r e a c t i o n  c a t a l y z e d  b y  

t h e  p a r t i a l l y  p u r i f i e d  pseudomonas  enzyme. The enzyme c a t a l y z e s  an 

a l d o l  c l e a v a g e  o f  d - i s o c i t r a t e :

d - i s o c i t r a t e  —  s u c c i n a t e  f- g l y o x y l a t e

As i n d i c a t e d ,  t h e  r e a c t i o n  i s  r e v e r s i b l e  w i t h  an e q u i l i b r i u m  c o n s t a n t  

i n  t h e  d i r e c t i o n  o f  t h e  c o n d e n s a t i o n  o f  3k  (pH 7 - 6 ,  27°C) c o r r e s p o n d i n g  

t o  a f r e e  e n e r g y  change  o f  -2 100  c a l o r i e s .  The a u t h o r s  p o i n t  o u t ,  

h o w e v e r ,  t h a t ,  i n  v ie w  o f  t h e  f i r s t  o r d e r  k i n e t i c s  o f  t h e  c l e a v a g e  and 

t h e  second  o r d e r  k i n e t i c s  o f  t h e  c o n d e n s a t i o n ,  t h e  d i s t r i b u t i o n  o f  

r e a c t a n t s  a t  low s u b s t r a t e  c o n c e n t r a t i o n s  i s  f a r  to w a rd s  g l y o x y l a t e  and 

s u c c i n a t e .

R e q u i r e m e n t s  f o r  a  s u l f h y d y l  compound and a d i v a l e n t  m e t a l  i o n  

h a v e  b e e n  d e m o n s t r a t e d  by v a r i o u s  i n v e s t i g a t o r s  (Wong and A j l ,  1999?

Smith and G unsa lus ,  1997; O lso n ,  1999)* C y s te in e  and magnesium



11

r e s p e c t i v e l y  have b ee n  found t o  b e s t  s a t i s f y  t h e s e  needs  f o r  t h e  

Pseudomonas and y e a s t  enzymes -

G l y c i n e - a l a n i n e  T r a n s a m i n a s e

P r e v io u s  w orke rs  (Campbel l ,  Smith  and E a g l e s ,  199U? Smith and 

G u n sa lu s ,  1957; Wong and A j l ,  1955? Saj  and H i l l a r y ,  1956) have d i s c u s s e d  

t h e  p r o d u c t i o n  of  g l y c i n e  as  one of  t h e  p o s s i b l e  f u n c t i o n s  of  i s o c i t r i t a s e .  

S in c e  g l y c i n e  i s  a v e r y  a c t i v e  compound met a b o l i c a l l y ,  such a r e a c t i o n  

might  connec t  t h e  t r i c a r b o x y l i c  a c i d s  t o  a  number of  im p o r tan t  i n t e r ­

m e d ia te s  i n  b i o l o g i c a l  s y n th e s e s  . Thus b e s i d e s  i t s  r o l e  as  a component 

o f  p r o t e i n ,  i t  has  been  i m p l i c a t e d  i n  t h e  p r o d u c t i o n  o f  thymine (Elwyn 

and S p r in s o n ,  195U) p u r i n e s  (Elwyn and S p r in s o n ,  1950) ,  c a r o t e n e  

( MacKinney eit _a l . ,  1955) as  w e l l  as p u r i n e  s y n t h e s i s  and a c t  i v e  C-l u n i t  

m e tabo l i sm  (Shemin ,  1 9 5 6 ) .  G lyc ine  i s  r e a d i l y  c o n v e r t e d  t o  s e r i n e  by 

many organ ism s  (Sakami, 1955) th ro u g h  which i t  might  e n t e r  c a r b o h y d ra t e  

s y n t h e s i s  by way of  h y d ro x y p y ru v a te  and 3“p h o s p h o g ly c e r i c  a c id  ( S a l l a c h ,  

1 9 5 6 ) .

A number o f  s t u d i e s  h a v e  shown t h a t  g l y o x y l a t e  i s  r a p i d l y  c o n v e r t e d  

t o  g l y c i n e  _in v i v o  i n  b o t h  p l a n t s  and a n i m a l s  (Weinhouse  and F r i e d m a n n ,  

1951? W e is sb ac h  and S p r i n s o n ,  1953? K o l e s n i k o v ,  195U? T o l b e r t  and Cohan, 

1953)* The s o u r c e  o f  t h e  amino group f o r  t h e  c o n v e r s i o n  i s  p r o b a b l y  

d e r i v e d  f rom  t r a n s a m i n a t i o n  r e a c t i o n s  w i t h  endogenous  amino a c i d s .

T r a n s a m i n a s e s  c a t a l y z i n g  amino group  t r a n s f e r  f rom a l l  o f  t h e  

n a t u r a l  amino a c i d s  h a v e  b e e n  d e s c r i b e d  ( M e i s t e r ,  1955) b u t  r e l a t i v e l y  

f ew  p u r i f i e d  . A g r e a t  d e a l  o f  e f f o r t  h a s  b e e n  expended d u r i n g  t h e  p a s t  

two d e c a d e s  i n  a t t e m p t s  t o  p u r i f y  t h e  g l u t a m a t e - a l a n i n e  and g l u t a m a t e -
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a s p a r t a t e  t r a n s a m i n a s e s  (G reen  £ t  a l . ,  1955; Camrnarata and Cohen, 1951; 

O'Kane and G un sa lu s ,  195-7; L i s ,  1 9 5 8 ) .  Only r e c e n t l y  has  a h i g h l y  

p u r i f i e d  g l u t a m a t e - a s p a r t a t e - e n z y m e  been  o b ta in e d  ( J e n k in s  and S i z e r ,  

1957; J e n k in s  _et _a l . ,  1959)-  O the r  t r a n s a m i n a s e s  f o r  which p a r t i a l  

p u r i f i c a t i o n s  have  b e en  r e p o r t e d  a r e ;  g am m a-am inobu ty r ic -g lu tam ate  

( S c o t t  and Jakoby ,  1959) ;  t y r o s i n e - g l u t a m a t e  ( C a n e l l a k i s  and Cohen,

1956) ;  s e r i n e - a l a n i n e  ( S a l l a c h ,  1955) and enzymes m e d ia t i n g  s im u l ta n e o u s  

t r a n s a m i n a t i o n - d e a m i n a t i o n  r e a c t i o n s  be tween  a s p a r a g i n e  and g lu tam in e  and 

a  number o f  a - k e t o  a c i d s  ( M e i s t e r  and T i c e ,  1950; M e i s t e r ,  a t  a l . ,  1952; 

M e i s t e r ,  1951 , 1955) i n c l u d i n g  g l y o x y l a t e .

R e p o r t s  o f  t r a n s a m i n a s e s  c a t a l y z i n g  t h e  i n t e r c o n v e r s i o n  of  

g l y o x y l a t e  and g l y c i n e  have been  r a r e  and ,  excep t  f o r  t h e  t r a n s a m i n ­

a t  i o n r d e a m i d a t i o n  enzymes, none has  been  p u r i f i e d  or  t h o r o u g h l y  s t u d i e d .  

Camrnarata and Cohen (1950) and Awapara and S e a l e  (1952) have r e p o r t e d  

an enzym at ic  t r a n s m i n a t i o n  be tw een  g l y o x y l a t e  and g lu ta m a te  c a t a l y z e d  

b y  r a t  t i s s u e  p r e p a r a t i o n s .  W i lson  e t  a l . (1955) d e m o n s t ra ted  s i m i l a r  

a c t i v i t y  i n  v a r i o u s  p l a n t  t i s s u e s .  More r e c e n t l y  a c e l l - f r e e  e x t r a c t  

o f  Pseudomonas has  been  observed  by Campbell (1956) t o  c a t a l y z e  t h e  

t r a n s a m i n a t i o n  of  g l y o x y l a t e  t o  g l y c i n e  from g lu ta m a te ,  a s p a r t a t e ,  

a l a n i n e ,  a s p a r a g i n e  and g lu t a m i n e .  However, i t  was not  e s t a b l i s h e d  

w h e th e r  one o r  s e v e r a l  enzymes were inv o lv ed  and no f r a c t i o n a t i o n  was 

a t t e m p te d  .

M e tz le r  _et aJ_. (1955) and Nakada and Weinhouse (1953) have r e p o r t e d  

c h em ica l  t r a n s a m i n a t i o n s  be tween  g l y c x y l a t e  and s e v e r a l  amino a c i d s  

i n c l u d i n g  a l a n i n e  w i th o u t  t h e  i n t e r m e d i a t e  p a r t i c i p a t i o n  of an o r g a n ic
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c a t a l y s t  . I t  i s  of  i n t e r e s t  t o  n o t e  t h a t  t h e  e q u i l i b r i u m  o f  t h e  

c h em ica l  r e a c t i o n :

L -A la n in e  +- g l y o x y l a t e   g l y c i n e  -t- p y r u v a t e

s t r o n g l y  f a v o r s  g l y c i n e  f o rm a t io n  w i th  a c a l c u l a t e d  n e g a t i v e  f r e e  

e n e rg y  change of two Kcal  or  more. M e tz le r  (1955) has  p o i n t e d  t h i s  out  

as a  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  r a r i t y  of  r e p o r t s  of  e n z y m a t i c a l l y  

c a t a l y z e d  t r a n s a m i n a t i o n s  in  t h e  d i r e c t i o n  of  g l y o x y l a t e  f o r m a t i o n .

Though a l a n i n e  has  b een  r e p o r t e d  t o  p a r t i c i p a t e  i n  a number of  

en zy m at ic  t r a n s a m i n a t i o n s  ( S a l l a c h ,  1955; Awapara and S e a l e ,  1952;

R o w se l l ,  1956; Rudman and M e i s t e r ,  1953; A l t e n b e r n  and H ousew righ t ,  

1955)* t o  t h e  w r i t e r ' s  knowledge t h e r e  a r e  no r e p o r t s ,  o t h e r  t h a n  t h a t  

o f  Campbell (1 9 5 6 ) ,  of  a g l y o x y l a t e - a l a n i n e  t r a n s a m i n a t i o n .

Much of  th e  s tu d y  of  t r a n s a m i n a s e s  has  b ee n  concerned w i t h  t h e  

r o l e  o f  v i t a m i n  B 6 and i t s  a n a l o g u e s .  P y r i d o x a l - 5 “p h o s p h a te  has  been  

e s t a b l i s h e d  as  a coenzyme f o r  a lm o s t  a l l  of  t h e  t r a n s a m i n a s e s  examined 

c r i t i c a l l y  f o r  a r e q u i rem en t  (Cam pbel l ,  1956; M e is t e r  and P e t e r s o n ,  

1955; B a x t e r  and R o b e r t s ,  1958$ Fincham and B o u l t e r ,  1956; Schlenk and 

F i s h e r ,  1957; J e n k in s  e t  a l . ,  1959)* and i t  seems l i k e l y  t h a t  i t  i s  

i n v o lv e d  i n  a l l  t r a n s a m i n a s e  r e a c t i o n s  ( M e i s t e r ,  1955)* That t h e  

coenzyme i s  t i g h t l y  bound,  may e x p l a i n  t h e  o b s e r v a t i o n  t h a t  c e r t a i n  

enzymes do no t  r e q u i r e  t h e  a d d i t i o n  of p y r i d o x a l  p h o s p h a te  f o r  a c t i v i t y  

(Fincham and B o u l t e r ,  1956; S c o t t  and Jakoby,  1956; c f . a l s o  J e n k in s  

e t  a l . ,  1959* M e i s t e r ,  1955)*

Of p a r t i c u l a r  i n t e r e s t  i n  our  s t u d i e s  o f  g l y c i n e - a l a n i n e  t r a n s ­

aminase  i s  t h e  f a c t  t h a t  M e i s t e r  (1955) has  p o i n t e d  out t h e  p o s s i b i l i t y
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of  t r a n s a m i n a t i o n s  i n v o l v i n g  g l y o x y l a t e  n o t  r e q u i r i n g  t h e  i n t e r ­

m ed ia te  p a r t i c i p a t i o n  o f  t h i s  c o f a c t o r .  This  p o s s i b i l i t y  i s  s u g g e s te d  

by t h e  f i n d i n g s  of  M e tz le r  _et _al. (195U) and Nakada and We inhouse  (1953)  

w i t h  ch em ica l  t r a n s a m i n a t i o n s .

The Development o f  S i n g l e  G e n e r a t io n ,  Near-Synchronous C u l tu r e s  
o f  B l a s t o c l a d i e l l a

I n  a t t e m p t i n g  t o  o b t a i n  s u i t a b l e  m a t e r i a l  f o r  s tu d y i n g  t h e  p r o p e r ­

t i e s  o f  i s o c i t r i t a s e  and g l y c i n e - a l a n i n e  t r a n s a m in a s e  and e l u c i d a t i n g  

t h e i r  p o s s i b l e  f u n c t i o n s  i n  growth and deve lopm ent ,  i t  was n e c e s s a r y  t o  

d e v i s e  new c u l t u r e  t e c h n i q u e s .

P r e v i o u s  s t u d i e s  of  enzymes i n  B.  e m e r s o n i i  have in v o lv e d  t h e  u s e  

o f  f i v e  t o  t e n  day l i q u i d  c u l t u r e s  i n i t i a t e d  by  means of  r e l a t i v e l y  

l i g h t  s u s p e n s io n s  of  zoo sp o res  from agar  p l a t e  c o l o n i e s  of  r e s i s t a n t  

s p o r a n g i a  ( Can t ino  and H o r e n s t e i n ,  1955) or  o r d i n a r y  c o l o r l e s s  p l a n t s  

(C a n t in o  and H y a t t ,  1 9 5 3 c ) . The h a r v e s t s  from such c u l t u r e s  a r e  

a c t u a l l y  t h e  r e s u l t  o f  s e v e r a l  g e n e r a t i o n s  of  p l a n t s  and as such c o n t a i n  

v a r y i n g  amounts of  dead p l a n t  m a t e r i a l  and t h a l l i  a t  d i v e r s e  s t a g e s  of  

d e v e lo p m e n t .  In  t h e  i n i t i a l  e xpe r im en ts  on i s o c i t r i t a s e  i t  was found 

t h a t  r e s u l t s  o b t a in e d  by t h e  u s e  of  such c u l t u r e s  were v a r i a b l e .  More 

s i g n i f i c a n t  r e s u l t s ,  i t  seemed, might  be fo r th co m in g  i f  means were 

d e v i s e d  f o r  o b t a i n i n g ,  as  t h e  r e s u l t  of  a s i n g l e  g e n e r a t i o n  o f  p l a n t s ,  

s u f f i c i e n t  m a t e r i a l  w i th  which t o  c a r r y  out p h y s i o l o g i c a l  s t u d i e s .

C l e a r l y ,  t h e  p roblem of  s i n g l e  g e n e r a t i o n  c u l t u r e s  was one of 

d e v e lo p in g  a means of  g e t t i n g  s u f f i c i e n t l y  heavy s u s p e n s io n s  of  zo o sp o re s  . 

B a rn e r  and Can t ino  (1952) has  a l r e a d y  d e s c r i b e d  means of  i n d u c in g
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g e r m i n a t i o n  o f  m a tu re  o r d i n a r y  c o l o r l e s s  p l a n t s  on a g a r  and o b t a i n i n g  

z o o s p o r e  s u s p e n s i o n s  t h e r e f r o m .  A l o g i c a l  e x t e n s i o n  o f t h i s  t e c h n i q u e  

on a  v e r y  l a r g e  s c a l e  n o t  o n ly  p e r m i t t e d  t h e  g row th  o f  s i n g l e  g e n e r a t i o n  

c u l t u r e s  o f  o r d i n a r y  c o l o r l e s s  p l a n t s  b u t  i t  was found  t h a t  such  c u l ­

t u r e s  e x h i b i t e d  e s s e n t i a l l y  s y n c h ro n o u s  g row th  f o r  most o f  t h e  

g e n e r a t i o n  t i m e .  F u r th e r m o r e ,  i n  t h e  c o u r s e  o f  d e v e l o p i n g  t h e s e  c u l t u r e  

m ethods  t h e  l a r g e  s c a l e  p r e p a r a t i o n  o f  z o o s p o r e  s u s p e n s i o n s  p e r m i t t e d  

p h y s i o l o g i c a l .  s t u d i e s  on z o o s p o r e s  i n  a  way n o t  p r e v i o u s l y  a t t e m p te d  

i n  t h e  a q u a t i c  f u n g i .  I t  t h e r e f o r e  became p o s s i b l e ,  f o r  t h e  f i r s t  t i m e ,  

t o  s t u d y  t h e  enzym ology  o f  d e v e lo p m e n t ,  u s i n g  b o th  c e l l - f r e e  p r e p a r a ­

t i o n s  and w ho le  p l a n t s ,  a t  e v e r y  s t a g e  o f  t h e  l i f e  h i s t o r y  of 

B l a s t  o c l a d i e l l a .
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GENERAL METHODS AND MATERIALS

The m ed ia  u s e d  f o r  t h e  c u l t i v a t i o n  o f  B . e m e r s o n i i  w ere  a s  f o l l o w s :  

Medium PYG (now a v a i l a b l e  a s  D i f c o ,  C a n t in o  PYG B r o th  o r  A gar) c o n ta i n e d  

3*0 gm g l u c o s e ,  1 .2 $  gm B a c to  P e p to n e  ( D i f c o ) ,  1 .2 5  gm y e a s t  e x t r a c t  

( D i f c o ) ,  0 .2 5  ml o f  0.01; p e r  c e n t  brom c r e s o l  p u r p l e  and 1000 ml d i s ­

t i l l e d  w a t e r .  F o r  c u l t i v a t i o n  o f  r e s i s t a n t  s p o r a n g i a  0 .7 5  gm sodium  

b i c a r b o n a t e  p e r  l i t e r  was added  t o  medium PYG. S o l i d  medium f o r  t h e  

m a in te n a n c e  o f  s t o c k  c u l t u r e s  and t h e  p r o d u c t i o n  o f  z o o s p o r e s  c o n ta i n e d  

20 gm D i f c o  B a c to  A gar p e r  l i t e r  o f  PYG.

F o r  t h e  e a r l y  s t u d i e s  on i s o c i t r i t a s e ,  t h e  m ethods f o r  t h e  c u l t i ­

v a t i o n  o f  l i q u i d  c u l t u r e s  w e re  a s  d e s c r i b e d  by  C a n t in o  and H y a t t  ( 1 9 5 3 a ) .  

A l l  o t h e r  s t u d i e s  w e re  made u s i n g  c u l t u r e s  grown a c c o r d i n g  t o  m ethods 

d e v e lo p e d  d u r i n g  t h e  c o u r s e  o f  t h i s  s t u d y  and a r e  d e s c r i b e d  i n  d e t a i l  

i n  P a r t  I I I  o f  t h e  E x p e r im e n ta l  W ork. M a t e r i a l  f o r  t h e  p a r t i a l  p u r i f i ­

c a t i o n  o f  i s o c i t r i t a s e  and t r a n s a m i n a s e  was o b ta in e d  b y  i n o c u l a t i n g  tw o- 

l i t e r  f l a s k s ,  c o n t a i n i n g  1 .5  l i t e r s  PYG and eq u ip p ed  w i t h  a e r a t i o n  

d e v i c e s ,  w i t h  h e a v y  s u s p e n s i o n s  o f  z o o s p o r e s .  The c u l t u r e s  w ere  

h a r v e s t e d  a t  _ca. t h i r t e e n  h o u r s  b y  vacuum f i l t r a t i o n ,  w ashed w i t h  c a . 

tw o l i t e r s  d i s t i l l e d  w a t e r  and su ck ed  ,Td r y . "  S p e c i f i c  d e t a i l s  a b o u t  

h o m o g e n iz a t io n  e t c . ,  a r e  t o  be  fo u n d  i n  t h e  a p p r o p r i a t e  s e c t i o n s .

The b i o c h e m ic a l s  u sed  d u r i n g  t h e  c o u r s e  o f  t h i s  work w e re  o b ta in e d  

a s  f o l l o w s :  sodium  p y r u v a t e  ( r e a g e n t  g r a d e ) ,  amino a c i d s ,  a - k e t o g l u t a r i c

a c i d ,  and o x a l a c e t i c  a.cid from  N u t r i t i o n a l  B io c h e m ic a ls  C o r p o r a t io n ;  t r i -  

p h o s p h o p y r i d i n e  n u c l e o t i d e  (TPN), d ip h o s p h o p y r i d i n e  n u c l e o t i d e  (DPN),
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sodium g l y o x y la t e  m onohydra te , d, 1 - i s o c i t r i c  a c id  l a c t o n e  ( a l i o  f r e e ) ,  

and p y r id o x a l -5 ~ p h o s p h a te  from Sigma Chemical Co.j p y ru v ic  a c id  from 

C a l i f o r n i a  C o rp o ra t io n  f o r  B io ch em ica l  R e s e a rc h .

I s o c i t r i c  a c id  was p r e p a r e d  from  t h e  l a c t o n e  by  h y d r o l y s i s  w i t h  

a  s l i g h t  e x c e s s  o f  2N p o ta s s iu m  h y d r o x id e  i n  a  b o i l i n g  w a t e r  b a t h .

F o r u s e ,  t h e  s o l u t i o n  was a d ju s t e d  t o  pH 7-U- Such p r e p a r a t i o n s  

c o n ta in e d  £0 p e r  c e n t  d - i s o c i t r i c  a c id  by a s s a y  w i th  p i g  h e a r t  i s o c i t r i c  

d eh y d ro g en ase  (Ochoa, 1 9 5 2 ) .

Sodium p y r u v a t e  was p r e p a r e d  from t h e  a c id  b y  t h e  method o f  

R o b e r t s o n  (19U2) and r e c r y s t a l l i z e d  from  a  w a t e r - a l c o h o l  s o l u t i o n .

A l l  i n o r g a n i c  c h e m ic a ls  and o r g a n ic  s o l v e n t s  w ere  c o m m e rc ia l ly  

a v a i l a b l e ,  r e a g e n t  g ra d e  compounds .

The g l a s s  b e a d s  u se d  f o r  g r i n d i n g  p l a n t  t i s s u e  i n  th e  om nim ixer 

w e re  s i z e  No. 100 made b y  t h e  M in n e so ta  M ining  and M a n u f a c tu r in g  

Company.
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EXPERIMENTAL WORK 

PART I 

Isocitritase

1) Analytical Methods
C h e m ic a ls G ly o x y lic  a c id  was a s sa y e d  a s  i t s  2 ,L |.- d in i t r o p h e n y l-  

h y d ra z o n e  (ENPH) c o l o r i m e t r i c a l l y  b y  th e  m ethods o f  F ried em an n  and 

Haugen (19U 3) and s p e c t r o p h o t o m e t r i c a l l y  by  an  a d a p ta t i o n  o f  t h e  m ethod 

o f  S m ith  and G u n sa lu s  (1 9 5 7 )*  K eto  a c id s  w ere  d e m o n s tra te d  b y  chrom a­

to g r a p h y  o f  t h e i r  DNPH d e r i v a t i v e s  a c c o rd in g  t o  t h e  m ethod o f  C a v a l l i n i  

( 19^ 0 ) i n  b u t a n o l - e t h a n o l - w a t e r  ( 1+:1 ; 5 )> b u t a n o l - a c e t i c  a c id - w a te r  

( U : l : 5 ) j  p ro p a n o l-a m m o n ia -w a te r  ( 6 s3 s i )  and two d im e n s io n a l ly  i n  

p h e n o l - w a te r  ( 2 -5 : 1 ) and b u ta n o l - p r o p i o n ic  a c id - w a te r  ( U .£ :2 s'3 ) .

P r o t e i n  was d e te rm in e d  t u r b i d o m e t r i c a l l y  b y  t r i c h l o r o a c e t i c  a c id  

p r e c i p i t a t i o n  (S tg id tm an e t  a l . «  1951) u s in g  c r y s t a l l i n e  b o v in e  serum  

a lb u m in  as a  s t a n d a r d .  R ea d in g s  w ere  made u s in g  a K le tt-S u m m erso n  

c o lo r im e te r  w i th  a  No. 51+ f i l t e r .  E s t im a te s  on m ore h i g h l y  p u r i f i e d  

enzyme p r e p a r a t i o n s  w e re  done b y  means o f  U.V.  a b s o r p t io n  m easu rem en ts  

a t  215 and 225 a c c o r d in g  t o  th e  m ethod o f  W ad d e ll ( 1 9 5 6 ) .

Enzymatics Succinic acid was determined monometrically using a 
succinoxidase preparation from pig heart according to the method of 
Krebs as described by Umbreit _et al. (1 9 5 7 )*  The method was found to 
be specific for succinate, no other compound elicited oxygen uptake.
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I s o c i t r i c  a c id  was d e te r m in e d  e n z y m a t i c a l l y  u s i n g  t h e  i s o c i t r i c  

d e h y d ro g e n a s e  p r e p a r e d  fro m  p i g  h e a r t  by  m e a s u r in g  TPN r e d u c t i o n  

s p e c t r o p h o t o m e t r i c a l l y  a t  3 I4O mu (O choa , 1 9 5 2 ) .

I s o c i t r i t a s e  a c t i v i t y  was d e te r m in e d  i n  an  a s s a y  s y s te m  c o n t a i n i n g  

i n  m ic ro m o le s :  d , l - i s o c i t r a t e ,  I4.O; c y s t e i n e  h y d r o c h l o r i d e ,  magnesium

c h l o r i d e ,  10; p h o s p h a t e  b u f f e r ,  pH 2 0 0 .  The t o t a l  volum e was 3*1

m l,  t e m p e r a t u r e ,  3 0°C . The r e a c t i o n  was i n i t i a t e d  b y  t h e  a d d i t i o n  o f  

s u b s t r a t e  and s to p p e d  by  t h e  a d d i t i o n  o f  0 . 3  ml 2N h y d r o c h l o r i c  a c i d .

"When n e c e s s a r y  p r o t e i n  was p r e c i p i t a t e d  by  t h e  a d d i t i o n  o f  0 .0 2  ml t e n  

p e r  c e n t  sodium  t u n g s t a t . e  and rem oved b y  c e n t r i f u g a t i o n .  A f t e r  b r i n g i n g  

t o  10 m l,  1 .0  ml o f  a  0 . 1  p e r c e n t  o f  2 , 14- d i n i t r o p h e n y l h y d r a z i n e  i n  2N 

h y d r o c h l o r i c  a c id  was added t o  1 . 0  ml o f  t h e  r e a c t i o n  m ix tu r e  and 

a l lo w e d  t o  r e a c t  s i x  m in u te s  a t  room t e m p e r a t u r e .  Two ml o f  95 p e r  

c e n t  e t h a n o l  was t h e n  ad d ed ,  f o l l o w e d  by U.O ml o f  1 .5  N sodium 

h y d r o x i d e .  A f t e r  3 -5  m in u te s  t h e  c o l o r  was r e a d  a t  1+90 and %k0 mu w i th  

a  g l y o x y l a t e  s t a n d a r d .  M icrom oles  o f  g l y o x y l a t e  p e r  sam ple  = O.J435 x  

o p t i c a l  d e n s i t y  a t  I4.9 O mi . U nder  t h e  c o n d i t i o n s  o f  t h e  a s s a y  , t h e  

o p t i c a l  d e n s i t y  r a t i o s ,  U90:5UC) o f  t h e  DNPH d e r i v a t i v e s  o f  g l y o x y l a t e ,  

p y r u v a t e  and a - k e t o g l u t a r a t e  a r e  c a .  1 .5*  1*° a nd 0 .8  r e s p e c t i v e l y .

The o p t i c a l  d e n s i t y  r a t i o ,  t h e r e f o r e ,  gave  an  i n d i c a t i o n  o f  t h e  p r e s e n c e  

o f  k e t o  a c i d s  o t h e r  t h a n  g l y o x y l a t e .

One u n i t  o f  i s o c i t r i t a s e  a c t i v i t y  = t h a t  amount o f  enzyme c a t a l y z i n g  

t h e  f o r m a t i o n  o f  1 .0  uM o f  g l y o x y l a t e  p e r  t e n  m in u te s  i n  t h e  p r o t o c o l  

g iv e n  a b o v e .

S p e c i f i c  a c t i v i t y  = t h e  number o f  u n i t s  o f  a c t i v i t y  p e r  m i l l i g r a m

p r o t e i n .
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2) P r e l i m i n a r y  O b s e r v a t io n s

The i n c u b a t i o n  o f  c ru d e  hom ogenates  p r e p a r e d  from  s i x  d a y  o ld  

c u l t u r e s  o f  B l a s t o c l a d i e l l a  w i t h  i s o c i t r i c  a c i d ,  l e d  t o  t h e  i d e n t i f i ­

c a t i o n  o f  g l y o x y l i c  a c id  a s  t h e  p r o d u c t  o f  an  e n z y m a t ic  r e a c t i o n  b y  

means o f  p a p e r  c h ro m a to g ra p h y  o f  t h e  2 , 14- d I n i t r o p h e n y l h y d r a z o n e  .

H ow ever, a - k e t o g l u t a r a t e  and p y r u v a t e  w ere  a lw ays  p ro d u c e d  a s  w e l l  when 

l o n g e r  i n c u b a t i o n  p e r i o d s  w e re  u s e d .  In  e x p e r im e n t s  i n  w h ich  s u c c i n a t e ,  

s u c c i n a t e  and g l y o x y l a t e ,  s u c c i n a t e  and sodium  b i c a r b o n a t e ,  and g l y ­

o x y l a t e  w e re  i n c u b a t e d  w i t h  B l a s t o c l a d i e l l a  h o m o g e n a te s ,  i t  was fo u n d  

t h a t  o n ly  g l y o x y l a t e  gave r i s e  t o  t h e s e  two o t h e r  com pounds. T h is  was 

l a t e r  shown t o  b e  due t o  e n z y m a t ic  and c h e m ic a l  t r a n s a m i n a t i o n s  b e tw e e n  

g l y o x y l a t e  and endogenous  amino a c i d s .

The d e m o n s t r a t i o n  o f  t h e  s t o i c h i o m e t r y ,  and t h e  s t u d y  o f  p r o p e r t i e s  

o f  t h e  i s o c i t r i t a s e  r e a c t i o n ,  w e re  t h e r e f o r e  d e p en d e n t  upon  p r e l i m i n a r y  

p u r i f i c a t i o n .  I n  a l l  c a s e s  w here  a t t e m p t s  w ere  made t o  o b t a i n  a c t i v e ,  

p a r t i c l e - f r e e  p r e p a r a t i o n s  by  means o f  h ig h  sp eed  c e n t r i f u g a t i o n  o f  

h o m o g en a tes  p r e p a r e d  u s i n g  a  m o to r  d r i v e n  g l a s s  h o m o g e n iz e r ,  a c t i v i t y  

was low  o r  a b s e n t .  I n  e x p e r im e n t s  w here  e i t h e r  2 2 ,0 0 0  x  G s u p e r n a t a n t s ,  

low  sp ee d  (£00  x  G) s u p e r n a t a n t s ,  o r  c ru d e  hom ogenates  w ere  i n c u b a t e d  

w i t h  i s o c i t r a t e ,  i t  was found  t h a t  m ost o f  t h e  a c t i v i t y  had b e e n  r e t a i n e d  

i n  t h e  h i g h  sp eed  s e d i m e n t .

However, s o l u b l e  p r e p a r a t i o n s  from  o r d i n a r y  c o l o r l e s s  p l a n t s  s u i t ­

a b l e  f o r  ammonium s u l f a t e  f r a c t i o n a t i o n  w ere  f i n a l l y  o b t a in e d  from  

e x t r a c t s  o f  a c e to n e  d r i e d  p o w d e rs .  Most o f  t h e  d e t e r m i n a t i o n s  on 

s t o i c h i o m e t r y  w ere  done u s i n g  p r e p a r a t i o n s  o b t a in e d  b y  t h i s  p r o c e d u r e .
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I t  was l a t e r  fo u n d  t h a t  t h i s  method was u n s u i t a b l e  f o r  u s e  w i t h  

r e s i s t a n t  s p o r a n g i a  b e c a u s e  o f  t h e i r  v e r y  t h i c k  w a l l s  w h ich  r e s i s t e d  

b r e a k a g e  u s i n g  t h e  g l a s s  h o m o g e n iz e r .  The a c q u i s i t i o n  o f  a  S e r v a l l  

O m nim ixer p e r m i t t e d  t h e  p r e p a r a t i o n  o f  s o l u b l e  e x t r a c t s  from  b o th  

R .S .  and O .G . w i t h o u t  p r e l i m i n a r y  t r e a t m e n t  so  t h a t  t h e  u s e  o f  a c e to n e  

pow d er e x t r a c t s  w e re  t h e n  a b an d o n e d .

3 )  P r e p a r a t i o n  o f  Enzyme from  A cetone  Pow ders

A f i v e  d a y  c u l t u r e  was h a r v e s t e d  i n  t h e  u s u a l  m anner and hom ogenized  

f o r  e x a c t l y  t e n  m in u te s  i n  a  m o to r  d r i v e n  h o m o g e n iz e r  c o n s i s t i n g  o f  a 

T e f l o n  p e s t l e  and g l a s s  t u b e ,  u s i n g  ^ .0 ml o f  0.02M p h o s p h a te  b u f f e r  

f o r  e ac h  gram (w et w e i g h t )  o f  p l a n t  m a t e r i a l  i n  an  i c e  b a t h .

The hom ogenate  was t h e n  c e n t r i f u g e d  a t  2 2 ,0 0 0  x  G f o r  t h i r t y  

m i n u t e s ,  t h e  s u p e r n a t a n t  d i s c a r d e d  and t h e  s e d im e n t  r e s u s p e n d e d  i n  t h e  

same vo lum e o f  b u f f e r .  The c e n t r i f u g a t i o n  was r e p e a t e d  and t h e  s e d im e n t  

r e s u s p e n d e d  i n  o n e - f i f t h  volum e o f  b u f f e r .

To t h e  m ix tu r e  was added q u i c k l y ,  w i th  s t i r r i n g ,  t e n  vo lum es o f  

a c e to n e  p r e v i o u s l y  c h i l l e d  t o  -1 0 ° G .  The m ix tu r e  was a l lo w e d  t o  s t a n d  

t e n  m in u te s  i n  t h e  c o l d ,  a f t e r  w h ic h  i t  was f i l t e r e d  b y  s u c t i o n  th r o u g h  

a  B u ch n e r  f u n n e l ,  w ashed w i t h  two volum es o f  a c e to n e  and su ck ed  d r y .

The mat was t h e n  d r i e d  b y  p a s s i n g  a i r  o v e r  i t  a t  room t e m p e r a t u r e  o r  b y  

e v a c u a t i o n  i n  a  vacuum d e s i c c a t o r  o v e r  p a r a f f i n .  A f t e r  d r y i n g ,  t h e  mat 

was ground t o  a  pow der b y  means o f  a m o r t a r  and p e s t l e  and s t o r e d  a t  

-1 8 °G  i n  a  vacuum d e s i c c a t o r  u n t i l  r e a d y  f o r  u s e .

A c t iv e  e x t r a c t s  w ere  p r e p a r e d  a s  f o l l o w s :  One gram o f  t h e  a c e to n e

d r i e d  pow der was s t i r r e d  v i g o r o u s l y  w i t h  20 ml o f  0 .1M p h o s p h a te
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b u f f e r  pH 7 -U c o n t a i n i n g  10 M c y s t e i n e  f o r  f i f t e e n  m i n u t e s .  The 

p r e p a r a t i o n  was t h e n  c e n t r i f u g e d  a t  2 2 ,0 0 0  x  G f o r  30 m in u te s  and t h e  

s e d im e n t  d i s c a r d e d .  The s u p e r n a t a n t  c o n ta i n e d  t h e  enzymej 3 -2  gm 

pow dered  ammonium s u l f a t e  was t h e n  added s l o w l y ,  w i t h  s t i r r i n g ,  t o  

e ac h  10 ml o f  e x t  r a c t  i n  t h e  c o ld  ( c a . p©^ c e n t  s a t u r a t  io n )  . The

p r e c i p i t a t e  w h ich  fo rm ed  was c e n t r i f h g e d  and re s u s p e n d e d  i n  o n e - f o u r t h  

t h e  o r i g i n a l  volum e o f  t h e  same b u f f e r .

U) P a r t i a l  P u r i f i c a t i o n

The r e s u l t s  o f  a  t y p i c a l  f r a c t i o n a t i o n  a r e  shown i n  T a b le  I .

A l l  s t e p s  w e re  c a r r i e d  o u t  a t  0 -2°G  and c o n t i n u o u s l y .

S te p  O ne: P r e p a r a t i o n  o f  t h e  Crude E x t r a c t .  The p l a n t  m a t e r i a l

from  s e v e r a l  f o u r t e e n  h o u r  c u l t u r e s  was hom ogenized  i n  0.1M p h o s p h a te
_ 3 _4

b u f f e r ,  pH 7 -U* c o n t a i n i n g  10 M c y s t e i n e  and 10 M v e r s e n e  (5 ml 

b u f f e r  p e r  gm w et w e ig h t )  by g r i n d i n g  w i th  g l a s s  b e a d s  ( s e e  G e n e ra l  

M ethods and M a t e r i a l s )  i n  a  S e r v a l l  Omnimixer a t  1 6 ,0 0 0  rpm, f o r  t h r e e  

m i n u t e s .  The O m nim ixer was c o o le d  by  means o f  a  s a l t - i c e  m ix tu r e  a t  

c a . -5>°C.

A f t e r  d e c a n t i n g  from  t h e  b e a d s  t h e  hom ogenate  was c e n t r i f u g e d  in  

t h e  c o ld  a t  2 2 ,0 0 0  x  G f o r  t h i r t y  m in u te s  i n  a  S e r v a l l  h ig h  sp eed  

c e n t r i f u g e .  The somewhat s t r a w  c o l o r e d ,  s l i g h t l y  t u r b i d  s u p e r n a t a n t  

was u sed  f o r  t h e  s u b s e q u e n t  f r a c t i o n a t i o n .

S te p  Two: F i r s t  Ammonium S u l f a t e  F r a c t i o n a t i o n  (Ammonium s u l f a t e

f r a c t i o n  A i n  t a b l e )  . T w en ty -tw o  gm o f  f i n e l y  pow dered  ammonium 

s u l f a t e  was added s lo w ly ,  w i th  m e c h a n ic a l  s t i r r i n g ,  t o  e ach  100 ml 

o f  c ru d e  e x t r a c t .  The p r e c i p i t a t e  w hich  form ed was removed by
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c e n t r i f u g a t i o n  and s i n c e  i t  was a lw ays  found  t o  be  w i th o u t  a c t i v i t y ,  

d i s c a r d e d .  The s u p e r n a t a n t  was t h e n  t r e a t e d  w i t h  an a d d i t i o n a l  10 gm 

p e r  100 m l.  t h e  p r e c i p i t a t e  c o l l e c t e d  by  c e n t r i f u g a t i o n  and r e d i s s o l v e d  

i n  o n e - f o u r t h  t h e  o r i g i n a l  volume o f  0 .02M p h o s p h a te  b u f f e r  pH 6 . 0 .

S te p  T h r e e ; P r o ta m in e  S u l f a t e  T re a tm e n t  ( Golowick and K ap lan ,

1 955) * A s o l u t i o n  o f  p r o ta m in e  s u l f a t e  (20 mgm p e r  ml o f  0.02M 

p h o s p h a t e  b u f f e r ,  pH 6 . 0 )  was added s lo w ly ,  d r o p w is e ,  w i th  s t i r r i n g  t o  

t h e  s o l u t i o n  f rom  S te p  Two su ch  a s  t o  g iv e  a  c o n c e n t r a t i o n  o f  0 .2 7  mgm 

p r o t a m in e  p e r  m i l l i g r a m  p r o t e i n .  The h e a v y ,  f l o c c u l e n t  p r e c i p i t a t e  was 

rem oved by  c e n t r i f u g a t i o n .  Most o f t e n  a  r e l a t i v e l y  c l e a r  s u p e r n a t a n t  

was o b t a i n e d .  U n le s s  t h e  s o l u t i o n  does  c l e a r ,  p o o r  r e s o l u t i o n  i s  ob­

t a i n e d  i n  t h e  f o l l o w i n g  s t e p .  When i t  d id  n o t ,  a d d i t i o n a l  s m a l l  q u a n t i ­

t i e s  o f  p r o ta m in e  s u l f a t e  ( 0 . 1  ml p e r  10 ml) w ere  added f o l lo w e d  by  

c e n t r i f u g a l i o n  u n t i l  i t  d i d .

S te p  F o u r : Second Ammonium S u l f a t e  F r a c t i o n a t i o n  (Ammonium

s u l f a t e  B i n  t a b l e )  . The p r o ta m in e  s u l f a t e  s u p e r n a t a n t  was b ro u g h t  t o  

27 p e r  c e n t  s a t u r a t i o n  b y  t h e  a d d i t i o n  o f  19*5 gm o f  s o l i d  ammonium 

s u l f a t e  p e r  100 ml c e n t r i f u g e d  and t h e  i n a c t i v e  sed im en t  d i s c a r d e d .  An 

a d d i t i o n a l  5 *U gm p e r  100 ml o f  t h e  o r ig i n a l ,  volum e was t h e n  in t r o d u c e d  

and t h e  p r e c i p i t a t e  c o l l e c t e d  by  c e n t r i f u g a t i o n  and r e d i s s o l v e d  in  

o n e - f i f t h  volum e o f  0 .02M p h o s p h a te  b u f f e r  pH 5 * 6 .

S te p  F i v e * N e g a t iv e  A d s o r p t io n  w i t h  Calcium  P h o s p h a te  G e l .

C alc ium  p h o s p h a te  g e l  was p r e p a r e d  as  d e s c r i b e d  by  K e i l i n  and H a r t r e e  

(1 9 3 8 )  . S m a ll  a l i q u o t s  o f  t h e  second  ammonium s u l f a t e  f r a c t i o n  w e re
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f i r s t  t r e a t e d  w i t h  v a r i o u s  q u a n t i t i e s  o f  t h e  g e l  s o l u t i o n  ( 1 8 .6  mgm/ 

m l)  t o  d e t e r m in e  w hat r a t i o  o f  g e l  t o  p r o t e i n  w ould  g iv e  maximum 

a d s o r p t i o n  o f  i n a c t i v e  p r o t e i n  w i t h o u t  a p p r e c i a b l e  a d s o r p t i o n  o f  i s o ­

c i t r i t a s e .  I t  was found  t h a t ,  i n  e v e r y  t r i a l  m ade, 1 .0  mgm o f  g e l  p e r  

mgm p r o t e i n  was o p t i m a l .

The s t a n d a r d  p r o c e d u r e  t h e n ,  was t o  add s lo w ly ,  w i t h  s t i r r i n g ,  

enough o f  a  s o l u t i o n  o f  c a lc iu m  p h o s p h a te  g e l  t o  g iv e  a g e l  t o  p r o t e i n  

r a t i o  o f  o n e .  The s u s p e n s i o n  was t h e n  e q u i l i b r a t e d  b y  s t i r r i n g  by 

han d  f o r  f i f t e e n  m i n u t e s . A t t h e  end o f  t h a t  t im e  t h e  g e l  was removed 

b y  c e n t r i f u g a t i o n  and d i s c a r d e d .

S te p  S i x : T h i rd  Ammonium S u l f a t e  F r a c t i o n a t i o n  (Ammonium s u l f a t e  C ) .

To t h e  g e l  s u p e r n a t a n t  from  S te p  Four was added 6 .h  ml o f  a  s a t u r a t e d  

s o l u t i o n  o f  ammonium s u l f a t e  ( a d j u s t e d  t o  pH 7 .5 )  t o  each  10 ml o f  

e x t r a c t .  The s o l u t i o n  was t h e n  c e n t r i f u g e d  and t h e  s e d im en t  d i s c a r d e d .

An a d d i t i o n a l  3*1 ml o f  t h e  ammonium s u l f a t e  s o l u t i o n  p e r  10 ml was

t h e n  added and t h e  s e d im e n t  c o n t a i n i n g  t h e  a c t i v i t y  r e d i s s o l v e d  in  0.1M
-3  _4 .

p h o s p h a t e  b u f f e r ,  pH 7 *b3 c o n t a i n i n g  10 M c y s t e i n e  and 10 M v e r s e n e .

5 )  I d e n t i f i c a t i o n  o f  G ly o x y la te

G ly o x y la te  was i d e n t i f i e d  as  t h e  k e t o  a c id  p r o d u c t  o f  t h e  e n z y m a t ic  

r e a c t i o n  by  c h ro m a to g ra p h y  as  i t s  2 , l i - d i n i t r o p h e n y l h y d r a z o n e  (DNPH) 

a c c o r d i n g  t o  t h e  m ethod o f  C a v a l l i n i  (1 9 5 0 ) ,  i n  f o u r  d i f f e r e n t  s o l v e n t s ,  

a s  w e l l  a s  by  two d im e n s io n a l  c o -c h ro m a to g ra p h y  i n  p h e n o l  and b u t a n o l  

p r o p i o n i c  a c i d .  G ly o x y la te  2 ,U ~ d in i t r o p h e n y lh y d r a z o n e  gave two s p o t s  

i n  b u t a n o l - e t h a n o l - w a t e r  and i n  p h e n o l  and b u t a n o l - p r o p i o n i c  a c i d .
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TABLE I

PARTIAL PURIFICATION OF ISOCITRITASE

F r a c t i o n Mgm P /m l
S p e c i f i c
A c t i v i t y

Recovery ' 
( p e r  c e n t )

P u r i f i c a t i o n  
( f o l d )

1 Crude E x t r a c t H . i 0 .31 100 1

2 Arnm. S . (A) 
31-U556 S a t . 7*6 0 .6 0 98 2

3 P ro ta m in e  S u p e rn a ta n t 2.U 1 .7 0 91 5

U Arnm . S . (B) 
27-3$% S a t . 3-0 U.oo 65 13

5 Gel S u p e rn a ta n t 1 .0 8 .30 kk 27

6 Arnm . S . ( C) 
31-U056 0 .8 16.20 26 52

C o n d i t i o n s — R e a c t io n  m ix tu r e  c o n t a i n e d :  5 uM c y s t e i n e  HC1; 10 uM MgCl2;
200 uM p h o s p h a te  b u f f e r  pH 7 -hi UO uM d , l - i s o c i t r a t e ;  i s o c i t r i t a s e ,  c a . 
one u n i t .  T o t a l  volum e 3*1 m l; T e m p e ra tu re ,  30 C.

' ' ( T o t a l  u n i t s / t o t a l  number o f  u n i t s  i n  o r i g i n a l  e x t r a c t )  x  1 00 .
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I t  g e n e r a l l y  gave o n ly  one s p o t  i n  b u t a n o l - a c e t i c  a c i d  b u t  o c c a s i o n a l l y  

gave  e v id e n c e  o f  tw o .  The m o b i l i t i e s  o f  t h e  2 ,U - d i n i t r o p h e n y l h y d r a z o n e s  

o f  a - k e t o g l u t a r a t e , g l y o x y l a t e , p y r u v a t e  and o x a l a c e t a t e  a r e  l i s t e d  i n  

T a b le  I I .

G ly o x y la t e  was a l s o  i d e n t i f i e d  as  t h e  p r o d u c t  by  means o f  t h e  

a b s o r p t i o n  s p e c t ru m  o f  i t s  2 , I j - d in i t r o p h e n y l h y d r a z o n e  a s  w e l l  a s  t h e  

a l k a l i  i n s t a b i l i t y  o f  t h e  l a t t e r .  The sp e c tru m  o f  t h e  g l y o x y l a t e  

d e r i v a t i v e  e x h i b i t s  an  a b s o r p t i o n  maximum a t  U55 mu a^d i s  r e a d i l y  d i s ­

t i n g u i s h a b l e  from  t h o s e  o f  t h e  d i n i t r o p h e n y l h y d r a z o n e s  o f  p y r u v a t e  and 

a - k e t o g l u t a r a t e  w h ich  do n o t  e x h i b i t  any marked a l k a l i  i n s t a b i l i t y .

The a b s o r p t i o n  s p e c t r a  o f  t h e  DNPH d e r i v a t i v e s  o f  t h e  unknown, g l y o x y l a t e ,  

a - k e t o g l u t a r a t e  and p y r u v a t e  a r e  shown i n  F ig u r e s  l a ,  l b ,  l c  and I d .

6) S t o i c h i o m e t r y  and R e v e r s i b i l i t y

D e t e r m i n a t i o n s  on s t o i c h i o m e t r y  w ere  c a r r i e d  ou t u s i n g  t h e  ammonium 

s u l f a t e  p r e p a r a t i o n  from  a c e to n e  e x t r a c t s . The r e s u l t s  a r e  g iv e n  i n  

T a b le  I I I  and a r e  i n  ag re em e n t  w i th  t h e  e s t a b l i s h e d  r e a c t i o n :

d - i s o c i t r a t e  y —— g l y o x y l a t e   ̂ s u c c i n a t e

A lso  i n  t h e  same t a b l e  a r e  t h e  r e s u l t s  o f  d e t e r m i n a t i o n s  o f  i s o -  

c i t r a t e  d i s a p p e a r a n c e  and g l y o x y l a t e  p r o d u c t i o n  o b ta in e d  i n  r u n s  u s i n g  

ammonium s u l f a t e  f r a c t i o n s  o f  e x t r a c t s  from  f r e s h  m a t e r i a l .

The r e v e r s i b i l i t y  o f  t h e  r e a c t i o n  was c o n f irm e d  b y  i n c u b a t i n g  20 

uM e ac h  o f  g l y o x y l a t e  and s u c c i n a t e  f o r  one h o u r  i n  t h e  u s u a l  

i n c u b a t i o n  m ix tu r e  c o n t a i n i n g  t h e  a c e to n e  enzym e. Two and o n e - h a l f  

m ic ro m o le s  o f  i s o c i t r a t e  w e re  p ro d u c e d  .
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TABLE I I

RF’S OF 2 , 1'- DINITROPHENYLHYDRAZONES

Keto Acid S o lv e n t
P h e n o l B u ta n o l-

P r o p io n ic
B u ta n o l-
E th a n o l

B u ta n o l-
A c e tic

P ro p a n o l-
Ammonia

G ly o x y la te 1 . 6 5 • 3 9 • 5 o . 7 7 . 7 6

2 • 7 3 • U 3 • 5 7 - 8 3

P y ru v a te 1

oo . 8 8 . 8 0

2 . 6 1 • 9 5 . 8 5

a -K e to g lu -  
t u r a t e

j
-CVI . 6 1

O x a la c e ta te • 3 0 . 5 8

P h e n y lh y d ra z o n e s  w e re  p r e p a r e d  and c h ro m a to g rap h ed  a c c o r d i n g  t o  t h e  
m ethod o f  C a v a l l i n i  ( 1 9 5 0 ) .
The i s o c i t r i t a s e  r e a c t i o n  p r o d u c t  had t h e  same m o b i l i t i e s  a s  g l y o x y l a t e  
i n  a l l  s o l v e n t s .
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TABLE ITT 

ISOCITRITASE-STOICHIOMETRY

Enzyme d - I s o c i t r a t e Gly oxy3.at e Su c c i n a t  e

Ammonium 
S u l f a t e - A c e t o n e

1 k-9 5*0 5-U
2 U.o 5 -3 U - i

Ammonium
S u l f a t e  A 3 .8 U.o —

5*2 U *9 —

C o n d i t i o n s :  As f o r  i s o c i t r i t a s e  a s s a y  e x c e p t  t h a t  i n c u b a t i o n  was
f o r  one h o u r ;  enzyme c a .  2 u n i t s .
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7 )  Enzyme P r o p e r t i e s

S t a b i l i t y : F r o z e n  m ats  and a c e to n e  pow ders  o f  B l a s t o c l a d i e l l a

may b e  s t o r e d  f o r  s e v e r a l  w eeks w i th o u t  a p p r e c i a b l e  l o s s  o f  a c t i v i t y .  

Ciu.de e x t r a c t s  s t o r e d  a t  U°G l o s e  a c t i v i t y  w i th  v a r i a b l e  r a p i d i t y  

( o f t e n  a s  much as  30-U-0 p e r  c e n t  i n  f o u r  h o u r s ) .  T h is  may be  due  t o  

p r o t e o l y t i c  a c t i v i t y  i n  t h e  e x t r a c t s  f o r  t h e r e  i s  some a c c u m u la t io n  o f  

n i n h y d r i n  p o s i t i v e  s u b s t a n c e s .

P a r t i a l l y  p u r i f i e d  enzyme s o l u t i o n s  may be  s t o r e d  f o r  some weeks 

a t  - l 8 °C w i t h  r e l a t i v e l y  l i t t l e  l o s s  i n  a c t i v i t y .  However, a b o u t  

50 p e r  c e n t  i s  l o s t  on o v e r n ig h t  s t o r a g e  a t  U°C.

R e a c t i o n  R a t e :  As d e l i n e a t e d  i n  F i g u r e  2 t h e  r a t e  o f  g l y o x y l a t e

f o r m a t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  enzyme c o n c e r r t r a t i o n  up t o  ab o u t  

two u n i t s .  C o n s e q u e n t ly ,  a l l  a s s a y s  o f  e n z y m a t ic  a c t i v i t y  w e re  k e p t  

i n  t h e  r a n g e  o f  a b o u t  one u n i t .  The t im e  c o u rs e  o f  t h e  i s o c i t r i t a s e  

r e a c t i o n  i s  shown i n  F ig u r e  3•

E f f e c t  o f  pH: The i s o c i t r i t a s e  o f  B l a s t o c l a d i e l l a  h a s  a  r a t h e r

s h a r p  pH optimum a t  pH 1 •h a s  shown i n  F ig u r e  I4 . A l l  e n z y m a t ic  a s s a y s  

w ere  c a r r i e d  ou t a t  t h i s  pH.

S p e c i f i c i t y : Though n e i t h e r  p u r e  d - i s o c i t r a t e  n o r  1 - i s o c i t r a t e

w e re  a v i l a b l e  f o r  t e s t i n g  t h e  s p e c i f i c i t y  o f  t h e  p u r i f i e d  enzym e, 

s p e c i f i c i t y  f o r  t h e  d - i s o m e r  i s  im p l i e d  b y  t h e  s t o i c h i o m e t r y  d a t a .  T h is  

f o l l o w s  from  t h e  f a c t  t h a t  t h e  enzyme p r e p a r a t i o n  u s e d  f o r  t h e  d e t e r m in ­

a t i o n  o f  i s o c i t r a t e  i s  s p e c i f i c  f o r  t h e  d - i s o m e r  w h i l e  b o t h  i s o m e rs  

w e re  a lw ay s  p r e s e n t  i n  t h e  r e a c t i o n  m ix tu r e  i n  e q u a l  c o n c e n t r a t i o n s .
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Crude e x t r a c t s  from R .S .  and O.C. p l a n t s  p r e p a re d  u s in g  th e  

Qmnimixer d id  not p ro d u ce  any 2 ,L j-d in i t ro p h e n y lh y d ra z o n e - fo rm in g  

compound when in c u b a te d  w i th  c i t r a t e  o r  c i s ^ a c o n i t a t e . T his  i s  of 

p a r t i c u l a r  i n t e r e s t  s in c e  v a r io u s  w orkers  (D agley  and Dawes, 1955$

Smith e t  a l . ,  1956; and Wheat and A j l ,  1955) have  r e p o r t e d  an enzyme 

from b a c t e r i a ,  c i t r i t a s e ,  which c le a v e s  c i t r a t e  t o  o x a l a c e t a t e  and 

a c e t a t e .  M oreover, o x a l a c e t a t e  was n ev e r  d e t e c t e d  as a p ro d u c t  of  

i s o c i t r a t e  u t i l i z a t i o n  by crude e x t r a c t s  p re p a re d  u s in g  th e  g la s s  homo­

g e n iz e r  o r  from a c e to n e  powders of o r d in a ry  c o l o r l e s s  p l a n t s  though our 

c o n d i t io n s  were such t h a t  i t  would have been  d e te c t e d  and C antino  (1953c) 

d e m o n s tra te d  th e  p r e s e n c e  o f  a c o n i t a s e  a c t i v i t y  i n  such p r e p a r a t i o n s .  

N e i th e r  d id  th e y  p ro d u ce  o x a l a c e t a t e  from c i t r a t e  as d e te rm in e d  by l i g h t  

a b s o r p t i o n  m easurem ents a t  280 mu (Greenwood and Greenbaum, 1953)*

C o - f a c to r  R e q u ire m e n ts : I s o c i t r i t a s e  r e q u i r e s  a m e t a l l i c  io n  f o r

maximum a c t i v i t y  as w e l l  as a s u l f h y d r y l  g roup . G lu ta th io n e  was found 

t o  be o n ly  c a .  60 p e r  c e n t  as e f f e c t i v e  as c y s te in e  a t  th e  c o n c e n t r a t i o n  

g e n e r a l l y  u sed  (T ab le  TV) . Though Mg was r o u t i n e l y  employed as  th e  

m e t a l l i c  c o f a c t o r  th ro u g h o u t  t h e s e  s t u d i e s  Mn' was found e q u a l l y  e f f e c t i v e  

when u sed  w i th  t r i s  b u f f e r  a t  th e  same c o n c e n t r a t i o n .

The c o f a c t o r  s a t u r a t i o n  cu rv e s  f o r  b o th  Mg and c y s te in e  a r e
_ 3

shown i n  F ig u re s  5^- and 5 b .  Both gave maximum a c t i v i t y  a t  jca . 10 M 

c o n c e n t r a t i o n .

E f f e c t  of S u b s t r a t e  C o n c e n t r a t io n : When i s o c i t r a t e  c o n c e n t r a t i o n

( a s  t h e  d - is o m e r )  was p l o t t e d  a g a i n s t  r e a c t i o n  v e l o c i t y  a t y p i c a l  

s u b s t r a t e  c o n c e n t r a t i o n  cu rve  was o b ta in e d .  Rearrangem ent of  th e  d a t a
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TABLE TV

ISOCITRITASE: COFACTOR REQUIREMENTS

A B
S u I fh y d  r y 1 Comp ound C y s te in e G l u t a t h i o n e

uM
G ly o x y la t e  p e r 1.2.3 0 . 7 7

10 m in u te s

C o n d i t i o n s :  As f o r  i s o c i t r i t a s e  a s s a y ;  enzym e, a c e to n e  e x t r a c t
d i a l y z e d  U h o u r s  a g a i n s t  0 .1M p h o s p h a te  b u f f e r ,  pH 7*U*

TABLE V

IN VITRO EFFECT OF LIGHT ON ISOCITRITASE

L igh t Dark

uM
G ly o x y la te  p roduced  

in  10 m inu tes ' '
1 .26* 1 .27

"Avg. o f  two d e t e r m i n a t i o n s .
C o n d i t i o n s :  As f o r  i s o c i t r i t a s e  a s s a y ;  e x c e p t  t h a t  t h e  l i g h t  t u b e s

w ere  s u b j e c t e d  t o  l i g h t  o f  i n t e n s i t y  300 f o o t  c a n d l e s .  
Dark w ere  s h i e l d e d  w i t h  aluminum f o i l .  Enzyme, 
Ammonium S u l f a t e  C.
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i n  t h e  f o l l o w i n g  fo rm  o f  t h e  M lc h a e l i s  e q u a t i o n  (L in e w e a v e r  and B u rk ,  

I 9 3 I4) p e r m i t t e d  a  g r a p h i c a l  e s t i m a t i o n  o f  t h e  M ic h a e l i s  c o n s t a n t  as  

U*8 x  10 M ( F i g u r e  6) .

[ S ] _ . [ S ] * Km_
^  v  \/

E f f e c t  o f  T e m p e r a tu r e : D e te r m in a t io n s  o f  t h e  r e a c t i o n  r a t e s  a t

s e v e r a l  t e m p e r a t u r e s  p e r m i t t e d  a  g r a p h i c a l  e s t i m a t i o n  o f  t h e  a c t i v a t i o n  

e n e r g y  o f  t h e  enzyme c a t a l y z e d  r e a c t i o n  a c c o r d in g  t o  t h e  A r r h e n iu s  

e q u a t i o n  ( N e i l a n d s  and S tu m p f ,  1958; A r r h e n i u s ,  1915)

! ° g  K = ft ( j  ) L C ( F ig u r e  7)

E = 10 .,700 c a l o r i e s  p e r  m o le .  The Q10 o f  t h e  enzyme r e a c t i o n  i s  1 . 8 .

E f f e c t  o f  L i g h t : The i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t  on t h e

i l l u m i n a t e d  t u b e s  was c a .  300 f o o t  c a n d l e s .  L ig h t  was e x c lu d e d  from  

t h e  d a r k  t u b e s  by  w ra p p in g  i n  aluminum f o i l .  As shown i n  t h e  t a b l e  

t h e r e  was no d i f f e r e n c e  b e tw ee n  t h e  q u a n t i t i e s  o f  g l y o x y l a t e  p ro d u c e d  

i n  t h e  l i g h t  and t h e  d a r k .
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F i g u r e

F i g u r e

F i g u r e

F ig u re

F ig u re

F i g u r e

FIGURE LEGENDS

l a - I d .  A d s o r p t io n  S p e c t r a  o f  t h e  2 , U - d i n i t r o p h e n y l h y d r a z o n e s  o f  
P y r u v a t e ,  a - K e t o g l u t a r a t e ,  G ly o x y la te  and t h e  P r o d u c t  o f  
t h e  I s o c i t r i t a s e  R e a c t i o n .  The m easu rem en ts  w e re  made 
a f t e r  t r e a t m e n t  o f  t h e  k e t o - a c i d s  w i t h  2 , U- d i n i t r o p h e n y l -  
h y d r a z i n e  a s  d e s c r i b e d  i n  A n a l y t i c a l  M ethods .

2 .  I s o c i t r i t a s e :  Enzyme A ssay  C urve . C o n d i t io n s  a s  d e s ­
c r i b e d  f o r  t h e  i s o c i t r i t a s e  a s s a y .  See  T a b le  I .

3- Time Course o f  I s o c i t r i t a s e  R e a c t io n .  C o n d it io n s  as
d e s c r i b e d  f o r  t h e  i s o c i t r i t a s e  a s s a y  e x c e p t  t h a t  i n c u b a t i o n  
was a s  i n d i c a t e d .

U- I s o c i t r i t a s e :  pH Optimum. C o n d i t io n s  as  f o r  i s o c i t r i t a s e
a s s a y  e x c e p t  t h a t  a  s e r i e s  o f  5 m in u te  i n c u b a t i o n s  was 
u s e d  a t  t h e  i n d i c a t e d  p H ' s .  Enzyme, Ammonium S u l f a t e  C.

5 a ~ 5 b . I s o c i t r i t a s e :  C o f a c to r  R e q u i r e m e n ts .  C o n d i t io n s  as  f o r
i s o c i t r i t a s e  a s s a y .  F ig u r e  5a-, c y s t e in e - H C l  v a r i e d ;
F i g u r e  5 6 ,  magnesium c h l o r i d e  v a r i e d .  Enzyme, Ammonium 
S u l f a t e  C.

6 .  I s o c i t r i t a s e :  E f f e c t  o f  S u b s t r a t e  C o n c e n t r a t i o n .
C o n d i t io n s  as  f o r  i s o c i t r i t a s e  a s s a y  e x c e p t  t h a t  s u b s t r a t e  
c o n c e n t r a t i o n s  w e re  as  i n d i c a t e d .  Enzyme, Ammonium S u l f a t e  C

F ig u re  7 . I s o c i t r i t a s e :  A c t i v a t i o n  E n e rg y .  C o n d i t io n s  a s  f o r  i s o ­
c i t r i t a s e  a s s a y  e x c e p t  t h a t  t e m p e r a t u r e s  w ere  a s  i n d i c a t e d .  
Enzyme, Ammonium S u l f a t e  C.
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TIME COURSE OF 
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F ig u r e  6

ISOCITRITASE: EFFECT OF SUBSTRATE 
CONCENTRATION (Km = 4 . 8 X I 0 * 4 M)
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PART IT 

G ly c in e -A la n in e  T ransam inase

1) A n a l y t i c a l  Methods

Amino A c id s : G ly c in e  and a l a n in e  w ere d e te rm in e d  by e l u t i o n  o f

t h e i r  n in h y d r in  r e a c t i o n  p r o d u c ts  from p a p e r  chrom atogram s, fo l lo w e d  by  

s p e c t r o p h o to m e t r ic  m easurem ents a t  575 wu, a c c o rd in g  t o  t h e  method of 

Kay e t  a l .  ( 1 9 5 6 ) .  The chromatograms f o r  q u a n t i t a t i v e  work were ru n  

u n i d i r e c t i o n a l l y  u s in g  Whatman No. 1 f i l t e r  p a p e r  which had been  

p r e v i o u s l y  washed . The wash was c a r r i e d  out u s in g  IN a c e t i c  a c id  

fo l lo w e d  by t h r e e  r i n s e s  in  g l a s s  d i s t i l l e d  w a te r  and one i n  p ro p a n o l -  

am m onia-w ater ( 6 t 3 : l ) .  The l a t t e r  was used  as t h e  s o lv e n t  system  f o r  

a l l  q u a n t i t a t i v e  work .

For t h e  q u a l i t a t i v e  d e t e c t i o n  o f  amino a c id s  in v o lv ed  i n  t r a n s ­

a m in a t io n  r e a c t i o n s ,  o n e -d im e n s io n a l  p a p e r  chromatograms w ere ru n  u s in g  

b u t a n o l - e th a n o l - w a t e r  (l_ |.:l:5)j p ro p an o l-am m o n ia -w a te r  ( 6 : 3 ?l )  and 

b u t a n o l - a c e t i c  a c id - w a te r  ( iqs 1 s5) an^ th e  s p o ts  d e t e c t e d  by  s p ra y in g  

w i t h  0 .1  p e r  c e n t  n in h y d r in  in  95 p e r  cen t e th an .o l .

P y ru v ic  A c id t P y ru v ic  a c id  was d e te rm in e d  c o l o r i m e t r i c a l l y  a c c o rd ­

in g  t o  th e  method o f  S tra u b  as o u t l in e d  by Green e t  a l .  (19U5) w i th  

s l i g h t  m o d i f i c a t i o n .  To 1 .0  ml of th e  sample c o n ta in in g  0 .1  t o  1 .0  

uM p y r u v a t e ,  i n  a c a l i b r a t e d  t e s t  tu b e  was added 1 .0  ml p o ta s s iu m  

h y d ro x id e  (100 gm p e r  60 ml w a t e r ) ,  fo llo w e d  by 0 .5  ml o f  2 .0  p e r  cen t  

s a l i c a ld e h y d e  i n  95 Pe r  c e n t  e t h a n o l .  A f t e r  a t e n  m inu te  i n c u b a t io n  a t  

37°G, t h e  s o l u t i o n  was made up t o  10 ml, coo led  in  an i c e  b a th  and
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t h e  c o l o r  m easu red  u s i n g  a  N o. l±2. f i l t e r  i n  a  K le tt-S u m m e rso n  c o l o r i ­

m e te r .  As p o in t e d  o u t b y  G reen  e t  a l .  (19U5>) t h e  c o lo r  y i e l d  from  a  

g iv e n  am ount o f  p y r u v a te  v a r i e d  som ew hat fro m  one d e t e r m in a t io n  t o  t h e  

n e x t  i n  a  f a s h i o n  n o t  e a s i l y  c o n t r o l l e d .  I t  w as t h e r e f o r e  n e c e s s a r y  

t o  in c lu d e  a  p y r u v a te  s t a n d a r d  in  a l l  d e te r m in a t io n s  and t o  c a l c u l a t e  

t h e  am ount i n  t h e  sam p le  th e r e f r o m .  K l e t t  r e a d in g s  w e re  fo u n d  t o  b e a r  

a  l i n e a r  r e l a t i o n s h i p  t o  p y r u v a te  c o n c e n t r a t i o n  up  t o  ^ a .  1 .0  uM i n  a  

1 .0  m l s a m p le .  The r e a c t i o n  w as s p e c i f i c  f o r  p y r u v a te .

G ly o x y l ic  and P y r u v ic  A c id s ; G ly o x y la te  and p y r u v a te  w e re  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  i n  m ix tu r e s  a s  t h e i r  2 ,U“ d in i t r o p h e n y lh y d r a z o n e s  

u s in g  t h e  same p ro c e d u re  d e s c r ib e d  p r e v i o u s l y  f o r  d e te r m in in g  g ly o x y la te  

a l o n e .  From t h e  s ta n d a r d  c u rv e s  o b ta in e d  f o r  t h e  DNPH d e r i v a t i v e s  o f  

e a c h  a c id  a t  lj.90 and 5 U0  Mu* a s im u lta n e o u s  e q u a t io n  was d e r iv e d  w h ich  

p e r m i t t e d  t h e  c a l c u l a t i o n  o f  b o th  t h e i r  c o n c e n t r a t i o n s :

l . £ 6x  + 2 .2 £ y  = A 

1 .5>0x * 1  .]f7y = B

w h e re

^ x  -  uM p y r u v a te  p e r  sam p le

y  = uM g ly o x y la te  p e r  sam p le  

A = o p t i c a l  d e n s i t y  a t  U90 mu 

B = o p t i c a l  d e n s i t y  a t  5U0 mu.

G ly c in e - A la n in e  T ra n s a m in a s e : G ly c in e - a la n in e  t r a n s a m in a s e  was

d e te r m in e d  i n  a  1 .0  m l a s s a y  m ix tu re  c o n ta i n in g :  10 uM sodium

g ly o x y la t e  m o n o h y d ra te ; 10 uM L - a l a n in e ;  I4.0 uM p h o s p h a te  b u f f e r ,  pH 8 .0 ;
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5 uM magnesium c h l o r id e ;  and _ca. 10 ug p y r i d o x a l - 5 - p h o s p h a t e . A f t e r  

a t e n  m inu te  i n c u b a t io n  a t  3 7 °C, t h e  r e a c t i o n  was s to p p ed  by th e  

a d d i t i o n  of S t ra u b  T e s t  r e a g e n t s  . The b la n k  f o r  t h e  c o lo r  measurement 

c o n ta in e d  a l l  a d d i t i o n s  e x c e p t  enzyme. Such c o n t r o l  i s  n e c e s s a r y  t o  

c o r r e c t  f o r  a s m a l l  amount o f  ch em ica l t r a n s a m in a t io n  which o ccu rs  

b e tw e e n  g ly o x y la t e  and a l a n i n e  i n  th e  s t r o n g  a l k a l i  used  i n  th e  t e s t .

A u n i t  o f  t r a n s a m in a s e  a c t i v i t y  = t h a t  amount o f  enzyme c a t a l y z i n g  

th e  p r o d u c t io n  o f  1 -0  uM p y ru v a te  i n  t e n  m in u tes  in  th e  above p r o t o c o l .

S p e c i f i c  a c t i v i t y  = t h e  number of u n i t s  of a c t i v i t y  p e r  m i l l ig ra m  

p r o t e i n .

P r o t e i n  was d e te rm in e d  as p r e v i o u s l y  d e s c r i b e d .

2) P r e l i m i n a r y  O b s e rv a t io n s

D uring  t h e  s t u d i e s  on i s o c i t r i t a s e  i t  was found t h a t ,  when u s in g  

c ru d e  p r e p a r a t i o n s  and lo n g  i n c u b a t i o n  p e r io d s  (one t o  two h o u r s ) ,  a - k e t o -  

g l u t a r a t e  and p y ru v a te  w ere f r e q u e n t  p ro d u c ts  of s id e  r e a c t i o n s  in v o lv -  

in g  g l y o x y l a t e .  I t  seemed l i k e l y  th^at a  t r a n s a m in a t io n  b e tw een  g ly o x y la te  

and endogenous amino a c id s  was r e s p o n s i b l e .  To v e r i f y  t h i s  a ssu m p tio n  

g ly o x y la te  was in c u b a te d  w i th  a  number of amino a c id s  (L - g lu ta m a te ,  

L -g lu t^ im ine , L - a s p a r a t e ,  L - a l a n i n e ,  L - t y r o s i n e ,  L - l y s i n e ,  L - p r o l i n e ,  

L - l e u c i n e ,  L - h i s t i d i n e ,  L - a r g in in e  and L - th r e o n in e )  i n  th e  p re s e n c e  of 

b o i l e d  and u n b o i le d  c ru d e  enzyme. A p p ro p r ia te  c o n t r o l s  o m i t t in g  one or 

t h e  o th e r  presumed s u b s t r a t e  were a l s o  in c u b a te d  in  each  c a s e .  T ran s ­

a m in a t io n  was d e t e c t e d  by means of p a p e r  chrom atography  of t h e  r e a c t i o n  

m ix tu re s  fo l lo w e d  by n in h y d r in  s p r a y .  An enzym atic  t r a n s a m in a t io n
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o c c u r re d  o n ly  i n  th o s e  r e a c t i o n  m ix tu re s  c o n ta in in g  L - a l a n i n e .  

E v id e n t l y  t h e  a - k e t o g l u t a r a t e  d e t e c t e d  d u r in g  th e  i s o c i t r i t a s e  runs  

was p ro d u ced  p a r t i a l l y  as  a  r e s u l t  of a d i r e c t  ch em ica l t r a n s a m in a t io n  

be tw een  g ly o x y la te  and endogenous g lu ta m a te  and p a r t i a l l y  as a r e s u l t  

of  an  en zy m atic  t r a n s a m i n a t i o n  m ed ia ted  by a l a n i n e  s in c e  an a l a n i n e -  

g lu ta m a te  t r a n s a m in a s e  was a l s o  p r e s e n t ;

S in c e  i t  seemed p o s s i b l e  t h a t  an a l a n i n e - g l y o x y la t e  t r a n s a m in a t io n  

m ight c o n s t i t u t e  an im p o r ta n t  '’p u l l i n g ' ’ r e a c t i o n  f o r  t h e  re m o v a l  of 

g ly o x y la te  p roduced  by i s o c i t r i t a s e , f u r t h e r  s t u d i e s  w ere c a r r i e d  out 

on t h i s  enzym e.

3) P a r t i a l  P u r i f i c a t i o n

S tep  One ;  P r e p a r a t i o n  o f  crude e x t r a c t .  The p l a n t  m a t e r i a l  from 

f o u r  lU hour  c u l t u r e s  of B l a s t o c l a d i e l l a  were h a r v e s te d  as d e s c r ib e d  

p r e v i o u s l y .  A f t e r  w e ig h in g ,  th e  mats w ere homogenized in  g la s s  d i s ­

t i l l e d  w a te r  (h  ml/gin) c o n ta in in g  10 M v e r s e n e  by  g r in d in g  w i th  g l a s s  

bead s  (U gm beads/gm  p l a n t s )  i n  an Omnimixer cooled  i n  a s a l t  i c e  b a th

t h e  hom ogenate was c e n t r i f u g e d  a t  22 ,000  x G f o r  30 m in u tes  and th e  

s u p e r n a t a n t  used  f o r  f r a c t i o n a t i o n .

B ecause  o f  th e  l a r g e  amounts of endogenous amino a c id s  in  t h e  

c ra d e  e x t r a c t ,  no d i r e c t  e s t i m a t i o n  of t h e  i n i t i a l  t r a n s a m in a s e  a c t i v i t y

glyoxyla+.R a la n in e

g ly c in e p y ru v a te L -g lu ta m a te

_ 4

( -5 °C )  a t  16 ,000  rpm f o r  t h r e e  m in u te s .  A f te r  d e c a n t in g  from th e  beads
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c ou ld  be  made. The e x t r a c t  was t h e r e f o r e  d ia ly z e d  f o r  20 h o u rs  a g a i n s t  

0 .2M p h o sp h a te  b u f f e r *  pH 7 *h> at  k°C* a f t e r  which i t  was a ssa y e d  f o r  

a c t i v i t y .  S in c e  d i a l y s i s  alw ays low ered  t h e  p r o t e i n  c o n c e n t r a t i o n  

th ro u g h  a p p a re n t  d e n a t u r a t i o n  of i n a c t i v e  p r o te in *  th e  i n i t i a l  s p e c i f i c  

a c t i v i t y  was e x p re s s e d  as  th e  number o f  m icrom oles o f  p y ru v a te  p roduced  

by  t h e  d ia ly z e d  p r e p a r a t i o n  p e r  m i l l ig ra m  p r o t e i n  i n  t h e  o r i g i n a l  

u n d ia ly z e d  p r e p a r a t i o n .  T h is  was p o s s i b l e  s in c e  i t  was s u b s e q u e n t ly  

found t h a t  even  p ro lo n g e d  d i a l y s i s  of t h e  enzyme i n  w a te r  or b u f f e r  d id  

n o t  a f f e c t  th e  t r a n s a m in a s e  a c t i v i t y .  A s i m i l a r  p ro c e d u re  was used  f o r  

t h e  p ro ta m in e  s u l f a t e  f r a c t i o n .

S tep  Two: P ro ta m in e  S u l f a t e  T reatm ent A. 0 .7 5  ml o f  a p ro ta m in e

s u l f a t e  s o l u t i o n  (20 mgm/ml) was added slowly* w i th  s t i r r i n g  f o r  ev e ry  

100 mgm of c rude  e x t r a c t  p r o t e i n  a t  0°G. A f te r  s t i r r i n g  f o r  an

a d d i t i o n a l  t e n  m in u tes  t h e  abundant p r e c i p i t a t e  w hich formed was removed

b y  c e n t r i f u g a t i o n  a t  30*000 x  G f o r  15 m in u te s .

S tep  T h re e ; F i r s t  A cetone F r a c t i o n a t i o n .  W ith th e  te m p e r a tu re  of

t h e  e x t r a c t  m a in ta in e d  a t  -2°G t o  0°G enough ace to n e  (-10°C ) was added 

r a p i d l y  d ropw ise  t o  b r in g  th e  c o n c e n t r a t i o n  t o  32 p e r  c e n t . The s o l u t i o n  

was t h e n  coo led  t o  - 8°G and more ace to n e  added t o  b r in g  th e  c o n c e n t r a t i o n  

t o  h i  P e r  c e n t .  A f t e r  a l lo w in g  th e  t e m p e ra tu re  t o  r i s e  t o  - 6°C, t h e  

i n a c t i v e  p r e c i p i t a t e  w hich formed was removed by c e n t r i f u g a t i o n  a t  

6*000 x  G f o r  t h r e e  m inu tes  a t  - 6°G.

The c o n c e n t r a t i o n  of ace to n e  i n  th e  s u p e rn a ta n t  was t h e n  b ro u g h t  

t o  U? Pa r  c e n t  w h i le  m a in ta in in g  th e  te m p e ra tu re  a t  -1 0 °C . A f t e r  a g a in
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a l lo w in g  t h e  t e m p e r a tu re  t o  r i s e  t o  - 6° C, t h e  p r e c i p i t a t e  was removed 

by c e n t r i f u g a t i o n  as b e f o r e  and d i s c a r d e d .

The a c t i v e  f r a c t i o n  was th e n  o b ta in e d  by b r in g i n g  th e  a c e to n e  

c o n c e n t r a t i o n  t o  57 p e r  c e n t  a t  -10°C . A f te r  a l lo w in g  th e  te m p e ra tu re  

t o  r i s e  t o  - 6°C, the? s o l u t i o n  was- c e n t r i f u g e d  and th e  sed im en t r e s u s ­

pended  in  o n e - f i f t h  th e  o r i g i n a l  volume of g la s s  d i s t i l l e d  w a te r .

The s l i g h t l y  t u r b i d ,  somewhat s t r a w - c o lo re d  s o l u t i o n  th u s  o b ta in e d ,  

was t h e n  d ia ly z e d  20 h ou rs  a g a i n s t  t h r e e  changes of 100 volumes of
- 4  0

d i s t i l l e d  w a te r  c o n ta in in g  10 M v e r se n e  a t  1 G.

S te p  F o u r : N e g a tiv e  A d so rp t io n  w i th  Calcium P h o sp h a te  G el.  Enough

of a c a lc iu m  p h o sp h a te  g e l  s o l u t i o n  ( 18 .6  mgm/ml) was added t o  th e  d i ­

a ly z e d  a c e to n e  f r a c t i o n  a t  0°G t o  g iv e  a g e l - p r o t e i n  r a t i o  o f  2 mgm g e l /  

mgm p r o t e i n .  A f t e r  a l lo w in g  a d s o r p t io n  e q u i l ib r iu m  t o  be re a c h e d  by 

s t i r r i n g  f o r  15 m inu tes  by hand th e  g e l  was removed by c e n t r i f u g a t i o n  

and d i s  card  ed .

The p r o c e s s  was r e p e a te d  once more u s in g  th e  same g e l - p r o t e i n  

r a t i o  and th e  s u p e r n a ta n t  o b ta in e d  by c e n t r i f u g a t i o n  used  i n  th e  n ex t 

s t e p .

S te p  F i v e : F i n a l  Acetone F r a c t i o n a t i o n .  In o r d e r  t o  c o n c e n t r a t e

th e  t r a n s a m in a s e  and o b ta in  some a d d i t i o n a l  p u r i f i c a t i o n  a second 

a c e to n e  p r e c i p i t a t i o n  was c a r r i e d  o u t .

W hile  m a in ta in in g  th e  te m p e ra tu re  a t  -5°C  t o  0 °G enough a c e to n e  

( - 10°G) was added t o  g iv e  a c o n c e n t r a t i o n  of 62 p e r  c e n t .  The p r e ­

c i p i t a t e  w hich formed was o b ta in e d  by c e n t r i f u g a t i o n  and re su sp e n d e d  in
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o n e - f o u r th  volume g l a s s  d i s t i l l e d  w a t e r .  The r e s u l t i n g  enzyme s o l u t i o n  

was t h e n  d ia ly z e d  f o r  20 h o u rs  a g a i n s t  t h r e e  changes of 500 volumes of 

d i s t i l l e d  w a t e r .

The r e s u l t s  of  a t y p i c a l  t r a n s a m in a s e  p u r i f i c a t i o n  a r e  shown i n  

T ab le  V I .

U) S to i c h io m e t r y ,  R e v e r s i b i l i t y  and I d e n t i f i c a t i o n  of P ro d u c ts*

P y r u v a te  was v e r i f i e d  as th e  k e to  ac id  p ro d u c t  of th e  t r a n s a m in a ­

t i o n  r e a c t i o n  betw een g ly o x y la te  and a l a n in e  by means of p a p e r  chroma­

to g ra p h y  o f  i t s  2 ,U -d in i t ro p h e n y lh y d ra z o n e  i n  b u t a n o l - e th a n o l - w a t e r  

a c c o rd in g  t o  t h e  method o f  G a v a l l i n i  (1950) a nd by th e  c o lo r  o b ta in e d  

i n  t h e  s p e c i f i c  q u a n t i t a t i v e  s a l i c y l a l d e h y d e  r e a c t i o n  of S t ra u b  ( s e e  

A n a l y t i c a l  M e th o d s ) . G lyc ine  was i d e n t i f i e d  by means of p a p e r  chroma­

to g ra p h y  i n  p ro p a n o l  ammonia, b u t a n o l - e th a n o l - w a t e r  and b u t a n o l - a c e t i c  

a c i d - w a t e r . The m o b i l i t i e s  of a l l  r e a c t a n t s  a r e  l i s t e d  i n  T ab le  V I I .

D e te rm in a t io n s  of a l l  r e a c t a n t s  a f t e r  one and two h o u r  i n c u b a t io n s  

o f  g ly o x y la t e  and a la n in e  w i th  enzyme as shown i n  Table  V I I I ,  p e r m i t t e d  

d e f i n i t i o n  o f  t h e  r e a c t i o n  a s :

G ly o x y la te  -h L -A lan in e  ■ ^  G lycine  -t P y ru v a te

When an a t te m p t  was made t o  d e m o n s t ra te  r e v e r s i b i l i t y  by in c u b a t in g  

10 uM p y r u v a te  and 10 uM g ly c in e  i n  th e  u s u a l  r e a c t i o n  m ix tu re ,  no 

d i s a p p e a ra n c e  o f  p y ru v a te  could  be d e t e c t e d  nor was a l a n in e  p ro d u c e d .  

T h i s ,  i n  s p i t e  of  th e  f a c t  t h a t  th e  Mforw ard"  r e a c t i o n  p ro ceed ed  t o  

o n ly  c a .  o n e - t h i r d  c o n v e r s io n  ( s e e  F ig u re  9 ) .  I t  t h e r e f o r e  seemed 

l i k e l y  t h a t  p y r u v a te  o r  g ly c in e  was i n h i b i t o r y .
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TABLE VI

RESULTS OF TRANSAMINASE PURIFICATION

F r a c t  io n
P r o t e i n
C o n c e n tr a t io n

(mgm/ml)

S p e c i f i c
A c t i v i t y

O v e r - a l l "  
Recovery 

( p e r  c e n t )

P u r i f i c a t i o n  
F a c t  or

1 .  Crude E x t r a c t 5-3 0 .6 8 100 1

2 . P ro ta m in e  S u l f a t e 2 .7 1 .U0 103 2

3 .  A cetone I 2 .2 11.0 96 16

1;. Gel S u p e m a te  B 0 .7 29.0 100 no

5 .  A cetone I I 0 .9 5 5 .o 60 80

C o n d i t io n s ;  10 uM sodium g ly o x y la te  m onohydrate ; 10 uM L - a la n in e ;
I4.O uM p h o sp h a te  b u f f e r , pH 8 .0 ;  £ uM MgCl2; 10 ug 
p y r id o x a l - 5 - p h o s p h a te . Enzyme,, < 0 . 7  u n i t s .  T o ta l  
volume 1 m l.  T em pera ture  37 C. R e a c t io n  s to p p ed  a t
10 m in u te s  by a d d i t i o n  of S tra u b  r e a g e n t s .

" (T o ta l  u n i t s / t o t a l  number of u n i t s  i n  o r i g i n a l  e x t r a c t )  x 100
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TABLE VII 

RF'S OF TRANSAMINASE REACTANTS

R e a c ta n t S o lv e n t
B u ta n o l -E th a n o l P ro p a n o l  Ammonia B u ta n o l  A c e t ic

G ly o x y la te (2,1+ DNPH) o .u o ,  0.57

P y ru v a te  (2,1+ DNPH) 0 .1*8 , 0 .61

G lycine O .36 O.lhL 0 .1 5

A lan in e 0 . J_l2 O.^O 0 .2 2

TABLE V II I

STOICHIOMETRY OF GLYOXYLATE-ALANINE TRANSAMINATION

Time G ly c in e P y ru v a te A lan ine  G ly o x y la t  e
uM uM uM uM

1 h r 2 .9 2.7* 2 .5  2 .8

2 h r s 3 -5 3 .6* 3-3 3 .2

C o n d i t io n s :  As f o r  t r a n s a m in a s e  a s sa y  excep t t h a t  i n c u b a t io n  was f o r
t im e s  i n d i c a t e d .  R e a c t io n  s to p p ed  w i th  0 .0 9  ml 2N HC1. 
Enzyme: Gel s u p e rn a ta n t  B.

" 'D eterm ined by c a l c u l a t i o n  from o p t i c a l  d e n s i t i e s  a t  H90 and 5U0 mu 
and S tra u b  t e s t  ( a v e r a g e d ) .
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R e v e r s i b i l i t y  was s u b s e q u e n t ly  d e m o n s tra te d  by means of th e  f o l lo w ­

ing  e x p e r im e n t s .  Two p a r a l l e l  s e r i e s  of f o u r  r e a c t i o n  tu b e s  each were 

s e t  up a c c o rd in g  t o  t h e  u s u a l  p r o t o c o l  and a f t e r  i n i t i a t i o n  o f  t h e  

r e a c t i o n  a tu b e  from each s e t  was s topped  a t  f i v e  m inu te  i n t e r v a l s  up 

t o  20 m in u te s .  I n  one s e t  20 uM g ly c in e  i n  0 .1  ml was added a t  t e n  

m in u tes  t o  th e  tu b e s  t o  be s to p p ed  a t  l £  and 20 m in u te s .  The r e s u l t s  

o f  t h i s  e x p e r im e n t  a r e  shown i n  F ig u re  10 where i t  may be seen  t h a t  

g ly c in e  b ro u g h t  a b o u t  a p p a re n t  r e v e r s a l .  That t h i s  was so ,  was con­

f irm e d  i n  a n o th e r  ex p e r im e n t  in  w hich 2 .0 uM p y ru v a te  and 20 uM g ly c in e  

w ere  in c u b a te d  f o r  one hour i n  th e  u s u a l  r e a c t i o n  m ix tu re .  Under t h e s e  

c i r c u m s ta n c e s  t h e r e  was a d is a p p e a ra n c e  o f  0 .2 8  uM p y ru v a te  w i th  a 

c o r re s p o n d in g  ap p e a ra n c e  of a l a n in e  as d e m o n s tra te d  by q u a l i t a t i v e  

p a p e r  ch ro m a to g rap h y .

5 )  Enzyme P r o p e r t i e s

S t a b i l i t y : The enzyme may be s to r e d  f o r  a t  l e a s t  a week a t  U°C

w i th o u t  l o s s  of a c t i v i t y .  F ro zen  ( - 1 8 ° )  samples of th e  enzyme s to r e d  

f o r  two months showed no l o s s  of a c t i v i t y .  The enzyme i s  a l s o  s t a b l e  

t o  p ro lo n g e d  d i a l y s i s  a g a i n s t  v a r io u s  b u f f e r  s o l u t i o n s  i n  d i s t i l l e d  

w a t e r .

E f f e c t  of pH: H ig h es t  a c t i v i t y  i s  o b ta in e d  a t  abou t pH 8 -5> .

However, s in c e  as shown i n  F ig u re  11 c o n s id e ra b le  nonenzym atic  t r a n s ­

a m in a t io n  o ccu rs  in  t h i s  pH r a n g e ,  a l l  r o u t i n e  a s sa y s  of th e  a c t i v i t y  

o f  t h e  enzyme w ere c a r r i e d  out a t  pH 8 . 0 .
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R e a c t io n  R a te : As i l l u s t r a t e d  in  F ig u re  8 t h e  amount o f  p y ru v a te

produced  i s  d i r e c t l y  p r o p o r t i o n a l  to  t h e  q u a n t i t y  of  enzyme up to  0 .7

u n i t s . A l l  a s s a y s  w ere c a r r i e d  ou t i n  t h i s  ran g e  s in c e  t h e  method f o r

t h e  d e t e r m in a t i o n  o f  p y ru v a te  which was u s e d ,  was s u i t a b l e  o n ly  in  th e

ra n g e  up t o  1 uM of p y r u v a t e .

A t y p i c a l  t im e  c o u rse  cu rve  f o r  t h e  enzym atic  t r a n s a m in a t io n

r e a c t i o n  i s  shown i n  F ig u re  9* The r e a c t i o n  was found t o  p ro ceed  to

o n ly  c a .  o n e - t h i r d  c o n v e r s io n .

A c t iv a to r s  and I n h i b i t o r s : N e i th e r  p ro lo n g e d  d i a l y s i s  a g a in s t

d i s t i l l e d  w a te r ,  p h o sp h a te  b u f f e r  or a 50 p e r  cen t s a t u r a t e d  s o l u t i o n  of

ammonium s u l f a t e  caused  th e  enzyme to  e x h i b i t  any s t i m u l a t i o n  by th e

a d d i t i o n  o f  p y r id o x a l - 5 - p h o s p h a te ' .  The l a t t e r  p ro c e d u re  d id  cause  th e

i r r e v e r s i b l e  l o s s  o f  c a .  30 p e r  c e n t  of th e  o r i g i n a l  a c t i v i t y .

P r e c i p i t a t i o n  o f  th e  enzyme by d i a l y s i s  a g a i n s t  s a t u r a t e d  ammonium

s u l f a t e  f o r  t e n  h o u rs  fo llo w e d  b y  d i a l y s i s  f o r  t h r e e  days a g a in s t  0 .02M

a c e t a t e  b u f f e r ,  pH U .0 (Y o u a t t ,  1958) caused com plete  and i r r e v e r s i b l e

l o s s  o f  a l l  a c t i v i t y  which cou ld  no t be r e s t o r e d  even by p ro lo n g e d

i n c u b a t i o n  in  th e  p re s e n c e  of p y r id o x a l  p h o sp h a te  and v a r i o u s  m e ta l

io n s  ( F e ^ “ , Mg"1' ,  Cu ") ( M e tz le r ,  195U) •

I n  common w i th  o t h e r  p y r id o x a l  p h o sp h a te  c o n ta in in g  enzymes,

g lycine-a l a n in e  t r a n s a m in a s e  was i n h i b i t e d  by b o th  hydroxy lam ine  and

p o ta s s iu m  c y a n id e  (Golowick and K ap lan , 1953) (T a b le  IX ) .  However,
_  2

i n o r d i n a t e l y  h ig h  c o n c e n t r a t i o n s  o f  t h e  l a t t e r  w ere  r e q u i r e d  (10 M).
- 3

H ydroxylam ine i n h i b i t e d  c o m p le te ly  a t  10 M and c a .  [±0 p e r  cen t a t  10 M. 

The i n h i b i t i o n  of t h e  l a t t e r  c o n c e n t r a t i o n  was c o m p le te ly  overcome by
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TABLE IX

INHIBITION OF TRANSAMINASE

A d d i t io n s
uM

P y ru v a te
P e r  Gent 

I n h i b i t  io n

C o n tro l 0 .65 0
10 M KCN 0 .63 0
10 M KCN 0 .05 92
10 M Hydroxylam ine 0 .00 100

10 M H ydroxylam ine 0 .36 U2
10 M NH20H + 1 0  M p y r id o x a l 0 .6 5 0

p h o sp h a te

C o n d i t io n s :  As f o r  t r a n s a m in a s e  a s s a y  e x c e p t  f o r  a d d i t i o n s  as i n d i c a t e d .
Enzyme: Gel S u p e rn a ta n t  B.



H9

_  3
10 M p y r id o x a l  p h o s p h a te .  I s o n i a z id  (D av ison , 19^6; Y o u a t t ,  1958)

a n o th e r  r e p o r t e d  i n h i b i t o r  o f  v i t a m in  B 6 enzymes d id  no t i n h i b i t  even 

a t  10“ 2M.

R equ irem en ts  f o r  a m e ta l  io n  have so f a r  not been  d e m o n s tra te d  f o r  

any t r a n s a m in a s e .  The g l y c i n e - a l a n i n e  t r a n s a m in a s e  was found t o  be no 

e x c e p t i o n .  D i a l y s i s  a g a in s t  d i s t i l l e d  w a te r  and v a r io u s  b u f f e r s  

c o n ta in in g  v e r s e n e  f a i l e d  t o  r e v e a l  th e  need f o r  a m e t a l l i c  c o f a c t o r .

S u b s t r a t e  S p e c i f i c i t y ; In  o r d e r  t o  t e s t  th e  s p e c i f i c i t y  of t h e  

p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n s , in c u b a t io n s  w ere c a r r i e d  ou t w i th  a 

number of s u b s t r a t e  p a i r s .  The ap p earan ce  of p r o d u c ts  was d e t e c t e d  by  

means o f  q u a l i t a t i v e  p a p e r  chrom atography  w i th  e x c e p t io n s  as n o te d  in  

th e  T ab le  X .

L - a l a n in e  cou ld  n o t  be r e p la c e d  by  any o th e r  amino a c id  in  system s 

c o n ta in in g  g l y o x y l a t e . D -a la n in e  was c o m p le te ly  i n a c t i v e .  Though th e  

o r i g i n a l  c rude e x t r a c t  c o n ta in e d  c o n s id e ra b le  g lu ta m a te - a la n in e  

t r a n s a m in a s e  a c t i v i t y  i t  was c o m p le te ly  l a c k in g  i n  th e  p u r i f i e d  p r e p a r a ­

t i o n  .

An enzym atic  t r a n s a m in a t io n  betw een p y ru v a te  and a s p a r a g in e ,  

how ever, was d e t e c t e d .  F u r th e r  work w i l l  have t o  be done t o  d e te rm in e  

w h e th e r  t h i s  i s  due t o  th e  same o r  a d i f f e r e n t  enzyme though  s t r u c t u r a l  

c o n s id e r a t i o n s  would seem to  su g g e s t  t h a t  a s e p a r a t e  enzyme i s  in v o lv e d .

E f f e c t  o f  L i g h t : A ssays of t r a n s a m in a s e  a c t i v i t y  were c a r r i e d  ou t

i n  th e  l i g h t  and i n  th e  d a rk  u n d er  th e  same c o n d i t io n s  used  p r e v i o u s l y  

f o r  l i g h t - d a r k  a s sa y s  of i s o c i t r i t a s e .  The r e s u l t s  o f  t h i s  experim en t 

a r e  p r e s e n te d  in  Table  X I .  No s t i m u l a t i o n  by l i g h t  was found t o  o c c u r .
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TABLE X

ENZYME SPECIFICITY OF GLYCINE-ALANINE TRANSAMINASE

K e to  A cid Amino A cid R e s u l t

P y r u v a te G ly c in e
L - i s o l e u c i n e -
L - s e r i n e -
L - v a l in e -
L - le u c in e -
L - ly s i n e -
L -ph e n y la l a n in e -
L - p r o l in e -
L -g lu ta m in e -
L - a s p a r a g in e +-
L - c y s te in e -
L - a r g in in e —
L - tr y p to p h a n —

G ly o x y la te L - a la n in e +
D -a la n in e -
L -p h e  n y la la n in e -
L - c y s te in e -
.L -v a lin e -
L - 1 r y p t  ophan -
L - s e r i n e -
L - le u  c in e -
L - ly s  in e -
L - th r e o n in e -
L - a s p a r t a t e -
L -g lu ta m a te -
L - i s o l e u c in e -

•
L - a s p a r a g in e —

O x a la c e ta t e L - a la n in e '' -

a - K e t o b u ty r a te L- a l a n in e ' ' -
L - g ly c in e —

a - K e t o g l u t a r a t e L - a la n in e '' -

C o n d i t io n s ;  As f o r  t r a n s a m in a s e  a s s a y  e x c e p t  t h a t ;  i n c u b a t i o n  w as f o r  
2 h o u r s ;  i n c u b a t io n s  o f  p y r u v a te  c o n ta in e d  2 uM p y r u v a te  
and 20 uM o f  am ino a c i d . A l l  o th e r s  c o n ta in e d  10 uM e a c h  
o f  k e to  a c id  and am ino a c i d .  Enzyme; A c e to n e  I I .

^ A c t i v i t y  d e te rm in e d  b y  S tr a u b  t e s t  f o r  p y r u v a t e .  A l l  o th e r s  b y  q u a l i ­
t a t i v e  p a p e r  c h ro m a to g ra p h y .



TABLE XI

IN VITRO EFFECT OF LIGHT ON TRANS AMINAS E"

L ig h t Dark

uM P y ru v a te / lO  m in u tes 0 .76 0 .75

C o n d i t io n s ;  As f o r  th e  t r a n s a m in a s e  a s s a y ,  e x c e p t  t h a t  l i g h t  tu b e s
w ere s u b je c te d  t o  l i g h t  of i n t e n s i t y  _ca. 300 f o o t  c a n d le s .  
Dark tu b e s  w ere s h ie ld e d  w i th  aluminum f o i l .  Enzyme:
Gel s u p e r n a t a n t  B .

"Average o f  d u p l i c a t e  d e t e r m in a t i o n s .
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F ig u re

F ig u re

F ig u re

F ig u re

FIGURE LEGENDS

8 . T ran sam in ase :  Enzyme Assay Curve. C o n d i t io n s  as f o r
t r a n s a m in a s e  a s s a y  ( s e e  Table  V I ) .  Enzyme: Gel
S u p e rn a t  a n t  B .

R. Time Coursre o f  G ly c in e -A la n in e  T ra n s a m in a t io n .  C o n d it io n s  
as f o r  t r a n s a m in a s e  a s s a y  e x c e p t  t h a t  in c u b a t io n  t im e s  w ere 
as i n d i c a t e d .  R e a c t io n  s topped  w i th  0 .0 9  ml 2N HC1.
Enzyme: Gel S u p e rn a ta n t  B.

1 0 .  R e v e r s i b i l i t y  o f  G ly c in e -A la n in e  T ra n s a m in a t io n .  Two 
p a r a l l e l  s e r i e s  of f o u r  r e a c t i o n  tu b e s  each  w ere s e t  up 
u s in g  t h e  c o n d i t io n s  d e s c r ib e d  f o r  th e  t r a n s a m in a s e .  The 
r e a c t i o n  was i n i t i a t e d  by a d d i t i o n  of s u b s t r a t e s  and a 
tu b e  from  each  s e t  s topped  a t  9 m inu te  i n t e r v a l s  up t o  
20 m in u te s .  As shown i n  one s e t  20 uM g ly c in e  i n  0 .1  ml 
was added t o  th e  19 and 20 m inu te  t u b e s .  Enzyme: Gel
S u p e rn a te n t  B .

11- T ran sam in ase :  E f f e c t  of Hydrogen Ton C o n c e n tr a t io n .
C o n d i t io n s  as f o r  t r a n s a m in a s e  a s sa y  ex cep t U0 uM t r i s  
b u f f e r  was u sed  from pH 7*2 t o  pH 8 -U and I4O UM b o r a t e  
b u f f e r  from pH 8 .J4 t o  pH 10 . Chemical c o n t r o l s  w ere  
in c u b a te d  f o r  each  pH and p y ru v a te  d e te rm in e d  u s in g  th e  
pH 7 .2  r e a c t i o n  m ix tu re  as c o n t r o l .  Enzyme: Gel
Sup e r  n a t  an t  B .
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PART I I I

S tu d ie s  on t h e  P h y s io lo g y  of Development

1) P r e p a r a t i o n  o f  Zoospore  S u sp e n s io n s

E x p re s s io n s  of Swarmer D e n s i ty : I n  o rd e r  t o  o b t a i n  r e p r o d u c ib l e

zo o sp o re  s u s p e n s io n s  f o r  i n o c u la  and o th e r  e x p e r im en ts  i n v o lv in g  

swarmers i t  was n e c e s s a r y  t o  have some ra p id  means of d e te rm in in g  th e  

d e n s i t y  of s u s p e n s io n s .  This  was done t u r b i d o m e t r i c a l l y  u s in g  th e  

K le tt-S um m erson  c o l o r i m e t e r .  S u sp e n s io n s  were read  d i r e c t l y  o r  d i l u t e d ,  

d epend ing  on th e  d e g re e  o f  t u r b i d i t y ,  u s in g  th e  No. U2 f i l t e r  and an 

a p p r o p r i a t e  b l a n k .  The "swarmer d e n s i ty "  of a s u s p e n s io n  was d e f in e d  

as th e  c o r r e c t e d  K l e t t  r e a d i n g .

V ia b le  co u n ts  o b ta in e d  by  p l a t i n g  ou t d i l u t i o n s  o f  s u sp e n s io n s  of 

known d e n s i t y  p e r m i t t e d  th e  c a l c u l a t i o n  of a  f a c t o r  f o r  c o n v e r t in g  

swarmer d e n s i t y  i n t o  numbers of  v i a b l e  c e l l s :
4

One swarmer d e n s i t y  u n i t  = x 10 v i a b l e  c e l l s / m l .

The y i e l d  o f  z o o sp o res  from any one h a r v e s t  was n e v e r  g r e a t  enough 

t o  p e r m i t  d ry  w e ig h t d e te r m in a t io n s  s im u l ta n e o u s ly  w i th  o th e r  s t u d i e s . 

T h e re fo re  d ry  w e ig h t  d e te r m in a t io n s  w ere done on s u sp e n s io n s  o f  known 

swarmer d e n s i t y  and th e  fo l lo w in g  c o n v e rs io n  f a c t o r  o b ta in e d :
_ 3

One swarmer d e n s i t y  u n i t  -  2 .I4. x  10 mgm d ry  w e ig h t  p e r  m l.

P r e p a r a t i o n  of P l a t e s  and H a rv e s t  of Z o o sp o re s : Large ( 1 2 .5  cm)

f r e s h l y  pou red  p e t r i  p l a t e s  c o n ta in in g  _ca. I4.O ml PYG a g a r  w ere
5

i n o c u la t e d  w i th  _ca. 10 v i a b l e  zo o sp o res  i n  a t o t a l  volume o f  1 .0  t o  

1 .5  ml and t h e  s u s p e n s io n  sp re a d  e v e n ly  over th e  s u r f a c e  of t h e  a g a r .
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The p l a t e s  w ere  th e n  in c u b a te d  a t  27°C. Under t h e s e  c o n d i t i o n s ,  

g e rm in a t io n  o f  th e  m atu re  p l a n t s  was g e n e r a l l y  f a r  advanced f o u r t e e n  

h o u rs  a f t e r  i n o c u l a t i o n .  The p l a t e s  were th e n  f lo o d e d  w i th  10-15  m l. 

o f  s t e r i l e  d i s t i l l e d  w a te r  and a llow ed  to  s ta n d  f o r  a b o u t  t h i r t y  m in u te s .  

A f t e r  s w i r l i n g  th e  p l a t e s  s e v e r a l  t im e s  t o  suspend th e  s p o r e s ,  th e  

s u s p e n s io n  was t r a n s f e r r e d  a s s p t i c a l l y  t o  a s t e r i l e  c o n ta in e r  and th e  

swarmer d e n s i t y  d e te rm in e d  . F r e q u e n t ly  a second o r  t h i r d  wash o f  

t h e  p l a t e s  gave a p p r e c i a b ly  more sw arm ers . However, f o r  u se  as i n o c u la ,  

o n ly  one wash was used  t o  avo id  c o n ta m in a t io n .  By t h i s  p ro c e d u re  i t
7 8

was g e n e r a l l y  p o s s i b l e  t o  o b ta in  from  10 t o  10 zoosp o res  p e r  p l a t e .

P r e p a r a t i o n  o f  S u sp e n s io n s  f o r  P h y s i o l o g i c a l  S t u d i e s : The f o l lo w ­

ing  te c h n iq u e  was developed  t o  c o n c e n t r a te  zoospo res  w h i le  k e e p in g  them 

i n t a c t  and m o t i l e  and was always s t r i c t l y  adhered  t o .

A f te r  h a r v e s t i n g  and d e t e r m in a t io n  o f  d e n s i t y  th e  s u sp e n s io n  was 

c e n t r i f u g e d  a t  1+00 x  G f o r  e x a c t l y  1 .5  m inu tes  i n  1+0 ml, c o n ic a l  t u b e s .  

A f t e r  c e n t r i f u g a t i o n ,  as much of th e  s u p e r n a t a n t  as  p o s s i b l e  was removed 

by  means o f  a  b a c t e r i o l o g i c a l  p i p e t t e  ( c a re  b e in g  ta k e n  n o t  t o  d i s t u r b  

t h e  l o o s e l y  packed s e d im e n t ) . The zo o sp o res  were th e n  resu sp en d ed  in  

t h e  r e s i d u a l  medium and t r a n s f e r r e d  t o  12 ml c e n t r i f u g e  tu b e s  and 

co o led  t o  c a . 10°G. The c o n c e n t r a te d  su sp e n s io n  was th e n  c e n t r i f u g e d  

a t  1600 x G i n  a c l i n i c a l  c e n t r i f u g e  f o r  e x a c t ly  30 se c o n d s ,  t h e  s u p e r ­

n a t a n t  d e c a n te d  and th e  sed im en t re su sp en d ed  in  th e  0.01M p h o sp h a te  

b u f f e r ,  pH ? .0 .

The re su sp e n d e d  m a t e r i a l  was th e n  washed by c e n t r i f u g i n g  as p r e ­

v i o u s l y  i n  a c l i n i c a l  c e n t r i f u g e ,  th e  s u p e rn a ta n t  d e c an ted  and th e  

p r o c e s s  r e p e a t e d .
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C a r e f u l  ad h e re n c e  t o  t h i s  p ro c e d u re  was c r i t i c a l .  When fo llo w e d  

c a r e f u l l y  i t  g e n e r a l l y  r e s u l t e d  i n  zo o sp o re  s u sp e n s io n s  e x h i b i t i n g  

bd-100 p e r  c e n t  m o t i l i t y .  Any d e v i a t i o n ,  how ever, g e n e r a l l y  l e a d  to  

" ro u n d in g  up" o f  t h e  zo o sp o re s  and l o s s  of  f l a g e l l a .  R epeated  c e n t r i ­

f u g a t i o n  in  d i s t i l l e d  w a te r ,  h y p e r to n ic  s o lu t i o n s  (0.1M) or c e n t r i f u g ­

a t i o n  a t  h ig h  r e l a t i v e  c e n t r i f u g a l  f o r c e  g e n e r a l l y  l e a d  t o  l o s s  of 

m o t i l i t y ,  d e fo rm a t io n  and, on o c c a s io n ,  com plete  d i s i n t e g r a t i o n .

F o r  t h e  p r e p a r a t i o n  o f  hom ogenates th e  swarmers were c e n t r i f u g e d  

a t  1600 x  G f o r  t h r e e  m inu tes  in  a c a l i b r a t e d  12 ml c e n t r i f u g e  tu b e

i n  o r d e r  t o  pack t h e  c e l l s . The p e l l e t  was t h e n  resu sp en d ed  in  f i v e
_  4

volum es p h o sp h a te  b u f f e r  (0.1M , pH 7 c o n ta in in g  10 M v e r s e n e  4- 
_  3

10 M c y s t e in e  *HC1) and homogenized u s in g  a s m a l l  (3 ml c a p a c i ty )  g la s s  

hom ogen izer  o r  by means of g r in d in g  w i th  a carborundum and g la s s  m ix tu re  

u s in g  a  s m a l l  m o r ta r  and p e s t l e .

2) C u l t i v a t i o n  o f  S ynchronous, S in g l e  G e n e ra t io n  C u l tu re s  
o f  O.C. P l a n t s

I t  was found t h a t ,  u s in g  heavy  zo o sp o re  s u s p e n s io n s ,  i t  was 

p o s s i b l e  t o  o b t a i n  i n  a  r e l a t i v e l y  s h o r t  t im e  ( c a .  lU h r s )  f a i r l y  l a r g e  

q u a n t i t i e s  (up t o  c a . I; gm in  1 .5  l i t e r s  PYG w i th  a e r a t i o n )  o f  p l a n t  

m a t e r i a l  which was th e  r e s u l t  o f  a s i n g l e  g e n e r a t io n  of d eve lopm en t.

I t  seemed p o s s i b l e  t h a t  a t im e -c o u r s e  enzym olog iea l  a n a l y s i s  of such 

c u l t u r e s  might r e v e a l  c lu e s  t o  t h e  f u n c t io n s  of i s o c i t r i t a s e  and 

g l y c i n e - a l a n i n e  t r a n s a m in a s e  in  r e l a t i o n  t o  on togeny . I t  was n e c e s s a r y  

i n  p r e p a r a t i o n  f o r  t h e s e  s t u d i e s  t o  e s t a b l i s h  a growth curve f o r  s i n g l e  

g e n e r a t i o n  c u l t u r e s  of o r d in a r y  c o l o r l e s s  p l a n t s  and to  d e te rm in e  t h e i r
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p r o t e i n  c o n te n t  p e r  m i l l ig r a m  d ry  w e ig h t  a t  v a r io u s  a g e s .

The cu rv e  was o b ta in e d  by  i n o c u l a t i n g  a s e r i e s  of  f o u r  f l a s k s  

equ ipped  w i th  a e r a t i o n  d e v ic e s  w i th  s u s p e n s io n  of z o o sp o re s  of known 

d e n s i t y  and i n c u b a t i n g  them f o r  v a r io u s  p e r io d s  of t im e  up to  12 h o u rs  

a t  27°C i n  t h e  l i g h t -  B ecause  t h e r e  i s  v e ry  l i t t l e  i n c r e a s e  i n  th e  

w e ig h t  o f  p l a n t  m a t e r i a l  d u r in g  t h e  e a r l y  h o u rs  of grow th i t  was 

n e c e s s a r y ,  i n  o r d e r  t o  o b ta in  s u f f i c i e n t  m a t e r i a l  a t  a l l  s t a g e s ,  t o  v a r y  

t h e  inocu lum  a c c o r d in g ly  by u s in g  d e c r e a s in g  amounts of th e  s u s p e n s io n

as th e  in c u b a t io n  p e r io d  became l o n g e r .  T h e re fo re ,  u s in g  a s u sp e n s io n
6

c o n ta in in g  3 *U x  10 z o o s p o re s /m l ,  150, 60 , 15 and 10 ml were in t ro d u c e d  

in t o  t h e  3.> 6 ,  9 and 12 hour  c u l t u r e s  r e s p e c t i v e l y .

At th e  a p p o in te d  t im e s  t h e  c u l t u r e s  w ere examined m ic r o s c o p ic a l l y  

(F ig u re s  12 t o  17) and t h e n  h a r v e s te d  by f i l t r a t i o n ,  w eighed , and a l i q u o t s  

used  f o r  th e  d e t e r m in a t io n  o f  d ry  w e ig h t  and s o lu b l e  p r o t e i n .  P r o t e i n  

d e t e r m in a t io n s  were c a r r i e d  out on 22 ,000  x  G s u p e r n a ta n t s  o b ta in e d  by 

c e n t r i f u g a t i o n  o f  Omnhmixer h o m o g en a tes .

The growth c u rv e s  (F ig u re s  18 and 19) w ere o b ta in e d  by a d j u s t i n g  

th e  w e ig h ts  t o  a c o n s ta n t  inoculum  based  on th e  t h r e e  h ou r  c u l t u r e .

Growth was found t o  be  e x p o n e n t i a l  th ro u g h o u t  th e  growth p e r io d  as 

i n d i c a t e d  by a l o g a r i t h m i c  p l o t  o f  th e  d ry  w e ig h t  d a t a  ( F ig u re  1 8 ) .  

M ic ro sco p ic  e x a m in a t io n  r e v e a le d  t h a t  t h e  p l a n t s  w ere a t  a l l  s t a g e s  of 

q u i t e  u n ifo rm  m orphology ( F ig u r e s  12 t o  17) and s i z e  e x c e p t  t h a t  a t  

tw e lv e  h o u r s ,  when some p l a n t s  were b e g in n in g  to  g e rm in a te ,  v a r i a t i o n s  

d id  a p p e a r  (F ig u re  1 7 ) -  From th e s e  o b s e rv a t io n s  i t  was c l e a r  t h a t  such
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c u l t u r e s  w ere t h e  r e s u l t  o f  t h e  v e ry  n e a r l y  synchronous growth o f  a 

s i n g l e  g e n e r a t io n  o f  o r d in a r y  c o l o r l e s s  p l a n t s .  The p r o t e j n  concen­

t r a t i o n s  i n  th e  p l a n t s  a t  v a r io u s  ages a r e  p r e s e n te d  i n  Tab le  X I I I .

3) R e l a t i o n s h i p  Between Endogenous R e s p i r a to r y  R ate  and S tage  o f  
Development of O rd in a ry  C o lo r l e s s  P l a n t s

Endogenous R e s p i r a t i o n  of Zoospores and E f f e c t  o f  Added S u b s t r a t e  

and I n h i b i t o r s : C an tino  and H y a tt  (1953o) have a l r e a d y  e s t a b l i s h e d  th e

p r e s e n c e  o f  most o f  th e  enzymes a s s o c i a t e d  w i th  th e  K reb s ' c y c le  in  

m a tu re  o r d in a r y  c o l o r l e s s  p l a n t s . B ecause of t h i s  and th e  c lo s e  

a s s o c i a t i o n  o f  i s o c i t r i t a s e  and C02 f i x a t i o n  w i th  t h e  t r i c a r b o x y l i c  a c id  

c y c l e ,  i t  was o f  p a r e n t h e t i c a l  i n t e r e s t ,  b e f o re  p ro c e e d in g  w i th  f u r t h e r  

s t u d i e s  on i s o c i t r i t a s e ,  t r a n s a m in a s e ,  and developm ent t o  o b ta in  some 

i n d i c a t i o n  o f  th e  ty p e  of m etabolism  e x h ib i t e d  by z o o s p o re s .

R e s p i r a t i o n  s t u d i e s  were c a r r i e d  ou t u s in g  a c o n v e n t io n a l  W arburg 

c o n s ta n t  volume r e s p i r o m e t e r  c o n ta in in g  a t o t a l  of 2 .7  ml in  th e  f l a s k s .  

Oxygen u p ta k e  and ca rb o n  d io x id e  e v o lu t io n  m easurem ents , were done 

s im u l ta n e o u s ly  a t  30°C u s in g  i d e n t i c a l  f l a s k s  w ith  and w i th o u t  0 .2  ml 

t e n  p e r  ce n t  KOH r e s p e c t i v e l y  and c o n ta in in g  100 uM p h o sp h a te  b u f f e r  

pH 6 . 5 *  C o r r e c t io n  f o r  ca rb o n  d io x id e  r e t e n t i o n  by th e  b u f f e r  was made 

a c c o rd in g  t o  th e  method of Johnson  as d e s c r ib e d  by U m breit _et _al. and 

th e  r e s p i r a t o r y  q u o t i e n t s  c a l c u l a t e d  u s in g  th e  fo rm u la  of U m breit _et a l . 

( 1 9 5 7 ) *  A number o f  d e te r m in a t io n s  were done on zo o sp o re  r e s p i r a t i o n .  

The endogenous Q02 o f  zo o sp o re s  as an av e ra g e  of many ex p e r im e n ts  was 

found t o  be 102 u l  0 2 p e r  h our  p e r  mgm d ry  w eigh t a t  pH 6 - 5  t o  7 -0  and 

t e m p e r a tu r e  30°C. The r e s p i r a t o r y  q u o t i e n t  was c a l c u l a t e d  t o  be 0 .8 7 .
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The a d d i t i o n  of t h e  f o l lo w in g  in t e r m e d ia t e s  d id  no t a f f e c t  th e  r e s p i r a ­

t o r y  r a t e j  g lu c o s e ,  s u c c i n a t e ,  a c e t a t e ,  m a la te ,  a - k e t o  g l u t a r a t e ,  

p y r u v a t e ,  g lu ta m a te  and i s o c i t r a t e .
.  —  4

A r s e n i t e  a t  a c o n c e n t r a t i o n  of I4. x 10 M i n h i b i t e d  oxygen u p ta k e  

U.5 p e r  c e n t  (T ab le  X I I ) .

As would be e x p ec ted  m a lo n a te  d id  n o t  a f f e c t  th e  oxygen u p ta k e  in

th e  n e u t r a l  ra n g e  of pH b u t a t  pH 5 - 5  ( Q o 0  = 22) m alona te  a t  a concen-
_ 3 _4

t r a t i o n  of 2 x  10 M i n h i b i t e d  c o m p le te ly  a t  U x 10 i t  i n h i b i t e d  50 

p e r  c e n t .  S u c c in a te  a t  t e n  t im e s  th e  c o n c e n t r a t i o n  r e tu r n e d  oxygen

u p ta k e  t o  endogenous l e v e l s .

Thus p re su m p t iv e  e v id en ce  has  been  o b ta in e d  f o r  a. f u n c t io n in g  

t r i c a r b o x y l i c  a c id  c y c le  in  z o o s p o re s .  However, s in c e  t h e  a d d i t i o n  of 

v a r io u s  s u b s t r a t e s  f a i l e d  t o  s t i m u l a t e  endogenous oxygen u p ta k e  f u r t h e r  

i n v e s t i g a t i o n s ,  no t w i t h i n  th e  scope  of t h i s  work, w i l l  be n e c e s s a r y  

f o r  c o n f i r m a t io n .

Endogenous R e s p i r a t i o n  o f  D evelop ing  P l a n t s : S in ce  Brown and

C a n t in o  ( 1 9 5 5 )  had found a v e r y  much low er Q0  ̂ f o r  m ature  O.G. p l a n t s  

( c a . 9 u l  0 2/mgm d ry  w t / h r )  th a n  r e p o r te d  h e re  f o r  z o o s p o re s .  Q0  ̂

d e t e r m in a t io n s  w ere done a t  v a r io u s  s t a g e s  of a s i n g l e  g e n e r a t io n  c u l t u r e .

A s e r i e s  o f  500 ml E rlen m ey er  f l a s k s  c o n ta in in g  300 ml PYG and 

equ ipped  w i th  a e r a t i o n  d e v ic e s  were each in o c u la te d  w i th  a heavy 

s u s p e n s io n  of swarmers and in c u b a te d  a t  27°C. At fo u r  h o u r  i n t e r v a l s  

up t o  t h e  b e g in n in g  o f  g e rm in a t io n  one of t h e  f l a s k s  was removed and 

th e  p l a n t  m a t e r i a l  h a r v e s te d  by  c e n t r i f u g a t i o n  i n  250 ml c e n t r i f u g e  

b o t t l e s  . The m a t e r i a l  was th e n  washed tw ic e  i n  d i s t i l l e d  w a te r  by
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TABLE X II

THE EFFECT OF INHIBITORS ON ZOOSPORE RESPIRATION

A d d i t io n s C o n c e n tr a t io n 0 2 Uptake P e r  Cent 
I n h i b i t i o n

None - 56 u l / h o u r —

A r s e n i t e U X  10- 4 M 1—
1 

1
CO

ii

u l / h o u r u u

None - H6 u l / h o u r -

M alona te k  x  10~4M 2U u l / h o u r U8

M alonate

S u c c in a te

h x  10~4M
'Zt

k  X  10* "m 37 u l / h o u r 20

M alonate

S u c c in a te

_ 4
1| x  10 M 

8 x 1 0 " 3M U6 u 1 0 2/h o u r None

F la s k  c o n ta in e d  100 uM g ly c y l  g ly c in e  b u f f e r  pH 5*5* 0 *U nil swarmer 
su sp en s io n .,  0 .2  ml 10% KOH i n  c e n te r  w e l l  and a d d i t i o n s  as i n d i c a t e d .  
T em pera tu re  30 C.
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c e n t r i f u g a t i o n  and a f t e r  rem oving  an a l i q u o t  f o r  a d r y  w eigh t d e te rm in ­

a t i o n  re su sp e n d e d  In  0 .01M p h o sp h a te  b u f f e r  pH 6-5 f o r  e s t im a te s  of 

t h e  r a t e  of  oxygen u p t a k e .

As shown in  F ig u re  20 th e  Q0  ̂ d id  d e c re a s e  as  th e  p l a n t s  d eve loped  . 

However, even  as t h e y  n e a r  m a t u r i t y  i t  i s  s t i l l  a p p r e c ia b le  and some­

what h i g h e r  th a n  v a lu e s  p r e v i o u s l y  r e p o r te d  u s in g  m u l t i p l e  g e n e r a t io n  

c u l t u r e s  w hich c o n ta in e d  a good d e a l  of  b i o l o g i c a l l y  i n a c t i v e  m a t e r i a l  

and dead p l a n t s .

U) R e la t io n s h ip  o f  I s o c i t r i t a s e  and T ransam inase  A c t i v i t i e s  
t o  Development and M orphogenesis

D i s t r i b u t i o n  o f  th e  Enzymes a t  V a r ious S ta g e s  i n  th e  L i f e  C y c le : 

E s t im a te s  w ere  made of i s o c i t r i t a s e  and t ra n s a m in a s e  a c t i v i t i e s  in  

e x t r a c t s  p r e p a re d  from r e s i s t a n t  s p o ra n g ia ,  o r d in a r y  c o l o r l e s s  p l a n t s  

and zo o sp o re s  from o r d in a r y  c o l o r l e s s  p l a n t s .  Except in  t h e  case  of 

zo o sp o re  i s o c i t r i t a s e ,  a l l  e s t im a te s  were made on h ig h  speed s u p e r n a ta n t s  

p r e p a re d  as d e s c r ib e d  e l s e w h e re .  Because of t h e  h ig h  l e v e l s  o f  endo­

genous amino a c id s  ( p a r t i c u l a r l y  a l a n in e  ( L o v e t t ,  1959)., i t  was not 

p o s s i b l e  t o  a s s a y  th e  z o o sp o res  d i r e c t l y  f o r  i s o c i t r i t a s e .  The i s o c i t r i ­

t a s e  a c t i v i t y  of zo o sp o re  e x t r a c t s  was d e te rm in e d  by  a s s a y in g  th e  f r a c t i o n  

o b ta in e d  by add in g  0 .6 5  volumes of s a tu r a t e d  ammonium s u l f a t e  to  an 

e x t r a c t  p r e p a re d  u s in g  th e  ca rb o ru n d u m -g lass  g r in d in g  m ix tu re .

R e p r e s e n t a t i v e  d a t a  a r e  p r e s e n te d  i n  Table  XIV. S p e c i f i c  a c t i v i ­

t i e s  f o r  b o th  enzymes a re  g iv e n  f o r  a l l  s t a g e s .  A c t i v i t y  in  a d ry  

w e ig h t  b a s i s  a re  a l s o  g iven  f o r  a l l  s t a g e s  excep t R .S . inhere, b e c a u se
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TABLE X I I I  

SOLUBLE PROTEIN

Age 
(H o u rs )

S o lu b le  P r o t e i n  
(mgrn/gm)

0 (Z o o sp o res ) 371

3 393

6 350

9 380

12 312

TABLE XIV

DISTRIBUTION OF ISOCITRITASE AT VARIOUS STAGE OF THE LIFE CYCLE

I s o c i t r i t a s e Trans aminas e
S ta g e  of 

Developm ent
U n i t s  p e r  
Gm Dry Wt

U n i ts  p e r  
Mgm P r o t e i n

U n i ts  p e r  
Gm Dry Wt

U n i t s  p e r  
Mgm P r o t e i n

Z oospores 82 0 .23 271 0 .79

M ature 0 . C. 5 5 0 ,2b 193 O .58

R.S . ( I4 d a y s ) 0.50 0 .9 9

C o n d i t io n s :  As f o r  a s sa y s  o f  r e s p e c t i v e  enzymes d e s c r ib e d  p r e v i o u s l y .
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o f  th e  d i f f i c u l t y  in  o b t a in in g  com plete  b re a k a g e ,  a c c u r a te  d ry  w e ig h t-  

a c t i v i t y  r e l a t i o n s h i p s  could  n o t  be o b ta in e d  .

Both  enzymes were d e t e c t a b l e  a t  a l l  s t a g e s  of t h e  l i f e  c y c le  

exam ined . Though i t  has  n o t b een  p o s s i b l e  t o  o b ta in  s u f f i c i e n t  q u a n t i ­

t i e s  of  R .S .  z o o sp o re s  f o r  p h y s i o l o g i c a l  s t u d i e s  th e  assu m p tio n  has 

b een  t h a t  t h e y  do not d i f f e r  from th o s e  of O.C. p l a n t s .

R e l a t i o n s h i p  of T ransam inase  and I s o c i t r i t a s e  A c t i v i t i e s  t o  th e  

Developm ent o f  O.C. P l a n t s : The developm ent o f  th e  enzymes d u r in g  th e

growth o f  s i n g l e  g e n e r a t i o n  c u l t u r e s  was t r a c e d  by means o f ' a s e r i e s  

o f  e x p e r im e n ts  i n  w hich c u l t u r e s  o f  v a r io u s  a g e s ,  in c u b a te d  i n  th e  l i g h t  

and t h e  d a r k ,  w ere a ssay ed  f o r  enzym atic  a c t i v i t i e s .  The methods f o r  

i n o c u l a t i n g  and h a r v e s t i n g  c u l t u r e s  were as d e s c r ib e d  i n  th e  growth 

curve  e x p e r im e n t . Crude e x t r a c t s  were p re p a re d  u s in g  th e  Omnimixer as 

in  th e  p u r i f i c a t i o n  o f  i s o c i t r i t a s e  excep t that- t e n  r a t h e r  th a n  5 ml of 

0.1M p h o s p h a te  b u f f e r  pH 7 was  used  p e r  gram wet w e ig h t .

I s o c i t r i t a s e  was a ssay ed  d i r e c t l y  as d e s c r ib e d  e a r l i e r  and t r a n s ­

am inase  was a ssay ed  a f t e r  d i a l y s i s  v s .  0 .02M p h o sp h a te  b u f f e r  pH 8 .0  

f o r  26 h ou rs  and th e  s p e c i f i c  a c t i v i t y  o f  t h e  crude  e x t r a c t  e x p re s s e d  

as  p r e v i o u s l y .  A c t i v i t i e s  p e r  gram d ry  w eigh t and p e r  p l a n t  were 

c a l c u l a t e d  from c o n v e r s io n  f a c t o r s  o b ta in e d  from th e  grow th cu rve  

e x p e r im e n t .

I t  must be n o ted  t h a t  t h e r e  was c o n s id e ra b le  v a r i a t i o n  i n  t h e  

r e s u l t s  o b ta in e d  in  runs  done a t  d i f f e r e n t  t im e s .  Th is  i s  a t t r i b u t a b l e  

t o  a l a c k  of a d e q u a te  means of s t r i c t  te m p e ra tu re  c o n t r o l .  C o n seq u en tly ,
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w h i le  t im e  was u sed  as th e  c r i t e r i o n  of t h e  developm ent of c u l t u r e s  i t  

was n o t  always an a c c u r a t e  r e f l e c t i o n  of p h y s io lo g ic a l ,  m a t u r i t y .

S in c e  no c o n s i s t e n t  d i f f e r e n c e s  i n  e i t h e r  i s o c i t r i t a s e  o r  t r a n s ­

am inase a c t i v i t i e s  w ere  found be tw een  c u l t u r e s  grown i n  th e  l i g h t  and 

th e  d a rk  t h e  d a t a  f o r  b o th  c o n d i t i o n s  o f  grow th were p o o led  in  o b ta in in g  

th e  p l o t t e d  av e ra g e s  though  d a t a  from l i g h t  and d a rk  a r e  i n d i c a t e d  as 

such  i n  t h e  g r a p h s .

F ig u re s  21 , 22, 23 and 21+ summarize th e  r e s u l t s .  The number of 

i s o c i t r i t a s e  u n i t s  p e r  gram d ry  w e ig h t  and p e r  m i l l ig ra m  p r o t e i n  

d e c r e a s e s  d u r in g  th e  f i r s t  t h r e e  h o u rs  of g row th , rem ains  low u n t i l  

n in e  h o u rs  and th e n  r i s e s  a g a in  t o  i n i t i a l  l e v e l s  (F ig u re  2 2 ) .  When th e  

d a t a  w ere p l o t t e d  on a p e r  p l a n t  b a s i s  (F ig u re  21) i t  was found t h a t  th e  

number of u n i t s  p e r  p l a n t  rem ained r e l a t i v e l y  c o n s ta n t  up t o  c a .  t h r e e  

t o  six: h o u rs  and th e n  in c r e a s e d  a lm ost e x p o n e n t i a l l y  d u r in g  t h e  l a t t e r  

h a l f  of  th e  g e n e r a t i o n  t im e  d e m o n s tr a t in g  t h a t  n e t  s y n th e s i s  of i s o ­

c i t r i t a s e  does n o t  occur u n t i l  r e l a t i v e l y  l a t e  in  deve lopm en t.

G ly c in e - a la n in e  t ra n sa m in a s e  on th e  o th e r  hand though  d ro p p in g  

somewhat in  th e  number o f  a c t i v i t y  u n i t s  p e r  gram d ry  w e ig h t of  p l a n t  

m a t e r i a l  and m i l l ig ra m  p r o t e i n  as shown i n  F ig u re  23, i s  however, 

a p p a r e n t l y  s y n th e s i z e d  from t h e  v e ry  b eg in n in g  of p l a n t  d ev e lo p m en t.

As shown i n  F ig u re  21+ t h i s  s y n th e s i s  i s  e x p o n e n t i a l .  The r e l a t i o n s h i p  

b e tw een  enzyme s y n t h e s i s  and o v e r - a l l  s y n th e s i s  o f  p l a n t  m a t e r i a l  i s  

shown i n  F ig u re  25 -

R e l a t i o n s h i p  o f  T ransam inase  and I s o c i t r i t a s e  A c t i v i t i e s  t o  th e  

Development of  R .S .  P l a n t s :  The p ro c e d u re  and c o n d i t io n s  u sed  h e re
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f o r  t h e  grow th o f  sem isynchronous  c u l t u r e s  of r e s i s t a n t  s p o ra n g ia  a r e  

th o s e  d ev e lo p e d  by L o v e t t  (1 9 5 9 )•

A tw e lv e  l i t e r  f l a s k  c o n ta in in g  t e n  l i t e r s  o f  PYG c o n ta in in g  0 .7 5  

gm sodium b i c a r b o n a t e  p e r  l i t e r  was in o c u la t e d  w i th  10 ml of a 

zo o sp o re  s u s p e n s io n  ( swarmer d e n s i t y  = 20) and in c u b a te d  w i th  v ig o ro u s  

a e r a t i o n  a t  25°C. Commencing a t  2b h o u rs  and a t 12 hour i n t e r v a l s  

t h e r e a f t e r  sam ples l a r g e  enough to  y i e l d  c a . two grams o f  p l a n t  m a t e r i a l  

w ere w ithd raw n  by means of a s ip h o n .  A f te r  h a r v e s t i n g  c e l l  f r e e  e x t r a c t s  

were p r e p a re d  as d e s c r ib e d  p r e v i o u s l y ,  e x c e p t  t h a t  a s i x  r a t h e r  th a n  

t h r e e  m in u te  g r in d in g  p e r io d  was used  b e c a u se  of th e  much t h i c k e r  w a l l s  

o f  R .S .  a s  compared t o  0.C* O th e rw ise  i s o c i t r i t a s e  and t ra n sa m in a s e  

a c t i v i t i e s  were a s sa y e d  as p r e v i o u s l y .

The r e s u l t s  o f  two such  runs  a r e  shown i n  F ig u re s  26 and 27 . As 

may be s e e n  i n  F ig u re  26 t h e  s p e c i f i c  a c t i v i t y  of i s o c i t r i t a s e  rem ains  

f a i r l y  c o n s ta n t  th ro u g h  th e  f i r s t  2b h o u r s .  However, b e g in n in g  a t  36 

h o u r s  t h e r e  i s  a sh a rp  in c r e a s e  i n  a c t i v i t y  w i th  a peak b e in g  reach ed  

a t  U8 h o u rs  fo l lo w e d  by a slow d e c l i n e .  The s p e c i f i c  a c t i v i t y  a t  U8 

h o u rs  i s  h ig h e r  th a n  d e t e c t e d  a t  any  o th e r  s ta g e  o f  th e  l i f e  c y c le  

( c f . Table  X IV ) .

T ransam inase  a c t i v i t y  was found t o  behave s i m i l a r l y  as shown i n  

F ig u r e  2.?. S in ce  r e s i s t a n t  s p o ra n g ia  m atu re  ( i . e . ,  a r e  c a p a b le  of 

g e rm in a t io n )  u n d e r  t h e s e  c o n d i t io n s  a t  c a .  80 hours  th e  l e v e l  of a c t i v i t y  

o f  b o th  enzymes r e a c h  t h e i r  maxima a t  abou t t h r e e - f i f t h s  of th e  g e n e ra ­

t i o n  t im e  .
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FIGURE LEGENDS

C o n d i t io n s  f o r  c u l t i v a t i o n  and h a r v e s t  o f  c u l t u r e s  a r e  g iven  i n  
d e t a i l  i n  t h e  t e x t .  Methods f o r  enzym atic  a s s a y s  and p r e p a r a t i o n  o f  
e x t r a c t s  a r e  d e s c r ib e d  i n  d e t a i l  e ls e w h e re .

F ig u re  1 2 .  Z oospores  from O.C. p l a n t s  ( 5 0 0 x ) .  Note p o s t e r i o r  
f l a g e l l a .

F ig u re  13 . 

F ig u r e  lU . 

F ig u re  15*

A g e rm lin g  t h r e e  h o u rs  a f t e r  i n i t i a t i o n  o f  growth i n  a 
n e a r  synchronous c u l t u r e  (500x )  .

A s i x  h o u r  o ld  O.C. p l a n t  from a  s i n g l e - g e n e r a t i o n  
n e a r -s y n c h ro n o u s  c u l t u r e  ( 500x ) .

A n in e  hour o ld  O.C. p l a n t  from a n e a r  synchronous 
c u l t u r e  (50Gx) .

F ig u re  1 6 .  A group of s e v e r a l  n in e  h o u r  O.C. p l a n t s  i l l u s t r a t i n g  
t h e  u n i f o r m i t y  e x h ib i t e d  by p l a n t s  i n  n e a r  synchronous 
c u l t u r e s  (2l;0x)

F ig u r e  17* Twelve hour  O .C. p l a n t s  from a  n e a r  synchronous s i n g l e -  
g e n e r a t i o n  c u l t u r e  of (2l_|.0x) . Note t h a t  one p l a n t  has  
a lm o s t  com pleted  zo ospore  r e l e a s e .

F ig u re  1 6 .  Growth Curve o f  a S in g le  G e n e ra t io n  C u l tu re  of 
B l a s t  o c l a d i e l l a .

F ig u re  1 9 . Log Growth Curve o f  I n d iv i d u a l  P la n t  o f  B la s t  o c l a d i e l l a .
The p l o t t e d  d a t a  a r e  th e  lo g a r i th m s  of th e  v a lu e s  o b ta in e d  
by  d iv i d i n g  th e  d ry  w e ig h ts  o b ta in e d  a t  th e  t im e s  i n d i c a t e d f 
by  t h e  c o r r e c t e d  number of v i a b l e  swarmers i n  th e  inocu lum .

F ig u re  2 0 .  R e la t io n s h ip  b e tw een  C u l tu re  Age and Oxygen U p tak e .
Q02 = u l  Oxygen consumed p e r  m i l l ig ra m  d ry  w eigh t p e r  h o u r .

F ig u re  21 . I s o c i t r i t a s e :  R e la t io n s h ip  t o  Development o f  O.C. P l a n t s .  
The amounts o f  enzyme p e r  p l a n t  were c a l c u l a t e d  from 
s p e c i f i c  a c t i v i t i e s  u s in g  c o n v e rs io n  f a c t o r s  o b ta in e d  from 
t h e  growth cu rve  e x p e r im e n t .

F ig u re  22 . I s o c i t r i t a s e :  R e la t i o n s h ip  t o  O.C. C u l tu re  D evelopm ent.
A c t i v i t i e s  p e r  gram d ry  w e ig h t were c a l c u l a t e d  from  th e  
s p e c i f i c  a c t i v i t i e s  on th e  b a s i s  of t h e  p r o t e i n  p e r  gram 
d ry  w e ig h t  v a lu e s  d e te rm in e d  in  t h e  growth curve  e x p e r im e n t .
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F ig u re  23

F ig u r e  2l_(.

F ig u re  2£

F ig u re  26 

F ig u re  27

T ran sam in ase :  R e la t i o n s h ip  to  O.C. C u l tu re  D evelopm ent.
A c t i v i t i e s  p e r  gram d ry  w e ig h t  w ere c a l c u l a t e d  by th e  same
method used  f o r  i s o c i t r i t a s e .

T ran sam in ase :  R e l a t i o n s h ip  t o  Development of O.C. P l a n t s .
T ran sam in ase  a c t i v i t i e s  p e r  p l a n t  were c a l c u l a t e d  on th e  
same b a s i s  as t h a t  used  f o r  i s o c i t r i t a s e .

Enzyme S y n th e s i s  as a F u n c t io n  of P l a n t  Growth. The p l o t t e d  
v a lu e s  were o b ta in e d  from t h e  lo g  d a t a  used in  F ig u re s  19,
21 and 21+•

I s o c i t r i t a s e :  R e la t io n s h ip  t o  R .S . D evelopm ent.

T ran sam in ase :  R e la t io n s h ip  t o  R .S . C u l tu re  Developm ent.



F ig u r e  12 F ig u r e  13

Figure i k :
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Figure 26

ISOCITRITASE: RELATIONSHIP TO R. S. 
DEVELOPMENT
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F ig u re  27

TRANSAMINASE: RELATIONSHIP TO R. S. 
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PISCUSSION AND CONCLUSIONS

The fu n d a m e n ta l  p u rp o se  o f  th e  work o f  which t h i s  t h e s i s  i s  a p a r t ,  

i s  t o  u n d e r s ta n d  growth and d i f f e r e n t i a t i o n  i n  te rm s of th e  u n d e r ly in g  

b io c h e m ic a l  mechanisms i n v o l v e d . In  p u r s u i t  of t h i s  g o a l  t h e  p h y s io lo g y  

o f  B l a s t o c l a d i e l l a  e m e rso n i i  has  been  more th o ro u g h ly  s tu d ie d  th a n  t h a t  

o f  any o th e r  a q u a t i c  f u n g u s . E nzym olog ica l s t u d i e s  on t h i s  group o f  

o rgan ism s have b e e n  r a r e  and have n ev er  b e f o re  in v o lv e d  th e  s tu d y  of 

enzymes a t  th e  d e g re e  o f  p u r i t y  ach iev ed  f o r  t h e  g l y c i n e - a l a n i n e  t r a n s ­

am inase  and i s o c i t r i t a s e  o f  B . e m e r s o n i i . T h e re fo re  b e fo re  p ro c e e d in g  

w i th  a  c o n s id e r a t i o n  o f  t h e i r  p o s s i b l e  r o l e s  i n  l i g h t  s t im u la te d  growth 

and m o rp h o g e n e s is ,  a  b r i e f  d i s c u s s io n  of t h e  p r o p e r t i e s  of  t h e s e  enzymes 

seems a p p r o p r i a t e .

The i s o c i t r i t a s e  of B l a s t o c l a d i e l l a  has b een  found to  resem ble  

v e r y  c l o s e l y  th e  ana logous  enzymes from o th e r  so u rc e s  f o r  w hich s i m i l a r  

l e v e l s  o f  p u r i f i c a t i o n  have b een  a c h ie v e d .  Thus, though i t  d i f f e r s  

s l i g h t l y  i n  i t s  pH optimum (pH 7 *U vs  pH d .2 f o r  Pseudomonas) and ammon­

ium s u l f a t e  s o l u b i l i t y  c h a r a c t e r i s t i c s ,  th e  M ic h a e l is  c o n s ta n t  (U-8 x 

10- 4 M) i s  a lm ost i d e n t i c a l  t o  t h a t  o:f th e  enzyme from Pseudomonas 

a e r u g in o s a  (Sm ith  and G unsa lus ,  1957)-  The M ic h a e l is  c o n s ta n t  of th e  

y e a s t  enzyme (O lso n ,  1959) has  been  de te rm ined  u n d e r  somewhat d i f f e r e n t
_  3

c o n d i t io n s  t o  be 1 .2  x  10 M. L ik e  th e  r e a c t i o n  c a ta ly z e d  by  th e  enzyme 

from o th e r  s o u r c e s ,  t h e  B l a s t o c l a d i e l l a  i s o c i t r i t a s e  r e a c t i o n  i s  r e v e r s ­

i b l e  and s p e c i f i c  f o r  t h e  d - is o m e r .  The i s o c i t r i t a s e s  from B l a s t o c l a d i e l l a  

and Pseudomonas (Sm ith  and G unsa lus ,  1957) show v e ry  c lo s e  s i m i l a r i t y
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i n  t h e i r  s a t u r a t i o n  c u rv e s  f o r  b o th  m agnesium  and c y s t e i n e ,  e x h i b i t i n g
- 3maximum a c t i v i t i e s  a t  1.0 M c o n c e n t r a t io n s  f o r  b o th  c o f a c t o r s . W o rth y  

o f  m e n tio n  i s  t h e  f a c t ,  n o t  d i s c u s s e d  b y  S m ith  and G u n sa lu s , t h a t  t h e  

r e s p o n s e  c u rv e  f o r  c y s t e in e  e x h i b i t s  a  maximum fo llo w e d  b y  d e c r e a s in g  

a c t i v i t y  w i th  i n c r e a s i n g  c y s t e in e  c o n c e n t r a t i o n .  T h is  phenom enon i s  

p r o b a b ly  a t t r i b u t a b l e  t o  a  c h e m ic a l r e a c t i o n  b e tw ee n  c y s t e in e  and 

g l y o x y l a t e . B ru n e i-G h a p e l le  (1 9 5 2 ) r e p o r t e d  th e  o c c u r re n c e  o f  su c h  a  

r e a c t i o n  a t  pH 9*0 and a b o v e . We h av e  fo u n d  t h a t  t h e r e  i s  c o n s id e r a b le  

d i s a p p e a r a n c e  o f  g ly o x y la te  e v en  a t  p h y s i o l o g i c a l  h y d ro g e n  io n  co n cen ­

t r a t i o n s  i n  th e  p r e s e n c e  o f  a  s u f f i c i e n t l y  l a r g e  e x c e s s  o f  c y s t e i n e .  

O ls o n - (1 9 5 9 ) h a s  r e p o r t e d  a  s i m i l a r  o b s e r v a t io n  i n  t h e  c o u rs e  o f  s t u d i e s  

on  y e a s t  i s o c i t r i t a s e .

D u rin g  o u r  s t u d i e s  i t  w as found  t h a t  e x t r a c t s  o f  B . e m e r s o n i i  w ere  

c a p a b le  o f  m e d ia t in g  th e  r a p id  c o n v e r s io n  o f  g ly o x y la te  t o  g ly c in e  b y  

am ino g ro u p  t r a n s f e r  from  a l a n i n e . S in c e  t h i s  m ig h t h av e  c o n s t i t u t e d  

a  '’p u l l i n g ” r e a c t i o n  i n  t h e  o p e r a t io n  o f  t h e  S .K . I ,  c y c le  and s i n c e ,  

t o  o u r k n o w le d g e , t h e r e  h a v e  b e e n  no  p r e v io u s  r e p o r t s  o f  a t te m p ts  t o  

p u r i f y  a  g ly c in e -_ a la n in e  t r a n s a m in a s e ,  f u r t h e r  s t u d i e s  w ere  c a r r i e d  o u t .  

By a  s e r i e s  o f  a c e to n e  f r a c t i o n a t i o n s  and g e l  t r e a tm e n t s  an  e i g h t y - f o l d  

p u r i f i c a t i o n  o f  th e  enzyme w as a c h ie v e d . The p u r i f i e d  enzyme was fo u n d  

t o  b e  q u i t e  s t a b l e  and re se m b le d  o th e r  t r a n s a m in a s e s  in  e x h i b i t i n g
I

maximum a c t i v i t y  i n  t h e  a l k a l i n e  pH r a n g e .  A tte m p ts  t o  d e m o n s tra te  

s t i m u l a t i o n  o f  a c t i v i t y  b y  p y r id o x a l  p h o s p h a te  w e re  u n s u c c e s s f u l  th o u g h  

i t  seem s l i k e l y ,  i n  v ie w  o f  i t s  a lm o s t u n i v e r s a l  r o l e  i n  e n z y m a tic  

t r a n s a m i n a t i o n s ,  t h a t  i t  i s  in v o lv e d  i n  th e  g ly o x y la t e - a l a n in e
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" t r a n s a m in a t io n  as  w e l l .  The i n h i b i t i o n  o f  t h e  r e a c t i o n  by  h y d ro x y la m in e  

and t h e  r e v e r s a l  o f  t h e  i n h i b i t i o n  by  p y r i d o x a l  p h o s p h a te  w ould seem t o  

i n d i c a t e  t h a t  t h i s  i s  s o .  We h av e  c o n c lu d e d  t h a t  t h e  enzyme i s  p r o b a b ly  

v e r y  t i g h t l y  bound i n  t h e  ha loenzym e th o u g h  M e i s t e r  (1955) h a s  p o in t e d  

o u t  t h e  t h e o r e t i c a l  p o s s i b i l i t y  o f  e n z y m a t ic  t r a n s a m i n a t i o n s  i n v o l v i n g  

g l y o x y l a t e  n o t  r e q u i r i n g  a  c o f a c t o r .

I n  a t t e m p t s  t o  e s t a b l i s h  s u b s t r a t e  s p e c i f i c i t y  i t  was found  t h a t  

none o f  t h e  amino a c i d s  t e s t e d  w ere  c a p a b le  o f  r e p l a c i n g  L - a l a n i n e  i n  

s y s te m s  c o n t a i n i n g  g l y o x y l a t e .  D - a l a n in e  was c o m p le te ly  i n a c t i v e .  

H ow ever, an e n z y m a t ic  t r a n s a m i n a t i o n  b e tw ee n  p y r u v a t e  and a s p a r a g i n e  

was fo u n d  t o  o c c u r  In  o u r  p u r i f i e d  p r e p a r a t i o n .  W h e th e r  t h i s  was due 

t o  t h e  same enzyme o r  a  d i f f e r e n t  one , from  t h a t  c a t a l y z i n g  th e  

g l y o x y l a t e - a l a n i n e  r e a c t i o n  i s  n o t  a t  p r e s e n t  known. F u r t h e r  s t u d y  w i l l  

b e  r e q u i r e d  t o  c l a r i f y  t h i s  p o i n t .

I t  was e x p e c te d  t h a t  t h e  e q u i l i b r i u m  o f  t h e  g l y o x y l a t e - a l a n i n e  

t r a n s a m i n a t i o n  w ould  be f a r  in  t h e  d i r e c t i o n  o f  g ly c in e  p r o d u c t i o n  

( M e t z l e r  e t  a l M 195U) • However, i n  t im e  c o u r s e  ru n s  i t  was found  

t h a t  c o n v e r s i o n  t o  g l y c i n e  and p y r u v a t e  n e v e r  exceeded  c a . o n e - t h i r d  

c o n v e r s i o n  w h i l e  t h e  r e v e r s e  r e a c t i o n  y i e l d i n g  a l a n i n e  was o n ly  b a r e l y  

d e t e c t a b l e  u n d e r  c e r t a i n  c o n d i t i o n s .  T h e r e f o r e  a. t  r u e  e q u i l i b r i u m  was 

n e v e r  a t t a i n e d .  C l e a r l y ,  p y r u v a t e  had  an i n h i b i t i n g  e f f e c t  upon  t h e  

enzym e. N e v e r t h e l e s s  t h e r e  i s  no r e a s o n  t o  b e l i e v e  t h a t  t h e  e q u i l i b r i u m  

c o n s t a n t  o f  t h e  e n z y m a t ic  r e a c t i o n  s h o u ld  be d i f f e r e n t  t h a n  c h e m ic a l  

t r a n s a m i n a t i o n s  i n v o l v i n g  g l y o x y l a t e .
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O ur p r im a ry  i n t e r e s t  i n  t h e  s tu d y  o f  i s o c i t r i t a s e  was b a se d  on 

i n d i r e c t  e v id e n c e  t h a t  i t  was in v o lv e d  i n  th e  p ro p o se d  S .K . I .  c y c le  

m echanism  f o r  GQ2 f i x a t i o n  a s  t h e  ’’p u l l i n g "  r e a c t i o n  te n d in g  t o  rem ove 

i s o c i t r a t e  from  th e  s i t e  o f  t h e  r e d u c t iv e  c a r b o x y la t i o n  o f  o - k e to -  

g l u t a r a t e . I t  w as th o u g h t  t h a t  g ly o x y la te  and some o f  t h e  s u c c in a t e  

p ro d u c e d  w e re  t h e n  i n t e g r a t e d  i n t o  t h e  b i o s y n t h e t i c  m a c h in e ry  w h ich  

y i e l d s  in c r e a s e d  g ro w th  u n d e r  c o n d i t io n s  o f  i l l u m i n a t i o n  b u t ,  i n  t h e  

p r e s e n c e  o f  h ig h  b i c a r b o n a te  c o n c e n t r a t i o n s ,  a  r e s i s t a n t  sp o ra n g iu m . 

M oreo v er i t  now seem s p o s s i b l e ,  on th e  b a s i s  o f  t h e  h ig h  s p e c i f i c  a c t i v ­

i t y  o f  t h e  t r a n s a m in a s e  a s  com pared t o  i s o c i t r i t a s e  and th e  p r o b a b le  

e q u i l i b r iu m  o f  t h e  g l y o x y la t e - g ly c in e  c o n v e r s io n  to w a rd s  g ly c in e  p r o ­

d u c t i o n ,  t h a t  t r a n s a m i n a t io n  c o n s t i t u t e s  a t  l e a s t  one o f  th e  im p o r ta n t  

r e a c t i o n s  r e s p o n s i b l e  f o r  th e  f u r t h e r  m e ta b o lism  o f  g ly o x y la t e .

T h e r e f o r e ,  a  num ber o f  e x p e r im e n ts  w ere  c a r r i e d  o u t i n  an  a t te m p t

t o  e l u c i d a t e  t h e  r o l e s  o f  t h e s e  enzym es i n  B l a s t o c l a d i e l l a . B ecau se

t h e  s p e c i f i c  lo c u s  o f  t h e  l i g h t  e f f e c t  had  n o t  b e e n  e s t a b l i s h e d ,  any

r e a c t i o n  p resu m ed  to  be  in v o lv e d  i n  l i g h t  s t im u la te d  g row th  was s u s p e c t .

T h e r e f o r e ,  we f i r s t  t e s t e d  th e  p u r i f i e d  enzym es f o r  a  s t i m u l a t i o n  o f  
t

t h e i r  r e a c t i o n s  b y  w h i te  l i g h t  and e s t a b l i s h e d  u n e q u iv o c a l ly  t h a t  

n e i t h e r  i s  t h e  s p e c i f i c  lo c u s  o f  t h e  l i g h t  e f f e c t .

A m ethod was th e n  d e v e lo p e d  f o r  t h e  c u l t i v a t i o n  o f  O .C . c u l t u r e s  

w h ic h , on th e  b a s i s  o f  t h e i r  m o rp h o lo g ic a l  u n i f o r m i ty  and th e  lo g a r i th m i c  

n a t u r e  o f  t h e i r  g ro w th  c u r v e s ,  w e re  c o n s id e re d  t o  b e  v e r y  n e a r l y  sy n ­

ch ro n o u s  f o r  m o st o f  t h e  g e n e r a t io n  t im e .  S u p p o r t f o r  t h i s  c o n te n t io n  

i s  fo u n d  i n  t h e  r e c e n t  r e s u l t s  o f  T u r ia n  and C an tin o  ( i 9 6 0 ) w h e re ,
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u s i n g  s i m i l a r  c u l t u r e s ,  n u c l e a r  d i v i s i o n  was found t o  be c a .  80 p e r  

c e n t  synchronous  f o r  a t  l e a s t  th e  f i r s t  s i x  hours  of g row th . I n  ad- 

t i t i o n  a  new t e c h n iq u e  was deve loped  t h a t  p e rm it te d  f o r  th e  f i r s t  t im e ,  

b o th  f o r  B . e m e r s o n i i  and a q u a t i c  f u n g i  g e n e r a l l y ,  p h y s io l o g i c a l  s tu d i e s  

o f  z o o sp o re s  u s in g  b o th  m o t i l e ,  i n t a c t  c e l l s  and c e l l  f r e e  p r e p a r a t i o n s .  

Meanwhile L o v e tt  (1959) a l s o  e s t a b l i s h e d  th e  c o n d i t io n s  f o r  th e  growth 

of  synchronous  c u l t u r e s  of r e s i s t a n t  s p o ra n g ia !  p l a n t s .  Thus, where 

p r e v io u s  p h y s i o l o g i c a l  s t u d i e s  aimed tow ards  s o lv in g  d ev e lo p m en ta l  

p rob lem s were l i m i t e d  t o  th e  u se  of h e te ro g e n e o u s  p r e p a r a t i o n s  o f  m ature 

o r d in a r y  c o l o r l e s s  o r  r e s i s t a n t  s p o r a n g ia l  p l a n t s ,  i t  has now become 

p o s s i b l e  t o  s tu d y  b io c h e m ic a l  changes as th e y  occur from th e  g e rm in a t io n  

o f  t h e  t i n y  zo o sp o re  t o  t h e  developm ent of a m ature p l a n t  a lo n g  e i t h e r  

of  t h e  a l t e r n a t i v e  d e v e lo p m en ta l  p a th w a y s .

Armed w i th  t h e s e  new t e c h n iq u e s ,  we th e n  a t te m p te d  t o  fo l lo w  th e  

b e h a v io r  o f  i s o c i t r i t a s e  and g l y c i n e - a l a n i n e  t ra n sa m in a s e  d u r in g  th e  

developm ent of s y n c h ro n iz e d ,  s i n g l e - g e n e r a t i o n  c u l t u r e s  o f  o r d in a ry  

c o l o r l e s s  p l a n t s  i n  b o th  th e  l i g h t  and th e  dark  . By so d o in g  i t  was 

th o u g h t  t h a t  th e  changes t a k in g  p la c e  d u r in g  growth and d i f f e r e n t i a t i o n ,  

and th e  e f f e c t  of l i g h t  t h e r e o n ,  m ight be r e f l e c t e d  i n  c o r re sp o n d in g  

changes i n  th e  two enzymes w hich would g ive  c lu e s  to  t h e i r  f u n c t io n  in  

phenomena a s s o c i a t e d  w i th  grow th .

The r e s u l t s  of a number of t h e s e  ex p e r im en ts  f a i l e d  t o  r e v e a l  any 

e f f e c t  o f  l i g h t  on t h e  a c t i v i t y  l e v e l s  of e i t h e r  g ly c i n e - a l a n i n e  t r a n s ­

am inase  o r  i s o c i t r i t a s e .  The s p e c i f i c  a c t i v i t y  o f  i s o c i t r i t a s e  was 

h ig h  in  th e  z o o s p o re s ,  dropped s h a r p ly  as developm ent beg an , rem ained
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low  u n t i l  c a . s i x  h o u r s ,  and th e n  r o s e  a g a in  t o  i n i t i a l  l e v e l s -  T ra n s ­

a m in a se  a c t i v i t y ,  on  t h e  o th e r  h a n d , changed  r e l a t i v e l y  l i t t l e  d u r in g

p l a n t  g ro w th ; i t  d ro p p ed  o n ly  _ca. o n e - th i r d  from  s t a r t i n g  l e v e l s  i n  t h e  

z o o s p o r e s  t o  t h o s e  i n  m a tu re  p l a n t s .

A m ore m e a n in g fu l  p i c t u r e  f o r  t h e  p u rp o s e  o f  i n t e r p r e t a t i o n ,  

e v o lv e s  b y  c o n s id e r in g  th e  s y n th e s i s  o f  t h e  two enzym es a s  r e f l e c t e d

i n  t h e  am ounts o f  enzyme p e r  p l a n t . Thus we fo und  t h a t  g l y c i n e - a l a n i n e

t r a n s a m in a s e  w as s y n th e s iz e d  e x p o n e n t i a l l y  (F ig u r e  2 i|)  th ro u g h o u t  t h e  

g e n e r a t i o n  tim e  a s  a  l i n e a r  f u n c t io n  o f  p l a n t  g row th  ( F ig u re  2 5 ) ,  w h i l e ,  

i s o c i t r i t a s e  s y n t h e s i s  e x h ib i t e d  a  d e f i n i t e  l a g  ( F ig u r e s  21 and 2 5 ) 

e x te n d in g  t o  b e tw e e n  th e  t h i r d  and s i x t h  h o u rs  a f t e r  g e rm in a t io n  o f  th e  

z o o s p o r e s .  W h ile  i t  i s  v e r y  d i f f i c u l t  t o  a r r i v e  a t  any  c o n c lu s io n s  

r e g a r d in g  g l y c i n e - a l a n i n e  t r a n s a m in a s e ,  t h e  l a g  i n  i s o c i t r i t a s e  s y n th e s i s  

m ig h t o f f e r  p o s s i b l e  c lu e s  t o  i t s  r o l e  in  d e v e lo p m e n t.

The s i g n i f i c a n c e  o f  t h i s  l a c k  o f  i s o c i t r i t a s e  s y n th e s i s  may b e

a p p r e c i a t e d  on th e  b a s i s  o f  C o m p ara tiv e  B io c h e m is t r y .  I t  i s  a x io m a tic

t h a t  t h e  c e l l  m ust h a v e  some way o f  c o n t r o l l i n g  i t s  m e ta b o lism  and one

m eans w h e reb y  t h i s  i s  a c c o m p lish e d  i s  b y  th e  c o n t r o l  o f  enzyme s y n t h e s i s .  
$

A g r e a t  d e a l  o f  w ork h a s  b e e n  done on th e  phenom enon o f  a d a p t iv e  enzyme 

f o r m a t io n  i n  m ic ro o rg a n ism s  as  a p o s s i b l e  m echanism  f o r  t h e  c o n t r o l  o f  

enzyme s y n t h e s i s -  One o f  t h e  s i g n i f i c a n t  f i n d i n g s  o f  t h e s e  r e s e a r c h e s  

h a s  b e e n  t h a t  t h e r e  i s  a  re m a rk a b le  c o r r e l a t i o n  b e tw ee n  th e  n eed  f o r  

p a r t i c u l a r  enzyme f u n c t i o n s  and t h e  s y n th e s i s  o f  t h e  enzym es in v o lv e d .  

T h u s , f o r  e x am p le , i t  h a s  b e e n  fo u n d  t h a t  f a c u l t a t i v e l y  a n a e ro b ic  

b a c t e r i a  ( E n g le s b e rg  and L ev y , 1955) and y e a s t  (S lo n im s k i ,  1953) when
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c u l t i v a t e d  u n d e r  a n a e ro b ic  c o n d i t io n s  s y n th e s i z e  th e  K rebs ' c y c le  

enzymes o n ly  a t  a v e r y  low r a t e ,  b u t i n  th e  p re se n c e  of oxygen a r a p id  

s y n th e s i s  o f  t h e  whole a r r a y  of r e s p i r a t o r y  enzymes i s  b ro u g h t  a b o u t .

Thus we m ight co n c lu d e  t h a t  th e  l a c k  o f  s y n th e s i s  of i s o c i t r i t a s e  

d u r in g  th e  e a r l y  h o u rs  of developm ent o f  an O.C. p lan t- ,  r e f l e c t s  a 

s i t u a t i o n  i n  w hich th e  r e a c t i o n  i t  c a t a ly z e s  i s  n o t  r e q u i r e d ,  and t h a t  

i s o c i t r i t a s e  i s  no t o p e r a t i n g  u n t i l  r e l a t i v e l y  l a t e  in  t h e  g e n e r a t io n  

t im e .  I t  would t h e r e f o r e  f o l lo w  t h a t  C02 f i x a t i o n  could  no t be t a k in g  

p l a c e  v i a  th e  o p e r a t io n  o f  a S .K . I .  c y c le  in v o lv in g  i s o c i t r i t a s e  u n t i l  

l a t e  in  developm ent . A lthough  no s t u d i e s  have y e t  been  c a r r i e d  out to  

i n d i c a t e  c a rb o n  d io x id e  f i x a t i o n  i s  so l i m i t e d ,  r e c e n t  ev id en ce  c l e a r l y  

e s t a b l i s h e s  t h a t  t h e  e f f e c t  of l i g h t  on developm ent i s  n o t .  Thus,

T u r ia n  and C an tino  ( I9 6 0 )  have r e c e n t l y  found by c y t o l o g i c a l  s t u d i e s  

and ch em ica l a n a ly s e s  t h a t  DNA s y n th e s i s  and n u c l e a r  d i v i s i o n  ta k e  

p l a c e  more r a p i d l y  i n  t h e  l i g h t  th a n  in  th e  dark  th ro u g h o u t  O.C. ontogeny}

On t h e  b a s i s  o f  th e  p r e c e d in g  d i s c u s s io n  and th e  ev id en ce  t h a t  

b o th  n u c l e i c  a c id  s y n th e s i s  and th e  i s o c i t r i t a s e - d e p e n d e n t  S .K . I .  c y c le  

a r e  s t im u la t e d  by l i g h t ,  we have evolved  th e  fo l lo w in g  as a w ork ing  

h y p o th e s i s :  l i g h t  must be h a v in g  i t s  e f f e c t  no t d i r e c t l y  on C02 f i x ­

a t i o n  bu t on t h e  m e ta b o l ic  p a th  or p a th s  l e a d in g  t o  n u c le ic  a c id  

s y n th e s i s  and , u l t i m a t e l y ,  growth a t  a p o in t  beyond th e  S .K . I .  c y c l e .  

D uring  th e  e a r l y  p o r t i o n  of th e  g e n e r a t io n  tim e i t  would seem t h a t  

in c r e a s e d  n u c l e i c  a c id  s y n th e s i s  and o th e r  r e a c t i o n s  a s s o c i a t e d  w i th  

in c r e a s e d  growth a r e  t a k in g  p la c e  a t  th e  expense of a r e a d i l y  a v a i l a b l e  

s o u rc e  o f  m e t a b o l i t e s  w h ich ,  a t  l e a s t  in  p a r t ,  may be  a l t e r n a t i v e l y



81

s u p p l i e d  b y  i s o c i t r i t a s e  o r  i t s  p r o d u c t s .  B e g in n in g  a t  t h r e e  t o  s i x  

h o u r s  t h i s  r e a d i l y  a v a i l a b l e  s o u rc e  o f  p r e c u r s o r s  becom es d e p le t e d  o r 

i n s u f f i c i e n t , n e c e s s i t a t i n g  e i t h e r  th e  i n i t i a t i o n  o f ,  o r  a  s h i f t  t o .  an  

a l t e r n a t i v e  m echanism  o f  s u p p ly .  S in c e  t h i s  p e r io d  c o r re s p o n d s  t o  t h e  

d e c r e a s e  i n  en d o g en o u s r e s p i r a t o r y  a c t i v i t y  ( F ig u r e  2 0 ) ,  i t  i s  p o s s i b l e  

t h a t  t h e  s u p p ly  d e f i c i e n c y  i s  due t o  a  d e c r e a s e  i n  th e  p r o d u c t io n  o f  

s u b s ta n c e s  a s s o c i a t e d  w i th  a  f u n c t io n in g  K re b s 1 c y c l e .  I n  an y  c a s e ,  i n  

r e s p o n s e  t o  t h e  r e q u ir e m e n t  f o r  an  a l t e r n a t i v e  s u p p ly  s o u rc e  i s o c i t r i t a s e  

s y n t h e s i s  i s  b e g u n , th u s  b r in g i n g  i n t o  o p e r a t io n  t h e  S .K . I .  c y c l e ,  w i th  

a  c o n s e q u e n t  ir^ p re a se  i n  C02 f i x a t i o n ,  w h ich  i s  now p u l l e d  b y  l i g h t .

The g ly o x y la te  t h a t  i s  p ro d u c e d  i s  a t  l e a s t  in  p a r t  t r a n s a m in a te d  w i th  

a l a n i n e  t o  y i e l d  g ly c in e  w h ich  m ig h t,  i n  t u r n ,  b e  u se d  i n  p ro d u c in g  

th y m in e  (E lw yn and S p r in s o n ,  195H) and p u r in e s  ( G o ld th w a it  e t  a l . ,  1956) 

f o r  n u c l e i c  a c id  s y n t h e s i s .  O th e r ,  a s  y e t ,  unknown p a th w ay s f o r  th e  

u t i l i z a t i o n  o f  g ly o x y la t e ,  a s  w e l l  a s  g ly c in e  and s u c c in a te  may a l s o  b e  

i n  o p e r a t i o n .

I n  a  f u r t h e r  a t te m p t  t o  e l u c i d a t e  th e  r o l e s  o f i s o c i t r i t a s e  and

t r a n s a m in a s e  i n  d e v e lo p m e n t, sy n ch ro n o u s  c u l t u r e s  o f  r e s i s t a n t  s p o r a n g ia l  
*

p l a n t s  w ere  a l s o  s t u d i e d .  The r e s u l t s  t h a t  w ere  o b ta in e d  showed an  

e x t r a o r d i n a r y  c o r r e l a t i o n  b e tw e e n  th e  s p e c i f i c  a c t i v i t i e s  o f  t h e  tw o 

enzym es and th e  m o rp h o lo g ic a l  and b io c h e m ic a l  ch an g es  w h ich  o c c u r  d u r in g  

t h e  g e n e s i s  o f  a  r e s i s t a n t  sp o ra n g iu m .

The s p e c i f i c  a c t i v i t i e s  o f  b o th  g l y c in e - a l a n in e  t r a n s a m in a s e  and 

i s o c i t r i t a s e  w e re  fo u n d  t o  i n c r e a s e  s h a r p ly ,  b e g in n in g  a t  a b o u t t h e  

tw e n ty —f o u r t h  h o u r ,  r e a c h in g  maximum l e v e l s  a t  f o r t y - e i g h t  h o u rs  w h ic h
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w ere t h r e e  t o  f o u r  t im e s  h ig h e r  th a n  a t  any o th e r  s ta g e  of th e  e n t i r e  

l i f e  c y c l e .  S im u l ta n e o u s ly  t h e r e  i s  a d ra m a t ic  ap p earance  of gamma- 

c a r o te n e  and m e la n in ,  and in c r e a s e d  s y n th e s i s  of l i p i d  and c h i t  i n ,  as 

w e l l  as o th e r  s t r u c t u r a l  and p h y s io l o g i c a l  changes ( L o v e t t ,  1959).

A l l  o f  t h e s e  e v e n ts  occu r a t  a p p ro x im a te ly  t h r e e - f i f t h s  of th e  g e n e r a t io n  

t im e ,  t h e  p e r io d  beyond which R .S .  m orphogenesis  becomes an i r r e v e r s i b l e  

p r o c e s s ?

These r e s u l t s ,  though  a d m i t te d ly  of a c o r r e l a t i v e  n a t u r e ,  g ive  

s i g n i f i c a n t  su p p o r t  t o  our c o n te n t io n  t h a t  i s o c i t r i t a s e  i s  a key com­

p o n e n t  o f  t h e  b ic a r b o n a t e  t r i g g e r  mechanism. M oreover, we now have 

r e a s o n  t o  b e l i e v e  t h a t  g l y c i n e - a l a n i n e  t r a n sa m in a s e  i s  a l s o  in v o lv ed  

i n  t h i s  c h a in  o f  e v e n t s .

I n  a t t e m p t in g  t o  i n t e g r a t e  t h e s e  f in d in g s  i n to  t h e  o r i g i n a l  h y p o th e ­

s i s  o f  m o rp h o g e n es is ,  th e  f o l lo w in g  p i c t u r e  em erges: b i c a r b o n a te  a c t s

to  s to p  and e v e n t u a l l y  r e v e r s e s  th e  fo rw ard  p r o g re s s  o f  th e  K re b s ’ cyc le  

by i n h i b i t i n g  th e  two s u c c e s s iv e  o x id a t iv e  d e c a rb o x y la t io n s  m ed ia ted  by 

a - k e t o g l u t a r a t e  o x id a se  and i s o c i t r i c  d eh y d ro g en ase .  As t h i s  happens 

most of th e  enzymes of th e  t r i c a r b o x y l i c  a c id  c y c le  d i s a p p e a r  or a re  

re n d e re d  i n o p e r a t i v e  and t h e r e  i s  a d i s tu r b a n c e  of t h e  c r i t i c a l  b a la n c e  

o f  r e a c t i o n s  w hich c o n s t i t u t e  t h e  m e ta b o l ic  a p p a ra tu s  of th e  c e l l .

As a r e s u l t  t h e r e  i s  a dje novo s y n th e s i s  of some enzymes and in c r e a s e d  

s y n t h e s i s  o f  o th e r s  t o  e s t a b l i s h  a new e q u i l ib r iu m  s a t i s f a c t o r y  t o  th e  

needs o f  t h e  c e l l .  At c a .  t h i r t y - s i x  h ours  t h i s  r e m o d e l l in g  p ro c e s s  

n e a r s  c o m p le t io n  and th e  organism  becomes i r r e v e r s i b l y  committed t o  

R .S .  fo rm a t io n  as i s o c i t r i t a s e ,  g l y c i n e - a l a n i n e  t r a n sa m in a s e  and o th e r  

enzymes in v o lv e d  i n  m orphogenesis  re a c h  maximum l e v e l s . I s o c i t r i c
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d e h y d ro g e n a s e ,  "the o n ly  K re b s 1 c y c le  enzyme w h ich  re m a in s  a c t i v e ,  

b e g in s  t o  m e d ia te  w i th  g r e a t e r  and g r e a t e r  e f f i c i e n c y  th e  r e d u c t iv e  

c a r b o x y l a t i o n  o f  a - k e t o g l u t a r a t e ,  w h i le  i s o c i t r i t a s e  p u l l s  t h e  r e a c t i o n  

b y  re m o v in g  t h e  i s o c i t r a t e  t h a t  i s  p ro d u c e d . A t l e a s t  p a r t  o f  t h e  

g ly o x y la te  t h a t  i s  fo rm ed  i s  c o n v e r te d  t o  g ly c in e  a n d , i f  t h e  S .K . I .  

c y c le  i s  in v o lv e d ,  some o f  t h e  s u c c in a t e  i s  r e c y c le d  b y  way o f  a  

T P N -s p e c if ic  r e a c t i o n  t o  a - k e t o g l u t a r a t e  t o  a c c e p t  m ore C02 and th e  

r e m a in d e r  i s  f u r t h e r  m e ta b o l iz e d .  Somehow th e s e  r e a c t i o n s  h e lp  s u p p ly  

b u i l d i n g  b lo c k s  f o r  th e  s y n t h e s i s  o f  t h e  c h a r a c t e r i s t i c  s t r u c t u r a l  

com ponen ts  o f  t h e  r e s i s t a n t  s p o ra n g iu m . B etw een  f o r t y - e i g h t  and s i x t y  

h o u rs  t h e  s y n t h e s i s  o f  g a m m a -ca ro te n e , m e la n in , l i p i d ,  c h i t i n  and o th e r  

a s s o c i a t e d  s u b s ta n c e s  n e a r s  c o m p le tio n , t h e  need  f o r  i n t e r m e d ia te s  

s u p p l i e d  b y  t h e  r e d u c t i v e  c a r b o x y la t i o n  o f  a - k e t o g l u t a r a t e  d i s a p p e a r  

a n d , a s  a  r e s u l t ,  t h e  l e v e l s  o f  i s o c i t r i t a s e  and t r a n s a m in a s e  d e c r e a s e .

I t  w ould  b e  p re m a tu re  t o  d i s c u s s  in  d e t a i l ,  w i th  t h e  C o m p ara tiv e

B io c h e m ic a l  l i t e r a t u r e  a s  a  fram e  o f  r e f e r e n c e ,  t h e  p o s s i b l e  m e ta b o l ic

f a t e s  o f  g ly o x y la t e ,  s u c c in a te  and g ly c in e  i n  r e l a t i o n  t o  d i f f e r e n t i a t i o n

and g ro w th . H ow ever, t h e  f i n d i n g  b y  C a n tin o  and H o r e n s te in  (1 9 5 9 ) t h a t  ♦
g ly o x y la te  and s u c c in a t e  t o g e t h e r » d i r e c t  p ro d u c ts  o f  t h e  i s o c i t r i t a s e  

c le a v a g e ,  w i l l  r e p l a c e  th e  l i g h t  e f f e c t ,  and o u r d is c o v e r y  o f  a  d i r e c t  

m e ta b o l ic  r o u t e  fro m  g ly o x y la te  t o  g ly c in e  a r e  s t r o n g l y  s u g g e s t iv e  o f  

l i k e l y  r o u t e s  o f  m e ta b o lis m . Thus K ik u c h i e t  a l .  (1 9 5 8 ) h av e  r e p o r te d  

an  enzyme c a ta ly z e d  r e a c t i o n  y i e l d i n g  detLta—a m in o le v u l in ic  a c id  fro m  

s u c c i n a t e  and g ly c in e  w h ic h , th o u g h  th e  c o n d i t io n s  w ere  n o t  c l e a r l y  

d e f i n e d ,  w as s t im u la t e d  b y  l i g h t .  M o reo v er, s t u d i e s  w i th  r a d i o a c t i v e



" t ra c e rs  have in c r im in a t e d  d e l t a - a m in o le  u l i n i c  a c id  as an in t e r m e d ia te  

in  t h e  c o n v e r s io n  o f  g ly c in e  t o  thym ine and p u r in e s  (Shemin, 1956) as 

w e l l  as  c a ro te n e  s y n th e s i s  ( Mac Kinney e t  a l . ,  1955); and t h i s  b r in g s  us 

t o  i h e  r e c e n t  o b s e r v a t io n  (T u r ia n  and C an t in o ,  I960) t h a t  thym ine w i l l  

s u b s t i t u t e  f o r  l i g h t  i n  DNA s y n t h e s i s 1. From th e s e  f in d in g s  we canno t 

h e lp  b u t  r e g a rd  as an a t t r a c t i v e  one th e  p o s s i b i l i t y  t h a t  d e l t a - a m in o le  

u l i n i c  a c id  i s  t h e  l i n k  c o n n e c t in g  g ly o x y la t e ,  g ly c in e  and s u c c in ic  

a c id  t o  l i g h t  s t im u la t e d  growth and, i n  R .S .  m o rp h o g e n es is , a t  l e a s t  

c a r o te n e  s y n t h e s i s .

The r e l a t i o n s h i p  be tw een  l i g h t  and growth even i n  c h lo r o p h y l l -  

c o n ta in in g  organism s i s  p o o r ly  u n d e rs to o d  d i s p i t e  th e  f a s c i n a t i n g  and 

fu n d am en ta l  b io c h e m ic a l  s t u d i e s  b e in g  c a r r i e d  out by w orkers  a l l  over 

t h e  w o rld  . The b io c h e m is t r y  of m orphogenesis  i s  such a young s c ie n c e  

t h a t  o n ly  a few w orkers  w ork ing  w i th  few er organism s a re  engaged i n  i t s  

s tu d y .  I t  i s  no wonder t h e n ,  t h a t  our knowledge i s  y e t  so f ra g m e n ta ry  

and our i n t e r p r e t a t i o n s  so s p e c u l a t i v e .  N e v e r th e le s s ,  such i n t e r p r e ­

t a t i o n s  h ave  th e  v a lu e  t h a t  th e y  w i l l  le a d  t o  f u r t h e r  work which someday 

w i l l  s o lv e  t h e  p u z z le  of m o rphogenesis ,  such as t h a t  in v o lv ed  in  th e  

b io lo g y  o f  B l a s t o c l a d i e l l a  e m e r s o n i i .
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SUMMARY
i'

1 ) The enzym e i s o c i t r i t a s e ,  w h ich  had  b e e n  p o s t u l a t e d  t o  o c c u r  

i n  B l a s t  o c l a d i e l l a « h a s  b e a n  p u r i f i e d  from  e x t r a c t s  o f  t h i s  o rg a n ism  

(ja . f i f t y - f o l d  and some o f  i t s  p r o p e r t i e s  s t u d i e d .

2 )  A seco n d  enzym e, g ly c in e - a l a n in e  t r a n s a m in a s e ,  w h ich  h a s  n o t  

b e e n  p r e v i o u s l y  d e s c r i b e d ,  was p u r i f i e d  c a .  e i g h t y - f o l d  and i t s  

p r o p e r t i e s  s i m i l a r l y  e x a m in e d .

3 ) New m ethods w ere  d e v e lo p e d  w h ich  p e r m i t t e d ,  f o r  t h e  f i r s t  tim e  

among t h e  a q u a t i c  f u n g i ,  e n z y m o lo g ic a l s t u d i e s  a t  a l l  s t a g e s  o f  t h e  

g ro w th  o f  B l a s t o c l a d i e l l a , from  th e  z o o sp o re s  t o  t h e  m a tu re  o r d in a r y  

c o l o r l e s s  p l a n t .

Ij.) The s y n th e s e s  o f  i s o c i t r i t a s e  and g ly c in e - a l a n in e  t r a n s a m in a s e ,  

a s  r e f l e c t e d  in  a c t i v i t y  m e a su re m e n ts , w e re  fo l lo w e d  d u r in g  t h e  d e v e lo p ­

m ent o f  O .G . and R .S . p l a n t s .  An a t te m p t  was t h e n  made t o  i n t e g r a t e  

t h e  r e s u l t s  o b ta in e d  i n t o  an  i n t e r p r e t a t i o n  o f  t h e  f u n c t i o n  o f  t h e s e  

enzym es i n  m o rp h o g e n e s is  and l u m i s y n t h e s i s .
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APPENDIX

A b b r e v ia t io n s  u se d :

DNA -  D e o x y r ib o n u c le ic  a c id  

TPN -  T r ip h o sp h o p y r id in e  n u c l e o t id e  

DPN D ip h o sp h o p y rid in e  n u c le o t id e  

TPNH -  Reduced TPN 

DPNH -  Reduced DPN 

S . K . I .  -  S u c c i n a t e - k e t o g l u t a r a t e - i s o c i t r a t e  

O.G.  -  O rd in a ry  c o l o r l e s s  

R . S .  -  R e s i s t a n t  s p o r a n g i a ( l )


