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ABSTRACT

The 111 t r a s t r u c t u r a l  E f f e c t s  o f  Exogenous S u l f u r  Compounds on Condensed 

P hosphate  D ep o s i t i o n  in Synechococcus  sp .  (A n acy s t i s  n id u la n s )

by

Nelson H. Lawry 

A dv iso r :  P r o f e s s o r  Thomas E. Jensen

As is  th e  c a s e  in o t h e r  c y a n o b a c t e r i a ,  c e l l s  o f  Synechococcus  sp .  

(A n a c y s t i s  n id u la n s )  a r e  c a p a b le  o f  r a p id  o r th o p h o s p h a te  up take  a f t e r  a 

p e r io d  o f  phosphorus d e p r i v a t i o n .  The maximum up take  o c c u r s  w i t h i n  the  

f i r s t  hour a f t e r  phospha te  r e s t o r a t i o n .  C e l l u l a r  phosphorus accumula­

t i o n ,  a s  de te rmined  by a u t o c l a v i n g  c e l l  a l i q u o t s  w i th  K2^2®8’ ^0 ^ 0We<̂  

by Murphy-Riley s p e c t r o p h o t o m e t r i c  a n a l y s i s ,  i s  a d i r e c t  f u n c t i o n  o f  the

exogenous o r th o p h o s p h a te  c o n c e n t r a t i o n  upon r e s t o r a l .  Optimum u p ta k e  is
2 -

shown in th e  pH 7*5“ 8 .5  r ange ,  w i th  a d r o p o f f  a t  pH 9.  S in ce  th e  ^ P O ^  

an ion  is  p r e v a l e n t  o ve r  t h i s  e n t i r e  pH r a n g e ,  c a r r i e r - m e d i a t e d  r a p id  up­

t a k e  i s  s u g g e s te d .  A t e n -h o u r  e xposu re  t o  10 pg/ml CAP ( i n h i b i t o r  then  

washed o u t )  had no immediate e f f e c t  on up take  o r  d e p o s i t i o n ,  i n d i c a t i v e  

o f  l o n g - l i v e d  c a r r i e r  p r o t e i n s .

The u l t r a s t r u c t u r e  o f  p h o s p h o r u s - s t a r v e d  c e l l s  r e v e a l s  no po lyphos ­

p h a te  b o d ie s ,  whereas t h a t  o f  c e l l s  f i v e  hours  a f t e r  phospha te  r e p l e n i s h ­

ment shows such i n c l u s i o n s ,  moreover somewhat l a r g e r  than  th o s e  in  no r ­

m ally  c u l t u r e d  c e l l s .

In u t i l i z i n g  a s i m i l a r  sys tem i t  was found t h a t  s u l f u r  d e p l e t i o n  

o ver  a longe r  pe r io d  (up to  s i x  days)  a l s o  in c re a s e s  o r th o p h o s p h a t e  up­

t a k e  and condensed phospha te  d e p o s i t i o n .  C e l l s  c u l t u r e d  w i t h  exogenous 

c o n c e n t r a t i o n s  o f  z e r o ,  3.1 pM, and 31 pM s u l f a t e  e x h i b i t  a s e q u e n t i a l  

s lowing o f  growth ,  i n c r e a s e  in phosphorus a c c u m u la t io n ,  and i n c r e a s e  in



the  s i z e  (*f00-500 nm D) o f  p o ly p h o s p h a te  b o d i e s .  Those grown on the  

c o n t r o l  c o n c e n t r a t i o n  o f  0.31 mM s u l f a t e  show only  a normal phosphorus  

l e v e l  and r e g u l a r - s i z e d  bod ie s  (200 nm D ) . A normal p a t t e r n  i s  a l s o  

seen  in c e l l s  p rov ided  w i th  0.31 mM t h i o s u l f a t e  o r  m e t a b i s u l f i t e .  In 

c a s e s  o f  ex t rem e s u l f u r  d e p l e t i o n  a d d i t i o n a l  p o lyphospha te  b o d ie s  a r e  

formed,  and a l s o  r i n g s  and caps  o f  condensed phospha te  a d j a c e n t  t o  th e  

plasma membrane.

The volume o f  a n o r m a l - s i z e d  c e l l  o f  Synechococcus  s p .  i s  a p p r o x i ­

m a te ly  0 .760  f 1, and th e  c e l l  mass a b o u t  800 f g .  T o ta l  c e l l u l a r  phos­

phorus i s  u s u a l l y  in  t h e  5"10 fg  r a n g e ,  a bou t  1? o f  t o t a l  mass; t o t a l  

phosphorus  i n c r e a s e s  up t o  f g / c e l l  under  s u l f u r  s t a r v a t i o n ,  o r  abou t  

5% o f  t o t a l  c e l l  mass .

Phosphorus  d e f i c i e n c y  c a u s e s  a l e s s e r  d e g re e  o f  pigment lo s s  than  

does s u l f u r  d e p r i v a t i o n ,  i n d i c a t i n g  t h a t  w h i l e  t h e  c e l l s  draw upon th e  

p h y c o b i1i p r o t e i n  as  a s u l f u r  r e s e r v e ,  a more p l e n t i f u l  bu t  l e s s  s e l f -  

l i m i t i n g  ( t o  th e  p h o t o a u t o t r o p h i c  c a p a c i t y )  r e s e r v o i r  o f  phosphorus is  

a v a i l a b l e .  C e l l s  grown under  s u l f u r  d e f i c i e n c y / p h o s p h o r u s  s u f f i c i e n c y  

f o r  s i x  d a y s ,  then  s h i f t e d  t o  s u l f u r  s u f f i c i e n c y / p h o s p h o r u s  d e f i c i e n c y ,  

soon r e c o v e r  t h e i r  pigment l e v e l s  and normal u l t r a s t r u c t u r a l  morphology,  

and s u r v i v e  wel l  f o r  t h r e e  o r  f o u r  days  a f t e r  s h i f t - o v e r .  C e l l s  grown 

in com ple te  medium, then  t r a n s f e r r e d  t o  p h o s p h o r u s - d e f i c i e n t  medium, 

s u f f e r  a s u b s t a n t i a ]  d e c l i n e  in bo th  a s p e c t s  w i t h i n  2k h o u r s .

U l t r a s t r u c t u r a l l y  t h e  i n i t i a l l y  s u l f u r - d e f i c i e n t  c e l l s  have mass ive  

p o ly p h o s p h a te  b o d i e s ,  which soon become porous  and d im in ished  in s i z e  

i r r e s p e c t i v e  o f  t h e  p r e s e n c e  o f  o r th o p h o s p h a t e  in t h e  reco v e ry  medium, 

i n d i c a t i v e  o f  h y d r o l y s i s  o f  t h e  polymer .  Such b o d ie s  in  c o n t r o l  c e l l s  

a r e  o f  normal s i z e  and q u i c k l y  d i s a p p e a r  i f  exogenous phospha te  is  

o m i t t e d .  I t  is  conc luded  t h a t  p o ly p h o s p h a te  s e r v e s  as  an e f f e c t i v e

v



phosphorus r e s e r v e  f o r  s h o r t - t e r m  s u r v i v a l  under  l i m i t i n g  c o n d i t i o n s .

C e l l s  o f  t h i s  o b l i g a t e  p h o to a u t o t r o p h  a l s o  u t i l i z e  L - c y s t i n e ,  L- 

d j e n k o l i c  a c i d ,  D L - l a n t h i o n i n e ,  and g l u t a t h i o n e  as s o l e  s u l f u r  s o u r c e s ,  

b u t  a r e  u nab le  to  use  L - c y s t a t h i o n i n e ,  DL-homocyst ine,  L -m e th io n in e ,  L- 

c y s t e i c  a c i d ,  o r  t a u r i n e .  The p a t t e r n  i s  c o n s i s t e n t  w i th  a u n i d i r e c ­

t i o n a l  t r a n s s u l f u r a t i o n  from L - c y s t e i n e  t o  L -m e th io n in e ,  and s u g g e s t s  

t h e  p r e s e n c e  o f  L - c y s t a t h i o n i n e - Y " s y n t h a s e  (E.C.  A .2 .9 9 .9 )  and L- 

c y s t a t h i o n i n e - 6 - l y a s e  (E.C.  k . 4 . 1 . 8 ) .  An i d e n t i c a l  p a t t e r n  o ccu r s  in 

g re e n  p l a n t s  and h e t e r o t r o p h i c  b a c t e r i a .

I t  i s  proposed t h a t ,  in common w i th  o t h e r  p ro k a ry o te -1  ike sy s tem s ,  

t h e  o r t h o p h o s p h a t e  and s u l f a t e  an ions  a r e  t aken  in t o  t h e  c y a n o b a c t e r i a l  

c e l l  by t h e  same p o r t e r  m o l e c u le s .  The absence  o f  one a n io n  would sub­

j e c t  t h e  sys tem t o  in p u t  o v e r lo a d  by th e  o t h e r .  However, such an o v e r ­

load  would be r e l i e v e d  o r  p r e c lu d e d  by an a l t e r n a t e  ( e . g .  o rg a n ic )  

s o u r c e  o f  t h e  m i s s in g  a n io n .

vi
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INTRODUCTION

Six  y e a r s  ago Wolk (1973) no ted  t h e  meager in fo rm a t io n  a v a i l a b l e  

on s u l f u r  metabo li sm in members o f  t h e  c y a n o b a c t e r i a  o r  b lu e -g r e e n  a l g a e .  

S ix  y e a r s  p r i o r  t o  t h a t  Smith £ t  £l_. (1967) had p r e s e n t e d  ev idence  to  

su p p o r t  th e  f i r s t  co n v in c in g  e x p l a n a t i o n  f o r  o b l i g a t e  p h o to a u to t ro p h y  

in a s u b s t a n t i a l  number o f  t h e s e  m icroorgan ism s ,  which s p e c i f i c a l l y  

in c lu d es  th e  f r e q u e n t l y  s t u d i e d  A n a c y s t i s  n id u l a n s  (now c o n s id e r e d  to 

be a s p e c i e s  o f  t h e  genus Synechococcus) .

A ccord ing ly  an i n v e s t i g a t i o n  was under taken  on th e  u t i l i z a t i o n  o f  

v a r io u s  i n o r g a n i c  s u l f u r  ions and s h o r t c h a i n  o r g a n o s u i f u r  compounds by 

c e l l s  o f  t h i s  s p e c i e s .  Of p a r t i c u l a r  i n t e r e s t  was the  q u e s t i o n  whether  

any o r  a l l  o f  t h e  o r g a n o s u i f u r  compounds could  s e rv e  i n d i v i d u a l l y  as a 

s o l e  s u l f u r  s o u rce  d e s p i t e  t h e  absence  o f  a genera l  h e t e r o t r o p h i c  c ap a ­

b i l i t y .

Schmidt (1977c),  among o t h e r  a u t h o r s  in r e c e n t  y e a r s ,  has warned 

o f  the  d i f f i c u l t i e s  e n c o u n te re d  in pe r fo rm ing  s u l f u r  b io c h e m is t ry ,  

e s p e c i a l l y  in rega rd  t o  th e  in c id e n c e  o f  i s o t o p i c  exchange o r  s id e  

r e a c t i o n s  when us ing  l a b e l l e d  s u l f u r  compounds. S ince  i t  has long 

been known t h a t  s u l f u r  d e f i c i e n c y  promotes a marked in c r e a s e  o f  con­

densed phospha te  in c e l l s  o f  h e t e r o t r o p h i c  b a c t e r i a ,  i t  was o f  i n t e r e s t  

to  de te rm ine  i f  a s i m i l a r  d e p o s i t i o n  o c c u r r e d  upon s u l f u r  d e p l e t i o n  in 

c y a n o b a c t e r i a l  c e l l s .  Once t h i s  p o i n t  was con f i rm ed ,  such accum ula t ion  

was used to  m oni to r  t h e  c e l l u l a r  p h y s i o l o g i c a l  s t a t e  when a v a r i e t y  o f  

p o t e n t i a l  s u l f u r  s o u rc e s  was p ro v id ed ,  and thus  o b v ia t e d  the  com pl ica ­

t i o n s  a t t e n d a n t  to  a d i r e c t  s tu d y  o f  s u l f u r  c h e m is t ry .  S ince  po ly ­

phospha te  i n c l u s i o n  g r a n u le s  have a very c h a r a c t e r i s t i c  e l e c t r o n  image,



2

u l t r a s t r u c t u r a l  o b s e r v a t i o n  p ro v id e d  a d r a m a t i c  and c o n v in c in g  method 

f o r  c o r r o b o r a t i n g  changes  in t h e  e x t e n t  o f  condensed  phospha te  d e p o s i ­

t i o n .



LITERATURE REVIEW

A. PHOSPHATE UPTAKE

General Cons ide ra t ions

D e s p i t e  i t s  r e l a t i v e l y  poor  s o l u b i l i t y  in n a t u r a l  w a te r s  ( G r i f f i t h  

et_ aj_ . , 1977) > o r t h o p h o s p h a t e  (P0i,3~) i s  no rm al ly  t h e  most  commonly 

a v a i l a b l e  s o u rc e  o f  phosphorus  to  t h e  m ic roo rgan ism .  Th i s  a n io n  i s  e s ­

p e c i a l l y  s t a b l e  and does no t  undergo  a b i o t i c  p h o s p h o r y l a t i o n  r e a c t i o n s  

( G r i f f i t h  et_ a]_. , 1977) .  Thus i t s  a c t i v a t i o n  in b i o l o g i c a l  r e a c t i o n s  

n e c e s s a r i l y  r e q u i r e s  an accompanying e x e rg o n i c  e v e n t .  Because o f  gen­

e r a l  membrane im p e rm e a b i l i ty  to  t h e  a n i o n ,  i t  i s  w id e ly  a c c e p te d  t h a t  

o r th o p h o s p h a t e  u p ta k e  i s  an e n e r g y - d e p e n d e n t ,  c a r r i e r - m e d i a t e d  p ro c e s s  

in t h e  v a s t  m a j o r i t y  o f  l i v i n g  sy s tem s .  Such a p h o s p h a te  ( t r a n s ) p o r t e r  

sys tem was f i r s t  s u g g e s te d  by M i t c h e l l  (1953, 1954),  a f t e r  t h e  exchange 

h y p o t h e s i s  o f  Uss ing  (1947) .  In o n ly  a few o f  t h e  m ic roorgan ism s  thus  

f a r  i n v e s t i g a t e d  has o r th o p h o s p h a t e  t r a n s p o r t  been shown t o  be coup led  

t o  t h e  h y d r o l y s i s  o f  a d e n o s i n e  t r i p h o s p h a t e  (ATP).

The Process in  H e te ro t ro p h ic  Bac te r ia

The f i r s t  s t e p  in t h e  a c t i v e  t r a n s p o r t  o f  i n o r g a n i c  p h o s p h a te  may in ­

v o lv e  a membrane- loca ted  b in d in g  p r o t e i n  (BP).  One such  m o le c u le  has 

been found in c e l l s  o f  E s c h e r i c h i a  c o l i  by Medveczky and Rosenberg 

(1970) .  The b in d in g  i s  a ccom pl i shed  on a onerone  m o l e c u la r  b a s i s .

S in ce  p h o s p h a te  s t a r v a t i o n  i s  no t  r e q u i r e d  f o r  p r o d u c t i o n  o f  t h e  b in d in g  

p r o t e i n ,  i t s  s y n t h e s i s  can be assumed t o  be c o n s t i t u t i v e  in t h i s  bac ­

t e r i u m ,  and under  normal c o n d i t i o n s  t h e r e  e x i s t  2 x 10** m o lecu le s  o f  BP 

pe r  c e l l  (Medveczky and Rosenberg ,  1970) .  I n d i r e c t  e v id e n c e  o f  i t s  r o l e  

i s  t h e  d e m o n s t r a t i o n  t h a t  t h e  BP must be added t o  r e c o n s t i t u t e  phospha te  

t r a n s p o r t  in s p h e r o p l a s t s  o f  E_. col  i (Gerdes e t  a j_ . , 1977) .

Uptake o f  o r t h o p h o s p h a t e  e x h i b i t s  a d e f i n i t e  ene rgy  dependence  in



k

c e l l s  o f  both  Bac 11Tus s u b t i l l s  (Rosenberg e_t , 1969) and E_. col  i 

(Medveczky and Rosenberg ,  1971).  Such t r a n s p o r t  i s  b i p h a s i c ,  w i th  h ig h -  

and l o w - a f f i n i t y  components under  d u a l -g e n e  c o n t r o l  (W?1lsky  e t  a l . ,  

1973).  In c o l i  c e l l s  o r th o p h o s p h a t e  b ind ing  p r o t e i n  is a p p a r e n t l y  

a s s o c i a t e d  on ly  w i th  th e  h i g h - a f f i n i t y  component (Rosenberg e t  a l . . ,

1977). Th i s  component i s  r e g u l a t e d  by th e  amount o f  a v a i l a b l e  in o r g a n i c  

p ho sp h a te ,  and is  r e p r e s s e d  by o r th o p h o s p h a t e  in ex ce s s  o f  one mM. In 

c o n t r a s t  t h e  l o w - a f f i n i t y  component (o r th o p h o s p h a te  a f f i n i t y  l e s s  by two 

o r d e r s  o f  magnitude than  t h a t  o f  t h e  h i g h - a f f i n i t y  component) is  c o n s t i ­

t u t i v e ,  c a p a b le  o f  exchanging  i n t r a -  and e x t r a c e l l u l a r  p h ospha te ,  and i t  

c o n t in u e s  to  o p e r a t e  when t h e  h i g h - a f f i n i t y  component i s  r e p r e s s e d ,  i . e .  

when th e  i n t r a c e l l u l a r  phospha te  " p o o l"  i s  f i l l e d  (Rosenberg e t  a l . ,  

1977).  Whereas th e  l o w - a f f i n i t y  component is  u n c o u p l e r - i n h i b i t e d , the  

h i g h - a f f i n i t y  component is  n o t ,  a l th o u g h  both a r e  e n e rg y -d e p e n d e n t .  The 

l o w - a f f i n i t y  component i s  d r i v e n  by p ro to n -m o t iv e  fo rce /pH g r a d i e n t  

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

th e  h i g h - a f f i n i t y  component o p e r a t e s  v i a  phospha te  bond energy  (Konings 

and Rosenberg,  1978).

P h o s p h o r u s - d e f i c i e n t  growth d e p l e t e s  the  c e l l u l a r  phospha te  p o o l ,  

and upon r e s t o r a t i o n  o f  i n o r g a n i c  phospha te  both  components a c t  in a 

r a p id  r e f i l l i n g  o f  t h e  p o o l ,  p robab ly  in an a d d i t i v e  manner (Rosenberg 

e_t_ aJL-, 1977).'  Once f i l l i n g  i s  a c h i e v e d ,  t h e  h i g h - a f f  i n i t y  component i s  

r e p r e s s e d  and the  up take  r a t e  d e c l i n e s  t o  t h a t  o f  n o n -phosphorus -dep r ived  

c e l l s  (Rosenberg et_ a K  , 1969).  During f i l l i n g  phospha te  f l u x  i s  u n i ­

d i r e c t i o n a l ,  bu t  t h e r e a f t e r  exchange w i th  exogenous in o rg a n i c  phospha te  

o c c u r s .  F u r th e r  o r  s econdary  u p ta k e  o ccu rs  v i a  th e  l o w - a f f i n i t y  com­

ponent  to  r e p l a c e  pool phospha te  removed f o r  e s t e r i f i c a t i o n  (Medveczky 

and Rosenberg ,  1971).
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The f i r s t  ev id en ce  o f  a r s e n a t e  c o m p e t i t i o n  f o r  t h e  common p o r t e r  s y s ­

tem o f  t h e s e  two an ions  was o b t a i n e d  by M i t c h e l l  (195*0 in c e l l s  o f  

Micrococcus pyoge n e s . A s i m i l a r  c o m p e t i t i o n  occu rs  in c e l l s  o f  S t r e p t o ­

coccus  f a e c a l  i s  (Harold and Baarda ,  1966),  where a pH-expressed  b i p h a s i c  

p hospha te  t r a n s p o r t  sys tem  o b t a i n s  (optima a t  pH 5 . 5  and pH 8 - 9 ) ,  bu t  a t  

t h e  expense  o f  ATP o r  a c l o s e l y  r e l a t e d  v a r i a n t  (Harold and S p i t z ,  1975).  

O x i d a t i v e  r e s p i r a t i o n  i s  l a c k in g  in t h i s  o rg an is m .  A r s e n a te  i s  a l s o  

t r a n s p o r t e d  in c o m p e t i t i o n  w i th  o r t h o p h o s p h a t e  in c e l l s  o f  B a c i11 us 

c e r e u s  (Rosenberg e t  a l . ,  1969) and E s c h e r i c h i a  co l?  (Medveczky and 

Rosenberg ,  1970).  In the  l a t t e r  b a c t e r iu m  on ly  t h e  h i g h - a f f i n i t y  compo­

n e n t  is  invo lved  in t h i s  c o m p e t i t i v e  t r a n s p o r t .

In c o n t r a s t  t o  most  o f  t h e  o t h e r  microorgan ism s  i n v e s t i g a t e d  t o  d a t e ,  

c e l l s  o f  Micrococcus  lys o d e i k t i c u s  e x h i b i t  a l i n e a r  up take  o f  i n o r g a n i c  

p h o s p h a te  r a t h e r  than a b i p h a s i c  one ,  a l t h o u g h  two up take  peaks e x i s t ,  a t  

pH 6 . 5  and pH 8 . 0  ( F r i e d b e r g ,  1977).  T r a n s p o r t  r e g u l a t i o n  occu rs  by 

means o f  r e p r e s s i o n / d e r e p r e s s i o n ,  and a r a t e  i n c r e a s e  i s  p re v e n te d  by the  

a d d i t i o n  o f  ch lo ram phen ico l  (CAP), im plying t h a t  de novo s y n t h e s i s  o f  the  

c a r r i e r  must o c c u r  t o  i n c r e a s e  pho sp h a te  u p t a k e .  I n o r g a n ic  phospha te  

u p ta ke  i s  h e r e  a g a in  e n e r g y - d e p e n d e n t ,  as  r e s p i r a t o r y  s u p p r e s s o r s  and un­

c o u p l e r s  o f  o x i d a t i v e  p h o s p h o r y l a t i o n  i n h i b i t  the  p r o c e s s  (F r i e d b e rg ,  

1977). F r i e d b e rg  (1977) has s u g g e s t e d  th e  n o n - b i p h a s i c  n a t u r e  o f  up take  

I s  due t o  an incom ple te  load ing  o f  the  pho sp h a te  p o o l ,  in tu rn  due to  

r a p i d  p o l y m e r i z a t i o n  o f  t h e  c e l l u l a r  o r th o p h o s p h a t e  t o  p o lyphospha te  

( s e e  F r i e d b e r g  and Avigad,  1968).

The P ro ces s  in E u k a ry o t i c  A u t o t r o p h ?c and H e t e r o t r o p h ?c Microorganisms

In c e l l s  o f  the  g reen  a l g a  C h l o r e l l a  p y reno?dosa  pho sp h a te  t r a n s p o r t  

i s  a l s o  e n e r g y - r e q u i r i n g  ( J e a n j e a n ,  1969) ,  b i p h a s i c  ( J e a n je a n  e t  a l . ,  

1970) ,  and r a t e - i n c r e a s e - m e d i a t e d  by de novo c a r r i e r  s y n t h e s i s  ( J e a n j e a n ,
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1973) .  F u r t h e r  i n f o r m a t io n  s u g g e s t s  t h a t  c a r r i e r  s y n t h e s i s  i s  ba lanced  

by c o n t i n u a l  c a r r i e r  d e s t r u c t i o n  ( J e a n j e a n  and Ducet ,  197*0* As w i th  

th e  phospha te  t r a n s p o r t  sys tem in c e l l s  o f  E s c h e r i c h i a  c o l ?, a h ig h -  

a f f i n i t y  component w i t h  a low s a t u r a t i o n  c a p a c i t y ,  and a l o w - a f f i n i t y , 

h i g h - s a t u r a t i o n  c a p a c i t y  component o p e r a t e  in r e s p o n s e  to  t h e  c o n c e n t r a ­

t i o n s  o f  exogenous  and endogenous in o r g a n i c  pho sp h a te  ( J e a n j e a n  e t  a l ■, 

1970).  Nyholm (1977) has p o in t e d  o u t  t h a t  th e  former  component is  l i k e l y  

th e  p r im ary  e lem en t  o p e r a t i n g  in  a l g a e  under  e c o l o g i c a l  c o n d i t i o n s .

With C h l o r e l l a  too  p h o s p h a te  s t a r v a t i o n  a f f e c t s  t h e  p a t t e r n  o f  s u b s e ­

q u e n t  o r th o p h o s p h a t e  u p t a k e  ( J e a n j e a n  and D uce t ,  197**; J e a n j e a n ,  1975) ,  

and e v id e n c e  i n d i c a t e s  t h a t  t r a n s p o r t  o f  th e  a n io n  i s  no t  an ATP-driven  

p r o c e s s ,  bu t  r a t h e r  depends  upon r e s p i r a t o r y  a n d / o r  p h o t o s y n t h e t i c  

m e tabo l i sm  ( J e a n j e a n ,  1976).  That  t h e  ene rgy  a l l o w i n g  p h ospha te  u p ta k e  

t o  f u n c t i o n  may be d e r i v e d  from more than  one such  s o u r c e  i s  i n d i c a t e d  

by th e  o b s e r v a t i o n s  t h a t  in c e l l s  o f  C h l o r e l l a  (Wintermanns,  1955),

Ank?strodesmus (Simonis and Urbach,  1963),  and Scenedesmus (Kyi in ,  1966) ,  

such t r a n s p o r t  i s  l i g h t - e n h a n c e d  bu t  no t  l i g h t - d e p e n d e n t .

A dual -component  u p t a k e  sys tem w i th  d i f f e r i n g  a f f i n i t i e s  has  been 

found t o  o p e r a t e  as  w e l l  in t h e  osmoorganotrophs  Candida t r o p i c a l i s  

(B lasco  e t  a l . ,  1976) and Neurospora  c r a s s a  (Burns and Beever ,  1977; 

Beever and Burns ,  1977) .

The P ro c e s s  in Cy a n o b a c t e r i a

H utch inson  (1973) has s u g g e s t e d  t h a t  a s p e c i a l  mechanism e x i s t s  in 

b l u e - g r e e n  b a c t e r i a  f o r  t h e  e f f i c i e n t  u p ta k e  o f  pho sp h a te  a t  v e r y  low 

c o n c e n t r a t i o n s  in v i v o , b u t  he cou ld  no t  e l a b o r a t e  on p r e c i s e l y  what i t  

might  be.  Indeed ,  l e s s  s p e c i f i c  i n f o r m a t io n  i s  a v a i l a b l e  on p h o s p h a te  

t r a n s p o r t  in t h e s e  o b i i g a t e l y  a u t o t r o p h i c ,  p r o k a r y o t i c  m ic ro o rg an ism s .  

However i t  i s  ve ry c e r t a i n  t h a t  t h e  p r o c e s s  i s  an e n e r g y - d e p e n d e n t ,



c a r r i e r - m e d i a t e d  one in c e l l s  o f  A n a c y s t i s  r i idu lans  (B orne fe ld  e t  a 1 . , 

197*f; F a lk n e r  e t  al  . , 197**;, Simonis e t  a 1 . ,  197*0- The optimum range 

f o r  such u p ta k e  i s  q u i t e  na r row ly  d e f i n e d  in t h i s  o rgan ism :  pH 7 . 6 - 8 . 2  

(Fal kner  e t  a 1 . , 197*0; pH 8 . 0  (B o rn e fe ld  e t  a l  . , 197**; S imoni s e t  al  . ,  

197*0; o r  pH 7 . 0  w i th  a more pronounced peak a t  pH 8 . 5 ,  u p ta k e  f a l l i n g  

o f f  r a p i d l y  t h e r e a f t e r  (U l1r i c h - E b e r i u s  and Y in gcho l ,  197*0. S t u d i e s  on 

r a p i d  o r th o p h o s p h a t e  u p ta k e  by c e l l s  o f  b_. n i d u l a n s  were c a r r i e d  ou t  

w i t h i n  t h i s  same r a n g e ,  a t  pH 8.1 ( B a t t e r t o n  and Van Baaten ,  1968).

The v e l o c i t y  o f  phospha te  u p ta k e  i s  c o n c e n t r a t i o n - d e p e n d e n t  on exo­

genous o r t h o p h o s p h a t e ,  wi th  a !<„, = 6 . 0  juM, and t h a t  u p ta k e  a p p ea r s  to  be 

u n i d i r e c t i o n a l  in c e l l s  o f  A. n i d u l a n s  (F a lk n e r  et_ a ]_., 197**) - T r a n s p o r t  

in b l u e - g r e e n  b a c t e r i a  i s  l i g h t - e n h a n c e d  b u t  not  l i g h t - d e p e n d e n t  (T a l -  

p a s a y i ,  1962; Simonis e t  a 1 . ,  197*0,  and DCMU i n h i b i t i o n  s u g g e s t s  some 

d e g r e e  o f  c o u p l in g  t o  pho tosys tem  II o r  to  n o n - c y c l i c  p h o to p h o s p h o ry la ­

t i o n  (Simonis e_t_ a j_ . , 197*0. The l i g h t  e f f e c t  i s  even more pronounced 

in c e l l s  o f  A_. n i d u l a n s  s t a r v e d  f o r  phosphorus  (B orne fe ld  et^ a_l_., 197*0- 

However o r th o p h o s p h a t e  t r a n s p o r t  in c e l l s  o f  t h i s  s p e c i e s  is a l s o  

s t r o n g l y  s e n s i t i v e  t o  t h e  u n c o u p l e r  mCCCP (F a lk n e r  e t  al  . ,  197**; Simonis 

e t  3 1 • > 197**) , i n d i c a t i v e  o f  a c o n t r i b u t i o n  from o x i d a t i v e  p h o s p h o r y l a ­

t i o n  a n d / o r  c y c l i c  p h o to p h o s p h o r y l a t i o n  t o  t h e  ene rgy  r e q u i r e d  f o r  i n o r ­

g a n ic  pho sp h a te  u p ta k e .  All  a u t h o r s  conc luded  t h a t  a l t h o u g h  ATP g e n e r a ­

t i o n  may s u p p o r t  t r a n s p o r t ,  ATP le v e l  i s  no t  a l i m i t i n g  f a c t o r  in t h a t  

p r o c e s s .  A p ro ton -m o t ive /pH  g r a d i e n t  mechanism may d r i v e  pho sp h a te  up­

t a k e  in c e l l s  o f  A n a c y s t i s  n i d u l a n s  (Brinckmann and S imonis ,  1978).

Pret rea tment  o f  c e l l s  o f  Â . n idu lans  wi th  CAP had no e f f e c t  on o r t h o ­

phosphate t r a n s p o r t ,  a r e f l e c t i o n  t h a t  in c o n t r a s t  to  the c o n d i t i o n  ob­

t a i n i n g  in c e l l s  o f  C h lo r e l l a  pyreno idosa when p re t re a te d  w i t h  c y c lo h e x i -  

mide (CHI) (Jeanjean,  1973),  phosphate p o r te rs  in  the  cyanobacter ium
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a r e  l o n g - l i v e d .  B a t t e r t o n  and Van Baalen (1968) have i n d i c a t e d  t h a t  in 

bo th  normal and p h o s p h a t e - s t a r v e d  c e l l s  o f  t h i s  s p e c i e s  a g r e a t  many 

phospha te  b ind ing  s i t e s  a r e  p r e s e n t ,  s u g g e s t i n g  a g a in  th e  c o n s t i t u t i v e  

n a t u r e  o f  b ind ing  p r o t e i n s  in p r o k a r y o t i c  o rg an ism s .

Organic Phospha te s  and A lk a 1 ine Phospha tases

D e p le t i o n  o f  exogenous phosphorus not  o n ly  induces an i n i t i a l l y  in ­

c r e a s e d  r a t e  o f  i n o r g a n i c  phosphate  u p ta ke  in a wide v a r i e t y  o f  m ic ro ­

organisms  (Kuhl, 1962; B a t t e r t o n  and Van Baa len ,  1968; Rosenberg e t  a l . ,  

1969; J e a n j e a n ,  1969; S tew ar t  and A lexande r ,  1971),  bu t  a l s o  a much in ­

c r e a s e d  l e v e l  o f  a l k a l i n e  p h ospha ta se  ( T o r r i a n i ,  I960 ;  Bone, 1971;

H ea ley ,  1973; I h l e n f e l d t  and Gibson,  1975).  Both p r o c e s s e s  a r e  i n h i b i t e d  

by o r t h o p h o s p h a t e ,  a p p a r e n t l y  v i a  a r e p r e s s i o n  o f  c a r r i e r  s y n t h e s i s  in 

t h e  f i r s t  c a s e  ( J ean je an  and Ducet ,  197*0, and o f  th e  enzyme i t s e l f  in 

th e  second (Hor iuchi  et_ a j_ . , 1959; T o r r i a n i ,  I960; Echols et_ aj_ . , 1961).  

The r e l e a s e  o f  t h i s  enzyme in t o  t h e  e x t r a c e l l u l a r  m i l i e u  a l low s  any o f  

s e v e r a l  o r g a n i c  phospha tes  to  r e p l a c e  i n o r g a n i c  phospha te  a s  the  o rg an ­

i s m 's  sou rce  o f  phosphorus .  The c l eav ed  phospha te  moiety  i s  t r a n s p o r t e d

i n t o  t h e  c e l l ,  w h i l e  th e  remainder  o f  t h e  s u b s t r a t e  m o lecu le  i s  exc luded  

(Hor iuchi  e t  a l . ,  1959)

Cytochemical  s t a i n i n g  t e c h n iq u e s  and e l e c t r o n  microscopy have l o c a l ­

ized a c t i v e  phospha tases  in the  p e r i p l a s m i c  space  o f  such g ram -n e g a t iv e  

b a c t e r i a  as  E s c h e r i c h i a  col  I (Malamy and Horecker ,  1961; Done e t  a l . ,  

1965; Wetzel e t  a l . ,  1 9 7 0 )  and Pseudomonas a e r u g i n o s a  (Cheng e t  a l . ,

1970; I ngram e t  a l . ,  1973; Bha t t i  e £  £ l_ . , 1976),  a s  well  as  in t h e  cyano­

b a c t e r i a  Plec tonema boryanum (Doonan and J e n s e n ,  1977) and Anabaena 

c y l i n d r i c a  (Doonan, 1978).  Of i n t e r e s t  i s  t h e  o b s e r v a t i o n  t h a t  in th e  

former b l u e - g r e e n  b a c t e r iu m  only  th e  o u t e r  w a l l s  a r e  s t a i n e d ,  b u t  in the  

l a t t e r  s p e c i e s  th e  c r o s s  w a l l s  too  e x h i b i t  l o c a l i z a t i o n  o f  t h e  enzyme.
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Evidence  has i n d i c a t e d  t h a t  in c e l l s  o f  A n a c y s t i s  n id u l a n s  a l k a l i n e  phos­

p h a t a s e  i s  p e r i p h e r a l l y  l o c a t e d  ( i h l e n f e l d t  and Gibson ,  1975),  bu t  i t s  

p r e c i s e  s i t e  has y e t  t o  be d em o n s t r a te d .

B. SULFATE UPTAKE AND REDUCTION 

General  C o n s id e r a t i o n s

S i m i l a r  to  o r t h o p h o s p h a t e ,  t h e  s u l f a t e  a n ion  ( S O ^ - ) i s  a very  

s t a b l e  and u n r e a c t i v e  s p e c i e s  in aqueous s o l u t i o n .  In c o n t r a s t  to  the  

f r e q u e n t l y  l i m i t i n g  amounts o f  i n o r g a n i c  phospha te  in o l i g o t r o p h i c  h a b i ­

t a t s ,  however,  i n o rg a n ic  s u l f a t e  i s  r a r e l y  d e f i c i e n t ,  and in f a c t  no r ­

m a l ly  i s  p r e s e n t  in modera te  to  h igh  c o n c e n t r a t i o n s  in both  f r e s h w a te r  

(as  h igh a s  0.1 mM) and mar ine  (mean v a lu e  25 mM) env i ronm ents  ( S c h i f f ,  

1962; Brock,  1970).  A lso  u n l i k e  o r t h o p h o s p h a t e ,  s u l f a t e  s u l f u r  must 

undergo a va len cy  change ,  u s u a l l y  an 8 - e l e c t r o n  r e d u c t i o n ,  p r i o r  t o  i t s  

a s s i m i l a t i o n  in t o  o r g a n i c  m olecu le s  ( B a n d u r s k i , 1965) .  R educ t ions  a r e  

e n d e r g o n i c ,  bu t  t h a t  o f  s u l f a t e  s u l f u r  to  t h e  t h i o l  l e v e l  i s  s u b s t a n ­

t i a l l y  s o ,  r e q u i r i n g  some 180 kcal  p e r  mole (Gibbs and S c h i f f ,  I960; 

S c h i f f  and Hodson, 1973).

S u l f a t e  i s  t h e  u n i v e r s a l  s u l f u r  s o u rc e  f o r  v i r t u a l l y  a l l  a u t o t r o p h s ,  

and i s  used by some h e t e r o t r o p h i c  microorganisms  as  well  (Bandursk i ,

1965).  Within  bo th  c l a s s e s  t h e  v a s t  m a j o r i t y  o f  microorganisms  u t i l i z e  

th e  an ion  in a s s i m i l a t o r y  s u l f a t e  r e d u c t i o n  t o  y i e l d  u s e f u l  s t r u c t u r a l  

a n d / o r  m e ta b o l i c  o r g a n o s u l f u r  m o le c u le s .  The s u l f u r  i s  most o f t e n  i n c o r ­

p o ra te d  a t  t h e  t h i o l  l e v e l  ( -S H ) , o x i d o r e d u c t i v e  s t a t e  - 2 .  The enzymes 

invo lved  in such r e d u c t i o n  and a s s i m i l a t i o n  a r e  no rm al ly  r e p r e s s i b l e  by 

o t h e r  s u l f u r  s p e c i e s ,  both  i n o r g a n i c  and o r g a n i c .  Among h e t e r o t r o p h s  a 

very  few, c l a s s i c a l l y  r e p r e s e n t e d  by th e  o b l i g a t e  anae robes  o f  th e  genus 

D e s u i f o v i b r i o , e x h i b i t  d i s s i m i l a t o r y  s u l f a t e  r e d u c t i o n .  The p ro cess
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y i e l d s  r e s p i r a t o r y  energy  o n ly  f o r  th e  microorgan isms  and most  o f  the
9 -

s u l f a t e  i s  no t  a s s i m i l a t e d ,  bu t  reduced to  s u l f i d e  (S ) and e x c r e t e d .

The Upta k e  P ro ces s  in H e t e r o t r o ph ic  B a c t e r i a

The f i r s t  s t e p  in c e l l u l a r  up take  o f  i n o r g a n i c  s u l f a t e  may be b in d ­

ing o f  th e  an ion  to  th e  plasmalemma. A l a r g e l y  p r o t e i n  m olecu le  t i g h t l y  

b ind ing  s u l f a t e  on a onerone  m o lecu la r  b a s i s  has been im p l ic a te d  in c e l l s  

o f  S a lm onel la  t y p himurium (P ardee ,  1966; Pardee  and P r e s t i d g e ,  1966),  

w i th  a p p ro x im a te ly  1 x 10^ b in d in g  p r o t e i n s  per  c e l l  (P a rdee ,  1968).

The b in d in g  p ro c e s s  i s  no t  e n e rg y -d e p e n d e n t ,  bu t  i s  r e p r e s s e d  by L- 

c y s t e i n e  and i n h i b i t e d  by t h i o s u l f a t e  (Pardee  e t  aj_. , 1966).

D reyfuss  and Pardee  (1965) su g g es ted  t h a t  b ind ing  r e p r e s e n t s  an o b l i g a ­

t o r y  e v e n t  in s u l f a t e  t r a n s p o r t ,  and Pardee  and Watanabe (1968) ,  by t h e  

use o f  diazo-NDS and a n t ib o d y  i n a c t i v a t i o n  o f  p r o t e i n s ,  l o c a l i z e d  th e  BP 

on th e  plasma membrane a d j a c e n t  to  t h e  c e l l  wall  in S_. t y p himurium. The 

gene coding  f o r  s u l f a t e  t r a n s p o r t  (cys A) in t h i s  organ ism does not  code 

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

p r o d u c t i o n ,  s u l f a t e  t r a n s p o r t ,  and c y s t e i n e  s y n t h e s i s  (Ohta e t  a l . ,

1971).  Tha t  t h e  absence  of  BP i s  not  d i r e c t l y  c o r r e l a t e d  w i th  a la ck  of  

s u l f a t e  t r a n s p o r t  (Pardee  e t  a l . ,  1966) may be t h e  r e s u l t  o f  a two- 

component u p ta ke  system f o r  s u l f a t e  s i m i l a r  t o  t h a t  f o r  phospha te  p r e v i ­

o u s ly  d i s c u s s e d .

T r a n s p o r t  o f  in o rg a n i c  s u l f a t e  a c r o s s  the  membrane b a r r i e r  i s  an 

e n e rg y -d e p e n d e n t ,  c a r r i e r - m e d i a t e d  p ro c e s s  in such b a c t e r i a  as  c o l ? 

and B. s u b t ? 1 is  (Wheldrake and P a s t e r n a k ,  1965; S p r in g e r  and Huber,  1972),  

as  well  as  in S_. t y p himurium (D rey fuss ,  1964; Dreyfuss  and P a rd ee ,  1965). 

T r a n s p o r t  i s  e f f e c t i v e l y  i n h i b i t e d  by endogenous reduced s u l f u r ,  p a r t i c u ­

l a r l y  c y s t e i n e  o r  i t s  o x i d i z e d  form, c y s t i n e ,  and m e th io n in e  i s  a l s o  very  

i n h i b i t o r y  in some o rgan ism s .  For example Dreyfuss  (1964) de termined
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t h a t  g l u c o s e - e n e r g i z e d  s u l f a t e  u p ta k e  in c e l l s  o f  S a lm o n e l l a  t y p himurium 

is i n h i b i t e d  by t h i o s u l f a t e ,  s u l f i t e ,  and c y s t e i n e .  The two in o r g a n i c  

an io n s  ve ry  l i k e l y  i n h i b i t  c o m p e t i t i v e l y ,  as  e v i d e n c e  e x i s t s  t h a t  th e y  

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

n e g a t i v e  feedback  o r  e n d p o in t  r e p r e s s i o n ,  s i n c e  i t  i n h i b i t s  no t  o n ly  

t r a n s p o r t  bu t  a l s o  a c t i v a t i o n  o f  s u l f a t e  and t h i o s u l f a t e  ( D r e y f u s s ,  1964; 

D reyfuss  and P a r d e e ,  1966; K red ich ,  1971)- Fur therm ore  both  th e  s u l f a t e  

t r a n s p o r t  and a c t i v a t i o n  p r o c e s s e s  r e p r e s s e d  by c y s t e i n e  a r e  d e r e p r e s s e d  

by s u l f u r  s t a r v a t i o n  (D re y fu ss ,  1964; Kred ich ,  1971).  T r a n s p o r t  o f  s u l ­

f a t e  in c e l l s  o f  S_. t y p himurium e x h i b i t s  c h a r a c t e r i s t i c s  r e m i n i s c e n t  of  

a two-component  up take  mechanism, and thus  t h e  r a t e  o f  n e t  s u l f a t e  in ­

f l u x  depends upon t h e  i n t r a c e l l u l a r  s u l f a t e  l e v e l .  A low c e l l u l a r  le ve l  

r e s u l t i n g  from s u l f u r  d e p r i v a t i o n  would induce a h igh  r a t e  o f  i n t a k e ,  

w h i l e  a h igh  l e v e l  would be c o n s i s t e n t  w i th  a much reduced i n t a k e  r a t e  

(D reyfuss  and P a rd e e ,  1966; S c h i f f  and Hodson, 1973).

The Up ta k e  P roces s  in E u k a ry o t i c  Microorganisms

W ith in  bo th  a u t o -  and h e t e r o t r o p h i c  e u k a ry o t e s  u p ta k e  o f  i n o r g a n i c  

s u l f a t e  e x h i b i t s  s i m i l a r  f u n c t i o n i n g .  I t  is  e n e r g y - l i n k e d  in C h l o r e l l a  

c e l l s  (Wedding and B lack ,  I960) and b i p h a s i c  in c e l l s  o f  C_. py r e n o i d o s a , 

bu t  t h e r e  is  no e v i d e n c e  y e t  o f  exchange by c e l l u l a r  and exogenous s u l ­

f a t e  (V a l l e e  and J e a n j e a n ,  1968a) .  Uptake i s  i n c r e a s e d  in  p r e s u l f u r -

s t a r v e d  c e l l s ,  and in such c a s e s  in  bo th  C_. pyre n o id o s a  and £ .  v u l g a r i s

i n h i b i t i o n  by m e th io n in e  and c y s t e i n e  i s  maximal (V a l l e e  and J e a n j e a n ,  

1968b; P a s s e r a  and F e r r a r i ,  1975).

S u l f a t e  u p ta k e  i s  i n h i b i t e d  by t h i o s u l f a t e  in c e l l s  o f  Neurospora

c r a s s a  (Ragland and Liverman,  1958) ,  and as w e l l  by s u l f i t e ,  m e th io n i n e ,  

c y s t i n e ,  and cys te ine -H C l  (and l e s s  so by c y s t e i c  a c i d  and t a u r i n e )  in 

c e l l s  o f  P e n i c i I l i u m  chrysogenum (Segel  and J ohnson ,  1961).  S u l f a t e
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I n f l u x  f a r  exceeds  e f f l u x  Ĉ me ^ ^ | L|X = 20 mM; ^ i n f l u x  = 0*01 mM) in c e l l s  

o f  f£. c r a s s a  (M arz lu f ,  197^) ,  and a two-component  u p ta k e  based  on high  

and low a f f i n i t i e s  has been d em o n s t r a te d  in  c e l l s  o f  Saccharomyces c e r e -  

vi s i a e . This  osmotroph  forms L -m e th io n in e  as  i t s  f i r s t  majo r  o r g a n o s u l -  

f u r  compound, and thus  t r a n s p o r t  i s  r e g u l a t e d  (v ia  c a r r i e r  s y n t h e s i s )  by 

exogenous m e th io n in e  o r  S - a d e n o s y lm e th io n i n e  (Bre ton  and S u r d i n - K e r j a n ,

1971).

A s s i m i l a t o r y  S u l f a t e  R educ t ion

A f t e r  u p ta k e  s u l f a t e  i s  reduced t o  t h e  t h i o l  l e v e l  by one o r  two 

a c t i v a t i o n  s t e p s ,  and two r e d u c t i o n  s t e p s  (Tsang and S c h i f f ,  1976a) .  In 

h e t e r o t r o p h i c  m ic roorgan ism s  t h e r e  a r e  two a c t i v a t i o n  e v e n t s :  ( 1) s u l ­

f a t e  r e a c t s  w i th  ATP v ia  ATP s u l f u r y l a s e  ( f o r m a l ly  d e s i g n a t e d  A T P - s u l f a t e  

a d e n y l y l t r a n s f e r a s e ,  E.C. 2 . 7 . 7 . ^ )  t o  y i e l d  a d e n o s in e  S /  - p h o s p h o s u 1 f a t e  

(APS) and p y ro p h o s p h a te  ( P P j ) ;  (2) APS r e a c t s  w i th  a second m o lecu le  o f  

ATP v i a  APS k i n a s e  (adeny ly l  3/  - p h o s p h o t r a n s f e r a s e ,  E.C.  2 . 7 . 1 . 2 5 )  to  

y i e l d  a d e n o s in e  3/  - p h o s p h a t e  5 /  - p h o s p h o s u 1 f a t e  (PAPS) and ADP (H i lz  et_ 

a l . ,  1959; P a s t e r n a k  e t  a l . ,  1965; K l ine  and Schoenhard ,  1970; K red ich ,  

1971; Tsang and S c h i f f ,  1975) .  The f i r s t  r e a c t i o n  has an u n f a v o r a b l e  

e q u i l i b r i u m  f o r  p ro d u c t  f o r m a t io n  s i n c e  th e  change  in f r e e  ene rgy  is 

s t r o n g l y  p o s i t i v e ,  b u t  i t  i s  " p u l l e d "  by p ro d u c t  removal by th e  second 

r e a c t i o n ,  whose enzyme has a v e ry  h igh  s u b s t r a t e  a f f i n i t y ,  and t h e  c l e a v ­

age  o f  PP. by i n o r g a n i c  p y ro p h o s p h a ta s e  (E.C.  3 . 6 . 1 . 1 ) .  Both o f  t h e s e  

seco n d a ry  r e a c t i o n s  have a n e g a t i v e  AF ( S c h i f f  and Hodson, 1973).

In a u t o t r o p h i c  m ic roorgan ism s  c a r r y i n g  o u t  a s s i m i l a t o r y  s u l f a t e  r e ­

d u c t i o n  th e  s i t u a t i o n  is  somewhat l e s s  c l e a r ,  f o r  in t h i s  c a s e  APS not  

PAPS i s  t h e  s u b s t r a t e  f o r  s u b se q u e n t  r e d u c t i o n  (Schmidt ,  1972, 1977a ,b ;  

Goldschmidt  e t  a l . ,  1975; Tsang and S c h i f f ,  1975; Brunold and S c h i f f ,

1976; M i l l e r  and Evans,  1976).  These o rgan ism s  must s t i l l  con tend  w i th
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the un favo rab le  e q u i l i b r i u m  presented by the su l fa te -ATP a c t i v a t i o n  

re a c t io n ,  and perhaps the m a jo r i t y  o f  APS is  converted t o  PAPS. This 

compound could then serve as a r e s e r v o i r  not  o n l y  f o r  APS, but  a ls o  in 

organisms capable o f  doing so, f o r  e s t e r i f i c a t i o n  re a c t io n s .  Present in 

both he te ro t rophs  such as E sche r ich ia  c o l i  and au to t rophs  such as Chio- 

r e l l a  pyreno idosa is  the enzyme 3/ 5/ ~diphosphonuc leos ide 3/ - phosphohydro- 

lase (DPNPase) , which dephosphory la tes  PAPS back to  APS (Hodson and 

S c h i f f ,  1971 ; Goldschmidt e t  a l . ,  1975)* Whether PAPS o r  APS serves as 

the s u l fo -g ro u p  donor in  each type o f  organisms depends upon the spec i ­

f i c i t y  o f  the sul  f o t r a n s fe r a s e  p resen t .  In he te ro t rophs  such as E_. col  ? 

the re  is  o n ly  PAPS-su1f o t r a n s fe r a s e  (Tsang and S c h i f f ,  1976a) ,  whereas 

in £ .  pyrenoidosa and app a ren t ly  in o the r  pho toau to t rophs  as w e l l ,  on ly  

A P S -su l fo t ra n s fe ra s e  (Schmidt,  1972; Tsang and S c h i f f ,  1975; Brunold and 

S c h i f f ,  1976).  C e l ls  o f  the chem o l i tho t roph  T h i o b a c i l l u s  fe r ro o x id a n s  

normal ly  o x i d i z e  reduced s u l f u r  ions as an energy source,  but  when grown 

on fe r ro u s  i ron  o r  g lucose,  they can u t i l i z e  s u l f a t e  r a th e r  than reduced 

s u l f u r  ions.  The s u l f a t e  is  a c t i v a te d  as APS, w i th  no ev idence f o r  the 

involvement o f  PAPS (Tuovinen £ t  a j_. , 1975) -

As a r e s u l t  o f  what S c h i f f  and Hodson (1973) have termed "promiscuous  

r e a c t i o n s  o f  coy i n t e r m e d i a t e s , "  the  major  r e d u c t i o n  pathway o f  s u l f u r  

a f t e r  APS o r  PAPS fo rm a t io n  has long been o b s c u r e d ,  and s t i l l  is u n c e r ­

t a i n  in a l l  d e t a i l s .  I n i t i a l  e v i d e n c e  s u g g e s te d  t h a t  in  bo th  Sa lm onel la  

ty p himurium (D reyfuss  and Monty, 1963a,b)  and E_. col  i ( J o n e s - M o r t im e r , 

I 9 6 8 ) s u l f i t e  and s u l f i d e  e x i s t  as  f r e e  i n t e r m e d i a t e s  on t h e  main re d u c ­

t i o n  r o u t e ,  w i th  f r e e  t h i o s u l f a t e  reduc ing  by a f e e d e r  pa thway .  Many 

a u t h o r i t i e s ,  however,  argued  f o r  a system o f  bound i n t e r m e d i a t e s ,  because  

t o x i c i t y  and l a b i l i t y  o f  some i n o r g a n i c  s u l f u r  ions  r e n d e r  them u n s u i t ­

a b l e  a s  f r e e  i n t e r m e d i a t e s  (B an d u rs k i ,  1965).
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L a t e r  i n v e s t i g a t o r s  have i n d i c a t e d  t h a t  in f a c t  th e  major s u l f a t e  r e ­

d u c t io n  pathway in both  a u t o t r o p h i c  and h e t e r o t r o p h i c  m ic roo rgan ism s ,  as 

ex em p l i f i ed  by E_. co l  i and C_. pyr e n o i d o s a , r e s p e c t i v e l y ,  p roceeds  v i a  

bound in t e r m e d i a t e s  (Abrams and S c h i f f ,  1973; Schmidt ,  1973; Schmidt et_ 

a l . ,  1974; Tsang and S c h i f f ,  1976a) .  In each c a s e  t h e  s u l fo n y l  group is 

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

bound to  t h i o s u l f o n a t e  r e d u c t a s e  (Schmidt  et_aJL , 1974).  The bound s u l ­

f i t e  group (car-S-SO^- ) is  then  reduced to  bound s u l f i d e  ( c a r - S - S - ) , 

p robab ly  by NADPH in £ .  c o l i  (Tsang and S c h i f f ,  1976a) and by f e r r e d o x i n  

o r  ferredoxin-NADPH r e d u c t a s e  in £ .  pyreno idosa  (Schmidt ,  1973; Schmidt 

et^ £ l_ . , 1974). In both  c a s e s  the  bound t h i o l  group i s  t r a n s f e r r e d  to  

O - a c e t y l - L - s e r i n e  v i a  s u l f h y d r y l a s e ,  r e q u i r i n g  two e l e c t r o n s  from an un­

known donor ,  t o  form L - c y s t e i n e  (D rey fu ss ,  1964; Kredich and Tomkins 

1966; J ones -M or t im er ,  1968; Schmidt et_ al_ . , 1974).  The c a r r i e r  in c e l l s  

o f  E_. col  i has been i n d i c a t e d  as t h i o r e d o x i n  o r  a c l o s e l y  r e l a t e d  form 

(Tsang and S c h i f f ,  1976a,  1978a) ,  and t h a t  o f  C_. pyr e n o id o s a  and Rhodo- 

s p i r i 11 urn rubrum as a n a t u r a l  t h i o l ,  p robab ly  g l u t a t h i o n e  (Schmidt ,  1972, 

1977b; Tsang and S c h i f f ,  1978b).  The p o s s i b i l i t y  a r i s e s  t h a t  s u l f o n y l  

r e c e p t o r s  a r e  mandated by w hether  dona ted  from APS o r  PAPS.

The p resence  o f  f r e e  i n t e r m e d i a t e s  - -  s u l f i t e ,  s u l f i d e ,  t h i o s u l f a t e ,  

and o t h e r s  — is  very  p robab ly  due to  s i d e  r e a c t i o n s  o f  t h e  pathway,  p a r ­

t i c u l a r l y  in the  p r e s e n c e  o f  t h i o l s ,  o r  t o  exogenous inpu t  (Tsang and 

S c h i f f ,  1976a ,b ) .  I t  a p p e a r s  t h a t  e s p e c i a l l y  in t h e  c a s e  o f  A P S -su l fo -  

t r a n s f e r a s e  from C h l o r e l l a  ce l  1s , the  enzyme is  n o n - s p e c i f i c  toward a 

range o f  t h i o l  a c c e p t o r s ,  y i e l d i n g  s e v e r a l  f r e e  s u l f u r  ions o r  o r g a n i c  

t h i o s u l f a t e s  as  p ro d u c t s  (Schmidt et_ aj_ . , 1974; Tsang and S c h i f f ,  1976b).  

The P A P S - s u l f o t r a n s f e r a s e  from E_. c o l i  c e l l s  is  much more s p e c i f i c  f o r  

t h e  t h i o r e d o x i n ( - 1 ike)  a c c e p t o r ,  and on ly  a minor amount of  s i d e  p roduc t
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o c c u r s  in i t s  absence  (Tsang and S c h i f f ,  1976a).  In both  organisms 

t h e r e  a r e  s u l f i t e  r e d u c t a s e s  e x i s t i n g  o u t s i d e  th e  main r e d u c t io n  pathway 

t h a t  reduce s u l f i t e  to  s u l f i d e ,  which in t u rn  r e a c t s  w i th  O -a c e t y l -L -  

s e r i n e  v i a  OAS s u l f h y d r y l a s e  to  form L - c y s t e i n e  (Schmidt  et_ a l . ,  1974; 

Tsang and S c h i f f ,  1976a) .  A d d i t i o n a l  ev id en ce  has prompted s u g g e s t i o n  

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

E s c h e r i c h i a  c o l i  (Tsang and S c h i f f ,  1976a),  a l th o u g h  th e  enzymes a r e  d i s ­

t i n c t  e n t i t i e s  in c e l l s  o f  C h l o r e l l a  py ren o id o sa  (Schmidt,  1973).

A g r e a t  dea l  o f  ev id en ce  has accumula ted t h a t  r e g u l a t i o n  o f  L - c y s t e i n e  

s y n t h e s i s  o c c u r s  by e i t h e r  e n d p o in t  i n h i b i t i o n  of  enzyme a c t i v i t y  o r  end­

p o i n t  r e p r e s s i o n  o f  enzyme s y n t h e s i s  ( E l l i s  et_ aj_. , 1964; D rey fu ss ,  1964; 

Dreyfuss  and Pardee ,  1966; P a s t e r n a k  et_ aj_. , 1965; Wheldrake and P a s t e r ­

nak,  1965; J o n e s -M o r t im e r , 19 6 8 ; K red ich ,  1971; C o l l i n s  and Monty, 1975).  

Such r e p r e s s i o n  o f  a l l  enzymes a long  th e  s u l f a t e  a c t i v a t i o n - r e d u c t i o n  

pathway seems to  be d i r e c t l y  p r o p o r t i o n a l  to  th e  i n t r a c e l l u l a r  c o n c e n t r a ­

t i o n  o f  c y s t e i n e  (Wheldrake,  1967) ,  and moreover is  in c re a s e d  in th e  ab­

sence  o f  t h i o l s ,  s u g g e s t i n g  a s e l e c t i v e  i n h i b i t i o n  o f  t h e  bound in te rm e­

d i a t e  pathway,  p robab ly  a t  t h i o s u l f o n a t e  r e d u c t a s e  (Schmidt ,  1973;

Schmidt et_ a]_. , 1974).

In c e l l s  o f  E_. col  i and S a lm onel la  t y p himurium a p o s i t i v e  c o n t r o l  o f  

c y s t e i n e  s y n t h e s i s  is  e x e r t e d  by O - a c e t y l - L - s e r i n e ,  s i n c e  th e  amino ac id  

must be p r e s e n t  f o r  s y n t h e s i s  o f  most o f  the  enzymes r e q u i r e d  f o r  s u l f a t e  

u p t a k e ,  a c t i v a t i o n ,  and r e d u c t i o n  (Kredich  and Tomkins,  1966; J o n e s -  

Mortimer et_ a K  , 1968).  However L - c y s t e i n e  not  on ly  r e p r e s s e s  a l l  e n ­

zymes in t h a t  pathway,  but  a l s o  s u p p re s s e s  s e r i n e  t r a n s a c e t y l a s e  ( s e r i n e  

-*■ O - a c e t y l - L - s e r i n e )  a c t i v i t y  by feedback  i n h i b i t i o n  ( Jones -M or t im er ,

1968; K red ich ,  1971), s u g g e s t i n g  t h a t  a g a in  i n t r a c e l l u l a r  c y s t e i n e  con­

c e n t r a t i o n  i s  th e  u l t i m a t e  r e g u l a t o r  o f  L - c y s t e i n e  s y n t h e s i s .  E l l i s  e t
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a l . (1964) have p o s t u l a t e d  t h a t  L - c y s t e i n e  i s  a l s o  the  common r e p r e s s o r  

in s u p p r e s s i o n  by s u l f i t e ,  L - c y s t i n e ,  L -m e th ion ine ,  L - d j e n k o l i c  a c i d ,  

c y s ta m in e ,  and g l u t a t h i o n e .  I t s  f o rm a t io n  from th e  l a t t e r  fo u r  compounds 

i s  r e l a t i v e l y  slow and th e  r e p r e s s i o n  o f  c y s t e i n e  s y n t h e s i s  is  incom ple te ,  

b u t  is  r a p id  from s u l f i t e  and L - c y s t i n e ,  and r e p r e s s i o n  i s  com ple te  i f  

c o n c e n t r a t i o n s  a r e  s u f f i c i e n t l y  h ig h .  These two e f f e c t i v e  r e p r e s s o r s  of  

s u l f a t e  a c t i v a t i o n  and r e d u c t io n  have no e f f e c t  on s u l f i t e  r e d u c t a s e  

(P a s te rn a k  et^ a j_ . , 1965),  l end ing  a d d i t i o n a l  w e igh t  t o  t h e  s u g g e s t i o n  of  

E l l i s  et_ aj_. (1964) ,

Pi s s  im i1a t o r y  Sul f a t e  Reduc tion

In t h e  d i s s i m i l a t o r y - s u l f a t e - r e d u c i n g  members o f  t h e  genera  D esu l fo -  

v i b r i o  and Desulfotomaculum in o rg a n i c  s u l f a t e  is a c t i v a t e d  v i a  ATP s u l -  

f u r y l a s e  to  APS (Peck,  1961),  a r e a c t i o n  not  r e p r e s s e d  by e i t h e r  s u l f i t e  

o r  c y s t e i n e  (Wheldrake and P a s t e r n a k ,  1965).  APS is  reduced to  s u l f i t e  

by an APS r e d u c t a s e ,  and s u l f i t e  to  s u l f i d e ,  both  r e d u c t i o n s  r e l y i n g  on 

cytochrome w i th  a ve ry  low EQ o f  -205 mv (Peck,  1959; 1961; Michae ls  

et_ al_ . , 1970).  The io n i c  i n t e r m e d i a t e s  seem to  be f r e e ,  a p o s s i b l e  evo­

l u t i o n a r y  consequence  o f  anoxygenic  m e tabo l i sm ,  a l th o u g h  th e  adeny ly l  

s u l f a t e  r e d u c t a s e  r e a c t i o n  in c e l l s  o f  D e s u l f o v i b r i o  may in v o lv e  a f l a v i n -  

s u l f i t e  a s s o c i a t i o n  (Michae ls  e t  a l . ,  1970).  F u r th e r  d e t a i l s  o f  t h i s  

remarkable  and un ique  s u l f a t e  m e tabo l i sm ,  p e r i p h e r a l  to  t h e  p r e s e n t  s t u d y ,  

a r e  encoun te red  in T ru d in g e r  (1969) and Roy and T ru d in g e r  (1970).

The Up t a k e , A c t i v a t i o n , and Reduct ion P ro c e s s e s  ?n Cy a n o b a c t e r i a

Uptake o f  in o r g a n i c  s u l f a t e  is  both  ene rgy -dependen t  and c a r r i e r -  

media ted  in c e l l s  o f  A n a c y s t i s  n i d u l a n s , w i th  a maximum a t  pH 8 (U tk i l e n  

et .  al_ . , 1976) o r  between pH 8 and 8 .5  ( J e a n je a n  and Broda, 1977),  f a l l i n g  

o f f  t h e r e a f t e r  in both  c a s e s .  Some s u g g e s t io n  o f  b ind ing  has been ob­

t a i n e d ,  a long  w i th  ev idence  t h a t  s u l f a t e  u p ta ke  in t h i s  s p e c i e s  i s
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i n h i b i t e d  by mCCCP, DCCD, ch rom a te ,  and s e l e n a t e ,  bu t  not  by DCMU (Jean ­

j e a n  and Broda,  1977). T r a n s p o r t  i s  a l s o  c o m p e t i t i v e l y  i n h i b i t e d  by s u l ­

f i t e  and t h i o s u l f a t e  (U tk i i en  e t  a l  . ,  1976). Inc reased  s u l f a t e  up take  

a f t e r  s u l f u r  s t a r v a t i o n  i s  p a r t l y  reduced by 50 pg/ml ch lo ramphenico l  

( J e a n je a n  and Broda,  1-977), s u g g e s t i n g  t h e r e  is  some de novo s y n t h e s i s  

o f  t h e  c a r r i e r .

The a s s i m i l a t o r y  s u l f a t e  r e d u c t i o n  pathway in members o f  t h e  b lu e -  

g reen  b a c t e r i a  is p r e s e n t l y  l e s s  c e r t a i n  than  among th e  h e t e r o t r o p h i c  

p ro k a ry o te s  and a u t o t r o p h i c  e u k a r y o t e s  s t u d i e d .  A f t e r  d e t e rm in in g  t h a t  

both  APS and PAPS can be degraded h y d r o l y t i c a l l y  by c e l l u l a r  e x t r a c t s  o f  

Anabaena c y l i n d r i c a  l i k e l y  c o n t a i n i n g  y -  and 5 ' - n u c l e o t i d a s e s ,  Sawhney 

and N icho las  ( 1976a,b)  dem ons t ra ted  t h a t  bo th  APS and PAPS a r e  e l a b o r a t e d  

from in o rg a n ic  s u l f a t e  in c e l l s  o f  t h i s  s p e c i e s .  Of n o te  i s  t h e  f a c t  

t h a t  w h i l e  th e  A T P - s u l f u r y l a s e  r e a c t i o n  i s  not  i n h i b i t e d  by 10 mM c y s ­

t e i n e ,  m e th io n i n e ,  o r  g l u t a t h i o n e  (Sawhney and N ic h o l a s ,  1976b),  i t  i s  

p r o g r e s s i v e l y  i n h i b i t e d  by i n c r e a s i n g  amounts o f  in o rg a n i c  phospha te  

(Sawhney and N i c h o l a s ,  1977).

Tsang and S c h i f f  (1975) have r e p o r t e d  an overwhelming predominance 

o f  A P S - s u l f o t r a n s f e r a s e  a c t i v i t y  v i c e  P A P S - s u l f o t r a n s f e r a s e  a c t i v i t y  in 

c e l l u l a r  e x t r a c t s  o f  a marine  Synechococcus s p e c i e s  and O s c i 1l a t o r i a  won- 

n o n ic h in i  i , and have sugges ted  a g a i n  t h a t  a c t i v i t y  from PAPS is  due to  

d e p h o s p h o ry la t io n  by a DPNPase r a t h e r  than  a P A P S - s u l f o t r a n s f e r a s e .  On 

th e  o t h e r  hand Schmidt  (1977a) has p r e d i c t e d  a s p e c i e s - s p e c i f i c  p a t t e r n .  

C e l l s  o f  a Plec tonema s t r a i n  e x h i b i t  a r e d u c t i o n  s p e c i f i c  f o r  APS, w h i l e  

th o s e  o f  Spi r u l i n a  p la t e n s ?  s and s t r a i n s  o f  Synechococcus and Synecho-  

cys t i s  show a r e d u c t i o n  p r e f e r e n t i a l  f o r  PAPS (Schmidt ,  1977a) .  F u r t h e r ­

more Schmidt and C h r i s t e n  (1978) have i s o l a t e d  a P A P S - s u l f o t r a n s f e r a s e  

from Synechococcus  6301 c e l l s  w i th  optimum a c t i v i t y  a t  pH 8,  and a
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dependence on a t h i o r e d o x in - 1 i k e  f a c t o r  f o r  a c t i v i t y .

W i ld type  c e l l s  o f  Leuconostoc mesentero ides la ck  a l l  enzymes f o r  the 

a c t i v a t i o n  and reduc t io n  o f  in o rg an ic  s u l f a t e  (Wheldrake and Pasternak , 

1985),  r e s t r i c t i n g  members o f  t h i s  c y a n o b a c t e r ia l - 1 ike species to  o b l i ­

gate h e te ro t ro p h y .

C e l l s  o f  th e  t h e r m o p h i l i c  Synechococcus l i v i d u s  s t r a i n  Y52 a r e  c a p ­

a b l e  o f  both  d a rk  and p h o t o r e d u c t i o n  o f  s u l f a t e  and t h i o s u l f a t e  t o  h yd ro ­

gen s u l f i d e  (S he r idan  and C a s t e n h o lz ,  1968).  E i t h e r  s u l f u r  a n ion  can 

s e r v e  as  a t e rm in a l  e l e c t r o n  a c c e p t o r  f o r  d a rk  a n a e r o b i c  o x i d a t i o n ,  a p ­

p a r e n t l y  an a lag o u s  to  t h e  d i s s i m i l a t o r y  r e d u c t i o n  o f  D e s u l f o v i b r i o  spp .  

U t k i l e n  (1976) has i n d i c a t e d  t h a t  t h i o s u l f a t e  can s e r v e  as  an e l e c t r o n  

donor f o r  p h o t o s y n t h e s i s  by c e l l s  o f  A n a c y s t i s  n i d u l a n s . However,

S h e r id an  (1973) de te rm ined  by more d e t a i l e d  i n v e s t i g a t i o n s  us ing  

1i v i d u s  Y52 t h a t  t h i o s u l f a t e  a c t s  as  an e l e c t r o n  a c c e p t o r  f o r  a p h o to r e -  

d u c t a n t  (p robab ly  w ate r )  p a r t i c i p a t i n g  in pho tosys tem  I I .  Thus i t  appea rs  

t h a t  s u l f a t e  and t h i o s u l f a t e  s e r v e  a s  t e rm in a l  e l e c t r o n  a c c e p t o r s ,  in th e  

d a r k  r e p l a c i n g  oxygen,  and in th e  l i g h t  r e p l a c i n g  carbon d i o x i d e  ( S h e r i ­

d an ,  1973).

C. INTERACTIONS BETWEEN PHOSPHATE AND SULFATE UPTAKE AND ASSIMILATION

The u p ta k e s  of- in o r g a n i c  s u l f a t e  and pho sp h a te  can be noted t o  p o s s e s s  

a number o f  s i m i l a r i t i e s .  The pas s ag e  o f  each  e lem en t  th rough  t h e  mem- 

b ra n c e  b a r r i e r  is  an e n e r g y - l i n k e d ,  p o r t e r - b o r n e  p r o c e s s ;  each  has  been 

found in a t  l e a s t  one o rgan ism t o  be a s s o c i a t e d  w i th  an i n i t i a l  b ind ing  

p r o t e i n ,  and s u b s e q u e n t l y  w i th  t r a n s p o r t  components o f  d i f f e r e n t  a f f i n i ­

t i e s ;  and each by i t s  d e p r i v a t i o n  induces  t h e  c e l l  t o  respond by a rap id  

u p ta k e  o f  t h a t  e l e m e n t .  The t r a n s p o r t s  o f  bo th  p h o s p h a te  and s u l f a t e  e x ­

h i b i t  b i p h a s i c  o r  m u l t i p h a s i c  k i n e t i c s  in a v a r i e t y  o f  p l a n t s  and t i s s u e s
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(N is se n ,  197*0- The e f f e c t s  o f  t h e s e  two in o r g a n i c  s p e c i e s  on each 

o t h e r ' s  u p ta k e  and a s s i m i l a t i o n  v a ry  and r e q u i r e  c o n s i d e r a t i o n .

E n t ry  i n t o  Whole Cel 1s ( I n c lu d in g  Cya n o b a c t e r i a )

The i n c r e a s e  in i n t r a c e l l u l a r  s u l f u r  compounds — i . e .  i n o r g a n i c  s u l ­

f a t e ,  s o l u b l e  reduced s u l f u r ,  and l i p i d  s u l f u r  - -  as  a r e s u l t  o f  phos­

phorus  d e f i c i e n c y  has been dem o n s t r a ted  in c e l l s  o f  Scenedesmus sp .

(Kyi in ,  1964a) . Kyi in (1964b) s u g g e s te d  t h e  fo l l o w in g  nonmutual ly  e x c l u ­

s i v e  p o s s i b i l i t i e s  in e x p l a n a t i o n :  (1) a phosphorus  d e f i c i e n c y  may ca u s e

a change  in  membrane p e r m e a b i l i t y  to  s u l f a t e ;  (2) both  an io n s  may compete 

f o r  t h e  same a d s o r p t i o n  a n d / o r  c a r r i e r  s i t e s ;  (3) a phosphorus  d e f i c i e n c y  

should  d e c r e a s e  the  p h o s p h o r y l a t i o n  r a t e  in redox r e a c t i o n s ,  and th e re b y  

may d e c r e a s e  t h e  phospha te  t r a n s p o r t  c a p a c i t y ;  and (4) a phosphorus  d e f i ­

c i e n c y  may d e c r e a s e  phospha te  i n h i b i t i o n  o f  p y r o p h o s p h a ta s e ,  promot ing 

APS fo rm a t io n  and in t u r n  s u l f a t e  u p ta k e .

In a s i m i l a r  f a s h i o n  th e  i n c o r p o r a t i o n  o f  s u l f a t e  s u l f u r  and phos­

p h a t e  phosphorus  i n t o  c e l l u l a r  m a t e r i a l  in th e  co cc o id  b l u e - g r e e n  bac­

te r i u m  M i c r o c y s t i s  a e r u g i n o s a  i n c r e a s e s  markedly  i f  t h e  o t h e r  a n io n  is  

a b s e n t  from th e  growth medium (Volod in ,  1970).  C lo s e l y  coup led  w i th  one 

o f  K y l i n ' s  (1964b) p o s s i b i l i t i e s  above ,  i s  th e  f i n d i n g  t h a t  i n o r g a n i c  

phospha te  d i r e c t l y  i n h i b i t s  th e  a c t i v i t y  o f  A T P - s u l f u r y l a s e  in c e l l u l a r  

e x t r a c t s  from th e  f i l a m e n t o u s  c y a n o b a c te r iu m  Anabaena c y l i n d r i c a  (Sawhney 

and N i c h o l a s ,  1977)- The r e s u l t  o f  such  i n h i b i t i o n  would be a d e c r e a s e  

in s u l f a t e  u p ta k e  and r e d u c t i o n .

Ent ry  i n t o  and Funct  ions wi t h i n  C h l o r o p l a s t s

Uptake o f  s u l f a t e  i n t o  s p inach  c h l o r o p l a s t s  r e q u i r e s  ATP, and is  

r a t e - l i m i t e d  a t  e i t h e r  o r  both  o f  t h e  s t e p s  c a t a l y z e d  by A T P - s u l f u r y l a s e  

o r  A T P - s u l f o t r a n s f e r a s e .  On th e  c o n t r a r y  s u l f i t e  is  d i r e c t l y  bound in 

r e l a t i o n  t o  th e  number o f  a v a i l a b l e  s u l f h y d r y l  g ro u p s ,  forming ca r -S -SO ^" .
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S u l f i t e  uptake i n to  c h lo ro p la s t s  n e i t h e r  requ i re s  ATP nor is c o n t r o l l e d  

by a r a t e - 1 im i t i n g  s tep ( Z ie g le r  and Hampp, 1977)* As in d ic a te d  by ex­

change reac t ions  w i th  ino rgan ic  phosphate,  phosphog lycer ic  a c i d ,  and d i -  

hydroxyacetone phosphate,  both in o rg a n ic  phosphate and s u l f a t e  are  a t  

l e a s t  p a r t l y  t ran s po r ted  by the phosphate t r a n s l o c a t o r  o f  the c h l o r o p la s t  

inner  envelope (Hampp and Z i e g l e r ,  1977).  As opposed to  the e l e c t r o n  

t r a n s p o r t  f u n c t i o n  o f  the t h y l a k o id s ,  the inner  envelope membrane seems 

p r i m a r i l y  to  c a r r y  on t r a n s p o r t  a c t i v i t y  (Fl i igge and H e ld t ,  1976).  In 

the s tudy by Hampp and Z i e g le r  (1977) the t r a n s p o r t  o f  s u l f u r  anions 

occur red  a t  a much s lower  r a te  than t h a t  o f  phosphate,  and was enhanced 

by the presence o f  in o rg an ic  phosphate o r  phosphog lycer ic  ac id .

S u l f a te  is a s t rong  i n h i b i t o r  o f  pho tophosphory la t ion  in i s o la te d  

c h l o r o p la s t s  by co m p e t i t io n  w i t h  phosphate (Asada e t  a l . ,  1968; Ba ld ry  e t  

a 1. , 1968; Hal l  and T e l f e r ,  1969),  in which manner i t  acts  as in i n h i b i ­

t o r  o f  energy t r a n s f e r  (P ick  and Avron,  1973) .  S u l f a te  has a l s o  been 

shown to  uncouple e l e c t r o n  t r a n s p o r t  i r r e v e r s i b l y  f rom photophosphory la ­

t i o n  by an i n t e r a c t i o n  w i th  the c o u p l in g  f a c t o r  (CFj) (Ryr ie  and Jagen- 

d o r f ,  1971). Greban ier and Jagendor f  (1977) have obta ined ev idence th a t  

s u l f a t e  and phosphate do not  compete f o r  the phospho ry la t ion  b in d in g  s i t e ,  

but  they have suggested the re  may be a second phosphate b ind ing  s i t e  

which a l lows the i n h i b i t i o n  by an i n t e r a c t i o n  between the two s i t e s .

Entry  i n to  Mi to c h o n d r i a

S u l f a t e ,  s u l f i t e ,  and t h i o s u l f a t e  a r e  t r a n s p o r t e d  a t  l e a s t  in p a r t  

i n t o  t h e  r a t  l i v e r  m i to ch o n d r io n  by t h e  d i c a r b o x y l a t e  c a r r i e r ,  as  i n d i ­

c a t e d  by an exchange  w i th  i n o r g a n i c  pho sp h a te  and c e r t a i n  d i c a r b o x y l i c  

a c i d s  (C happe l l ,  19 6 8 ; Crompton et_ , 197**a,b). F u r t h e r ,  t h e  phospha te  

and d i c a r b o x y l a t e  an io n s  occupy d i f f e r e n t  b in d in g  s i t e s  on the  t r a n s p o r t e r  

( P a lm ie r i  e £  £]_. , 1971, 197*0 • Crompton e t  a l  . (1975) have de te rmined
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t h a t  s u l f a t e ,  p h o s p h a te ,  and m a lona te  i n f l u x e s  a r e  m u tu a l ly  i n h i b i t o r y ,  

and have o b t a i n e d  a d d i t i o n a l  d a t a  t h a t  s u g g e s t  s u l f a t e  and m a lona te  bind 

t o  a d i f f e r e n t  s i t e  from t h a t  o f  p h o s p h a te .  Thus w h i le  s u l f a t e  competes 

d i r e c t l y  w i th  m a lona te  f o r  a common b in d in g  s i t e ,  t h e r e  is a l s o  an i n t e r ­

dependence  w i th  phospha te  in t h a t  b in d in g  o f  one an ion  t o  i t s  s i t e  de ­

c r e a s e s  th e  a f f i n i t y  of  t h e  o t h e r  a n io n  f o r  i t s  c a r r i e r  s i t e ,  perhaps  by 

an a l l o s t e r i c  h in d r a n c e .

Both phospha te  and d i c a r b o x y l a t e  t r a n s p o r t e r s  have been i d e n t i f i e d  

in s p in a c h  c h l o r o p l a s t s  (Held t  and Rapley ,  1970; F l i e g e  e t  a 1 . ,  1978; 

Lehner and H e l d t ,  1978) as wel l  as  in m i t o c h o n d r i a ,  and th e  p o s s i b i l i t y  

a r i s e s  t h a t  both  th e  s u l f a t e  and phospha te  an ions  a r e  g e n e r a l l y  t r a n s l o ­

c a t e d  by more th a n  one c a r r i e r  t y p e .

D. THE METABOLISM OF ORGANIC SULFUR COMPOUNDS 

The U t i 1i z a tS o n  by H e t e r o t r o p h i c  B a c t e r i a

In a l e n g th y  i n v e s t i g a t i o n  on b i o s y n t h e s i s  by c e l l s  o f  E s c h e r i c h i a  

c o l ? , Rober t s  e t  aj_. (1955) d i s c o v e r e d  t h a t  not  o n ly  would s u l f a t e ,  s u l ­

f i t e ,  t h i o s u l f a t e ,  and s u l f i d e  s e r v e  as s o l e  s u l f u r  s o u r c e s ,  bu t  a l s o  L- 

c y s t i n e ,  D L - l a n t h i o n i n e ,  5 - m e t h y l c y s t i n e , g l u t a t h i o n e ,  and a t  a s lower  

growth r a t e ,  c y s t e i c  a c i d  and t a u r i n e  ( a l l  a t  10 pg S /m l ) .  Homocys- 

t ( e ) i n e  and m e th io n in e  were found to  be much l e s s  s a t i s f a c t o r y ,  and L- 

d j e n k o l i c  a c i d ,  c y s t a t h i o n i n e ,  a l l o c y s t a t h i o n i n e ,  and g l u t a t h i o n i n e  were 

a s c e r t a i n e d  n o t  t o  s e r v e  a t  a l l .  L - c y s t e i n e  d em o n s t r a te d  an i n h i b i t o r y  

e f f e c t  on growth  in t h i s  s t u d y .  Almost a l l  o f  t h e  compounds s e r v i n g  as 

s u l f u r  s o u rc e s  i n h i b i t e d  t h e  u p ta k e  o f  i n o r g a n i c  s u l f a t e .

C e l l u l a r  s u l f u r  in  c o l i  e x i s t s  a lm o s t  e n t i r e l y  as m e th io n in e  and 

c y s t ( e ) i n e ,  w i th  th e  former  n e a r l y  a l l  i n c o r p o r a t e d  i n t o  p r o t e i n ,  and 

th e  l a t t e r  d i v i d e d  a p p ro x im a te ly  e q u a l l y  i n t o  p r o t e i n  and g l u t a t h i o n e .
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G lu ta th io n e  s e rv es  as a r e a d i l y  a v a i l a b l e  i n t e r n a l  s u l f u r  r e s e r v o i r  in 

most g ram -n e g a t iv e  b a c t e r i a ,  a cc o u n t in g  f o r  a l a r g e  p r o p o r t i o n  o f  the  

t h i o l  g roups  (Rober ts  e_t a K  , 1955; Young and Maw, 1958; Fahey e t  a l . ,  

1978).

In th e  s tudy  by Rober ts  e t  a l . (1955) L - c y s t i n e  u p ta ke  was no t  i n h i b ­

i t e d  by some o f  t h e  s u l f u r  compounds s u p p re s s in g  s u l f a t e  u p ta k e ,  bu t  both  

m e th io n in e  and h o m o c y s t ( e ) in e  reduced c y s t i n e  t r a n s p o r t  by 50%. On the  

o t h e r  hand m e th ion ine  up take  was no t  i n h i b i t e d  by any s u l f u r  compound 

t e s t e d .  A s h o r t e r  g e n e r a t i o n  t ime fo l low ed  from in c lu d in g  both  i n o rg a n ic  

s u l f a t e  and m e th ion ine  in t h e  growth medium, and th e  g l u t a t h i o n e  and p ro ­

t e i n  s u l f u r  f r a c t i o n s  which r e s u l t e d  were ab o u t  e q u a l .  When s u l f a t e  

a l o n e  se rved  as  t h e  s u l f u r  s o u r c e ,  an overabundance  o f  g l u t a t h i o n e  was 

formed,  some o f  which was e x c r e t e d  and some (< 30%) was used f o r  f u r t h e r  

s y n t h e s i s .  L i t t l e  s u l f u r - c o n t a i n i n g  p r o t e i n  was s y n t h e s i z e d  from exogen­

ous g l u t a t h i o n e .

Methionine  and h o m o c y s t ( e ) ?ne s u p p o r t  th e  m e th io n in e  r eq u i re m en t  o f  

E_. col  i c e l  1 s , bu t  n e i t h e r  l e ad s  t o  t h e  fo rm a t io n  o f  c y s t e i n e  o r  g l u t a ­

t h i o n e ,  and no s u l f u r  is  t r a n s f e r r e d  from m e th io n in e  to  c y s t e i n e .  The 

ca rbon  s k e l e t o n  f o r  de novo s y n t h e s i s  o f  c y s t e i n e  was de te rm ined  to  o r i g ­

i n a t e  u l t i m a t e l y  from s e r i n e  (Rober ts  e t  a l . ,  1955)* The c o n v e r s io n  of  

L - s e r i n e ,  by a c e t y l a t i o n  t o  o - a c e t y l - L - s e r i n e  (OAS), and s u l f h y d r y l a t i o n  

o f  t h i s  i n t e r m e d i a t e  to  L - c y s t e i n e ,  was conf irmed  in bo th  c e l l s  o f  E_. 

c o l i  and S a lm one l l a  t y phimurium (Kred ich  and Tomkins, 1966) as  d e s c r ib e d  

p r e v i o u s l y .

In most b a c t e r i a  L - c y s t e i n e  can be co n v e r t e d  to  a number o f  o rgano -  

s u l f u r  compounds, and in many c a s e s  i t  r e a c t s  w i th  o t h e r  amino a c i d s  

from converg ing  m e ta b o l i c  pathways (Smith ,  1971) .  Most commonly however 

i t  i s  i n c o rp o r a t e d  i n t o  p r o t e i n  or  g l u t a t h i o n e  v i a  p e p t i d e  s y n t h e t a s e s ,
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o r  converted t o  meth ion ine v ia  a n o n re ve rs ib le  t r a n s s u i f u r a t i o n  pathway. 

Synthesis  o f  the t r i p e p t i d e  g lu ta th io n e  is  nonribosomal and invo lves  two 

pep t ide  bonds: between L -c y s te in e  and g lu tam ic  a c id ,  ca ta lyzed  by y -

g lu ta m y lc y s te in e  syn thetase,  to  form y -g lu tam y l  c y s te in e ;  and between 

t h i s  compound and g l y c in e ,  ca ta lyzed  by g lu ta th i o n e  synthetase,  t o  y i e l d  

g l u ta th i o n e  ( y - g l u t a m y l c y s t e i n y l g l y c i n e ) .

The major r o u t e  of  m e th io n in e  s y n t h e s i s  has been e s t a b l i s h e d  from 

s e v e r a l  i n v e s t i g a t i o n s  u s in g  both  E_. col i and S_. t y p himurium. A s p a r t i c  

a c i d  i s  the u l t i m a t e  sou rce  f o r  L-homoserine ,  which r e a c t s  w i th  s u cc in y l  

Co A v ia  h o m o s e r i n e - O - t r a n s s u c c in y la s e  to  y i e l d  C -succ iny l  homoserine 

(OSH) and reduced coenzyme A (Rowbury, 1964; Rowbury and Woods, 1964b).  

L - c y s t e i n e  r e a c t s  w i th  OSH v i a  c y s t a t h i o n i n e - y - s y n t h e t a s e  in a y -  

rep lacem en t  r e a c t i o n  t o  form L - c y s t a t h i o n i n e  and s u c c i n i c  ac id  (Kaplan 

and F l a v i n ,  1964, 1966). L - c y s t a t h i o n i n e  undergoes  a 3 - e l i m i n a t i o n  r e a c ­

t i o n  v i a  c y s t a t h i o n i n e - 3 - l y a s e  ( 3 - c y s t a t h i o n a s e )  t o  y i e l d  L-hom ocyste ine ,  

p y ru v ic  a c i d ,  and ammonia (Wijesundera  and Woods, 1962; D e la v i e r -K lu tc h k o  

and F l a v i n ,  1965b).  L-homocysteine is c o n v e r ted  to  L-m eth ion ine  by a 

m e t h y l a t i o n  r e a c t i o n  in v o lv in g  an L-homocysteine  m e th y la s e .  The methyl 

donor is  e i t h e r  of  two f o l i c  a c i d  d e r i v a t i v e s ,  W ^ -m e th y l t e t r a h y d ro p te ro y l  

g l u t a m a t e s ,  and two pathways e x i s t  f o r  t h e  m e t h y l a t i o n ,  one coba lamin-  

dependen t  and th e  o t h e r  not  (Guest and Woods, 1962; Guest  et_ a K , 1964; 

Woods e £  a]_. , 1964; M orn ings ta r  and K i s l i u k ,  1965; Cauthen e t  a K  , 1966).

The fo rm a t io n  of  L-homocys te ine m e th y la s e ,  c y s t a t h i o n i n e - 3 - l y a s e ,  

y - c y s t a t h i o n i n e  s y n t h e t a s e ,  and h o m o s e r i n e - O - t r a n s s u c c in y la s e  a r e  a l l  

r e p r e s s e d  by L-m eth ion ine  (H aro ld ,  1962; Rowbury, 1964; Rowbury and 

Woods, 1961, 1964a,b ,  1966).  In a d d i t i o n  t h e  a c t i v i t y  of  t h e  la s t -named 

enzyme is  i n h i b i t e d  by L-m eth ion ine  (Rowbury, 1964).  As opposed t o  the  

p o s i t i v e  c o n t ro l  ( in d u c t io n )  o f  c y s t e i n e  s y n t h e s i s ,  p ro d u c t io n  o f  m e th io -
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nine is  under nega t ive  c o n t ro l  ( rep ress ion )  in these e n t e r i c  he te ro -  

t r o p h i c  b a c te r ia .

T ranspo r t  o f  exogenous amino ac ids  across the plasma membrane is  

both energy- and c a r r ie r -d e p e n d e n t .  Each permease is s p e c i f i c  f o r  a 

s i n g le  amino ac id  o r  a group o f  amino a c id s ,  and may be s te r e o s p e c i f i c  

as we l l  (Oxender, 1972; A y l in g  and Br idge land ,  1972).  Ce l ls  o f  £ .  c o l i  

can u t i l i z e  D-meth ion ine,  probably  by o x i d a t i v e  deaminat ion / t ransamina­

t i o n  to  L-meth ion ine  (Cooper, 1966).  Although uptake o f  L -meth ion ine is 

on ly  s l i g h t l y  i n h i b i t e d  by D-meth ion ine (bu t s t r o n g l y  i n h ib i t e d  by L- 

e t h i o n i n e ) ,  uptake o f  D-meth ion ine is s u b s t a n t i a l l y  i n h i b i t e d  by L- 

meth ion ine (P iperno and Oxender, 1968; Kadner, 1977).  Transpo r t  o f  L-  

meth ion ine  by E_. col  i c e l l s  occurs v i a  dual components, the f i r s t  having 

an a f f i n i t y  200 t imes g re a te r  than the second f o r  the amino ac id  (Kadner, 

1974, 1977; Kadner and Watson, 197*t) • The high a f f i n i t y  component ap­

pears a l s o  to  be the D-meth ion ine c a r r i e r ,  whereas the low a f f i n i t y  com­

ponent t r a n s p o r ts  on ly  L -meth ion ine (Kadner and Watson, 1974; Kadner, 

1977). No bind ing p r o te in  has been demonstrated w i t h  e i t h e r  meth ion ine 

t r a n s p o r t  component, and both components are energ ized by ATP or  a 

r e la te d  d e r i v a t i v e  (Kadner and W ink le r ,  1975).

The lo s s  o f  most m e th ion ine  t r a n s p o r t  a c t i v i t y  has  l i t t l e  e f f e c t  on 

th e  s i z e  o f  t h e  m e th ion ine  pool (Kadner and Watson,  1974),  because  L- 

m e th ion ine  can be produced by t r a n s s u l f u r a t i o n  from L - c y s t e i n e .  Con­

v e r s e l y  however,  m e th io n in e  t r a n s p o r t  a c t i v i t y  i s  p a r t i a l l y  c o n t r o l l e d  

by th e  i n t r a c e l l u l a r  m e th io n in e  pool ( in  a d d i t i o n  t o  r e p r e s s i o n )  (Kadner, 

1975). Al though well  known in f u n g i ,  t h i s  method,  termed t r a n s i n h i b i t i o n  

by C u p p o le t t i  and Segel  (1974) i s  r a t h e r  uncommon in b a c t e r i a .

Although c e l l s  o f  jE. c o l i  have not been shown to  possess a b ind ing  

p r o te in  f o r  m eth ion ine ,  they do syn thes ize  a p r o te in  which binds L - c y s t in e
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in a c o m p e t i t i v e  manner w i th  d i a m in o p i m e l i c  a c i d .  C y s t i n e  t r a n s p o r t  

t a k e s  p l a c e  by a dual  component system d i s p l a y i n g  d i f f e r e n t  a f f i n i t i e s  

(Berger  and H e p p e l , 1975).  W i th in  c e l l s  o f  S a lm o n e l l a  t y phimurium a 

s i m i l a r  two-component p a t t e r n  o c c u r s  f o r  L -m eth ion ine  u p ta k e  (Ayling and 

B r id g e la n d ,  1972) ,  b u t  a t r i - c o m p o n e n t  system may o b t a i n  f o r  L - c y s t i n e  

t r a n s p o r t  ( B a p t i s t  and K red ich ,  1977).  Contro l  o f  t h e  l a t t e r  p ro c e s s  is 

e x e r t e d  by s u l f u r  l i m i t a t i o n ,  and t h e  p r e s e n c e  o f  o - a c e t y l - L - s e r i n e  and 

th e  cysB gene p r o d u c t ,  s u g g e s t i n g  t h a t  t h e  L - c y s t i n e  t r a n s p o r t  sys tem is  

p a r t  o f  t h e  c y s t e i n e  r e g u lo n  (K red ich ,  1971).

The (T r a n s ) s u l f u r a t i o n  Pathway in Green P l a n t s

L -m e th io n in e  s y n t h e s i s  in g r e e n  p l a n t s  p ro cee d s  p r i m a r i l y  by a u n i ­

d i r e c t i o n a l  t r a n s s u l f u r a t i o n  in v o lv in g  L - c y s t a t h i o n i n e  as  an i n t e r m e d i a t e  

( G io v a n e l l i  and Mudd, 1971; Datko e t  a 1 . ,  1 9 7 ^ a ,b ) ,  and t o  a l e s s e r  ex ­

t e n t  by d i r e c t  s u l f u r a t i o n  from s u l f i d e  (G io v a n e l l i  and Mudd, 1967; Datko 

e t  a l . ,  1977).  S i m i l a r  t o  t h a t  in b a c t e r i a ,  t r a n s s u l f u r a t i o n  in v o lv e s  a 

y - r e p l a c e m e n t  and £ - e l i m i n a t i o n ,  i . e .  from L - c y s t e i n e  t o  L-hom ocyste ine  

( G io v a n e l l i  and Mudd, 1971).  In bo th  t r a n s s u l f u r a t i o n  and d i r e c t  s u l f u r a ­

t i o n  th e  p r e f e r r e d  a - a m i n o b u t y r y 1 donor  is  O -phosphohomoserine ,  a l t h o u g h  

O -a c e t y l  homoser i ne is  u t i l i z e d  s lo w ly  (Datko £t_ £]_.,  197**b, 1977)-

C onverse ly  p r o k a r y o t e s  such a s  E s c h e r i c h i a  c o l i , S a lm one l la  t y p h i ­

murium, and B a c i l l u s  s u b t i l  i s  c a n n o t  use  O-phosphohom oser ine f o r  e i t h e r  

t r a n s s u l f u r a t i o n  o r  d i r e c t  s u l f u r a t i o n  (Datko e t  a l . ,  197^b,  1977) .  They 

i n s t e a d  per form bo th  p r o c e s s e s  u s in g  o - s u c c i n y l - L - h o m o s e r i n e  o r  O - a c e t y l -  

L-homoser ine (Rowbury, 1964; Rowbury and Woods, 196**b; Kaplan and F l a v i n ,  

1966; Wiebers and G a rn e r ,  1967; F l a v i n  and S l a u g h t e r ,  1967; F l a v i n ,  1975).  

Datko e t  a l . (1977) have su g g e s te d  t h a t  t h e  predominance  o f  t h e  t r a n s s u l ­

f u r a t i o n  r o u t e  o v e r  t h a t  o f  d i r e c t  s u l f u r a t i o n  in g reen  p l a n t s  may be due 

to  t h e  r e l a t i v e  a v a i l a b i l i t i e s  o f  L - c y s t e i n e  and s u l f i d e .
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The T r a n s s u l f u r a t i o n  Pathway in Animals

L -m eth ion ine  i s  an e s s e n t i a l  i n g r e d i e n t  in th e  d i e t  o f  an im a ls  rang­

ing from p ro to zo o n s  such a s  Tet rahymena (Kidder and Dewey, 1945; Dang 

and Cook, 1977) t o  mammals (Young and Maw, 1958).  As in t h e  e n t e r i c  bac­

t e r i a  and g reen  p l a n t s ,  t r a n s s u l f u r a t i o n  in vo lves  L - c y s t a t h i o n i n e  as  an 

i n t e r m e d i a t e  and is  i r r e v e r s i b l e ,  bu t  in t h e  o p p o s i t e  d i r e c t i o n .  .L- 

metrhionine r e a c t s  w i th  ATP v i a  m e th io n in e  adenosy l  t r a n s f e r a s e  to  form 5 -  

a d e n o s y lm e th i o n in e ,  which p roduces  S -a d e n o s y lh o m o c y s t e in e  under  c a t a l y s i s  

by methyl t r a n s f e r a s e .  T h i s  o r g a n o s u l f u r  compound is hyd ro lyzed  v i a  

a d e n o s y lh o m o c y s te in a s e  to  form f r e e  L -hom ocys te ine ,  which r e a c t s  w i th  L- 

s e r i n e  v i a  c y s t a t h i o n i n e - y - s y n t h e t a s e  t o  y i e l d  L - c y s t a t h i o n i n e  (Sel im and 

G reenberg ,  1959) .  Cleavage  t a k e s  p l a c e  by c y s t a t h i o n i n e - y - l y a s e  t o  form 

L - c y s t e i n e ,  2 - o x o b u t y r a t e ,  and ammonia (Matsuo and G reenberg ,  1958a) .

The (T r a n s ) s u 1f u r a t i o n  Pathways in Fungi

Most fungi  a p p e a r  t o  c a r r y  o u t  bo th  $-  and y - r e p l a c e m e n t s , and y-  

and j 3 - e l i m i n a t i o n s ,  and th u s  can t r a n s s u l f u r a t e  in e i t h e r  d i r e c t i o n  

( F l a v i n ,  1962; F l a v i n  and S l a u g h t e r ,  1964; D e la v i e r - K l u t c h k o  and F l a v i n ,  

1965b).  However p ro d u c t  f o rm a t io n  i s  s u b s t a n t i a l l y  in th e  d i r e c t i o n  o f  

L-homocyste ine  (and hence L -m e th io n i n e ) .  In c e l l s  o f  Neurospora  c r a s s a  

and A s p e r g i l l u s  n i d u l a n s  m e th io n i n e  is  s y n t h e s i z e d  by a y - r e p l a c e m e n t  in ­

v o lv in g  O - a c e t y lh o m o s e r in e  and L - c y s t e i n e ,  to  form L - c y s t a t h i o n i n e  and 

a c e t a t e ,  and a 8 _e l i m i n a t i o n  t o  y i e l d  L -hom ocys te ine ,  p y r u v a t e ,  and am­

monia (Nagai and F l a v i n ,  1966; Kerr  and F l a v i n ,  I 9 6 9 , 1970; Paszewski 

and G ra b s k i ,  1974,  1975).

C e l l s  o f  Saccharomyces c e r e v i s i a e  c a r r y  o u t  a d i r e c t  s u l f h y d r a t i o n  

o f  o - a c e t y l h o m o s e r i n e  v i a  OAH s u l f h y d r y l a s e ,  forming L-homoeyste ine  and 

a c e t a t e ,  as  th e  main pathway o f  L -m e th io n in e  s y n t h e s i s  (C h e re s t  e t  a l . ,  

1969; Sav in  and F l a v i n ,  1972; M asse lo t  and S u r d i n - K e r j a n , 1977). Th is
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pathway is  a l s o  p r e s e n t  in c e l l s  o f  N. c r a s s a  and Asp, n i d u l a n s  (Wiebers 

and G arne r ,  1967a ,b ;  Kerr  and F l a v i n ,  1970; Paszewski and G ra b s k ? , 1973)» 

bu t  Kerr  (1971) has  s u g g e s t e d  t h a t  in t h e s e  fungi  i t  i s  a s econdary  

r o u t e  a p p r e c i a b l y  u t i l i z e d  on ly  when exogenous  s u l f u r  i s  l i m i t i n g .

The U t i 1i z a t ?on o f  Dje n k o l I c  Acid by H e te ro t ro p h ? c  B a c t e r ?a

The use o f  L - d j e n k o l i c  a c i d  a s  a s u l f u r  s o u rc e  by b a c t e r i a  i s  anoma­

lous .  Rober t s  et_ aj_. (1955) found i t  n e i t h e r  to  s u p p o r t  g’rowth nor to  

i n h i b i t  s u l f a t e  u p ta k e  in c e l l s  o f  E s c h e r i c h i a  col  1, bu t  E l l i s  e t  a 1 . 

(1964) r e p o r t e d  t h a t  i t  r e p r e s s e s  s u l f a t e  a c t i v a t i o n  in t h i s  s p e c i e s ,  

and p o s t u l a t e d  t h a t  d j e n k o l i c  a c i d  a c t s  v i a  c l e a v a g e  to  L - c y s t i n e .

C e l l s  o f  S a lm o n e l l a  t y p himurium were d e te rm ined  t o  u s e  d j e n k o l i c  

a c i d  as  a s o l e  s o u r c e  o f  s u l f u r ,  b u t  t h e  g e n e r a t i o n  t ime was tw ic e  t h a t  

o f  c e l l s  grown on L - c y s t e i n e  (Dreyfuss  and Monty, 1963a) .  Fu r the rm ore  

r e p r e s s i o n  o f  t h e  s u l f a t e  r e d u c t i o n  pathway by L - c y s t e i n e  was r e p o r t e d  

to  be d e r e p r e s s e d  by d j e n k o l i c  a c i d  (Dreyfuss  and Monty, 1963b; Kredich  

and Tomkins,  1966).  However Pa rdee  (1968) found growth o f  Ŝ . t y p himurium 

to  be poor w i th  d j e n k o l i c  a c i d  as t h e  s u l f u r  s o u r c e ,  and moreover s u b s e ­

quent  s u l f a t e  u p ta k e  was g r e a t e r  t h e  longe r  th e  c e l l s  remained on th e  

t h i o a c e t a l . Kred ich  (1971) has proposed  t h a t  t h e  d e r e p r e s s i o n  no te d  by 

h im se l f  and o t h e r s  i s  t r i g g e r e d  n o t  by d j e n k o l i c  a c i d ,  b u t  by t h e  con­

c om i tan t  s u l f u r  s t a r v a t i o n .

I t  may well  be t h e  amino a c i d  i s  a s p e c i e s - s p e c i f i c  s u l f u r  s o u r c e ,  

f o r  c e l l s  o f  B r u c e l l a  s u i s  e x h i b i t e d  near -normal growth w i th  L - d j e n k o l i c  

a c i d  as  t h e  o n ly  exogenous  s u l f u r  compound p r e s e n t  (Rode e t  a l . ,  1951).  

The C a t a l y t i c  A c t i v i  t i e s  o f  y_- and g-Cys t a t h i o n a s e s

Both c y s t a t h i o n ! n e - 0 - l y a s e  (E.C.  4 . 4 . 1 . 8 )  and c y s t a t h i o n i n e - y - l y a s e  

(E.C. 4 . 4 . 1 . 1 )  c a t a l y z e  t h e  c l e a v a g e  o f  a v a r i e t y  o f  o r g a n i c  d i s u l f i d e s ,  

t h i o e t h e r s ,  and o t h e r  o r g a n o s u l f u r  compounds. G r e a t e r  s tu d y  has been
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made on enzyme E.C. h . 4 . 1 . 1 ,  a m u l t i f u n c t i o n a l  p y r i d o x a l - p h o s p h a t e -  

dependen t  p r o t e i n  (B in k le y ,  1955; Matsuo and Greenberg ,  1958b) whose a c ­

t i v i t i e s  have r e s u l t e d  in e x t e n s i v e  n om enc la tu ra l  synonymy ( F l o r k i n  and 

S t o t z ,  1973).  Names and c a t a l y s e s  i n c lu d e :  (a) c y s t a t h i o n i n e - y - l y a s e ,

L - c y s t a t h i o n i n e  c y s t e i n e  ly a s e  ( d e a m i n a t i n g ) , o r  y - c y s t a t h i o n a s e ,  from 

th e  y - e l i m i n a t i o n  o f  L - c y s t a t h i o n i n e  to  L - c y s t e i n e ,  2 - o x o b u t y r a t e ,  and 

ammonia ( C a r ro l l  e t  a l . ,  19^9; Matsuo and G reenberg ,  1958a); (b) L-homo- 

s e r i n e  d e h y d r a t a s e  o r  L-homoser ine  h y d r o ly a s e  (d e a m in a t in g ) ,  from the  

c l e a v a g e  o f  L-homoser ine t o  2 - o x o b u t y r a t e ,  ammonia, and w a te r  (B ink ley  

and O lson ,  1950; Matsuo and G reenberg ,  1958a);  (c) L - c y s t i n e  d e s u l f h y d -  

r a s e ,  from th e  c l e a v a g e  o f  L - c y s t i n e  to  t h i o c y s t e i n e ,  p y r u v a te ,  and am­

monia ( C a v a l l i n i  e t  a l . ,  i960 ;  F l a v i n ,  1962);  and (d) L - c y s t e i n e  d e s u l f -  

h y d ra s e  o r  L - c y s t e i n e  hydrogen s u l f i d e  ly a s e  ( d e a m in a t in g ) ,  from th e  

c l e a v a g e  o f  L - c y s t e i n e  to  hydrogen s u l f i d e ,  p y r u v a t e ,  and ammonia (Bink­

ley* 1950; Binkley and Okeson,  1950; Kumagai e t  a ]_ . , 1975).

C y s t a t h i o n i n e - y - l y a s e  a l s o  c a t a l y z e s  th e  c l e a v a g e  of  s e v e r a l  o t h e r  

t h i o e t h e r s ,  d i s u l f i d e s ,  and t h i o a c e t a l s ,  among them a l l o - c y s t a t h i o n i n e ,  

L - l a n t h i o n i n e ,  L rh o m o cy s t in e , and L - d j e n k o l i c  a c i d  (B ink ley ,  1950; 

F l a v i n ,  1962; Greenberg e t  a l . ,  I 96A). B ink ley  (1950) proposed  t h a t  t h e  

c y s t e i n e  moie ty  i s  t h e  s p e c i f i c  p o i n t  o f  a t t a c k ,  and sup p o r ted  t h i s  t h e ­

s i s  by n o t i n g  when a l l o - c y s t a t h i o n i n e  i s  c l e a v e d  to  L -hom ocyste ine ,  th e  

p ro d u c t  i s  no t  s u s c e p t i b l e  t o  f u r t h e r  a t t a c k .  F la v in  (1962) e x t r a c t e d  a 

c y s t a t h i o n a s e  from c e l l s  o f  Neurospora  c r a s s a  which c a t a l y z e d  th e  c l e a v ­

age o f  L - c y s t i n e  to  p y r u v a t e  and t h e  a l k y l  hydrogen d i s u l f i d e ,  t h i o c y s ­

t e i n e .  The l a t t e r  compound i s  a l a b i l e  one which decomposes s p o n ta n e ­

o u s ly  to  L - c y s t e i n e  and hydrogen s u l f i d e .  In an an a lag o u s  manner L- 

d j e n k o l i c  a c i d  was p r e d i c t e d  t o  c l e a v e  c a t a l y t i c a l l y  t o  p y r u v a t e  and S-  

t h i o m e t h y l c y s t e i n e ,  t h e  l a t t e r  th e n  decomposing s p o n ta n e o u s l y  t o  L-
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c y s t e i n e ,  fo rm a ldehyde ,  and hydrogen s u l f i d e  (Greenberg  e_t , 1964).

Enzyme E.C. 4 . 4 . 1 . 8 ,  known v a r i o u s l y  as  c y s t a t h i o n i n e - g - l y a s e ,  8- 

c y s t a t h i o n a s e ,  and c y s t a t h i o n i n e - L - h o m o c y s t e i n e  l y a s e  ( d e a m in a t in g ) ,  

a l s o  r e q u i r e s  p y r id o x a l  pho sp h a te  as a p r o s t h e t i c  group ( F l a v i n  and 

S l a u g h t e r ,  1964; F l o r k i n  and S t o t z ,  1973)-  S u b s t r a t e s  which a r e  s u b j e c t  

t o  c a t a l y t i c  c l e a v a g e  vary  w id e ly  depending  upon th e  s o u rc e  o f  th e  en ­

zyme. L - c y s t a t h i o n i n e  i s  u n i v e r s a l l y  c l e a v e d  by a 8 - e l i m i n a t i o n  t o  L- 

hom oc ys te ine ,  p y r u v a t e ,  and ammonia ( D e la v i e r - K l u t c h k o  and F l a v i n ,  1965a,  

b ) . L - d j e n k o l i c  a c i d  is  a l s o  e f f i c i e n t l y  c l e a v e d  by a l l  such g - c y s t a -  

t h i o n a s e s ,  presumably  t o  t h e  same p r o d u c t s  as  d e r i v e  from th e  a c t i v i t y  

o f  r a t  1 i v e r  y - c y s t a t h i o n a s e ,  5 - t h i o m e t h y l c y s t e i n e ,  p y r u v a t e ,  and ammonia 

(Greenberg e_t a j_ . , 1964; D e l a v i e r - K l u t c h k o  and F l a v i n ,  1965a; G i o v a n e l l i  

and Mudd, 1971)•

However, whereas  t h e  8 - c y s t a t h i o n a s e  e x t r a c t e d  from c e l l s  o f  Neuro- 

spo r a  c r a s s a  r a p i d l y  c a t a l y z e s  t h e  c l e a v a g e  o f  L - l a n t h i o n i n e  and L- 

c y s t i n e  ( F l a v i n  and S l a u g h t e r ,  1964) ,  th e  enzyme from E s c h e r i c h i a  c o l i  

c e l l s  and t h a t  from s p in a c h  t i s s u e  do so  s low ly  (D e la v i e r - K l u t c h k o  and 

F l a v i n ,  1965a; G io v a n e l l i  and Mudd, 1971).  The amino a c i d  5 - m e t h y l - L -  

c y s t e i n e  (bu t  no t  L - c y s t e i n e )  i s  a good s u b s t r a t e  f o r  t h e  b a c t e r i a l  e n ­

zyme, bu t  no t  f o r  t h e  enzyme from s p i n a c h .  O th e r  good s u b s t r a t e s  f o r  

t h e  c y s t a t h i o n i n e - 8 - 1 y a s e  from E_. co l?  c e l l s  a r e  a l  l o - c y s t a t h  ion i ne and 

D - c y s t i n e ;  a d d i t i o n a l  poor s u b s t r a t e s  in c lu d e  O - s u c c in y l - L - h o m o s e r in e ,  

O -phosphohom oser ine ,  DL-homoserine ,  DL-meth ion ine ,  and L-homocyst ine  

( D e la v i e r - K l u tc h k o  and F l a v i n ,  1965a).

Ami no Acid and O rg a n o s u l fu r  U t ? 1 i z a t  ion by Cy a n o b a c te r  ? a

S ubs ta n t ia ]  ev idence e x i s t s  t h a t  a v a r i e t y  o f  L-amino ac ids  i s  taken 

up by many b lue-g reen  b a c t e r i a .  Asparagine serves as a n i t r o g e n  source 

f o r  severa l  marine cyano bac te r ia ,  i n c lu d in g  the red-pigmented Phormidium
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pe r s i c i n u m  ( P i n t n e r  and P r o v a s o l i , 1958; Van Baalen ,  1962), and a r g i n i n e  

and g l y c i n e  do l i k e w i s e  f o r  both  n i t r o g e n - f i x i n g  and n o n - f i x i n g  s p e c i e s  

(Wyatt et_ aj_ . , 1 9 7 0  • G lyc ine  and g lu t a m in e  s u p p o r t  th e  h e t e r o t r o p h i c  

growth o f  c u l t u r e s  of  Ch lo rog loea  f r i t s c h i l  (Fay and Fogg, 1962).  Threo­

n ine  (Maclean e t  a l . ,  1965) and l e u c i n e  (S in g e r  and D o o l i t t l e ,  1975) a r e  

t r a n s p o r t e d  and u t i l i z e d  by au x o t ro p h s  o f  A n a c y s t i s  n i d u l a n s , as  a r e  

p h e n y l a l a n i n e  and t r y p to p h a n  by au x o t ro p h s  o f  Synechococcus cedrorum 

(Kaney and J h a b v a l a ,  1975) and Agm e n e l1 urn q u ad ru p l i c a tu m  (Ingram e t  a l . ,

1972), r e s p e c t i v e l y .

Several  amino a c i d s  i n c lu d in g  L-m eth ion ine  a r e  r e a d i l y  taken  up by 

c e l l s  o f  Phormidium lur idum and F rem yel la  d i p l o s i p h o n  (Crespi  e t  a l ■,

1970). M eth ion ine  s e rv e s  a s  a p r e c u r s o r  o f  o r g a n ic  m olecu le s  in c e l l s  

o f  Anabaena v a r i a b i i i s  (Botham and Pennock,  1971),  bu t  as  a s o l e  s u l f u r  

s o u rc e  i t  a l lo w s  on ly  i n d i f f e r e n t  growth by c u l t u r e s  o f  t h i s  s p e c i e s  and 

A n a c y s t i s  n id u l a n s  (Prakash  and Kumar, 1971).  The d e r i v a t i v e  L- 

m e th io n in e -D L -su 1foxim ine  i s  t r a n s p o r t e d  i n t o  c e l l s  o f  A_. c y l i n d r i c a  and 

A. v a r i a b i 1 i s , where i t  b in d s  and i n a c t i v a t e s  g lu t a m in e  s y n t h e t a s e ,  the  

enzyme c a t a l y z i n g  th e  a s s i m i l a t i o n  of  newly f i x e d  n i t r o g e n  (S tew ar t  and 

Rowell ,  1975; Ownby, 1977).

C e l l s  o f  Anabaena f l o s - a quae use O -su c c in y lh o m o se r in e  o r  O - a c e t y l ­

homoserine (but  not  O-phosphohomoserine)  as  t h e  aminobuty ry l  donor in 

t h e  t r a n s s u l f u r a t i o n  pathway from L - c y s t e i n e  t o  L-homocysteine (and in 

t u rn  t o  L-meth ionine) (Datko e_t a j_ . , 197^b) . In a d d i t i o n  e x t r a c t s  from 

c e l l s  o f  Agmenellum qu ad ru p l i c a tu m  e x h i b i t  no O-phosphohomoserine s u l f -  

h y d ry la s e  a c t i v i t y ,  r u l i n g  o u t  d i r e c t  s u l f h y d r a t i o n  w i th  OPH as t h e  a -  

aminobuty ry l  donor (Datko e t  a l . ,  1977).  A m e t h i o n i n e - r e q u i r i n g  mutant  

o f  A_. n id u l a n s  does not  grow on s u l f a t e  a l o n e ,  o r  w i th  L - c y s t a t h i o n i n e  

o r  L-homocysteine s u b s t i t u t e d  f o r  th e  L -m e th ion ine .  No ev id en ce  e x i s t s
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t h a t  h o m o s e r i n e - O - t r a n s s u c c i n y l a s e  i s  c o n t r o l l e d  v i a  r e p r e s s i o n / d e r e p r e s ­

s i o n  by L -m e th io n in e ,  and t h i s  i n a b i l i t y  has been o f f e r e d  by Delaney e t  

a l . (1973) as f u r t h e r  s u p p o r t  t h a t  t r a n s c r i p t i o n a l  c o n t r o l  is  g e n e r a l l y  

l a c k in g  in c e l l s  o f  t h e  c y a n o b a c t e r i a  (Hood and C a r r ,  1971, 1972; C a r r ,

1973).

The m e th io n in e  a n a l o g ,  e t h i o n i n e ,  a p p e a r s  to  be p a r t i c u l a r l y  d e t r i ­

menta l  t o  b l u e - g r e e n  b a c t e r i a .  D L -e th io n in e  is a bou t  100 t imes  more in ­

h i b i t o r y  to  t h e  growth o f  c u l t u r e s  o f  Synechococcus  cedro rum and Anabaena 

c y l j  n d r i c a  than  t o  th e  growth o f  c u l t u r e s  o f  e u k a r y o t i c  p h y t o f l a g e l l a t e s  

such as  Euglena g r a c i 1?s and Ochromonas d a n i c a  (Aaronson and A r d o i s ,

1971) .  Mutants  o f  P lec tonema boryanum and Nostoc s p .  MAC r e s i s t a n t  to  

L - e t h i o n i n e  have been i s o l a t e d ,  bu t  no e t h i o n i n e  i n c o r p o r a t i o n  o ccu r s  in 

c e l l s  o f  th e  fo rm e r ,  and u p ta k e  and (o r )  a s s i m i l a t i o n  o f  L -m eth ion ine  

a l s o  a r e  ( i s )  d im in i s h e d  (Hen tschel  et_ a K , 1978).

A cqu i red  s u l f u r  i s  n o t  o n ly  a s s i m i l a t e d  i n t o  amino a c i d s  and p r o t e i n ,  

bu t  a l s o  i n t o  o t h e r  c e l l u l a r  m a t e r i a l ,  i n c lu d in g  l i p i d .  Benson (1963) 

d e te rm ined  t h a t  a s i g n i f i c a n t  amount o f  c h l o r o p l a s t  s u l f u r  was found as 

p l a n t  s u l f o l i p i d  ( a - s u l f o q u i n o v o s y l  d i g l y c e r i d e ) .  T h i s  compound has been 

r e p o r t e d  in c e l l s  o f  A n a c y s t i s  n id u l a n s  and Anabaena v a r i a b i l i s  (N icho ls  

et_ a]_. , 1965; Hirayama, 1967).  The r o u t e  o f  s y n t h e s i s  is  s t i l l  unknown, 

b u t  t h e  s u g g e s t i o n  has been made t h a t  PAPS a n d / o r  s u l f i t e  s e r v e s  a s  the  

d i r e c t  p r e c u r s o r  (Benson,  1971; Goodwin, 1971) .

E. FORMATION OF CONDENSED PHOSPHATE 

General  Consi d e r a t  ions

G r i f f i t h  e t  a l . (1977) have a s s e r t e d  t h a t  i t  is  no t  t h e  s t a b l e  o r t h o ­

p h o s p h a te ,  b u t  the  therm odynam ica l ly  u n s t a b l e  condensed  p h o s p h a te ,  which 

i s  v i t a l  to  l i f e  in a q u a t i c  e c o s y s te m s .  Long-cha in  p o ly p h o s p h a te  can
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s e r v e  as t h e  p r e c u r s o r  f o r  t r i m e t a -  and o r t h o p h o s p h a t e ,  and th e  phos -
0

phorus  t u r n o v e r  r a t e  i s  v e ry  r a p id  by m ic roorgan ism s  in a q u a t i c  e c o s y s ­

tems.  Given t h e  smali  amount o f  phosphorus  n e c e s s a r y  t o  s u s t a i n  abundant  

l i f e ,  G r i f f i t h  e t  a l . (1977) f e e l  t h a t  p r e v e n t i o n  o f  t h e  e v e n t u a l  eu-  

t r o p h i c a t i o n  o f  m a n - i n h a b i t e d  lakes  i s  a lm os t  im p o s s ib l e .

In chemical  s t r u c t u r e  condensed phospha tes  a r e  polymers of  o r t h o p h o s ­

p h a t e  w i th  phosphoanhydr ide  l i n k a g e s  t h a t  a r e  the rm odynam ica l ly  e q u i v a ­

l e n t  to  t h o s e  of  ATP (Meyerhof et_ a_l_., 1953; Y osh ida ,  1955)* The most 

commonly o c c u r r i n g  condensed phospha te  o f  b i o l o g i c a l  o r i g i n  is po lyphos ­

p h a t e ,  an unbranched l i n e a r  polymer o f  g e n e r a l  fo rmula  Mn+2Pn ^ 3 n + l ' 

P o ly p h o s p h a te  i s  a l k a l i - s t a b l e  and a c i d - l a b i l e ,  h y d r o l y z a b l e  t o  o r t h o ­

p ho sp h a te  in hot  a c i d .  The c y c l i c  condensed  p h ospha te s  (MnPn0 3n ) of  

common b i o l o g i c a l  o c c u r r e n c e  a r e  p r i m a r i l y  t r i -  and t e t r a m e t a p h o s p h a t e s , 

and to  a l e s s e r  e x t e n t  p e n t a -  and h e x a m e ta p h o sp h a te s , a l l  o f  which con­

v e r t  t o  t h e  l i n e a r  p o ly p h o s p h a te s  in s t r o n g  a l k a l i .  No o t h e r  form of  

condensed phospha te  i s  found as a common b i o l o g i c a l  p r o d u c t .  The s t r u c ­

t u r a l  fo rm u lae  f o r  some condensed p hospha te s  a r e  shown in  F ig u re  1, a f t e r  

T h i l o  (1959) ;  t h a t  a u t h o r  a l s o  reviewed th e  condensed ph o s p h a te s  (T h i lo ,  

1962) .

Although i t  was once b e l i e v e d  t h e r e  were two p o ly p h o s p h a te  f r a c t i o n s  

in y e a s t  (and o t h e r )  c e l l s ,  one form s o l u b l e  and th e  o t h e r  form i n s o l u b l e  

in co ld  t r i c h l o r o a c e t i c  a c i d  (TCA) (Wiame, 19^9),  Katchman and Van Wazer 

(195*0 and Langen and L i s s  (1958) su g g e s te d  d i f f e r e n t l y .  Using d i f f e r e n ­

t i a l  e x t r a c t i o n  Langen et_ £l_. (1962) showed t h a t  under  normal c o n d i t i o n s  

lo n g -c h a in  p o ly p h o s p h a te  i s  formed i n i t i a l l y ,  and then  is  broken down 

i n t o  p r o g r e s s i v e l y  s h o r t e r  m o l e c u l e s ,  f i n a l l y  i n t o  o r t h o p h o s p h a t e .  Dur­

ing th e  r a p id  u p ta k e  o f  "ove rco m p e n sa t io n "  t o o ,  h igh  m o le c u la r  w e ig h t  

p o ly p h o s p h a te  i s  formed f i r s t ,  then  reduced t o  low m o l e c u la r  w e igh t  po ly -
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phospha te  (L i s s  and Langen,  1962).

Metaphosphates  a r e  c o l d -T C A -s o lu b l e ,  bu t  most o f  t h e  p o ly p h o s p h a te  i s  

n o t .  Chain l e n g th s  ex ten d  to  about  300 in  y e a s t  c e l l s  (L iss  and Langen,  

i 960 ) ,  and up t o  500 in c e l l s  o f  E n t e r o b a c t e r  (A e ro b a c te r )  ae roge nes  

(H aro ld ,  1963b). Pu re  p o ly p h o s p h a te  i s  a c i d - s o l u b l e  r e g a r d l e s s  o f  c h a in  

l e n g th  (Haro ld ,  1966) ,  b u t  t h i s  s u b s t a n c e  i s  a very  s t r o n g  p o ly a n io n  and 

b e a r s  n e g a t i v e  c h a rg e s  even  a t  e x t r e m e ly  a c i d  pH (Van Wazer, 1958) .  Thus 

p o lyphospha te  i s  no t  o n ly  s t r o n g l y  b a s o p h i l i c  and most r e t a i n s  b a s i c  dyes  

a t  pH 1 ( n u c l e i c  a c i d s  and s h o r t - c h a i n  p o lyphospha te  d e s t a i n  a t  pH 3 .5 )  

(Fuhs ,  1969),  b u t  a l s o  i t  p o s s e s s e s  a h igh a d s o r p t i o n  a f f i n i t y  f o r  p o s i ­

t i v e l y  charged macromolecules  (Wiame, 1949).  High m o le c u la r  w e igh t  p o ly ­

phospha te  w i l l  c o p r e c i p i t a t e  w i th  p r o t e i n  (Katchman and Van Wazer, 1954),  

bind  w i th  c e l l  wal l  p o ly g a la c t o s a m in e  (H aro ld ,  1962a) ,  e t c . ,  and so  r e ­

main c o ld -T C A - in s o lu b le .

The p o l y a n i o n i c  n a t u r e  o f  th e  polymer i s  p robab ly  t h e  rea son  t h a t  

bo th  in o rg a n i c  c a t i o n s ,  most commonly magnesium and ca lc ium  (Konig and 

W ink le r ,  1948; Widra ,  1959; F r i e d b e r g  and Avigad,  I 968 ) ,  and RNA (Konig 

and W ink le r ,  1948; Winder and Denneny, 1956; Widra ,  1959; D irhe im er  e t  

a l . ,  1963; Ebel e t _ , 1963; S tah l  and E b e l , 1963 ) have been found 

t i g h t l y  complexed w i th  th e  p o ly p h o s p h a te .  Although most a u t h o r s  have 

f e l t  t h e  RNA complexes were e x t r a c t i o n  a r t i f a c t s  due to  io n i c  bonding ,  

n u c l e i c  a c i d  s t r a n d s  have been obse rved  in c e l l s  f i x e d  f o r  e l e c t r o n  

microscopy t o  be embedded w i t h i n  p o ly p h o s p h a te  b o d ie s  (Voelz e t  a l . ,

1966; J ensen  and S i c k o ,  1974).  Fu r the rm ore  Smith et^ a K  (1954) r e p o r t e d  

t h a t  w h i l e  p o ly p h o s p h a te  bod ie s  took up as much as  20% of  t h e  volume of 

n u t r i e n t - d e f i c i e n t  c e l l s  o f  IE, a e r o g e n e s , "meta llpho sp h a te  a c c o u n ted  f o r  

l e s s  than  1% o f  t h e  c e l l u l a r  d ry  w e i g h t .  T h e r e f o r e  w he the r  t h e  s i z a b l e  

o r g a n i c  component ,  i n c l u d i n g  RNA, l i p i d ,  and p r o t e i n ,  r e p o r t e d  in p o ly ­
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p ho sp h a te  g r a n u l e s  o f  v a r i o u s  b a c t e r i a  by Widra (1959) and F r i e d b e r g  and 

Avigad ( 1968) i s  f a c t  o r  a r t i f a c t  i s  s t i l l  an open q u e s t i o n .  In c o n t r a s t  

s i m i l a r  g r a n u l e s  i s o l a t e d  from members o f  t h e  c i l i a t e  p ro to z o o n ,  T e t r a -  

hymena pyr i f o r m i s , were  shown to  c o n s i s t  e n t i r e l y  o f  ca lc ium  magnesium 

py rop h o sp h a te  (Rosenberg ,  1966).

Volut  i n

Meyer (190*0 f i r s t  observed  m e t a c h r o m a t i c a l l y  s t a i n i n g  i n c l u s i o n  

b o d ie s  in c e l l s  o f  Spi r i 1 lum v o l u t a n s , which he named v o l u t i n  g r a n u l e s  

( th e y  were o th e r w i s e  r e f e r r e d  to  as  B a b e s -E rn s t  g r a n u l e s ) .  Although 

Liebermann had c h e m ic a l ly  i d e n t i f i e d  " m e ta" p h o sp h a te  in  y e a s t  c e l l s  in 

1888, i t  was n o t  u n t i l  t h e  mid-1930s  t h a t  r e s e a r c h e r s  began t o  l i n k  v o l u ­

t i n  w i th  condensed  p h o s p h a te .  M acfa r lane  (1936) r e d i s c o v e r e d  m e t a / p o l y ­

p h o s p h a te  in y e a s t ,  and J e e n e r  and Brache t  (1944) found t h a t  when i n o r ­

g a n i c  phospha te  was added t o  such  c e l l s  s t a r v e d  f o r  phosphorus ,  a mass ive  

amount o f  b a s o p h i l i c  m a t e r i a l  — which they  i n c o r r e c t l y  assumed t o  be 

RNA — r a p i d l y  accumula ted  in t h e  c e l l s .  Wiame (19**6a,b) and Schmidt e t  

a l  . (19**6) i d e n t i f i e d  t h i s  m a t e r i a l  as  "meta llp h o s p h a te ,  and soon t h e r e ­

a f t e r  Wiame (19^7a ,b )  d e m o n s t r a ted  t h a t  in y e a s t  c e l l s  t h e  b a s o p h i l i c  

s u b s t a n c e ,  t h e  m e tach rom a t ic  g r a n u l e s ,  and p o ly p h o s p h a te  were one and th e  

same. Konig and Winkle r  (I9*f8) and Ebel (19**9) d id  l i k e w i s e  us ing  b ac ­

t e r i a l  c e l l s .  By th e  use o f  TCA e x t r a c t i o n  Hughes et^ al_. (1963) showed 

t h a t  th e  bu lk  of  th e  p o ly p h o s p h a te  in c e l l s  o f  Chlorobium t h i o s u l f a t o -  

philum was l o c a l i z e d  in g r a n u l e s  which were  b o th  m e tach rom at ic  and 

e l e c t r o n - d e n s e .

Po lyphospha te  Formation and D egrada t ion

The r e v e r s i b l e  t r a n s f e r  o f  th e  t e rm in a l  pho sp h a te  group  between p o ly ­

p hospha te  and adenos ine  t r i p h o s p h a t e ,  c a t a l y z e d  by the  enzyme po ly p h o s ­

p h a t e  k i n a s e  (Yoshida and Yamataka,  1953; Kornberg e t  a l . ,  1956; Kornberg ,
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s o l i t a r y  r o u t e  o f  l o n g - c h a in  p o ly p h o s p h a te  s y n t h e s i s .  However i t  a p p e a r s  

t h a t  w h i l e  ATP i s  r e q u i r e d  t o  p o ly m e r iz e  o r th o p h o s p h a t e  i n t o  po ly p h o s ­

p h a t e ,  in  most c a s e s  ATP i s  n o t  produced upon p o ly p h o s p h a te  d e g r a d a t i o n  

t o  o r th o p h o s p h a t e  (H aro ld ,  1962b).  I n t a c t ,  e n e r g y - g e n e r a t i o n - b l o c k e d  

c e l l s  o f  Neurospora  c r a s s a  do no t  deg rade  p o ly p h o s p h a te  to  form ATP 

(H aro ld ,  1962b).  Moreover in c e l l s  o f  C o rynebac te r ium  x e r o s i s  and E n t e r o -  

b a c t e r  a e ro g e n e s  p o ly p h o s p h a te  d e g r a d a t i o n  i s  h y d r o l y t i c ,  t h e  c l e a v a g e  o f  

t e rm in a l  o r t h o p h o s p h a t e  groups  c a t a l y z e d  by one o r  more p o ly p h o s p h a t a s e s ,  

d i s s i p a t i n g  t h e  bond e n e rg y  r a t h e r  th a n  r e t a i n i n g  i t  (Muhammed e t  a l . ,  

1959; Harold  and H a ro ld ,  1965).

O ccur rence  o f  P o ly ph o s p h a te  ? n Trad i t i o n a l  B a c t e r i  a

S ince  th e  e a r l i e s t  a t t e m p t s  a t  e l e c t r o n  microscopy p receded  t h e  chemi­

c a l  i d e n t i f i c a t i o n  o f  v o l u t i n ,  an e f f o r t  was made t o  l i n k  e l e c t r o n  s c a t ­

t e r i n g  bod ie s  obse rved  in myco- (Lembke and Ruska,  19*40), c o r y n e -  (Morton 

and Anderson,  19*41), and o t h e r  b a c t e r i a  (Knaysi and Mudd, 19*43), w i th  th e  

c l a s s i c a l  m e tach rom a t ic  g r a n u l e s ,  and w i th  t h e  work then  in  p r o g r e s s  on 

t h e  n a t u r e  o f  v o l u t i n  in y e a s t  c e l l s .  Wiame (19*46a) no ted  th e  g r e a t  

s i m i l a r i t y  o f  m e tach rom a t ic  b o d ie s  in c e l l s  o f  y e a s t  and C o r y n e b a c t e r ?urn 

d i p h t h e r i a e , and Konig and W ink le r  (19*48) conf i rm ed  them as t h e  same 

g r a n u l e s  which were h i g h l y  e l e c t r o n - s c a t t e r i n g .  Macrary (1951) i d e n t i ­

f i e d  t h e s e  i n c l u s i o n s  as p o ly p h o s p h a te  b o d i e s .  S a i l  e t  a l . (1956) f u r ­

t h e r  i n v e s t i g a t e d  p o ly p h o s p h a te  acc u m u la t io n  and d i s a p p e a r a n c e  in c e l l s  

£.* d i p h t h e r i a e , and t h e r e a f t e r  (S a i l  e t  a l . ,  1958) they  c o r r e l a t e d  

v a r i a t i o n  in  amount o f  p o ly p h o s p h a t e  w i th  t h e  s t a g e s  o f  t h e  c e l l  d i v i s i o n  

c y c l e .

S i m i l a r  s t u d i e s  were  done to  d e t e rm in e  th e  n a t u r e  o f  t h e  g r a n u l e s  in 

th e  m y c o b a c te r i a  (Knaysi e t  a l . ,  1950 ; Winder and Denneny, 195*4, 1955,
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1956, 1957; Mudd e t  a_k , 1956; S p i t z n a g e l  and Sharp ,  1959; Drews, 1960a, 

b ) .

Much o f  th e  knowledge o f  b a c t e r i a l  po ly p h o sp h a te  metabolism was de­

r iv e d  from s t u d i e s  w i th  E n t e r o b a c t e r  (A e ro b a c t e r )  a e r o g e n e s . Smith e t  

a l . (195*0 and W ilk inson  and Duguid ( i 960 ) examined v o l u t i n  p ro d u c t io n  

in c e l l s  o f  t h i s  s p e c i e s ,  and no ted  c e r t a i n  e f f e c t s  which would l a t e r  

r e c e i v e  more a t t e n t i o n .  (a) L i t t l e  i f  any po lyphospha te  was formed under 

normal c o n d i t i o n s ,  b u t  i t  accumula ted  when growth d e c re a se d  o r  was l im­

i t e d  by some n u t r i e n t  imbalance ,  e . g .  a n i t r o g e n  o r  s u l f u r  d e f i c i e n c y  

(but  not  a c a rb o n ,  phosphorus ,  magnesium, o r  po tass ium  d e f i c i e n c y ) ,  (b) 

P o lyphospha te  was very  r a p i d l y  formed when exogenous o r th o p h o s p h a te  was 

made a v a i l a b l e  t o  p h o s p h o r u s - s t a r v e d  c e l l s ,  (c) Large po lyphospha te  

g r a n u l e s  d im in ished  in s i z e  as  normal growth was r e s t o r e d  a f t e r  a pe r io d  

o f  i n h i b i t i o n ,  (d) Although the  g r a n u l e s  o f  n u t r i e n t - d e f i c i e n t  c e l l s  

occup ied  up to  20% o f  th e  c e l l  volume, t o t a l  "m e ta"phospha te  c o n s t i t u t e d  

l e s s  than  1% o f  th e  c e l l u l a r  dry  w e ig h t .

Widra and Wilburn  (1959) observed  t h e  v o l u t i n  g r a n u l e s  o f  j^. a e r o ­

genes  by e l e c t r o n  m icroscopy .  Such i n c l u s i o n s  were l a ck in g  in mutants  

b locked  f o r  po lyphospha te  s y n t h e s i s  (Harold and H aro ld ,  1963)•

Harold (1963a) de te rm ined  t h a t  under  c e r t a i n  c o n d i t i o n s  po lyphospha te  

accoun ted  f o r  most o f  th e  t o t a l  phosphorus in c e l l s  o f  E. a e r o g e n e s . 

F u r t h e r  i n v e s t i g a t i o n  r e v e a le d  t h a t  n u c l e i c  a c i d  s y n t h e s i s  i n h i b i t e d  t h a t  

o f  p o ly p h o s p h a te ,  and moreover s t i m u l a t e d  p o ly p h o s p h a te  d e g r a d a t i o n  by 

i n o r g a n i c  p o ly p h o s p h a ta s e  (H aro ld ,  1963a; Harold and H aro ld ,  1965). I f  

g rowth  and n u c l e i c  a c i d  s y n t h e s i s  were h in d e re d  by n u t r i e n t  e x h a u s t io n  

( e . g .  s u l f u r ) ,  po lyphospha te  d e g r a d a t i o n  was i n h i b i t e d  in consequence ,  

and th e  polymer accum ula ted .  The a c c u m u la t io n  was h a l t e d  upon resumpt ion  

o f  normal g row th ,  and phospha te  was q u a n t i t a t i v e l y  t r a n s f e r r e d  from po ly ­
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pho sp h a te  to  t h e  n u c l e i c  a c i d .  L i t t l e  o r  no p h o s p h a te  d e r iv e d  from RNA 

d u r in g  t h e  po ly p h o sp h a te  a c c u m u la t io n  in c e l l s  o f  E_. a e r o g e n e s , r a t h e r  

t h e  s o u r c e  was exogenous o r t h o p h o s p h a t e  (H a ro ld ,  1963a) .  These r e s u l t s  

d i f f e r  from t h o s e  o b t a in e d  w i t h  c e l l s  o f  Neurospora  c r a s s a , which i n d i ­

c a t e d  t h a t  RNA d e g r a d a t i o n  was an im p o r tan t  s o u r c e  o f  p o ly p h o s p h a te  phos ­

phorus  (H aro ld ,  i 9 60 ) .

Harold (1964) d em o n s t r a ted  t h a t  t h e  r a p i d  phospha te  u p ta ke  and po ly ­

p h o s p h a te  d e p o s i t i o n  in p h o s p h o r u s - d e p le t e d  c e l l s  — which he termed the  

" p o ly p h o s p h a te  o v e r p l u s "  phenomenon — was c o r r e l a t e d  w i th  a much e l e ­

v a t e d  l e v e l  o f  p o ly p h o s p h a te  k i n a s e .  During e x p o n e n t i a l  growth such 

c e l l s  c o n t a i n e d  low l e v e l s  o f  p o ly p h o s p h a te  k i n a s e ,  a l k a l i n e  p h o s p h a ta s e ,  

and p o ly p h o s p h a t a s e ,  bu t  when th e  c e l l s  d e p l e t e d  t h e  a v a i l a b l e  phosphorus ,  

a l l  t h r e e  enzyme l e v e l s  markedly  r o s e ,  a t  l e a s t  the  f i r s t  two by d e r e ­

p r e s s i o n  (H aro ld ,  1964). Subsequent  e x p o s u re  to  exogenous o r th o p h o s p h a t e  

led to  an immediate and r a p id  s y n t h e s i s  o f  p o ly p h o s p h a te ,  which was inde­

penden t  o f  n u c l e i c  a c i d  s y n t h e s i s  (H a ro ld ,  1964).

When grown in T R IS -b u f fe red  medium c o n t a i n i n g  a h igh  l e v e l  o f  o r t h o ­

p h o s p h a te  (75 mM) j c e l l s  o f  E_. a e ro g e n e s  w ere  p a r t i c u l a r l y  s e n s i t i v e  t o  

s u l f u r  d e p r i v a t i o n  in t r i g g e r i n g  p o ly p h o s p h a te  s y n t h e s i s .  On t h i s  b a s i s  

s u l f a t e ,  s u l f i t e ,  s u l f i d e ,  c y s t ( e ) i n e ,  and o x i d i z e d  o r  reduced g l u t a ­

t h i o n e  ( a l l  0 .7  mM s u l f u r )  s e rv e d  as  s o l e  s u l f u r  s o u r c e s ,  whereas  m e th io ­

n i n e ,  h o m o c y s t ( e ) in e ,  c y a s t a t h i o n i n e ,  c y s t e i c  a c i d ,  c y s te a m in e  ( a l l  0 .7  

mM s u l f u r ) ,  l i p o i c  a c i d ,  t h i a m i n ,  b i o t i n ,  p a n t o th e n e  ( a l l  0 . 3  mM s u l f u r ) ,  

and coenzyme A (0 .15  mM s u l f u r )  d id  not  (Harold and Sy lvan ,  1963) .  A 

c o m p e t i t i o n  f o r  m e ta b o l i c  pa thways ,  o r  a c e r t a i n  l e v e l  o f  a c e l l u l a r  

o r g a n o s u l f u r  compound was s u g g e s te d  as  s u p p r e s s i n g  p o ly p h o s p h a te  d e p o s i ­

t i o n .  P r e f e r e n c e  was g iven  t o  t h e  l a t t e r  a l t e r n a t i v e  beca use  s u p p r e s s i o n  

was n o n - s t o i c h i o m e t r i c .  The le v e l  o f  such  a c o n t r o l l i n g  s u b s t a n c e  would
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be d e c r e a s e d  by s u l f u r  s t a r v a t i o n ,  a l lo w in g  p o ly p h o s p h a te  t o  be d epos ­

i t e d .  Ev idence  was p r e s e n t e d  t h a t  o x i d i z e d  g l u t a t h i o n e  was th e  c o n t r o l ­

l i n g  compound in w i l d - t y p e  c e l l s .  C y s t i n e - r e q u i r i n g  m u tan ts  grown in 

medium c o n t a i n i n g  o r t h o p h o s p h a t e  b u t  l a c k in g  a s u l f u r  s o u r c e  d id  not  

d e p l e t e  t h e i r  g l u t a t h i o n e  pool o r  accum ula te  p o ly p h o s p h a te  (Harold and 

S y lvan ,  19 6 3 ) .

I n v e s t i g a t i o n s  w i th  o t h e r  b a c t e r i a  have e i t h e r  conf irm ed  th e  above 

p a t t e r n ,  o r  p rov ided  e v i d e n c e  o f  v a r i a t i o n .  S z u l m a j s t e r  and G ard in e r  

(I960) d em o n s t r a ted  t h a t  c e l l s  o f  a C l o s t r i d i u m  s p e c i e s  e l a b o r a t e d  p o ly ­

pho sp h a te  under  a n a e r o b i c  c o n d i t i o n s  when c r e a t i n i n e  s e rv ed  as  bo th  th e  

n i t r o g e n  s o u r c e  and e l e c t r o n  d ono r .  P ine  (1963) showed an i n c r e a s e  in 

Mm e ta " p h o s p h a te  was l i n k e d  t o  t h e  e x h a u s t i o n  o f  c e l l u l a r  s u l f u r  s t o r e s  

in E s c h e r i c h i a  c o l i . S t u d i e s  u s in g  Chlorobium t h i o s u l f a t o p h i l u m  r e v e a l e d  

t h a t  p o ly p h o s p h a te  was p r e s e n t  in a l l  s t a g e s  o f  g row th ,  a p p r o x im a te ly  67% 

o f  t o t a l  c e l l u l a r  phosphorus  as  p o ly p h o s p h a te  in no rm al ly  growing c e l l s ,  

and an even g r e a t e r  p r o p o r t i o n  in  o l d e r  o n e s .  Such h igh  amounts o f  p o ly ­

phospha te  may have been t h e  r e s u l t  o f  l i t t l e  o r  no p o ly p h o s p h a t a s e  n o r ­

mally  p r e s e n t  in t h e  c e l l s  (Hughes e t  a j_ . , 1963).  F u r t h e r  work p ro v id ed  

e v id e n c e  t h a t  p o ly p h o s p h a te  was degraded  in c e l l s  o f  t h i s  s p e c i e s  by 

p h o s p h o r y l a t i n g  ADP t o  ATP, which in t u r n  was h yd ro lyzed  v i a  ATPase to  

r e l e a s e  i n o r g a n i c  phospha te  and r e g e n e r a t e  ADP (Cole and Hughes, 19 6 5 ) -  

Under p h o s p h o r u s - 1 im i t i n g  c o n d i t i o n s  p o ly p h o s p h a te  fo rm a t io n  was s up ­

p r e s s e d ,  growth  c o n t in u e d  n o rm a l ly ,  and l a r g e  amounts o f  s u l f u r  were r e ­

le a se d  i n t o  t h e  medium (Hughes et_ ^1_. , 1963).

Voelz e t  a l . (1966) s t u d i e d  p o ly p h o s p h a te  o v e r p lu s  in c e l l s  o f  Myxo- 

coccus  x a n t h u s , and r e p o r t e d  v a r i a t i o n  in g r a n u l e  fo rm a t io n  under  v a ry in g  

c o n d i t i o n s .  In some c a s e s  d e p o s i t i o n  o f  p o ly p h o s p h a te  was by embedment 

in n u c l e i c  a c i d  f i b r i l s .  The a u t h o r s  p r e d i c t e d  t h a t  e x p o n e n t i a l  and
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s t a t i o n a r y  phase  c e l l u l a r  o r g a n i z a t i o n  d i f f e r .  F r i e d b e rg  and Avigad 

(1968) found t h a t  50% o f  t h e  t o t a l  phosphorus  was c o n t a i n e d  w i t h i n  p o l y ­

pho sp h a te  bodie s  o f  c e l l s  o f  Micrococcus  l y s o d e i k t i c u s , a l t h o u g h  the  

w e ig h t  o f  t h e s e  i n c l u s i o n s  was 10% o f  c e l l u l a r  d ry  w e ig h t .  The a u t h o r s  

r e p o r t e d  bo th  s i g n i f i c a n t  o r g a n i c  c o n t r i b u t i o n  t o  t h e  p o ly p h o s p h a te  f r a c ­

t i o n ,  e s p e c i a l l y  p r o t e i n  and l i p i d ,  and marked d i f f e r e n c e s  in sh ap e ,  p a t ­

t e r n ,  and o r g a n i z a t i o n  o f  t h e  bod ie s  from th o s e  o f  o t h e r  m ic ro o rg an is m s .  

T e r ry  and Hooper (1970) d i s c o v e r e d  t h a t  s u l f u r - ,  n i t r o g e n - ,  o r  

p h o s p h o r u s - d e p le t e d  c e l l s  o f  Nit rosomonas  eu ropae a  accumula ted  po ly p h o s ­

p h a t e  a t  t h e  expense  o f  t h e  n u c l e i c  a c i d s  ( d i f f e r i n g  from th e  p a t t e r n  in 

c e l l s  o f  E n t e r o b a c t e r  a e r o g e n e s ) , b u t  upon r e s t o r a t i o n  o f  t h e  d e f i c i e n t  

n u t r i e n t ,  pho sp h a te  was t r a n s f e r r e d  from p o ly p h o s p h a te  t o  n u c l e i c  a c i d .

The po ly p h o sp h a te  k i n a s e  from c e l l s  o f  A r t h r o b a c t e r  a t ro c y a n e u s  was 

p u r i f i e d  and c h a r a c t e r i z e d  by Levinson e t  a l . (1975) .  I s o l a t e d  p o ly p h o s ­

p h a t e  b o d ie s  from c e l l s  o f  D e s u l f o v i b r i o  g ig a s  were shown t o  c o n s i s t  o f  

s h o r t - c h a i n  magnesium p o ly p h o s p h a te  (pe rhaps  t r i p o l y p h o s p h a t e )  and o r ­

g a n i c  c a rb o n ,  bu t  no s u l f u r  o r  n i t r o g e n  was d e t e c t e d  (Jones  and Chambers,  

1975).  C o n d i t io n s  f o r  t h e  a c c u m u la t io n  o f  guan o s in e  po ly p h o sp h a te  

n u c l e o t i d e s  in c e l l s  o f  B r e v i b a c t e r i u m  ammoniagenes have been o u t l i n e d  

by S a to  and Furuya (1977) •

O ccu r rence  o f  P o ly p h o sp h a te  in Cy a n o b a c t e r i a

One o f  t h e  f i r s t  e l e c t r o n  m i c r o s c o p ic  s t u d i e s  o f  b l u e - g r e e n  b a c t e r i a ,  

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

d i v i s i o n  a s  w e l l ,  was made by Bringmann (1950) .  He no ted  e l e c t r o n - d e n s e  

and m e tach ro m a t ic  i n c l u s i o n s  in c e l l s  o f  Lyngbya a e r u g i n e o - c o e r u l e a  and 

L_. a m p h i v a g i n a t a , and s u g g e s te d  they were composed o f  i n o r g a n i c  "m eta" -  

p h o s p h a t e ,  DNA, and RNA. The p r e s e n c e  o f  p o ly p h o s p h a te  was conf i rm ed  in 

a v a r i e t y  o f  b l u e - g r e e n  b a c t e r i a ,  i n c l u d i n g  th e  g en e ra  Phormidium and
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O s c i 1l a t o r f a  (E be l ,  1952; Drews and N lk l o w i t z ,  1956, 1957; Keck and 

S t i c h ,  1957; E b e l e j t ^ a k , 1958b).

C o r r e l l  and T o l b e r t  (1962) found a c o n s i s t e n t  molar  r a t i o  o f  7 P :

1 RNA in p o lyphospha te  from a c t i v e l y  growing c u l t u r e s  o f  both  Anabaena 

v a r i a b i l i s  and th e  e u k a r y o t i c  a l g a  C h l o r e l l a  p y r e n o i d o s a . Approximately 

50% o f  th e  t o t a l  phosphorus was in t h e  form o f  p o lyphospha te  in c e l l s  o f  

th e  fo rmer  s p e c i e s ,  o f  which 30% was r e p o r t e d  to be complexed w i th  RNA. 

T a l p a s a y i  (1963) ,  u s ing  bo th  t h e  t o l u i d i n e  b l u e  s t a i n  o f  Keck and S t ic h  

(1957) and th e  lead  ni t ra te -ammoniurn  s u l f i d e  method o f  Ebel e t  a l , 

( 1 9 5 8 a ) ,  i d e n t i f i e d  po ly p h o sp h a te  b o d ie s  in s e v e r a l  s p e c i e s  o f  cyanobac­

t e r i a ,  i n c lu d in g  Anabaena c y l i n d r i c a , C h lo ro g lo ea  f r i t s c h i i , and M as t igo -  

c l a d u s  l a m in o s u s . Such i n c l u s i o n s  a r e  few and small  in younger f i l a m e n t s  

and s p o r e s ,  l a r g e  and numerous in o l d e r  f i l a m e n t s ,  and a b s e n t  from t e r m i ­

na l  c e l l s ,  matu re  s p o r e s ,  and h e t e r o c y s t s .  The p re s e n c e  o f  RNA in p o l y ­

phospha te  b o d ie s  was p r e d i c t e d  from t h e  p a t t e r n  o b t a i n e d  w i th  f l u o r e s ­

cence  m icroscopy .

Jensen  (1968) dem ons t ra ted  t h a t  l e a d - s u l f i d e - s t a i n e d  g r a n u l e s ,  

e l e c t r o n - d e n s e  b o d i e s ,  and e l e c t r o n - t r a n s p a r e n t  s p a c e s  r e s u l t i n g  from 

T C A -ex t ra c t io n  in c e l l s  o f  Nos to e  p run i fo rm e  a l l  co r re sp o n d ed  to  the  

p r e s e n c e  o f  p o ly p h o s p h a te .  He r e p o r t e d  on t h e  p a t t e r n  o f  fo rm a t ion  o f  

p o ly p h o s p h a te  bod ies  in c e l l s  o f  Plec tonema boryanum ( J e n s e n ,  1969),  

which is  q u i t e  s i m i l a r  t o  t h a t  l a t e r  found in f r e e  and l i c h e n i z e d  c e l l s  

o f  a Nostoe  s p .  ( B o i s s i e r e ,  1976).  Fuhs (1969) de te rm ined  t h a t  po lyphos­

p h a te  b o d ie s  in c e l l s  o f  O s c i l l a t o r i a  b o r n e t i  and Anabaena c y l i n d r i c a  

e x h i b i t  r e f r a c t i v e  in d i c e s  very  s i m i l a r  t o  t h a t  o f  s y n t h e t i c  po ta ss ium  

p o ly p h o s p h a te .

B a t t e r t o n  and Van Baalen (1968) found no p o lyphospha te  a f t e r  r a p id  

o r t h o p h o s p h a t e  up ta k e  by c e l l s  o f  A n a c y s t i s  n i d u l a n s .  However, Niemeyer
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and R i c h t e r  (1969) ,  u s ing  p u l s e - 1 a b e l e d  ^2P -o r th o p h o s p h a te  in phosphorus-  

s t a r v e d  c e l l s  o f  the  same s p e c i e s ,  showed t h a t  most o f  t h e  r a p i d l y  a c ­

q u i r e d  phospha te  is i n c o r p o r a t e d  i n t o  condensed  p h o s p h a te ,  ve ry l a r g e l y  

m ode ra te -  to  l o n g -c h a in  p o ly p h o s p h a te ,  and t r i m e t a p h o s p h a t e .  B o rn e fe ld  

e t  a]_. (1974) ,  u t i l i z  ing A n a c y s t i s  n i d u l a n s , and Sicko-Goad and Jensen  

(1976) ,  u s in g  Plec tonema boryanum, r e p o r t e d  t h a t  th e  g r e a t e s t  i n c r e a s e  

in phosphorus  is  in t h e  TCA -inso lub le  p o ly p h o s p h a te  f r a c t i o n  upon r e s ­

t o r a t i o n  o f  t h a t  e lem en t  to  s t a r v e d  c e l l s .  O ther  s t u d i e s  on th e  phos ­

p ha te  me tabo l i sm  in c e l l s  o f  IP. boryanum have in c lu d ed  th e  u l t r a s t r u c -  

t u r a l  sequence  o f  po ly p h o sp h a te  o v e r p lu s  (Jensen  and S ick o ,  1974),  the  

e f f e c t s  o f  f i x a t i o n  and p o s t - s t a i n i n g  on f i n e  s t r u c t u r e  (Jensen  e t  a l . ,

1977) ,  x - r a y  ene rgy  d i s p e r s i v e  a n a l y s i s  o f  p o ly p h o s p h a te  b o d ie s  (S ic k o -  

Goad et_ a l_ . , 1975; K e s s e l , 1977) ,  and th e  e f f e c t s  o f  pH and c a t i o n s  on 

r a p id  phospha te  u p t a k e  (Sicko-Goad e t  a_l_. , 1978).

Kuhl ( 1962) o b s e rv ed  t h a t  many a l g a e  ta k e  up phosphorus  f a r  in e x c e ss  

o f  t h e i r  n e e d s ,  then  s t o r e  i t  (as  condensed  p h o s p h a te s )  a s  an i n t e r n a l  

r e s e r v o i r .  Under c o n d i t i o n s  o f  phosphorus  d e f i c i e n c y  c e l l s  o f  the  e u k a r y ­

o t i c  a l g a  C h l o r e l l a  make immediate use  o f  p o ly p h o s p h a te ,  i n d i c a t i n g  t h e  

c o n s t i t u t i v e  n a t u r e  o f  t h e  d e g r a d a t i v e  enzyme(s)  (Baker and Schmidt ,

1964).  E igh t  d i f f e r e n t  s p e c i e s  o f  b l u e - g r e e n  b a c t e r i a  u t i l i z e d  condensed 

phospha tes  d u r ing  growth ,  and in some c a s e s  e x c r e t e d  e x c e ss  condensed 

p h o s p h a te s  i n t o  th e  a q u a t i c  env i ronm ent  (Davis and Wilcomb, 1968).  As­

s i m i l a t i o n  o f  d e t e r g e n t  phosphorus  d u r in g  a 24 -h o u r  p e r io d  by cyanobac-  

t e r i a l  c e l l s  was s u f f i c i e n t  t o  s u p p o r t  growth f o r  an a d d i t i o n a l  seven 

days in medium w i th  no exogenous phosphorus ( S te w a r t  and A lexande r ,  1971).

S u l fu r  d e f ic ie n c y  has been shown to  induce the uptake o f  s u b s ta n t ia l  

amounts o f  o r thophosphate , and the  e la b o ra t io n  o f  very  la rg e  polyphos­

phate bod ies in c e l l s  o f  Synechococcus sp. (A nacys tis  n id u la n s )  (Lawry



and J e n s e n ,  1979).  S u c c e s s i v e  s u l f u r -  and p h o s p h o r u s - f r e e  growth  medium 

has been used to i s o l a t e  m u tan ts  o f  t h i s  m ic roorgan ism  w i th  an i n a b i l i t y  

t o  s y n t h e s i z e  p o ly p h o s p h a te  (V a i1l a n c o u r t  e t  a l . ,  1978) .

F. ULTRASTRUCTURE OF MEMBERS OF THE GENUS SYNECHOCOCCUS AND LIKE GENERA

E l e c t r o n  m i c r o s c o p ic  i n v e s t i g a t i o n s  o f  c e l l s  o f  A n a c y s t i s  n id u I a n s  

and s p e c i e s  o f  t h e  genus  Synechococcus  r e v e a l e d  t h e  fundamenta l  c e l l u l a r  

a r c h i t e c t u r e  o f  t h e s e  b a c i l l i f o r m  c y a n o b a c t e r i a  t o  be a F e u l g e n - p o s i t i v e  

c e n t r a l  a r e a ,  s u g g e s te d  t o  be in l a r g e  p a r t  n u c l e i c  a c i d ,  su r ro u n d ed  by 

a p e r i p h e r a l  a r e a  c o n t a i n i n g  a few ( f o u r  o r  f i v e )  well  o rd e re d  and con­

c e n t r i c  p h o t o s y n t h e t i c  l a m e l l a e  o r  t h y l a k o i d s  (Drews et_ £ l_ . , 1961; Ris 

and S ingh ,  1961; Menke, 1961, 1966; E c h l i n ,  196*1; Hall and C la u s ,  1965; 

Lang,  1968; G an t t  and C o n t i ,  1969) .  The d e f i n i t i v e l y  d e s c r i p t i v e  work 

on c e l l s  o f  Synechococcus  l i v i d u s  by Edwards e t  a_K (1968) was fo l low ed  

up by a f r e e z e - f r a c t u r e  ex am in a t io n  c o r r o b o r a t i n g  th e  f e a t u r e s  d e s c r i b e d  

(Holt  and Edwards, 1972).

More s p e c i a l i z e d  s t u d i e s  on t h e  f i n e  s t r u c t u r e  o f  s p e c i e s  o f  Synecho­

coccus  ( i n c l u d i n g  A n a c y s t i s  n i d u l a n s )  and Agmenellum have been conce rned  

w i th  t h e  c e l l  wall  (Drews and Meyer, 1964; A l l e n ,  1968b; G o l e c k i , 1977; 

Gleason  and Ooka, 1978),  th e  p h o t o s y n t h e t i c  membranes (A l l e n ,  1968a) ,  t h e  

p h y c o b i1?somes (Edwards and G a n t t ,  1971; Wildman and Bowen, 1974; Cosner ,

1978),  c e l l  d i v i s i o n / s e p a r a t i o n  ( A l l e n ,  1968b; A l le n  and S t a n i e r ,  19 6 8 ; 

Kunisawa and C ohen -B az i re ,  1970; Ingram and A l d r i c h ,  1974; S tu rgeon  e t  

a l . ,  1975) ,  t h e  p o s s i b l e  ap p e a ra n c e  o f  m i c r o t u b u l e s  (B a i l e y -W a t t s  e t  a l ■, 

1968) ,  and AS-1M cyanophage  i n f e c t i o n  (Sherman et_ a l_ . , 1976).

Carbon d i o x i d e  d e p r i v a t i o n  in c e l l s  o f  S_. 1 i v id u s  has been shown to  

lead  to  com ple te  l o s s e s  o f  t h e  t e t r a p y r r o l e  p igments  and t h y l a k o i d s ,  and 

s u b s e q u e n t l y  to  c y t o p la s m i c  d i s o r d e r ,  a s  s een  a t  th e  e l e c t r o n  m ic roscope



l e v e l .  R e s t o r a t i o n  o f  CC^ p e r m i t s  a r a p i d  s y n t h e s i s  of  p igm ents  and 

t h y l a k o i d s ,  and t h e r e a f t e r  l e ad s  t o  a r e t u r n  in c y t o p la s m i c  i n t e g r i t y  

and growth by th e  p o p u l a t i o n  ( M i l l e r  and H o l t ,  1977).



MATERIALS AND METHODS

Genera 1

"Anacys t  i s 11 n id u l a n s  UTEX 625 was o b t a i n e d  from th e  Ind iana  U n ive r ­

s i t y  C o l l e c t i o n  o f  Algae  (now a t  t h e  U n i v e r s i t y  o f  Texas a t  A u s t i n ) ,  and 

m a in ta in e d  on A l l e n ' s  m o d i f i c a t i o n  o f  Hughes '  medium (Hughes e t  a l . ,

1958; A l l e n ,  1968c) ,  b u f f e r e d  a t  pH 8 .3  w i th  1 g/1 g l y c y l g l y c i n e  ( s ee  

Appendix 1 ) .  C u l t u r e s  were grown a t  kO°Z under  2600 lux  cool w h i t e  

f l u o r e s c e n t  i l l u m i n a t i o n  supplemented  by a 25w in c a d e s c e n t  b u l b ,  on a 

16-hour  l i g h t / 8 - h o u r  da rk  c y c l e .  Both s t o c k  and e x p e r i m e n t a l  f l a s k s  

were a e r a t e d  th rough  c o t t o n - p l u g g e d  P a s t e u r  p i p e t t e s .  D e s p i t e  p ro p e r  

c o n d i t i o n s  growth was slow,  t h e  g e n e r a t i o n  t ime v a r y in g  between 8 and 2k 

h o u r s .

Exogenous o r t h o p h o s p h a t e  c o n c e n t r a t i o n s  were d e t e rm in e d  c o l o r m e t r i -  

c a l l y  by t h e  Murphy-Riley phosphomolybdic a c i d  r e d u c t i o n  t e c h n i q u e  (Mur­

phy and R i l e y ,  1962; H ayash i ,  1976) ( s ee  Appendix 2 ) .  S o l u t i o n s  were 

a l low ed  to  d eve lop  in 2 .25  cm D o p t i c a l l y  matched t u b e s ,  and measured 

d i r e c t l y  a t  882 nm on a Bausch and Lomb S p e c t r o n i c  20 s p e c t r o p h o t o m e t e r .  

C o n c e n t r a t i o n s  o f  t o t a l  c e l l u l a r  phosphorus  were measured  by a u t o c l a v i n g  

th r i c e - w a s h e d  a l i q u o t s  o f  c e l l s  w i th  0 .5  g K2S20g ( B a t t e r t o n  and Van 

Baalen ,  1968),  then  a s s a y i n g  th e  coo led  s o l u t i o n s  by th e  Murphy-Riley 

method,  and e x p r e s s i n g  t h e  amount de te rm in e d  on a p e r - c e l l  b a s i s .  R e p l i ­

c a t e  c e l l  co u n t s  were  o b t a i n e d  u s in g  a P e t r o f f - H a u s e r  chamber.

Shor t-Term Uptake

C e lls  one week o ld  were washed th ree  times in  phospho rus - free  medium 

under the c o n d i t io n s  desc r ib ed . On day s i x  the c e l l s  were aga in  washed 

th ree  times in  pho sphorus -free  medium, and resuspended a t  a d e n s i ty  o f

k5
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c a .  94 x 10 c e l l s / m l  In medium c o n t a i n i n g  0 .16  mM (5 mg/ l)  phosphorus 

as o r th o p h o s p h a t e ,  and b u f f e r e d  v a r i o u s l y  a t  pH 7*0, 7 . 5 ,  8 . 0 ,  8 . 5 ,  and

9 . 0 .  I l l u m i n a t i o n  was i n c r e a s e d  to  1*800 lu x  to  promote o r th o p h o s p h a t e  

u p ta ke .  The f i r s t  samples (ze ro  hour)  f o r  phosphorus a n a l y s i s  were 

drawn as q u ic k ly  as p o s s i b l e  a f t e r  a l l  f l a s k s  were i n o c u l a t e d ,  and t h e r e ­

a f t e r  a t  i n t e r v a l s  o v e r  a p e r io d  o f  s i x  h o u r s .

In a second exper im en t  c e l l s  were s i m i l a r l y  p r e p a r e d ,  b u t  an a l i q u o t  

was removed from the  p h o s p h o r u s - s t a r v e d  c u l t u r e  and resuspended  f o r  a 

p e r io d  o f  te n  hours  in medium c o n t a i n i n g  10 yg/ml ch loramphenico l  (CAP) 

but  no phosphorus .  This  p e r io d  was t imed to  c o i n c i d e  l a r g e l y  w i th  t h e  

dark  p hase ,  because  aqueous s o l u t i o n s  o f  CAP can become t o x i c  in some 

c a s e s  under  i l l u m i n a t i o n  (Hoxmark and Nordby,  1977).  All- p o r t i o n s  were

washed t h r e e  t imes  in phosphorus-  and s u l f u r - f r e e  medium, t h e  u n t r e a t e d
£

c e l l s  were resuspended  a t  a d e n s i t y  o f  c a .  90 x 10 c e l l s / m l  in medium

v a r i o u s l y  c o n t a i n i n g  0.31 mM, 31 UM, 3.1 yM and z e ro  (10, 1 .0 ,  0 . 1 ,  and

ze ro  mg/ l)  s u l f u r  as  s u l f a t e .  The CA P-t rea ted  c e l l s  were resuspended a t
£

a d e n s i t y  o f  75 x 10 c e l l s / m l  in medium c o n t a i n i n g  0.31 mM (10 mg/l )  

s u l f u r  as  s u l f a t e .  All c u l t u r e s  c o n t a in e d  0 .064  mM (2 mg/ l)  phosphorus  

as  o r th o p h o s p h a t e .  Z e ro -hour  samples  were removed as q u i c k l y  as  p o s s i b l e  

a f t e r  i n o c u l a t i o n ,  and t h e r e a f t e r  samples were taken  f o r  phosphorus  d e t e r '  

m ina t ion  a t  i n t e r v a l s  o v e r  a p e r io d  o f  f i v e  h o u r s .

In a l l  expe r im en t s  d e l e t i o n  o f  I^HPO^ was compensated by th e  a d d i ­

t i o n  o f  a p p r o p r i a t e  q u a n t i t i e s  o f  KNO^; o f  MgSO^ by a p p r o p r i a t e  amounts 

o f  Mg(N03) r

Long-Term Uptake

A. In o rg a n ic  S u l f u r  Sources

C e l l s  one week o ld  were washed f o u r  t imes in s u l f u r - f r e e  medium and
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resuspended  a t  a d e n s i t y  o f  23-26  x 10 c e l l s / m l  in c u l t u r e s  c o n t a i n i n g

0 .32  mM (10 mg/ l)  phosphorus  as o r t h o p h o s p h a t e ,  bu t  no s u l f u r  s o u r c e .

P r e l i m i n a r y  e x p e r im e n t s  had de te rm ined  t h a t  c e l l s  can e n d u re  24-30 hours

o f  s u l f u r  s t a r v a t i o n  w i th  l i t t l e  a p p r e c i a b l e  change in morphology,  p i g -

ment c o n t e n t ,  o r  t o t a l  phosphorus  l e v e l .  Fo llowing  t h i s  i n i t i a l  p e r io d

changes  due to  s u l f u r  s t a r v a t i o n  r a p i d l y  become manifes t- .  A f t e r  24 hours

o f  growth  s t e r i  l e - f  i 1 t e r e d  MgSO^, K2S2O2 anc* ^2^2^5 were e a c ^ added to

s e p a r a t e  f l a s k s  a t  a c o n c e n t r a t i o n  o f  0.31 mM s u l f u r ,  and a e r a t i o n  o f  a l l

f l a s k s  was h a l t e d .

S ince  bo th  t h e  t h i o s u l f a t e  and m e t a b i s u l f i t e  an io n s  a r e  s u b j e c t  to

slow o x i d a t i o n  t o  s u l f a t e  in a e r a t e d  a l k a l i n e  medium c o n t a i n i n g  c a t a l y t i c  

2+ 3+amounts o f  Zn and Cu ( P o s t g a t e ,  1963) ,  i t  was n e c e s s a r y  to  u t i l i z e  

p r e - s t a r v e d  growing c e l l s  in need o f  immediately  u s a b l e  s u l f u r .  A c e l l -  

f r e e  c u l t u r e  c o n t a i n i n g  0.31 mM s u l f u r  and 0 .32  mM phosphorus  was main­

t a i n e d  d u r i n g  th e  e x p e r i m e n t a l  p e r io d  o f  t h r e e  days .  D a i ly  phosphorus  

measurements were made and c e l l s  were f i x e d  f o r  TEM e x a m in a t io n  24 hours  

a f t e r  t h e  exogenous  s u l f u r  was added (48 hours  a f t e r  i n o c u l a t i o n  o f  th e  

c e 11s ) .

B. S u l f u r  S t a r v a t i o n

C e l l s  were  p r e p a r e d  a s  in P a r t  A and resuspended  a t  a d e n s i t y  o f  28- 
£

29 x 10 c e l l s / m l  in c u l t u r e s  c o n t a i n i n g  0 .32  mM, and z e r o  s u l f u r  as  s u l ­

f a t e .  Exogenous o r t h o p h o s p h a t e  and c e l l u l a r  phosphorus  were  measured 

a f t e r  t h e  f i r s t  e i g h t  hours  o f  growth ,  then  d a i l y  f o r  s i x  d a y s .  A l i q u o t  

volumes n e c e s s a r y  to  p r o v id e  r e a d in g s  w i t h i n  th e  range o f  p r e c i s i o n  de­

c r e a s e d  w i th  t ime as  c e l l  numbers a n d / o r  c e l l u l a r  phosphorus  i n c r e a s e d .

An a e r a t e d  c e l l - f r e e  f l a s k  was p rov ided  to  measure o r t h o p h o s p h a t e  concen­

t r a t i o n  as a f u n c t i o n  o f  l o n g s t a n d i n g .  C e l l s  were removed a f t e r  47 and
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120 hours  o f  growth and f i x e d  f o r  TEM ex a m in a t io n .

C. Recovery from S u l f u r  S t a r v a t i o n

C e l l s  were p r e p a r e d  as in P a r t  A and resuspended  a t  a d e n s i t y  o f  

ca .  250 x 10^ c e l l s / m l  in c u l t u r e s  c o n t a i n i n g  e i t h e r  0.31 mM o r  z e r o  

s u l f a t e ,  and 0 .35  mM (11 mg/ l)  phosphorus  as o r t h o p h o s p h a t e .  The c u l ­

t u r e s  were m a in t a i n e d  under  normal growth c o n d i t i o n s  f o r  s i x  d a y s .  Exo­

genous and c e l l u l a r  phosphorus  were m oni to red  ev e ry  o t h e r  day.  At th e  

end o f  5 i  days t h e  c e l l s  c u l t u r e d  w i th  no exogenous s u l f u r  were  d iv i d e d  

i n t o  two equal  vo lumes ,  t h e  f i r s t  m a in ta in e d  as b e f o r e ,  t h e  o t h e r  w i th  

10 pg/ml CAP.

A f t e r  an a d d i t i o n a l  tw e lve  hours  a l l  c e l l s  were washed t h r e e  t imes  

in s u l f u r -  and p h o s p h o r u s - f r e e  medium, and each  a l i q u o t  was d i v i d e d  in t o  

a p a i r  o f  f l a s k s  c o n t a i n i n g  medium w i th  0.31 mM s u l f a t e .  One f l a s k  o f  

each  p a i r  c o n t a in e d  0 .225  mM (7 mg/ l)  phosphorus ,  and the  o t h e r  f l a s k  

z e r o  phosphorus .  I n i t i a l  co u n t s  v a r i e d  between 15 and 30 x 10^ c e l l s / m l .  

Phosphorus  was m on i to red  d a i l y  f o r  s i x  day s .  Changes in pigment c o n t e n t  

were r eco rded  w i th  a Beckman Model 25 s p e c t r o p h o t o m e t e r  us ing  th e  whole 

c e l l  methods o f  Jones  and Myers (1965) and M i l l e r  and Holt  (1977) ,  w i th  

a r e a d in g  a t  708 nm as  a c o r r e c t i o n  f o r  l i g h t  s c a t t e r i n g .  C e l l s  were 

removed and f i x e d  f o r  TEM e x a m in a t io n  a f t e r  46,  98,  and 144 hours  o f  

growth.

D. O rg a n o s u l fu r  Sources

C e l l s  were p r e p a r e d  as  in P a r t  A and grown in s u l f u r - f r e e  medium f o r  

34 h o u r s ,  washed t h r i c e  a g a i n ,  and resuspended  in c u l t u r e s  c o n t a i n i n g  one 

o f  s e v e r a l  s u l f u r  amino a c i d s  a t  a c o n c e n t r a t i o n  o f  0.31 mM s u l f u r ,  and 

0 .32  mM phosphorus  as o r t h o p h o s p h a t e .  Phosphorus  was m on i to red  d a i l y  f o r  

s i x  days ,  and a t  t h e  end o f  t h i s  p e r i o d  c e l l s  were f i x e d  f o r  TEM o b s e r v a -
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t i o n .  A l iq u o t s  were  t r a n s f e r r e d  t o  f r e s h  c u l t u r e s  c o n t a i n i n g  t h e  same 

o r g a n o s u l f u r  compound, a t  a c o n c e n t r a t i o n  equal  t o  o r  g r e a t e r  than  t h a t  

p r e s e n t  p r e v i o u s l y ,  depending  upon th e  r e s p o n s e  to  t h e  compound as  a 

s u l f u r  s o u rc e  d u r in g  t h e  f i r s t  s i x - d a y  p e r i o d .  Again t h e  p e r io d  o f  

growth was s i x  d a y s ,  and c e l l s  were  removed and p re p a re d  f o r  u l t r a s t r u c -  

t u r a l  e x a m in a t io n .  The o r g a n o s u l f u r  compounds used and f i n a l  c o n c e n t r a ­

t i o n s  (o f  s u l f u r )  p rov ided  were :  L -m e th io n in e ,  DL-homocystine,  L -d j e n -

k o l i c  a c i d ,  L - c y s t e i c  a c i d ,  and t a u r i n e ,  0 .93  mM s u l f u r ;  L - c y s t i n e ,  DL- 

l a n t h i o n i n e ,  and reduced g l u t a t h i o n e ,  0 .6 2  mM s u l f u r .  Con t ro l  c u l t u r e s  

were m a in t a i n e d  on 0.31 mM and z e ro  s u l f a t e  d u r in g  b o th  s i x - d a y  growth 

p e r i o d s .  All  che m ic a l s  l i s t e d  e x c e p t  L -m e th ion ine  were  o b t a i n e d  from 

N u t r i t i o n a l  Biochemical  C o r p o r a t i o n  (ICN P h a r m a c e u t i c a l s ,  I n c . ) ,  C le v e ­

l a n d ,  Ohio;  L -m e th io n in e  was p rocu red  from General  B iochem ica ls  (North 

American Mogul P ro d u c t s  Company), Chagr in  F a l l s ,  Ohio.  In a n o t h e r  e x p e r ­

iment c e l l s  were  p r e p a re d  as  in th e  f i r s t  h a l f  o f  P a r t  D, i n o c u l a t e d  a t  

a f i n a l  d e n s i t y  o f  50-56 x 10^ c e l l s /m l -  i n t o  c u l t u r e s  c o n t a i n i n g  0 . 3 1 ,

1 . 0 ,  and 2.31 mM (10,  32 ,  and 74 mg/ l)  s u l f u r  as  L - c y s t a t h i o n i n e  (from 

Calbiochem, L a J o l l a ,  C a l i f o r n i a ) ,  and grown f o r  seven  d a y s .  Contro l  

p o p u l a t i o n s ,  phosphorus  m o n i t o r i n g ,  and TEM p r o to c o l  were as  p r e v i o u s l y  

d e s c r i b e d ,  e x c e p t  t h a t  c e l l s  were  f i x e d  f o r  o b s e r v a t i o n  a t  47 hours  to o .

All  o r g a n o s u l f u r  compounds b u t  L - c y s t a t h i o n i n e  were  t e s t e d  f o r  

a u t h e n t i c i t y  by d i s s o l v i n g  1-2 mg/ml o f  each  in 10% i s o p r o p a n o l ,  and 

runn ing  3~5 pi  by o n e -d im ens iona l  a s c e n d in g  ch romatography  on Whatman 

Number One p a p e r ,  w i th  a s o l v e n t  o f  60 n -b u ta n o l  : 15 g l a c i a l  a c e t i c  

a c i d  : 25 w a t e r ,  v / v / v  (Smith ,  1960) .  S po ts  were v i s u a l i z e d  w i t h  a 0.2% 

s o l u t i o n  o f  n i n h y d r i n  in a c e t o n e .
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T ra n s m is s io n  E l e c t r o n  Microscopy

Suspens ions  o f  c e l l s  were mixed w i th  a few d rops  o f  2% osmium t e t r a -  

o x id e  and spun down f o r  f i f t e e n  m inu te s  w i th  a c l i n i c a l  c e n t r i f u g e  a t  

f u l l  s p eed .  The c e l l s  were re su sp en d ed  in \% OsO^ in pH 8 .0  Michael is  

b u f f e r  ( see  Appendix 3) and s t o r e d  a t  4°C f o r  one ho u r ,  then  a f u r t h e r  

100 m inu te s  a t  room t e m p e r a t u r e .  A f t e r  f i x a t i o n  t h e  c e l l s  were  r e s u s ­

pended in \% aqueou.s u rany l  a c e t a t e  in b u f f e r  f o r  f i f t e e n  m i n u t e s ,  de ­

h y d ra te d  in a g raded  e t h y l - a l c o h o l  s e r i e s ,  and embedded in Epon 812 

e s s e n t i a l l y  a c c o r d in g  t o  L u f t  (1961) .  Thin s e c t i o n s  were c u t  on a Dupont 

diamond k n i f e  w i th  an LKB U l t ro tom e  I I I ,  p o s t - s t a i n e d  w i th  m e th a n o l i c  

uranyl  a c e t a t e  (Stempak and War, 1964) ,  and lead  c i t r a t e  (Venable and 

C o g g e s h a l1, 1965),  and examined w i th  an H i ta c h i  HU-11E t r a n s m i s s i o n  

e l e c t r o n  m icroscope  a t  75 kv.  T h ick  s e c t i o n s  ( > 2 5 0  urn) were examined 

a t  100 kv.  E l e c t r o n  s e n s i t i z e d  n e g a t i v e s  were s h o t  on Kodak 4489 E l e c ­

t r o n  Microscope  Film ( 8 .3  x 10.2  cm).

Energy D i s p e r s i v e  X-ray  M i c r o a n a l y s i s

C e l l s  from c o n t r o l ,  s u l f u r - d e f i c i e n t ,  and r eco v e ry  c u l t u r e s  were r e ­

moved a t  p e r i o d i c  i n t e r v a l s ,  washed o n ce ,  and a i r - d r i e d  on ny lon  g r i d s .  

They were examined w i th  a JE0L-U3 s c a n n in g  e l e c t r o n  m ic ro sco p e  on STEM 

mode, coup led  t o  a P r i n c e t o n  Gamma Tech ene rgy  d i s p e r s i v e  x - r a y  s p e c t r o ­

pho tom e te r .  Both p o l y p h o s p h a t e - c o n t a i n i n g  and g e n e ra l  c y t o p l a s m i c  a r e a s  

o f  c e l l s  were a n a l y z e d  a t  an a c c e l e r a t i n g  v o l t a g e  o f  25 kv,  a r a t e  v a r y ­

ing between 950 and 4500 c . p . s . ,  and a d u r a t i o n  o f  100 s e c o n d s .



RESULTS AND OBSERVATIONS

Short-Term Uptake

Phosphorus d e t e r m i n a t i o n s  were c o n s i s t e n t  and r e p r o d u c i b l e .  For 

example in th e  two s h o r t - t e r m  s t u d i e s  (va ry in g  pH and exogenous s u l f a t e  

l e v e l s )  s t o c k  c u l t u r e  c e l l s  p r i o r  to  phosphorus  s t a r v a t i o n  c o n ta in e d  

6.9** and 6 .90  fg P / c e l l .  A f t e r  t h r e e  days in p h o s p h o r u s - f r e e  medium 

such c e l l s  c o n t a in e d  1.0l* and 1.06 fg P / c e l l ,  and a f t e r  s i x  days 0 .72  

and 0 .69  fg P / c e l l ,  r e s p e c t i v e l y .

The r a p id  i n c r e a s e  o f  phosphorus in c e l l s  p r e v i o u s l y  s t a r v e d  f o r  

t h i s  e lement  i s  shown o ver  a h u n d r e d - f o ld  range in hydrogen ion a c t i v i t y  

(F igu re  2 ) .  When t h e  p h o s p h o r u s - d e f i c i e n t  c e l l s  were exposed t o  0 . 1 6  mM 

exogenous phosphorus ,  t h e i r  c e l l u l a r  phosphorus l e v e l s  i n c re a s e d  5~6 

t imes  t h e i r  p re v io u s  v a lu e  (0.72 fg P / c e l l )  in t h e  t ime r e q u i r e d  t o  draw 

and c e n t r i f u g e  the  f i r s t  sam ples .  Such r a p id  i n t a k e  was l a r g e l y  comple te  

w i th i n  one hour ,  and th e  r a t e s  slowed s u b s t a n t i a l l y  bu t  up take  con t in u ed  

t h e r e a f t e r  in most c a s e s .  Optimum up take  was ach ieved  in t h e  pH 7 . 5“ 8 -5 

range ,  w i th  t h e  maximum somewhere n e a r  pH 8 . 5 .  Beyond t h a t  pH t h e r e  was 

a d e c l i n e  in up take  a f t e r  the  i n i t i a l  two to  t h r e e  h o u r s ,  and f i n a l  ( s i x -  

hour)  c e l l u l a r  a ccum ula t ion  a t  pH 9 .0  was 20% l e s s  than  t h a t  a t  pH 8 . 5 .

In the  second exper im en t  (F ig u re  3) s i m i l a r l y  d ep r ive d  c e l l s  showed 

a p r o p o r t i o n a t e  i n c r e a s e  in phosphorus  when exposed t o  0.06** mM exogen­

ous phospha te .  T h e i r  i n t e r n a l  phosphorus  l e v e l s  i n c re a s e d  3.5"** t imes 

t h e i r  p rev ious  v a lu e  (0 .69  fg P / c e l l )  in the  drawing and c e n t r i f u g a t i o n  

p e r io d  and ach ieved  most o f  t h e  remain ing  in c r e a s e  d u r in g  the  f i r s t  hour.  

The range o f  v a lues  th rough f i v e  hours  o f  up take  was narrow, w i th  d i f ­

f e r e n c e s  among p o p u la t io n s  o f  c e l l s  exposed t o  v a ry ing  l e v e l s  o f  exogen­

ous s u l f a t e  m a n i f e s t e d  d u r in g  th e  f i n a l  t ime i n t e r v a l  o n ly .  At th e  f i f t h
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F ig u re  2.  I n c r e a s e s  in c e l l u l a r  phosphorus  by P - d e p l e t e d  c e l l s  u n d e r ­

going r a p i d  u p ta k e  when resuspended  in medium c o n t a i n i n g  0 .1 6  mM phos­

phorus as  o r t h o p h o s p h a t e .  Phosphorus  l e v e l  o f  inoculum c e l l s  p r e v i o u s l y  

m a in t a i n e d  on z e r o  exogenous  phosphorus  f o r  s i x  days ( ) ;  medium w i th

r e s t o r e d  phosphorus  v a r i o u s l y  a d j u s t e d  t o  pH 7 .0  ( O  ) ,  pH 7-5 ( •  ) ,  

pH 8 .0  ( A  ) , pH 8 .5  ( A  )-, and pH 9 -0  ( □  ) .
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F ig u re  3. I n c r e a s e s  in c e l l u l a r  phosphorus  by P - d e p l e t e d  c e l l s  under ­

going  r a p i d  u p ta ke  when resuspended  in medium c o n t a i n i n g  0 .064  mM phos­

phorus  as o r t h o p h o s p h a t e .  Phosphorus l e v e l  o f  inoculum c e l l s  p r e v i o u s l y  

m a in t a i n e d  on z e r o  exogenous phosphorus  f o r  s i x  days ( $  ) ;  medium w i th  

r e s t o r e d  phosphorus  v a r i o u s  c o n t a i n i n g  z e r o  ( O  ) ,  3-1 uM ( A ) ,  31 pM 

( © ) ,  and 0.31 mM ( A  ) s u l f a t e .  A second  inoculum was p r e t r e a t e d  in 

10 ug/ml CAP o v e r n i g h t  and resuspended  in medium w i th  0.31 mM s u l f a t e  

( B  ) .
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hour phosphorus  acc u m u la t io n  o f  c e l l s  in s u l f u r - f r e e  medium was more 

than  9% g r e a t e r  than  t h a t  .of  c e l l s  in medium c o n t a i n i n g  0.31 mM s u l f a t e ,  

and c e l l s  in medium w i th  31 and 3-1 yM s u l f a t e  m a n i f e s t e d  i n t e r m e d i a t e  

l e v e l s .  The C A P-t rea ted  c e l l s  a l s o  showed r a p id  up take  o f  phospho rus ,  

b u t  acc u m u la t io n  a t  t h e  f i f t h  hour  was S% l e s s  than  non -C A P- t rea ted  c e l l s  

in medium c o n t a i n i n g  the  same s u l f a t e  c o n c e n t r a t i o n  (0.31 mM). Although 

f o u r  o f  t h e  p o p u l a t i o n s  e x h i b i t e d  i n c r e a s e s  in c e l l  number,  the  CAP- 

t r e a t e d  c e l l s  showed no i n c r e a s e  w h a t s o e v e r .

C e l l s  d e p r iv e d  o f  exogenous phosphorus  c o n t a i n e d  no v i s i b l e  p o ly ­

pho sp h a te  bod ie s  a t  t h e  u l t r a s t r u c t u r a 1 l e v e l  (F ig u re  4 ) .  No d i f f e r e n c e s  

can be d i s c e r n e d  in the  s i z e  and number o f  p o ly p h o s p h a te  g r a n u l e s  among 

th e  c e l l s  e x p e r i e n c i n g  r a p id  pho sp h a te  up take  w i th  v a r y in g  l e v e l s  o f  

exogenous  s u l f a t e ,  i n c lu d in g  t h o s e  p r e t r e a t e d  w i th  1 yg/ml CAP (F ig u re s  

5 - 7 ) .  C e l l s  s t a r v e d  f o r  s i x  days f o r  phospho rus ,  then  induced t o  r a p id  

u p ta ke  o f  t h a t  e l e m e n t ,  d id  n o t  lend  the m se lves  t o  e l e c t r o n  m ic roscopy ,  

and in consequence  such m ic rog raphs  l a c k  q u a l i t y .  However, i t  can be 

no ted  t h a t  a f t e r  r a p id  p h o s p h a te  u p ta k e  p o ly p h o s p h a te  bod ie s  were 25% 

l a r g e r  than  in no rm al ly  growing c e l l s  ( c f .  F ig u re s  11 -14) .

Long-Term Stud ies

A. In o rg a n ic  S u l fu r  Sources

P a r t ia l  d e p le t io n  o f  c e l l u l a r  s u l f u r ,  which was necessary to  insure  

th a t  the t h io s u l f a t e  and m e ta b is u l f i t e  an ions were taken up and u t i l i z e d  

im m edia te ly  as such, and no t a f t e r  they  had been a l low ed  to  o x id iz e  the 

s u l f a t e ,  gave r is e  to  in c o n g ru i t ie s  in  the p a t te rn s  o f  exogenous phos­

phorus d isappearance and c e l l u l a r  phosphorus accum u la t ion . Increase in 

c e l l  number was normal (F igu re  8 ) ,  w i th  day-by-day d i f fe re n c e s  r e s u l t in g  

from f la s k  r o ta t io n  w i th in  the growth chamber. However, the concen tra -



F ig u re  4. Thin s e c t i o n s  o f  c e l l s  grown f o r  s i x  days in medium la c k in g  

phosphorus .  The-m arker  b a r  i s  e q u i v a l e n t  to  500 nm.

F ig u re s  5_ 7* Thin s e c t i o n s  o f  c e l l s  grown f o r  s i x  days in medium l a c k ­

ing p h o s p h o ru s ,  then  resuspended  f o r  f i v e  hours  in medium c o n t a i n i n g  

0 .064  mM phosphorus  as  o r t h o p h o s p h a t e ,  and v a r y in g  c o n c e n t r a t i o n s  o f  

s u l f a t e .  P o lyphospha te  b o d ie s  (pp) a r e  r e c o g n iz e d  as very  e l e c t r o n - d e n s e  

i n c l u s i o n s ;  a l l  marker  b a r s  a r e  e q u i v a l e n t  t o  500 nm.

F ig u re  5.  C e l l s  p la c e d  in medium la c k in g  s u l f u r .

F ig u re  6.  C e l l s  p la ced  in medium c o n t a i n i n g  0.31 mM s u l f a t e .

F ig u re  7- C e l l s  p la ced  in medium c o n t a i n i n g  0.31 mM s u l f a t e  a f t e r  having

been p r e t r e a t e d  o v e r n i g h t  in 10 yg/ml CAP.
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t i o n s  o f  exogenous phosphorus  markedly  d e c r e a s e d  a f t e r  2k  h o u r s ,  th e  

p o i n t  a t  which t h e  v a r i o u s  s u l f u r  an io n s  were added to  th e  c u l t u r e s  

(F ig u re  9 ) .  A p p a re n t ly  the  r a p id  u p ta ke  o f  s u l f u r  was accompanied o r  

ve ry  q u i c k l y  fo l lo w e d  by an u p ta ke  o f  o r t h o p h o s p h a t e .  All c u l t u r e s  

showed a co n c o m i ta n t  i n c r e a s e  in c e l l u l a r  phosp h o ru s ,  th e n  a d e c r e a s e  

a f t e r  a f u r t h e r  2k  hours  (F ig u re  10) .

An a c c o u n t in g  o f  t o t a l  phosphorus  p e r  ml i s  shown in T ab le  1. 

D i s c r e p a n c i e s  a p p e a r  a f t e r  t h e  a d d i t i o n  o f  t h e  s u l f u r  a n i o n s  t o  t h e  

s u l f u r - d e f i c i e n t  c e l l s ,  which a r e  a p p a r e n t l y  th e  amounts o f  o r th o p h o s p h a t e  

bound t o  t h e  c e l l  membranes and removed in s e q u e n t i a l  w a s h in g s .  An a t ­

tempt to  measure  t h i s  l o s t  phosphorus  was made bu t  t h e  amount p e r  wash 

was e i t h e r  below t h e  l i m i t  o f  p r e c i s i o n  o f  t h e  a p p a r a t u s  o r  no t  d e t e c t ­

a b l e  a t  a l l .

E l e c t r o n  m ic rog raphs  o f  c e l l s  f i x e d  2k  hours  a f t e r  t h e  a d d i t i o n  o f  

th e  s u l f u r  a n io n s  show no d i f f e r e n c e s  in t h e  c e l l u l a r  a r c h i t e c t u r e  and 

th e  p a t t e r n  o f  p o ly p h o s p h a te  b o d i e s ,  w h e th e r  m e t a b i s u l f i t e  (F ig u r e  11 ) ,  

t h i o s u l f a t e  (F ig u re s  12, 13 ) ,  o r  s u l f a t e  (F ig u re  Ik )  s e rv e d  as t h e  s o l e  

s u l f u r  s o u r c e .

B. S u l f u r  S t a r v a t i o n

Growth cu rves  o f  p o p u l a t i o n s  growing w i th  v a r i o u s  c o n c e n t r a t i o n s  o f  

exogenous s u l f a t e  a r e  shown in F ig u re  15- In d e s c e n d in g  o r d e r  o f  i n i t i a l  

c o n c e n t r a t i o n ,  0.31 mM, 31 pM, 3*1 pM, and z e r o  s u l f u r ,  f i n a l  ( s ix - d a y )  

c e l l  d e n s i t i e s  were  950,  925,  375,  and 287-5 x 10^ c e l l s / m l .

D a i ly  l e v e l s  o f  exogenous  phosphorus  in t h e  c u l t u r e s  a r e  shown in 

F ig u re  16. Rates  o f  l o s s  i n c r e a s e d  a f t e r  2k hours  in c u l t u r e s  w i th  3-1 

pM and z e r o  s u l f u r  i n i t i a l  c o n c e n t r a t i o n s ,  b u t  t h e s e  r a t e s  d e c l i n e d  a f t e r  

day t h r e e .  In t h e  c a s e  o f  31 pM s u l f u r  i n i t i a l  c o n c e n t r a t i o n  t h e  lo s s



F ig u re  8.  Cel l  number p e r  ml o f  c u l t u r e s  grown w i th  v a r i o u s  s u l f u r  

a n i o n s :  0 .15  mM m e t a b i s u l f i t e  ( □  ) ;  0 .15  mM t h i o s u l f a t e  ( A ) ;  0.31

mM s u l f a t e  ( O ) .  The s u l f u r  ions were added a f t e r  2k hours  o f  g rowth .
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Fi gu r e  9.  Di sappea r anc e  o f  0 . 32  mM (10 mg/1) exogenous phosphorus  in 

c u l t u r e s  c o n t a i n i n g  ( a f t e r  2k hour s )  d i f f e r e n t  s u l f u r  a n i o n s .  I n i t i a l  

c o n c e n t r a t i o n s  o f  t hos e  an i ons  were:  0 . 15  mM m e t a b i s u l f i t e  ( □ ) ;  0 . 15

mM t h i o s u l f a t e  ( A ) ;  0.31 mM s u l f a t e  ( O ) ;  and 0.31 mM s u l f a t e  w i t h o u t  

c e l l s  ( ® ) .  The ar rowhead i n d i c a t e s  t he  a d d i t i o n  o f  t he  i n o r g a n i c  s u l ­

f u r  i ons .

62



K)

(S ''
OJ

Cl.
&)

*■<
c/>

Is)

U>

mg/I phosphorus
O)



Fi g u r e  10. Changes in c e l l u l a r  phosphorus  l e v e l s  by c u l t u r e s  grown on 

an i n i t i a l  0 . 3 2  mM exogenous phosphorus ,  and a f t e r  2k  hour s  0.31 mM exo­

genous s u l f u r  s u p p l i e d  as  d i f f e r e n t  a n i o n s .  I n i t i a l  c o n c e n t r a t i o n s  o f  

the  s u l f u r  a n i on s  were :  0 . 15  mM m e t a b i s u l f i  t e  ( □  ) ;  0 . 1 5  mM th i o s u l -

f a t e  ( A ) ;  0.31 mM s u l f a t e  ( O ) .  The a r rowhead i n d i c a t e s  t he  a d d i t i o n  

o f  t h e  i n o r g a n i c  s u l f u r  i ons .
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s u l f u r  an i on  p rov i ded
day

z e r o
day
one

day
two

day
t h r e e

so/ "

exogenous  
ce l  1u l a r

P/ml
P/ml

9-79
0 . 2 6

9-58
0 . 58

6 . 6 0  
1 .28

4 . 02  
1 .98

t o t a l P/ml 10.05 10 .1 6 7 . 8 8 6 . 0 0

S2°32'

exogenous  
c e 11u 1 a r

P/ml
P/ml

9 . 89
0 . 2 6

9 . 55
0 , 6 2

5 . 0 8
2 . 34

3-90
1.57

t o t a l P/ml 10.15 10.17 7 . 42 5 . 47

S2 ° 5 2'

exogenous 
c e 11u 1 a r

P/ml
P/ml

10.15
0 . 25

9-55
0 . 60

6 . 40  
1 .48

4 . 69
1 .6 8

t o t a l P/ml 10.40 10.15 7 .8 8 6 . 37

ce l  1 -  
f r e e

exogenous
c e l l u l a r

P/ml
P/ml

9 . 83 10 .1 0 9-94 10 .02

t o t a l P/ml 9 . 83 10 .10 9-94 10 .02

Table 1

An a c c o u n t i n g  o f  t o t a l  phosphorus  per  ml c u l t u r e  when v a r i o u s  in 

o r g a n i c  s u l f u r  ions  were p rov ided
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Fi g u r es  11-14.  Thin s e c t i o n s  o f  c e l l s  grown f o r  48 hours  w i t h  0 . 32  mM 

phosphorus  as  o r t h o p h o s p h a t e ,  b u t  on l y  t h e  l a t t e r  24 hours  wi th  an i n ­

o r g a n i c  s u l f u r  compound in t h e  medium. Po l yphos pha t e  bod i e s  a r e  shown 

as  pp; a l l  marker  b a r s  a r e  e q u i v a l e n t  t o  500 nm.

F i g u r e  11.  C e l l s  grown wi t h  0 . 15  mM m e t a b i s u l f i t e .

F i g u r es  12, 13. C e l l s  grown wi t h  0 . 15  mM t h i o s u l f a t a .

F i g u r e  14. C e l l s  grown w i t h  0.31 mM s u l f a t e .
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o f  phosphorus  from t h e  medium was a l mos t  comple t e  by day s i x .  F i g u r e  17 

r e p r e s e n t s  t h e  c e l l u l a r  phosphorus  l e v e l s  d u r i n g  t h e  s i x - d a y  p e r i o d .

For c e l l s  grown on 3.1 V*H and z e r o  s u l f u r  I n i t i a l  c o n c e n t r a t i o n s ,  t he  

i n c r e a s e s  were  p r e c i p i t o u s  and r eached  maxima o f  t h r e e  t imes  t h o s e  o f  

t he  o r i g i n a l  c e l l u l a r  l e v e l s  o f  phosphorus .  Marked d e c r e a s e s  in c e l l u ­

l a r  phosphorus  were m a n i f e s t e d  by both  p o p u l a t i o n s  a f t e r  t he  f o u r t h  day.
0

The phosphorus  l e ve l  o f  c e l l s  grown on 31 pM s u l f u r  i n i t i a l  c o n c e n t r a t i o n  

s l owl y  i n c r e a s e d  toward the  end o f  t he  growth p e r i o d ,  whereas  t h a t  o f  

c e l l s  grown on 0.31 mM s u l f u r  i n i t i a l  c o n c e n t r a t i o n  d ec r e a s e d  s lowl y  and 

s t e a d i l y  o v e r  t he  e n t i r e  s i x  days .  Ta b l e  2 shows an a c c o u n t i n g  o f  t o t a l  

phosphorus  p e r  ml.  Again s i g n i f i c a n t  l o s s e s  o f  bound p ho s ph a t e ,  i n c r e a s ­

ing w i t h  t i me ,  by m u l t i p l e  washings  a r e  i n d i c a t e d .

F i g u re s  18-21 show r e p r e s e n t a t i v e  c e l l s  o f  t h e  f o u r  p o p u l a t i o n s  a f t e r  

A7 hours  o f  growth.  Only t h e  c e l l s  w i t h  no exogenous  s u l f u r  e x h i b i t e d  

any s u b s t a n t i a l  c y t o p l a s m i c  d e t e r i o r a t i o n ,  i n c l u d i n g  o t h e r  e f f e c t s  a de­

c r e a s e  in t h e  number o f  t h y l a k o i d s  and an en l a r ge me n t  o f  po l yphos pha t e  

g r a n u l e s  (F i gu r e  18) .  The c u l t u r e  from which t h o s e  c e l l s  were removed 

was a l r e a d y  becoming c h l o r o t i c  a t  t h i s  t i me .  The c e l l s  grown on 3>1 pM 

s u l f a t e  i n i t i a l  c o n c e n t r a t i o n  a p p e a r  o n l y  s l i g h t l y  a f f e c t e d  in r ega r d  to  

t h e  s i z e  o f  p o l y p h o s ph a t e  bod i e s  ( F i gu r e  19) ,  and t h o s e  grown on t e n  and 

one hundred t imes  more exogenous  s u l f a t e  a r e  q u i t e  normal in appea r ance  

(F i gu r e s  20,  2 1 ) .  F i g u re s  22-25 r evea l  t h a t  a l l  s u l f u r  c o n c e n t r a t i o n s  

t e s t e d  bu t  t h e  h i g h e s t  led t o  i n c r e a s e d  phospha t e  up t a ke  and d e p o s i t i o n  

by 120 h ou r s .  At t h i s  t ime t h e  c e l l s  c u l t u r e d  on t h e  two lowes t  concen­

t r a t i o n s  o f  s u l f u r  ( ze r o  and 3.1 pM) were c h l o r o t i c .  The mean d i a me t e r  

o f  po l yphos pha t e  bod i e s  in h e a l t h y  c e l l s  i s  ve ry  n e a r  200 nm. S ince  

t h e s e  i n c l u s i o n s  t e nd  i n c r e a s i n g l y  t o  be l o s t  from t h e i r  s e c t i o n s  as  they



Fi g u r e  15. Cel l  number p e r  ml o f  c u l t u r e s  grown wi t h  v a r i o u s  c o n c e n t r a ­

t i o n s  o f  exogenous  s u l f a t e :  z e r o  ( O  ) ;  3*1 pM ( A  ) ;  31 pM ( A ) ;

0 .31  mM ( •  ) s u l f u r .
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F ig u r e  16. D i s appea r anc e  o f  0 . 32  mM (10 mg/ l )  exogenous  phosphorus  in 

c u l t u r e s  o f  growing c e l l s .  I n i t i a l  c o n c e n t r a t i o n s  o f  exogenous  s u l f u r  

(as s u l f a t e )  were z e r o  ( O ) ;  3-1 yM ( A ) ;  31 UM ( □  ) ;  0.31 mM ( A  ) ; 

and 0.31 mM w i t h o u t  c e l l s  ( • ) .
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F i g u re  17* Changes in c e l l u l a r  phosphorus  by c u l t u r e s  grown on an 

i n i t i a l  0 . 32  mM exogenous phosphorus  (as  o r t h o p h o s p h a t e ) .  I n i t i a l  con­

c e n t r a t i o n s  o f  exogenous s u l f u r  (as s u l f a t e )  were z e r o  ( O  ) ;  3.1 pM 

( A  ) ;  31 pM ( □  ) ;  and 0.31 mM ( A  ) • The a r rows  i n d i c a t e  t he  days 

when t h o s e  c u l t u r e s  became f u l l y  c h l o r o t i c .
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time 
(days)

m g / l  p h o s p h o r u s  
00 ro e>

to



c o n c e n t r a t i o n  o f  
exogenous s u l f a t e  

p r ov i ded
day

z e r o
+ 8 
h r s .

day
one

day
two

day
t h r e e

day
f o u r

day 
f  i ve

day 
s i x

z e r o

s u l f u r

exogenous 
c e l l u l a r

P/ml
P/ml

9 . 96
0 . 2 0

8 .5 2
0 . 24

8 .1 9
0.43

6 . 35
2 . 17

5.31
2 . 98

5 . 07
3.65

4 . 66
3.81

4 . 15
3.44

t o t a l P/ml 10 .16 8 . 76 8 .6 2 8.52 8 . 29 8.72 8 . 47 7-59

0.31 mM
2 -

s < y

exogenous 
c e l l u l a r

P/ml
P/ml

9 . 38
0.21

8 . 42
0 . 2 6

8 . 1 8
0.39

7.38
1 .02

4. 56
3. 59

3.72
5 . 19

3 . 57
5 .6 0

2 : 89
5 . 2 6

t o t a l P/ml 9 . 59 8 . 6 8 8 . 57 8 . 40 8. 15 8.91 9 . 17 8. 15

31 yM 

SO42 '

exogenous  
c e l l u l a r

P/ml
P/ml

9 . 36
0 .25

8.04
0 . 2 6

8.24
0.39

7.64
0 . 6 8

7.40
1.45

6 . 24
2 . 34

4.09
3 . 94

0 . 47
7 . 0 0

t o t a l P/ml 9 .61 8 . 30 8 .6 3 8.32 8 . 85 8 . 58 8.03 7 . 47

3.1 yM 
2 -

s < V

exogenous  
c e l l u l a r

t o t a l

P/ml
P/ml

P/ml

9-95
0 . 25

10 .20

8 . 15
0 . 2 8

8. 43

8 .0 6
0.42

8.48

7 . 8 0
0 . 74

8 . 54

7.43
1.36

8 . 79

6 . 27
2 . 3 0

8.57

5.51
3 . 1 0

8.61

3 . 84
3.71

7 . 55

ce l  1 -  

f r e e

exogenous 
c e l l u l a r

P/ml
P/ml

9 . 53 9 . 56 9 . 45 9 . 48 9 . 47 9.11 9 . 6 0 9 . 1 6

t o t a l P/ml 9.53 9 . 56 9 . 45 9 . 48 9 . 47 9.11 9 .6 0 9 . 16

Tab l e  2

An a c c o u n t i n g  o f  t o t a l  phosphorus  pe r  ml c u l t u r e  when v a r i o u s  c o n c e n t r a ­

t i o n s  o f  i n o r g a n i c  s u l f a t e  were  p rov ided
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Fi gu r e s  18-21.  Thin s e c t i o n s  o f  c e l l s  grown f o r  b7 hour s  in medium 

c o n t a i n i n g  0 . 32  mM o r t h o p h o s p h a t e ,  but  v a r y i n g  amounts o f  s u l f a t e .  

P o l yphos pha t e  b od i e s  (pp) a r e  i n t e n s e l y  e l e c t r o n - d e n s e ,  and t h e i r  rem 

nant  s paces  (ppg ) a r e  e l e c t r o n - t r a n s p a r e n t .  Al l  marker  b a r s  a r e  equi  

v a l e n t  t o  500 nm.

F i gu r e  18. C e l l s  from medium l a c k i n g  s u l f u r .

F i gu re  19. C e l l s  from medium c o n t a i n i n g  i n i t i a l l y  3.1 pM s u l f a t e .

F i gu r e  20.  C e l l s  from medium c o n t a i n i n g  i n i t i a l l y  31 pM s u l f a t e .

F i gu r e  21.  C e l l s  from medium c o n t a i n i n g  i n i t i a l l y  0 .31 mM s u l f a t e .
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F i g u r es  22 -25 .  Thin s e c t i o n s  o f  c e l l s  grown f o r  120 hours  in medium 

c o n t a i n i n g  0 . 32  mM o r t h o p h o s p h a t e ,  bu t  v a r y i n g  amounts o f  s u l f a t e .  P o l y ­

phospha te  bod i e s  a r e  d e s i g n a t e d  (p p ) ; a l l  marker  ba r s  a r e  e q u i v a l e n t  t o  

500 nm.

F i gu r e  22 a , b .  C e l l s  f rom medium l a c k i n g  s u l f u r .

F i g u r e  23- C e l l s  from medium c o n t a i n i n g  i n i t i a l l y  3.1 yM s u l f a t e .

F i g u r e  2k .  C e l l s  from medium c o n t a i n i n g  i n i t i a l l y  31 yM s u l f a t e .

F i g u r e  25.  C e l l s  from medium c o n t a i n i n g  i n i t i a l l y  0.31 mM s u l f a t e .
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i n c r e a s e  in s i z e  ( J ensen ,  19 6 8 ) ,  t he  number o f  s paces  seen  in f i e l d s  o f  

s e c t i o n e d  c e l l s  s i g n i f i c a n t l y  i n c r e a s ed  ( F i gur e s  18,  2 2 ) .  The i n t a c t  

p o l y p h o s ph a t e  bod ie s  o f  s u l f u r - s t a r v e d  c e l l s  a r e  b e t t e r  v i s u a l i z e d  in 

t h i c k  s e c t i o n s  ( F i g u r e  2 6 ) ,  and t h e i r  mean d i a m e t e r  can be seen t o  l i e  

in t h e  A00-500 nm range  a f t e r  120 hou r s .  A f t e r  s i x  days  o f  s t a r v a t i o n  

in t h i s  e x p e r i me n t ,  o n l y  t h e  mean s i z e  o f  t h e  p o l y p h o s ph a t e  bod i e s  i n ­

c r e a s e d .  Number o f  bod i e s  p e r  c e l l  remained r a t h e r  c o n s t a n t  between two 

and f o u r  (normal c e l l s  e x h i b i t  two o r  t h r e e ,  and r a r e l y  f o u r ,  po l y p h o s ­

pha t e  g r a n u l e s  pe r  c e l l ) .

An a s s o c i a t i o n  o f  n u c l e i c  a c i d  f i b r i l s  wi t h  t h e  po l yp h o s p h a t e  bod i e s  

i s  seen  in F i g u r e  27- Wi th in  t h e  po l y h e d ra l  body i s  a minibody s i m i l a r  

to  t h o s e  a p p e a r i n g  in c e l l s  o f  Plectonema boryanum, and r e p o r t e d  t o  be 

po l y p h o s p h a t e  by J e ns e n  and Sicko  (197*0- Of p a r t i c u l a r  i n t e r e s t  i s  t he  

d o u b l i ng  o r  t r i p l i n g  in d i a me t e r  (from 8 -10  t o  23 nm) o f  t he  mi n i bod i e s  

as  t h e  e f f e c t s  o f  s u l f u r  s t a r v a t i o n  become m a n i f e s t .

In o r d e r  t o  de t e r mi ne  i f  s u l f u r  d e f i c i e n c y  g e n e r a l l y  caus es  an i n ­

c r e a s e  in p o l y p h o s ph a t e  in c y a n o b a c t e r i a ,  c e l l s  o f  Ch l o r og l oea  f r i t s c h i i  

were s i m i l a r l y  p r ep a r ed  and c u l t u r e d  v a r i o u s l y  w i t h  0 .3 1  mM, 31 yM, and 

z e r o  s u l f a t e  in A l l e n ' s  medium. A f t e r  72 hour s  c e l l s  were removed and 

f i x e d  f o r  TEM o b s e r v a t i o n .  Cont rol  c e l l s  e x h i b i t e d  many smal l  po l yphos ­

pha t e  bod i e s  ( F i g u r e s  28,  29) and in s u l f u r - d e f i c i e n t  c e l l s  t h e se  i n c l u ­

s i o n s  d i d  i n c r e a s e  in s i z e  ( F i gu r e s  3 0 - 33 ) .  Some o f  t he  e l e c t r o n  t r a n s ­

p a r e n t  s p a c e s ,  however ,  may have been once  oc c u p i ed  by p o l y - 8- hydroxy-  

b u t y r i c  a c i d  g r a n u l e s  r a t h e r  than po l yphos pha t e  b o d i e s .  The most d r a ­

ma t i c  i n c r e a s e  was t h a t  o f  t h e  s i z e  o f  t he  cyanophyc in  o r  m u l t i - L - a r g i n y 1 -  

p o l y ( L - a s p a r t i c  a c i d )  g r a n u l e s  in c e l l s  grown in t h e  absence  o f  exogenous 

s u l f a t e .  Th i s  copolymer  was produced t o  such an e x t e n t  t h a t  t he  i n d i -



Figure  26. Th ick  sec t ion s  (> 200 nm) o f  c e l l s  grown f o r  120 hours in 

medium i n i t i a l l y  c o n ta in in g  0.32 mM or thophosphate and zero s u l f u r  d i s ­

p lay  w e l l  preserved polyphosphate bodies (PP) o f  increased s i z e .  The 

marker bar is  e q u iv a le n t  to  500 nm.

Figure  27- N uc le ic  ac id  f i b r i l s  (NA) are  o f te n  observed to  be c o n t i n ­

uous w i t h  polyphosphate bodies (PP) in t h i n  sec t ion s  o f  c e l l s  grown a t  

a l l  s u l f a t e  l e v e l s .  Note a l s o  the polyphosphate minibody (M) w i t h i n  

the po lyhedra l  body (PH), the s u b s t ru c tu re  o f  the c e l l  w a l l  (CW), and 

phycob i1isomes (PBS) a t tached  to  the t h y la k o id s  ( T ) . The marker bar is 

e q u iv a le n t  to  200 nm.
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F i gu r e s  28,  29.  Thin s e c t i o n s  o f  c e l l s  o f  Ch lorog l oea  f r i . t s c h l i  grown 

f o r  72 hours  in medium c o n t a i n i n g  0.31 mM s u l f a t e  and 0 . 32  mM o r t h o ­

p hos pha t e .  The s u r r o u n d i n g  s h e a t h  ( S ) , c e l l  wal l  (CW), t h y l a k o i d s  (T) ,  

n u c l e i c  a c i d  f i b r i l s  (NA), p o l yphos pha t e  bod ies  ( PP ) , cyanophyc in  g r an ­

u l e s  (CG), and p o l y - S“ h y d r o x y b u t y r i c  a c i d  i n c l u s i o n s  (P8HB) a r e  e v i d e n t .  

The marker  b a r s  a r e  e q u i v a l e n t  to  1 ym.





F ig u r e s  30,  31* Thin s e c t i o n s  o f  c e l l s  o f  Ch l o r og l oe a  f r i t s c h i i  grown 

f o r  72 hour s  in medium c o n t a i n i n g  31 yM s u l f a t e  and 0 . 32  mM o r t h o p h o s ­

p h a t e .  Po l yphospha t e  b od i e s  (PP) and t h e i r  remnant  s paces  (PP ) ,  and a 

p o l yhe d ra l  body o r  carboxysome (PH) a r e  e v i d e n t .  The marker  ba r s  a r e  

e q u i v a l e n t  t o  1 ym.
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F i gu r e s  32,  33.  Thin s e c t i o n s  o f  c e l l s  o f  Ch l o r og l oe a  f r i t s c h i i  grown 

f o r  72 hours  in medium c o n t a i n i n g  z e r o  s u l f u r  and 0 . 32  mM o r t h o p h o s p h a t e .  

Po l yphospha t e  bod i e s  (PP) and t h e i r  remnant  s paces  (PPg) ,  and much en ­

la rged  cyanophyc in  g r a n u l e s  (CG) a r e  e v i d e n t .  The marker  b a r s  a r e  e q u i ­

v a l e n t  t o  1 pm.
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v i dua l  g r an u l e s  a p p a r e n t l y  c o a l e s c e d  t o  form ve ry  few and very  l a r g e  

bod ie s  ( F i gur e s  32,  33) .

C. Recovery from S u l f u r  S t a r v a t i o n

Growth o f  c e l l s  r e c o v e r i n g  from a s i x - d a y  p e r i o d  o f  s u l f u r  d e p l e ­

t i o n  was q u i t e  s low ( F i gu r e  3*0.  The r a t e s  o f  c e l l  d i v i s i o n  o f  t h e  two 

s t a r v e d  c u l t u r e s  s u b s e q u e n t l y  p r ov i d e d  w i t h  both exogenous  s u l f u r  and 

phosphorus  (one o f  t h e s e  c u l t u r e s  was t r e a t e d  w i t h  10 pg/ml CAP o v e r n i g h t )  

p r o g r e s s i v e l y  i n c r e a s e d  w i t h  t i me .  However,  by day s i x  t h e i r  t o t a l  c e l l  

numbers were l i t t l e  i n c r e a s e d  o ve r  t h o s e  o f  c u l t u r e s  (a) n o t  s t a r v e d  f o r  

s u l f u r  but  s u b s e qu e n t l y  den i ed  exogenous  phosphor us ,  and (b) s t a r v e d  f o r  

s u l f u r ,  and s u bs e qu e n t l y  p r ov i de d  wi t h  exogenous  s u l f u r ,  bu t  den i ed  

exogenous phosphorus .  Cont ro l  c e l l s  n o t  s t a r v e d  and d i r e c t l y  t r a n s f e r r e d  

t o  f r e s h ,  compl e t e  medium, e x h i b i t e d  a bou t  a 50% i n c r e a s e  in c e l l  number 

o v e r  t h e  f o u r  p r e v i o u s l y  ment ioned  c u l t u r e s  a t  t h e  end o f  s i x  days .

Recovery from n u t r i e n t  d e f i c i e n c y  was a l s o  m a n i f e s t e d  in changes  in 

t h e  p h o t o s y n t h e t i c  pigment  r a t i o s  ( F i g u r e  3 5 ) .  The r a t i o s  o f  c h l o r o p h y l l  

a t o  c a r o t e n o i d s ,  and c - phycoc yan i n  t o  c a r o t e n o i d s  p r o g r e s s i v e l y  i n c r e a s e d  

f o r  f i v e  days in a l l  c u l t u r e s  c o n t a i n i n g  exogenous  p h o s p h a t e ,  and in t he  

CAP- t r ea t ed  c u l t u r e  l a c k i n g  exogenous  p h os p h a t e .  The pigment  r a t i o s  de­

c r e a s e d  a f t e r  2k hour s  in t h e  n o n - s u l f u r - s t a r v e d  c e l l s  t r a n s f e r r e d  t o  

s u l f u r - s u f f i c i e n t ,  p h o s p h o r u s - d e f i c i e n t  medium, and a f t e r  96 hour s  in t he  

s u l f u r - s t a r v e d  c e l l s  t r a n s f e r r e d  t o  l i k e  medium.

Actual  amounts o f  c h l o r o p h y l l  a and c - phycoc yan i n  a r e  shown in F i g ­

u res  36 and 37- in t he  f o l l o w i n g  l i s t i n g  change in c h l o r o p h y l l  a i s  

g iven  f i r s t ,  f o l l owed  by a change in c -phycoc yan i n  w i t h i n  p a r e n t h e s e s :

(a) in s u l f u r - s t a r v e d  c e l l s  r e s t o r e d  t o  compl e t e  medium, i n c r e a s e s  

o f  a l mos t  200% (> 300%) d u r in g  t h e  f i r s t  f o u r  d a y s ,  then  d e c l i n e s  o f  ove r



Fi gu r e  3^- Cel l  numbers p e r  ml o f  p o p u l a t i o n s  r e c o v e r i n g  from s u l f u r  

d e p l e t i o n  a f t e r  t r a n s f e r  t o  medium c o n t a i n i n g  0-31 mM s u l f a t e -  S- 

s t a r v e d  c e l l s  were  t r a n s f e r r e d  e i t h e r  d i r e c t l y  t o  medium c o n t a i n i n g  0 . 22  

mM o r t h o p h o s p h a t e  ( O ) and medium l a c k i n g  i t  ( •  ) ,  o r  t r e a t e d  i n i t i a l l y  

o v e r n i g h t  wi t h  10 pg/ml CAP, and t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 .22  

mM o r t h o p h o s p h a t e  ( &  ) and medium l a c k i n g  i t  ( A) .  C e l l s  grown o r i g i n ­

a l l y  in s u l f u r - s u f f i c i e n t  medium were t r a n s f e r r e d  t o  f r e s h  medium con­

t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  ( □  ) ,  and t o  mediurn l a c k i n g  i t  ( ■  ) .
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Fi g u r e  35* The changes  In a b s o r p t i o n  r a t i o s  o f  whole c e l l s  measured 

a t  678  nm and 460 nm, and 625 nm and 460 nm, a f t e r  t r a n s f e r  f rom s u l f u r -  

d e f i c i e n t  medium t o  t h a t  c o n t a i n i n g  0.31 mM s u l f a t e .  S - s t a ’rved c e l l s  

were t r a n s f e r r e d  e i t h e r  d i r e c t l y  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o ­

phospha t e  ( 6  ) and medium l a c k i n g  i t  ( O  ) ,  o r  t r e a t e d  o v e r n i g h t  wi th  

10 ug/ml CAP, and t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  

( ▲ ) ,  and medium l a c k i n g  i t  ( A  ) .  Cel I s  grown o r i g i n a l l y  in s u l f u r -  

s u f f i c i e n t  medium were t r a n s f e r r e d  t o  f r e s h  medium c o n t a i n i n g  0 . 22  mM 

o r t h o p h o s p h a t e  ( ■ ) ,  and t o  medium l a c k i n g  i t  ( □ ) .
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20% (a lmos t  2 5 %) in t h e  l a s t  two days ;

(b) in s u l f u r - s t a r v e d  c e l l s  r e s t o r e d  t o  exogenous  s u l f u r  bu t  no t

exogenous  phosphorus ,  i n c r e a s e s  o f  200% (a lmos t  290%) d u r i n g  t he  f i r s t  

t h r e e  days ,  f o l l owed  by d e c l i n e s  o f  33% (a lmos t  35%) in t h e  l a s t  t h r e e  

d a y s ;

(c) in s u l f u r - s t a r v e d ,  CAP- t r ea t ed  c e l l s  r e s t o r e d  t o  comple t e  

medium, i n c r e a s e s  o f  about  350% (> 400%) in t h e  f i r s t  f i v e  days ,  then 

d e c l i n e s  o f  a l mos t  20% ( a l mos t  25%) in t h e  f i n a l  24 h ou r s ;

(d) in s u l f u r - s t a r v e d ,  CAP- t r ea t ed  c e l l s  r e s t o r e d  t o  exogenous  s u l ­

f u r  b u t  not  exogenous phos phorus ,  i n c r e a s e s  o f  300% (a lmos t  500%) in

f i v e  days ;

(e) in n o n - s u l f u r - s t a r v e d  ( c o n t r o l )  c e l l s  t r a n s f e r r e d  t o  f r e s h ,  

compl e t e  medium, i n c r e a s e s  o f  33% (a lmos t  20%) in t h e  f i r s t  f i v e  days ,  

t hen  d e c l i n e s  o f  14% (14%) in t h e  l a s t  24 h o u r s ;

( f )  in n o n - s u l f u r - s t a r v e d  c e l l s  t r a n s f e r r e d  t o  medium l a c k i n g  phos ­

phor us ,  d e c r e a s e s  o f  o v e r  50% ( a lmos t  50 %) in s i x  days .

Di s a ppe a r a nc e  o f  0 . 22  mM o r t h o p h o s p h a t e  by r e c o v e r i n g  c u l t u r e s  i s  

shown in F i g u re  38.  Cont ro l  c e l l s  s t e a d i l y  d e p l e t e d  the  exogenous phos­

phorus  o v e r  t h e  s i x - d a y  p e r i o d  ( ca .  40% l o s s  from t h e  medium).  C e l l s  

r e c o v e r i n g  from s u l f u r  s t a r v a t i o n  removed a bou t  28% o f  t h e  phospha t e  

removed by t h e  c o n t r o l  c e l l s ,  and c e l l s  r e c o v e r i n g  from s u l f u r  s t a r v a ­

t i o n  b u t  p r e t r e a t e d  w i t h  CAP a p p e a r  t o  have removed no n e t  o r t h o p h o s p h a t e  

f rom t h e  medium. C u l t u r e s  w i t h  no exogenous  phosphorus  e i t h e r  d i d  no t  

show a c o n s i s t e n t  c o n c e n t r a t i o n  (very  low) o f  phosphorus  in t h e  medium, 

o r  such was no t  d e t e c t a b l e  by t he  method u t i l i z e d .

Decrease  o f  c e l l u l a r  phosphorus  by r e c o v e r i n g  c u l t u r e s  i s  shown in 

F i g u re  39.  Marked d e c r e a s e s  in i n t e r n a l  phosphorus  o c c u r r e d  in t h e  f i r s t



F i g u r e s  36,  37* The changes  in c h l o r o p h y l l  a and c -phy c o c y a n i n  l e v e l s  

o f  whole c e l l s  a f t e r  t r a n s f e r  from s u l f u r - d e f i c i e n t  t o  s u l f u r - s u f f i c i e n t  

(0.31 mM s u l f a t e )  medium. S - s t a r v e d  c e l l s  were t r a n s f e r r e d  e i t h e r  

d i r e c t l y  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  ( 9  ) and medium 

l a c k i n g  i t  ( O ) ,  o r  t r e a t e d  o v e r n i g h t  w i t h  10 yg/ml  CAP, and t r a n s ­

f e r r e d  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  ( A )  and medium l a c k ­

ing i t  ( A ) .  C e l l s  grown o r i g i n a l l y  in su l  f u r - s u f f i  c i e n t  medium were 

t r a n s f e r r e d  t o  f r e s h  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  ( B ) ,  and 

to  medium l a c k i n g  i t  ( □ ) .
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Fi g u re  3 8 . D i s appea rance  o f  0 . 22  mM (7 mg/ l )  exogenous o r t h o p h o s p h a t e  

in c u l ' t u r e s  o f  s u l f u r - s t a r v e d  c e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  

0.31 mM s u l f a t e .  S - s t a r v e d  c e l l s  were t r a n s f e r r e d  e i t h e r  d i r e c t l y  ( O )  

o r  t r e a t e d  i n i t i a l l y  o v e r n i g h t  w i t h  10 yg/ml CAP ( ®  ) .  C e l l s  grown 

o r i g i n a l l y  in s u l f u r - s u f f i c i e n t  medium were t r a n s f e r r e d  t o  f r e s h  medium 

( □  ).
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two o r  t h r e e  days a f t e r  t h e  r e s t o r a t i o n  o f  exogenous  s u l f u r .  At t he  

end o f  s i x  days c e l l s  p r ov i ded  w i t h  exogenous  phos pha t e  had a mean phos ­

phorus  l e ve l  in t h e  5"6  fg r ange ,  and t h o s e  no t  so p r ov i ded  had a mean 

phosphorus  l e ve l  a bou t  1 fg  ( v a l u e s  n o t  exc e e d i ng  2 fg P / c e l l ) .

A d a i l y  a c c o u n t i n g  o f  exogenous  and c e l l u l a r  phosphorus  per  ml 

(Table 3) shows i n c r e a s e s  in t o t a l  amount w i t h  t ime ( c f .  Tab l es  1, 2 ) .  

These d i s c r e p a n c i e s  were  p r ob a b l y  t h e  r e s u l t  o f  e v a p o r a t i o n  o f  w a t e r ,  

and t he  s h r i n k a g e  in volume o f  t h e  s o l v e n t / s u s p e n d i n g  medium. In c a s e s  

where exogenous phos pha t e  was a v a i l a b l e ,  s i g n i f i c a n t  i n c r e a s e s  in c e l l u ­

l a r  phosphorus  pe r  ml a r e  e v i d e n t :  c o n t r o l  c e l l s  a l mos t  1100%, s t a r v e d

c e l l s  365%, and CAP-p r e t r e a t ed  s t a r v e d  c e l l s  340%. Per  ml phosphorus  

v a l u e s  o f  o r t h o p h o s p h a t e - d e p r i v e d  c e l l s  i n c r e a s ed  o n l y  0 - 25% in t h e  same 

t i me  p e r i o d .

F i g u r e s  40-43 a r e  t h i n  s e c t i o n s  o f  s u l f u r - d e p r i v e d  c e l l s  f i x e d  46 

hours  a f t e r  t h e  r e s t o r a t i o n  o f  exogenous  s u l f a t e .  The number o f  p e r i p h ­

e r a l  t h y l a k o i d s  was s t i l l  below normal  and po l yphos pha t e  bod ies  were 

l a r g e r  t han  normal  and somewhat i n c r e a s e d  in number,  bu t  t he  c e l l s  were 

q u i t e  o b v i o us l y  r e c o v e r i n g ,  i r r e s p e c t i v e  o f  t he  p r es e n c e  o r  abs e nc e  o f  

exogenous phos phorus ,  o r  p r e t r e a t m e n t  w i t h  CAP. I t  can be seen t h a t  some 

o f  t h e  po l y p h o s p h a t e  bod i e s  were porous .

F i g u r e  44 shows t h i n  s e c t i o n s  o f  n o n - s u l f u r - s t a r v e d  c e l l s  d ep r i v e d  

o f  exogenous  phosphorus  f o r  46 h o u r s .  These  c e l l s  l a cked  bo t h  p o l y p h o s ­

p h a t e  bod i e s  and a s i g n i f i c a n t  de g r e e  o f  c y t o p l a s mi c  i n t e g r i t y .  F i gure  

45 i s  a t h i n  s e c t i o n  o f  a c o n t r o l  c e l l  grown in f r e s h  compl e t e  medium 

f o r  46 hour s .

F i g u r e  46 d i s p l a y s  t h i n  s e c t i o n s  o f  s u l f u r - d e p l e t e d  c e l l s  98  hours  

a f t e r  t r a n s f e r  t o  s u l f u r - s u f f i c i e n t ,  p h o s p h o r u s - d e f i c i e n t  medium. These



Fi g u r e  39• Decreases  in t o t a l  phosphorus  by S - d e p l e t e d  c e l l s  t r a n s ­

f e r r e d  t o  medium c o n t a i n i n g  0.31 mM s u l f a t e .  S - s t a r v e d  c e l l s  were t r a n s ­

f e r r e d  e i t h e r  d i r e c t l y  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  ( O ) 

and medium l a c k i n g  i t  ( • ) ,  o r  t r e a t e d  o v e r n i g h t  wi t h  10 yg/ml  CAP, and 

t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  ( A  ) and medium 

l a c k i n g  i t  ( A) -  C e l l s  grown o r i g i n a l l y  in s u l f u r - s u f f i c i e n t  medium 

were t r a n s f e r r e d  t o  f r e s h  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e  ( □ ) ,  

and to  medium l a c k i n g  i t  ( ■  ) .
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r ecove ry  medium day
z e r o

day
one

day
two

day
t h r e e

day
f ou r

day
f i v e

day 
s i x

z e r o  S + P
exogenous 
c e l l u l a r

P/ml
P/ml

7.14
0 . 68

7.14
0 . 7 7

7-39 
0 . 77

7 . 48  
1.06

7.21
1.47

6.58
2.25

6 .3 6
3.16

t o t a l P/ml 7 .8 2 7.91 8 . 1 6 8. 54 8. 68 8.83 9.52

z e r o  S -  P
exogenous 
c e l l u l a r

P/ml
P/ml 0 . 57

0 . 29
0 . 50 0 . 54

0.41
0 . 65

0. 18
0.62

0. 18
0 . 64 0.71

t o t a l P/ml 0 . 57 0 . 79 0 . 5 4 1.06 0.80 0. 82 0.71

z e r o  S + P
exogenous 
ce l  1u l a r

P/ml
P/ml

7 . 17
0 . 68

7 . 14
0 . 64

7.59 
0 . 5 8

7 . 37
0 . 73

7.88
1.10

7.49
1.75

7.64
2.99

(CAP) t o t a l P/ml 7 . 85 7 . 78 8 . 17 8.10 8.98 9.24 10.63

z e r o  S - P
exogenous 
ce 11 u 1 a r

P/ml
P/ml 0 . 57

0 . 15
0 . 44

0 . 29
0 . 35 0 . 46

0 . 24
0 . 58

0 . 24
0. 67

—

(CAP) t o t a l P/ml 0 . 57 0 . 59 0 . 64 0 . 46 0.82 0.91 —

c o n t r o l  + P
exogenous 
ce 11 u 1 a r

P/ml
P/ml

6 . 9 6
0 . 34

6. 73
0.51

6 . 33
0 . 84

6 . 12  
1.42

5.49
1.96

4.67
3.11

4.15
4.01

t o t a l P/ml 7.30 7 . 24 7 . 17 7-54 7.45 7-78 8.16

c o n t r o l  -  P
exogenous
c e l l u l a r

P/ml
P/ml

0 . 15
0 .33

0 . 2 7
0 . 25

0 . 15
0 . 2 7 0 . 2 8 0.31 0.33

0 . 27
0.33

t o t a l P/ml 0 . 48 0 . 52 0 . 42 0 . 28 0.31 0 . 33 0 .6 0

Table  3

An a c c o u n t i n g  o f  t o t a l  phosphorus  pe r  ml c u l t u r e  when v a r i o u s  r ecove ry  

media were p rov i ded  t o  s u l f u r - s t a r v e d  c e l l s
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Fi gu r e s  40-43 .  Thin s e c t i o n s  o f  s u l f u r - d e f i c i e n t  c e l l s  46 hours  a f t e r  

they were t r a n s f e r r e d  t o  medium c o n t a i n i n g  0.31 mM s u l f a t e .  P o l yphos ­

pha t e  bod ies  (pp) a r e  e v i d e n t ;  marker  ba r s  a r e  e q u i v a l e n t  t o  500 nm.

F i gu r e  40.  C e l l s  t r a n s f e r r e d  t o  medium l a c k i n g  phos pho r us .

F i gure  41.  C e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e .

F i gu r e  42.  C e l l s  p r e t r e a t e d  w i t h  CAP and t r a n s f e r r e d  t o  medium l a c k i n g

p h os phor us .

F i gu r e  43.  C e l l s  p r e t r e a t e d  w i t h  CAP and t r a n s f e r r e d  t o  medium c o n t a i n ­

ing 0 . 22  mM o r t h o p h o s p h a t e .
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Fi gu r e s  44,  45.  Thin s e c t i o n s  o f  s u l f u r - s u f f i c i e n t  c e l l s  46 hour s  a f t e r  

they were  t r a n s f e r r e d  t o  f r e s h  medium c o n t a i n i n g  0.31 mM s u l f a t e .  P o l y ­

phospha t e  bod i e s  a r e  l a b e l l e d  pp;  marker  b a r s  a r e  e q u i v a l e n t  t o  500 nm.

F i g u re  44.  C e l l s  t r a n s f e r r e d  t o  medium l a c k i n g  phos phorus .  The i n c l u -
t

s i o n s  a r e  p o l y h e d r a l  b o d i e s .

F i g u re  45.  C e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 .22 mM o r t h o p h o s p h a t e .

F i gu r e s  46,  47.  Thin s e c t i o n s  o f  s u l f u r - d e f i c i e n t  c e l l s  98 hours  a f t e r  

they were  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0.31 mM s u l f a t e .  The marker  

ba r s  a r e  e q u i v a l e n t  t o  500 nm.

F i g u r e  46.  C e l l s  t r a n s f e r r e d  t o  medium l a c k i n g  phos phorus .

F i g u r e  47.  C e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e .
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c e l l s  were b e g i nn i ng  t o  show t he  f i r s t  e f f e c t s  o f  c e l l u l a r  phosphorus  

d e p l e t i o n  [smal l  p o l y p h o s ph a t e  b o d i e s ,  c y t o p l a s m i c  d e t e r i o r a t i o n ,  e t c . ) ,  

bu t  e x t e n t  v a r i e d  from c e l l  t o  c e l l  in t h e  f i e l d s  o bs e r ve d .  F i g u r e  47 

i s  a t h i n  s e c t i o n  o f  a s u l f u r - d e p l e t e d  c e l l  98 hours  a f t e r  t r a n s f e r  t o  

comple t e  medium. The s i n g l e  p o l yp h o s ph a t e  body seen  is  e x t e n s i v e l y  

porous .

F i g u re  48 shows t h i n  s e c t i o n s  o f  s u l f u r - d e p l e t e d ,  CAP- t r ea t ed  c e l l s  

98 hours  a f t e r  t r a n s f e r  t o  s u l f u r - s u f f i c i e n t ,  p h o s p h o r u s - d e f i c i e n t  medium. 

Po l yphos pha t e  bod ies  p r e s e n t  had a porous  a p p e a r a n c e .  F i gu r e  49 shows 

t h i n  s e c t i o n s  o f  s i m i l a r  c e l l s  98 hour s  a f t e r  t r a n s f e r  t o  comple t e  

medium. Large membranous e l a b o r a t i o n s  can be no t e d  in both  t ype s  o f  

CAP- t r ea t ed  c e l l s .

F i g u re  50 d i s p l a y s  t h i n  s e c t i o n s  o f  n o n - s u l f u r - s t a r v e d  c e l l s  98 

hours  a f t e r  t r a n s f e r  to  p h o s p h o r u s - d e f i c i e n t  medium. Po l yphospha t e  bod­

i e s  were n o t  v i s i b l e  and c e l l  w a l l s  were commonly n o t  f l u s h  w i t h  t he  

p e r i p h e r y  o f  t h e  cy t op l a sm.  F i g u r e  51 shows t h i n  s e c t i o n s  o f  c o n t r o l  

c e l l s  grown in f r e s h ,  comple t e  medium f o r  98 h o u r s .

F i g u re  52 i n c l u d es  t h i n  s e c t i o n s  o f  s u l f u r - s t a r v e d  c e l l s  144 h o u r s -  

a f t e r  t r a n s f e r  t o  s u l f u r - s u f f i c i e n t ,  p h o s p h o r u s - d e f i c i e n t  medium. P o l y ­

phospha t e  bod i e s  were a b s e n t ,  t h y l a k o i d s  were  reduced in number,  and t he  

c y t op l a sm was d e t e r i o r a t i n g .  F i g u re  53 shows t h i n  s e c t i o n s  o f  s u l f u r -  

s t a r v e d  c e l l s  144 hour s  a f t e r  t r a n s f e r  to  compl e t e  medium. These c e l l s  

were by t he n  q u i t e  normal in a p p e a r a n c e  u l t r a s t r u c t u r a l l y .

F i gu r e  54 shows t h i n  s e c t i o n s  o f  s u l f u r - s t a r v e d ,  CAP- t r ea t ed  c e l l s  

144 hour s  a f t e r  t r a n s f e r  t o  comple t e  medium. The c e l l s  were normal in 

ap p e a r an c e  e x c e p t  f o r  t he  c o n t i n u e d  p r e s e n c e  o f  e l a b o r a t e  membranous i n ­

c l u s i o n s .  F i g u r e  55 is a t h i n  s e c t i o n  o f  a c o n t r o l  c e l l  grown in f r e s h ,



F i g u r e s  48,  49.  Thin s e c t i o n s  o f  s u i f u r - d e f i c i e n t  c e l l s  98  hours  a f t e r  

they were p r e t r e a t e d  w i t h  CAP and t r a n s f e r r e d  t o  medium c o n t a i n i n g  0.31 

mM s u l f a t e .  P o l yphos pha t e  bod i e s  a r e  d e s i g n a t e d  pp;  marker  ba r s  a r e  

e q u i v a l e n t  t o  500 nm.

F i g u r e  48.  C e l l s  t r a n s f e r r e d  t o  medium l a c k i n g  phosphorus .

F i g u r e  49- C e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e .

F i g u r e s  50,  51.  Thin s e c t i o n s  o f  s u l f u r - s u f f i c i e n t  c e l l s  98  hours  a f t e r  

they  were t r a n s f e r r e d  t o  f r e s h  medium c o n t a i n i n g  0.31 mM s u l f a t e .  The 

marker  ba r s  a r e  e q u i v a l e n t  t o  500 nm.

F i g u r e  50.  C e l l s  t r a n s f e r r e d  t o  medium l a c k i n g  phos phor us .  The i n c l u ­

s i o n  i s  a p o l y h e d r a l  body.

F i g u r e  51* C e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0 . 22  mM o r t h o p h o s p h a t e .
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F i gu r e s  52-55.  Thin s e c t i o n s  o f  c e l l s  1M hours  a f t e r  t he y  were t r a n s ­

f e r r e d  from and t o  v a r y i n g  media .  Po lyphospha t e  bod i e s  (pp) a r e  e v i d e n t  

marker  b a r s  a r e  e q u i v a l e n t  t o  500 nm.

F i gu r e  52.  S u l f u r - d e f i c i e n t  c e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0.31 

mM s u l f a t e  but  l a c k i n g  phosphorus .  The i n c l u s i o n s  a r e  p o l y h e d ra l  bod i e s

F i g u r e  53- S u l f u r - d e f i c i e n t  c e l l s  t r a n s f e r r e d  t o  medium c o n t a i n i n g  0.31 

mM s u l f a t e  and 0 . 22  mM o r t h o p h o s p h a t e .

F i g u re  5^.  S u l f u r - d e f i c i e n t  c e l l s  p r e t r e a t e d  wi t h  CAP and t r a n s f e r r e d  

t o  medium c o n t a i n i n g  0.31 mM s u l f a t e  and 0 .22 mM o r t h o p h o s p h a t e .

F i g u re  55.  S u l f u r - s u f f i c i e n t  c e l l s  t r a n s f e r r e d  t o  f r e s h  medium c o n t a i n ­

ing 0.31 mM s u l f a t e  and 0 . 22  mM o r t h o p h o s p h a t e .
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comple t e  medium f o r  144 h o u r s .

D. Organ ic  S u l f u r  Sources

Ta b l e  4 compares t h e  v a l ues  o f  t he  o l i g o p e p t i d e  and s u l f u r  amino 

a c i d s  o b t a i n e d  d u r i n g  pape r  chromatography wi t h  t h o s e  g iven  by Smith 

( 1960 ) .

F i g u r e s  56 and 57 r e p r e s e n t  t h e  growth r e s p o n s e s  o f  c e l l s  t o  a v a r i ­

e t y  o f  s u l f u r  amino a c i d s  and reduced g l u t a t h i o n e .  Al l  compounds were  

t e s t e d  in two s u c c e s s i v e  s i x - d a y  p e r i o d s .  Dur ing t h e  i n i t i a l  p e r i o d  each 

p o t e n t i a l  s u l f u r  s ou r c e  was p r e s e n t  in t h e  medium a t  an e q u i v a l e n t  con­

c e n t r a t i o n  o f  0.31 mM s u l f u r .  Each s u l f u r  component  was i n c r e a s e d  d u r in g  

t h e  second p e r i o d  a c c o r d i n g  t o  t he  per fo rmance  o f  t h e  c u l t u r e  d u r i n g  t h e  

f i  r s t  p e r i o d .

The t h i o e t h e r  D L - l a n t h i o n i n e  ( F i g u r e  5 6 ) ,  t h e  d i s u l f i d e  L - c y s t i n e  

( F i g u r e  57) and t he  t r i p e p t i d e  g l u t a t h i o n e  ( F i gu r e  57) a l l owed  growth 

somewhat l e s s  o r  g r e a t e r  t ha n  o f  c o n t r o l  in a l l  p h a s e s .  The t h i o a c e t a l  

L - d j e n k o l i c  a c i d  ( F i g u r e  56) r e s u l t e d  in s u l f u r  l i m i t a t i o n  and a b r u p t  

c e s s a t i o n  o f  growth a t  a c o n c e n t r a t i o n  o f  0.31 mM s u l f u r ,  bu t  a l l owed  

nea r - no r ma l  growth a t  0 . 93  mM s u l f u r  ( n . b .  d i s c o n t i n u i t i e s  in growth d a t a ,  

F i g u r e  57 ) .  The d i s u l f i d e  DL-homocyst ine ( F i g u r e  57) p r ov i de d  f o r  i n t e r ­

me d i a t e  growth a t  a c o n c e n t r a t i o n  o f  0.31 mM s u l f u r ,  but  d i d  no t  a l l o w  

l o n g - t e r m  g rowth ,  even when i t s  c o n c e n t r a t i o n  was t r i p l e d .  The r ema inder  

o f  t h e  s u l f u r  amino a c i d s ,  t h e  t h i o e t h e r  L-me t h i on i ne  ( F i g u r e  56) and 

t he  s u l f o n i c  a c i d s ,  t a u r i n e  and l - c y s t e i c  a c i d  ( F i g u r e  5 7 ) ,  s u p p o r t e d  

on l y  poor  growth i r r e s p e c t i v e  o f  c o n c e n t r a t i o n ,  in most  c a s e s  l i t t l e  

b e t t e r  t han  medium l a c k i n g  s u l f u r  e n t i r e l y .

F i g u r es  53 and 59 show t h e  l e v e l s  o f  c e l l u l a r  phosphorus  du r i ng  

each s i x - d a y  p e r i o d .  C e l l s  growing w i t h  L - c y s t i n e  o r  g l u t a t h i o n e  ( F i g -



'
Rf in s o l v e n t  o f  12:3=5 

n - bu t a no l  : a c e t i c  a c i d  : w a t e r

Smi th Observed
1960 1s t  s p o t 2nd s po t

L - c y s t a t h i o n i n e 10 — —

L - c y s t e i c  a c i d 7 9 . 4 13.5

L - c y s t e i n e 8 — —

L - c y s t  i ne 5 9 —

L - d j e n k o l i c  a c i d 9 8 —

g l u t a t h i o n e — 11.5 33

L-homocys t e ine 18 — —

L-homocyst ine 18 17 —

L - l a n t h i o n i n e 6 7 —

L-meth i on i ne 50 58 —

t a u r i n e 20 20 —

Tabl e  k

A compar i son o f  R^ v a l u e s  o f  s u l f u r  amino a c i d s  o b t a i n e d  

us i ng  a s o l v e n t  o f  n - bu t ano l  : a c e t i c  a c i d  : w a t e r  (12:3=5 

v / v / v ) , wi t h  t h o s e  g i ve n  by I .  Smith ( i960)
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F i g u r e  56- Cel l  numbers p e r  ml o f  c u l t u r e s  w i t h  one o f  s e v e r a l  s u l f u r  

amino a c i d s  p r e s e n t  as  t he  s o l e  exogenous s u l f u r  s o u r c e , d u r i n g  t he  f i r s t  

s i x - d a y  p e r i o d  a t  a c o n c e n t r a t i o n  o f  0.31 mM s u l f u r ,  and d u r i n g  t he

second s i x - d a y  p e r i o d  a t  an e l e v a t e d  c o n c e n t r a t i o n .

The f i r s t  ( l e f t m o s t )  p e r i o d  i nc l ude d  c u l t u r e s  w i t h  z e r o  s u l f u r  ( O ) ,  

0-31 mM L-me t h i on i ne  ( A  ) , 0.31 mM O L - l a n t h i o n i n e  ( A ) » 0.155 mM L- 

d j e n k o l i c  a c i d  ( B  ) ,  and 0.31 mM s u l f a t e  ( 9  ) .

The second ( r i g h t mo s t )  p e r i o d  inc l uded  c u l t u r e s  w i t h  z e r o  s u l f u r  ( O ) ,

0 . 93  mM L-met h i on i ne  ( A ) ,  0 . 62  mM D L- lan t h i on  ine ( A)> 0 . 465  mM L- 

d j e n k o l i c  a c i d  ( B  ) ,  and 0.31 mM s u l f a t e  ( •  ) .
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F ig u r e  57.  Ce l l  numbers per  ml o f  c u l t u r e s  w i th  one o f  s e v e r a l  s h o r t - 

c h a i n  o r g a n o s u l f u r  compounds p r e s e n t  as  t h e  s o l e  exogenous s u l f u r  s o u r c e ,  

d u r in g  the  f i r s t  s i x - d a y  p e r io d  a t  a c o n c e n t r a t i o n  o f  0.31 mM s u l f u r ,  

and d u r in g  th e  second s i x - d a y  p e r i o d  a t  an e l e v a t e d  c o n c e n t r a t i o n .

The f i r s t  ( l e f t m o s t )  p e r io d  in c lu d ed  c u l t u r e s  w i th  0.31 mM t a u r i n e  

( O ) ,  0.31 mM L - c y s t e i c  a c i d  ( □  ) ,  0 .155  mM DL-homocystine ( A  ) , 0.31

mM reduced  g l u t a t h i o n e  ( A)» 0 .155  mM L - c y s t i n e  ( ■ ) ,  and 0.31 mM s u l ­

f a t e  ( •  ) .

The second ( r i g h t m o s t )  p e r i o d  inc luded  c u l t u r e s  w i th  0 .93  mM t a u r i n e

( O ) ,  0 .9 3  mM L - c y s t e i c  a c i d  ( □  ) ,  Q.k65  mM DL-homocystine ( A  ) ,  0 .62

mM reduced  g l u t a t h i o n e  ( A ) ,  0.31 mM L - c y s t i n e  ( B ) ,  and 0.31 mM s u l ­

f a t e  ( •  ) .
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ure  59) a t  e i t h e r  c o n c e n t r a t i o n  e x h i b i t e d  n e a r - c o n t r o l  c e l l u l a r  phos ­

phorus l e v e l s .  A f t e r  th e  i n i t i a l  two days L - d j e n k o l i c - a c i d - g r o w n  c e l l s ,  

and a f t e r  t h r e e  days D L - lan th ion ine -g row n  c e l l s  (F igu re  5 8 ) ,  i n c re a s e d  

in phosphorus  l e v e l s ,  b u t  r e t u r n e d  to  n e a r - c o n t r o l  v a lues  when th e  amino 

a c i d s  were t r i p l e d  and d o ub le d ,  r e s p e c t i v e l y .  C e l l s  grown on DL-homo- 

c y s t i n e  (F ig u re  59) e x h i b i t e d  a s i g n i f i c a n t  i n c r e a s e  in phosphorus leve l  

d u r in g  th e  f i r s t  p e r i o d ,  a l t h o u g h  t h e  c u l t u r e  d id  n o t  become f u l l y  c h l o r -  * 

o t i c .  When th e  d i s u l f i d e  was t r i p l e d  in c o n c e n t r a t i o n  c e l l u l a r  phosphorus  

le v e l  d e c r e a s e d  by 50% then  began a slow i n c r e a s e .

C e l l s  grown on L-m eth ion ine  (F ig u re  58) e x p e r i e n c e d  a 50% d e c r e a s e  

in phosphorus l e v e l ,  bu t  became c h l o r o t i c  on day t h r e e ,  and w i t h i n  a n ­

o t h e r  2k  hours  c e l l u l a r  phosphorus  began t o  i n c r e a s e  s t e a d i l y  and mark­

ed ly  u n t i l  t h e  end o f  th e  second p e r i o d .  Such acc u m u la t io n  was u n a f f e c t e d  

by th e  t r i p l i n g  o f  t h e  t h i o e t h e r .  in t h e  same ex p e r im en t  (F igu re  58) 

c e l l s  grown in s u l f u r - f r e e  medium i n c r e a s e d  in phosphorus  l e v e l ,  and con ­

t i n u e d  to  do so  s t e a d i l y  e x c e p t  when f r e s h ,  s u l f u r - f r e e  medium t r i g g e r e d  

a s h a rp  but  momentary d e c r e a s e .  C e l l s  grown on L - c y s t e i c  a c i d  and t a u r ­

ine (F ig u re  59) e x h i b i t e d  v e ry  l a r g e  i n c r e a s e s  in c e l l u l a r  phosphorus  in 

both  growth p e r i o d s .

F ig u re s  60 and 61 show t h i n  s e c t i o n s  o f  c e l l s  grown in medium l a c k ­

ing s u l f u r .  Such c e l l s  d i s p l a y e d  l a r g e  and m a n i fo ld  c e n t r a l  po lyphos ­

p h a t e  b o d i e s ,  as  w e l l  as  t e rm in a l  caps  and bands o f  p o ly p h o s p h a te  w i t h i n  

and a d j a c e n t  to  th e  plasma membrane. F ig u re s  62 and 63 show t h i n  s e c ­

t i o n s  o f  s u l f a t e - g r o w n  c o n t r o l  c e l l s  a f t e r  "\kk hours  o f  growth in each  

p e r i o d .  Thin s e c t i o n s  o f  c e l l s  v a r i o u s l y  p ro v id ed  w i th  each  o f  the  two 

s p e c i f i e d  c o n c e n t r a t i o n s  o f  D L - l a n t h i o n i n e ,  L - d j e n k o l i c  a c i d ,  L-meth ion­

ine ,  DL-homocystine,  L - c y s t e i c  a c i d ,  t a u r i n e ,  L - c y s t i n e ,  and reduced



F ig u re  5 8 . Changes in t o t a l  phosphorus  by c e l l s  p ro v id e d  w i th  one o f  

s e v e r a l  s u l f u r  amino a c i d s  p r e s e n t  a s  t h e  s o l e  exogenous  s u l f u r  s o u r c e ,  

d u r in g  th e  f i r s t  s i x - d a y  p e r i o d  a t  a c o n c e n t r a t i o n  o f  0 .31  mM s u l f u r ,  

and d u r in g  th e  second  s i x - d a y  p e r i o d  a t  an e l e v a t e d  c o n c e n t r a t i o n .  Phos­

phorus l e v e l  o f  inoculum c e l l s  p r e v i o u s l y  m a in t a i n e d  on z e r o  exogenous 

s u l f u r  f o r  3k hours  ( © ) ;  t h e  a r row s  i n d i c a t e  t h e  days when th o s e  c u l ­

t u r e s  became f u l l y  c h l o r o t i c .

The f i r s t  s i x - d a y  p e r io d  in c lu d e d  c u l t u r e s  w i t h  z e r o  s u l f u r  ( O  ) ,  

0.31 mM L-m eth ion ine  ( A ) ,  0.31 mM D L - la n th io n in e  ( ■ ) ,  0 .155  mM. L- 

d j e n k o l i c  a c i d  ( A ) ,  and 0.31 mM s u l f a t e  ( •  ) .

The second s i x - d a y  p e r io d  in c lu d e d  c u l t u r e s  w i th  z e ro  s u l f u r  ( O  ) ,  

0 .9 3  mM L -m eth ion ine  ( A ) ,  0 .6 2  mM D L - la n t h io n in e  ( B ) ,  0.1»65 mM L- 

d j e n k o l i c  a c i d  ( A ) , and 0 .31 mM s u l f a t e  ( •  ) .
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F igu re  59* Changes in t o t a l  phosphorus  by c e l l s  p rov ided  w i th  one o f  

s e v e ra l  s h o r t - c h a i n  o r g a n o s u l f u r  compounds p r e s e n t  as  the  s o l e  exogenous 

s u l f u r  s o u r c e ,  d u r in g  th e  f i r s t  s i x - d a y  p e r io d  a t  a c o n c e n t r a t i o n  o f  

0.31 mM s u l f u r ,  and d u r in g  th e  second s i x - d a y  p e r io d  a t  an e l e v a t e d  con­

c e n t r a t i o n .  Phosphorus le ve l  o f  inoculum c e l l s  p r e v i o u s l y  m a in ta in ed  

on ze ro  exogenous s u l f u r  f o r  3^ hours  ( @ ) ;  th e  ar rows i n d i c a t e  the

days when th o s e  c u l t u r e s  became f u l l y  c h l o r o t i c .

The f i r s t  s i x - d a y  p e r io d  inc luded  c u l t u r e s  w i th  0.31 mM t a u r i n e  ( O ) ,  

0.31 mM L - c y s t e i c  a c i d  ( □  ) ,  0 .155  mM DL-homocystine ( A ) ,  0.31 mM r e ­

duced g l u t a t h i o n e  ( A  ) ,  0 .155  mM L - c y s t i n e  ( B  ) ,  and 0.31 mM s u l f a t e

( •  ).
The second s i x - d a y  p e r io d  inc luded  c u l t u r e s  w i th  0 .9 3  mM t a u r i n e  

( O  ) ,  0 .93  mM L - c y s t e i c  a c i d  ( □  ) ,  0.A65 mM DL-homocystine ( A  ) ,  0 .6 2  

mM reduced g l u t a t h i o n e  ( A) ,  0.31 mM L - c y s t i n e  ( B ) ,  and 0.31 mM s u l ­

f a t e  ( •  ) .
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F ig u r e s  60-63- Thin s e c t i o n s  o f  c e l l s  e x h i b i t i n g  t h e  m orpho log ica l  

ex t remes  o f  s u l f u r  n u t r i t i o n  1 ^  hours  a f t e r  th e  b e g in n in g  o f  each  s i x  

day growth p e r i o d .  P o lyphospha te  bod ie s  (pp) a r e  e v i d e n t ;  marker b a r s  

a r e  e q u i v a l e n t  t o  500 nm.

F igure  60.  C e l l s  grown in medium la c k in g  s u l f u r ,  f i r s t  growth pe r io d .

F igure  61.  C e l l s  grown in medium la c k ing  s u l f u r ,  second growth per iod

F igure  62. C e l ls  grown w i t h  0.31 mM s u l f a t e ,  f i r s t  growth p e r io d .

F igure  6 3 . C e l ls  grown w i t h  0.31 mM s u l f a t e ,  second growth pe r io d .

12k





F ig u re s  64 -67 .  Thin s e c t i o n s  o f  c e l l s  grown w i th  a t h i o e t h e r  o r  a t h i o -  

a c e t a l  as  t h e  s o l e  exogenous  s u l f u r  s o u r c e  144 hours  a f t e r  th e  beg in n in g  

o f  each  s i x - d a y  growth p e r i o d .  Po lypohospha te  b o d ie s  (pp) a r e  e v i d e n t ;  

marker b a r s  a r e  e q u i v a l e n t  t o  500 nm.

F ig u re  64.  C e l l s  grown w i th  0.31 mM D L - l a n t h i o n i n e ,  f i r s t  growth  p e r i o d .

F igu re  65. C e l l s  grown w i th  0 .62  mM D L - l a n t h i o n i n e ,  second  growth p e r i o d .

F ig u re  66.  C e l l s  grown w i th  0 .155  mM L - d j e n k o l i c  a c i d ,  f i r s t  growth

p e r i o d .

F ig u r e  67.  C e l l s  grown w i th  0 .465  mM L - d j e n k o l i c  a c i d ,  second growth 

pe r  iod.
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F ig u r e s  68*71. Thin s e c t i o n s  o f  c e l l s  grown w i th  a t h i o e t h e r  o r  a d i ­

s u l f i d e  as  t h e  s o l e  exogenous s u l f u r  s o u r c e  144 hours  a f t e r  t h e  b e g i n ­

n ing  o f  each  s i x - d a y  growth p e r i o d .  P o ly p h o s p h a te  bod ie s  a r e  d e s i g n a t e d  

pp; marker  b a r s  a r e  e q u i v a l e n t  t o  500 nm.

F ig u re  68.  C e l l s  grown w i th  0.31 mM L -m e th io n in e ,  f i r s t  growth p e r i o d .

F ig u re  69.  C e l l s  grown w i th  0 .9 3  mM L -m e th io n in e ,  second growth  p e r i o d .

F ig u re  70.  C e l l s  grown w i th  0 .1 5 5  mM DL-homocys tine , f i r s t  growth p e r i o d .

F igure  71.  Ce l ls  grown w i t h  0 .4 6 5  mM DL-homocyst ine,  second growth

pe r io d .
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F ig u re s  72- 75> Thin s e c t i o n s  o f  c e l l s  grown w i th  a s u l f o n i c  a c i d  as  the  

s o l e  exogenous s u l f u r  s o u r c e  144 hours  a f t e r  t h e  beg inn ing  o f  each  s i x -  

day growth p e r i o d .  P o ly p h o s p h a te  b o d ie s  a r e  i n d i c a t e d  as  pp ,  and t h e i r  

remnant spaces  as ppg ; marker  b a r s  a r e  e q u i v a l e n t  t o  500 nm.

F ig u re  72. C e l l s  grown w i th  0.31 mM t a u r i n e ,  f i r s t  growth p e r i o d .

F ig u re  73- C e l l s  grown w i th  0 .9 3  mM t a u r i n e ,  second growth p e r i o d .

F ig u re  74. C e l l s  grown w i t h  0 .31  mM L - c y s t e i c  a c i d ,  f i r s t  growth p e r i o d .

F ig u re  75.  C e l l s  grown w i t h  0 .9 3  mM L - c y s t e i c  a c i d ,  second  growth

p e r i o d .
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F ig u re s  76-79* Thin s e c t i o n s  o f  c e l l s  grown w i th  a d i s u l f i d e  o r  an 

o l i g o p e p t i d e  as t h e  s o l e  exogenous  s u l f u r  s o u r c e  144 hours  a f t e r  th e  

b e g in n in g  o f  each  s i x - d a y  growth p e r i o d .  Po lyphospha te  b o d ie s  (pp) a r e  

e v i d e n t ;  marker  b a r s  a r e  e q u i v a l e n t  to  500 nm.

F ig u re  76.  C e l l s  grown w i th  0 .155  mM L - c y s t i n e ,  f i r s t  growth p e r i o d .

F ig u re  77* C e l l s  grown w i th  0.31 mM L - c y s t i n e ,  second growth p e r i o d .

F ig u re  78.  C e l l s  grown w i th  0.31 mM reduced  g l u t a t h i o n e ,  f i r s t  growth

p e r i o d .

F ig u re  79* C e l l s  grown w i th  0 .62  mM reduced  g l u t a t h i o n e ,  second growth

p e r i o d .
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g l u t a t h i o n e ,  and f i x e d  a f t e r  144 hours  o f  growth ,  a r e  shown in F ig u re s  

64 th rough  79.

P r e l i m i n a r y  i n v e s t i g a t i o n  w i th  a racemic  m ix tu re  o f  c y s t a t h i o n i n e  

i n d i c a t e d  bo th  poor growth and marked p o ly p h o s p h a te  a c c u m u la t io n  when 

t h a t  t h i o e t h e r  was used a s  t h e  s o l e  exogenous s u l f u r  s o u r c e .  T h e r e f o r e ,  

L - c y s t a t h i o n i n e  was p ro v id ed  exog en o u s ly  a t  c o n c e n t r a t i o n s  e q u i v a l e n t  to  

0 . 3 1 ,  1 .0 ,  and 2.31 mM s u l f u r .  F ig u r e  80 shows t h a t  growth w i th  L- 

c y s t a t h i o n i n e , a l th o u g h  b e t t e r  than  c u l t u r e s  p rov ided  no exogenous s u l ­

f u r ,  was c o n s i d e r a b l y  p o o r e r  than  w i t h  s u l f a t e  as t h e  s u l f u r  s o u r c e .  

F u r th e rm o re ,  growth d id  n o t  i n c r e a s e  w i th  t h e  i n c r e a s i n g  m o l a r i t y  o f  L- 

c y s t a t h i o n i n e  in th e  d i f f e r e n t  c u l t u r e s .  The p a t t e r n  o f  c e l l u l a r  phos­

phorus  acc u m u la t io n  is  r e p r e s e n t e d  in F ig u re  81.  Although such accumula ­

t i o n  was s e q u e n t i a l  in d i r e c t  o r d e r  o f  c y s t a t h i o n i n e  c o n c e n t r a t i o n  in  t h e  

medium, n o n e t h e l e s s  f i n a l  c e l l u l a r  phosphorus  l e v e l s  were  v i r t u a l l y  i d e n ­

t i c a l .  Such l e v e l s  were  400% g r e a t e r  than  s u l f a t e - g r o w n  c e l l s ,  b u t  67& 

o f  t h a t  o f  s u l f u r - s t a r v e d  c e l l s .

F ig u re s  82-85 show t h i n  s e c t i o n s  o f  r e p r e s e n t a t i v e  c e l l s  grown on 

L - c y s t a t h i o n i n e  f o r  47 h o u r s .  The mean s i z e  o f  t h e  p o ly p h o s p h a te  g r a n ­

u le s  was in i n v e r s e  p r o p o r t i o n  to  t h e  exogenous L - c y s t a t h i o n i n e  concen­

t r a t i o n .  F ig u re s  86-88 a r e  t h i n  s e c t i o n s  o f  such c e l l s  grown f o r  144 

h o u r s .  D ep o s i t i o n  o f  po ly p h o sp h a te  in t h e  c e l l  d i s p l a y e d  in F ig u r e  86 

r e s u l t e d  in t h e  c o a l e s c e n c e  o f  two a d j a c e n t  b o d i e s .  F ig u re  89 i s  a t h i n  

s e c t i o n  o f  a c e l l  m a in t a i n e d  f o r  144 hours  in s u l f u r - f r e e  medium.

Energy D ispe rs ive  X-ray  M ic ro a n a ly s is

Energy d i s p e r s i v e  s p e c t r o s c o p y  was done on many phospha te  b o d ie s  o f  

many c e l l s  in v a r i o u s  n u t r i t i o n a l  s t a t e s .  Elemental  c o n t r i b u t i o n  t o  th e  

s p e c t r a  o b ta in e d  was remarkab ly  s i m i l a r .  All s p e c t r a  showed a ve ry



Figu re  80.  C e l l  numbers per  ml o f  c u l t u r e s  grown v a r i o u s l y  w i t h :  0.31

mM L - c y s ta th i o n i n e  ( A  ) ;  1 .0  mM L - c y s ta th i o n i n e  { S  ) ;  2.31 mM L -c y s ta ­

t h io n in e  ( •  ) ;  0.31 mM s u l f a t e  ( □  ) ;  and zero  s u l f u r  ( O  ) .
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F ig u re  81.  Changes in c e l l u l a r  phosphorus  by c u l t u r e s  grown on an i n i t i a l  

0 .32  mM exogenous  o r t h o p h o s p h a t e .  Phosphorus l e v e l  o f  inoculum c e l l s  p r e ­

v i o u s l y  m a in t a i n e d  on z e r o  exogenous  s u l f u r  f o r  3^ hours  ( ® ) ;  c e l l s  

grown w i th  0.31 mM L - c y s t a t h i o n i n e  ( A) ;  c e l l s  grown w i th  1 .0  mM L- 

c y s t a t h i o n i n e  ( B ) ;  c e l l s  grown w i th  2.31 mM L - c y s t a t h i o n i n e  ( • ) ;  

c e l l s  grown w i th  0.31 mM s u l f a t e  ( □  ) ;  and c e l l s  grown w i th  z e r o  exo ­

genous s u l f u r  ( O ) .  The ar rows i n d i c a t e  th e  days when th o s e  c u l t u r e s  

became f u l l y  c h l o r o t i c .
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F ig u re s  82-85 .  Thin s e c t i o n s  o f  c e l l s  grown f o r  47 hours  w i th  v a ry in g  

l e v e l s  o f  th e  t h i o e t h e r  L - c y s t a t h i o n i n e  as  t h e  s o l e  exogenous s u l f u r  

s o u r c e .  P o ly p h o sp h a te  b o d ie s  (pp) a r e  e v i d e n t ;  marker b a r s  a r e  e q u i ­

v a l e n t  t o  500 nm.

F ig u re  82.  C e l l s  grown w i th  0.31 mM L - c y s t a t h i o n i n e .

F ig u re s  83,  84. C e l l s  grown w i th  1.0 mM L - c y s t a t h i o n i n e .

F ig u re  85- C e l l s  grown w i th  2.31 mM L - c y s t a t h i o n i n e .
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F i g u r e s  8 6 - 8 8 .  Thin s e c t i o n s  o f  c e l l s  grown f o r  144 h o u r s  w i t h  v a r y i n g  

l e v e l s  o f  t h e  t h i o e t h e r  L - c y s t a t h i o n i n e  a s  t h e  s o l e  exogenous  s u l f u r  

s o u r c e .  P o l y p h o s p h a t e  b o d i e s  (pp) a r e  e v i d e n t ;  m a rk e r  b a r s  a r e  e q u i ­

v a l e n t  t o  500 nm.

F i g u r e  86 .  C e l l s  grown w i t h  0 .3 1  mM L - c y s t a t h i o n i n e .

m
F i g u r e  8 7 . C e l l s  grown w i t h  1 .0  mM L - c y s t a t h i o n i n e .

F i g u r e  88.  C e l l s  grown w i t h  2 .31  mM L - c y s t a t h i o n i n e .

F i g u r e  8 9 . Th in  s e c t i o n s  o f  c e l l s  grown f o r  144 h o u r s  on medium l a c k i n g

s u l f u r .
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2 +s t r o n g  phosphorus  peak ,  a s  wel l  as  peaks o f  th e  majo r c a t i o n s  Mg ,

2+  + +Ca , K , and f r e q u e n t l y  b u t  n o t  always  Na . Very o f t e n  e v i d e n t  was a

small  peak o r  s h o u l d e r  f o r  s i l i c o n .  A s u l f u r  peak was always  p r e s e n t  

in p o ly p h o s p h a te  b o d ie s  o f  c o n t r o l  c e l l s  and th o s e  r e c o v e r i n g  from s u l ­

f u r  d e p l e t i o n ,  b u t  n e v e r  in t h o s e  o f  s u l f u r - s t a r v e d  c e l l s .

The most  common v a r i a t i o n  was in t h e  p re s e n c e  o f  c a l c iu m  v e r s u s  

p o ta s s iu m .  Almost  i n v a r i a b l y  a s t r o n g  peak f o r  one c a t i o n  was accom­

pan ied  by a weak peak f o r  t h e  o t h e r .  This  r e c i p r o c i t y  i s  shown in F i g ­

u re s  90 and 91.  The p o ly p h o s p h a te  b o d ie s  a n a ly z e d  in t h e s e  f i g u r e s  were 

bo th  from s u l f u r - d e p l e t e d  c e l l s  48 hours  a f t e r  t r a n s f e r  i n t o  s u l f u r -  

s u f f i c i e n t ,  p h o s p h o r u s - d e f i c i e n t  medium. The p e a k - to -b a c k g ro u n d  r a t i o s  

f o r  magnesium, p h o spho rus ,  p o ta s s iu m ,  and c a lc iu m  a r e  4 . 8 ,  1 6 .3 ,  4 . 7 ,  

and 2 . 0 ,  in F ig u r e  90,  and 6 . 6 ,  27 -0 ,  2 . 5 ,  and 4 .2  in F ig u re  91* A n a ly s i s  

o f  nearby  a r e a s  o f  cy to p la s m  in t h e  c e l l s  a r e  shown in both  f i g u r e s .

For f u r t h e r  compar ison  a p o ly p h o s p h a te  body and c y t o p la s m i c  a r e a  

were a n a ly z e d  in a c e l l  from a s u l f u r - d e p l e t e d  p o p u l a t i o n  48 hours  a f t e r  

t r a n s f e r  i n t o  s u l f u r - s u f f i c i e n t  and p h o s p h o r u s - s u f f i c i e n t  medium (F ig u re  

9 2 ) .  The p e a k - t o -b a c k g ro u n d  r a t i o s  f o r  magnesium, p h o s p h o ru s ,  p o t a s s iu m ,  

and c a l c iu m  (o f  t h e  g r a n u l e )  a r e  6 . 5 ,  2 4 . 0 ,  2 . 7 ,  and 6 . 5 .



F ig u r e  30.  The lowes t  ene rgy  p o r t i o n  o f  t h e  x - r a y  spec t rum  from a po ly ­

phospha te  body and th e  background cy to p la sm  o f  an a i r - d r i e d  c e l l  o f  

Synechococcus  s p . ,  48 hours  a f t e r  t r a n s f e r  from s u l f u r - d e f i c i e n t ,  

p h o s p h o r u s - s u f f i c i e n t  medium to  s u l f u r - s u f f i c i e n t ,  p h o s p h o r u s - d e f i c i e n t  

medium. The fo l l o w in g  e lem en ts  and t h e i r  K energy  peaks a r e  i n d i c a t e d  

th e re o n :  sodium, 1 . 0 5 - 1 . 0 7  keV; magnesium, 1 . 2 6 - 1 . 2 8  keV; phosphorus ,

2 . 0 2 - 2 . 1 4  keV; s u l f u r ,  2 . 3 3 “ 2 .47  keV; p o ta s s iu m ,  3 -32 -3 -60  keV; and 

c a lc iu m ,  3 . 7 0 -4 . 0 2  keV. The o r d i n a t e  d i s p l a y s  t h e  number o f  coun t s  ob­

t a i n e d  in 100 seco n d s .
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F ig u r e  91.  The lowes t  energy  p o r t i o n  o f  t h e  x - r a y  spec t rum  from a p o l y ­

phospha te  body and th e  background cy top lasm  o f  an a i r - d r i e d  c e l l  o f  

Synechococcus s p . ,  48 hours  a f t e r  t r a n s f e r  from s u l f u r - d e f i c i e n t ,  

p h o s p h o r u s - s u f f i c i e n t  medium t o  s u l f u r - s u f f i c i e n t ,  p h o s p h o r u s - d e f i c i e n t  

medium. The fo l l o w i n g  e lem en ts  and t h e i r  K energy  peaks  a r e  i n d i c a t e d  

t h e r e o n :  sodium, 1 .0 5 -1 . 0 7  keV; magnesium, 1 . 2 6 -1 . 2 8  keV; s i l i c o n ,  1 .7 2 -

1.82 keV; phosphorus ,  2 . 0 2 - 2 . 1 4  keV; s u l f u r ,  2 . 3 3 - 2 . 4 7  keV; p o ta s s iu m ,  

3 . 3 2 - 3 . 6 0  keV; and ca l c iu m ,  3 - 7 0 - 4 .0 2  keV. The o r d i n a t e  d i s p l a y s  the  

number o f  coun ts  o b t a i n e d  in 100 s e c o n d s .
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F ig u re  92.  The lowes t  energy p o r t i o n  o f  t h e  x - r a y  s p e c t ru m  from a p o ly ­

p h o s p h a te  body and th e  background cy to p la s m  o f  an a i r - d r i e d  c e l l  o f  

Synechococcus  s p . ,  48 hours  a f t e r  t r a n s f e r  from s u l f u r - d e f i c i e n t  medium 

to  com ple te  medium ( i . e .  both  p h o s p h o r u s - s u f f i c i e n t ) .  The fo l l o w i n g  e l e ­

ments and t h e i r  energy  peaks a r e  i n d i c a t e d  th e r e o n :  sodium, 1 .0 5 -1 . 0 7

keV; magnesium, 1 .2 6 -1 . 2 8  keV; s i l i c o n ,  1 . 7 2 -1 . 8 2  keV; phosphorus ,  2 .0 2 -  

2 .14  keV; s u l f u r ,  2 .33~ 2 .47  keV; p o ta s s iu m ,  3 -32 -3 -60  kev;  and ca lc ium ,  

3 -7 0 - 4 .0 2  keV. The o r d i n a t e  d i s p l a y s  t h e  number o f  coun t s  o b t a i n e d  in 

100 seco n d s .
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DISCUSSION

I t  Is  c l e a r  from t h e  s h o r t - t e r m  e x p e r im e n t s  (F ig .  2 ,3 )  t h a t  phos­

p h o r u s - d e p l e t e d  c e l l s  o f  Synechococcus s p .  a r e  c a p a b le  o f  r a p i d  u p ta k e .  

Such up take  i s  l a r g e l y  com ple te  a f t e r  one h o u r ,  s i m i l a r  to  f i n d i n g s  

o b t a i n e d  w i th  c e l l s  o f  Plec tonema boryanum (Jensen  and S ic k o ,  1974; 

Sicko-Goad and J e n s e n ,  1976) .  The amount o f  phosphorus  taken  up i s  a t  

l e a s t  in p a r t  a f u n c t i o n  o f  th e  c o n c e n t r a t i o n  o f  exogenous i n o r g a n i c  

ph o s p h a te ,  as  is  shown by the  r e s u l t s  a f t e r  p h o s p h o r u s - s t a r v e d  c e l l s  o f  

Synechococcus were exposed  t o  0 .1 6  mM and 0 .06  mM o r t h o p h o s p h a t e .  C e l l s  

suspended in medium c o n t a i n i n g  th e  former  c o n c e n t r a t i o n  accum ula ted  40- 

50% more c e l l u l a r  phosphorus  than  in t h e  l a t t e r  d u r in g  the  f i r s t  hour .

Normal phospha te  u p ta k e  in c e l l s  o f  t h i s  s p e c i e s  i s  e n e rg y -d e p e n d e n t

and c a r r i e r - m e d i a t e d ,  w i th  an optimum l i k e l y  in the  pH 8 . 0 - 8 . 5  range

(F a lk n e r  e t  a l . ,  1974; Simonis e t  a l . ,  1974; U11r i c h - E b e r i u s  and Yingchol  ,

1974).  R e s u l t s  o f  th e  p r e s e n t  s tu d y  i n d i c a t e  a s i m i l a r  pH range  f o r

op timal r a p id  phospha te  u p ta k e .  As shown by the  H en d e r s o n -H a ss e lb a lch

e q u a t i o n ,  pH -  pKg = log j j  > The predominan t  a n i o n i c  s p e c i e s  o f
2 -

o r th o p h o s p h a t e  in t h i s  range  i s  HPO^ , and i t s  c o n c e n t r a t i o n  i n c r e a s e s  

well  i n t o  a l k a l i n e  pH. I f  th e  i n c r e a s e d  up take  w i th  pH were s im p ly  a 

f u n c t i o n  o f  g r e a t e r  a v a i l a b i l i t y  o f  th e  d i a n i o n ,  the  g r e a t e s t  up take  

w i t h i n  t h e  range t e s t e d  shou ld  be shown a t  pH 9- I n s t e a d  a s u b s t a n t i a l  

d r o p o f f  o c c u r s  a t  t h i s  pH, s u g g e s t i n g  th e  involvement o f  a c a r r i e r  mole­

c u l e  in r a p i d  phospha te  u p ta k e ,  a l t h o u g h  n o t  n e c e s s a r i l y  th e  same o n e ( s )  

f u n c t i o n i n g  in normal phospha te  u p ta k e .

In th e  s h o r t - t e r m  ex p e r im en t  d u r in g  which exogenous s u l f u r  concen­

t r a t i o n  was v a r i e d  (F ig .  3) t h e  nar row range o f  phosphorus  acc u m u la t io n
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measured and th e  s i m i l a r  s i z e  o f  p o ly p h o s p h a te  g r a n u l e s  o bse rved  p r e ­

c lu d e  c o n c l u s i v e  s t a t e m e n t s .  However f a i l u r e  to  n o te  an immediate 

d e c l i n e  in phosphorus a c c u m u la t io n  and p o ly m e r i z a t i o n  in t h e  c e l l  popu­

l a t i o n  t r e a t e d  w i th  10 pg/ml c h l o ra m p h e n i c o l ,  s u g g e s t s  t h a t  p r o t e i n s  

having  a r o l e  in both  o r th o p h o s p h a t e  t r a n s p o r t  and p o l y m e r i z a t i o n  a r e  

r e l a t i v e l y  l o n g - l i v e d .  S i m i l a r  r e s u l t s  were o b s e rv e d  in c e l l s  o f  

E n t e r o b a c t e r  ae rogenes  by Harold (1963).

Harold  (1963) p r e d i c t e d  t h a t  p o ly p h o s p h a te  i s  l i k e l y  t h e  p r e v a l e n t  

phosphorus compound p r e s e n t  when exogenous pho sp h a te  i s  a v a i l a b l e ,  and 

t h i s  s u g g e s t i o n  was conf i rm ed  in r a p i d  p h ospha te  up take  s t u d i e s  w i th  

b l u e - g r e e n  b a c t e r i a  (Niemeyer and R i c h t e r ,  1969; Sicko-Goad and J e n s e n ,  

1976).  Although B a t t e r t o n  and Van Baalen (1968) found no e v id e n c e  f o r  

r e s e r v e  p o lyphospha te  in c e l l s  o f  A n a c y s t i s  n id u l a n s  a f t e r  r a p i d  up take  

o f  o r t h o p h o s p h a t e ,  p r e s e n t  f i n d i n g s  and t h o s e  o f  Niemeyer and R i c h t e r  

(1969) a r e  t o  t h e  c o n t r a r y .  C e l l s  o f  t h e  A. n i d u l a n s  625 s t r a i n  o f  

Synechococcus e l a b o r a t e  p o ly p h o s p h a te  b o d ie s  whose mean s i z e  i n c r e a s e s  

w i th  both  t h e  d u r a t i o n  o f  phosphorus  s t a r v a t i o n  and t h e  c o n c e n t r a t i o n  

o f  exogenous phospha te  d u r in g  r e p l e n i s h m e n t .

The exposu re  o f  c e l l s  s u l f u r - s t a r v e d  f o r  2k hours  to  a reduced 

s u l f u r  an ion  r e q u i r e s  them t o  use  t h a t  an ion  as i s ,  i f  they  a r e  a b l e  to  

do so ,  and n o t  a f t e r  i t  has been o x i d i z e d  t o  s u l f a t e .  A d d i t i o n a l l y  the  

a c t  o f  s u l f u r  d e p r i v a t i o n  very  l i k e l y  e i t h e r  i n c r e a s e s  t h e  amounts o f  

p r o t e i n s  invo lved  in t h e  t r a n s p o r t  and a s s i m i l a t i o n  o f  such a n i o n s ,  o r  

t r i g g e r s  t h e i r  a c t i v i t y ,  o r  b o th .  No d i f f e r e n c e s  were o b s e rv ed  in  t o t a l  

phosphorus accum ula t ion  (F ig .  10) o r  in th e  s i z e  o f  p o lyphospha te  in ­

c l u s i o n s  (F ig .  11-14) when t h a t  s u l f u r  an ion  was s u l f a t e ,  t h i o s u l f a t e ,
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o r  m e t a b i s u l f i t e .  Tha t  o t h e r  s u l f u r  an io n s  can f r e e l y  s u b s t i t u t e  f o r  

s u l f a t e  i s  h a r d l y  u n e x p e c te d .  U tk i l e n  e t  a l . (1976) have found e v id e n c e  

o f  a common c a r r i e r  f o r  s u l f a t e ,  s u l f i t e ,  and t h i o s u l f a t e ,  and U tk i l e n  

(1976) has f u r t h e r  d e t e rm in e d  t h a t  t h i o s u l f a t e  can s e r v e  as an e l e c t r o n  

donor f o r  p h o t o s y n t h e s i s ,  in c e l l s  o f  Synechococcus sp .  Such p h o to ­

r e d u c t i o n  by t h i o s u l f a t e  in t h i s  s p e c i e s  i s  accompanied by th e  a p p e a r ­

ance o f  i n t r a c e l l u l a r  r e f r a c t i l e  g r a n u l e s ,  l i k e l y  e l e m e n ta l  s u l f u r  

(Peschek ,  1978).

In t h e  l o n g - t e rm  s t a r v a t i o n  s tu d y  th e  c o n c u r r e n t  l o s s  o f  o r t h o ­

pho sp h a te  from th e  growth medium (F ig .  16) and t h e  d e c l i n e  in c e l l u l a r  

phosphorus  l e v e l s  (F ig .  17) in t h e  f i r s t  e i g h t  hours  were e f f e c t s  o f  

r a p id  c e l l  d i v i s i o n .  As s u l f u r  became p r o g r e s s i v e l y  l i m i t i n g  in t h r e e  

o f  t h e  f o u r  c u l t u r e s ,  i t  was r e f l e c t e d  by i n c r e a s e s  in bo th  c e l l u l a r  

phosphorus  l e v e l s  and exogenous phosphorus  d i s a p p e a r a n c e .  A f t e r  sudden 

and r a p id  i n c r e a s e s  in c e l l u l a r  phosphorus  by t h e  two most  s u l f u r - l i m i t e d  

p o p u l a t i o n s ,  t h e  s h a rp  d e c l i n e s  t h e r e a f t e r  r e s u l t e d  from slow i n c r e a s e s  

in c e l l  number w i th  accompanying d e c r e a s e s  in phosphorus  u p ta ke .

Tha t  exogenous phosphorus  l o s s  i s  n o t  o n ly  a f u n c t i o n  o f  c e l l  num­

b e r ,  b u t  a l s o  o f  s u l f u r  d e f i c i e n c y ,  i s  b e s t  r e v e a l e d  by th e  c u l t u r e  

p ro v id e d  w i th  31 yM s u l f u r  (F ig .  16).  This  c o n c e n t r a t i o n  was no t  l i m i t ­

ing u n t i l  t h e  f o u r t h  day ,  when t h e  c e l l  number o f  t h e  p o p u l a t i o n  had 

w e l l  s u r p a s s e d  th o s e  o f  t h e  two p r e v i o u s l y  s u l f u r - d e f i c i e n t  p o p u l a t i o n s  

( i n i t i a l  c o n c e n t r a t i o n s  z e ro  and 3.1 yM s u l f u r ) .  Thus t h e  l a r g e  number 

o f  n o w - s u l f u r - d e p l e t e d  c e l l s  r a p i d l y  removed most o f  t h e  remain ing  exo­

genous phosphorus .  The same d e g re e  o f  exogenous o r t h o p h o s p h a t e  l o s s  

d id  n o t  o c c u r  w i th  c e l l s  c u l t u r e d  on t e n  t im es  g r e a t e r  exogenous  s u l f u r  

(0.31 mM), a l th o u g h  c e l l  numbers o f  th e  two p o p u l a t i o n s  were n e a r l y  th e
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same (F ig .  15).

From t h e  u l t r a s t r u c t u r a l  s t a n d p o i n t  i t  is  a p p a r e n t  t h a t  much o f  

th e  newly o b ta in e d  o r th o p h o s p h a t e  is  po lym er ized  in t o  condensed  p h o s ­

p h a t e .  Comparing samples t a k en  a t  k l  and 120 hours  (F ig .  1 8 -2 5 ) ,  c e l l s  

grown on s u l f a t e  c o n c e n t r a t i o n s  d i f f e r i n g  s u c c e s s i v e l y  by one o r d e r  o f  

magnitude  began more t o  resemble  c e l l s  w i th  no exogenous s u l f u r  and
m

l e s s  so t h e  c o n t r o l  c e l l s  ( i n i t i a l  c o n c e n t r a t i o n  0.31 mM s u l f a t e ) ,  

bo th  in s i z e  o f  p o ly p h o s p h a te  b o d ie s  and o f  c e l l u l a r  d e t e r i o r a t i o n .

In t h i s  p a r t i c u l a r  e a r l y  exp e r im e n t  most o f  th e  p o ly p h o s p h a te  accumula­

t i o n  was accoun ted  f o r  by a s u b s t a n t i a l  i n c r e a s e  in s i z e  o f  e x t a n t  

b o d ie s .  Normal c e l l s  r o u t i n e l y  e x h i b i t  two o r  t h r e e  p o ly p h o s p h a te  g r a n ­

u l e s .  I f  two,  th e y  a r e  a p p ro x im a te ly  o n e - t h i r d  and t w o - t h i r d s  t h e  d i s ­

t a n c e  a long the  c e l l ' s  long a x i s ;  i f  t h r e e ,  two a r e  in p o l a r  and one in 

c e n t r a l  p o s i t i o n .  The normal s i z e  o f  such b o d ie s  is  200 nm D.

With t ime and e x p e r i e n c e  i t  became p o s s i b l e  t o  i n c r e a s e  t h e  s e v e r i t y  

o f  s t a r v a t i o n  e f f e c t s  w h i l e  s t i l l  r e t a i n i n g  c e l l  v i a b i l i t y .  Under such  

c o n d i t i o n s  a d d i t i o n a l  p o ly p h o s p h a t e  was d e p o s i t e d ,  f i r s t  a s  a d d i t i o n a l  

g r a n u l e s  between t h o s e  a l r e a d y  p r e s e n t ,  then  as bands and r i n g s  e n c i r ­

c l i n g  th e  c e l l  j u s t  w i t h i n  t h e  plasma membrane (F ig .  86 ,  8 9 ) .

The c e l l  volume o f  Synechococcus sp .  can be c a l c u l a t e d  rough ly  by 

c o n s i d e r i n g  the  c e l l  t o  be a c y l i n d e r  capped by two hem is p h e re s .  The 

av e ra g e  d im ens ions  o f  such  c e l l s  a r e  a d i a m e te r  o f  0 .65  ym and a l e n g th  

o f  2 .5  ym. Each hem isphere  then  has  a r a d i u s  o f  0 .325  ym, and t h e  c y l ­

i n d e r  remain ing has a r a d i u s  o f  0 .325  ym and a l e n g th  o f  1.85 ym. T o ta l
3

volume amounts to  0 .758  ym , o r  0 .758  f 1. I f  one assumes an app rox im ate  

s p e c i f i c  d e n s i t y  o f  1 .05  p g / f l  f o r  th e  p ro to p la sm  encompassed,  c e l l  mass 

i s  v e ry  n e a r l y  800  fg .
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A t o t a l  c e l l u l a r  phosphorus v a ry in g  between 5 and 10 fg f o r  normal 

c e l l s  would be e q u i v a l e n t  t o  between 0 . 6  and 1.25% f r e s h  w e ig h t ,  o r  

between 1.56 and 3-12% f r e s h  w e ig h t  when e x p r e s s e d  as p h o s p h a te .  S u l f u r -  

d e f i c i e n t  c e l l s  which accum ula ted  40 fg t o t a l  phosphorus c o n t a i n e d  5% 

o f  t h e i r  w e igh t  a s  phosphorus  o r  12.8% as  p h o s p h a te .  When compared t o  

t h e  l a r g e - s i z e d  g r a n u l e s  s een  u l t r a s t r u c t u r a l l y ,  the  mass o f  phosphorus  

seems d e c e p t i v e l y  s m a l l .  However Smith e t  a l . (1954) o b t a i n e d  s i m i l a r  

r e s u l t s  w i th  c e l l s  o f  E n t e r o b a c t e r  (A e r o b a c t e r ) a e r o g e n e s . G ranu les  ?n 

s u l f u r - s t a r v e d  c e l l s  o c c u p ie d  up to  20% o f  c e l l  volume, bu t  t h e  p o ly ­

phospha te  measured  was l e s s  than  1% o f  t h e  dry  w e ig h t .

The i n t i m a t e  a s s o c i a t i o n  o f  po ly p h o sp h a te  and f i b r i l s  o f  n u c l e i c  

a c i d  (F ig .  27) r e p o r t e d  p r e v i o u s l y  in o t h e r  p r o k a r y o t i c  c e l l s  by Voelz 

e t  £l_. (1966) and J e n s e n  and Sicko  (1974) ,  may have some b e a r i n g  on th e  

a p p a r e n t  e a s e  by which pho sp h a te  is  exchanged between n u c l e i c  a c i d  and 

condensed  phospha te  w i t h i n  t h e  c e l l  (C o r r e l l  and T o l b e r t ,  1962; H a ro ld ,  

1963; Harold and Sy lvan ,  19 6 3 ) .

In microorgan isms  a r e c i p r o c i t y  o f  u p t a k e / a s s i m i l a t i o n  o f t e n  e x i s t s  

between th e  majo r an io n s  o r th o p h o s p h a t e  and s u l f a t e .  Leve ls  o f  t h e  d i f ­

f e r e n t  s u l f u r  f r a c t i o n s  i n c r e a s e d  in p h o s p h o r u s - d e f i c i e n t  c e l l s  o f  t h e  

g reen  a l g a  Scenedesmus (K yl in ,  1 9 6 4 a ,b ) ,  and in c e l l s  o f  th e  cyanobac­

t e r i u m  M ic r o c y s t i s  a e r u g i n o s a  an absence  o f  one an ion  le d  t o  a m e asu ra b le  

i n c r e a s e  in t h e  i n c o r p o r a t i o n  o f  t h e  o t h e r  (V o lad in ,  1970). The d i s c o v ­

e r y  t h a t  s u l f u r  d e f i c i e n c y  in c e l l s  o f  E n t e r o b a c t e r  ae ro g e n es  i n c r e a s e d  

p o ly p h o sp h a te  c o n t e n t  was made by Smith et_ aj_. (1954).  The phenomenon 

was f u r t h e r  i n v e s t i g a t e d  by Harold  (19 6 3 ) and Harold and Sylvan  (19 6 3 ) 

in E_. a e r o g e n e s , and by P ine  (1963) in E s c h e r i c h i a  c o l i . From t h e  sub­

s t a n t i a l  i n c r e a s e s  in s i z e  and number o f  p o ly p h o s p h a te  g r a n u l e s  r e v e a l e d
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in t h e  p r e s e n t  s t u d y ,  i t  i s  conc luded  t h a t  c e l l s  o f  t h e  p h o t o a u t o t r o p h i c  

Synechococcus sp .  respond t o  a d e f i c i e n c y  o f  s u l f u r  in a manner very  

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

t i g a t e d .

The r e c i p r o c i t y  o f  u p ta k es  between o r th o p h o s p h a t e  and s u l f a t e  is  

l i k e l y  due t o  a common t r a n s p o r t e r  (o r  t r a n s p o r t e r s )  o f  t h e s e  a n i o n s .

Both phospha te  and s u l f a t e  up takes  in c e l l s  o f  Synechococcus sp .  a r e  

e n e rg y -d e p e n d e n t  and c a r r i e r - m e d i a t e d ,  w i th  an optimum pH range between 

7 .5  and 8 . 5  (Fal kner  e t  a l . , 1974; Simonis et_ aj_. , 1974; U11 r i c h - E b e r  i us 

and Y ingcho l ,  1974; U tk i l e n  e t  a l . ,  1976; J e a n j e a n  and Broda,  1977).  

U tk i l e n  e t  a l . (1976) have found t h a t  s u l f a t e  up take  i s  c o m p e t i t i v e l y  

i n h i b i t e d  by s u l f i t e  and t h i o s u l f a t e .  Crompton e t  a l . (1975) have 

dem ons t ra ted  t h a t  t h e  d i c a r b o x y l a t e  c a r r i e r  o f  t h e  r a t  l i v e r  m i tochondr ion  

t r a n s p o r t s  phospha te  and s u l f a t e ,  as  wel l  as  s u l f i t e  and t h i o s u l f a t e .

In such a sys tem  t h e  b in d in g  o f  o r t h o p h o s p h a t e  and s u l f a t e  would be in ­

t e r d e p e n d e n t ,  t h e  one r ed u c in g  a f f i n i t y  f o r  t h e  o t h e r  by th e  c a r r i e r  

(Crompton et_ aj_ . , 1975),  and e x p l a i n i n g  a t  l e a s t  in p a r t  why a d e f i c i e n c y  

o f  one an ion  would markedly  i n c r e a s e  up take  o f  t h e  o t h e r .

P u b l i s h e d  e v id e n c e  has  n o t  u n e q u i v o c a l l y  d e te rm ine d  w h e th e r  adeno-  

s i n e - 5 " - p h o s p h o s u l f a t e  (APS) (Tsang and S c h i f f ,  1975) o r  a d e n o s i n e - 3 " -  

p h o s p h a t e - 5 " “ p h o s p h o s u l f a t e  (PAPS) (Schmidt ,  1977),  o r  b o th ,  s e r v e  f o r  

f u r t h e r  s u l f u r  r e d u c t io n  in s p e c i e s  o f  Synechococcus . However s u l f u r  o r  

phosphorus  d e f i c i e n c y  would e v e n t u a l l y  d im in i s h  fo rm a t io n  o f  APS and t h e  

n e x t  a c c e p t o r  in t h e  sequence  o f  s u l f u r  r e d u c t i o n .  In c e l l s  o f  C h l o r e l l a  

t h i s  a c c e p t o r  i s  ve ry  l i k e l y  g l u t a t h i o n e  (Schmidt ,  1972; Tsang and S c h i f f ,  

1978) ,  which may u l t i m a t e l y  c o n f i rm  t h e  s u g g e s t i o n  by Harold and Sylvan

(1963) f o r  t h e  invo lvement o f  o x i d i z e d  g l u t a t h i o n e  in t h e  c o n t r o l  o f  con-
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densed pho sp h a te  d e p o s i t i o n .  Not o n ly  i s  g l u t a t h i o n e  an im p o r tan t  com­

ponen t  in e u k a r y o t i c  c e l l s ,  b u t  a l s o  i t  has been shown by Fahey e t  a l . 

(1978) to  c o n s t i t u t e  a s u b s t a n t i a l  p r o p o r t i o n  o f  t h e  s o l u b l e  c e l l u l a r  

t h i o l  in most gram n e g a t i v e  b a c t e r i a ,  i n c lu d in g  t h e  cyanobac te r ium  Nostoe 

muscorum.

The f i r s t  s u g g e s t i o n  t h a t  c e l l s  o f  Synechococcus  s p .  were  l e s s  im­

m e d ia t e ly  s u s c e p t i b l e  t o  exogenous phosphorus  d e p l e t i o n  than  t o  t h a t  o f  

exogenous s u l f u r  was t h e  o b s e r v a t i o n  t h a t  p h o s p h o ru s -d e p r i v e d  c e l l s  

g e n e r a l l y  d id  not  become as  i n t e n s e l y  o r  as  q u i c k l y  c h l o r o t i c  as  d id  

s u l f u r - d e p r i v e d  o n e s .  Two e x p l a n a t i o n s  were  p o s s i b l e :  (a) t h e  c e l l s

were a d v e r s e l y  a f f e c t e d  p h y s i o l o g i c a l l y  by t h e  l o s s  o f  exogenous phos­

ph o ru s ,  b u t  d id  n o t  s u f f e r  r a p i d  c h l o r o s i s  s i n c e  u n l i k e  s u l f u r ,  phosphorus  

i s  n o t  a c o n s t i t u e n t  o f  t h e  p h o t o s y n t h e t i c  pigment p r o t e i n s ;  (b) t h e  c e l l s  

were n o t  immedia te ly  a f f e c t e d  p h y s i o l o g i c a l l y  because  an i n t e r n a l  phos ­

phorus r e s e r v o i r  e x i s t s  t o  o f f s e t  c o n d i t i o n s  o f  l i m i t i n g  phosp h o ru s .

That  such a phosphorus  r e s e r v o i r  i s  p o ly p h o s p h a te  was no t  unexpec ted .  

P h o r p h o r u s - d e p r i v e d  c e l l s  drawing upon t h i s  polymer would h a r d l y  be as 

m e t a b o l i c a l l y  im paired  as s u l f u r - d e p r i v e d  c e l l s  which ,  u s in g  t h e i r  phyco- 

b i l i p r o t e i n s  as a s u l f u r  s o u r c e ,  would reduce  t h e  p h o t o a u t o t r o p h i c  c ap a ­

c i t y .  The l i t e r a t u r e  p ro v id e s  a few examples o f  t h e  a p p a r e n t  u t i l i z a t i o n  

o f  p o ly p h o s p h a te  as an i n t e r n a l  phosphorus s o u r c e .  Baker and Schmidt

(1964) d em o n s t r a ted  a d e c r e a s e  in p o ly p h o s p h a te  o v e r  t e n  hours  in syn­

c h r o n o u s ly  grown c e l l s  o f  C h l o r e l l a  a b r u p t l y  d e p r iv e d  o f  exogenous phos ­

pho rus .  The immediate d e c l i n e  in t h e  c e l l u l a r  l e v e l  o f  t h e  polymer sug­

g e s t e d  use  v i a  c o n s t i t u t i v e  p h o s p h a t a s e s  o r  r e v e r s e d  p o ly p h o s p h a te  k i n a s e .  

S te w a r t  and Alexander  (1971) showed t h a t  n o t  on ly  does d e t e r g e n t  phos ­

phorus  r a p i d l y  i n c r e a s e  t h e  p o ly p h o s p h a te  c o n t e n t  o f  p h o s p h o r u s - s t a r v e d
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c e l l s  o f  Anabaena f l o s - a q u a e , b u t  a l s o  t h a t  such  c e l l s  can a s s i m i l a t e  

enough d e t e r g e n t  phosphorus  in a day t o  p e rm i t  a w eek ' s  growth  under  

p h o s p h o r u s - 1 im i t i n g  c o n d i t i o n s .

The t r i v i a l  o b s e r v a t i o n s  mentioned  above a r e  borne o u t  by F ig u re s  

36 and 37* P r e v i o u s l y  normal c e l l s  d ep r iv e d  o f  exogenous phosphorus  f o r  

a p e r io d  o f  s i x  days c o n t a i n e d  a 25% g r e a t e r  le ve l  o f  c h l o r o p h y l l  a ,  bu t  

100% g r e a t e r  l e v e l  o f  c - p h y c o c y a n i n , than  c e l l s  d ep r iv e d  o f  exogenous 

s u l f u r  f o r  a l i k e  d u r a t i o n .  I t  has been s u g g e s te d  t h a t  phycocyanin  

s e r v e s  as a r e s e r v e  f o r  both  s u l f u r  and n i t r o g e n  (Wolk, 1973).  F u r t h e r ­

more c e l l s  d e p r iv e d  o f  exogenous  s u l f u r  f o r  s i x  days ,  th e n  r e s t o r e d  to 

exogenous s u l f u r  s u f f i c i e n c y  bu t  exogenous phosphorus  d e f i c i e n c y ,  in 

t h r e e  days accum ula ted  l e v e l s  o f  c h l o r o p h y l l  a and c -ph y co c y an in  s l i g h t l y  

h i g h e r  than th o s e  o f  t h e  c o n t r o l  c e l l s  a t  t h e  beg in n in g  o f  t h e  r e s t o r a ­

t i o n  p e r i o d .  The s u b s e q u e n t  pigm ent l o s s e s  were  abou t  33% o f  peak v a l u e s ,  

b u t  l e v e l s  were  s t i l l  c o n s i d e r a b l y  h i g h e r  than  th o s e  o f  th e  phosp h o ru s -  

d e f i c i e n t  c o n t r o l  c e l l s  a t  th e  end o f  t h e  s i x - d a y  r e s t o r a t i o n  p e r i o d .

Taken t o g e t h e r  t h e  pigment and c e l l u l a r  phosphorus  l e v e l s  form a 

meaningfu l  p a t t e r n .  C e l l s  s t a r v e d  f o r  s u l f u r  f o r  s i x  days had c e l l u l a r  

phosphorus l e v e l s  t h r e e  t imes  t h a t  o f  n o n - s t a r v e d  c o n t r o l  c e l l s  (F ig u re  

39 ) ,  as  w e l l  as  p o ly p h o s p h a t e  i n c l u s i o n  g r a n u l e s  c o n s i d e r a b l y  i n c r e a s e d  

in s i z e  (F igu re s  22, 25, 2 6 ) .  During reco v e ry  c e l l u l a r  phosphorus  l e v e l s  

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

p r e s e n t l y  d e p r iv e d  o f  phosphorus  f e l l  r a p i d l y .  The p o r o s i t y  and d e c r e a s ­

ing s i z e  o f  th e  p o ly p h o s p h a t e  b o d ie s  in r e c o v e r i n g  c e l l s  s t r o n g l y  im p l ie s  

t h a t  the  polymer was be ing  h y d ro ly z e d  (F ig u re s  4 0 -5 5 ) .  Thus i t  can r e a ­

sonab ly  be conc luded  t h a t  t h e  v e ry  l a r g e  po lyphospha te  b o d ie s  induced by 

a p e r i o d  o f  s u l f u r  s t a r v a t i o n  c o n t r i b u t e  to  the  ma in tenance  a n d / o r  r e ­

covery  o f  th e  c e l l s  w h e th e r  exogenous phosphorus  i s  then  p r e s e n t  o r  n o t .
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The e f f e c t  o f  ch lo ram phen ico l  i s  n o t  a l t o g e t h e r  c l e a r .  C e r t a i n l y  

from t h e  s h o r t - t e r m  s t u d i e s  i t  can be shown t h a t  t h e  t r a n s p o r t e r  invo lved  

in r a p id  phospha te  up take  i s  l o n g - l i v e d .  In th e  l o n g - t e rm  s t u d i e s  r e ­

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

12 hours  w i th  10 ng/ml CAP d id  grow more s low ly  than  t h e i r  n o n - t r e a t e d  

c o u n t e r p a r t s ,  bu t  t h i s  e f f e c t  was l i k e l y  a g e n e ra l  one by th e  i n h i b i t o r  

o f  p r o k a r y o t i c  c e l l u l a r  p r o t e i n  s y n t h e s i s .  Recover ing  c e l l s  t r e a t e d  w i th  

CAP appea red  to  t a k e  up no exogenous o r t h o p h o s p h a t e  o v e r  the  s i x - d a y  

p e r io d  (F igu re  3 8 ) ,  whereas r e c o v e r i n g ,  n o n - t r e a t e d  c e l l s  (whose p o p u la ­

t i o n  numbers were o n ly  somewhat g r e a t e r )  d id  show o r t h o p h o s p h a t e  up take  

a f t e r  t h r e e  day s .  N on-s ta rved  c o n t r o l  c e l l s  t r a n s f e r r e d  to  f r e s h ,  com­

p l e t e  medium took  up an a p p r e c i a b l e  amount o f  o r th o p h o s p h a t e  o v e r  the  

e n t i r e  s i x - d a y  p e r i o d .

However when one c o n t r a s t s  t h e s e  r e s u l t s  w i th  Tab le  3 ,  i t  becomes 

a p p a r e n t  t h a t  a d i s c r e p a n c y  e x i s t s .  All  t h r e e  p o p u l a t i o n s  p rov ided  w i th  

exogenous phospha te  s u b s t a n t i a l l y  i n c r e a s e d  in c e l l u l a r  phosphorus  per  

ml s u s p e n s i o n ,  d e s p i t e  d e c r e a s e s  in c e l l u l a r  phosphorus  per  c e l l .  Accom­

panying in c r e a s e s  in c e l l u l a r  phosphorus  p e r  ml by p o p u l a t i o n s  d e p r iv e d  

o f  exogenous phospha te  were much l e s s ,  and in one c a s e  e x h i b i t e d  no i n ­

c r e a s e  w h a t s o e v e r .  For t h i s  r eason  one can r u l e  o u t  some prob lem w i th  

o b t a i n i n g  a t r u e  e s t i m a t i o n  o f  c e l l u l a r  phosphorus  by th e  method used ,  

which depends upon an i n i t i a l  o x i d a t i o n  o f  the  washed c e l l s  by l<2 S20g 

under  h e a t  and p r e s s u r e .  T h e r e f o r e  t h e  i n c r e a s e s  must have a r i s e n  from 

up take  o f  o r t h o p h o s p h a t e ,  d e s p i t e  t h e  la ck  o f  a concom i tan t  d e c r e a s e  in 

exogenous le ve l  in a l l  c a s e s .

In s p i t e  o f  the  e q u iv o c a l  r e s u l t s  in r e s p e c t  to  th e  l o n g - t e rm  e f f e c t  

o f  CAP on the  phospha te  t r a n s p o r t e r ( s ) , p o p u l a t i o n  growth d id  o c c u r ,  so
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the  c e l l s  had r e co v e re d  in o t h e r  ways.  A f t e r  a comparison o f  a l l  t h e  

d a t a  a t  hand,  i t  i s  conc luded  t h a t  r e c o v e r i n g  c e l l s  o f  Synechococcus sp .  

draw upon p o ly p h o s p h a te  as t h e i r  s o l e  o r  p r im ary  phosphorus  s o u r c e  f o r  

t h r e e  o r  f o u r  day s ,  then  s w i tch  o v e r  to  exogenous o r t h o p h o s p h a t e .  The 

c h o ic e  o f  phospha te  s o u r c e  would o f  c o u r s e  depend on th e  ene rgy  i n v e s t ­

ment r e q u i r e d  to  p r o c u r e  th e  a n i o n .

The l a r g e  p o ly p h o s p h a te  b o d ie s  r e s u l t i n g  from a p e r io d  o f  s u l f u r  

s t a r v a t i o n  r e p r e s e n t  both  a c o n v e n i e n t  and a mandatory  s o u rc e  o f  phos ­

p h a t e  f o r  c e l l u l a r  n e e d s ,  beca use  o f  th e  n e c e s s i t y  o f  r ed u c in g  th e  s i z e  

o f  t h e s e  voluminous  i n c l u s i o n s  t o  resume normal c e l l  s t r u c t u r e  and fu n c ­

t i o n .  The s i g n i f i c a n t l y  s m a l l e r  p o ly p h o s p h a te  b o d ie s  o f  normal c e l l s  

p ro v id e  f o r  a l e s s e r  p e r io d  o f  g r a c e  in r e c o v e ry ,  b u t  n o n e t h e l e s s  they  

r e p r e s e n t  a phosphorus  r e s e r v e  a g a i n s t  l i m i t i n g  p h o s p h a te .  Occas ions  o f  

phospha te  l i m i t a t i o n  in n a t u r a l  w a te r s  a r e  f a r  more f r e q u e n t  than  those  

o f ,  s a y ,  s u l f a t e ,  a g a i n s t  which l i t t l e  p r o t e c t i o n  i s  a f f o r d e d .

The o b l i g a t o r y  p h o to a u to t r o p h y  o f  s m a l l ,  u n i c e l l u l a r ,  and l i k e l y  

p r i m i t i v e  c y a n o b a c t e r i a  o f  t h e  " A n a c y s t i s  n i d u l a n s 11 v a r i e t y  s u g g e s t s  t h a t  

such organ ism s  a r e  most e f f i c i e n t l y  programmed t o  a c q u i r e  and a s s i m i l a t e  

i n o r g a n i c  i o n s .  I n i t i a l  i n v e s t i g a t i o n s  on th e  b iochem ica l  b a s i s  o f  such 

o b l i g a t e  a u t o t r o p h y  were  performed by Smith e t  a l . (1967 ) ,  and f u r t h e r  

s t u d i e s  have been done s i n c e  t h a t  t ime.

Severa l  n o n - s u l f u r  amino a c i d s  a r e  taken  up by s p e c i e s  o f  the  

Synechococcus type  (Maclean e t  a l . ,  1965; 1ngram e t  a l . ,  1972; S in g e r  and 

D o o l i t t l e ,  1975; Kaney and J h a b v a l a ,  1975) ,  and a m e t h i o n i n e - r e q u i r i n g  

mutant  o f  A. n i d u l a n s  has been i s o l a t e d  (Delaney £t_ a K , 1973) ,  so  i t  

ap p e a r s  no b a r r i e r  e x i s t s  to  amino a c i d  t r a n s p o r t  i n t o  t h e s e  cy a n o b a c te -
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r i a l  c e l l s .  The p a t t e r n  o f  s u l f u r  amino a c i d  u t i l i z a t i o n  in th e  p r e s e n t  

s tu d y  in  no way c o n t r a d i c t s  t h i s  i m p r e s s i o n .  For example,  t h a t  an 

" e x o t i c "  amino a c i d  such  as  L - d j e n k o l a t e  s e r v e s  as a s o l e  s u l f u r  s o u r c e ,  

w h i l e  the  commonly o c c u r r i n g  L -m eth ion ine  c a n n o t ,  makes a b a r r i e r  e x p l a n ­

a t i o n  very  u n l i k e l y .

The s h o r t c h a i n  o r g a n o s u l f u r  compounds t e s t e d  a r e  shown in F ig u re  93- 

Those s e r v i n g  as s o l e  s u l f u r  s o u r c e s  — L - c y s t i n e ,  D L - l a n t h i o n i n e ,  L- 

d j e n k o l i c  a c i d ,  and g l u t a t h i o n e  (F ig u re s  56-59,  6 5 , 67,  76-79) — have 

in common a p o t e n t i a l  L - c y s t e i n e  m o ie ty .  Both o f  th e  known c y s t a t h i o -  

n a s e s ,  E.C. 4 . 4 . 1 . 1  and 4 . 4 . 1 . 8 ,  p ro b a b ly  a r e  s p e c i f i c  f o r  c y s t e i n e  o r  a 

c l o s e  d e r i v a t i v e  as a p o i n t  o f  a t t a c k  ( B r in k l e y ,  1950; C a v a l l i n i  e t  a l . ,  

I960; F l a v i n ,  1962; Greenberg  e t  a l . ,  1964; D e la v i e r -K l u tc h k o  and F l a v i n ,  

1965a; G io v a n e l l i  and Mudd, 1971)-  The speed  and e f f i c i e n c y  o f  enzym at ic  

c l e a v a g e  vary  among o r g a n o s u l f u r  s u b s t r a t e s  and a l s o  among m i c r o b i a l  

s p e c i e s .  Such v a r i a n c e s  most  l i k e l y  u n d e r l i e  t h e  d i f f e r e n c e s  in  t h e  con­

c e n t r a t i o n s  r e q u i r e d  t o  p e rm i t  normal growth and morphology in c e l l s  o f  

Synechococcus sp .

The enzyme p r e s e n t  in h e t e r o t r o p h i c  p r o k a r y o te s  such  as E s c h e r i c h i a  

c o l i  and S a lm one l l a  t y p himurium is  L - c y s t a t h i o n i n e - 8 - l y a s e ,  E.C.  4 . 4 . 1 . 8  

(Wijesundera  and Woods,- 1962; D e la v i e r - K l u t c h k o  and F l a v i n ,  1 9 6 5 a ,b ) .

The p re s e n c e  o f  t h i s  enzyme in c e l l s  o f  Synechococcus s p .  i s  i n f e r r e d  

w i th  c o n f id e n c e  b ec a u se :  (a) n e i t h e r  L-m eth ion ine  nor  DL-homocystine was

a b l e  t o  a c t  as  a s o l e  s u l f u r  s o u rc e  (F ig u re s  56-59,  6 8 -7 1 ) ,  whereas  L- 

c y s t i n e  was a b l e  t o  do so (F ig u re s  57,  59, 76, 77) ;  (b) L - c y s t a t h i o n i n e ,  

a l th o u g h  promot ing a g r e a t e r  t ime d i f f e r e n t i a l  in t h e  o n s e t  o f  i n c r e a s e d  

p h o s p h a te  acc u m u la t io n  a s  a f u n c t i o n  o f  exogenous l e v e l  (F igu re  8 I ) ,  

c l e a r l y  was unab le  t o  p r o v id e  f o r  g e n e ra l  c e l l u l a r  s u l f u r  r e q u i r e m e n t s



F ig u re  93- The su g g e s te d  scheme f o r  a u n i d i r e c t i o n a l  t r a n s s u l f u r a t i o n  

in c e l l s  o f  Synechococcus  s p . ,  i n c l u d i n g  th e  s t r u c t u r e s  o f  a l l  p o t e n t i a l  

o r g a n i c  s u l f u r  s o u rc e s  t e s t e d .  S k e l e to n s  in red  d e n o te  e i t h e r  L - c y s t e i n e ,  

c y s t e i n y l  m o i e t i e s ,  o r  somewhat l a r g e r  r e s i d u e s  h yd ro lyzed  by c y s t a t h i o -  

nase  which decompose s p o n ta n e o u s l y  t o  y i e l d  L - c y s t e i n e .  Both L - c y s t e i n e  

and L-m eth ion ine  a r e  r e q u i r e d  in t h e  s y n t h e s i s  o f  c e l l u l a r  p e p t i d e s  and 

p r o t e i n s .
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a t  p h y s i o l o g i c a l  c o n c e n t r a t i o n s  (F ig u re s  8 6 -8 8 ) .

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

t i o n ,  from L - c y s t e i n e  to  L -m e th io n in e ,  as  o ccu r s  in h e t e r o t r o p h i c  p ro ­

k a r y o t e s  (Datko et^ £ l_ . , 197^b,  1977; F l a v i n ,  1975) and th e  p h o to a u to -  

t r o p h i c  e u k a ry o t e  (green  a l g a ) ,  C h l o r e l l a  s o r o k i n i a n a  (G io v a n e l l i  e t  a l . ,  

1978).  C o n t r a s t e d  t o  v a l u e s  o b t a i n e d  w i th  c e l l s  grown w i th  z e ro  exogen­

ous s u l f u r ,  L - c y s t a t h i o n i n e - g r o w n  c e l l s  e x h i b i t e d  tw ice  the  growth (F ig u re  

8 0 ) ,  accumula ted  ab o u t  65% th e  t o t a l  phosphorus  (F igu re  8 1 ) ,  and in the  

ca s e  o f  th o s e  grown w i th  2.31 mM L - c y s t a t h i o n i n e ,  s t i l l  r e t a i n e d  a r a t h e r  

normal morphology a f t e r  1 ^  hours  (F ig u re s  88,  8 9 ) .  T h e r e f o re  i t  i s  v e ry  

l i k e l y  t h a t  a small  b u t  c o n s t a n t  amount o f  t h e  p i v o t a l  compound, L - c y s t a -  

t h i o n i n e ,  i s  t r a n s s u l f u r a t e d  t o  L - c y s t e i n e .

The reason  f o r  t h i s  pa radox  l i e s  in the  la ck  o f  a b s o l u t e  s p e c i f i c i t y  

o f  a t  l e a s t  some c y s t a t h i o n i n e - m e t a b o l i z i n g  enzymes. Guggenheim and 

F la v in  (1969) de te rm ined  t h a t  c y s t a t h i o n i n e - y - s y n t h a s e  (E.C.  4 . 2 . 9 9 - 9 )  

from S a lm one l la  c e l l  e x t r a c t  c a t a l y z e s  n o t  o n ly  a y - r e p l a c e m e n t  by L- 

c y s t e i n e  o f  th e  s u c c in y l  moie ty  o f  O - s u c c in y l -L -h o m o s e r in e  to  form L- 

c y s t a t h i o n i n e , bu t  a l s o  s low y -  and g - e l i m i n a t i o n s  on L - c y s t a t h i o n i n e  to  

y i e l d ,  r e s p e c t i v e l y ,  L - c y s t e i n e  and L-h om ocys te ine .  The enzyme thus  seems 

e f f i c i e n t  f o r  c a r r y i n g  o u t  a g e n e r a l  base  a t t a c k  on an amino a c i d  13- 

hydrogen .

U l t r a s t r u c t u r a i l y ,  in a d d i t i o n  t o  t h e  obv ious  d e p o s i t i o n  o f  i n c r e ­

m enta l  condensed  phospha te  and g e n e ra l  c y t o p la s m i c  d e g e n e r a t i o n ,  s u l f u r -  

d e p l e t e d  c e l l s  underwent a t r a n s i e n t  l e n g th e n in g  (two to  t h r e e  t imes  t h a t  

o f  normal c e l l s )  and na r ro w in g .  With t im e  and p a r t i c u l a r l y ,  f r e s h  medium, 

even i f  s u l f u r - f r e e ,  t h e  c e l l s  r e t u r n e d  to  t h e i r  former  c o n f i g u r a t i o n .  

C onsequen t ly  t h e  mass/volume c a l c u l a t i o n s  made e a r l i e r  a r e  a p p l i c a b l e  when
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compar ing  c e l l s  grown w i t h  0 .3 1  mM s u l f a t e  and z e r o  s u l f u r ,  bu t  on ly  

d u r in g  th e  second s i x - d a y  p e r i o d ,  when th e  s u l f u r - d e f i c i e n t  c e l l s  had 

r e v e r t e d  t o  c o n t r o l  s i z e .

I t  i s  concluded  t h a t  the  A n a c y s t i s  n i d u l a n s  s t r a i n  o f  Synechococcus  

is  c a p a b le  o f  u t i l i z i n g  c e r t a i n  s h o r t c h a i n  o r g a n o s u l f u r  m olecu le s  as  a 

s o u r c e  f o r  c e l l u l a r  s u l f u r  n e e d s ,  and thus  does d e m o n s t r a te  a l i m i t e d  

h e t e r o t r o p h i c  c a p a c i t y .  S u l f a t e  c o n t a m in a t io n  o f  t h e  amino a c i d s  can be 

r u l e d  o u t ,  as  m a n u f a c t u r e r s '  s p e c i f i c a t i o n s  i n d i c a t e d  t h e  h i g h e s t  contam­

i n a t i o n  was 0.055%, o c c u r r i n g  in n o n - s e r v i n g  L -m e th io n in e .  P ro longed  

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

s u l f a t e d  n u c l e o s i d e  p h o s p h a te s  o r  enzyme s u l f h y d r y l  groups  o r  c y s t e i n e /  

c y s t i n e  components in t h e  g e n e r a l  p r o t e i n  p o p u l a t i o n ,  induces a marked 

i n c r e a s e  in o r th o p h o s p h a t e  u p t a k e ,  condensed  p h o s p h a te  d e p o s i t i o n ,  and 

t h e  s i z e  and number o f  p o ly p h o s p h a t e  i n c l u s i o n  b o d i e s .

D e s p i t e  i n i t i a l  e v i d e n c e  from g l u t a r a l d e h y d e - f i x e d  c e l l s  t h a t  l a rg e  

p o ly p h o s p h a te  bod ie s  induced  by s u l f u r  s t a r v a t i o n  d i f f e r e d  in t h e i r  phos­

phorus  : c a l c iu m  r a t i o  from s m a l l e r  ones  o f  normal c e l l s ,  x - r a y  energy  

d i s p e r s i v e  a n a l y s i s  o f  a i r - d r i e d  specimens  i n d i c a t e d  no fundamenta l  d i f ­

f e r e n c e s  e x i s t  between the  p o ly p h o s p h a te  b o d ie s  from th e s e  two s o u r c e s .  

Both e x h i b i t e d  a s t r o n g  phosphorus  component ,  as  w e l l  as  e i t h e r  a moder­

a t e l y  s t r o n g  ca lc ium  o r  p o ta s s iu m  peak (F ig u re s  9 0 - 9 2 ) .  The dichotomy 

th u s  a p p ea r s  to  be between th e  c a l c iu m  v e r s u s  p o ta s s iu m  c o n t r i b u t i o n  in 

b o d ie s  from d i f f e r e n t  i n d i v i d u a l  c e l l s ,  r a t h e r  than  between bod ie s  from 

s u l f u r - d e f i c i e n t  and s u l f u r - s u f f i c i e n t  c e l l s .

Rosenberg (1966) d e te rm in e d  by chemica l  means t h a t  p o ly p h o s p h a te  

b o d ie s  i s o l a t e d  from c e l l s  o f  t h e  hymenostome c i l i a t e ,  Tet rahymena p y r i -
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f o r m i s , c o n s i s t e d  o f  a calcium-magnesiurn pyro phospha te  complex. Coleman 

e t  £l_. (1972) su b m i t ted  po lyphospha te  bod ies  from t h i s  p ro tozoon  to  e l e c ­

t ro n  probe  a n a l y s i s  and found two d i s t i n c t  types  o f  g r a n u le s  on the  b a s i s  

o f  c a l c iu m  : phosphorus and magnesium: phosphorus r a t i o s  (po tas s ium  was 

, the l e a s t  v a r i a b l e  c o n s t i t u e n t ) .  As w i th  th e  p a t t e r n  r e p o r t e d  above in 

Synechococcus s p . , a s i n g l e  g r a n u l e  type  o c c u r r e d  pe r  in d i v id u a l  c e l l .  

N i l s son  and Coleman (1977) dem ons t r a ted  t h a t  c a l c i u m - r i c h  g r a n u le s  from 

Tetrahymena c e l l s  were membrane-bounded,  and the  c a t i o n  was p r e s e n t  in an 

a p a t i t e - l i k e  a r r a y .

Very s i m i l a r  com bina t ions  a r i s e  among p h o t o a u t o t r o p h i c  c e l l s .  Fuhs 

(1969),  u s in g  i n t e r f e r e n c e  microscopy ,  r e p o r t e d  t h a t  po lyphospha te  bod ies  

from O s c i l l a t o r i a  b o r n e t i  and Anabaena c y l i n d r i c a  were i d e n t i c a l  to  syn­

t h e t i c  po ta ss iu m  p o ly p h o s p h a te .  Pever 1 y e_t a_l_. (1978) de te rmined  t h a t  

p o lyphospha te  in C h l o r e l l a  p y reno idosa  was most i n t i m a t e l y  a s s o c i a t e d  

with  p o ta ss ium ,  and l j t t l e  o f  t h e  polymer formed when po ta ss ium  was ab­

s e n t .  Omission o f  ca lc ium  o r  magnesium did  n o t  b r in g  about  a l i k e  e f f e c t .  

On th e  o t h e r  hand in a n a l y z in g  p o lyphospha te  bod ies  o f  g l u t a r a l d e h y d e -  

f i x e d  and s e c t i o n e d  c e l l s  o f  Plectonema boryanum by SEM and x - r a y  e n e rg y  

a n a l y s i s ,  Sicko-Goad e t  a l . (1975) found a s i g n i f i c a n t  ca lc ium  peak in 

a d d i t i o n  t o  t h a t  o f  phosphorus .  Kessel  (1977) ,  u s in g  a TEM-based sys tem ,  

f a i l e d  to  show any c a t i o n i c  c o n t r i b u t i o n  w ha tsoeve r  in bod ie s  w i t h i n  s i m i ­

l a r l y  p r e p a re d  c e l l s  o f  th e  very  same organ ism .

S ince  po lyphospha te  i s  a p o l y a n i o n i c  and s t r o n g l y  b a s o p h i l i c  sub­

s t a n c e ,  an a s s o c i a t i o n  w i th  c a t i o n i c  s p e c i e s  i s  to  be e x p e c te d .  The 

reason  f o r  th e  d i f f e r e n c e s  in t h e  p r e v a l e n t  c a t i o n  p r e s e n t ,  po ta ss ium ,  

ca lc ium ,  o r  magnesium, i s  y e t  unde te rm ined .  Very l i k e l y  i t  w i l l  in time 

be shown t o  be a v a r i a t i o n  on th e  same fundamental  s t r u c t u r e .



SUMMARY

Maximum p h o s p h a te  a c c u m u la t io n  d u r in g  r a p id  u p ta k e  i n t o  phosphorus-  

d e p l e t e d  c e l l s  o f  t h e  u n i c e l l u l a r  c y a n o b a c te r iu m ,  Synechococcus s p .  

(A n a c y s t i s  n i d u l a n s ) ,  o c c u r r e d  in t h e  pH 7 - 5~8.5  r ange .  As shown both  

c h e m ic a l ly  and u l t r a s t r u c t u r a l l y , o v e r n i g h t  exposu re  t o . 10 pg/ml c h l o r ­

amphenicol  had no immediate e f f e c t  on e i t h e r  u p ta ke  o r  d e p o s i t i o n ,  sug­

g e s t i n g  l o n g - l i v e d  p r o t e i n  m o lecu le s  a r e  invo lved  in both  p r o c e s s e s .

A d e c r e a s e  in  exogenous s u l f a t e  l e v e l  i n c r e a s e d  o r t h o p h o s p h a t e  up­

t a k e  and condensed p h ospha te  d e p o s i t i o n ,  thus  o f f e r i n g  an e f f e c t i v e  

means to  i d e n t i f y  t h o s e  s u l f u r - c o n t a i n i n g  s u b s t a n c e s  which would s a t i s f y  

a l l  c e l l u l a r  s u l f u r  r e q u i r e m e n t s ,  w h i l e  a t  the  same t ime o b v i a t i n g  t h e
2-

well  known d i f f i c u l t i e s  i n h e r e n t  in s u l f u r  b i o c h e m i s t r y .  S u l f a t e  (S0^ ) ,

2“  2™  t h i o s u l f a t e  ($2^3  anc* metahi su l  f  ? t e  (52^^ ) were f o r  a l l  pu rposes

o f  th e  same f a c i l i t y  in s e r v i n g  as a s u l f u r  s o u r c e .  Some s u l f u r  amino

a c i d s  and an o l i g o p e p t i d e  a l s o  s e r v e d ,  which w i l l  be rev iewed s h o r t l y .

C e l l s  s u b j e c t e d  t o  phosphorus  s u f f i c i e n c y / s u l f u r  d e f i c i e n c y  took up 

much o r t h o p h o s p h a t e  and e l a b o r a t e d  m ass ive  p o ly p h o s p h a te  bod ie s  (con­

f i rm ed  by e l e c t r o n  m ic ro s c o p y ) ,  which then  s e rv e d  as pho sp h a te  r e s e r v o i r s  

when th e  c e l l s  were  s h i f t e d  to  s u l f u r  s u f f i c i e n c y / p h o s p h o r u s  d e f i c i e n c y .  

Contro l  c e l l s  s u f f e r e d  a g e n e ra l  p igment d e c l i n e  and c y t o p la s m i c  d e t e r i ­

o r a t i o n  w i t h i n  24 h o u r s ,  bu t  c e l l s  p r e v i o u s l y  s t a r v e d  f o r  s u l f u r  r e ­

c overed  and were a b l e  t o  s u r v i v e  in t h e  a b s en ce  o f  exogenous phosphorus 

f o r  t h r e e  o r  f o u r  d ay s .  I f  exogenous p h o s p h a te  was p r o v id e d ,  such  r e ­

covery  was com ple te .

By th e  means d e s c r i b e d  p r e v i o u s l y  a l i m i t e d  a b i l i t y  f o r  h e t e r o t r o p h y  

was r e v e a l e d .  S h o r t c h a i n  o r g a n o s u l f u r  compounds, L - c y s t i n e ,  L - d j e n k o l i c  

a c i d ,  D L - l a n t h io n in e ,  and g l u t a t h i o n e ,  s e rv e d  as s o l e  s u l f u r  s o u r c e s ,

166



167

whereas L - c y s t a t h i o n i n e ,  DL-homocystine,  L -m e th io n in e ,  L - c y s t e i c  a c i d ,  

and t a u r i n e  were no t  c a p a b le  o f  doing s o .  Such a p a t t e r n  i s  c o n s i s t e n t  

w i th  a u n i d i r e c t i o n a l  t r a n s s u l f u r a t i o n  from L - c y s t e i n e  t o  L -m e th ion ine ,  

as  has been de m o n s t r a te d  in h e t e r o t r o p h i c  b a c t e r i a  and g reen  p l a n t s ,  and 

i t  i s  i n f e r r e d  t h a t  t h e  k ey s to n e  enzymes a r e  L - c y s t a t h i o n i n e - y - s y n t h a s e  

(E.C. 4 . 2 . 9 9 - 9 )  and L - c y s t a t h i o n i n e - f 3 - l y a s e  (E.C. 4 . 4 .  1 . 8 ) .

I t  i s  f u r t h e r  s u g g e s te d  t h a t ,  in-common w i th  o t h e r  p r o k a r y o t e - 1ike 

sys tems s t u d i e d  r e c e n t l y ,  th e  o r th o p h o s p h a t e  and s u l f a t e  an io n s  a r e  taken  

i n t o  t h e  c y a n o b a c t e r i a l  c e l l  by the  same p o r t e r  m o l e c u l e ( s ) .  The absence  

o f  one an ion  would s u b j e c t  the  system to  in p u t  o v e r lo a d  by th e  o t h e r .  

However such an o v e r lo a d  would be r e l i e v e d  o r  p r e c l u d e d  by an a l t e r n a t e  

( e . g .  o r g a n i c )  s o u r c e  o f  th e  m i s s in g  a n io n .



NOTE ADDED IN  PROOF

Using e x t r a c t  from bean h y p o c o t y l s ,  DeSanti s  e t  a K  (1976) d e t e r ­

mined t h a t  i n t r a m i t o c h o n d r i a l  s u l f a t e  t r a n s p o r t  in exchange w i th  e x t e r n a l  

s u l f a t e ,  s u l f i t e ,  p h o s p h a te ,  and d i c a rb o x y l  a t e s  is  c a t a l y z e d ,  as  in th e  

r a t  l i v e r  m i to c h o n d r io n ,  by th e  d i c a r b o x y l a t e  c a r r i e r .  On t h e  o t h e r  hand 

Abou-Khal i l  and Hanson (1979) have r e p o r t e d  t h a t  e n e r g y - 1inked s u l f a t e  in
p

i s o l a t e d  co rn  m i to c h o n d r i a  is  v i a  t h e  p h o s p h a te  t r a n s p o r t e r .  In e i t h e r  

e v e n t  t h e s e  s t u d i e s  p r o v id e  f u r t h e r  p ro o f  t h a t  th e  s u l f a t e  and phospha te  

a n io n s  a r e  c a r r i e d  a c r o s s  membrane b a r r i e r s  by t h e  v e ry  same p o r t e r  mole­

c u l e s .

D eS an t i s ,  A . ,  A r r i g o n i ,  0 . ,  and P a l m i e r i ,  F. 1976. C a r r i e r - m e d i a t e d  
t r a n s p o r t  o f  m e t a b o l i t e s  in p u r i f i e d  bean m i t o c h o n d r i a .  P l a n t  Cel l  
P h y s i o l .  \J i  1221-1233.

A bou-K ha l i l ,  S. and Hanson,  J .  B. 1979* E n e r g y - 1inked s u l f a t e  u p ta k e  by 
corn m i to c h o n d r i a  v i a  t h e  p h o s p h a te  t r a n s p o r t e r .  P l a n t  P h y s i o l .  6 3 : 
635-638.
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APPENDICES

Appendix A

Composit ion of  th e  c u l t u r e  medium des igned  by Hughes et_ aj_. (1958) ,  modi­

f i e d  by A l le n  (1968) ,  and m od i f ied  a g a i n  by Lawry:

g /1 i  t e r

NaN03 1.50

K2P°i, 0 .0 3 9 -0 .0 5 6

MgS0^-7H20 0.077
Na2C03 0.05
CaCl2 0 .027
Na2S i 0 3‘9H20 0.058

Na2EDTA . 0.001

Ci t r i e  a c i d 0 .006

Fe c i t r a t e 0.006

M icroelements 1 m l / l i t e r

>elements ( s u l f u r - f r e e )

g /1 i  t e r
h3bo3 2.86
MnCK-A H.O 1.81

Z n C , 0 .105
Na2Mo0^"2 H20 0.391
cu (no3) 2 -3 h2o 0.0765
co(no3) 2 -6 h2o o .o k s k

Add 1 g / l i t e r  g l y c y l g l y c i n e  and a d j u s t  to  pH 8.3*

Appendix B

Reagents  and p r e p a r a t i o n  f o r  th e  Murphy-Riley o r th o p h o s p h a t e  d e t e r m in a ­

t i o n  (Murphy and R i l e y ,  1962):

(a) 5N s u l f u r i c  a c i d  — d i l u t e  70 ml c o n c e n t r a t e d  H2S0^ to  500 ml

(b) ammonium molybdate  — d i s s o l v e  20 g (NH^J^Mo^O^*^ H20 and d i l u t e  t o  

500 ml

(c) p o ta ss ium  antimony 1 t a r t r a t e  — d i s s o l v e  0 .5^86  g KSbC^H^O^-J H20 and

1 6 9
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200 ml (I mg/ml Sb)

(d) 0.1 M a s c o r b i c  a c i d  ( f r e s h l y  made on day o f  use) - -  d i s s o l v e  1 .32  g 

a s c o r b i c  a c i d  and d i l u t e  t o  75 nil 

Mix th o ro u g h ly  r e a g e n t s  a ,  b,  c ,  d in th e  v o l u m e t r i c  p r o p o r t i o n s  1 0 : 3 : 1 : 6 .  

The working s o l u t i o n  keeps  f o r  24 h o u r s .  Whenever i t  i s  n e c e s s a r y  to  

make up new s u l f u r i c  a c i d  r e a g e n t ,  a s t a n d a r d  curve  must be run .  This  

can be done c o n v e n i e n t l y  by d i s s o l v i n g  0 .1757  g ^ 2*^4  anc* d i l u t i n g  t o  

one l i t e r  (= 40 pg/ml phosphorus  as o r t h o p h o s p h a t e ) .  A r e l i a b l e  s t a n d a r d  

cu rve  i s  g e n e r a t e d  in t h e  0 . 0 5 - 0 . 8  ml range  u s in g  t h i s  s t o c k  s o l u t i o n .

Appendix C

Reagents  and p r e p a r a t i o n  f o r  the  M i c h a e l i s - b u f f e r e d  f i x a t i v e :

(a)  s t o c k  M ic h a e l i s  b u f f e r  — d i s s o l v e  1-94 g sodium a c e t a t e ,  2 .9 4  g 

sodium b a r b i t a l ,  and 3-4 g NaCl and d i l u t e  t o  100 ml

(b) \% B a c t o t r y p to n e  s o l u t i o n  — d i s s o l v e  1 g B a c t o t r y p to n e  and 0 . 5  g 

NaCl and d i l u t e  to  100 ml

(c) M ic h a e l i s  working  b u f f e r  — mix th o ro u g h ly  5 ml s t o c k  M ic h a e l i s  b u f ­

f e r ,  2 ml 0.1 N HC1, 18 ml dH20,  and 0 .2 5  ml 1 M CaCl2 ; a d j u s t  to  pH 

8.0

D i l u t e  t h e  f i n a l  work ing  b u f f e r  1:1 w i th  2% OsO^, and add 0.1 ml Bac to­

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