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ABSTRACT

T r a n s p o r t  and M e ta b o l i c  S t u d i e s  i n  Two A r t h r o b a c t e r  Spec ie s

by

Susan L. Lev inson  

A d v i s o r :  Dr. T e r ry  Ann Krulwich

A r t h r o b a c t e r  p y r i d i n o l i s  cou ld  use o n ly  two s u g a r s ,  D - f r u c t o s e  and 

L-rhamnose,  when p r e s e n t  a s  s o l e  c a rbon  s ou rce  i n  t h e  growth  medium. 

P r e v io u s  s t u d i e s  de te rm ine d  t h a t  D - f r u c t o s e ,  when p r e s e n t  a s  s o l e  c a rbon  . 

s o u r c e ,  was t r a n s p o r t e d  by a p h o s p h o e n o l ( P E P ) : D - f r u c to s e  phospho­

t r a n s f e r a s e  sys tem. A l t e r n a t i v e l y ,  D - f r u c t o s e  cou ld  be t r a n s p o r t e d  

by a r e s p i r a t i o n - c o u p l e d  sys tem w i t h  co n c o m i ta n t  o x i d a t i o n  o f  L - m a l a t e .

In  o r d e r  t o  e l u c i d a t e  the  mechani'sm o f  t r a n s p o r t  o f  L - rh a a n o s e  i n  t h i s  

b a c t e r i u m ,  t r a n s p o r t  s t u d i e s  were conduc ted  in  whole c e l l s  and v e s i c l e s  

o f  t h e  w i ld  type  and m u ta n t  s t r a i n s .  PEP:hexose p h o s p h o t r a n s f e r a s e -  

n e g a t i v e  m u ta n t s  o f  A^ p y r i d i n o l i s  f a i l e d  t o  grow on L-rhamnose.  A l ­

though PEP:Lrhamnose p h o s p h o t r a n s f e r a s e  a c t i v i t y  cou ld  n o t  be c o n s i s t e n t l y  

de m ons t ra ted  i n  e x t r a c t s  o f  rhamnose-grown c e l l s ,  low l e v e l s  o f  PEP- 

dependen t  up take  o f  L-rhamnose were found u s in g  i s b l a t e d  membrane 

v e s i c l e s  from rhamnose-grown c e l l s .  Th i s  up take  was n o t  i n h i b i t e d  

by u n c o u p l in g  a g e n t s  o r  an i n h i b i t o r  o f  t h e  r e s p i r a t o r y  c h a i n .  Phos ­

p h o t r a n s f e r a s e - n e g a t i v e  m u ta n t s  c ou ld  grow on L-rhamnose i f  L -m a la te  

was a l s o  p r e s e n t  i n  the  medium. L-Mala te  and s u c c i n a t e  caused a 

f i v e - f o l d  s t i m u l a t i o n  o f  t h e  r a t e  o f  L-rhamnose u p take  i n  membrane

v e s i c l e s  o v e r  t h a t  obse rved  in  t h e  absenc e  o f  a d d i t i o n s .  L -M ala te -
~6dependen t  L-rhamnose u p take  had a Kjjj f o r  L-rhamnose o f  2 . 9  x 10 M.

I t  was i n h i b i t e d  by u n c o u p l in g  a g e n t s ,  i n h i b i t o r s  o f  t h e  r e s p i r a t o r y  

c h a i n ,  and s u l f h y d r y l  r e a g e n t s .



The f in d in g  t h a t  th e r e  e x is t e d  in  A. p y r i d i n o l i s  two sy stem s f o r  

th e  t r a n s p o r t  o f  L -rham nose r a i s e d  a  p rob lem  a s  t o  how L-rham nose was 

m e ta b o liz e d  i n  t h i s  o rg a n ism . The r e s p i r a t io n - c o u p le d  L-rham nose t r a n s ­

p o r t  system  cau sed  a c c u m u la tio n  o f  f r e e  rham nose w i th in  th e  c e l l .  The 

PEP:L-rham nose p h o s p h o tra n s fe ra s e  sy s te m , on th e  o th e r  h a n d , caused  up­

ta k e  and a c c u m u la tio n  o f  th e  compound a s  rham nose 1 -p h o sp h a te , I t  was 

found t h a t  A. p y r i d i n o l i s  c o n ta in e d  an  in d u c ib le  L-rham nose iso m erase  

and L -rh a m n u lo k in a se , a s  w e l l  a s  a  c o n s t i t u t i v e  L -rham nulose  1 -p h o sp h a te  

a ld o la s e  f o r  th e  m e tab o lism  o f  f r e e  L-rham nose accu m u la ted  by th e  r e s ­

p i r a t io n - c o u p le d  t r a n s p o r t  sy s te m . In  a d d i t i o n ,  i t  was found t h a t  A. 

p y r id i n o l i s  c o n ta in e d  a  L-rham nose 1 -p h o sp h a te  p h o s p h a ta s e , w hich  c le a v e d  

th e  L-rham nose 1 -p h o sp h a te  p roduced  by th e  p h o s p h o tr a n s fe ra s e  sy stem  to  

f r e e  L -rham nose. M utan ts  la c k in g  t h i s  enzyme e x h ib i te d  se v e re  i n h i b i t i o n  

o f  g row th  i n  th e  p re se n c e  o f  L -rham nose p lu s  any o f  a  v a r i e t y  o f  c a rb o n  

s o u rc e s ,  p resum ab ly  due to  a c c u m u la tio n  o f  to x ic  l e v e l s  o f  L-rham nose

1 -p h o sp h a te  w i th in  th e  c e l l .  T h u s , i t  was co n c lu d ed  t h a t  m etab o lism  o f  

L -rham nose t r a n s p o r te d  by th e  p h o s p h o tr a n s fe ra s e  sy s tem  o c c u rre d  by 

c le a v a g e  o f  L -rham nose 1 -p h o sp h a te  to  f r e e  L-rham nose by a  p h o s p h a ta s e . 

M etabo lism  o f  th e  f r e e  L-rham nose a c cu m u la ted  by b o th  sy s tem s th e n  p ro ­

ceeded  by th e  fo llo w in g  sequence  o f  r e a c t i o n s :  L-rham nose )  L-

r h a m n u lo s e - ^ L - r h a m n u lo s e  1 - p h o s p h a te  >  d ih y d ro x y a c e to n e  p h o sp h a te

+ L - la c ta ld e h y d e .  The l a t t e r  th r e e  s te p s  resem b le  th o s e  w hich  o c c u r  in  

E . c o l l .

A p o ly p h o sp h a te  k in a s e  was p u r i f i e d  more th a n  7 0 0 -fo ld  from  

A r th ro b a c te r  a t r o c y a n e u s . P u r i f i c a t i o n  was acco m p lish ed  by ammonium 

s u l f a t e  p r e c i p i t a t i o n ,  D E A E -cellu lose  c h ro m a to g rap h y , and Sephadex G-200 

g e l  f i l t r a t i o n .  T h is  enzyme c a ta ly z e d  th e  i n c o r p o r a t io n  o f  th e

i v



y -p h o sp h a te  o f  ATP i n t o  long  c h a in  po lym ers o f  in o rg a n ic  p h o sp h a te  con­

t a i n in g  h ig h  e n e rg y  a n h y d rid e  b o n d s . The enzyme had a  b ro ad  pH optimum

a t  6 .0 - 7 .0  and r e q u i r e d  th e  p re s e n c e  o f  h i s to n e  and in o rg a n ic  p h o sp h a te

+2 +2f o r  m axim al a c t i v i t y .  Mn o r  Mg was n e c e s s a ry  to  form  a m e ta l  io n -

ATP com plex , how ever, h ig h  l e v e l s  o f  f r e e  m e ta l io n  o r  ATP caused  in -

+2h i b i t l o n  o f  a c t i v i t y .  At n o n - in h ib i to r y  c o n c e n t r a t io n s  o f  f r e e  Mn
_2

and ATP, a  1^  o f  0 .5 3  nM was c a lc u la t e d  f o r  th e  Mn-ATP com plex . ADP, 

PPj., and NaF w ere e f f e c t i v e  i n h i b i t o r s  o f  th e  enzym e. The p ro d u c t o f  

th e  r e a c t io n  was c h a r a c te r iz e d  w ith  r e s p e c t  to  i t s  s t a b i l i t y  tow ards 

a c i d ,  b a s e ,  and p r o t e o l y t i c  enzym es. T re a te d  r a d io a c t iv e  p ro d u c t was 

ch rom atog raphed  i n  an  E b e l 's  s o lv e n t  and i d e n t i f i e d  a s  p o ly p h o sp h a te  by 

i t s  b e h a v io r .  T h is  i d e n t i f i c a t i o n  was n e c e s s a ry  in  o r d e r  to  d i s t i n g u i s h  

th e  a c t i v i t y  from t h a t  o f  a  p r o t e i n  k in a s e ,  w ith  w hich i t  m ight be con­

f u s e d .  P h y s io lo g ic a l  s tu d i e s  co n d u c ted  in  c ru d e  e x t r a c t s  o f  th e  c e l l s  

i n d ic a te d  t h a t  l e v e l s  o f  th e  p o ly p h o sp h a te  k in a s e  responded  to  v a r i a ­

t i o n s  in  th e  l e v e l s  o f  in o rg a n ic  p h o sp h a te  in  th e  medium, s u g g e s t in g  t h a t  

th e  r o le  o f  t h i s  enzyme m ig h t be to  s to r e  p h o sp h a te  in  th e  c e l l  a s  p o ly ­

p h o sp h a te  when p h o sp h a te  l e v e l s  in  th e  en v iro n m en t a r e  low .
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I .  ALTERNATE PATHWAYS OF L-RHAMNOSE TRANSPORT 

IN A. PYRIDINOLIS
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LITERATURE REVIEW

E a r ly  s tu d i e s  o f  b a c t e r i a l  su g a r  t r a n s p o r t  were done in  whole 

c e l l s .  A co m b in a tio n  o f  g e n e t ic  in fo rm a tio n  and k i n e t i c  s tu d ie s  

a llo w ed  e a r l y  w orkers to  e s t a b l i s h  t h a t  th e  t r a n s p o r t  o f  c e r t a i n  

s u b s t r a t e s  in to  th e  c e l l  was d ep en d en t on th e  p re se n c e  in  th e  c e l l  

o f  s p e c i f i c  p r o t e i n s ,  many o f  w hich w ere i n d u c ib le .  In  1955,

Cohen and R ickenberg  (1 )  f i r s t  r e p o r te d  t h a t  E s c h e r ic h ia  c o l i  had 

a s p e c i f i c  system  f o r  th e  a c c u m u la tio n  o f  0 - g a l a c t o s i d e s . R ickenberg  

e t  a l . (2 )  more c o m p le te ly  d e s c r ib e d  th e  sy s te m , e s t a b l i s h e d  i t s  

r o le  in  th e  m etabo lism  o f l a c to s e  in  E . c o l i . and in tro d u c e d  th e  

term  "p e rm e a se ."  The perm ease was d e f in e d  as  a p r o t e i n ,  h av in g  th e  

s t e r e o s p e c i f i c i t y  and k i n e t i c s  o f  an  enzym e, whose f u n c t io n  was to  

c a ta ly z e  th e  t r a n s f e r  o f  a  s u b s t r a t e  a c ro s s  th e  c e l l ' s  o sm o tic  

b a r r i e r .  Two p r o p e r t i e s  o f  p e rm ease -m ed ia ted  t r a n s p o r t  were p ro p o se d : 

t h a t  a  s p e c i f i c  com plex o f  perm ease and s u b s t r a t e  w ere form ed in  th e  

t r a n s p o r t  p r o c e s s ,  and t h a t  th e  t r a n s p o r t  f u n c t io n  was in d ep e n d e n t 

o f  i n t r a c e l l u l a r  m etab o lism  o f  th e  s u b s t r a t e .  I t  was f u r t h e r  p ro ­

posed t h a t  a t  e q u i l ib r iu m  th e  a c c u m u la tio n  o f  s u b s t r a t e  co u ld  be 

d e s c r ib e d  by th e  M ic h a e lis -M e n te n  e q u a t io n .  I n i t i a l  r a t e s  o f  g a la c -  

to s id e  e n t r y  were p roposed  to  be a  f u n c t io n  o f  e x te r n a l  g a la c to s id e  

c o n c e n t r a t io n  by Kepes and Monod ( 3 ) .  By a n a lo g y  w ith  enzyme 

k i n e t i c s :
max G.

v in  “  Vin  ex
Ge x + * t

Gex  i s  th e  e x te r n a l  c o n c e n t r a t io n  o f  g a la c to s id e  and K̂ . i s  th e  

e x te r n a l  c o n c e n t r a t io n  o f  g a la c to s id e  w hich w i l l  r e s u l t  in  % th e
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maximal r a t e  o f  e n tra n c e  (v”1® *).
in

A " t r a n s p o r t e r "  m odel was p ro p o sed  f o r  l a c to s e  t r a n s p o r t  by 

Kepes (4 )  and a l s o  by Koch ( 5 ) .  Kepes p roposed  t h a t  th e  su g a r  m ust 

combine w ith  a t r a n s p o r t e r  in  o r d e r  to  t r a v e r s e  th e  membrane b a r r i e r  

f r e e l y .  He p o s tu la te d  t h a t  th e  perm ease p r o t e i n  c a ta ly z e d  th e  

r e a c t i o n  betw een  th e  su g a r  and an  a c t iv a t e d  t r a n s p o r t e r .  T h is  

r e a c t i o n  was su g g e s te d  to  be i r r e v e r s i b l e  and r a t e  d e te rm in in g . The 

com plex was th o u g h t to  d i s s o c i a t e  s p o n ta n e o u s ly  in s id e  th e  c e l l ,  

r e q u i r in g  m e ta b o lic  e n e rg y  to  r e a c t i v a t e  th e  t r a n s p o r t e r .  A r e v is e d  

m odel by Koch (6 )  p o s tu la te d  t h a t  e n t r y  o f  th e  s u g a r - c a r r i e r  complex 

d id  n o t  r e q u i r e  e n e rg y , b u t  t h a t  th e  s u b s t r a t e  was a c t i v e l y  e x t r a c te d  

from  th e  com plex in s id e  th e  c e l l ,  a t  th e  expense  o f  m e ta b o lic  e n e rg y . 

Kepes and Monod (3 ) found th a t  e x i t  o f  g a la c to s id e  from  th e  c e l l  

f a i l e d  to  e x h ib i t  s a tu r a t i o n  k i n e t i c s .  T h is  f in d in g  was c o n s i s t e n t  

w ith  th e  h y p o th e s is  o f  R ick en b erg  £ t  a l .  (2 ) t h a t  e x i t  o f  g a la c to s id e s  

was n o t a  c a r r ie r - m e d ia te d  p r o c e s s .  However, Kepes (4 )  l a t e r  showed 

t h a t  PCMB, a s u lf h y d r y l  r e a g e n t  w hich b lo ck e d  u p ta k e  o f  g a la c to s id e s  

a l s o  reduced  e x i t  o f  g a la c to s id e s  from  p re - lo a d e d  c e l l s .  Koch (5 ) 

showed t h a t  th e  te m p e ra tu re  c o e f f i c i e n t  o f  th e  e x i t  p ro c e s s  was h ig h , 

l i k e  t h a t  o f  e n t r y ,  in d ic a t in g  n o n - s p e c i f i c  le a k a g e  was n o t in v o lv e d . 

W ink ler and W ilson (7 )  found t h a t  th e  K^ f o r  e x i t  o f  $ - g a la c to s id e s  

from  th e  c e l l  was d ep en d en t on th e  en erg y  m etab o lism  o f  th e  c e l l .

When c e l l s  w ere p o iso n e d  w ith  sodium  a z id e  and io d o a c e ta te ,  e x i t  

o f  l a c to s e  and ONPG, a  l a c to s e  an a lo g u e* fro m  p re - lo a d e d  c e l l s  was a 

s a tu r a b le  p ro c e s s  w ith  a  s im i la r  to  th e  Kf. f o r  e n t r y .  I n  unpo isoned  

c e l l s ,  such  a s  w ere u sed  by Kepes and Monod ( 3 ) ,  th e  ^  was c o n s id e ra b ly  

h ig h e r  so  t h a t  i t  resem b led  a  n o n - s a tu ra b le  p ro c e s s  w ith  f i r s t  o r d e r
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k i n e t i c s  dependen t on th e  i n t e r n a l  c o n c e n t r a t io n  o f  g a la c to s i d e .

W hile th e  te rm  perm ease im p lie s  a  s in g le  p r o te i n  in v o lv e d  in  

t r a n s p o r t ,  su b seq u e n t s tu d i e s  o f  th e  t r a n s p o r t  o f  $ - g a la c to s id e s  

and o th e r  s u b s t r a t e s  have made i t  c l e a r  t h a t  t r a n s p o r t  i s  a  f a r  more 

c o m p lic a te d  p ro c e s s  th a n  was i n i t i a l l y  p ro p o se d . In  f a c t ,  t r a n s p o r t  

system s have been  d e s c r ib e d  w hich  a re  o b l ig a te l y  l in k e d  to  th e  i n t r a ­

c e l l u l a r  m etabo lism  o f  t h e i r  s u b s t r a t e .

W hile lo o k in g  f o r  a  b a c t e r i a l  k in a s e  w hich would p h o sp h o ry la te  

N -acy l D-mannosamine a t  th e  expense  o f  ATP, Kundig e £  a l .  (8 )  d i s ­

c o v e red  th e  PEP:hexose p h o s p h o tr a n s fe ra s e  system  in  E . c o l i . I t  was 

d e s c r ib e d  a s  a  th r e e  component system  w hich used  PEP and N -a c y l 

D-mannosamine and form ed p y ru v a te  and N -acy l D-mannosamine 6 -p h o sp h a te  

a s  p r o d u c ts .  No o th e r  p h o sp h a te  donor was a c t i v e  in  t h i s  sy s te m .

The th r e e  p r o te in  com ponents, Enzyme I ,  Enzyme I I ,  and a phospho-

c a r r i e r  p r o te in  (H Pr) c a ta ly z e d  th e  fo llo w in g  two r e a c t io n s :
+2

HPr + PEP — £28-------- N  H P r-p h o sp h ate  + p y ru v a te
Enzyme I

H P r-phosphate  + N -a c y l D-mannosamine . ftnzyffe, N -acy l
Mg

D-mannosamine 6 -p h o sp h a te  + HPr

G e n e tic  e v id e n c e  in  many l a b o r a to r i e s  im p lic a te d  th e  phospho­

t r a n s f e r a s e  system  in  th e  p h o s p h o ry la tio n  and t r a n s p o r t  o f  a  v a r i e ty  

o f  s u g a rs  in  many o rg a n is m s . Sim oni £ t  (9 ) r e p o r te d  t h a t  a 

m utan t o f  S a lm o n e lla  typhim urium  w hich was p l e i o t r o p i c a l l y  d e f e c t iv e  

in  th e  a b i l i t y  to  grow on n in e  su g a rs  was la c k in g  Enzyme I  o f  th e  

p h o s p h o tra n s fe ra s e  sy s te m . U sing  m u ta n ts  o f  th e  p h o s p h o tra n s fe ra s e  

sy s te m , th e  r o le  o f  t h i s  sy s tem  was a l s o  e s t a b l i s h e d  in  th e  t r a n s p o r t  

o f  l a c to s e  in  S ta p h y lo c o c cu s  a u re u s  (10 ) and o f  m a n n ito l and o th e r  

su g a rs  in  A e ro b a c te r  a e ro g e n e s  ( 1 1 ) .  S a ie r  e t  a l .  (12 ) have a l s o
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r e p o r te d  a  f r u c to s e  P E P :p h o sp h o tra n s fe ra se  system  i n  th e  p h o to sy n ­

t h e t i c  b a c t e r i a ,  R h o d o sp ir il iu m  rubrum  and Rhodopseudomonas 

s p h e ro id e s . Romano e t  a l .  (1 3 ) , h a v in g  su rv ey ed  many o rgan ism s to  

d e te c t  th e  p re se n c e  o f  a g lu c o s e  P E P :p h o sp h o tra n s fe ra se  sy s te m , 

o b se rv ed  t h a t ,  f o r  g lu c o s e ,  t h i s  a c t i v i t y  was found on ly  in  f a c u l t a ­

t i v e  an a ero b e s  and n o t in  s t r i c t  a e ro b e s .

Enzyme 1 was p u r i f i e d  from  E . c o l i . I t  was found to  be a s o lu b le  

p r o te in ,  i n a c t iv a t e d  by s u lf h y d r y l  r e a g e n ts ,  w hich c a ta ly z e d  the  

t r a n s f e r  o f  p h o sp h a te  from PEP to  H Pr. I t  was a c o n s t i t u t i v e l y  p r o ­

duced p r o te i n  and showed no su g a r  s p e c i f i c i t y  ( 1 4 ) .

A nderson e t  a l .  (15 ) c h a r a c te r iz e d  th e  p h o s p h o c a r r ie r  p r o t e i n ,  

H Pr, from  E . c o l i . I t  had a  m o le c u la r  w e ig h t o f a b o u t 9500 . I t  

co u ld  a c c e p t  one p h o sp h a te  g roup on one o f  i t s  two h i s t i d i n e  r e s id u e s ,  

l in k e d  to  N -l o f  th e  im id a z o le  r i n g .  Kundig e t  a l .  (16 ) showed t h a t  

HPr was r e le a s e d  from  E . c o l i  W2244 by c o ld  o sm o tic  shock o f  th e  

c e l l s .  L ike  Enzyme I ,  HPr i n  E . c o l i  was b o th  s o lu b le  and c o n s t i ­

t u t i v e .

Enzyme I I  o f  th e  p h o s p h o tra n s fe ra s e  sy stem  was s u g a r - s p e c i f i c  

and m em brane-bound. Kundig and Roseman (1 7 ) p u r i f i e d  th e  c o n s t i t u t i v e  

Enzym esII from  E . c o l i  w hich were s p e c i f i c  f o r  g lu c o s e , f r u c t o s e ,  

and m annose. Many o th e r  Enzymes I I  were in d u c ib le  on ly  i n  th e  

p re se n c e  o f  t h e i r  s p e c i f i c  s u b s t r a t e .  E . c o l i  membranes w ere t r e a t e d  

w ith  a m ix tu re  o f  u re a  and 1 - b u ta n o l .  The r e s u l t a n t  s o lu b le  f r a c t i o n ,  

d e s ig n a te d  I IA , and th e  p e l l e t  were b o th  re q u ire d  f o r  p h o s p h o ry la tio n  

o f  th e  th r e e  s u g a r s .  The p e l l e t  was f u r t h e r  d i s s o c ia te d  i n to  a 

p r o t e i n ,  I IB , and a  l i p i d  f r a c t i o n .  By e le c t r o f o c u s in g ,  IIA  was 

re s o lv e d  i n to  th r e e  p r o t e i n s ,  each  s p e c i f i c  f o r  one o f  th e  th r e e
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s u g a r s .  A l i p i d  re q u ire m e n t was o b se rv e d ; t h i s  re q u ire m e n t co u ld  be 

s a t i s f i e d  by p h o s p h a t id y 1 -g ly c e ro l ,  w hich form ed a complex w ith  I IB . 

Components co u ld  be recom bined  to  y i e l d  a c t i v i t y  o n ly  when added in  

a  p a r t i c u l a r  o r d e r - — IIB , c a t i o n ,  l i p i d ,  and I IA . A second  c o n s t i ­

t u t i v e  system  f o r  g lu c o se  was found in  E . c o l i . I t  used  com ponents 

a n a lo g o u s  to  th o s e  o f  th e  in d u c ib le  p h o s p h o tra n s fe ra s e  system  f o r  

l a c to s e  t r a n s p o r t  in  £ .  a u r e u s , w hich i s  d e s c r ib e d  be low .

Sim oni e t  a l .  (1 8 , 19) and Hays e t  a l .  (2 0 ) c h a r a c te r iz e d  th e  

p h o s p h o tra n s fe ra s e  system  induced  by l a c to s e  o r  g a la c to s e  in  j>. a u r e u s . 

A c e l l  e x t r a c t  was r e s o lv e d  in to  fo u r  f r a c t i o n s ,  in c lu d in g  a membrane 

p e l l e t  c o n ta in in g  Enzyme I I  and a  s o lu b le  f r a c t i o n  c o n ta in in g  H Pr, 

Enzyme I  and F a c to r  I I I ,  w hich were p u r i f i e d  by p r e c i p i t a t i o n  a t  pH 

3 .7  and D E A E -cellu lose  ch ro m ato g rap h y . T h is  system  was a n a lo g o u s , 

a lth o u g h  n o t i d e n t i c a l ,  to  t h a t  o f  E . c o l i . The m ajo r d i f f e r e n c e  

was t h a t  in s te a d  o f  a  membrane-bound I IA , th e  p r o te i n  w hich d o n a ted  

th e  p h o sp h a te  group to  th e  hexose  was a  s o lu b le  p r o t e i n ,  c a l l e d  

F a c to r  I I I .  F a c to r  I I I  was a  s u g a r - s p e c i f i c ,  in d u c ib le  p r o t e i n ,  

w hich was s t a b l e  a t  100* C f o r  3 m in u te s . I t  d id  n o t in f lu e n c e  th e  

t r a n s f e r  o f  p h o sp h a te  from  PEP to  H Pr. I t s  m o le c u la r  w e ig h t was 

3 5 ,7 0 0  -  9 0 0 . I t  c o n ta in e d  th r e e  i d e n t i c a l  s u b u n its  w hich form ed th r e e  

p ro te in -p h o s p h o ry l  l in k a g e s  on th e  N-3 p o s i t i o n  o f  h i s t i d i n e  im id az o le  

r in g s .  The l i p i d  re q u ire m e n t f o r  th e  system  co u ld  n o t be s tu d ie d  

b e cau se  th e  Enzyme I I  was r e s i s t a n t  to  s o l u b i l i z a t i o n ,  and th e  t o t a l  

l i p i d  c o u ld  n o t  be rem oved.

The r e a c t io n s  c a ta ly z e d  by th e  l a c to s e  p h o s p h o tra n s fe ra s e  system  

were a s  fo llo w s  (2 1 ) :
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1) PEP +  HPr phospho-H Pr +  p y ru v a te
Mg

la c  la c
2) phospho-H Pr + 1 /3  I I I  ------------------^  1 /3  ( P . - I I I  ) + HPrj

3 ) 1 /3  (P - I I I l a c ) + l a c to s e  SPER0* 1T. >  l a c to s e - P  + 1 /3  I I I la c

K in e t ic  s tu d ie s  showed t h a t  I I I * a c , I I * ac  and th e  su g a r  ( r e a c t io n  3) 

form ed a  t e r n a r y  complex in  w hich la c to s e  was d i r e c t l y  bound to  I I ^ a c .

A lth o u g h  th e  Enzyme I  and HPr from E . c o l i  and j>. a u re u s  d i f f e r e d ,  

t h e i r  r e a c t io n s  were a n a lo g o u s . E . c o l i  HPr i n  r e a c t i o n  m ix tu re s  con­

t a i n in g  a l l  o th e r  Si. a u re u s  com ponents r e s u l t e d  i n  a b o u t 57. o f  th e  phos­

p h o r y la t io n  se en  w ith  j>. a u re u s  H P r. In  th e  r e c i p r o c a l  e x p e r im e n t, no 

p h o s p h o ry la tio n  was d e m o n s tra te d  when J>. a u re u s  HPr was s u b s t i t u t e d  f o r  

E . c o l i  HPr i n  th e  E , c o l i  system  ( 1 9 ) .  E x p e rim en ts  i n d ic a te d  t h a t  

Enzyme I  o f  e i t h e r  sy stem  was a b le  to  t r a n s f e r  p h o sp h a te  to  th e  h e te r o ­

logous H Pr, a l th o u g h  a t  a  low er r a t e ,  b u t  r e a c t i o n  o f  h e te ro lo g o u s  HPr 

w ith  th e  s u g a r - s p e c i f i c  p r o t e i n  showed l i t t l e  o r  no a c t i v i t y .  The H P r 's  

from  E . c o l i  and £ .  typh im urium , w hich were more s i m i l a r ,  w ere e ach  

a c t i v e  in  th e  h e te ro lo g o u s  sy s tem  ( 1 5 ) .

As th e  p h o s p h o tr a n s fe ra s e  sy stem s i n  v a r io u s  s p e c ie s  a re  

s tu d i e d ,  i t  becomes in c r e a s in g ly  a p p a re n t  t h a t  th e r e  e x i s t  many 

v a r i a t i o n s  on th e  same b a s ic  them e. F o r  ex am p le , c h a r a c t e r i z a t i o n  

o f  th e  f r u c to s e  p h o s p h o tr a n s fe ra s e  sy stem  from  A e ro b a c te r  a e ro g e n e s  

(2 2 , 23) r e v e a le d  t h a t ,  r a t h e r  th a n  H Pr, an  in d u c ib le  p r o t e i n  c a l l e d  

"Kq, f a c t o r "  was r e q u ir e d  f o r  a c t i v i t y  w ith  an  induced  Enzyme I I  f o r  

f r u c t o s e .  A c o n s t i t u t i v e  Enzyme I I  f o r  f r u c to s e  was a l s o  found w hich 

had a  low er a f f i n i t y  and d id  r e q u i r e  H P r.

T h ere  w ere s e v e r a l  p rob lem s in h e r e n t  in  s tu d y in g  t r a n s p o r t  in
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w hole c e l l s ;  th e s e  p rob lem s h in d e re d  s tu d i e s  c o r r e l a t i n g  th e  phospho-> 

t r a n s f e r a s e  system  w ith  t r a n s p o r t ,  a s  w e ll  a s  s tu d ie s  o f  a l t e r n a t e  

t r a n s p o r t  m echan ism s. The p re se n c e  o f  I n t r a c e l l u l a r  p o o ls  o f  m etab­

o l i t e s  m igh t I n t e r f e r e  w ith  m easurem ents o f  u p ta k e ,  and m etab o lism  

o f  s u b s t r a t e s  im m ed ia te ly  fo llo w in g  t h e i r  t r a n s p o r t  c o u ld  g iv e  m is­

le a d in g  in fo rm a tio n  a b o u t k i n e t i c s  and a c c u m u la tio n . One way to  

a v o id  th e  l a t t e r  problem  was to  work w ith  a m utan t t h a t  was b lo ck ed  a t  

th e  f i r s t  s te p  i n  th e  m etabo lism  o f  th e  s u b s t r a te  a f t e r  i t  e n te r e d  

th e  c e l l .  In  some c a s e s ,  th e  m e ta b o lic  pathw ay was n o t s u f f i c i e n t l y  

u n d e rs to o d  to  i s o l a t e  such  a  m u ta n t. A no ther ap p ro ach  to  t h i s  p roblem  

was to  u se  a n o n -m e ta b o liz a b le  an a lo g u e  o f  th e  s u b s t r a t e  to  s tu d y  

t r a n s p o r t .  T h is  was e f f e c t i v e  where such  a compound was known and 

a v a i l a b l e .  A t h i r d  and n o v e l a p p ro a c h , w hich made p o s s ib le  a con­

s id e r a b le  amount o f r e s e a r c h  on m echanism s o f  t r a n s p o r t ,  was th e  u se  

o f  membrane v e s i c l e  p r e p a r a t i o n s .  The u se  o f  such  p r e p a r a t io n s  was 

in tro d u c e d  by Kaback and S tadtm an ( 2 4 ) .  The v e s i c l e s ,  made from o sm o ti-  

c a l l y  ly s e d  s p h e r o p la s t s ,  were c h a r a c te r iz e d  and d e te rm in e d  to  be 

c lo s e d  membranous s a c s ,  w hich u n d e r c e r t a i n  c o n d it io n s  were a b le  to  

c a ta ly z e  a c t i v e  t r a n s p o r t .  The p r e p a r a t io n s  were e s s e n t i a l l y  d ev o id  

o f  whole c e l l s ,  s p h e r o p la s t s ,  r ib o so m es , n u c le ic  a c id s ,  and c y to p la sm ic  

enzym es.

E . c o l i  ML308-225 membrane v e s i c l e s  p re p a re d  by f r e e z e  e tc h in g  

w ere o b se rv e d  in  th e  e l e c t r o n  m ic ro sc o p e . The convex o u te r  s u r f a c e  

o f  th e  membrane had a f in e  g r a n u la r  s u r f a c e .  The in n e r  s u r f a c e  had 

a  much c o a r s e r  g r a n u l a r i t y .  A l l  th e  v e s i c l e s  o b se rv ed  in  th e  

p r e p a r a t io n s  had th e  same ap p e ara n ce  on f re e z e  e tc h in g ,  i n d ic a t in g  

t h a t  none o f  th e  v e s i c l e s  were in v e r te d  d u r in g  t h e i r  p r e p a r a t io n  and
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i s o l a t i o n  (2 5 , 2 6 ) .  The D - l a c t i c  dehyd rogenase  was lo c a l iz e d  on th e  

in s id e  s u r f a c e  o f  JE. c o l i  membrane v e s i c l e s .  When v e s i c l e s  were 

p re p a re d  from  a m u tan t la c k in g  D - la c ta te  d e h y d ro g e n a se , th e  p u r i f i e d  

enzyme co u ld  r e s t o r e  a c t i v i t y  on b e in g  added to  th e  p r e p a r a t i o n .  

However, i t  bound to  th e  o u ts id e  o f  th e s e  v e s i c l e s  a s  shown by th e  

f a c t  t h a t  v i n y lg l y c o l a te ,  a  s u b s t r a te  f o r  th e  D - l a c t i c  d ehyd rogenase  

( 2 7 ) ,  d id  n o t accu m u la te  when added to  r e c o n s t i t u te d  v e s i c l e s  ( 4 3 ) .  

When r a d io a c t iv e  v in y lg ly c o la te  was added to  v e s i c l e s  p re p a re d  from 

w ild  ty p e  E . c o l i , and a u to ra d io g ra p h s  were made from  th e  v e s i c l e s ,  

e s s e n t i a l l y  a l l  v e s i c l e s  accu m u la ted  th e  v in y lg ly c o la te  ( S .  S h o r t ,  

p e rs o n a l  co m m u n ica tio n ). T h is  in d ic a te d  t h a t  a l l  th e  D - la c ta te  

d eh y d ro g en ase  in  a l l  th e  v e s i c l e s  was lo c a te d  on th e  in n e r  s id e  o f  

th e  membrane, s t r o n g ly  s u g g e s tin g  t h a t  th e  v e s i c l e s  w ere c o r r e c t l y  

o r ie n te d  and n o t i n v e r t e d .

F u ta i  (28 ) s tu d ie d  th e  o r i e n t a t i o n  o f  th e  membrane in  E . c o l i  

v e s i c l e s  p re p a re d  by v a ry in g  p ro c e d u re s :  EDTA-lysozyme, s o n ic a t io n ,  

o r  F ren ch  p r e s s .  The m arker enzymes used  in  t h i s  s tu d y ,  AXPase and 

f e r r ic y a n id e  r e d u c ta s e ,  w ere d e te rm in ed  to  be on th e  in n e r  s u r f a c e  

o f  s p h e r o p la s t s  a n d , t h e r e f o r e ,  th e  c y to p la sm ic  membrane o f  th e  c e l l .  

F u t a i  found t h a t  EBTA-lysozyme v e s i c l e s  had 60% o f  t h e i r  ATPase 

a c t i v i t y  a c c e s s ib l e  to  a n tis e ru m  and 50% o f  th e  d eh y d ro g en ase  a c t i v i t y  

a c c e s s ib l e  to  f e r r i c y a n id e .  He conc luded  t h a t  o n ly  50% o f th e s e  

v e s i c l e s  w ere r i g h t - s i d e  o u t and t h a t  th e s e  ac co u n t f o r  a l l  o f  th e  

t r a n s p o r t  a c t i v i t y .  F u ta i  found t h a t  a l l  o f  th e  s i t e s  f o r  th e s e  

m arkers were lo c a te d  on th e  o u ts id e  s u r f a c e  o f  v e s i c l e s  p re p a re d  w ith  

a  F re n ch  p r e s s  o r  by s o n ic a t io n .  They were judged  t o  be l e s s  th a n  

5% r i g h t - s i d e  o u t v e s i c l e s ,  and th e y  f a i l e d  t o  show D - l a c t a t e  depen-

9



d e n t t r a n s p o r t .

V e s ic le s  p re p a re d  by p a ssa g e  th ro u g h  a  F ren ch  p r e s s u r e  c e l l  by 

H e r tz b e rg  and H in k le  (2 9 ) have been  shown to  c a ta ly z e  u n c o u p le r  s e n s i t i v e  

p h o s p h o ry la tio n  o f  ADP w ith  s e v e r a l  s u b s t r a t e s .  M oreover, s in c e  th e y  

c a ta ly z e d  u n c o u p le r  s e n s i t i v e  u p ta k e  o f  p ro to n s  d u r in g  r e s p i r a t i o n  o r  

ATP h y d r o ly s i s  a s  opposed to  p ro to n  e x t r u s io n  o b se rv ed  in  w hole c e l l s ,  

th e y  were d e te rm in e d  to  be in v e r te d  w ith  r e s p e c t  t o  i n t a c t  b a c t e r i a .  

M ycobacterium  p h le i  membranes w ere a l s o  shown to  be in v e r te d  by s o n ic a ­

t i o n  ( 3 0 ) .  T su k ag o sh i and Fox (3 1 ) found t h a t  m ix ing  membranes o f  d i f ­

f e r e n t  o r ig in s  d u r in g  s o n ic a t io n  r e s u l t e d  in  v e s i c l e s  w i th  h y b r id  o r i e n t a ­

t i o n s .  Kaback and D euel (3 2 )  showed t h a t  v e s i c l e s  s o n ic a te d  o r  p a sse d  

th ro u g h  a  F ren ch  p r e s s u r e  c e l l  r e t a in e d  t r a n s p o r t  a c t i v i t y ,  s u g g e s tin g  

t h a t  th e s e  v e s i c l e s  r e t a in e d  t h e i r  o r i e n t a t i o n .  T hese c o n d i t io n s ,  how ever, 

were n o t id e n tic a l  to  th o se  em ployed by  F u ta i  (28 ) and o th e r  w o rk e rs .

In  a  p r e p a r a t io n  o f  E . c o l i  membrane v e s i c l e s ,  Kaback was a b le

t o  show a c t i v i t y  o f  th e  g lu c o se  p h o s p h o tr a n s fe ra s e  system  ( 3 3 ) .

T ra n s p o r t  o f  th e  g lu c o se  a n a lo g  aMG i n to  v e s i c l e s  was d e p en d en t on

th e  a d d i t io n  o f  PEP to  th e  in c u b a t io n  m ix tu re s .  Membrane v e s i c l e s

p re p a re d  from  a  m u tan t m is s in g  Enzyme I  w ere u n a b le  to  t r a n s p o r t  o r

p h o s p h o ry la te  aMG w ith  o r  w ith o u t  PEP. In  a d o u b le  l a b e l  e x p e r im e n t,

i n t r a v e s i c u l a r  ( p re - lo a d e d )  ^ C - g lu c o s e  rem ained  u n p h o sp h o ry la te d
3

w h ile  e x t e r n a l l y  added H -g lu co se  was ta k e n  up and p h o sp h o ry la te d  

upon th e  a d d i t io n  o f  PEP. T h is  in d ic a te d  t h a t  p h o s p h o ry la tio n  was 

o b l ig a te l y  l in k e d  t o  th e  t r a n s p o r t  p r o c e s s .  Kaback n o te d  t h a t  

a d d i t io n  o f  exogenous HPr o r  Enzyme I  was n o t n e c e s s a r y ,  a lth o u g h  

b o th  p r o te in s  were s o lu b le  and HPr was e a s i l y  r e l e a s e d  from  whole 

c e l l s  by c o ld  o sm o tic  shock  ( 1 6 ) .  The membrane p r e p a r a t io n s  w ere
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Indeed  found to  have sm a ll b u t  s i g n i f i c a n t  am ounts o f  HPr and Enzyme 

1 , w hich p resum ably  co u ld  rem ain  a s s o c ia te d  w ith  th e  membrane 

b ecau se  o f  th e  g e n t le n e s s  o f  th e  p ro c e d u re  used  f o r  p re p a r in g  

v e s i c l e s .

A lthough th e  p h o s p h o tra n s fe ra s e  sy stem  p ro v id e d  a  m echanism  

w hich a c co u n ted  f o r  th e  t r a n s p o r t  o f  c e r t a i n  su g a rs  in  c e r t a i n  

b a c t e r i a l  s p e c i e s ,  th e r e  were known to  be many su g a rs  w hich were 

n o t p h o s p h o tra n s fe ra s e  s u b s t r a t e s ,  a s  w e ll  a s  amino a c id s  and io n s ,  

whose t r a n s p o r t  m ust be c a ta ly z e d  by a  d i f f e r e n t  m echanism . M oreover, 

th e  t r a n s p o r t  o f  a t  l e a s t  some o f  th e s e  n o n -p h o sp h o tra n s fe ra s e  

s u b s t r a t e s  was known to  be i n h ib i t e d  by i n h i b i t o r s  o f  r e s p i r a t i o n  

a n d /o r  u n c o u p le rs  ( 1 , 2 ) ,  w hich d id  n o t  i n h i b i t  th e  p h o s p h o tra n s fe ra s e  

sy s te m .

Membrane v e s i c l e s  w ere u sed  to  s tu d y  p r o l in e  t r a n s p o r t  i n  E . 

c o l i  W6, a  p r o l in e  a u x o tro p h  ( 3 2 ) .  Kaback and M iln e r  (34 ) r e p o r te d  

t h a t  t r a n s p o r t  o f  p r o l in e  was 20-30  f o ld  s t im u la te d  by th e  p re se n c e  

o f  D - l a c t a t e .  S u c c in a te  s t im u la te d  t r a n s p o r t  8-10  f o ld  and L - l a c t a t e ,  

D L -a h y d ro x y b u ty ra te , and NADH s t im u la te d  3 -4  f o l d .  D - la c ta te  o r  

s u c c in a te  was s to i c h io m e t r i c a l l y  c o n v e r te d  t o  p y ru v a te  o r  fu m a ra te , 

r e s p e c t i v e ly ,  by th e  v e s i c l e s .  D - la c ta te  was a l s o  found to  s t im u la te  

th e  u p tak e  o f  a  v a r i e t y  o f  o th e r  amino a c id s .  Most o f  th e  amino 

a c id s  co u ld  be re c o v e re d  u nchanged . P r o l in e  t r a n s p o r t  was n o t 

s t im u la te d  by NAD+ . I t  was r e s i s t a n t  to  a r s e n a te  and u n a f f e c te d  

by ATP o r  PEP.

E . c o l i  ML308-225 membrane v e s i c l e s  t r a n s p o r te d  8 - g a la c to s id e s  

w ith  I n i t i a l  r a t e s  w hich were s tim u la te d  1 9 - fo ld  in  th e  p re se n c e  o f  

D - la c ta te  ( 3 5 ) .  No p h o sp h o ry la te d  l a c to s e  was d e te c te d .  L a c to se
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u p tak e  was in d u c ib le .  Membrane p r e p a r a t io n s  from  E . c o l i  GN-2, an 

Enzyme I  d e f i c i e n t  m u ta n t, were a b le  t o  c o n c e n tra te  th e  non-m etabo- 

l i z a b l e  la c to s e  an a lo g u e  TMG in  th e  p re se n c e  o f  D - l a c t a t e .  I n i t i a l  

r a t e s  o f  $ - g a la c to s id e  u p tak e  in c re a s e d  w ith  te m p e ra tu re  up t o  5 3 ° C ,

b u t th e  optimum te m p e ra tu re  f o r  s te a d y  s t a t e  a c c u m u la tio n  was a t
o

18 C . The te m p e ra tu re  dependence o f  D - la c ta te  dehyd rogenase  a c t i v i t y  

c o rre sp o n d ed  a lm o st i d e n t i c a l l y  to  t h a t  o f  i n i t i a l  r a t e s  o f  u p tak e  

( 3 6 ) .  A n a e ro b io s is ,  a z id e ,  a m y ta l, c y a n id e , a n tim y c in  A , and HOQNO 

b lo ck ed  t r a n s p o r t ,  a s  d id  u n c o u p le rs  and v a lin o m y c ln . A d d it io n  o f  

d in i t r o p h e n o l  caused  lo s s  o f  accum ula ted  s u b s t r a t e .  U ptake was 

s e n s i t i v e  to  PCMB and NEM, b u t  n o t to  a r s e n a te  and o lig o m y c in . The 

i n h ib i t i o n  by PCMB was r e v e r s e d  by DTT, w h ile  t h a t  cau sed  by NEM was 

u n a f f e c te d .  PCMB a l s o  i n h ib i t e d  e f f l u x ,  exchange o f  e x te r n a l  and 

in tram em b ran a l l a c t o s e ,  and th e  d in i t ro p h e n o l- in d u c e d  e f f l u x .  A ll  

th e s e  e f f e c t s  were r e v e r s e d  by DTT ( 3 6 ) .

D e te rm in a tio n s  o f  th e  r a t e s  o f  oxygen u p ta k e  by membrane v e s i c l e s  

in  th e  p re se n c e  o f  s u b s t r a t e s  w hich s t im u la te d  t r a n s p o r t  re v e a le d  no 

c o r r e l a t i o n  betw een th e  e f f e c t iv e n e s s  o f  a compound a s  a  r e s p i r a t o r y  

s u b s t r a t e  (succinate> D -lac ta te> N A D H ) and th e  a b i l i t y  o f  t h a t  compound 

to  s t im u la te  t r a n s p o r t  (D -lac ta te> succ ina te^N A D H ) ( 3 7 ) .  A b so rp tio n  

s p e c t r a  in d ic a te d  t h a t  D - l a c t a t e ,  NADH, and s u c c in a te  d o n a ted  e le c t r o n s  

to  th e  same cytochrom e system  in  v e s i c l e s .  T h is  was i n te r p r e te d  by 

B arnes and Kaback (37 ) to  mean t h a t  th e  c o u p lin g  o f  t r a n s p o r t  to  th e  

d ehydrogenase  m ust be p r i o r  to  th e  e n t r y  o f  e l e c t r o n s  in to  th e  

cytochrom e sy s te m .

A m odel was su g g e s te d  by B arnes and Kaback to  a c co u n t f o r  th e  

o b se rv ed  c h a r a c t e r i s t i c s  o f  l a c to s e  t r a n s p o r t  in  £ .  c o l i . They
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p ro p o sed  th a t  th e  membrane c a r r i e r  p r o te in s  w ere e l e c t r o n  t r a n s f e r  

in te r m e d ia te s  " lo c a l i z e d "  betw een  th e  p rim a ry  dehyd rogenase  and 

cytochrom e b j .  A c y c le  o f  r e d u c t io n  and o x id a t io n  was p o s tu la te d  

to  acco u n t f o r  r e v e r s ib l e  c o n fo rm a tio n a l changes in  th e  c a r r i e r ,  

le a d in g  to  a  d e c re a se d  a f f i n i t y  o f  th e  c a r r i e r  f o r  th e  s u b s t r a t e  

when i t  was on th e  in s id e  o f  th e  membrane and in c re a s e d  a f f i n i t y  when 

th e  c a r r i e r  was on th e  o u ts id e  (3 6 , 3 7 ) .

Lom bardi and Kaback (3 8 ) f u r t h e r  p roposed  t h a t  in  th e  o x id a t io n -  

r e d u c t io n  m odel f o r  t r a n s p o r t ,  th e  o x id iz e d  form  o f  th e  c a r r i e r  has 

a  h ig h  a f f i n i t y  f o r  th e  s u b s t r a t e ,  and th e  r e d u c t io n  o f  th e  c a r r i e r  

c a u se s  a  c o n fo rm a tio n a l change r e s u l t i n g  in  t r a n s lo c a t i o n  o f  th e  

s u b s t r a t e  to  th e  in s id e  o f  th e  membrane and a  d e c re a s e  in  th e  a f f i n i t y  

o f  th e  c a r r i e r  f o r  s u b s t r a t e .  R e o x id a tio n  o f  th e  c a r r i e r  by th e  c y to ­

chrome c h a in  th e n  co m p le te s  th e  c y c le .

HOQNO ( I n h i b i t i o n  s i te -c y to c h ro m e  b ^ ) , a n a e r o b io s i s ,  c y a n id e  

( i n h i b i t i o n  s ite -c y to c h ro m e  a n d , t o  a  sm a ll e x t e n t ,  am y ta l

caused  e f f l u x  o f  accu m u la ted  s u b s t r a t e .  PCMB and oxam ate d id  n o t .

S in ce  o n ly  i n h i b i t o r s  w hich fu n c t io n e d  a f t e r  th e  p ro p o sed  c o u p lin g  

s i t e  a llo w ed  e f f l u x ,  Kaback and B arnes conc lu d ed  t h a t  th e  same c o u p lin g  

s i t e  was r e s p o n s ib le  f o r  e f f l u x  ( 3 6 ) .

K onings and F re e s e  (3 9 )  r e p o r te d  t h a t  th e  a d d i t io n  o f  th e  a r t i f i ­

c i a l  e l e c t r o n  donor sy s te m , asco rb a te -P M S , m arked ly  s t im u la te d  NADH 

d eh y d ro g e n a se -c o u p le d  L - s e r in e  t r a n s p o r t  in  B a c i l lu s  s u b t i l i s  

v e s i c l e s .  K onings a t  a l .  (4 0 ) found t h a t  th e  a d d i t io n  o f  a s c o r b a te -  

PMS in  an  a tm osphere  o f  p u re  oxygen cau sed  a  s t im u la t io n  o f  l a c to s e  

t r a n s p o r t  in  E . c o l i  v e s i c l e s  t h a t  was s i x - f o l d  g r e a t e r  th a n  th e  

s t im u la t io n  seen  w ith  D - l a c t a t e .  PMS a lo n e  s l i g h t l y  i n h ib i t e d
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D - la c ta te  o r  s u c c in a te  d ep en d en t t r a n s p o r t  b u t  s t im u la te d  NADH depen­

d e n t t r a n s p o r t  to  th e  e x te n t  t h a t  I t  e q u a le d  th e  s t im u la t io n  o b se rv ed  

In  th e  p re se n c e  o f  D - l a c t a t e .  The s t im u la t io n  by NADH-PMS was i n ­

h ib i t e d  by a m y ta l.  A scorbate-PM S s t im u la t io n  was i n h ib i t e d  by a l l  

th e  same i n h i b i t o r s  t h a t  a f f e c te d  D - la c ta te  s t im u la t io n ,  e x c e p t 

oxam ate .

M utan ts o f  JS. c o l i  and j>. typh im urium  w hich  lac k e d  D - l a c t i c  

dehyd rogenase  a c t i v i t y  were i s o l a t e d  ( 4 1 ) .  T hese m u ta n ts ,  E . c o l i  

d id  m u ta n ts  and JS. typhim urium  L T -2, had w ild  ty p e  a b i l i t y  to  t r a n s ­

p o r t  g lu ta m a te , p r o l i n e ,  and ty r o s in e  in  whole c e l l s .  Membrane 

v e s i c l e s  o f  th e s e  c e l l s  were m arked ly  d e f e c t iv e  in  D - la c ta te  depen­

d e n t  t r a n s p o r t ;  how ever, s u c c in a te -d e p e n d e n t  t r a n s p o r t  was enhanced  

to  a lm o s t th e  l e v e l  o f  D - la c ta te  d ep en d en t t r a n s p o r t  in  w ild  ty p e  

v e s i c l e s .  S u c c in a te  o x id a t io n  was n o t  in c re a s e d  and ascorbate-PM S 

s t im u la t io n  was u n a f f e c te d  in  th e  m u tan t v e s i c l e s .  A p p a re n tly , th e  

ab sen ce  o f  a  d e f e c t  in  t r a n s p o r t  in  whole c e l l s  was due to  a  com­

p e n s a to ry  in c r e a s e  in  th e  c o u p lin g  o f  s u c c in a te  dehyd rogenase  to  

t r a n s p o r t .

A n o th er c l a s s  o f  m u ta n ts  was i s o l a t e d  w hich  was u n a b le  to  grow 

on D - l a c t a t e ,  s u c c in a te ,  fu m a ra te , m a la te ,  o r  D - r ib o s e ,b u t  had norm al 

D - l a c t i c  d ehyd rogenase  a c t i v i t y  ( 4 1 ) .  T hese m u ta n ts ,  c a l l e d  e le c t r o n  

t r a n s f e r  c o u p lin g  m u ta n ts ,  e t c . had norm al l e v e l s  o f  ATPase, a l ­

though  th e y  resem b led  some ATPase d e f e c t iv e  m u ta n ts  p h e n o ty p ic a l ly .  

Whole c e l l s  o f  e t c  m u ta n ts  w ere d e f e c t iv e  in  r e s p i r a t io n - c o u p le d  

t r a n s p o r t  w h ile  r e t a i n i n g  g lu c o se  P E P :p h o sp h o tra n s fe ra se  a c t i v i t y .

A l l  r e s p i r a t io n - c o u p le d  t r a n s p o r t  was d e f e c t i v e ,  a lth o u g h  o x id a t io n  

o f  D - la c ta te  and o th e r  s u b s t r a t e s  s u p p o r t in g  t r a n s p o r t  was u n a f f e c te d .
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In  o r d e r  to  e x p la in  th e  d e f e c t  o b se rv e d  in  e t c  m u ta n ts ,  Hong and 

Kaback (41 ) p roposed  a m o d if ic a t io n  o f  th e  e a r l i e r  m odel by B arnes 

and K aback. R a th e r  th a n  b e in g  i n t e g r a l  p a r t s  o f  th e  e l e c t r o n  t r a n s ­

p o r t  c h a in ,  i t  was su g g e s te d  t h a t  th e  c a r r i e r s  f o r  t r a n s p o r t  were 

com ponents o f  s h u n ts  o f f  th e  main p o r t io n  o f  th e  r e s p i r a t o r y  c h a in .  

T h e r e f o r e ,  o x id a t io n  o f  D - la c ta te  o r  s u c c in a te  co u ld  o ccu r in  th e  

ab sen ce  o f  a c t iv e  t r a n s p o r t ,  a s  in  e t c  m u ta n ts  o r  in  th e  p re se n c e  o f  

u n c o u p le r s .  The component w hich was d e f e c t iv e  in  e t c  m u tan ts  m ight 

s e rv e  to  sh u n t e le c t r o n s  to  and from  th e  m ain r e s p i r a t o r y  c h a in  to  

th e  c a r r i e r s .  I t  was su g g e s te d  t h a t  th e  e t c  component m igh t fu n c t io n  

in  o x id a t iv e  p h o s p h o ry la tio n  as w e ll  a s  a c t i v e  t r a n s p o r t ,  s in c e  th e  

e t c  m u ta tio n  r e s u l t e d  in  v e ry  low a e ro b ic  grow th  y i e ld s  on g lu c o se  

and g l y c e r o l .

Kohn and Kaback p u r i f i e d  th e  D - l a c t a t e  dehyd rogenase  from  E . 

c o l i  by ammonium s u l f a t e  p r e c i p i t a t i o n ,  sodium  p e r c h lo r a te  e x t r a c t i o n ,  

and D E A E -cellu lose ch rom atography  ( 4 2 ) .  I t  was i d e n t i f i e d  a s  a  f la v o -  

p r o te ln  aid  was i n s e n s i t i v e  to  s u l f h y d r y l  r e a g e n t s .  I t  was c o m p le te ly  

I n h ib i te d  by oxam ate, o x a la t e ,  and 2 -hyd roxy  3 -b u ty n o a te .  When th e  

enzym e-bound FAD was removed by a c id  ammonium s u l f a t e  o r  t r i c h l o r o ­

a c e t i c  a c i d ,  a c t i v i t y  co u ld  n o t be r e s to r e d  by added FAD, n o r  d id  

added FAD enhance u n t r e a te d  enzyme a c t i v i t y .

P u r i f i e d  D - l a c t i c  d ehyd rogenase  was a b le  to  r e c o n s t i t u t e  D- 

l a c t i c  d ehyd rogenase  a c t i v i t y  and D - l a c t a t e  d ep en d en t t r a n s p o r t  in  

v e s i c l e s  o f  d id  m u ta n ts  o f  E . c o l i  ( 4 3 ) .  T h is  co n firm ed  th e  f in d in g  

o f  Reeves e t  a l .  (4 4 ) t h a t  g u an id in e -H C l e x t r a c t s  from  w ild  type  

membrane v e s i c l e s  w ere a b le  to  r e c o n s t i t u t e  D - la c ta te  dep en d en t 

t r a n s p o r t  in  membrane v e s i c l e s  from  m u ta n ts  d e f e c t iv e  i n  D - l a c t ic
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d e h y d ro g e n a se . P u r i f i e d  enzyme in a c t iv a t e d  by th e  a tta c h m e n t o f

2 -hydroxy  3 -b u ty n o a te  to  th e  f l a v i n  m o ie ty  d id  n o t b in d  to  v e s i c l e s ,  

im p l ic a t in g  th e  f l a v i n  in  b in d in g .  The enzyme a p p a re n tly  bound to  

th e  o u ts id e  s u r f a c e  o f v e s i c l e s ,  a s  v in y lg l y c o l a t e ,  a  s u b s t r a t e  f o r  

th e  D - l a c t i c  dehyd rogenase  (4 5 ), was n o t ta k e n  up by r e c o n s t i t u t e d  

v e s i c l e s .  I t  was I n t e r e s t i n g  t h a t  th e  dehyd ro g en ase  cou ld  r e s t o r e  

t r a n s p o r t  a c t i v i t y  to  v e s i c l e s  when bound to  th e  o u ts id e  w h ile  i t  i s  

n o rm a lly  p r e s e n t  on th e  i n s i d e .

The s u b s t r a t e - s p e c i f i c  c a r r i e r  p r o te in s  a s s o c ia te d  w ith  th e  

r e s p i r a t io n - c o u p le d  sy stem  have a l s o  been  i n v e s t i g a t e d .  A membrane- 

bound p r o l in e  b in d in g  a c t i v i t y  has been  s o lu b i l i z e d  and p u r i f i e d  from 

v e s ic l e s  o f  E . c o l i  e x t r a c te d  w ith  th e  n o n - io n ic  d e te r g e n t  B r i j  36-T 

( 4 6 ) .  P r o l in e  b in d in g  was i n h ib i t e d  by PCMB and DTT, b u t n o t by 

u n c o u p le rs  o r  e l e c t r o n  t r a n s f e r  i n h i b i t o r s .  B ind ing  a c t i v i t y  was 

a l s o  se en  f o r  s e r i n e ,  g ly c in e ,  l y s i n e ,  and t y r o s i n e ,  a lth o u g h  th e s e  

d id  n o t i n h i b i t  p r o l in e  b in d in g , w hich i s  a p p a r e n t ly  p r o l i n e - s p e c i f i c .

Most a t t e n t i o n ,  how ever, h as  c e n te re d  on th e  3 - g a l a c to s id e  

c a r r i e r  p r o t e i n .  A m em b ran e -asso c ia te d  p r o t e i n  e s s e n t i a l  t o  th e  

t r a n s p o r t  o f  l a c to s e  in  E . c o l i  was d isc o v e re d  by Fox and Kennedy 

in  1965 ( 4 7 ) .  They found t h a t  NEM c o u ld  b lo c k  a c c u m u la tio n  o f  th e  

la c to s e  an a lo g u e  ONPG, p resu m ab ly  by a f f e c t i n g  th e  la c to s e  c a r r i e r ,  

w ith o u t a f f e c t i n g  o th e r  enzymes o f  l a c to s e  m e ta b o lism . A d d it io n  o f  

th e  la c to s e  an a lo g u e  TDG p re v e n te d  i n a c t i v a t i o n ,  I n d ic a t in g  t h a t  th e  

s i t e  o f  NEM s e n s i t i v i t y  had a  h ig h  a f f i n i t y  f o r  TDG. Fox and 

Kennedy added  u n la b e le d  NEM t o  c e l l s  i n  th e  p re se n c e  o f  TDG t o  r e a c t  

w ith  p r o te in s  o th e r  th a n  th e  l a c to s e  c a r r i e r .  Then th e  c o ld  NEM and 

TDG were removed and r a d io a c t iv e  NEM was a d d e d . S e p a ra te  p r e p a r a t io n s
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o f  induced  o r  u n induced  c e l l s  w ere la b e le d  w ith  ^H- o r  ^C-NEM, 

r e s p e c t i v e ly .  I t  was found t h a t  an  in d u c ib le ,  N E M -sen sitiv e , TDG- 

b in d in g  p r o te in  e s s e n t i a l  f o r  t r a n s p o r t  o f  l a c to s e  was in  th e  

p a r t i c u l a t e  f r a c t i o n  o f  th e  c e l l .  I t  was c a l l e d  th e  M ( f o r  membrane) 

p r o te i n .  S tu d ie s  o f  m u ta n ts  by Fox e t  a l .  (48) le d  to  th e  c o n c lu s io n  

t h a t  th e  y gene o f  th e  l a c to s e  operon  was th e  s t r u c t u r a l  gene f o r  th e  

M p r o t e i n .

The M p r o t e i n  cou ld  o n ly  be e x t r a c te d  from  th e  membrane by 

d e te r g e n t s .  P a r t i c u l a t e  p r o te in  la b e le d  w ith  r a d io a c t iv e  NEM was 

e x t r a c te d  w ith  SDS and f r a c t i o n a t e d  on a Sephadex G150 column ( 4 9 ) .  

The m o le c u la r  w e ig h t o f  th e  M p r o te i n  was d e te rm in e d  to  be 2 9 ,0 0 0 .

When s u b s t r a t e s  o f  th e  l a c to s e  t r a n s p o r t  sy stem  w ere t e s t e d  f o r  

a b i l i t y  to  p r o t e c t  a g a in s t  i n a c t iv a t io n  by NEM, i t  was found t h a t  

two c la s s e s  o f  s u b s t r a t e  e x i s t e d ,  o n ly  one o f  w hich p r o te c te d  a g a in s t  

i n a c t i v  a t i o n  by NEM ( 5 0 ) .  The e x p la n a t io n  p ro p o sed  f o r  t h i s  o b s e r ­

v a t io n  was t h a t  th e  M p r o t e i n  had two b in d in g  s i t e s  ( I  & I I )  f o r  

su g a rs  i t  t r a n s p o r t s ,  o n ly  one o f  w hich bound NEM ( I I ) .  D ir e c t  t e s t s  

o f  b in d in g  to  th e  M p r o t e i n  showed t h a t  TDG and m e lib io s e  had a  h ig h  

a f f i n i t y  f o r  s i t e  I I ,  th e  NEM-binding s i t e  ( 5 1 ) .  I t  was a l s o  found 

t h a t  a * g a la c to s id e s  had a  h ig h e r  a f f i n i t y  f o r  s i t e  I I  th a n  

$ - g a l a c t o s i d e s .

F u r th e r  c o n f i rm a tio n  o f  th e  r o l e  o f  th e  M p r o te i n  in  l a c to s e  

t r a n s p o r t  in  E . c o l i  was p ro v id e d  by s tu d i e s  u s in g  th e  f lu o r e s c e n t  

8 - g a l a c to s id e  a n a lo g u e , 2 - (N -d a n s y l) - a m in o e th y l$ -D - th io -g a la c to s id e  

( d a n s y l - g a l a c t o s id e ) . T h is  compound was n o t  t r a n s p o r te d  by v e s i c l e s ,  

b u t  i t  c o m p e t i t iv e ly  i n h ib i t e d  la c to s e  u p ta k e .  Reeves e t  a l .  (52 ) 

showed t h a t  d a n s y l - g a la c to s id e  bound th e  8 - g a l a c to s id e  c a r r i e r  and
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p a r t i a l l y  p r o te c te d  i t  a g a in s t  i n a c t iv a t io n  by NEM. T hese e f f e c t s  

w ere n o t s e e n  in  v e s i c l e s  la c k in g  th e  f3 -g a la c to s id e  t r a n s p o r t  sy s te m . 

F lu o re s c e n c e  changes induced  by a d d i t io n  o f  D - la c ta te  were r e v e r s e d  

by s u b s t r a t e s  w hich bound th e  M p r o t e i n .  The number o f  b in d in g  s i t e s  

d e te rm in e d  f o r  d a n s y l - g a la c to s id e  ag reed  w ith  th e  amount o f  M p r o t e i n  

d e te rm in e d  by Jo n es  and Kennedy ( 4 9 ) .  These r e s u l t s  in d ic a te d  t h a t  

th e  M p r o t e i n  d e s c r ib e d  by Fox and Kennedy and th e  @ -g a la c to s id e  

c a r r i e r  p r o te i n  f o r  r e s p i r a t io n - c o u p le d  t r a n s p o r t  in  E . c o l i  w ere th e  

same p r o t e i n .

Many o th e r  r e s p i r a t io n - c o u p le d  system s have now been  i d e n t i f i e d  

i n  a  v a r i e t y  o f  o rg a n ism s . Kerwar e t  a l .  (S 3 ) used  membrane v e s i c l e s  

to  s tu d y  one o f  th e  system s f o r  g a la c to s e  t r a n s p o r t  in  E.  c o l i  w hich 

was a l s o  s t im u la te d  by ascorbate-FM S o r  D - l a c t a t e .  Amino a c id  t r a n s ­

p o r t  in  S.  a u re u s  v e s i c l e s  was found to  be coup led  to  r e s p i r a t i o n  v ia  

an L - a -g ly c e r o l  p h o sp h a te  d e h y d ro g e n a se . U ptake was s t im u la te d  by 

a d d i t io n  o f  L - a - g ly c e r o l  p h o sp h a te  o r  ascorbate-PM S ( 5 4 ,5 5 ) .  K onings 

and F re e s e  (56 ) d e s c r ib e d  a  r e s p i r a t io n - c o u p le d  L-am ino a c id  u p tak e  

sy stem  in  B. s u b t i l i s , s t im u la te d  o p tim a lly  by L - a - g ly c e r o l  p h o sp h a te , 

NADH, and red u ced  p h e n a z in e  m e th o s u lf a te .  L o , Rayman, and Sanwal 

showed c a t a b o l i t e  r e p r e s s i b l e  s u c c in a te  t r a n s p o r t  i n  E . c o l i  ( 5 7 ,5 8 ) .  

A m u tan t la c k in g  s u c c in a te  dehydrogenase  and fu m ara te  r e d u c ta s e  

r e q u i r e d  th e  a d d i t io n  o f  D - la c ta te  o r  ascorbate-PM S to  membrane 

v e s i c l e s  t o  show s u c c in a te  t r a n s p o r t .  The r e s p i r a t io n - c o u p le d  t r a n s ­

p o r t  o f  D - l a c t a t e ,  L - l a c t a t e ,  and s u c c in a te  was s tu d ie d  in  E . c o l i .

B . s u b t i l i s , and a  Pseudomonas s p e c ie s  by M atin  and K onings ( 5 9 ) .

At th e  c o n c e n t r a t io n s  s tu d i e d ,  no s u b s t r a te  was a b le  t o  e n e rg iz e  i t s  

own t r a n s p o r t  in  membrane v e s i c l e s ;  th e  a d d i t io n  o f  a sco rb a te -P M S ,
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D - l a c t a t e ,  L - l a c t a t e ,  s u c c in a te ,  o r  NADH was n e c e s s a r y .  R e s p i r a t io n -  

co u p led  t r a n s p o r t  o f  g lu c o se  In  A z o to b a c te r  v i n e l a n d i l  (60 ) and o f  

g lu c o n a te  in  Pseudomonas a e ru g in o s a  (61 ) were co u p led  to  th e  o x id a ­

t i o n  o f  L -m a la te  by an FA D -linked L -m a la te  d e h y d ro g e n a se .

W hile r e s p i r a t io n - c o u p le d  t r a n s p o r t  o f  l a c to s e  in  B . c o l i  

membrane v e s i c l e s  was a lw ays o b se rv ed  to  be i n h ib i t e d  by a n o x ia , 

a n a e ro b ic  l a c to s e  t r a n s p o r t  d id  o ccu r in  whole c e l l s .  V e s ic le s  

p re p a re d  from  c e l l s  induced  f o r  a - g ly c e r o l  p h o sp h a te  dehydrogenase  

and fu m ara te  re d u c ta s e  were found to  t r a n s p o r t  l a c to s e  u n d er a n a e ro b ic  

c o n d i t io n s  in  th e  p re se n c e  o f  D L -a -g ly c e ro l  p h o sp h a te  and fu m a ra te . 

A n aero b ic  t r a n s p o r t  c o u ld  a ls o  be co u p led  to  fo rm a te  dehyd rogenase  

and n i t r a t e  re d u c ta s e  in  th e  p re se n c e  o f  fo rm ate  and n i t r a t e .

Membrane v e s i c l e s  f o r  th e  s tu d ie s  o f  a n a e ro b ic  t r a n s p o r t  were 

p re p a re d  by a  r e v i s e d ,  m ild e r  p ro c e d u re . Loss o f  a c t i v i t y  by 

e x c e s s iv e  w ashing  was a t t r i b u t e d  to  th e  r e l e a s e  o f  some lo o s e ly  

a s s o c ia te d  com ponents (p e rh a p s  one o r  more o f  th e  r e q u ir e d  enzym es) 

and was th o u g h t t o  e x p la in  th e  f a i l u r e  to  f in d  a n a e ro b ic  t r a n s p o r t  

in  v e s i c l e s  p re p a re d  by th e  u s u a l  p ro ce d u re  ( 6 2 ) .

T h e re  h as  been  e x te n s iv e  c o n tro v e rs y  o v e r  th e  m odels p roposed  

by Kaback and h i s  c o lle a g u e s  to  a c co u n t f o r  th e  d a ta  th e y  have 

o b ta in e d  from  membrane v e s ic l e  s t u d i e s .  A r a p id ly  expand ing  g roup  

in  th e  f i e l d  o f  b a c t e r i a l  t r a n s p o r t  in v o k es  th e  chem iosm otic  h y p o th e s is  

o f  th e  ty p e  p roposed  by M itc h e l l  (63 ) t o  a c co u n t f o r  th e  d a ta  known 

a b o u t e n e r g iz a t io n  o f r e s p i r a t io n - c o u p le d  ( o r  A T P -driven  a n a e ro b ic )  

a c t i v e  t r a n s p o r t .  M itc h e l l  s u g g e s te d  t h a t  p ro to n  e x t r u s io n ,  caused  

by o x id a t iv e  p h o s p h o ry la tio n  d u r in g  a e ro b ic  g row th  o r  by a  membrane- 

bound ATPase d u r in g  a n a e ro b ic  g ro w th , r e s u l t s  in  a  membrane p o t e n t i a l
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and a  pH g r a d ie n t  a c ro s s  th e  b a c t e r i a l  m em brane. The p ro d u c tio n  o f  

pH a n d /o r  ch a rg e  g r a d i e n ts  would r e q u i r e  t h a t  th e  membrane be im per­

m eable to  p ro to n s  and th e  r e l e v a n t  i o n s ,  t h a t  th e  membrane system  

be c lo s e d  (a s  i t  i s  in  v e s i c l e s  o r  c e l l s ) , and t h a t  v a r io u s  com ponents 

o f  th e  e l e c t r o n  t r a n s p o r t  c h a in  be s p e c i f i c a l l y  lo c a l iz e d  w i th in  th e  

m em brane. The " p ro to n  m o tiv e  f o rc e "  was p o s tu la te d  t o  d r iv e  th e  up­

h i l l  t r a n s p o r t  o f  a  s u b s t r a t e  by c o u p lin g  th e  inw ard  flow  o f  p ro to n s  

w ith  t h a t  o f  s u b s t r a t e ,  i . e . ,  p ro to n  sy m p o rt. The p ro to n  m otive 

fo rc e  ( ap) was d e f in e d  a s  b e in g  th e  e l e c t r i c a l  p o t e n t i a l  a c r o s s  th e  

membrane (Aij;) p lu s  th e  p o t e n t i a l  g e n e ra te d  by th e  pH g r a d ie n t  (ApH), 

g iv in g  AP “ Aip -  59A pfyat 2S5 C . H aro ld  and h i s  c o -w o rk e rs  (6 4 -6 7 ) 

have p roposed  t h a t  g lu c o se  f e r m e n ta t io n  in  th e  an a ero b e  S tre p to c o c c u s  

f a e c a l i s  g e n e ra te s  a  membrane p o t e n t i a l  o f  150-200 mV and a  pH g r a d i e n t ,  

w hich  was c a lc u la t e d  to  be s u f f i c i e n t  t o  d r iv e  su g a r  t r a n s p o r t .  The 

lo s s  o f  a c t i v e  t r a n s p o r t  o f  many s u b s t r a t e s  on a d d i t io n  o f  u n c o u p lin g  

a g e n ts  co u ld  be due to  th e  c o l l a p s e  o f  t h i s  g r a d ie n t  caused  by th e  

a b i l i t y  o f  u n c o u p le rs  to  r e n d e r  th e  membrane perm eab le  to  p r o to n s .

S tu d ie s  have been  c o n d u c te d , i n  many l a b o r a to r i e s  on num erous 

s t r a i n s  o f  a  v a r i e t y  o f  o rg a n ism s , w hich  len d  s u p p o r t  to  th e  o c cu ren ce  

o f  an  e l e c t r i c a l  and pH g r a d ie n t  i n  a e ro b ic  and a n a e ro b ic  c e l l s  a s  w e l l  

a s  i n  membrane v e s i c l e s .  The r o l e  o f  t h i s  g r a d ie n t  i n  a c t i v e  t r a n s p o r t  

has been  more d i f f i c u l t  t o  e s t a b l i s h .  How ever, th e  a v a i l a b l e  d a ta  

s t r o n g ly  s u g g e s t  t h a t  r e s p i r a t io n - c o u p le d  t r a n s p o r t  and A T P-dependent 

t r a n s p o r t  in  a n a e ro b ic  c e l l s  depend on th e  fo rm a tio n  o f  su ch  a  g r a d i e n t .

E .  c o l i . and o th e r  b a c t e r i a ,  ca n  u se  o x id a t iv e  p ro c e s s e s  to  

s u p p o r t  t r a n s p o r t  w ith o u t p a r t i c i p a t i o n  o f  ATP a s  h a s  been  shown in  

whole c e l l s  and membrane v e s i c l e s  in  many l a b o r a t o r i e s .  K le in
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and Boyer (6 8 ) showed t h a t  u n d e r  a n a e ro b ic  c o n d i t io n s  whole c e l l s  

were a b le  to  t r a n s p o r t  p r o l i n e .  When whole c e l l s  w ere in c u b a te d  

w ith  h ig h  l e v e l s  o f  a r s e n a te  and low l e v e l s  o f  in o rg a n ic  p h o sp h a te  

to  red u ce  th e  ATP and PEP l e v e l s  in  th e  c e l l s ,  a e ro b ic  t r a n s p o r t  

p roceeded  n o rm a lly , p resum ab ly  su p p o rte d  by en erg y  d e r iv e d  from  

o x id a t io n ,  b u t  a n a e ro b ic  t r a n s p o r t  was e l im in a te d .  Both so u rc e s  o f  

membrane e n e r g i z a t io n  w ere s e n s i t i v e  to  u n c o u p le rs  a s  would be 

e x p e c te d  i f  th e y  p roduced  a  common d r iv in g  fo rc e  f o r  t r a n s p o r t .

P re z io s o  e t  a l .  (69 ) s tu d ie d  a  m utan t o f  E . c o l i  K12 d e f i c i e n t
+2 +2

i n  Ca , Mg -ATPase a c t i v i t y ,  AN120 ( uncA) . T r a n s p o r t ,  in  v e s i c l e s ,  

o f  s e v e r a l  r e s p i r a t io n - c o u p le d  s u b s t r a t e s  in  th e  p re s e n c e  and ab sen ce  

o f  D - la c ta te  o r  ascorbate-P M S  was com parab le  to  t h a t  o b se rv ed  in  

v e s i c l e s  o f  th e  p a re n t  s t r a i n .  The same r e s u l t s  w ere shown in  whole 

c e l l s .  T hese  r e s u l t s  w ere c o n s i s t e n t  w ith  th e  id e a  t h a t  t r a n s p o r t  

was d r iv e n  by an  e n e rg iz e d  s t a t e  whose e n e rg y  c o u ld  be d e r iv e d  from  

o x id a t io n  and would n o t in v o lv e  ATP d i r e c t l y  e x c e p t when, d u r in g  

a n a e r o b io s i s ,  ATP was r e q u i r e d  to  g e n e ra te  th e  e n e rg iz e d  s t a t e .  

C o n d it io n s  w hich  i n h ib i t e d  th e  A TPase, and an  ATPase i n h i b i t o r ,

DCCD, a l s o  f a i l e d  to  i n h i b i t  a e ro b ic  t r a n s p o r t  in  th e  p a re n t  s t r a i n .

S c h a ir e r  and Haddock (7 0 ) I s o l a te d  an  ATPase d e f i c i e n t  m u tan t 

o f  E . c o l i  K12, A l0 3 c . W ild ty p e  and m utan t whole c e l l s  showed 

com parab le  r a t e s  o f  TMG a c c u m u la tio n . However, when r e s p i r a t i o n  was 

i n h ib i t e d  by KCN, w ild  ty p e  r a t e s  o f  u p tak e  w ere red u ced  o n ly  357. 

and u p ta k e  by th e  m u tan t s t r a i n  was a b o l i s h e d .  T hese r e s u l t s ,  and 

s im i l a r  r e s u l t s  o f  Yamamoto e t  a l .  (71X were c o n s i s t e n t  w ith  th e  r o le  

o f  th e  ATPase i n  s u p p o r t in g  t r a n s p o r t  when r e s p i r a t i o n  i s  u n a b le  to  

do s o .
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C o n s is te n t  w ith  th e  r e s u l t s  w ith  ATPase n e g a t iv e  m u ta n ts ,  w ere th o se  

o f  S ingh  and Bragg (72) who d e s c r ib e d  a  m utan t o f  E . c o l i  K12, SASX76, 

w hich r e q u ir e d  th e  a d d i t io n  o f  A -a m in o le v u l in ic  a c id  (ALA) i n  o r d e r  

to  form  c y to ch ro m es. The u p tak e  o f  p h e n y la la n in e  in  cy tochrom e- 

d e f i c i e n t  c e l l s  was a b s e n t  w h e th e r o r  n o t D - la c ta te  was a d d e d .

However, g lu c o se  was a b le  to  d r iv e  p h e n y la la n in e  t r a n s p o r t ,  i n d ic a t in g  

t h a t  ATP from  g ly c o ly s i s  c o u ld  s u p p o rt  a c t i v e  t r a n s p o r t  in  th e  

ab sen ce  o f  an  o x id a t iv e  so u rc e  o f  e n e rg y .

Simoni and S h a l le n b e rg e r  (7 3 )  h ad , a t  t h i s  t im e , i s o l a te d  

s e v e r a l  m u tan ts  d e f e c t iv e  in  a e ro b ic  m e ta b o lism . DL-54, w hich  was 

d e f i c i e n t  in  a e ro b ic  t r a n s p o r t  in  whole c e l l s  and v e s i c l e s ,  was 

found to  be A T P a se -n e g a tiv e . Sim oni and S h a lle n b e rg e r  su g g e s te d  t h a t
I *y | o

th e  Ca , Mg -ATPase m igh t somehow be in v o lv e d  in  th e  c o u p lin g  o f  

en e rg y  d e r iv e d  from  r e s p i r a t i o n  to  t r a n s p o r t .  However, Bragg and 

Hou (74 ) found t h a t  DL-54 had a  pheno type  t h a t  resem b led  t h a t  o f  

membrane p a r t i c l e s  from  w hich th e  ATPase had been  rem oved. Such 

rem oval r e s u l t e d  i n  th e  lo s s  o f a e ro b ic  tra n sh y d ro g e n a se  a c t i v i t y  

and a e ro b ic  a c t i v e  t r a n s p o r t  o f  amino a c i d s .  A d d it io n  o f  a  p r e p a r a ­

t io n  o f  ATPase o r  DCCD r e s to r e d  th e s e  a c t i v i t i e s .  Bragg and Hou 

p roposed  t h a t  th e  DL-54 m o d if ie d  ATPase m igh t be lo o s e ly  bound to  th e  

c e l l  membrane and t h a t  th e  ATPase p e rfo rm s  a  s t r u c t u r a l  r o l e  in  s t a b i ­

l i z i n g  th e  h ig h  e n e rg y  s t a t e  (p e rh a p s  by p r e v e n t in g  p ro to n  le a k a g e )  in  

th e  mem brane. The e t c  m u ta n ts  o f  Hong and Kaback ( 4 1 ) ,  d e s c r ib e d  

e a r l i e r ,  may s i m i l a r l y  be m u ta n ts  whose ATPase, a l b e i t  a c t i v e ,  i s  

bound lo o s e ly  o r  " in c o r r e c t l y "  t o  th e  membrane.

A no ther ATPase n e g a t iv e  s t r a i n  o f  E . c o l i  K12, NR 70 , was 

s im i l a r  to  DL-54 and had l o s t  th e  a b i l i t y  to  t r a n s p o r t  s u b s t r a t e s
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a e r o b i c a l ly  a s  w e l l  a s  a n a e r o b ic a l ly  ( 7 5 ,7 6 ) .  The a d d i t io n  o f  th e  

ATPase i n h i b i t o r ,  DCCD, a llo w ed  r e s t o r a t i o n  o f  r e s p i r a t io n - c o u p le d  

u p ta k e . I t  was found t h a t  NR 70 was d e f e c t i v e ,  com pared to  w ild  

ty p e ,  in  m a in ta in in g  a f u n c t io n a l  p ro to n  g r a d i e n t .  I t  was f u r t h e r  

shown t h a t  DCCD in c re a s e d  th e  membrane r e s i s t a n c e  to  th e  p a s s iv e  

flow  o f  p r o to n s .  The f a c t  t h a t  i t  s im u lta n e o u s ly  r e s to r e d  a c t iv e  

t r a n s p o r t ,  f u r t h e r  im p l ic a te d  a  p ro to n  g r a d ie n t  i n  membrane e n e r g i ­

z a t io n  f o r  t r a n s p o r t .  I t  was s u g g e s te d ,  in  l i n e  w ith  th e  e a r l i e r  

s u g g e s t io n  o f  Bragg and Hou ( 7 4 ) ,  t h a t  th e  ATPase was n o t  o b l ig a to r y  

f o r  a e ro b ic  t r a n s p o r t  by v i r t u e  o f  i t s  c a t a l y t i c  a c t i v i t y ,  b u t due to  

i t s  s t r u c t u r a l  r o le  in  th e  membrane.

West and M itc h e l l  (7 7 )  m easured th e  i n i t i a l  r a t e  o f  l a c to s e  in f lo w  

in to  n o n -m e ta b o liz in g  c e l l s  o f E . c o l i  and th e  i n i t i a l  r a t e  o f  e f f e c ­

t i v e  in f lo w  o f p r o to n s .  I t  was found t h a t  th e  r a t e s  o f  th e s e  two 

p ro c e s s e s  were th e  same, i n d ic a t i n g  a  1 :1  c o u p lin g  o f  t h e i r  flow  a s  

e x p e c te d  by th e  chem iosm otic  h y p o th e s i s .  The p re se n c e  o f  th e  u n c o u p le r  

FCCP g r e a t l y  in c re a s e d  th e  d i f f e r e n c e  in  t r a n s lo c a t i o n  o f  p ro to n s  and 

l a c t o s e ,  p resum ab ly  by a llo w in g  p ro to n s  t o  le a k  o u t th ro u g h  th e  c e l l  

membrane.

Two m u tan ts  o f  E . c o l i , ML and X 71-54,w ere i s o l a t e d  and shown to  

have an  in c re a s e d  a b i l i t y  to  c a ta ly z e  f a c i l i a t e d  d i f f u s io n  o f  

3 - g a l a c to s id e s  accom panied  by a  d e c re a s e d  a b i l i t y  to  accu m u la te  

0 - g a l a c to s id e s  a g a in s t  a c o n c e n t r a t io n  g r a d i e n t .  West and W ilson (78 ) 

p ro p o sed  th a t  th e  d e f e c t  in  th e s e  m u tan ts  l i e s  in  th e  m echanism  o f  

c o u p lin g  o f  e n e rg y  to  a c t i v e  t r a n s p o r t .  In c re a s e d  e f f l u x  o f  TMG was 

a ls o  d e m o n s tra te d . The d e f e c t  in  X71-54 was mapped in  th e  y gene o f  

th e  la c  o p e ro n , w hich codes f o r  th e  la c to s e  c a r r i e r ,  M p r o t e i n .  The
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m utan t c a r r i e r  m igh t be a b le  to  t r a n s lo c a t e  l a c t o s e ,  b u t  be u n a b le  

to  co u p le  i t  to  in f lo w  o f  p r o to n s .  In  f a c t ,  th e  two m u tan ts  showed 

p ro to n  in f lo w  w hich was c o n s id e ra b ly  s lo w e r th a n  $ - g a l a c to s id e  in f lo w .

S tre p to c o c c u s  l a c t i s  has no o x id a t iv e  m etabo lism  and r e q u i r e s  th e  

a d d i t io n  o f  m e ta b o lic  s u b s t r a t e s  to  d e m o n s tra te  a c t iv e  t r a n s p o r t .  

K ashket and W ilson (79 ) found t h a t  a d d i t io n  o f  v a lin o m y c in  to  th e s e  

c e l l s  cau sed  them to  accu m u la te  TMG to  14 tim e s  th e  c o n c e n t r a t io n  in  

th e  medium and th e n  s lo w ly  lo s e  i t  o v e r tw en ty  m in u tes  u n t i l  th e  

i n t e r n a l  and e x te r n a l  c o n c e n t r a t io n s  were e q u i l i b r a t e d .  When th e  

e x te r n a l  c o n c e n t r a t io n  o f  was in c r e a s e d ,  th e  e x te n t  o f  TMG u p tak e  

was d e c re a s e d  u n t i l  no e f f e c t  o f  v a lin o m y c in  was se en  a t  a l l .  I t  was 

p roposed  t h a t  th e  slow  lo s s  o f  TMG a f t e r  i t s  a c c u m u la tio n  m ust be due

to  th e  c e s s a t io n  o f  K+ e f f l u x .  When c e l l s  w ere washed and resu sp en d ed
+ + in  K - f r e e  medium, e f f l u x  o f  K was r e e s t a b l i s h e d  and a  second b u r s t

o f  TMG a c c u m u la tio n  o c c u r r e d . FCCP o r  t e t r a c h l o r o s a l y c i l a n i l i d e  (TCS) 

d id  n o t c a u se  a c c u m u la tio n  and p re v e n te d  v a lin o m y c in -in d u c e d  accumu­

l a t i o n .  DCCD i n h ib i t e d  g lu c o s e  su p p o rte d  TMG t r a n s p o r t  b u t  n o t th e  

v a lin o m y c in -in d u c e d  a c c u m u la tio n . The a u th o r s  conc lu d ed  t h a t  th e  

e f f l u x  o f  K cau sed  th e  e n t r y  o f  p ro to n s  w ith  TMG on th e  s u g a r  t r a n s ­

p o r t  c a r r i e r .  S im i la r  r e s u l t s  f o r  amino a c id  t r a n s p o r t  in  SI. f a e c a l i s  

w ere r e p o r te d  by A sghar e t  a l .  ( 8 0 ) .  K ashket and W ilson (81 ) were 

a l s o  a b le  to  in d u ce  TMG u p tak e  in  j>. l a c t i s  by su d d en ly  ex p o sin g  th e  

c e l l s  to  a  medium a t  pH 6 .  The pH g r a d ie n t  imposed was a b le  to  cause  

a  TMG a c c u m u la tio n  t o  a  2 0 - fo ld  h ig h e r  c o n c e n t r a t io n  th a n  was found 

in  th e  medium. A dding TMG to  a  l i g h t l y  b u f f e r e d  medium cau sed  outw ard  

p ro to n  f lo w . A d d it io n  o f  v a lin o m y c in  a lo n e  a l s o  caused  a l k a l i n i z a t i o n  

o f  th e  medium. M easurem ent o f  K+ e f f lu x  and H+ in f lu x  d u r in g  v a l in o -
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m y cin -in d u ced  TMG a c cu m u la tio n  and a c cu m u la tio n  o f  ^ C -m e th y la m in e  

to  d e te rm in e  ApH were co n d u c ted  in  th e s e  c e l l s .  The p ro to n  m otive  

fo rc e  was c a lc u la te d  from  th e s e  m easu rem en ts, and i t  was found t h a t  

th e r e  was a  d i r e c t  r e l a t i o n s h ip  betw een th e  p ro to n  m otive  fo rc e  and 

TMG a c c u m u la tio n .

Thus f a r  in  t h i s  re v ie w , no m en tion  has been  made o f  th e  p e r i -  

p la sm ic  b in d in g  p r o te in s  th o u g h t to  be in v o lv e d  in  th e  t r a n s p o r t  o f  

some compounds. When c e r t a i n  G ram -negative  c e l l s  were t r e a t e d  w ith  

EDTA and s u b je c te d  to  c o ld  w a te r  shock  (8 2 ) th e r e  was r e l e a s e  o f  

p e r ip la s m ic  p r o t e i n s - —p r o te in s  th o u g h t to  be lo c a l iz e d  betw een  th e  

c e l l  membrane and th e  c e l l  w a l l .  E . c o l i  c e l l s  t r e a t e d  by t h i s  

o sm o tic  shock p ro c e d u re  were s tu d ie d  to  d e te rm in e  i t s  e f f e c t  ( 8 3 ,8 4 ) ,  

and i t  was found t h a t  o s m o tic a l ly  shocked  c e l l s  were no lo n g e r  a b le  

to  a c t i v e l y  t r a n s p o r t  g a la c to s e  o r  l e u c in e .  I t  was a l s o  n o te d  t h a t  

s p e c i f i c  b in d in g  p r o te in s  f o r  g a la c to s e  and le u c in e  w ere r e le a s e d  in to  

th e  shock  f l u i d  d u r in g  t h i s  p ro c e d u re  ( 8 5 ,8 6 ) .  The shock  f l u i d  was 

a b le  to  r e s t o r e  a c t i v e  t r a n s p o r t  to  shocked c e l l s .

The g a la c to s e  b in d in g  p r o te in  was p u r i f i e d  and c h a r a c te r i z e d .  I t  

had a m o le c u la r  w e ig h t o f  ab o u t 3 6 ,0 0 0 . I t  bound one m o lecu le  o f  

g a la c to s e  p e r  m o lecu le  o f  b in d in g  p r o t e i n ,  and i t  was i n s e n s i t i v e  to  

s u l f h y d r y l  r e a g e n ts  ( 8 6 -8 8 ) .  Boos and h i s  c o -w o rk e rs  p re s e n te d  

e v id e n c e  f o r  th e  invo lvem en t o f  th e  g a la c to s e  b in d in g  p r o te in  in  a c t i v e  

t r a n s p o r t  ( 8 9 -9 2 ) .  Boos e t  a l .  ( 93) p ro p o sed  t h a t  a  s u b s tr a te - in d u c e d  

c o n fo rm a tio n a l change o f  th e  b in d in g  p r o te i n  was n e c e s s a ry  f o r  th e  

i n  v iv o  f u n c t io n in g  o f  th e  g a la c to s e  t r a n s p o r t  sy s te m . K in e t i c  s tu d i e s  

o f  th e  e n t r y  and e x i t  o f  g a la c to s e  by P a rn es  and Boos (9 4 ) le d  them to  

p ro p o se  t h a t  th e  p e r ip la s m ic  g a la c to s e  b in d in g  p r o te i n  was in v o lv e d
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o n ly  in  th e  e n tr y  p ro c e s s  f o r  g a la c to s e ,  n o t i n  e x i t ,  and t h a t  en e rg y  

was c o u p led  to  th e  e n tr y  o f  t h i s  s u g a r .

An i n t e r e s t i n g  s tu d y  was done by B erg e r (95 ) in  w hich th e  so u rc e s  

o f  en e rg y  f o r  p r o l in e  and g lu ta m in e  u p tak e  in  s ta r v e d  c e l l s  were 

com pared. W hile g lu ta m in e  u p tak e  was dep en d en t on a p e r ip la s m ic  

b in d in g  p r o te in  ( 9 6 ,9 7 ) ,  p r o l in e  t r a n s p o r t  was m ed ia ted  by a  t i g h t l y  

membrane-bound b in d in g  p r o te i n  ( 4 6 ) .  B erg er r e p o r te d  t h a t  p r o l in e  

t r a n s p o r t  co u ld  be d r iv e n  by e n e rg y  from  e i t h e r  e l e c t r o n  t r a n s p o r t  o r  

g l y c o l y s i s .  The o x id a t iv e  s o u rc e s  o f  e n e rg y  were r e s i s t a n t  to  a r s e n a te  

and d id  n o t r e q u i r e  ATPase a c t i v i t y ,  b u t were s e n s i t i v e  to  c y an id e  

and u n c o u p le r s .  G ly c o ly t ic  e n e rg y  was r e s i s t a n t  to  c y a n id e  b u t was 

a b o lis h e d  by a r s e n a te  and u n c o u p le r s ,  and r e q u i r e d  an  a c t iv e  ATPase. 

G lu tam ine t r a n s p o r t ,  on th e  o th e r  hand , was p roposed  to  be d r iv e n  

d i r e c t l y  by p h o sp h a te -b o n d  e n e rg y  from  o x id a t iv e  o r  s u b s t r a t e - l e v e l  

p h o s p h o ry la t io n . When en e rg y  was s u p p lie d  by th e  o x id a t iv e  pathw ay , 

i t  was s e n s i t i v e  to  c y an id e  and u n c o u p le r s ,  a n d , u n l ik e  f o r  p r o l in e  

t r a n s p o r t ,  an  ATPase was r e q u i r e d .  G ly c o ly t ic a l ly  d e r iv e d  e n e rg y  d id  

n o t r e q u i r e  an ATPase and was i n s e n s i t i v e  to  c y a n id e  and u n c o u p le r s .

B oth  pathw ays were i n h ib i t e d  by th e  p re se n c e  o f  a r s e n a t e .  B erg er a ls o  

r e p o r te d  t h a t  p r e l im in a r y  e v id e n c e  in d ic a te d  th a t  o th e r  s h o c k - r e le a s a b le  

sy stem s gave r e s u l t s  l i k e  th o se  f o r  g lu ta m in e  t r a n s p o r t .  He p roposed  

t h a t  th e  d i f f e r e n c e s  i n  th e  b in d in g  o f  th e s e  p r o te in s  to  th e  membrane 

m igh t a l s o  be r e f l e c t e d  in  fu n d a m e n ta lly  d i f f e r e n t  m echanism s o f  

e n e rg y -c o u p lin g . As y e t ,  how ever, i t  i s  im p o ss ib le  to  p r e s e n t  a 

c o h e re n t model f o r  th e  e n e r g i z a t io n  and m echanism  o f  th o se  t r a n s p o r t  

sy stem s in v o lv in g  th e  p e r ip la s m ic  b in d in g  p r o t e i n .

A g a in s t th e  background  o f  th e  above s tu d i e s  o f  t r a n s p o r t  in  o th e r
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l a b o r a t o r i e s ,  A r th ro b a c te r  p y r id i n o l i s  was chosen  f o r  s tu d y  b e cau se  

v a r io u s  p r o p e r t i e s  o f  th e  o rg an ism  and r e l a t e d  s p e c ie s  su g g e s te d  t h a t  

n o v e l r e g u la to r y  phenomena in v o lv in g  b o th  t r a n s p o r t  and m etabo lism  

m igh t be found (9 8 -1 0 0 ). A. p y r id i n o l i s  was c a p a b le  o f  grow th  on a 

w ide v a r i e t y  o f  o rg a n ic  and amino a c id s ,  b u t  i t  grew  on o n ly  two 

s u g a r s ,  D - f ru c to s e  and L -rham nose, a s  s o le  ca rb o n  s o u rc e .  I t  was 

u n a b le  to  grow on g lu c o se  o r  c rg lu c o s id e s  a s  s o le  c a rb o n  s o u rc e ,  

a lth o u g h  th e  n e c e s s a ry  c a ta b o l i c  enzymes f o r  grow th on th e s e  s u b s t r a t e s  

were p r e s e n t .  T h is  c r y p t i c i t y  tow ards g lu c o se  was a b o lis h e d  by 

a d d i t io n  to  th e  medium o f  m a la te  o r  compounds which co u ld  be c o n v e rte d  

to  m a la te .  I t  was found t h a t  a d d i t io n  o f  m a la te  was n e c e s s a ry  f o r  

th e  o p e ra t io n  o f  a  t r a n s p o r t  sy stem  f o r  g lu c o se  (101). The d a ta  

in d ic a te d  t h a t  g lu c o se  was t r a n s p o r te d  by a  r e s p i r a t io n - c o u p le d  

sy stem  t h a t  was co u p led  to  m a la te  o x id a t io n ,  s im i la r  to  th e  g lu c o se  

t r a n s p o r t  system  found in  A z o to b a c te r  v i n e l a n d i i  ( 6 0 ) .  Owing to  a 

m e ta b o lic  p e c u l i a r i t y  o f  th e  o rg an ism  ( 9 9 ) ,  A. p y r id i n o l i s  was u n a b le  

to  accu m u la te  s i g n i f i c a n t  l e v e l s  o f  4 -c a rb o n  compounds, su ch  as  m a la te ,  

d u r in g  m e ta b o lism . T h is  acco u n te d  f o r  th e  re q u ire m e n t f o r  added 

m a la te  in  th e  grow th  medium to  a llo w  t r a n s p o r t ,  and hence g row th  o n , 

g lu c o s e ,  m a l to s e ,  o r  s u c ro s e .

S ince  A . p y r id i n o l i s  c o u ld  grow on D - f ru c to s e  a s  s o le  c a rb o n  

s o u rc e ,  i t  was s u s p e c te d  t h a t  f r u c to s e  c o u ld  be t r a n s p o r te d  by a 

system  w hich  d i f f e r e d  from  t h a t  f o r  g lu c o se  and was n o t  d ep en d en t 

upon m a la te .  In d e e d , a p h o s p h o e n o lp y ru v a te :D -f ru c to s e  p h o s p h o tra n s ­

f e r a s e  sy stem  was fo u n d , and shown to  be in v o lv e d  i n  t r a n s p o r t  and 

m etab o lism  o f  t h i s  s u g a r  in  A. p y r i d i n o l i s .  F u r th e r  d e s c r i p t i o n  o f  

t h i s  t r a n s p o r t  sy stem  was made p o s s ib le  by s tu d ie s  o f  m u tan ts
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d e f i c i e n t  in  f r u c to s e  p h o s p h o tra n s fe ra s e  a c t i v i t y .  I t  was found th a t  

th e  system  c o n s is te d  o f  th r e e  s o lu b le  com ponen ts , one o f  w hich was 

in d u c ib le ,  and one membrane-bound com ponent, w hich  was in d u c ib le  

( 1 0 2 ,1 0 3 ) .  Membrane v e s i c l e s  p re p a re d  from  D -fru c to se -g ro w n  c e l l s  

were a b le  to  ta k e  up f r u c to s e  in  th e  p re se n c e  o f  PEP w ith  a f o r  

f r u c to s e  o f  1 .5  x 10“ ^ M ( 1 0 3 ) .  The D - f ru c to s e  p h o s p h o tra n s fe ra s e  

sy stem  o f  A. p y r id i n o l i s  m ost resem b led  t h a t  o f  S ta p h y lo c o c cu s  

a u re u s  ( 1 8 -2 0 ) .  By a n a lo g y , A. p y r i d i n o l i s  c o n ta in e d  a s o lu b le  

Enzyme I ,  a  s o lu b le  p h o s p h o c a r r ie r  p r o t e i n ,  a n  in d u c ib le ,  s o lu b le  

F a c to r  I I I ,  and an in d u c ib le ,  membrane-bound Enzyme I I .

I n  th e  c o u rse  o f  s tu d y in g  m u ta n ts  w hich w ere d e f i c i e n t  in  

p h o s p h o tra n s fe ra s e  a c t i v i t y ,  i t  was o b se rv e d  t h a t  m u ta n ts  t h a t  co u ld  

n o t  grow on f r u c to s e  a lo n e  were a b le  to  grow on m a la te  p lu s  f r u c to s e  

to  a  much h ig h e r  d e n s i ty  th a n  co u ld  be a c co u n te d  f o r  by grow th  on th e  

m a la te  a lo n e .  I t  was found t h a t  in  th e  p re s e n c e  o f  m a la te ,  w ild  ty p e  

c e l l s  c o u ld  t r a n s p o r t  f r u c to s e  by a  r e s p i r a t io n - c o u p le d  sy s te m , such  

a s  was p r e v io u s ly  found f o r  g lu c o s e ,  a s  w e ll  a s  by th e  p h o sp h o tra n s ­

f e r a s e  system  ( 1 0 4 ) .  S tu d ie s  o f  th e  r e s p i r a t io n - c o u p le d  system  in  

membrane v e s i c l e s  showed t h a t  m a la te  s t im u la te d  f r u c to s e  t r a n s p o r t  

to  657. o f  th e  l e v e l  o f  s t im u la t io n  cau sed  by PEP.

The r e s p i r a t io n - c o u p le d  system  f o r  f r u c to s e  t r a n s p o r t  e x h ib i te d  

a Kj,, f o r  f r u c to s e  o f  5 .6  x 10 M in  membrane v e s i c l e s .  The 

e f f e c t s  o f  i n h i b i t o r s  on b o th  PEP- and m a la te -d e p e n d e n t t r a n s p o r t  

w ere s tu d i e d .  R e s p ira t io n -c o u p le d  t r a n s p o r t  was s i g n i f i c a n t l y  

i n h ib i t e d  by CCCP, DNP, H0QN0, RCN, and NEM. PE P-dependent u p tak e  

was o n ly  s l i g h t l y  a f f e c t e d ,  i f  a t  a l l ,  by any o f  th e s e  i n h i b i t o r s  o r  

u n c o u p le rs  (1 0 5 ) .
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V e s i c l e s  were found to  have a n  FA D-linked L -m a l ic  dehydrogenase  

a c t i v i t y .  T h i s  a c t i v i t y  was a l s o  d e t e c t e d  i n  s o n ic a t e d  whole c e l l s  

and was found a s s o c i a t e d  w i th  t h e  p e l l e t  f r a c t i o n  a f t e r  c e n t r i f u g a t i o n  

a t  100 ,000  x g f o r  one h o u r .  No NAD-linked m a l ic  dehydrogenase  was 

found ( 1 0 5 ) .

S tu d ie s  o f  w ild  ty p e  and m u tan t s t r a i n s  in  v e s i c l e s  and whole 

c e l l s  showed th a t  th e  r e s p i r a t io n - c o u p le d  system  r e q u i r e d  th e  

p re se n c e  o f  a  s u g a r - s p e c i f i c  component ( 1 0 5 ) .  T h is  component was 

in d u c ib le  f o r  g lu c o se  t r a n s p o r t  b u t  c o n s t i t u t i v e l y  p roduced  f o r  

f r u c to s e  t r a n s p o r t .  AP4374, a  m u tan t la c k in g  th e  f r u c t o s e - s p e c i f i c  

component o f  th e  r e s p i r a t io n - c o u p le d  sy stem  was u n a b le  to  grow on 

f r u c to s e  a lo n e  o r  in  th e  p re s e n c e  o f  m a la te .  I t  a p p e a re d  t h a t  th e  

p re s e n c e  o f  th e  r e s p i r a t io n - c o u p le d  system  f o r  f r u c to s e  was n e c e s s a ry  

f o r  th e  in d u c t io n  o f  F a c to r  I I I  and Enzyme I I  o f  th e  f r u c to s e  phos­

p h o tr a n s f e r a s e  system  ( 1 0 6 ) .  T hese f in d in g s  su g g e s te d  t h a t  f r e e  

f r u c to s e  o r  f r u c to s e  6 -p h o sp h a te  m ust accu m u la te  i n t e r n a l l y  f o r  

in d u c t io n  o f  th e  f r u c to s e  p h o s p h o tr a n s fe ra s e  sy stem  and t h a t  in  AP4374 

t h i s  a c c u m u la tio n  was n o t p o s s i b l e ,  s in c e  r e s p i r a t io n - c o u p le d  t r a n s ­

p o r t  o f  f ru c to s e  d id  n o t o c c u r .
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INTRODUCTION

A . p y r id i n o l i s  can  u se  D - f ru c to s e  and L -rham nose, b u t n o t  a wide 

v a r i e ty  o f  o th e r  c a rb o h y d r a te s ,  when th e y  a r e  p r e s e n t  a s  s o le  so u rc e  

o f  ca rbon  in  th e  grow th  medium. When p r e s e n t  a s  s o le  ca rb o n  s o u rc e ,  

D - f ru c to s e  i s  t r a n s p o r te d  by a p h o sp h o e n o lp y ru v a te :D -f ru c to s e  phospho­

t r a n s f e r a s e  system  (1 0 2 ,1 0 3 ) . A l t e r n a t i v e ly ,  D - f ru c to s e  can  be t r a n s ­

p o r te d  by a r e s p i r a t io n - c o u p le d  system  w ith  co n c o m ita n t o x id a t io n  o f  

L -m a la te  ( 1 0 4 ,1 0 5 ) .  A c t iv i ty  o f  th e  r e s p i r a t io n - c o u p le d  t r a n s p o r t  

system  in  whole c e l l s  a s  w e l l  a s  in  membrane v e s i c l e s  depends upon 

th e  p re s e n c e  o f  exogenous L -m a la te . D -g lu c o s e , w hich i s  t r a n s p o r te d  

o n ly  by th e  r e s p i r a t io n - c o u p le d  sy s te m , can  be u sed  o n ly  i f  L -m ala te  

o r  some p r e c u r s o r  t h e r e o f  i s  p r e s e n t  in  th e  medium (1 0 1 \ The a b i l i t y  

o f  A. p y r i d i n o l i s  to  u se  L-rham nose a s  s o le  c a rb o n  s o u rc e ,  w ith o u t 

L -m a la te  o r  a p r e c u r s o r  o f  L -m a la te  in  th e  medium, su g g e s te d  t h a t  t h i s  

s u g a r  m igh t be t r a n s p o r te d  e i t h e r  by th e  p h o s p h o tra n s fe ra s e  sy s te m , o r  

by some m echanism  o th e r  th a n  th o s e  u sed  f o r  f r u c to s e  o r  g lu c o s e .  The 

i n i t i a l  r e a c t io n s  o f  th e  known pathw ay f o r  L-rham nose m etab o lism  in

v a r io u s  s p e c ie s  o f  b a c t e r i a  a r e  L -rham nose  ^ L - rh a n n d o s e  -------^

L -rh o im io se  1 -p h o sp h a te  (1 1 2 , 115 -118 , 121 , 1 2 2 ) . W hile th e  m echanism  

o f  L-rham nose u p ta k e  in  th o £  s p e c ie s  was n o t d e te rm in e d , th e  su g a r  was 

presum ed to  e n te r  th e  c e l l  a s  f r e e  L -rham nose . S tu d ie s  w ere conducted  

in  w hole c e l l s  o f  th e  w ild  ty p e  and m u ta n ts  and in  membrane v e s i c l e s  

in  o rd e r  to  e lu c id a t e  th e  m echanism  o f  t r a n s p o r t  o f  L -rham nose in  

A. p y r i d i n o l i s .

MATERIALS AND METHODS 

B a c te r ia  and g row th  c o n d i t io n s . A r th ro b a c te r  p y r i d i n o l i s  and
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m utan t s t r a i n s  d e r iv e d  from i t  were u sed  f o r  a l l  s t u d i e s .  The o rgan ism  

was r o u t in e ly  m a in ta in e d  in  PYE medium (102) and e x p e rim e n ts  were 

perfo rm ed  a f t e r  grow th  in  a d e f in e d  medium, MS ( 9 9 ) .  C arbon so u rc e s  

were added to  0 .0 5  M u n le s s  o th e rw is e  s p e c i f i e d ,  and c e l l s  were grown 

a t  30° C on a  sh a k e r  r o t a t i n g  a t  200 rpm . Growth e x p e rim e n ts  were 

perfo rm ed  a s  d e s c r ib e d  by W olfson and K ru lw ich  ( 9 9 ) .  M utant s t r a i n s  

AP243, AP253, and AP100 a re  d e f i c i e n t  in  p h o s p h o tra n s fe ra s e  system  

a c t i v i t y .  AP243 and AP253 a re  e ach  d e f i c i e n t  in  one o f  th e  two 

c o n s t i t u t i v e  com ponents o f  th e  p h o s p h o tra n s fe ra s e  sy s te m . AP100 i s  

d e f i c i e n t  in  th e  in d u c ib le ,  f r u c t o s e - s p e c i f i c  F a c to r  I I I  o f  th e  system  

( 1 0 3 ) .

Enzyme a s sa y s  and u p tak e  e x p e r im e n ts . P hosphoenol p y ru v a te :  

L-rham nose p h o s p h o tra n s fe ra s e  a c t i v i t y  was a ssa y e d  by th e  m ethod o f  

T an ak a , L e rn e r  and L in  (1 0 7 ) .  A ssays o f  s u g a r  u p tak e  in  membrane 

v e s i c l e s  were perfo rm ed  by f i l t r a t i o n  a s s a y  a s  d e s c r ib e d  by W olfson 

j£t i l l .  ( 1 0 3 ) ,  e x c e p t t h a t  phosphoeno l p y ru v a te -d e p e n d e n t u p tak e  was 

m easured  a t  30° C and u p tak e  i n  th e  p re se n c e  o f  a l l  o th e r  compounds 

was m easured a t  23° C .

P r e p a r a t io n  o f  membrane v e s i c l e s .  V e s ic le s  were p re p a re d  and 

i s o l a te d  by th e  EDTA-lysozyme p ro ce d u re  o f  Kaback ( 2 5 )  w ith  m o d if i­

c a t io n s  d e s c r ib e d  by W olfson e £  j i l .  ( 1 0 3 ) .  The v e s i c l e  p r e p a r a t io n s  

w ere f r e e  o f  whole c e l l s  and u n ly se d  s p h e r o p l a s t s . No d e te c ta b le  

l e v e l s  o f  s e v e r a l  s o lu b le  enzymes were fo u n d .

C h e m ic a ls . The L -iso m e rs  o f  m a la te  and rham nose and th e  D-
3

isom er o f  f r u c to s e  w ere u sed  in  a l l  c a s e s .  [ G- H ] L -rham nose was
14

p u rch a se d  from  New England N u c le a r  C o r p . ,  and [ U- C] D - f ru c to s e  and 

[ u -^ C ]D -g lu c o s e  were p u rch a se d  from B io ch em ica l and N u c le a r  C o rp . and
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A m ersham -S earle , r e s p e c t i v e ly .  FCMB was p u rch a se d  from  C alb iochem . 

Rotenone was o b ta in e d  from D r. A rth u r  Cedarbaum . CCP, HOQNO, NEM 

and DMSO were o b ta in e d  from  Sigma C hem ical C o. E th y l m ethane s u l f o n a te  

was p u rch a se d  from  Eastm an C h e m ic a ls , and lysozym e was o b ta in e d  from 

B oehringer-M annheim . A ll  o th e r  c h e m ica ls  were o b ta in e d  co m m erc ia lly  

a t  th e  h ig h e s t  p u r i t y  a v a i l a b l e .
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RESULTS

A PKP: rham nose p h o s p h o tr a n s fe ra s e  system  in  A. p y r i d i n o l i s .

Wild ty p e  A. p y r i d i n o l i s  was a b le  to  grow on L-rham nose a s  s o le  carbon  

s o u rc e .  AP100, a m u tan t w hich was d e f i c i e n t  i n  th e  f r u c t o s e - s p e c i f i c  

component o f  th e  p h o s p h o tr a n s fe ra s e  sy s te m , co u ld  u se  L -rham nose as  

w e ll  a s  th e  w ild  ty p e  s t r a i n  ( F ig .  1 ) .  M utan ts  w hich w ere d e f i c i e n t  

in  Enzyme I  (AP243) o r  p h o s p h o c a r r ie r  p r o te i n  (A P253), th e  n o n - s p e c i f i c ,  

c o n s t i t u t i v e  com ponents o f  th e  p h o s p h o tr a n s fe ra s e  sy s te m , were u n a b le  

to  grow on L-rham nose a lo n e  ( F ig .  1 ) .  T hese r e s u l t s  s t r o n g ly  su g g e s te d  

t h a t  L -rham nose was t r a n s p o r te d  by a  P E P :p h o sp h o tra n s fe ra se  system  

s im i la r  to  th e  one shown f o r  D - f ru c to s e  in  A. p y r id i n o l i s  (1 0 2 , 1 0 3 ). 

However, d i r e c t  m easurem ent o f  L -rham nose p h o s p h o tra n s fe ra s e  a c t i v i t y  

was d i f f i c u l t  to  d e m o n s tra te .  E x t r a c t s  w ere p re p a re d  from  c e l l s  a t  

v a r io u s  p o in ts  in  t h e i r  g ro w th , and a s s a y s  were co n d u c ted  o v e r  a  la rg e  

ran g e  o f  p r o te i n  c o n c e n t r a t io n ,  rham nose c o n c e n t r a t io n ,  and PEP con­

c e n t r a t i o n ,  in  th e  p re s e n c e  and ab sen ce  o f  20 mM sodium  f l u o r i d e ,  and 

a t  s e v e r a l  d i f f e r e n t  t e m p e ra tu re s .  PEP:rham nose p h o s p h o tra n s fe ra s e  

a c t i v i t y  was o n ly  o c c a s io n a l ly  d e te c te d  a t  s i g n i f i c a n t  l e v e l s ,  and 

no c o r r e l a t i o n  w ith  th e  c o n d i t io n s  em ployed was a p p a r e n t .  R epeated  

e f f o r t s  to  e s t a b l i s h  o p tim a l c o n d i t io n s  f o r  g row th  and p r e p a r a t io n  o f  

e x t r a c t s  f a i l e d  to  in c r e a s e  th e  p r o b a b i l i t y  o f  s e e in g  a c t i v i t y .

Membrane v e s i c l e s  p re p a re d  from  c e l l s  grown on L-rham nose w ere 

a b le  t o  c a ta ly z e  PE P -dependen t u p ta k e  o f  L-rhamnose ( F ig .  2 ) .  I n  th e  

p re se n c e  o f  100 mM PEP and 6 yM L -rh am n o se , th e  a c t i v i t y  rea c h e d  9 .6  

pm oles/m in/m g o f  v e s i c l e  p r o t e i n .  W hile t h i s  was a low le v e l  o f  

a c t i v i t y ,  i t  co n firm ed  th e  p re s e n c e  o f  a P E P :p h o sp h o tra n s fe ra se  system  

f o r  L-rham nose in  A. p y r i d i n o l i s . PE P -dependen t L-rham nose u p ta k e  was

33



F ig u re  1 . Growth o f  w ild  ty p e  and p h o s p h o tr a n s fe r a s e - n e g a t iv e  

m u ta n ts  o f  A. p y r i d i n o l i s  on L -rham nose . Growth o f  th e  s t r a i n s  

in d ic a te d  on 0 .0 5  M L-rham nose was fo llo w e d .
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F ig u re  2 .  P h o sp h o -en o l p y ru v a te -d e p e n d e n t u p tak e  o f  L-rham nose 

by membrane v e s i c l e s  a s  a  f u n c t io n  o f  L -rham nose c o n c e n t r a t io n .  

V e s ic le s  (0 .0 3  mg) were in c u b a te d  i n  a  s ta n d a rd  r e a c t io n  m ix tu re  (103 ) 

e i t h e r  w ith  o r  w ith o u t 100 mM phosphoeno l p y r u v a te .  The in d ic a te d  

c o n c e n t r a t io n s  o f  r a d io a c t iv e  rham nose were a d d e d , and th e  in cu b a ­

t io n s  were te rm in a te d  a f t e r  10 m in u te s .
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n e g l i g ib l e  a t  23° C; o p tim a l a c t i v i t y  was d e te c te d  from  30° C t o  40P C.

R e s p ira t io n -c o u p le d  t r a n s p o r t  o f  L -rham nose in  A. p y r i d i n o l i s .

When th e  p h o s p h o tr a n s fe r a s e - n e g a t iv e  m u tan t AP243 was grown in  medium 

c o n ta in in g  5 mM m a la te ,  a s  w e ll  a s  50 mM L -rham nose, i t  was a b le  to  

grow to  a much g r e a t e r  d e n s i ty  th a n  c o u ld  be acco u n te d  f o r  by i t s  

grown on 5 mM m a la te  a lo n e  ( F ig .  3 ) .  I t  seemed p o s s ib l e ,  t h e r e f o r e ,  

t h a t ,  l i k e  D - f ru c to s e ,  L-rham nose co u ld  be t r a n s p o r te d  by a r e s p i r a ­

t io n -c o u p le d  sy s te m , a s  w e ll  a s  a p h o s p h o tra n s fe ra s e  sy stem  in  A. 

p y r i d i n o l i s . In d e e d , m a la te -d e p e n d e n t u p ta k e  o f  L-rham nose cou ld  be 

d e m o n s tra ted  in  v e s i c l e s  p re p a re d  from  L -rham nose-grow n c e l l s .  The 

e f f e c t  o f  v a r io u s  c a rb o n  s o u rc e s  on L-rham nose u p ta k e  i s  shown in  

T a b le  I .  O p tim al s t im u la t io n ,  a b o u t f i v e - f o l d ,  was o b se rv e d  w ith  

e i t h e r  L -m a la te  o r  s u c c in a te .  O th e r  c a rb o n  so u rc e s  gave l i t t l e  o r  no 

s t im u la t io n  o f  L-rham nose u p ta k e .  A d d it io n  o f  FAD d id  n o t enhance  th e  

s t im u la t io n  se e n  on  a d d i t io n  o f  e i t h e r  m a la te  o r  s u c c in a te .

The e f f e c t  o f  te m p e ra tu re  on rham nose u p tak e  by v e s i c l e s  was 

d e te rm in e d  in  th e  p re se n c e  o f  4 mM m a la te .  The o p tim a l te m p e ra tu re  

f o r  i n i t i a l  r a t e s  o f  u p tak e  was a p p ro x im a te ly  23° C ( F ig .  4 ) .  Subse­

quen t e x p e r im e n ts , t h e r e f o r e ,  were co n d u c ted  a t  t h i s  te m p e ra tu re .

The e f f e c t 8 o f  v a ry in g  c o n c e n t r a t io n s  o f  m a la te  and s u c c in a te  were

found to  be a lm o s t i d e n t i c a l .  S a tu r a t io n  k i n e t i c s  were o b se rv ed  w ith

b o th ,  a s  i l l u s t r a t e d  in  F ig .  5 .  The c o n c e n t r a t io n  o f  L-rham nose was

th e n  v a r i e d  i n  th e  p re se n c e  o f  4 mM m a la te .  M ic h a e lis -M e n te n  k i n e t i c s

were o b s e rv e d , and a  K o f  2 .9  x  10” ^ M was c a lc u la te d  f o r  L-rham nosem

( F ig .  6 ) .

I n h i b i t o r  s tu d i e s  o f  b o th  system s in  v e s i c l e s  r e v e a le d  t h a t  th e  

r e s p i r a t io n - c o u p le d  system  was in h ib i t e d  by i n h i b i t o r s  o f  r e s p i r a t i o n
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F ig u re  3 .  Growth o f  a p h o s p h o tr a n s fe ra s e -n e g a t iv e  s t r a i n  o f  

A. p y r i d i n o l i s  on rham nose in  th e  p re se n c e  o f  m a la te .  C e l ls  o f  s t r a i n

AP 243 were grown on 50 mM rham nose ( A ---------- A ) , 5 mM m ala te

and 50 mM rham nose p lu s  5 mM m ala te  ( 0 ■-  ■ 1 0 ) .
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TABLE I

UPTAKE OF RHAMNOSE BY VESICLES IN THE PRESENCE OF VARIOUS ADDITIONAL

COMPOUNDS®

A d d itio n

Rhamnose 
U ptake 

pm oles/ 
min/mg 
p r o te in

A d d itio n

Rhamnose
U ptake

p m o le s /
min/mg
p r o te i n

None 4 .1 5 M ala te 19 .21

ADP 5 .3 4 M ala te  + FAD 13 .10

ATP 5 .2 6 S u c c in a te 21 .9 4

FAD 6 .6 2 S u c c in a te  +  FAD 17 .18

NADH 6 .0 7 F um arate 8 .9 3

NADP 6 .6 9 C is -A c o n ita te 5 .5 6

C i t r a t e 7 .3 7 O x a lo a c e ta te 7 .1 4

I s o c l t r a t e 5 .9 8 3 -P h o sp h o g ly c e ra te 6 .0 7

D- a c t a t e 6 .5 2 c t-G lycerophosphate 4 .8 7

P y ru v a te 5 .7 3 a -H y d ro x y b u ty ra te 3 .6 8

® V esic les  (0 .0 3  mg) w ere in c u b a te d  a t  26 C in  a  s ta n d a rd  

r e a c t i o n  m ix tu re  Q .03)with a  f i n a l  volume o f  100 pi c o n ta in in g  th e  

a d d i t io n s  in d ic a te d .  FAD, when p r e s e n t ,  was a t  a  f i n a l  c o n c e n t r a t io n  

o f  50 yM; a l l  o th e r  a d d i t io n s  were a t  a  f i n a l  c o n c e n t r a t io n  o f  5 mM, 

A f te r  10 m in u te s  o f  i n c u b a t io n ,  r a d io a c t iv e  rham nose was added to  a  

f i n a l  c o n c e n t r a t io n  o f  2 M. The r e a c t io n s  were te rm in a te d  10 

m in u te s  a f t e r  th e  a d d i t io n  o f  rham nose .
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F ig u re  4 .  The e f f e c t  o f  te m p e ra tu re  on m a la te -d e p e n d e n t rham nose 

u p tak e  by v e s i c l e s .  V e s ic le s  w ere in c u b a te d  f o r  10 m in u te s  a t  th e  

te m p e ra tu re  in d ic a te d  in  a s ta n d a rd  r e a c t i o n  m ix tu re  (103) c o n ta in in g  

4 mM m a la te .  R a d io a c t iv e  rham nose (2 yM) was added and in c u b a t io n  

was c o n tin u e d  a t  th e  same te m p e ra tu re  f o r  an  a d d i t io n a l  10 m in u tes  

b e fo re  th e  r e a c t io n s  were te r m in a te d .

42



TEM
PERATURE 

(°C)

RHAMNOSE U PT A K E  ( p m b ! e s / m i n / m g  v e s i c l e  p r o t e i n )
r o

O A ^ o ,  O  cji

O  "

r oo
o jo

o
CJ1o



F ig u re  5 . The e f f e c t  o f  m a la te  o r  s u c c in a te  c o n c e n t r a t io n  on 

rham nose u p tak e  by v e s i c l e s .  V e s ic le s  were in c u b a te d  f o r  10 m in u tes  

a t  23° C in  th e  p re se n c e  o f  th e  in d ic a te d  c o n c e n t r a t io n s  o f  m a la te  

( o .... ■ o ) o r  s u c c in a te  •  ) .  R a d io a c t iv e  rham nose ( 2 y M)  was

added and th e  r e a c t io n s  were in c u b a te d  f o r  10 m in u tes  b e fo re  b e in g  

te r m in a te d .

44



RH
AM

NO
SE

 
UP

TA
KE

 
(p

mo
les

/m
in

/m
g 

ve
sic

le 
pr

ot
ei

n)

25

Succinate

Malate

15

10

0

CONCENTRATION (p.M)



F ig u re  6 .  The e f f e c t  o f  rham nose c o n c e n t r a t io n  on th e  r a t e  o f  

m a la te -d e p e n d e n t rham nose u p ta k e  by v e s i c l e s .  R a d io a c tiv e  rham nose, 

a t  th e  f i n a l  c o n c e n t r a t io n s  in d ic a te d  was added to  v e s i c l e s  t h a t  had 

been  in c u b a te d  f o r  10 m in u te s  a t  23° C in  th e  p re se n c e  o f  4 mM m a la te .  

The r e a c t io n s  were te rm in a te d  a f t e r  an  a d d i t io n a l  10 m in u te s  o f  in c u ­

b a t i o n .  I n s e t :  a  L inew eaver-B urk  p l o t .
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( ro te n o n e , KCN, and HOQNO), u n c o u p lin g  a g e n ts  (DNP and CCP), and 

s u lf h y d r y l  r e a g e n ts  (NEM and PCMB). CCP, DNP, and HOQNO caused  no 

i n h i b i t i o n  o f  PEP-dependent u p tak e  (TABLE I I ) .

P re v io u s  s tu d ie s  o f  th e  r e s p i r a t io n - c o u p le d  t r a n s p o r t  o f  D- 

f ru c to s e  in d ic a te d  t h a t  a s u g a r - s p e c i f i c  component was in v o lv e d  in  t h i s  

t r a n s p o r t  sy stem ; th e  D - f ru c to s e  s p e c i f i c  component was th o u g h t to  be 

c o n s t i t u t i v e ,  w h ile  th o se  f o r  rham nose and g lu c o se  were in d u c ib le  ( 1 0 5 ) .  

T h is  was con firm ed  in  v e s i c l e s  from  rham nose-grow n c e l l s  by th e  

f in d in g  t h a t  no m a la te -d e p e n d e n t g lu c o se  u p tak e  was d e t e c t a b l e ,  b u t 

m a la te -d e p e n d e n t f r u c to s e  u p ta k e  was a lm o s t a s  g r e a t  a s  rham nose 

u p ta k e .

DISCUSSION

The p re se n c e  o f  a  P E P :p h o s p h o tra n s fe ra se  system  f o r  L-rham nose 

in  A. p y r id i n o l i s  was e s t a b l i s h e d  by s tu d i e s  o f  m u ta n ts  o f  th e  phos­

p h o tr a n s fe r a s e  system  and PE P -dependent u p tak e  in  membrane v e s i c l e s  

from  rham nose-grow n c e l l s .  T hese f in d in g s  made i t  p o s s ib le  to  e x p la in  

th e  a b i l i t y  o f  A . p y r i d i n o l i s  to  grow on L-rham nose a s  s o le  ca rb o n  

s o u rc e :  The o n ly  o th e r  su g a r  A. p y r i d i n o l i s  was a b le  to  u t i l i z e  as

s o le  ca rb o n  s o u rc e ,  D - f r u c to s e ,  was a l s o  t r a n s p o r te d  by th e  PEP: 

p h o s p h o tra n s fe ra s e  sy stem  ( 1 0 2 ) .  D ir e c t  d e te rm in a t io n  o f  PEP:rham nose 

p h o s p h o tra n s fe ra s e  a c t i v i t y  by a s s a y in g  c e l l  e x t r a c t s  f a i l e d  to  p roduce 

c o n s i s t e n t  d e te c ta b le  l e v e l s  o f  t h i s  a c t i v i t y .  T h is  c o u ld  be due to  

th e  p re se n c e  o f  an  i n h ib i to r y  p r o te i n  in  c ru d e  e x t r a c t s  w hich was l o s t  

d u r in g  p r e p a r a t io n  o f  membrane v e s i c l e s ,  a llo w in g  d e te c t io n  o f  PEP- 

dep en d en t u p tak e  o f  rham nose in  v e s i c l e s .  An a l t e r n a t e  o r  a d d i t io n a l  

e x p la n a t io n  f o r  w hich some e v id e n c e  has been  found ( s e e  s e c t io n  I I ) ,  

i s  t h a t  a  p h o sp h a ta se  i s  a c t i v e  in  c ru d e  e x t r a c t s ,  c le a v in g  th e  rham nose
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TABLE I I

THE EFFECT OF INHIBITORS ON MALATE- AND P-ENOLPYRUVATE- DEPENDENT 

RHAMNOSE UPTAKE BY VESICLES®

I n h i b i t o r C o n c e n tra tio n
X M alate- o r  P -e n o lp y ru v a te -  

D ependent U ptake

M ala te  P -e n o lp y ru v a te

None - 100 100

CCPb 1 yM 8 .0 110

DNP 10 yM 2 2 .3 165

HQN0b 10 y M 6 4 .5 -

100 UM 0 155

KCN 10 mM 1 1 .1 -

KM 1 mM 3 5 .3 -

PCMB 10 yM 1 8 .6 -

R otenone 100 yM 5 .0 -

In cu b a tio n s  w ere c a r r i e d  o u t  a s  d e s c r ib e d  in  th e  legend  t o  T a b le  

I  w ith  th e  i n h i b i t o r s ,  a t  th e  c o n c e n t r a t io n s  in d ic a te d ,  p r e s e n t  d u r in g  

th e  10 m in u te s  p r i o r  to  th e  a d d i t io n  o f  r a d io a c t iv e  rham nose . M ala te  

was p r e s e n t  a t  4 mM, P -e n o lp y ru v a te  a t  100 mM, and rham nose a t  2 yM.

bCCP and HQNO were p r e s e n t  a s  s o lu t io n s  in  d im e th y ls u lf o x id e .  

C o n tro l  in c u b a t io n s  showed t h a t  t h i s  s o lv e n t  caused  no e f f e c t  on 

rham nose u p ta k e  a t  th e  l e v e l  u sed  (IX  d im e th y ls u l f o x id e ) .
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1 -p h o sp h a te  b e fo re  i t  can  be d e te c te d  in  o u r  a s s a y .  T h is  enzyme m igh t 

n o t i n t e r f e r e  w ith  m easurem ent o f  PEP-dependent u p tak e  in  v e s i c l e s .  

T hese f in d in g s  su g g e s te d  t h a t  more th a n  one c r i t e r i a  sh o u ld  be used  

to  d e te rm in e  w h e th er o r  n o t  a su g a r  i s  t r a n s p o r te d  by th e  phospho­

t r a n s f e r a s e  sy s te m .

The m echanism s f o r  rham nose u p tak e  in  A. p y r id i n o l i s  c lo s e ly  

p a r a l l e l e d  th o s e  f o r  f r u c to s e  u p ta k e .  A p h o s p h o tra n s fe ra s e  system  

and a r e s p i r a t io n - c o u p le d  system  e x is t e d  f o r  b o th  s u g a rs .  The a c t i v i t y  

f o r  b o th  system s f o r  L-rham nose u p tak e  in  v e s i c l e s  was low er th a n  t h a t  

d e m o n s tra ted  f o r  f r u c to s e  in  membrane v e s i c l e s  from  fru c to se -g ro w n  

c e l l s  ( 1 0 5 ) .  W hile h a r v e s t in g  rham nose-grow n c e l l s  f o r  v e s i c l e  

p r e p a r a t i o n s ,  i t  was o b se rv ed  t h a t  l a r g e  am ounts o f  s lim e  m a t e r i a l ,  

p o s s ib ly  a c a rb o h y d ra te  p o ly m er, were p roduced  by th e  c e l l s .  T h is  

m a te r i a l  was n o t  found w ith  f ru c to se -g ro w n  c e l l s ,  and i t  m ight d e c re a s e  

th e  amount o f  c lo s e d  v e s i c l e s  o b ta in e d  from  rham nose-grow n c e l l s .  

N e v e r th e le s s ,  c h a r a c t e r i z a t i o n  o f  th e  two u p tak e  system s in  v e s i c l e s  

and c o r r e l a t i o n  w ith  th e  pheno type o f  p h o s p h o tr a n s fe ra s e -n e g a t iv e  

m u tan ts  in  w hole c e l l s  su p p o rte d  th e  re le v a n c e  o f  th e s e  a c t i v i t i e s  

to  th e  f u n c t io n in g  t r a n s p o r t  sy stem s in  th e  c e l l .  I t  i s  i n t e r e s t i n g  

t h a t  th e  r e s p i r a t io n - c o u p le d  system  f o r  f r u c to s e  i s  c o n s t i t u t i v e ,  

w h ile  t h a t  f o r  rham nose i s  i n d u c ib le .  T h is  may r e f l e c t  some d i f f e r e n c e  

i n  th e  r e g u la t i o n  o f  t r a n s p o r t  o f  th e  two s u g a rs .
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I I .  METABOLISM OF L-RHAMNOSE IN A. PYRIDINOLIS
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LITERATURE REVIEW

L-Rhamnose i s  a  m eth y l p e n to se  found in  th e  c e l l  w a l l  o f  many 

b a c t e r i a  (1 0 8 ) ,  and in  th e  g ly c o s id e s  o f  many p l a n t s  ( 1 0 9 ) .  A su rv e y  

by Eagon (110) o f  33 s p e c ie s  o f  b a c t e r i a ,  e ig h te e n  o f  w hich w ere a b le  

to  u t i l i z e  L-rham nose o r  L-fucose d e m o n s tra ted  t h a t  th e  a b i l i t y  to  u se  

one m ethy l p e n to se  d id  n o t c o n fe r  a b i l i t y  to  use  th e  o t h e r ,  a s  o n ly  

in  n in e  c a s e s  were b o th  s u g a rs  u s e d . N e i th e r  s u g a r  in d u ced  enzymes 

s p e c i f i c  f o r  th e  o t h e r .  The pathw ay e s ta b l i s h e d  in  s tu d i e s  d e s c r ib e d  

below  f o r  L-rham nose m etabo lism  in  E . c o l i  was a s  fo llo w s :

Hj=0

HCOH

hI oh

I
H0CH

I
HOCH

I
HCH

H

L-Rhamnose

L-Rhamnose

Iso m erase

CHoOH
Ic=o
I

HCOH
I

HOCH
I

HOCHKXjH

HCH
H

ch2opo3h2

C=0

HCOH 
L-Rham nulose | 
__________^  HOCH

K inase

L-Rham nulose

HOCH
I

HCH
H
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1 -p h o sp h a te

 >
A ld o la se
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1 -p h o sp h a te

CH,0P0,Ho
I

C=0
I

ch2oh

DHAP 

+

HC-0
I

HOCH
!

HCH
H

L -L a c ta ld e h y d e

W ilson and A jl  (111) i d e n t i f i e d  th e  f i r s t  s te p  in  th e  m etabo lism  

o f  L-rham nose in  E . c o l i  B a s  th e  i s o m e r iz a t io n  o f  t h i s  compound to  

L -rh a m n u lo se . L-Rham nulose was d e m o n s tra te d  in  c ru d e  e x t r a c t s  o f  whole 

c e l l s  to  w hich  L-rham nose was a d d e d , by ch rom atography  in  th r e e  s o lv e n t  

system s and by ch em ica l com parison  w ith  s y n th e t i c  rham nulose in  th e  

c y s te in e - c a r b a z o le  (112) r e a c t io n  and in  th e  m ethy l p e n to se  t e s t  ( 1 1 3 ) .

F u r th e r  s tu d ie s  from  th e  same l a b o r a to r y  showed t h a t  th e  L -rham nulose
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t h a t  was form ed from  L-rham nose in  c ru d e  e x t r a c t s  was th e n  p h o sp h o ry - 

l a t e d  a t  th e  ex pense  o f  ATP to  form  rh a m n u lo se -1 -p h o sp h a te  (1 1 4 ) .

The p h o s p h o ry la te d  su g a r  was i d e n t i f i e d  by ch rom atography  in  two 

s o lv e n t  sy s te m s . When i s o l a t e d ,  th e  su g a r  p h o sp h a te  co u ld  be 

h y d ro ly z e d  w ith  a c id  p h o sp h a ta se  and th e  r e s u l t a n t  f r e e  s u g a r  was 

i d e n t i f i e d  a s  f r e e  rh am n u lo se . The rham nulose was th o u g h t t o  be 

p h o sp h o ry la te d  in  th e  one p o s i t i o n  b e c u ase  80-90% o f  th e  p h o sp h a te  

was h y d ro ly z e d  in  te n  m in u tes  in  IN HC1 a t  100° C . The f a c t  t h a t  

rham nulose was p h o sp h o ry la te d  s ix  tim e s  f a s t e r  th a n  rham nose su g g e s te d  

t h a t  rham nose was n o t  p h o sp h o ry la te d  f i r s t  and th e n  c o n v e r te d  to  th e  

k e to s e .

T ak ag i and Sawada p a r t i a l l y  p u r i f i e d  s e v e r a l  enzymes in v o lv e d  

in  th e  m etab o lism  o f  L-rham nose in  E . c o l i  B . A c e l l  e x t r a c t  o f  £ •  

c o l i  B was s u b je c te d  to  M nC^ and ammonium s u l f a t e  p r e c i p i t a t i o n ,  

fo llo w e d  by h e a t in g  to  5 0 °  C f o r  2 m in u te s . The u n p r e c ip i t a te d  

p r o te in  was f r a c t i o n a te d  u s in g  ammonium s u l f a t e ,  r e s u l t i n g  in  a  50- 

fo ld  p u r i f i c a t i o n  o f  th e  L-rham nose iso m e ra se  a c t i v i t y  (L -rham nose 

k e to l - i s o m e r a s e ,  EC 5 .3 .1 .1 4 ) .  The enzyme was s p e c i f i c  f o r  e i t h e r

L-rham nose o r  L -rh a m n u lo se . No o th e r  s u b s t r a t e s  were fo u n d . The

+2p re s e n c e  o f  Mn was e s s e n t i a l  f o r  a c t i v i t y .  I n h ib i t i o n  o f  a c t i v i t y  

was cau sed  by PCMB and c o u ld  be re v e r s e d  by c y s te i n e ,  s u g g e s tin g  th e  

p re se n c e  o f  c r i t i c a l  s u lf h y d r y l  g roups in  th e  enzyme ( 1 1 5 ) .

A 1 3 - fo ld  p u r i f i c a t i o n  o f  th e  L -rham nulose  k in a s e  (ATP:L- 

rham nulose 1 -p h o s p h o tr a n s f e ra s e ,  EC 2 .7 .1 .5 )  was o b ta in e d  by MnC^ and 

ammonium s u l f a t e  f r a c t i o n a t i o n  fo llow ed by m ix ing  w ith  c a lc iu m  phos­

p h a te  g e l  to  w hich  th e  a c t i v i t y  was n o t  ad so rb e d  ( 1 1 6 ) .  A o f  4 mM 

f o r  rh am n u lo se , 2 .9  x  10“^  M f o r  ATP, and 4 .2  x 10”^  M f o r  Mg+* was
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fo u n d . PCMB cau sed  i n h i b i t i o n  w hich  c o u ld  be r e v e r s e d  by a d d i t io n  o f  

c y s te in e  o r  g l u t a th i o n e .  The r e a c t i o n  p ro d u c t was i s o l a t e d  and upon 

h y d ro ly s is  w ith  a c id  p h o s p h a ta s e , was found to  l i b e r a t e  rham nulose 

and in o rg a n ic  p h o sp h a te  in  a 1 :1  r a t i o .  The l a b i l i t y  o f  th e  p h o sp h a te  

e s t e r  in d ic a te d  i t  was lo c a te d  a t  th e  one p o s i t i o n .

C hiu and F e in g o ld  p a r t i a l l y  p u r i f i e d  L -rham nulose k in a s e  from  

E . c o l i  K40 ( 1 1 7 ) .  The c rude  e x t r a c t  was s u b je c te d  to  M nC^ t r e a t ­

ment and ammonium s u l f a t e  f r a c t i o n a t i o n .  A f te r  c a lc iu m  p h o sp h a te  g e l  

t r e a tm e n t ,  th e  ammonium s u l f a t e  f r a c t i o n a t i o n  was r e p e a te d ,a n d  in  a 

f i n a l  s te p  a lu m in a  g e l  was u sed  to  s e l e c t i v e l y  a d so rb  th e  enzym e. A 

3 4 - fo ld  p u r i f i c a t i o n  was a c h ie v e d  to  g iv e  a p r e p a r a t io n  f r e e  o f  ATPase, 

NADH o x id a s e ,  and L-rham nose iso m e ra s e . The pH optimum was a t  pH 8 .5 .

H ic h a e lis -M e n te n  c o n s ta n ts  o f  8 .2  x lO” "* M f o r  rham nulose  and 1 .1  x

-4  +210 M f o r  ATP were fo u n d . A d iv a l e n t  c a t i o n ,  su ch  as  Mg , was

re q u i r e d ,a n d  o th e r  n u c le o t id e s  co u ld  s u b s t i t u t e  f o r  ATP. O th e r  k e to

s u g a rs  were p h o s p h o ry la te d  to  a  sm a ll e x t e n t .  The p h o sp h a te  e s t e r

p ro d u c t was p u r i f i e d  and i d e n t i f i e d  a s  rh am n u lo se -1 -p h o sp h a te  by

p e r io d a te  o x id a t io n  s t u d i e s .

E n g le sb e rg  s tu d ie d  L -rham nose u t i l i z a t i o n  i n a  m utan t o f  P a s te u r e l l a  

p e s t i s  w hich had a c q u ire d  th e  a b i l i t y  t o  use  t h i s  su g a r  ( 1 1 8 ) .  The 

w ild  ty p e  s t r a i n s  were u n a b le  to  do s o .  The r e s u l t s  o f  th e s e  s tu d i e s  

in d ic a te d  t h a t  rham nose was in c o m p le te ly  o x id iz e d  in  t h i s  o rg an ism , 

and t h e r e  was la c ta ld e h y d e  in  th e  c e l l s  w hich c o u ld  a c c o u n t f o r  a t  

l e a s t  p a r t  o f  th e  u n o x id iz e d  rham nose. In  1937, K luyver and S c h n e lle n  

(119 ) had p ro p o sed  t h a t  B a c i l lu s  rh am n o sife rm en tan s  s p l i t  L-rham nose 

d u r in g  i t s  m etab o lism  t o  g iv e  g ly c e ra ld e h y d e  and la c ta ld e h y d e  in  o rd e r  

to  e x p la in  t h e i r  f in d in g  o f  1 ,2  p ro p a n e d io l  a s  an  end p ro d u c t o f  t h i s
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f e r m e n ta t io n , b ecau se  t h i s  compound co u ld  be form ed by r e d u c t io n  o f  

la c ta ld e h y d e .

In  a p a p e r  by Sawada and T ak ag i (1 2 0 ) ,  th e  1 5 - fo ld  p u r i f i c a t i o n  

o f  L -rh a m n u lo se -1 -p h o sp h a te  a ld o la s e  (L -rham nu lose  1 -p h o sp h a te  

L - la c ta ld e h y e  ly a s e ,  EC 4 .1 .2 .b )  from  E . c o l i  B was d e s c r ib e d ,a n d  th e  

p ro d u c ts  o f  th e  r e a c t i o n  were i d e n t i f i e d  a s  d ih y d ro x y a c e to n e  p h o sp h a te  

and l a c ta ld e h y d e .  Crude e x t r a c t  was t r e a t e d  w ith  17. p ro ta m in e  s u l f a t e .  

The s u p e rn a ta n t  was t r e a t e d  w ith  a lu m in a  g e l  Cy, and t h i s  s u p e rn a ta n t  

was s u b je c te d  t o  ammonium s u l f a t e  f r a c t i o n a t i o n .  The r e s u l t a n t  p r e p a r a ­

t i o n  was s l i g h t l y  c o n ta m in a te d  w ith  L-rham nose iso m e ra s e , L -rham nulose  

k in a s e ,  and hexose  d ip h o sp h a te  a l d o l a s e .  The optimum pH f o r  a c t i v i t y  

was 9 .3 .  The f o r  rh am n u lo se -1 -p h o sp h a te  was 10 mM. D ihydroxy­

a c e to n e  p h o sp h a te  was i d e n t i f i e d  by r e a c t i o n  w ith  a - g l y c e r o l  p h o sp h a te  

dehyd rogenase  ( L -g ly c e r o l  3-phosphate:N A D  o x id o re d u c ta s e ,  EC 1 .1 .1 .8 )  

and NADH, and by th e  p re s e n c e  o f  a l k a l i n e - l a b i l e  p h o s p h a te . F o rm a tio n  

o f  DHAP c o rre sp o n d ed  t o  lo s s  o f  rh a m n u lo s e - l-p h o s p h a te . The r e a c t io n  

was r e v e r s i b l e .  When D - la c ta ld e h y d e  was u sed  in s te a d  o f  L - la c ta ld e h y d e  

in  th e  r e v e r s e  r e a c t i o n ,  6 -deoxy  D -so rb o se  was p ro d u c e d . T h u s , th e  

enzyme a p p e a re d  to  r e q u i r e  o r  p roduce  th e  t r a n s  c o n f ig u r a t io n  o f  

h y d ro x y ls  a t  C3 and C4 o f  th e  k e to s e - l - p h o s p h a te .

C hiu  and F e in g o ld  (121 ) a l s o  p u r i f i e d  L -rh a m n u lo se -1 -p h o sp h a te  

a ld o la s e  from  E . c o l i . A f te r  M nC^ p r e c i p i t a t i o n  and ammonium s u l f a t e  

f r a c t i o n a t i o n ,  th e  p r e p a r a t i o n  was f r a c t i o n a te d  w ith  a c e to n e  a t  

-2 0 °  C and f r e e d  o f  a c e to n e  by p a s sa g e  th ro u g h  a  Sephadex G100 colum n. 

A f te r  e l u t i o n  by  in c r e a s in g  NaCl c o n c e n t r a t io n  from  a  DEAE-Sephadex 

A -50 colum n, th e  a c t i v e  f r a c t i o n s  w ere p r e c i p i t a t e d  w ith  ammonium 

s u l f a t e .  T h is  p r e p a r a t i o n  y ie ld e d  one band on a c ry la m id e  g e l  e l e c t r o ­
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p h o r e s i s .  The s p e c i f i c i t y  o f  th e  enzyme r e q u i r e d  a  k e to s e - l - p h o s p h a te  

w ith  a  D - c o n f ig u ra t io n  a t  C3 and th e  L- c o n f ig u r a t io n  a t  C -4 . A ldehydes 

o th e r  th a n  L - la c ta ld e h y d e ,  in c lu d in g  D -g ly c e ra ld e h y d e , would r e a c t  

in  th e  r e v e r s e  r e a c t i o n  w ith  DHAP. The s p e c i f i c i t y  f o r  DHAP was n o t 

s tu d i e d ,  b u t was presum ed to  be a n a lo g o u s  to  t h a t  o b se rv e d  w ith  hexose 

d ip h o sp h a te  a ld o la s e  and f u c u lo s e - l -p h o s p h a te  a ld o l a s e .

The L -rham nulose  1 -p h o sp h a te  a ld o la s e  was p u r i f i e d  to  hom ogeneity

a s  d e te rm in e d  by a c ry la m id e  g e l  d i s c  e l e c t r o p h o r e s i s ,  c e l l u lo s e  a c e t a te

e l e c t r o p h o r e s i s ,  and a g a r  g e l  im m unod iffusion  and Im m u n o e le c tro p h o re s is
5

( 1 2 2 ) .  A m o le c u la r  w e ig h t o f  1 .3 - 1 .4  x 10 d a l to n s  was d e te rm in e d  by 

d e n s i ty  g r a d ie n t  c e n t r i f u g a t i o n  and Sephadex g e l  t h i n  l a y e r  chrom ato­

g ra p h y . A m onovalen t c a t i o n  was r e q u i r e d  f o r  a c t i v i t y ,  and th e  pH 

optimum was 7 .5 .  A o f  0 .3  mM was d e te rm in e d  f o r  L -rh a m n u lo se -1 -  

p h o s p h a te . Cleavage o f  f r u c to s e  1 ,6 -d lp h o s p h a te  was o n ly  1.8% o f  th e  

c le a v a g e  se e n  w ith  rh am n u lo se -1 -p h o sp h a te  a s  s u b s t r a t e .  The enzyme 

was a  c l a s s  I I  a l d o l a s e ,  s in c e  i t  was a c t i v a t e d  by m onovalen t c a t io n s  

and was c o m p le te ly  i n h ib i t e d  by th e  z in c  c h e l a t o r ,  1 ,1 0 - p h e n a n th r o l in e . 

S chw artz  £ t  j i l .  (123 ) showed t h a t  th e  enzyme c o n ta in e d  2 g -a tom s o f 

z in c  p e r  mole o f  enzym e. M e rc a p to e th a n o l i n h ib i t e d  a c t i v i t y .  M er- 

c a p to e th a n o l  p lu s  SDS c o n v e r te d  th e  enzyme to  in a c t iv e  m e ta l - f r e e  

s u b u n its  o f  m o le c u la r  w e ig h t 3 5 ,0 0 0 . E le c t r o n  m ic ro g ra p h s  o f  th e  

c r y s t a l l i n e  a ld o la s e  showed th e  enzyme c o n ta in e d  fo u r  s u b u n its  

a rra n g e d  in  a s q u a re .

Power cond u c ted  s tu d i e s  on th e  g e n e t ic  n a tu re  o f  th e  system  f o r  

L -rham nose m etabo lism  in  E . c o l i  K12 ( 1 2 4 ) .  The genes f o r  th e  enzymes 

were l in k e d  to  th e  m e th io n in e - r e q u ir in g ,  met Bl m a rk e r. Four c la s s e s  

o f  m u ta n ts  w ere i s o l a t e d  w hich co u ld  n o t  u t i l i z e  L -rham nose f o r  g ro w th .
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The o rd e r  o f  th e  genes f o r  th e s e  fo u r  c la s s e s  o f  m u ta tio n  was e s t a b ­

l i s h e d  by r e c i p r o c a l  th re e  f a c t o r  c r o s s e s .  In  o rd e r  o f t h e i r  map 

p o s i t i o n  w ere g roups o f  m u ta n ts :  la c k in g  a ld o la s e  a c t i v i t y ;  la c k in g  

k in a s e  a c t i v i t y ;  la c k in g  iso m erase  a c t i v i t y ;  and h av in g  low o r  

u n d e te c ta b le  l e v e l s  o f  a l l  a c t i v i t i e s .

S tu d ie s  o f  one b a c t e r i a l  s p e c ie s  w hich had an in co m p le te  p a th ­

way f o r  L-rham nose m etab o lism  in d ic a te d  t h a t  a c cu m u la tio n  o f  an  e a r l y  

p ro d u c t ( s )  o f  L-rham nose m etab o lism  was t o x ic  f o r  th e  c e l l s .

S a lm o n e lla  ty p h o sa  was u n a b le  to  u se  L-rham nose a s  a ca rb o n  s o u rc e .

The p re se n c e  o f  L-rham nose caused  i n h i b i t i o n  o f grow th  in  t h i s  

b a c te r iu m . M utan ts  r e s i s t a n t  to  t h i s  i n h i b i t i o n  a ro s e  d u r in g  grow th 

in  th e  p re se n c e  o f  L-rham nose b u t w ere s t i l l  u n a b le  t o  u se  t h i s  s u g a r .  

The w ild  ty p e  s t r a i n  c o n ta in e d  L-rham nose iso m erase  and L -rham nulose 

k in a s e  a c t i v i t y ,  b u t  n o t L -rh a m n u lo s e - l-p h o sp h a te  a ld o la s e  a c t i v i t y .

A r e s i s t a n t  s t r a i n ,  0 -9 0 1 , was m is s in g  b o th  th e  iso m erase  and k in a s e  

a c t i v i t i e s  ( 1 2 5 ) .  The lo s s  o f  b o th  enzymes was d e te rm in e d  n o t to  be 

due to  th e  l o s s  o f  a b i l i t y  t o  t r a n s p o r t  th e  s u g a r ,  to  i n h i b i t i o n  o f 

a c t i v i t y ,  o r  to  th e  n e c e s s i ty  f o r  p ro d u c t io n  o f  rham nulose t o  induce  

th e  k in a s e .

I n h i b i t i o n  o f  b a c t e r i a l  g row th  by b a c t e r i o s t a s i s  o r  b a c t e r i o l y s i s  

has been  se en  commonly in  c e l l s  w here a  m e ta b o li te  o f  some s u b s t r a t e  

i s  accu m u la ted  in  th e  c e l l  r a t h e r  th a n  b e in g  f u r t h e r  m e ta b o liz e d .

T h is  was o f te n  found in  m u ta n ts  m is s in g  an  enzyme o f  a m e ta b o lic  p a th ­

way and was p a r t i c u l a r l y  n o te d  when a  s u g a r  p h o sp h a te  was th e  accumu­

l a t e d  m e ta b o l i te .  An E . c o l i  m u tan t la c k in g  phosphog lucose  iso m erase  

and g lu co se  6 -p h o sp h a te  d eh y d ro g en ase  accum ula ted  h ig h  (5 0  mM) i n t e r n a l  

g lu c o se  6 -p h o sp h a te  w hich cau sed  i n h i b i t i o n  o f  grow th  on th o s e  sub­
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s t r a t e s  w hich r e q u ir e d  th e  u se  o f  f r u c to s e  d ip h o sp h a te  a ld o l a s e .  In  

v i t r o . FDP a ld o la s e  was i n h ib i t e d  by g lu co se  6 -p h o sp h a te  ( 1 2 6 ) .  E . 

c o l i  a ra -5 3  was d e f i c i e n t  in  L - r ib u lo s e  5 -p h o sp h a te  4 -e p im e ra s e . In  

th e  p re se n c e  o f  L - a ra b in o s e ,  L - r ib u lo s e  5 -p h o sp h a te  accum ula ted  and 

grow th  was i n h i b i t e d .  I n h ib i t i o n  co u ld  be overcome by a d d i t io n  o f 

g lu c o s e .  R e s i s ta n t  m u tan ts  lack ed  L - r ib u lo k in a s e  (1 2 7 ) . Growth o f 

a f r u c to s e  1 -p h o sp h a te  k in a s e  d e f i c i e n t  m utant o f  E . c o l i  was in ­

h ib i t e d  by f r u c to s e  o r  f r u c to s e  1 -p h o sp h a te  by an  a p p a re n t p i l e  up o f  

th e  l a t t e r  (1 2 8 ) .  The same e f f e c t  was se en  in  a m utan t o f  A e ro b a c te r  

a e ro g e n e s  (1 2 9 ) .  M utan ts  o f  m a n n ito l 1 -p h o sp h a te  d ehyd rogenase  in  

j>. typhim urium  (130) and in  £ .  c o l i  K12 (131 ) were s e n s i t i v e  to  i n h i ­

b i t i o n  o f  grow th  by added m a n n i to l .  N ik a id o  found t h a t  m u tan ts  o f  

S a lm o n e lla  m iss in g  U D P -galac to se  4 -e p im e ra se  underw ent s e v e re  b a c t e r i o ­

l y s i s  in  th e  p re se n c e  o f  g a la c to s e .  A r e s i s t a n t  m utan t was n e g a tiv e  

f o r  g a la c to k in a s e  a c t i v i t y  (1 3 2 ) .  A ccum ulation  o f  g a la c to s e  1 -p h o sp h a te  

and U D P -galac tose  caused  fo rm a tio n  o f  s p h e r o p la s t s  in  h y p o to n ic  medium. 

Only grow ing c e l l s  w ere ly se d  s u g g e s t in g  t h a t  a  d e f e c t  o r  d e f ic ie n c y  

in  c e l l  w a ll  s y n th e s i s  was c a u se d . UDP t r a n s f e r a s e - n e g a t iv e  m u ta n ts , 

w hich accu m u la ted  o n ly  g a la c to s e  1 -p h o sp h a te , showed o n ly  b a c t e r i o s t a a i s ,  

n o t l y s i s  ( 1 3 3 ) .  L y s is  in  a U D P -galac tose  4 -e p im e ra se  d e f i c i e n t  m utan t 

co u ld  be p re v e n te d  by th e  p re se n c e  o f  g lu c o s e .  T h is  p r o te c t i o n  was 

th o u g h t t o  be due to  c a t a b o l i t e  r e p r e s s io n  o f  th e  enzymes fo rm ing  th e  

to x ic  p ro d u c t by g lu c o se  (1 3 2 , 1 3 4 ) . An E . c o l l  m utan t w hich was 

d e f i c i e n t  in  g a la c to s e  1 -p h o sp h a te  u r id y l  t r a n s f e r a s e  showed m arked 

s lo w in g  o f  grow th  in  th e  p re s e n c e  o f  g a la c to s e  w hich co u ld  be overcome 

by a d d i t io n  o f  0.5% y e a s t  e x t r a c t  ( 1 3 5 ) .  Y arm olinsky  e t  a l .  (136) 

found g a la c to s e  s e n s i t i v i t y  in  E . c o l i  m u tan ts  o f  g a la c to s e  m etabo lism
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t h a t  was a n a lo g o u s  to  th e  e f f e c t s  seen  i n  S a lm o n e lla .

59



INTRODUCTION

S tu d ie s  o f  L-rham nose m etab o lism  in  E . c o l i  (1 1 2 , 115 -118 , 121, 

122) re v e a le d  t h a t  L-rham nose was m e ta b o liz e d  v i a  i s o m e r iz a t io n  to  

L -rh a m n u lo se , p h o s p h o ry la tio n  a t  th e  expense  o f  ATP t o  form  L-rham nu­

lo s e  1 -p h o sp h a te , and c le a v a g e  by an  a ld o la s e  to  p roduce  d ih y d ro x y - 

a c e to n e  p h o sp h a te  and L - la c ta ld e h y d e .  The f in d in g  t h a t  th e r e  e x i s t e d  

i n  A. p y r i d i n o l i s  two sy stem s f o r  th e  t r a n s p o r t  o f  L -rham nose r a i s e d  

a  p rob lem  a s  t o  how L-rham nose was m e ta b o liz e d  in s id e  th e  c e l l s .  The 

r e s p i r a t io n - c o u p le d  L-rham nose t r a n s p o r t  sy s tem  cau sed  a c cu m u la tio n  

o f  f r e e  rham nose w i th in  th e  c e l l .  T h u s , rham nose ta k e n  up by th e  

r e s p i r a t io n - c o u p le d  system  in  A* p y r id i n o l i s  m ight be m e ta b o liz e d  by 

th e  sequence  o f  t r a n s fo r m a t io n s  known f o r  E . c o l i .  The PEP:rham nose 

p h o s p h o tr a n s fe ra s e  sy s te m , on th e  o th e r  h a n d , caused  u p ta k e  and 

a c c u m u la tio n  o f  th e  compound a s  L-rham nose 1 -p h o sp h a te . Rhamnose 

1 -p h o sp h a te  was n o t  an  in te r m e d ia te  in  th e  known m e ta b o lic  pathw ays 

f o r  rham nose m e ta b o lism , s u g g e s t in g  t h a t  an  a l t e r n a t e  pathw ay must 

e x i s t  f o r  th e  m etabo lism  o f  rham nose t r a n s p o r te d  by th e  p h o sp h o tra n s ­

f e r a s e  sy stem  o f  A. p y r i d i n o l i s .

F o u r p o s s ib le  m odels f o r  th e  m etab o lism  o f  L-rham nose i n  A. 

p y r i d i n o l i s  had to  be c o n s id e re d  in  l i g h t  o f  th e  two system s known 

f o r  t r a n s p o r t  and th e  m e ta b o lic  pathw ay known f o r  E . c o l l . T h ree  o f  

th e s e  m odels a r e  i l l u s t r a t e d  in  F i g .  7 . The f o u r th  m odel was a  

v a r i a t i o n  o f  Model I I  in  w hich I  and I '  were one enzyme w ith  th e  

a b i l i t y  t o  r e c o g n iz e  e i t h e r  L-rham nose o r  L-rham nose 1 -p h o sp h a te . 

M utan ts  w ere i s o l a t e d  w hich c o u ld  n o t  u se  L-rham nose f o r  g ro w th , 

w h e th e r o r  n o t m a la te  was a l s o  p r e s e n t .  I d e n t i f i c a t i o n  o f  th e  le s io n s
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in v o lv e d  and th e  r e s u l t i n g  p h en o ty p es  made p o s s ib le  a d e s c r i p t i o n  

o f  th e  pathw ay f o r  L-rham nose m etabo lism  in  A. p y r i d i n o l i s .

MATERIALS AND METHODS

B a c te r ia  and grow th  c o n d i t io n s . A r th ro b a c te r  p y r id i n o l i s  and 

m u tan ts  d e r iv e d  from  i t  w ere used  in  a l l  e x p e r im e n ts . PYE medium 

was used  to  m a in ta in  c u l t u r e s  ( 1 0 2 ) .  MS was used  as  th e  d e f in e d  

medium ( 9 9 ) ,  and ca rb o n  s o u rc e s  w ere added from  s e p a r a te  s t e r i l e  

s o lu t io n s  to  a f i n a l  c o n c e n t r a t io n  o f  0 .0 5  M. Growth s tu d ie s  were 

cond u c ted  in  300 ml s id e -a rm  f l a s k s  as  d e s c r ib e d  by U o lfso n  and 

K ru lw ich  ( 9 9 ) .

I s o l a t i o n  o f  m u ta n ts . In  o r d e r  to  i s o l a t e  L -rham nose n e g a t iv e  

m u ta n ts , c e l l s  o f  A. p y r i d i n o l i s  w ere t r e a t e d  w ith  EMS a s  d e s c r ib e d  

by W olfson and K ru lw ich  ( 9 9 ) .  C e l l s  w ere th e n  washed and in c u b a te d  

o v e rn ig h t  i n  MS p lu s  L-rham nose p lu s  40 yg  p e r  ml o f  p e n c i l l i n  G.

T hen th e  c e l l s  w ere washed and p la te d  on PYE p l a t e s .  The c o lo n ie s  

form ed w ere r e p l i c a - p l a t e d  o n to  L -rham nose and D - f ru c to s e  p l a t e s .  

C o lo n ie s  w hich  grew  on D - f ru c to s e  b u t  f a i l e d  to  grow on L-rham nose 

w ere i d e n t i f i e d  and p ic k e d . T hese w ere f u r t h e r  c h a r a c te r iz e d  by 

grow th  e x p e rim e n ts  done i n  th e  p re s e n c e  o f  10 mM L-malata p lu s  50 mM 

L-rham nose and 10 mM m a la te  a lo n e .  Those t h a t  grew  a s  w e ll  a s  th e  

w ild  ty p e  on m a la te  a lo n e  and showed no in c re m e n t o f  grow th  in  th e  

p re se n c e  o f  b o th  c a rb o n  s o u rc e s  w ere f u r t h e r  i n v e s t ig a t e d  to  d e te rm in e  

th e  l e s io n s  In v o lv e d .

Enzyme a s s a y s . Crude e x t r a c t s  were p re p a re d  by s o n ic  d i s r u p t io n  

a s  d e s c r ib e d  by W olfson and K ru lw ich  ( 9 9 ) .  B efo re  b e in g  a s s a y e d , 

e x t r a c t s  w ere d ia ly z e d  a g a in s t  a  l a r g e  volum e o f  th e  b u f f e r  u sed  in  

th e  a s s a y .  L-Rhamnose iso m e ra se  a c t i v i t y  was d e te rm in e d  by th e  a s s a y
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F ig u re  7 . S chem atic  r e p r e s e n t a t i o n  o f  p o s s ib le  m odels f o r  th e  

u p tak e  and m etab o lism  o f  L -rham nose. A b b re v ia tio n s  u sed  a r e :  PTS-

p h o s p h o tra n s fe ra s e  sy s tem ; R C -re s p ir a tio n -c o u p le d  t r a n s p o r t ;  R-L- 

rham nose , R u-L -rham nulose; R IP-L-rham nose 1 -p h o sp h a te ;  R u lP -rham nulose  

1 -p h o sp h a te ; 1 -  Iso m e ra se ; K -  k in a s e ;  A- a ld o l a s e .
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p ro c e d u re  o f  Domagk and Zech ( 1 3 7 ) ,  w hich was b ased  on th e  a p p e a ra n ce  

o f  L -rh a m n u lo se , a s  m easured by th e  c y s te in e - c a r b a z o le  r e a c t i o n  o f 

D lsche  and B oren freund  (1 1 1 ) . L -R ham nulokinase a c t i v i t y  was d e t e r ­

mined in  a  m ix tu re  c o n ta in in g  25 mM T ris -H C l b u f f e r ,  pH 8 .5 ,  2 .5  mM 

MnCl2 » ATP> 1 *7 red u ced  g l u ta th i o n e ,  25 mM NaF and 50 y 1

o f c ru d e  e x t r a c t  in  a  t o t a l  o f  0 .1 8  m l. The r e a c t i o n  was i n i t i a t e d  

by th e  a d d i t io n  o f  20 Ml o f  20 mM [G- H] L -rh a m n o s e (1 0 y C i/  M ). A f te r  

in c u b a tio n  f o r  te n  m in u tes  a t  room te m p e ra tu re ,  th e  r e a c t io n  was 

s to p p ed  by a d d i t io n  o f  0 .3  ml o f  1 M L -rham nose . Sam ples o f  th e  

r e a c t io n  m ix tu re  were s p o tte d  on D E A E -cellu lose  d i s c s  (1 3 8 ) .  The 

d i s c s  were washed w e ll  in  ru n n in g  w a te r .  A f te r  th e  d i s c s  were d r i e d ,  

th e  r a d i o a c t i v i t y  was m easured by l iq u i d  s c i n t i l l a t i o n  c o u n tin g . A 

c o n t r o l  sam ple was ru n  in  th e  ab sen ce  o f  ATP. L-Rham nulose 1 -p h o sp h a te  

a ld o la s e  a c t i v i t y  was d e te rm in e d  by fo llo w in g  th e  fo rm a tio n  o f  DHAP 

in  a r e a c t io n  m ix tu re  ( t o t a l ,  0 .5  ml) c o n ta in in g :  0 .2  mM NADH; 10 mM 

NaF; 1 mM MnCl2 ; 25 yM MgCl2 : 20 yg c t-g ly c e ro l  p h o sp h a te  d eh y d ro g en ase ; 

12 mM L -rham nulose  1 -p h o sp h a te ; and 25 mM T r is -H C l, pH 7 .6 .  The 

r e a c t io n  was s t a r t e d  by th e  a d d i t io n  o f  25 -50  y l  o f  c ru d e  e x t r a c t  

which had been  c e n tr i f u g e d  a t  150 ,000  x g f o r  60 m in u tes  in  a Beckmann 

L2-65B u l t r a c e n t r i f u g e .  T h is  was done to  remove m ost o f  th e  a c t i v i t y  

o f membrane-bound NADH o x id a s e ,  w hich i n t e r f e r e d  w ith  th e  a s s a y .

C o n tro l  r e a c t io n s  from  w hich L -rham nu lose  l -p h o s p h a te  was o m itte d  were 

conducted  to  c o r r e c t  f o r  any r e s i d u a l  NADH o x id a s e  a c t i v i t y .  The 

d e c re a s e  in  a b so rb a n c e  a t  340 nm was fo llo w e d  i n  a G i l fo r d  Model 240 

r e c o rd in g  sp e c tro p h o to m e te r  a t  37° C . The amount o f  s u b s t r a t e  added 

was p ro b a b ly  n o t  s a t u r a t i n g ,  a s  L -rham nulose  l -p h o s p h a te  was o b ta in a b le  

o n ly  in  l im i t in g  q u a n t i t i e s  and th e  a f f i n i t y  o f  th e  enzyme f o r  th e
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s u b s t r a t e  was a p p a re n tly  v e ry  low . However, p a r a l l e l  a s s a y s  o f  w ild  

ty p e  and m u tan ts  were a lw ays perfo rm ed  and th e  r e s u l t s  have been  used 

f o r  q u a l i t a t i v e  r a t h e r  th a n  q u a n t i t a t i v e  i n t e r p r e t a t i o n s .  D -F ru c to se  

p h o s p h o tra n s fe ra s e  a c t i v i t y  was a ssa y e d  a s  d e s c r ib e d  by Sobel and 

K ru lw ich  ( 1 0 2 ) .  C om plem entation  a s s a y s  were pe rfo rm ed  as  d e s c r ib e d  

by W olfson and K ru lw ich  (1 0 6 ) .  P r o te in  was d e te rm in e d  by th e  m ethod o f  

Lowry e t  a l . ( 1 3 9 )  u s in g  lysozym e as  a s ta n d a r d .  S p e c if ic  a c t i v i t i e s  

a re  e x p re s s e d  a s  nanom oles o r m icrom oles o f  p ro d u c t form ed p e r  m inute 

p e r  mg o f  p r o t e i n .

C h e m ic a ls . In  a l l  c a s e s ,  th e  L- iso m ers  o f  m a la te  and rham nose
3

and th e  D- isom er o f  f r u c to s e  w ere u s e d . [G- H]L-Rhamnose was p u r ­

ch ased  from New E ngland N u c le a r  C o rp . NADH, ATP, and a - g ly c e r o l  

p h o sp h a te  dehyd rogenase  w ere p u rch a se d  from B oehringer-M annheim  C orp . 

L-Rhamnose, p e n c i l l i n  G, reduced  g l u ta th i o n e ,  and p o ta ss iu m  th io -  

g l y c o l l a t e  w ere p u rch a se d  from  Sigma C hem ical C o .,  and e th y l  m ethane 

s u lf o n a te  (EMS) was o b ta in e d  from  Eastm an O rg an ic  C h e m ic a ls . 

L-Rham nulose l -p h o s p h a te  was g e n e ro u s ly  d o n a ted  by D r. David F e ln g o ld . 

A l l  o th e r  c h e m ic a ls  were o b ta in e d  a t  th e  h ig h e s t  p u r i t y  co m m erc ia lly  

a v a i l a b l e .
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RESULTS

Crude e x t r a c t s  o f  w ild  type  A. p y r i d i n o l i s , p re p a re d  as  d e s ­

c r ib e d  i n  MATERIALS AND METHODS, w ere found to  c o n ta in  L-rham nose 

iso m e ra se , L -rh a m n u lo k in a se , and L -rham nulose  l-p h o s p h a te  a ld o l a s e .  

The iso m erase  and k in a s e  a c t i v i t i e s  were induced  on ly  when th e  c e l l s  

were in c u b a te d  w ith  L -rham nose. The L -rham nulose  l-p h o s p h a te  

a ld o l a s e ,  how ever, was p r e s e n t  a t  com parab le  l e v e l s  in  c e l l s  grown 

on m a la te  a lo n e  o r  in  th e  p re se n c e  o f  L -rham nose.

S e v e ra l  p r e d i c t i o n s  cou ld  be made from  th e  m odels p roposed  f o r  

L-rham nose m etabo lism  in  A. p y r id i n o l i s  ( F ig .  7 ) .  A ccord ing  to  

m odels I ,  I I I ,  and IV , a m utan t d e f i c i e n t  i n  L-rham nose iso m erase  

a c t i v i t y  would be u n a b le  to  grow on rham nose t r a n s p o r te d  by e i t h e r  

sy s tem . T h is  would n o t be th e  c a se  f o r  Model I I  in  w hich s e p a r a te  

iso m e ra se s  were p roposed  f o r  L-rham nose and L-rham nose l -p h o s p h a te .  

U sing s im i la r  r e a s o n in g , th e  ab sen ce  o f  an  A TP-dependent k in a s e  would 

n o t a f f e c t  m etab o lism  o f  L-rham nose l -p h o s p h a te ,  i f  Model I ,  I I ,  o r  

IV were c o r r e c t .  In  a l l  c a s e s ,  th e  lo s s  o f  th e  L -rham nulose  1- 

p h o sp h a te  a ld o la s e  would p re v e n t g row th  on rham nose v i a  e i t h e r  p a th ­

way.

Among th e  m u ta n ts  i s o l a t e d  w hich f a i l e d  to  grow on rhamnose 

w hether o r  n o t m a la te  was p r e s e n t ,  th r e e  c l a s s e s  were fo u n d , t y p i f i e d  

by SL23, SL38, and SL40. Growth c u rv e s  o f  th e s e  m u tan ts  a re  shown 

in  F ig .  8 . As can  be seen ,S L 23 and S3L.38 were u n a b le  to  grow on 

L-rham nose a lo n e ,  and when 10 mM m a la te  was p r e s e n t ,  g row th  p roceeded  

o n ly  u n t i l  th e  m a la te  was consum ed. E x t r a c ts  o f  m a la te  and rham nose-  

grown c e l l s  o f  m u tan t s t r a i n s  were a ssa y e d  f o r  L-rham nose iso m e ra se , 

L -rh a m n u lo k in a se , and L -rham nulose  l-p h o s p h a te  a ld o l a s e .  S p e c if ic
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F ig u re  8 . Growth o f  w ild  ty p e  and m u tan t s t r a i n s  o f  A. p y r id i n o l i s  

on L -rham nose , L -m a la te , and L -m a la te  p lu s  L -rham nose. C e l ls  o f  th e

s t r a i n  in d ic a te d  were grown on 50 mM L-rham nose (x  x ) , 10 mM

L -m ala te  ( # -------- # ) ,  and 10 mM L -m a la te  p lu s  50 mM L-rham nose ( o  o )»
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a c t i v i t i e s  o f  e a c h  o f  th e  enzymes w ith  r e s p e c t  to  th e  w ild  ty p e  l e v e l s  

a re  shown in  T a b le  I I I .  SL38 had no d e te c ta b le  L -rh am n u lo k in ase  

a c t i v i t y .  SL23 had no d e te c ta b l e  L-rham nose iso m erase  a c t i v i t y .  

L -R ham nulokinase a c t i v i t y  was n o t d e te c ta b l e  by d i r e c t  a s s a y  i n  SL23, 

s in c e  o u r a s sa y  used  L-rham nose a s  s u b s t r a t e  and r e l i e d  on i t s  con­

v e r s io n  t o  L -rham nulose  in  th e  c ru d e  e x t r a c t .  In  o rd e r  to  d e te rm in e  

w h e th e r L -rh am n u lo k in ase  was p r e s e n t  in  th e  iso m erase  n e g a t iv e  m u ta n t, 

c ru d e  e x t r a c t  o f  SL23 was a ssa y e d  in  th e  p re se n c e  o f  c ru d e  e x t r a c t  

o f  SL38, w hich had no L -rh am n u lo k in ase  a c t i v i t y .  The SL38 e x t r a c t  

c o u ld  c o n v e r t  th e  added rham nose to  th e  s u b s t r a t e  f o r  th e  k in a s e ,  

th e re b y  a llo w in g  th e  k in a s e  a c t i v i t y  o f  SL23 to  be e x p re s s e d . The 

r e s u l t s ,  a s  shown in  T ab le  IV , in d ic a te d  t h a t  SL23 had w ild  ty p e  

l e v e l s  o f  L -rh a m n u lo k in a se .

The f a c t  t h a t  an  iso m e ra se  n e g a t iv e  s t r a i n  was u n a b le  t o  grow on 

L-rham nose in  th e  p re s e n c e  o r  ab sen ce  o f  m a la te  e l im in a te d  Model I I ,  

w hich In v o lv e d  two is o m e ra s e s . More im p o r ta n t ,  th e  i s o l a t i o n  o f  a 

m utan t w hich lac k e d  o n ly  L -rh am n u lo k in ase  a c t i v i t y  and was u n a b le  to  

grow on L-rham nose e i t h e r  a lo n e  o r  i n  th e  p re se n c e  o f  m a la te ,  e l im in a te d  

M odels I ,  I I ,  and a l s o  th e  v a r i a t i o n  o f  Model I I  a c c o rd in g  to  w hich 

one iso m e ra se  re c o g n iz e s  b o th  s u b s t r a t e s .  T h is  s t r o n g ly  su g g e s te d  

t h a t ,  a s  shown i n  Model I I I  ( F ig .  7 ) ,  L -rham nose w hich was p h ospho ry - 

l a t e d  by th e  P E P :p h o s p h o tra n s fe ra se  system  l o s t  i t s  p h o sp h a te  once 

in s id e  th e  c e l l  and c o u ld  th e n  be m e ta b o lis e d  by a  sequence  o f  s te p s  

re se m b lin g  th o s e  w hich o c c u r  in  E . c o l i .

M utan ts o f  th e  c l a s s  r e p r e s e n te d  by SL40 showed an  u n u su a l 

p a t t e r n  o f  g ro w th . SL40 was a b le  to  grow on m a la te  a s  w e ll  a s  th e  

w ild  ty p e  s t r a i n  d id  ( F ig .  8 ) .  I t  was u n a b le  to  grow on rham nose
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TABLE I I I

SPECIFIC ACTIVITY OF ENZYMES OF RHAMNOSE METABOLISM IN WILD TYPE AND 

MUTANT STRAINS OF A. PYRIDINOLIS*

S t r a i n
S p e c i f ic  A c t iv i t y /

S p e c i f ic  A c t iv i ty  o f  th e  Wild Type

Rhamnose
Iso m erase

Rham nulokinase
Rhamnulose 1- 

p h o sp h a te  
A ld o la se

W ild Type 1 .0 0 1 .0 0 1 .00

SL23 < 0 .0 6 m 0 .8 0

SL38 0 .9 7 0 .0 4 0 .5 9

SL40 1 .70 2 .8 0 0 .8 0

a
W ild T ype, SL23, and SL38 c e l l s  were grown in  th e  p re se n c e  o f  

50 mM m a la te  p lu s  50 mM rham nose . C e l ls  o f  SL40 were grown on 50 mM 

m a la te  and in c u b a te d  w ith  50 mM rham nose f o r  th r e e  h o u rs  b e fo re  

h a r v e s t in g .  A ssays w ere perfo rm ed  on c ru d e  e x t r a c t s  o f  th e  c e l l s  

a s  d e s c r ib e d  in  MATERIALS AND M5TH0DS.
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TABLE IV

RHAMNULOKINASE ACTIVITY IN MUTANT STRAIN SL23 SHOWN BY COMPLEMENTATION®

S t r a in S p e c if ic  A c t iv i ty  (nm oles R ul-P /m g p r o t e i n /
m in)

W ild Type 4 .6 8

SL23 0 .2 2

SL38 0 .5 8

SL23 + SL38 4 .7 8

C e l ls  were grown o v e rn ig h t  on 50 mM m a la te  and in c u b a te d  in  

th e  p re s e n c e  o f  2 .5  mM rham nose f o r  th r e e  h o u r s .  Crude e x t r a c t s  

were p re p a re d ,a n d  a s s a y s  were pe rfo rm ed  a s  d e s c r ib e d  in  MATERIALS 

AND METHODS.
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a lo n e .  When b o th  m a la te  and rham nose w ere p r e s e n t ,  SL40 was u n a b le  

to  u se  e i t h e r  compound f o r  g ro w th . I t  ap p eared  t h a t  th e  a d d i t io n  o f  

rham nose to  t h i s  m utan t caused  se v e re  i n h i b i t i o n  o f  g ro w th . S im ila r  

r e s u l t s  were seen  when rhamnose was p r e s e n t  in  SL40 c u l t u r e s  grow ing 

on a c e t a t e ,  s u c c in a te ,  f r u c t o s e ,  L -g lu ta m a te , D -g lu c o n a te  o r  complex 

medium (PYE).

Crude e x t r a c t s  o f  SL40 c o n ta in e d  L-rham nose iso m e ra s e , L-rham nu­

lo k in a s e ,  and L -rham nulose l -p h o s p h a te  a ld o la s e  (T a b le  I I I ) .  I t  

a p p e a re d  t h a t  t h i s  m u tan t m ight c o n ta in  a d e f e c t iv e  p h o s p h a ta s e , th e re b y  

a llo w in g  L-rham nose l-p h o s p h a te  to  accu m u la te  in  th e  c e l l .  Sugar- 

p h o sp h a te  a c cu m u la tio n  was shown to  c a u se  se v e re  i n h i b i t i o n  o f  grow th 

an d , in  some c a s e s ,  l y s i s  in  o th e r  b a c t e r i a  (1 1 8 -1 3 6 ) . The accum ula­

t i o n  o f  L-rham nose l-p h o s p h a te  i n  SL40 would a c co u n t f o r  th e  i n h i b i t i o n  

o f  grow th  on v a r io u s  s u b s t r a t e s  o b se rv ed  in  th e  p re s e n c e  o f  rham nose.

S ince  L-rham nose l-p h o s p h a te  was n o t  co m m erc ia lly  a v a i l a b l e ,  and 

th e  L-rham nose p h o s p h o tra n s fe ra s e  system  was n o t a c t i v e  enough to  

s y n th e s iz e  t h i s  compound in  c ru d e  e x t r a c t s ,  we w ere u n a b le  t o  a ssa y  

e i t h e r t h e  w ild  type  o r  m u tan ts  f o r  L-rham nose l-p h o s p h a te  p h o sp h a ta se  

a c t i v i t y .  T h e re fo re  c o n f irm a tio n  o f  th e  d e f e c t  in  SL40 was o b ta in e d  

by i n d i r e c t  m eans. A ttem p ts  w ere made to  s e l e c t  a p h o s p h o tr a n s fe ra s e -  

n e g a tiv e  d e r i v a t i v e  o f  SL40 w h ich , w h ile  s t i l l  u n a b le  to  u se  L-rham nose 

a lo n e  b e cau se  o f  th e  o r ig i n a l  l e s i o n ,  would n o t accu m u la te  rham nose 

l -p h o s p h a te  in  th e  p re se n c e  o f  rham nose. A f te r  m u ta g e n e s is  o f  SL40 

w ith  EMS, a s t r a i n  was I s o l a te d  w hich was no lo n g e r  a b le  to  grown on 

f r u c to s e  a lo n e ,  b u t was a b le  to  u se  f r u c to s e  i n  th e  p re s e n c e  o f  m a la te , 

i . e . ,  a p h o s p h o tr a n s fe ra s e -n e g a t iv e  s t r a i n  (1 0 4 ) . Such s t r a i n s ,  e . g .  

SL4013, w ere s t i l l  u n a b le  to  u se  L-rham nose a lo n e ,  b u t  had re g a in e d
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th e  a b i l i t y  to  use  t h i s  s u g a r  in  th e  p re s e n c e  o f  m a la te  and no lo n g e r  

e x h ib i te d  th e  se v e re  i n h i b i t i o n  o f  grow th se en  in  SL40 (T a b le  V ). A 

second group o f  s t r a i n s  was i s o l a t e d  a f t e r  m utagenes is  o f  SL40 by 

s e l e c t i n g  f o r  c e l l s  w hich were r e s i s t a n t  to  rham nose i n h i b i t i o n .

S t r a i n s  o f  t h i s  ty p e ,  t y p i f i e d  by SL4002, were d e f i c i e n t  i n  t h e i r  

g row th  on m a la te  when compared to  th e  w ild  ty p e  c e l l s  (T a b le  V ), and 

grew  s l i g h t l y  more on rham nose ( o r  f r u c to s e )  in  th e  p re se n c e  o f  m a la te  

th a n  on m a la te  a lo n e .

DISCUSSION

The pathw ay o f  L-rham nose m etabo lism  in  A. p y r id i n o l i s  was d e t e r ­

m ined by in v e s t ig a t in g  m u ta n ts  u n a b le  to  u se  t h i s  s u g a r .  One o f  fo u r  

p o s s ib le  m odels f o r  rham nose m etab o lism  (Model I I )  in v o lv e d  a  s e p a r a te  

iso m e ra se  f o r  th e  rhamnose and rham nose l-p h o s p h a te  w hich e n te r e d  by 

th e  r e s p i r a t io n - c o u p le d  and p h o s p h o tr a n s fe ra s e  sy s te m s , r e s p e c t i v e l y .  

The f in d in g  t h a t  a  m utan t d e f i c i e n t  in  L -rham nose iso m e ra se  a c t i v i t y  

was u n a b le  to  grow on rham nose v i a  e i t h e r  t r a n s p o r t  system  e l im in a te d  

t h i s  m odel from  c o n s id e r a t io n .  A cco rd ing  t o  two o f  th e  th r e e  re m a in in g  

m odels (Model I  and th e  v a r i a t i o n  o f  Model I I ) , k in a s e  a c t i v i t y  would 

be r e q u i r e d  f o r  o n ly  one o f  th e  two a l t e r n a t e  pathw ays f o r  m e ta b o lism . 

M utant s t r a i n  SL38, w hich la c k e d  rh am n u lo k in ase  a c t i v i t y ,  was u n a b le  

to  u se  e i t h e r  pathw ay to  m e ta b o liz e  rham nose , e l im in a t in g  th e s e  two 

m o d e ls . I n  a d d i t io n ,  th e  Iso m erase  n e g a t iv e  s t r a i n  SL23 was u n a b le  

to  p h o s p h o ry la te  L-rham nose u s in g  ATP, i n d ic a t i n g  th e  a b sen c e  o f  a n  

L-rham nose k in a s e  such  a s  was p ro p o sed  in  Model I .  I t  was t h e r e f o r e  

co n c lu d ed  t h a t  th e  two a l t e r n a t e  pathw ays f o r  rham nose m etabo lism  in  

A. p y r id i n o l i s  o c c u rre d  a s  d e s c r ib e d  in  Model I I I ,  by c o n v e rs io n  o f  

rham nose l-p h o s p h a te  to  f r e e  rham nose by a  p h o sp h a ta se  and f u r t h e r
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TABLE V

GROWTH OF STRAINS OF A. PYRIDINOLIS ON RHAMNOSE IN THE PRESENCE AND

ABSENCE OF MALATE®

C arbon
S ources

K le t t  U n its

W ild
Type

SL40 SL4013 SL4002

1 . 50 mM Rhamnose 385 0 0 0

2 . 50 mM F ru c to s e 277 269 0 0

3 . 10 mM M alate 122 134 115 50

4 . 50 mM Rhamnose

+ 10 mM M ala te 490 20 409 109

3 -2 b 368 -114 294 59

5 . 50 mM F ru c to s e

+ 10 mM M ala te 470 460 479 86
b

5-3 348 326 364 36

a
C e l l s  were grown in  300 ml s id e -a rm  f l a s k s  a s  d e s c r ib e d  in  

MATERIALS AND METHODS. V alues  r e p r e s e n t  grow th  a f t e r  18 h o u rs  a t  30° C .

b
N et grow th  on  f r u c to s e  o r  rham nose a f t e r  g row th  on m a la te .
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m etab o lism  by an  is o m e ra s e , a  k in a s e  and a n  a l d o l a s e .

The re q u ire m e n t f o r  a  p h o sp h a ta se  to  c o n v e r t  rham nose l-p h o s p h a te  

p roduced  by th e  p h o s p h o tr a n s fe ra s e  sy stem  to  f r e e  rham nose was com­

p a t i b l e  w ith  o u r  c o n s i s t e n t  f a i l u r e  to  show re p r o d u c ib le  PEP:rham nose 

p h o s p h o tra n s fe ra s e  a c t i v i t y  in  L -rham nose grown c e l l s  (1 4 0 , see  

S e c t io n  I ) .  A ls o , c e l l s  d e f i c i e n t  in  L -rham nose l-p h o s p h a te  phospha­

ta s e  a c t i v i t y ,  a s  t y p i f i e d  by SL40, showed s e v e re  i n h i b i t i o n  o f  grow th  

on a  v a r i e t y  o f  s u b s t r a t e s  in  th e  p re s e n c e  o f  rham nose , p resum ab ly  due 

to  th e  a c c u m u la tio n  o f  rham nose l - p h o s p h a te .  I n h i b i t i o n  o f  grow th  and 

som etim es c e l l  l y s i s  due t o  th e  a c c u m u la tio n  o f  s u g a r-p h o s p h a te s  has 

b een  shown to  o c c u r  in  many b a c t e r i a  (1 1 8 -1 3 6 ) . Two ty p e s  o f  m utan t 

s t r a i n s  were i s o l a t e d  from  SL40 w hich no lo n g e r  showed i n h i b i t i o n  by 

rham nose . SL4013 a p p a re n t ly  had l o s t  i t s  a b i l i t y  to  p h o s p h o ry la te  

rham nose by th e  p h o s p h o tra n s fe ra s e  s y s te m . I t  was u n a b le  to  grow on 

rham nose a lo n e ,  b u t  was no lo n g e r  i n h ib i t e d  by rham nose and was a b le  

to  u t i l i z e  t h i s  s u g a r  i n  th e  p re s e n c e  o f  m a la te .  The second s t r a i n ,  

SL4002, m ight be d e f i c i e n t  in  th e  m a la te  dehyd ro g en ase  n e c e s s a ry  to  

co u p le  th e  t r a n s p o r t  o f  rham nose o r  f r u c to s e  t o  r e s p i r a t i o n .  T h is  

would a c c o u n t f o r  th e  p o o r grow th  o f  th e  s t r a i n  on m a la te .  SL4002 

a l s o  showed o n ly  a  s m a l l ,  b u t r e p r o d u c ib le ,  in c re m e n t i n  g row th  when 

e i t h e r  rham nose o r  f r u c to s e  was p r e s e n t  i n  th e  medium to g e th e r  w ith  

m a la te ;  p resum ab ly  th e  r e s p i r a t io n - c o u p le d  t r a n s p o r t  system  was 

o p e r a t iv e  o n ly  t o  th e  e x te n t  t h a t  th e  r e q u i s i t e  dehydrogenase  was a l s o  

a c t i v e ,  i . e . ,  to  th e  e x te n t  to  w hich th e  t r a n s p o r t  sy stem  was in d eed  

e n e rg y -c o u p le d . S im i la r ,  p r e v io u s ly  i s o l a t e d  m u tan ts  o f  w ild  type  

A . p y r id i n o l i s  w hich  grew  p o o r ly  on m a la te ,  n o t  o n ly  showed low 

a c t i v i t y  o f  th e  r e s p i r a t io n - c o u p le d  t r a n s p o r t  sy s te m , b u t  a l s o  f a i l e d
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t o  in d u ce  th e  f r u c t o s e - s p e c i f i c  com ponents o f  th e  p h o s p h o tra n s fe ra s e  

sy stem  even  in  th e  p re se n c e  o f  exogenous f r u c t o s e .  T hese and o th e r  

d a ta  su p p o rte d  th e  c o n c lu s io n  t h a t  a c t i v e  t r a n s p o r t  o f  f r u c to s e  in to  

th e  c e l l  by th e  r e s p i r a t io n - c o u p le d  sy stem  was r e q u i r e d  f o r  in d u c t io n  

o f  th e  p h o s p h o tra n s fe ra s e  sy stem  ( 1 0 6 ) .  SL4002, w hich m ight be

d e f i c i e n t  in  th e  a b i l i t y  t o  c o u p le  t r a n s p o r t  t o  m a la te  o x id a t io n ,  no 

lo n g e r  showed i n h i b i t i o n  o f  g row th  in  th e  p re s e n c e  o f  rham nose and 

p resum ab ly  d id  n o t  accu m u la te  rham nose l -p h o s p h a te .  T hese  o b s e rv a t io n s  

s u g g e s te d  t h a t  t h i s  m u tan t c o u ld  n o t  in d u ce  th e  rh a m n o s e -s p e c if ic  

com ponents o f  th e  p h o s p h o tr a n s fe ra s e  sy s te m , whose in d u c t io n  may 

r e q u i r e  i n t r a c e l l u l a r  rham nose , j u s t  a s  in d u c t io n  o f  th e  P E P :f ru c to se  

p h o s p h o tra n s fe ra s e  sy stem  r e q u i r e d  i n t r a c e l l u l a r ,  a c t i v e l y  t r a n s p o r te d  

f r u c t o s e .

B oth  th e  rham nose iso m e ra se  and th e  rh am n u lo k in ase  were in d u c ib le  

enzym es. A m utan t la c k in g  d e te c ta b l e  rham nose iso m e ra se  a c t i v i t y  con­

ta in e d  f u l l y  induced  l e v e l s  o f  rh am n u lo k in ase  a c t i v i t y .  T h is  in d ic a te d  

t h a t  L -rham nose, r a t h e r  th a n  L -rh a m n u lo se , was p ro b a b ly  th e  in d u c e r  

f o r  th e  L -rh a m n u lo k in a se . M oreover, m u ta n ts  d e f i c i e n t  in  phospho­

t r a n s f e r a s e  a c t i v i t y  s y n th e s iz e d  th e  enzymes n e c e s s a ry  f o r  grow th  on 

rham nose in  th e  p re se n c e  o f  m a la te ,  e l im in a t in g  rham nose l-p h o s p h a te  

a s  an  in d u c e r .  I t  was n o t c l e a r  w h e th e r th e  iso m e ra se  and th e  k in a s e  

were c o o r d in a te ly  induced  w ith  th e  rham nose p h o s p h o tra n s fe ra s e  sy s te m . 

I t  was i n t e r e s t i n g  t h a t  th e  rham nnulose l -p h o s p h a te  a ld o la s e  was th e  

o n ly  enzyme in  th e  pathw ay t h a t  was n o t  in d u c ib le  and was a l s o  th e  

o n ly  enzyme in  w hich m u ta tio n s  w ere n o t fo u n d . P o s s ib ly ,  th e  a ld o la s e  

em ployed was one t h a t  s e rv e d  some o th e r  p u rp o se  in  th e  c e l l  ( e . g . ,  

f r u c to s e  1 , 6 -d ip h o s p h a te  a ld o l a s e )  so  t h a t  u n d e r  th e  s e l e c t i o n  con-
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d i t i o n s  em ployed , a  m u tan t la c k in g  th e  enzyme would n o t be v i a b l e .
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I I I .  PURIFICATION AND CHARACTERIZATION OF A POLYPHOSPHATE KINASE

FROM A . ATROCYANEUS
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LITERATURE REVIEW

P o ly p h o sp h a te  I s  a po lym er o f  In o rg a n ic  p h o sp h a te  w ith  

p o ly a n h y d rid e  l in k a g e s ,  th e rm o d y n am ica lly  e q u iv a le n t  to  th e  h ig h  

e n e rg y  bond o f  ATP. M etach ro m atic  g ra n u le s  o f  p o ly p h o sp h a te  were 

i d e n t i f i e d  in  c o r y n e b a c te r ia  by E b e l ( 1 4 1 ) .  I n  1954 and 1955, 

r e p o r t s  o f  a r e v e r s ib l e  s y n th e s i s  o f  p o ly p h o sp h a te  from  ATP were 

made by H offm an-O stenho ff £ t  a l .  (142) and Y oshida and Yamataka 

( 1 4 3 ) .  Muhammed p u r i f i e d  a  p o ly p h o sp h a te  k in a s e  (A T P:polyphos- 

p h a te  p h o s p h o tr a n s fe r a s e ,E . C . 2 .7 .4 .1 )  from  C o ry n eb ac te riu m  

x e r o s i s  ( 1 4 4 ) .  The enzyme was a l s o  i d e n t i f i e d  in  A s p e r g i l lu s  

n ig e r  (1 4 5 ) , M ycobacterium  sm egm atis (1 4 6 ) ,  C hlorobium  (1 4 7 ,1 4 8 ) , 

and C lo s tr id iu m  (1 4 9 ) .

In  1956, K ornberg  e t  a l .  (150) r e p o r te d  th e  p u r i f i c a t i o n  o f  

a n  enzyme from  E . c o l i  w hich c a ta ly z e d  th e  fo llo w in g  r e a c t io n :  

xATP + 0 (P 02 )n (p r im e r)  ^  xADP +(X*>03) n+ x» The enzyme was 

p u r i f i e d  u s in g  s tre p to m y c in  s u l f a t e  and ammonium s u l f a t e .  The 

p r e p a r a t io n  was s t a b l e  f o r  weeks when f ro z e n  and co u ld  be thaw ed 

and r e f r o z e n  w ith o u t lo s s  o f  a c t i v i t y .  H eat t r e a tm e n t  o r  in cu b a ­

t i o n  u n d er a c id  c o n d i t io n s  cau sed  i n a c t i v a t i o n .  A c t iv i ty  r e q u ir e d  

+2Mg and was s t im u la te d  by ammonium s u l f a t e  and o th e r  s a l t s .  The 

pH optimum was 7 .2 .  F lu o r id e  was an i n h i b i t o r .  The p ro d u c t form ed 

an  a c id - in s o lu b le  p r o te in  com plex , so  th e  r e a c t i o n  was sto p p ed  

upon th e  a d d i t io n  o f  p e r c h lo r i c  a c id  and b o v in e  serum  a lb u m in .

ADP I n h ib i te d  a c t i v i t y  c o m p le te ly  a t  8 x  10 ^ M when th e  ATP 

c o n c e n t r a t io n  was 6 - f o ld  h ig h e r .  Even when th e  ATP/ADP r a t i o  

was 2 4 , 57% i n h i b i t i o n  c o u ld  be d e m o n s tra te d . The f o r  ATP, 

u s in g  an ATP r e g e n e r a t in g  sy s te m , was 1 .4  mM. PP^ caused  20%



in h ib it io n  a t  1 .6  mM. R a d io a c t iv e ly  la b e le d  FP  ̂ was in corp orated  in to

prod u ct, but P  ̂ was n o t .  The product o f  the r e a c t io n  was c h a r a c te r iz e d

by the fo llo w in g  p r o p e r tie s :  1) i t  induced metachromasy; 2 ) i t  was

n o n - d la ly z a b le ;  3) i t  form ed an  a c id - in s o lu b le  complex w ith  p r o te in ;

4 ) i t  was l a b i l e  in  a c id  o r  a l k a l i ;  5) i t  bound a n io n  exchange r e s i n s ;  

and 6) i t  was n o t d eg rad ed  by n u c le a s e s .

A p p re c ia b le  am ounts o f  low m o le c u la r  w e ig h t p o ly p h o sp h a te  were 

n o t fo u n d . The f a c t  t h a t  th e  p ro d u c t was p r e c i p i t a t e d  by a lbum in  a t  

a c id  pH su g g e s te d  t h a t  i t  was a  po lym er o f  v e ry  long  c h a in  l e n g th .  

Katchman and Van Wazer (1 5 1 )o b se rv ed  t h a t  a lbum in  p r e c i p i t a t i o n  was 

q u a n t i t a t i v e  o n ly  when th e  a v e ra g e  c h a in  le n g th  o f  th e  m o le c u le s  was 

1600 p h o sp h a te  r e s i d u e s .

The E . c o l i  enzyme was p u r i f i e d  more th a n  1 0 0 -fo ld  by L i  and Brown 

(152) by ammonium s u l f a t e  p r e c i p i t a t i o n ,  D E A E -cellu lose  ch ro m a to g rap h y , 

and Sephadex G-200 g e l  f i l t r a t i o n .  The c a t a l y t i c  p r o p e r t i e s  o f  th e  

enzyme were c o n s i s t e n t  w ith  th o s e  found by K ornberg  e t  a l .  ( 1 5 0 ) .  

How ever, th e  p re se n c e  o f  h i s to n e  and in o rg a n ic  phosp h a te  i n  th e  r e a c t i o n  

were n e c e s s a ry  to  see  f u l l  a c t i v i t y .  I n  th e  ab sen ce  o f  h i s t o n e ,  th e  

r e v e r s e  r e a c t i o n  c o u ld  be d e m o n s tra te d  by a d d in g  enzym e, ADP, and r a d i o ­

a c t i v e l y  la b e le d  p o ly p h o sp h a te . E x te n s iv e  c h a r a c t e r i z a t i o n  o f  th e  

p ro d u c t was c o n s i s t e n t  w ith  th e  f in d in g s  o f  o th e r s  t h a t  th e  p ro d u c t was 

a p o ly p h o sp h a te  o f  v e ry  lo n g  c h a in  l e n g th .

A p o ly p h o sp h a te  k in a s e  from  C o ry n eb ac te riu m  x e r o s i s  was p u r i f i e d  

by Muhammed (1 4 4 ) . A c t iv i ty  o f  th e  enzyme was a ssa y e d  by a d d in g  ADP 

and a  -^P-ATP g e n e ra t in g  sy s te m . I t  was found t h a t  0 .8  mM ADP was

o p tim a l f o r  a c t i v i t y ,  b u t  h ig h e r  c o n c e n t r a t io n s  caused  i n h i b i t i o n .  The

+2enzyme had a  sh a rp  pH optimum a t  7 .4 .  Mg was e s s e n t i a l  f o r  a c t i v i t y .
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In  c o n t r a s t  to  th e  f in d in g s  o f  K om berg  e t  a l .  ( 1 5 0 ) ,  t h i s  enzyme was 

a lm o s t c o m p le te ly  i n h ib i t e d  by th e  a d d i t io n  o f  ammonium s u l f a t e  to  th e  

a s s a y .  The p ro d u c t was i s o l a t e d  and c h a r a c te r iz e d  by c r i t e r i a  s im i la r  

to  th o se  u se d  f o r  th e  E . c o l i  enzyme (1 5 2 , 1 5 3 ) . No e v id e n c e  was found 

f o r  th e  r o l e  o f a  p rim e r in  th e  r e a c t i o n ,  and no s h o r t  c h a in  i n t e r ­

m e d ia te s  w ere fo u n d . The r e a c t io n  was m easured  in  p o ta ss iu m  p h o sp h a te  

b u f f e r .

A ccum ula tion  o f  p o ly p h o sp h a te  in  m ic r o b ia l  c e l l s  v a r i e s  w id e ly .

The r o le  o f  p o ly p h o sp h a te  in  th e  c e l l  h as  n o t  y e t  been  d e te rm in e d , 

a lth o u g h  s e v e r a l  t h e o r i e s  o f  i t s  r o le  have been  p ro p o se d . H aro ld  

exam ined th e  p o s s i b i l i t y ,  in  N eu rospo ra  c r a s s a  (1 5 3 ) ,  t h a t  p o ly p h o s­

p h a te  had a  r o le  an a lo g o u s  to  th e  phosphagens found in  a n im a ls  and was 

c lo s e ly  l in k e d  to  th e  l e v e l s  o f  a d e n in e  n u c le o t id e s .  However, h i s  

r e s u l t s  and th o se  o f  o th e r s  in d ic a te d  t h a t  p o ly p h o sp h a te  was n o t a 

s to r a g e  form  o f  h ig h  e n e rg y  p h o sp h a te  f o r  s y n th e s i s  o f  ATP. I n h i b i t i o n  

o f  o x id a t iv e  and s u b s t r a t e  l e v e l  p h o s p h o ry la tio n  o f  ATP d id  n o t cau se  

d e g ra d a t io n  o f  p o ly p h o sp h a te , a lth o u g h  ATP p o o ls  w ere d r a s t i c a l l y  

lo w ered . T h is  d id  n o t i n d ic a te  a  r a p id  e q u i l ib r iu m  betw een  p o ly p h o s­

p h a te  and ATP, a s  was se en  f o r  c r e a t i n e  p h o sp h a te  in  mammalian m u sc le .

An a l t e r n a t i v e  h y p o th e s is  f o r  th e  r o l e  o f  p o ly p h o sp h a te  was a s  a 

p h o spho rus  r e s e r v e  (1 5 4 ) .  I t  has been  shown t h a t  p o ly p h o sp h a te  can  

s e rv e  a s  a  so u rc e  o f  phosphorus f o r  b io s y n th e t i c  p ro c e s s e s  d u r in g  

p hospho rus s t a r v a t i o n  (1 5 3 , 155-160) and d u r in g  sp o re  g e rm in a tio n  (1 6 1 ) .  

I n  t h i s  r o l e ,  th e  e n e rg y  c o n te n t  o f  p o ly p h o sp h a te  would be i r r e l e v a n t ,  

b u t  i t s  s t r u c t u r e  would a llo w  a c c u m u la tio n  o f  p hospho rus w ith o u t a f f e c t ­

in g  th e  l e v e l s  o f  in o rg a n ic  p h o sp h a te  and a d e n in e  n u c le o t id e  p o o ls .

H aro ld  (156) s tu d ie d  a c c u m u la tio n  o f  p o ly p h o sp h a te  in  A e ro b a c te r
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a e to g e n e s ,  where i t  was found t h a t  l a r g e  am ounts o f  p o ly p h o sp h a te  

accum ula ted  when n u c le ic  a c id  s y n th e s i s  was s to p p ed  by l im i t in g  a 

n u t r i e n t  t h a t  was r e q u i r e d  f o r  g ro w th . P o ly p h o sp h a te  and n u c le ic  a c id  

s y n th e s i s  a p p a re n tly  com peted f o r  i n t r a c e l l u l a r  p h o sp h o ru s , s in c e  when 

n u c le ic  a c id  s y n th e s i s  resum ed , p o ly p h o sp h a te  was d eg raded  and th e  

In o rg a n ic  p h o sp h a te  ap p e are d  i n  RNA. In  1964, H aro ld  (162) r e p o r te d  

th e  o c c u rre n c e  in  A. a e ro g e n e s  o f  "p o ly p h o sp h a te  o v e rp lu s ,"  a phenomenon 

d e s c r ib e d  by L is s  and Langen (163 ) i n  w hich p o ly p h o sp h a te  was accumu­

la te d  to  v e ry  h ig h  l e v e l s  upon th e  a d d i t io n  o f  in o rg a n ic  p h o sp h a te  to  

p h o s p h a te - s ta rv e d  c e l l s .  H aro ld  p re s e n te d  e v id e n c e  in d ic a t in g  t h a t  

t h i s  phenomenon was due to  d e r e p r e s s io n  o f  th e  enzymes f o r  p o ly p h o s­

p h a te  m etab o lism  d u r in g  p h o sp h a te  s t a r v a t i o n .  A t e n - f o ld  in c r e a s e  in  

p o ly p h o sp h a te  k in a s e  a c t i v i t y  i n  p h o s p h a te - s ta rv e d  c e l l s  a c co u n te d  f o r  

th e  a c c u m u la tio n  o b s e rv e d . T h is  r a p id  a c c u m u la tio n  was in d ep e n d e n t o f  

n u c le ic  a c id  s y n th e s i s .  Thus th e  e v id e n c e  seemed to  im p l ic a te  p o ly ­

p hospha te  a s  a  p hospho rus r e s e r v e  in  th e  c e l l ,  a lth o u g h  th e  f a c t  t h a t  

th e  p ro c e s s  h as  n o t  been  found to  be in d is p e n s a b le  in  m u tan ts  (1 5 7 , 162) 

h a s  made i t  d i f f i c u l t  to  c l e a r l y  e s t a b l i s h  w h e th e r t h i s  i s ,  i n  f a c t ,  

i t s  r o l e .
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INTRODUCTION

D uring  s tu d i e s  o f  enzyme in d u c t io n  in  A r th ro b a c te r  a t r o c v a n e u s .

th e  p o s s i b i l i t y  was r a i s e d  t h a t  t h i s  b a c te r iu m  m igh t p roduce  a p r o te i n

k in a s e  w hich was in v o lv e d  in  c e l l u l a r  r e g u l a t i o n .  I n v e s t ig a t io n  o f

t h i s  p o s s i b i l i t y  le d  t o  th e  d is c o v e ry  o f  an  a c t i v i t y  w hich in c o rp o ra te d

32th e  Y -phosphate  o f  P-A IP i n t o  a  T C A -p re c ip ita b le  f r a c t i o n ,  and w hich 

was d ep e n d en t upon th e  p re s e n c e  o f  h i s t o n e .  I t  was t e n t a t i v e l y  p ro ­

posed  t h a t  t h i s  a c t i v i t y  was a  p r o te i n  k in a s e  (1 6 4 ) ,  and a  d e t a i l e d  

I n v e s t ig a t io n  o f  t h i s  p o t e n t i a l l y  i n t e r e s t i n g  f in d in g  was b e g u n . On 

f u r t h e r  p u r i f i c a t i o n  o f  th e  enzyme and in  su b se q u e n t s tu d i e s  o f  th e

r e a c t io n  p r o d u c t ,  i t  was shown t h a t  th e  enzyme w as, i n  f a c t ,  a  p o ly -

32p h o sp h a te  k in a s e ,  w hich d o n a te s  th e  Y -p h o sp h a te  o f  P-AIP t o  form long  

c h a in s  o f  p o ly p h o sp h a te , a  m o lecu le  c o n ta in in g  p h o sp h a te  jo in e d  by 

a n h y d rid e  bonds and c h a r a c te r iz e d  by m etachrom asy when accu m u la ted  in  

c e l l s .  The enzyme has been  p u r i f i e d  7 0 0 -fo ld  and c h a r a c te r i z e d ,  and 

p r e l im in a r y  e x p e rim e n ts  have been  co n d u c ted  t o  d e te rm in e  i t s  r o le  in  

th e  c e l l .

MATERIALS AND METHODS

O rganism  and Growth C o n d i t io n s . A .a tro c v a n e u s  (ATCC 13752) was 

m a in ta in e d  on PYE medium and was grown on m inim al m edia MS (9 9 ) s u p p le ­

m ented w ith  0 .0 5  M sodium  g lu ta m a te  a s  c a rb o n  so u rc e  f o r  i s o l a t i o n  o f  

th e  p o ly p h o sp h a te  k in a s e .  S ix te e n  l i t e r s  o f  c e l l s  w ere grown o v e rn ig h t  

i n  c a rb o y s , w i th  v ig o ro u s  a e r a t i o n ,  a t  30° C . P h o s p h a te - f r e e  m edia f o r  

p h y s io lo g ic a l  s tu d i e s  c o n ta in e d  25 nM T r l s ,  pH 7 .2 ,  0.2% ammonium s u l f a t e ,  

0.02% MgSO^ p lu s  t r a c e  s a l t s  ( 9 9 ) .

P r e p a r a t io n  o f  C rude E x t r a c t s . C e l ls  w ere h a rv e s te d  by c e n t r i f u g a -
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t i o n ,  washed w ith  10 mM T r i s ,  pH 7 .2 ,  and th e n  resu sp en d en d  in  t h i s  

b u f f e r .  The c e l l s  were d i s r u p te d  by s o n ic a t io n  u s in g  a  H eat System s- 

U l t r a s o n ic s  W185D S o n i f i e r  f o r  a  t o t a l  o f  two m in u te s . The te m p e ra tu re  

was k e p t  below  10° C . The e x t r a c t  t h i s  p roduced  was th e n  t r e a t e d  w ith  

DNase and RNase f o r  one h o u r a t  5° C . The c e l l  d e b r i s  was removed by 

c e n t r i f u g a t i o n  f o r  t e n  m in u te s  a t  16 ,000  x  g . When th e  e x t r a c t  was to  

be u sed  f o r  p h y s io lo g ic a l  s t u d i e s ,  DNase and RNase tr e a tm e n t  was o m it te d ,  

and e x t r a c t s  were d ia ly z e d  a g a in s t  10 mM T r i s ,  pH 7 .2  a f t e r  c e n t r i f u g a ­

t i o n .

Enzyme a s s a y s . The a c t i v i t y  o f  th e  p o ly p h o sp h a te  k in a s e  was

d e te rm in e d  a t  30° C in  a  m ix tu re  c o n ta in in g ,  e x c e p t where n o te d ,  6 mM

p o ta ss iu m  p h o sp h a te  b u f f e r ,  pH 7 .0 ,  2 mM M nC ^, 1 mg p e r  ml H is to n e

Type I I  from  c a l f  thym us, 0 .4  mM (y -^ P )A T P (7 -2 8  dpm p e r  pm ole) and

328 .8  Ug p e r  ml o f  enzyme in  a  t o t a l  volume o f  0 .1  m l. P -p o ly p h o sp h a te

was d e te rm in e d  by th e  p a p e r  ch ro m a to g ra p h ic  p ro c e d u re  o f  L i and F elm ly

(165) e x c e p t t h a t  th e  p a p e r  s t r i p s  w ere n o t  d r ie d  b e fo re  e l u t i o n ,  and

th e  s o lv e n t  u sed  was c o ld  107. t r i c h l o r o a c e t i c  a c id .  One u n i t  o f  a c t i v i t y

i s  e q u iv a le n t  to  t h a t  amount o f  enzyme w hich c a ta ly z e s  th e  in c o r p o r a t io n

32o f  one nanom ole o f  (y -  P)ATP i n to  p ro d u c t p e r  m in u te . RNA po lym erase

a c t i v i t y  was d e te rm in e d  by th e  m ethod o f  Bonner e t  a l .  ( 1 6 6 ) .  P r o te in

was d e te rm in e d  by th e  m ethod o f  Lowry e t  a l .  ( 1 3 9 ) .

32 32C h e m ic a ls .  (y -  P)ATP and P^ w ere p u rc h a se d  from  New E ngland

N u c le a r  C o r p o r a t io n . H is to n e  Type I I ,  p ro ta m in e , c a s e i n ,  and b ov ine  

serum  album in  w ere p u rch a se d  from  Sigma C hem ical C o. Sephadex G-200 

was p u rch a se d  from  P h a rm a c ia , and D E A E -cellu lose  was p u rch a se d  from  

B io -R ad . A l l  o th e r  c h e m ic a ls  w ere o f  th e  h ig h e s t  q u a l i t y  co m m erlca lly  

a v a i l a b l e .
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RESULTS

P u r i f i c a t i o n  o f  th e  Enzyme. The c ru d e  e x t r a c t ,  p re p a re d  a s  

d e s c r ib e d  in  MATERIALS AND METHODS, was f r a c t i o n a te d  u s in g  ammonium 

s u l f a t e .  Ammonium s u l f a t e  was added to  457. s a t u r a t i o n  w ith  s t i r r i n g  

a t  0 -5 °  C . The p r e c i p i t a t e d  p r o te in  was h a rv e s te d  by c e n t r i f u g a t i o n ,  

was d is s o lv e d  in  10 mM T r i s  b u f f e r ,  pH 7 .2 ,  c o n ta in in g  1 mM EDTA, and 

was th e n  d ia ly z e d  o v e rn ig h t  a g a in s t  th e  same b u f f e r .  The ammonium 

s u l f a t e  f r a c t i o n  was th e n  a p p l ie d  to  a  D E A E -cellu lose  colum n (1 x 24 

cm) e q u i l i b r a t e d  w ith  5 mM p o ta ss iu m  p h o sp h a te  b u f f e r ,  pH 7 .0 .  The 

p r o t e i n  was e lu te d  by 500 ml o f  a  l i n e a r  p o ta ss iu m  p h o sp h a te  g r a d ie n t  

from  5 mM to  500 mM p o ta ss iu m  p h o s p h a te , pH 7 .0 ,  c o n ta in in g  1 mM EDTA, 

10 yM d i t h i o t h r e i t o l ,  and 107. g ly c e r o l  ( F ig .  9 ) .  The a c t i v e  f r a c t i o n s ,  

w hich were e lu t e d  a t  a p p ro x im a te ly  0 .2 2  M p o ta ss iu m  p h o s p h a te , were 

p o o led  and c o n c e n tra te d  by a d d i t io n  o f  457. ammonium s u l f a t e .  The 

p r e c i p i t a t e  c o l l e c t e d  was d is s o lv e d  i n  5 mM p o ta ss iu m  p h o sp h a te  con­

t a i n in g  1 mM EDTA, 10 yM d i t h i o t h r e i t o l ,  and 10% g ly c e r o l  and d ia ly z e d  

a g a in s t  t h i s  b u f f e r  o v e r n ig h t .  The p r e p a r a t io n  was th e n  a p p l ie d  to  a 

Sephadex G-200 colum n ( 2 .5  x 40 cm) e q u i l i b r a t e d  w ith  th e  same b u f f e r  

u se d  f o r  d i a l y s i s .  A s h a rp  peak  o f  a c t i v i t y  was e lu t e d  a p p ro x im a te ly  

a t  th e  e x te r n a l  v o id  volum e ( d a ta  n o t show n). The p u r i f i c a t i o n  p ro ­

c e d u re  i s  sum m arized in  T a b le  V I. The f r a c t i o n s  e lu te d  from  the  

Sephadex G-200 colum n w ere used  f o r  a l l  su b se q u e n t e x p e r im e n ts . The 

enxyme p r e p a r a t i o n  was found to  be s t a b l e  a t  5° C f o r  a t  l e a s t  s ix  

m o n th s .

C h a r a c t e r i z a t io n  o f  th e  Enzyme. The tim e c o u rse  o f  enzyme 

a c t i v i t y  i s  shown in  F i g .  10 . The fo rm a tio n  o f  p ro d u c t rem ained  l i n e a r  

f o r  15 m in u te s .  The b e h a v io r  o f  th e  enzyme w ith  v a ry in g  pH i s  shown
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F ig u re  9 .  P r o f i l e  o f  D E A E -cellu lose  co lum n. The enzyme f r a c t i o n  

o b ta in e d  a f t e r  ammonium s u l f a t e  p r e c i p i t a t i o n  was a p p lie d  to  a  DEAE- 

c e l l u lo s e  colum n (1 x 24 cm) e q u i l i b r a t e d  w ith  50 mM p o ta ss iu m  phos­

p h a te ,  pH 7 .0 ,  and was e lu te d  w ith  a  l i n e a r  p o ta s s iu m  p h o sp h a te  g r a d ie n t  

from  5 mM to  500 mM p o ta ss iu m  p h o s p h a te , pH 7 .0 ,  c o n ta in in g  1 mM EDTA,

10 pM d i t h i o t h r e i t o l ,  and 107. g l y c e r o l .  F r a c t io n s  w ere a ssa y e d  as  

d e s c r ib e d  i n  MATERIALS AND METHODS. o —  * o » s p e c i f i c  a c t i v i t y ;

•  ■ ■ ■ » , A2qqJ ■ ■ . , p o ta ss iu m  p h o sp h a te  c o n c e n t r a t io n .
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TABLE VI

PURIFICATION OF POLYPHOSPHATE KINASE®

P u r i f i c a t i o n  S tep U n its /m l mg/ml

S p e c if ic
A c t iv i ty
m oles/m g/m in) P u r i ty

S o n ic a te d  Crude E x t r a c t 6 .5 5 .9 1 .1 1

457. Ammonium S u l f a te  P r e c i p i ­
t a t i o n 77 .6 6 .4 12 .1 11

D E A E -cellu lose  C hrom atography 3 3 .2 0 .3 9 9 .3 89

Ammonium S u l f a te  P r e c i p i t a t i o n 790 .6 1 .7 4 7 2 .0 425

Sephadex G-200 C hrom atography 7 2 .1 0 .0 9 81 8 .8 738

®The p u r i f i c a t i o n  p ro c e d u re  i s  d e s c r ib e d  i n  d e t a i l  i n  RESULTS. The p r e p a r a t io n s  w ere a ssa y e d  

a s  d e s c r ib e d  in  MATERIALS AND METHODS.



F ig u re  1 0 . Time c o u rse  o f  th e  p o ly p h o sp h a te  k in a s e  r e a c t i o n .  

The enzyme was a ssa y e d  a s  d e s c r ib e d  i n  MATERIALS AND METHODS e x c e p t 

t h a t  a  f i n a l  volume o f  0 .2  ml was em ployed . A liq u o ts  o f  r e a c t io n  

m ix tu re  were removed a t  a p p r o p r ia te  t im e s  and r a d i o a c t i v e l y  la b e le d  

p ro d u c t was d e te rm in e d  a s  d e s c r ib e d .
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i n  F ig .  11 . The enzyme e x h ib i te d  a b ro ad  pH optimum a t  6 .0 - 7 .0 .  The

enzyme p r e p a r a t io n  was found to  be f r e e  from  RNA p o lym erase  a c t i v i t y ,

a lth o u g h  M cConnell and Bonner (167) have r e p o r te d  t h a t  th e  two enzymes

from  E . c o l i  may be p u r i f i e d  t o g e th e r .

The re sp o n se  o f  p o ly p h o sp h a te  k in a s e  a c t i v i t y  to  v a ry in g  concen- 

+2  +2t r a t i o n s  o f  ATP, Mn , and Mg i s  shown i n  F i g s .  1 2 -1 4 . A ssays were

perfo rm ed  a s  d e s c r ib e d  in  MATERIALS AND METHODS w ith  th e  fo llo w in g

m o d i f ic a t i o n s .  In  F i g .  12 , th e  ATP c o n c e n t r a t io n  was v a r i e d  w h ile  th e

MnCl2 c o n c e n t r a t io n  and o th e r  v a r i a b l e s  w ere k e p t c o n s ta n t .  In  F i g s .

13 and 14, r e s p e c t i v e l y ,  th e  M nC^ and M gC^ c o n c e n t r a t io n s  w ere v a r ie d

w h ile  th e  ATP c o n c e n t r a t io n  and o th e r  c o n d i t io n s  w ere h e ld  c o n s ta n t .

+2 +2V alu es  shown f o r  c o n c e n t r a t io n s  o f  f r e e  Mg o r  Mn , f r e e  ATP, and Mn-ATP 
„2

o r  Mg-ATP com plexes w ere d e te rm in e d  u s in g  s t a b i l i t y  c o n s ta n ts  o f  10,960
- 1  -2  - 1  -2

M f o r  Mg-ATP and 56 ,230  M f o r  Mn-ATP g S d e te rm in e d  by W alaas

( 1 6 8 ) .  F re e  ATP c o n c e n t r a t io n s  g r e a t e r  th a n  8 yM a p p e a re d  to  i n h i b i t
_2

th e  en zy m e(F ig . 1 2 ) .  A o f  0 .5 3  mM was c a lc u la t e d  f o r  Mn-ATP from
+2

th e  r a t e s  o f  r e a c t i o n  a t  n o n - in h ib i to r y  l e v e l s  o f  f r e e  ATP and Mn .
+2

As shown i n  F i g .  13 , 1 .0 - 2 .0  mM f r e e  Mn was o p tim a l f o r  enzyme a c t i v i t y .
_2

At c o n c e n t r a t io n s  w here b o th  f r e e  ATP and Mn-ATP w ere k e p t  c o n s ta n t ,
+2

a n  in c r e a s e  i n  th e  f r e e  Mn c o n c e n t r a t io n  to  g r e a t e r  th a n  2 mM caused
+2

i n h i b i t i o n  o f  a c t i v i t y .  I n c r e a s in g  f r e e  Mg io n  c o n c e n t r a t io n  caused

+2a  l e s s  s h a rp  in c r e a s e  in  a c t i v i t y  th a n  w ith  Mn ( F ig .  1 4 ) , and i n h ib i -
+2

t i o n  d id  n o t  a p p e a r  u n t i l  a p p ro x im a te ly  6 mM f r e e  Mg was p r e s e n t .

T h is  m ight be due e i t h e r  to  a  re q u ire m e n t f o r  h ig h e r  l e v e l s  o f  f r e e  
+2 +2

Mg th a n  Mn f o r  enzyme a c t i v i t y  o r  to  th e  f i v e - f o l d  low er s t a b i l i t y
•2  2 c o n s ta n t  f o r  th e  Mg-ATP com plex r e l a t i v e  to  th e  Mn-ATP-  com plex .

The p re s e n c e  o f  p h o sp h a te  io n s  was r e q u i r e d  f o r  enzyme a c t i v i t y .



F ig u re  11 . Dependence o f  th e  p o ly p h o sp h a te  k in a s e  r e a c t io n  on

pH. The a s sa y  was pe rfo rm ed  In  a  t o t a l  volume o f  0 .1  m l, c o n ta in in g

1 mg p e r  ml H ls to n e  Type I I ,  2 mM M nC ^, 6 mM p o ta s s iu m  p h o s p h a te ,

32pH 7 .0 ,  20 y l  w a te r ,  0 .4  mM P-ATP, and 50 niM T r l s - m a le a t e - a c e t a te  

b u f f e r ,  pH 5 - 9 .6 .  T h is  m ix tu re  was In c u b a te d  f o r  10 m ln a t  30° C and 

r a d i o a c t i v e l y  la b e le d  p ro d u c t was d e te rm in e d  a s  d e s c r ib e d  in  MATERIALS 

AMD METHODS.
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F igure 12. Dependence o f  the polyphosphate k in ase  r e a c t io n  on

the ATP c o n c e n tr a t io n . In cu b ation s were performed as d escr ib ed  in

MATERIALS AND METHODS e x c e p t t h a t  th e  c o n c e n t r a t io n  o f  ATP was v a r i e d .

+2 -2  V alu es  f o r  Mn , ATP, and MnATP w ere d e te rm in e d  from  th e  d i s s o c i a t i o n

„2 ____
c o n s ta n t  f o r  th e  MnATP com plex . •  ' —  •  s p e c i f i c  a c t i v i t y ;

+2
o *~ —o > ATP c o n c e n t r a t io n ,  fl —— A , Mn c o n c e n t r a t io n .
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F igure 1 3 . Dependence o f  th e  polyphosphate k in a se  r e a c t io n  on

th e  MnCl2  c o n c e n tr a t io n . A ssays were performed as d esc r ib e d  in

MATERIALS AND METHODS e x c e p t t h a t  th e  c o n c e n t r a t io n  o f  M nC^ was

+2 -2  v a r i e d .  V a lu es  f o r  Mn , ATP, and MnATP w ere d e te rm in e d  from  th e
_2

d i s s o c i a t i o n  c o n s ta n t  f o r  th e  MnATP com plex . s p e c i f i c

_2
a c t i v i t y ;  o- o , ATP c o n c e n t r a t io n ;  A — — A f Mn-ATP c o n c e n t r a t io n .
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F igure 14 . Dependence o f  the polyphosphate k in a se  r e a c t io n  on

the MgCl2  c o n c e n tr a t io n . A ssays were performed as d escr ib ed  in

MATERIALS AND METHODS e x c e p t  t h a t  th e  MgC^ c o n c e n t r a t io n  was v a r i e d .

+2 -2  V alues f o r  Mg , ATP, and MgATP were d e te rm in e d  u s in g  th e  d i s s o c i a -
_2

t i o n  c o n s ta n t  f o r  th e  MgATP com plex . • ------- •  , s p e c i f i c  a c t i v i t y ;
- 2

o  o ,  ATP c o n c e n t r a t io n ,  A — A , MgATP c o n c e n t r a t io n .
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The a c t i v i t y  o f  th e  enzym e, a s  shown i n  F i g .  15 , In c re a s e d  w ith  

in c r e a s in g  p h o sp h a te  c o n c e n t r a t io n  up to  a p p ro x im a te ly  5 mM. A Kq, 

o f  1 .67  mM was c a l c u l a t e d .  R a d lo a c t iv e ly  la b e le d  p h o sp h a te  was n o t 

in c o rp o ra te d  in to  th e  p r o d u c t .

The enzyme was s t r o n g ly  i n h ib i t e d  i n  th e  p re s e n c e  o f  ADP, one 

o f  th e  r e a c t io n  p r o d u c ts .  In  F i g .  16 i t  may be se e n  t h a t  4 mM ADP 

c o m p le te ly  a b o lis h e d  a c t i v i t y  o r  s to p p e d  th e  r e a c t i o n  when added a f t e r  

t e n  m in u te s . A lso  shown in  F ig .  16 a r e  th e  i n h ib i to r y  e f f e c t s  o f  1 mM 

PP^ o r  20 mM NaF, s im i l a r  to  e f f e c t s  r e p o r te d  in  E . c o l i  (1 5 0 , 1 5 2 ) .

The dependence o f  th e  enzyme on th e  p re s e n c e  o f  h i s to n e  i s  shown 

in  F ig .  17 . O th e r  p r o t e i n s ,  such  a s  p ro ta m in e , co u ld  s u b s t i t u t e  f o r  

h is to n e  to  a  l e s s e r  d e g re e .  Bovine serum  album in  and c a s e in  c o u ld  a ls o  

s u b s t i t u t e  f o r  h i s t o n e .  However, i n  c o n t r a s t  t o  th e  a c t i v i t y  o b se rv ed  

w ith  b a s ic  p r o t e i n s ,  enzyme a c t i v i t y  i n  th e  p re s e n c e  o f  th e s e  two 

p r o te in s  co u ld  be d e te c te d  o n ly  in  th e  ab sen ce  o f  in o rg a n ic  p h o sp h a te  

(T a b le V I I ) .  The re q u ire m e n t f o r  th e  p re s e n c e  o f  a  p r o t e i n ,  such  a s  

h i s t o n e ,  m igh t r e s u l t  i n  m is ta k e n  I d e n t i f i c a t i o n  o f  th e  enzyme a s  a 

p r o t e i n  k in a s e .  T h is  p o s s i b i l i t y  was e l im in a te d  f o r  th e  enzyme from  

A. a tro c y a n e u s  by th e  c h a r a c t e r i z a t i o n  o f  th e  p r o d u c t .

C h a r a c te r i z a t io n  o f  th e  R e a c tio n  P r o d u c t . D e te rm in a tio n  o f  th e  

ch e m ica l n a tu re  o f  th e  p ro d u c t was b a sed  on th e  known p r o p e r t i e s  o f  th e  

v a r io u s  p h o s p h o ry la te d  p r o te i n  r e s id u e s  and p o ly p h o sp h a te  when t r e a t e d  

by c e r t a i n  m eth o d s. I t  was i n i t i a l l y  th o u g h t t h a t  th e  r e a c t i o n  p ro d u c t 

m ig h t be e i t h e r  a  p h o s p h o ry la te d  p r o t e i n ,  c o n ta in in g  r e s id u e s  o f  a c y l ,  

s e r i n e ,  o r  im id a z o le  p h o s p h a te , o r  a  lo n g  c h a in  p o ly p h o sp h a te . S e r in e  

p h o sp h a te  e s t e r  bonds w ere s t a b l e  to  hyd roxy lam ine  t r e a tm e n t ,  b u t  s ta b le  

in  a c id  a t  100° C and i n  b a se  (1 6 9 , 1 7 0 ) . Im id a zo le  p h o sp h a te  bonds
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F ig u re  15 . Dependence o f  th e  p o ly p h o sp h a te  k in a s e  r e a c t i o n  on 

th e  p re se n c e  o f  in o rg a n ic  p h o s p h a te . A ssays were perfo rm ed  a s  d e s ­

c r ib e d  in  MATERIALS AND METHODS, e x c e p t t h a t  th e  in o rg a n ic  p h o sp h a te  

c o n c e n t r a t io n  was v a r ie d  from  0 -10  mM. The r e c i p r o c a l  p l o t  gave a 

Kjj, o f  1 .67  mM.
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F ig u re  16 . I n h i b i t i o n  o f  th e  p o ly p h o sp h a te  k in a s e  r e a c t i o n  by 

ADP, NaF, and p y ro p h o sp h a te . A ssays w ere perfo rm ed  as  d e s c r ib e d  in  

MATERIALS AND METHODS in  a volume o f  0 .2  m is w ith  th e  fo llo w in g  

a d d i t io n s :  4 mM ADP («  . —  t  ) ,  20 mM NaF (x ... x ) ,  and 1 mM p y ro ­

p h o sp h a te  ( o  o ) were added t o  each  o f  th r e e  tu b e s  a t  tim e  z e r o .

4 mM ADP was added t o  one tu b e  a f t e r  10 m in ( A  A )»  The c o n t r o l

(4  — ■ a  ) c o n ta in e d  no a d d i t i o n s .
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F ig u re  1 7 . Dependence o f  th e  p o ly p h o sp h a te  k in a s e  r e a c t i o n  on 

th e  h is to n e  c o n c e n t r a t io n .  A ssays w ere pe rfo rm ed  a s  d e s c r ib e d  in  

MATERIALS AND METHODS e x c e p t t h a t  th e  h is to n e  c o n c e n t r a t io n  was v a r i e d  

from  0 - 2 .0  mg p e r  m l.
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TABLE V II

EFFECT OF INORGANIC PHOSPHATE ON POLYPHOSPHATE KINASE REACTION WITH

DIFFERENT PROTEINS®

P r o te in  (1  mg/ml)
In o rg a n ic  P h o sp h a te  

(6  mM)Added
S p e c if ic  A c t iv i ty  
(r|m oles/m g/m in)

H is to n e + 25 4 .1

- 19 .9

P ro tam ine + 135 .0

- 0 .6

C a se in + 0 .5

- 4 .1

B ovine Serum Albumin + 6 .6

- 5 9 .0

*The 7 0 0 - fo ld  p u r i f i e d  enzyme was a s sa y e d  a s  d e s c r ib e d  in  

MATERIALS AND METHODS e x c e p t t h a t  d i f f e r e n t  p r o te in s  were s u b s t i t u t e d  

f o r  h is to n e  where in d ic a te d  and a s s a y s  were conducted  w ith  o r  w ith o u t 

in o rg a n ic  p h o sp h a te  a s  shown.
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w ere s t a b l e  In  b a se  b u t l a b i l e  In  c o ld  a c id  ( 1 4 ) .  A cyl p h o sp h a te  bonds 

w ere l a b i l e  to  t r e a tm e n t  w ith  N ^O H , b ase  o r  a c id  a t  100° C (1 7 1 . 1 7 2 ) . 

Long c h a in  p o ly p h o sp h a te , h av ing  a n h y d rid e  bonds l i k e  th e  a c y l  ph o s­

p h a te .  was b ro k en  down to  In o rg a n ic  p h o sp h a te  In  a c id  a t  100° C . In  

b ase  a t  40° C, and In  h y d ro x y la m in e .

In  o r d e r  to  o b ta in  th e  r e a c t io n  p ro d u c t f o r  c h a r a c t e r i z a t i o n ,  th e  

a s s a y  was c o n d u c ted  f o r  one hour and s to p p e d  by th e  a d d i t io n  o f  a s o lu ­

t i o n  o f  t r i c h l o r o a c e t i c  a c id  to  g iv e  a f i n a l  c o n c e n t r a t io n  o f  10%. The 

p r e c i p i t a t e  was h a rv e s te d  by c e n t r i f u g a t i o n ,  resu sp e n d e d  in  b u f f e r ,  and 

washed tw ice  w ith  107. t r i c h l o r o a c e t i c  a c id .  I t  was th e n  resu sp en d ed  

in  b u f f e r ,  n e u t r a l i z e d ,  and d ia lz y e d  o v e rn ig h t  a t  5 °  C a g a in s t  a  la rg e  

volume o f  5 mM p o ta s s iu m  p h o s p h a te , pH 7 .0 .  The p ro d u c t was th e n  

s u b je c te d  to  th e  fo llo w in g  c o n d i t io n s :  1) 1 .2  M HC1 f o r  15 m in u te s  a t

100° C; 2) 0 .5  M KOH f o r  two h o u rs  a t  4 0 ° C ;  3) 1 M hydroxy lam ine  f o r  

30 m in u tes  a t  room te m p e ra tu re ;  4 ) 2 .5  mg p e r  ml p a p a in  f o r  30 m in u tes  

a t  37 ° C . A f te r  t r e a tm e n t ,  each  sam ple was s p o tte d  on s t r i p s  o f  

Whatman #1 f i l t e r  p a p e r .  The s t r i p s  w ere e lu te d  f o r  16 h o u rs  w i th  an 

E b e l 's  s o lv e n t  c o n ta in in g  735 ml o f  i s o p ro p a n o l ,  50 g t r i c h l o r o a c e t i c  

a c id ,  2 ,5  ml o f  29% NH^OH and 265 ml o f  w a te r ;  100 ml o f  th e  s o lv e n t  

was d i lu t e d  w ith  25 ml o f  w a te r  b e fo re  u s in g  (1 7 3 ) .  On e lu t io n  w ith  

t h i s  s o lv e n t ,  lo n g  c h a in  p o ly p h o sp h a te  rem ained  a t  th e  o r ig i n  w h ile  

in o rg a n ic  p h o sp h a te  m ig ra te d  r a p id ly  on th e  p a p e r , s e p a r a t in g  i t  from  

p ro d u c t .  S h o r te r  p o ly p h o sp h a te  m o le c u le s  m ig ra te  from  th e  o r i g i n  w ith  

in te rm e d ia te  Rf v a lu e s  depen d in g  on c h a in  le n g th  (1 7 3 ) .  A f te r  e l u t i o n  

th e  s t r i p s  were a i r  d r ie d  and co u n ted  in  a  B a ird  A tcm ic s t r i p  c o u n te r .  

R a d io a c tiv e  ATP and in o rg a n ic  p h o sp h a te  s ta n d a rd s  m ig ra te d  on th e  p a p e r  

and s e p a ra te d  w e l l  from  e a c h  o th e r  ( d a ta  n o t  show n). U n tre a te d  r a d io -
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a c t iv e  p ro d u c t rem tln e d  a t  th e  o r i g i n  a f t e r  ch ro m ato g rap h y . I t  con­

ta in e d  no r e s i d u a l  r a d io a c t iv e  ATP from th e  r e a c t i o n ,  i n d ic a t in g  t h a t  

w ashing  tw ic e  w ith  t r i c h l o r o a c e t i c  a c id  i s  s u f f i c i e n t  to  remove un­

r e a c te d  s u b s t r a t e .  A f te r  ch rom atography  o f  th e  sam ple t r e a t e d  w ith  

a c id ,  no c o u n ts  rem ained  a t  th e  o r i g i n ;  th e  p ro d u c t was c o m p le te ly  

h y d ro ly z e d  to  in o rg a n ic  p h o s p h a te . A f te r  KOH tre a tm e n t  and e lu t io n  

w ith  s o lv e n t ,  197. o f  th e  c o u n ts  rem ained  a t  th e  o r i g i n .  T h is  su g g e s te d  

t h a t  th e  p ro d u c t was n o t p r o t e i n  c o n ta in in g  im id a z o le  p h o sp h a te  b o n d s , 

w hich a r e  s t a b l e  to  base  u n d e r  th e  c o n d it io n s  em ployed . H ydroxylam ine 

caused  th e  r e l e a s e  o f  a l l  b u t  87. o f  th e  c o u n ts  from  th e  o r i g i n .  A 

s e r in e  p h o sp h a te  e s t e r  p ro d u c t  would be u n a f f e c te d  by t h i s  t r e a tm e n t .  

S ev en ty -tw o  p e r  c e n t  o f  th e  p ro d u c t was u n a f f e c te d  by p a p a in  t r e a tm e n t .  

The lo s s  o f  a b o u t 307. o f  th e  p ro d u c t a f t e r  p a p a in  t r e a tm e n t  m igh t be due 

to  some d e g ra d a t io n  o f  th e  h i s to n e  needed  t o  s t a b i l i z e  th e  p r o d u c t .  

H ow ever, a  p h o sp h o ry la te d  p r o te i n  would show g r e a t e r  d e g ra d a t io n  a f t e r  

p r o t e o l y t i c  t r e a tm e n t .  T h is  d i s t i n g u i s h e s  th e  r e a c t i o n  p ro d u c t from  an  

a c y l  p h o s p h o ry la te d  p r o te i n  w hich resem b led  p o ly p h o sp h a te  on th e  b a s i s  

o f  th e  o th e r  c r i t e r i a  t e s t e d .  The l a b i l e  n a tu re  o f  th e  p ro d u c t i s  in  

a c co rd  w ith  r e s u l t s  found by o th e r  i n v e s t ig a t o r s  (1 5 0 , 152 , 174) and 

i s  c o m p a tib le  w ith  th e  i d e n t i f i c a t i o n  o f  th e  r e a c t im  p ro d u c t a s  p o ly ­

p h o sp h a te  r a t h e r  th a n  a p h o s p h o ry la te d  p r o t e i n .

P h y s io lo g ic a l  s t u d i e s . E x p e rim en ts  were perfo rm ed  w hich im p lic a te d  

phosphorus s to r a g e  a s  th e  p h y s io lo g ic a l  r o le  o f  th e  p o ly p h o sp h a te  k in a s e .  

A c t iv i t y  o f  th e  enzyme was d e te rm in e d  u n d e r d i f f e r e n t  c o n d i t io n s  in  

d ia ly z e d  c ru d e  e x t r a c t s  o f  th e  c e l l s .  An i n t e r e s t i n g  o b s e rv a t io n  was 

made a b o u t th e  s t a b i l i t y  o f  th e  enzym e. E x t r a c ts  w hich were f ro z e n  and 

thaw ed once b e fo re  a s s a y in g  som etim es showed an  in c r e a s e  o f  from  th r e e



t o  f iv e  f o ld  o v e r  th e  a c t i v i t y  o f  th e  same e x t r a c t  b e fo re  f r e e z in g .

One p o s s ib le  e x p la n a t io n  o f  t h i s  o b s e rv a t io n  was t h a t  th e  enzyme 

m igh t be lo o s e ly  a s s o c ia te d  w ith  th e  c e l l  m em brane. F re e z in g  and 

thaw ing  may cause  i t s  r e l e a s e  when s o n ic a t io n  has n o t a l r e a d y  done s o .

To exam ine th e  e f f e c t  o f  in o rg a n ic  p h o sp h a te  in  th e  medium on 

p o ly p h o sp h a te  k in a s e  a c t i v i t y ,  A. a tro c y a n e u s  was grown on th e  phos­

p h a te - f r e e  medium d e s c r ib e d  in  MATERIALS AND METHODS w ith  50 mM m a la te  

a s  ca rb o n  s o u rc e .  P o ta ss iu m  p h o sp h a te  was added to  th e  th r e e  s e p a r a te  

c u l t u r e s  a t  5 mM, 25 mM, and 100 mM c o n c e n t r a t io n s .  D ia ly z e d  c rude  

e x t r a c t s  were f ro z e n  and thaw ed b e fo re  a s s a y in g .  The s p e c i f i c  a c t i v i ­

t i e s  f o r  c e l l s  grow n in  th e  p re s e n c e  o f  5 mM, 25 mM, and 100 mM i n o r ­

g a n ic  p h o sp h a te  w ere 2 .6 ,  1 .4 ,  and 0 .3  r^moles o f  In c o rp o ra te d  in to

p ro d u c t p e r  m inu te  p e r  mg p r o t e i n ,  r e s p e c t i v e l y .  The d a ta  in d ic a te d  a 

d i r e c t  r e l a t i o n s h i p  betw een  th e  a v a i l a b i l i t y  o f  p h o sp h a te  in  th e  medium 

and th e  a c t i v i t y  o f  th e  p o ly p h o sp h a te  k in a s e .

To d e m o n s tra te  in d u c t io n  o f  t h i s  enzym e, c e l l s  were grown on MS

p lu s  50 mM m ala te  o v e r n ig h t .  T hese c e l l s  w ere h a r v e s te d ,  w ashed , 

re su sp e n d e d  in  p h o s p h a te - f r e e  medium and r e tu r n e d  to  th e  s h a k e r .  At 

0 ,  10 , 2 0 , and 30 m in u te s , a l i q u o t s  w ere removed and c rude  e x t r a c t s  

w ere p re p a re d , d ia ly z e d ,  f ro z e n  and thaw ed f o r  a s s a y .  I t  may be se e n  

from  T ab le  V I I I  t h a t  an  e x tre m e ly  r a p id  in d u c t io n  to o k  p la c e  when c e l l s  

w ere a e r a te d  in  th e  ab sen ce  o f  in o rg a n ic  p h o s p h a te . In  a s im i la r  

e x p e rim e n t in  w hich p h o sp h a te  was a lw ays p r e s e n t ,  b u t  th e  c e l l s  were 

s ta r v e d  f o r  a n i t r o g e n  s o u rc e , th e  enzyme was n o t in d u c e d , even  a f t e r  

60 m in u te s . T h is  f u r t h e r  im p l ic a te d  th e  enzyme in  p hospho rus m e ta b o lism .
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TABLE V III

INDUCTION OF POLYPHOSPHATE KINASE IN A. ATROCYANEUS*

Time o f  In d u c tio n  (m in)
S p e c i f ic  A c t iv i ty  
(nm oles/m g/m in)

0 .08

10 3 .5 2

20 3 .8 8

30 4 .7 8

C e l ls  w ere washed and re su sp e n d e d  In  p h o s p h a te - f r e e  medium. 

A f te r  in c u b a t io n  w ith  sh ak in g  f o r  th e  in d ic a te d  t im e s ,  th e  enzyme 

was a ssa y e d  i n  c ru d e  e x t r a c t s  o f  th e s e  c e l l s  a s  d e s c r ib e d  in  

MATERIALS AND METHODS.
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DISCUSSION

S tu d ie s  o f  enzyme in d u c t io n  in  A. a tro c y a n e u s  le d  to  th e  p u r i f i ­

c a t i o n  and c h a r a c t e r i z a t i o n  o f  a  h is to n e -d e p e n d e n t  p o ly p h o sp h a te  k in a s e .  

The re q u ire m e n t f o r  h is to n e  to  d e te c t  enzyme a c t i v i t y  m igh t be m is­

l e a d in g .  W ithou t p u r i f y in g  th e  r e a c t io n  p r o d u c t ,  i t  m ight a p p e a r  t h a t  

th e  enzyme c a ta ly s e d  th e  p h o s p h o ry la tio n  o f  h i s t o n e .  I t  was a p p a re n t  

t h a t  in  I n v e s t ig a t io n s  o f  p r o t e i n  k in a s e  a c t i v i t y ,  one m ust f i r s t  

e l im in a te  th e  p o s s i b i l i t y  o f  th e  p re se n c e  o f  a h is to n e -d e p e n d e n t  p o ly ­

p h o sp h a te  k in a s e .  The a d d i t io n a l  f in d in g  th a t  In o rg a n ic  p h o sp h a te  

i n h ib i t e d  o r  a c t i v a t e d  th e  enzyme when d i f f e r e n t  p r o te in s  were u sed  

m igh t a l s o  be used  a s  a  c r i t e r i o n  f o r  p o ly p h o sp h a te  k in a s e  a c t i v i t y  

w here i t  was s u s p e c te d . T h is  c h a r a c t e r i s t i c  h as  a l s o  been  found f o r  

th e  E . c o l i  enzyme (L i and Brown, p e r s o n a l  co m m u n ica tio n ). A p o s s ib l e ,  

b u t  a s  y e t  u n p ro v ed , r o le  o f  h is to n e  o r  o th e r  p r o te in s  i n  th e  r e a c t io n  

m igh t be to  com plex w ith  th e  p o ly p h o sp h a te  and p re v e n t  r e v e r s a l  o f  th e  

r e a c t i o n ,  th e re b y  f a c i l i a t i n g  d e te c t io n  o f  th e  p r o d u c t .  D epending on 

th e  p r o t e i n ,  p h o sp h a te  io n s  m igh t i n t e r f e r e  w ith  t h i s  f u n c t io n  o r  

enhance  i t .  A l t e r n a t i v e l y ,  th e  r o le  o f  h is to n e  m igh t in v o lv e  some 

i n t e r a c t i o n  w ith  th e  enzyme i t s e l f  su ch  t h a t  th e  enzyme m igh t be 

a l t e r e d  i n  th e  p re se n c e  o f  in o rg a n ic  p h o s p h a te .

The p o s s i b i l i t y  t h a t  th e  i n h i b i t i o n  by ADP o c c u rre d  b e c au se  ADP 

c a u se d  th e  e q u i l ib r iu m  o f  th e  r e a c t io n  t o  fa v o r  th e  r e v e r s e  o f  p o ly ­

p h o sp h a te  s y n th e s i s  m ust be c o n s id e r e d . The d a ta  i n  F i g .  16 ap p eared  

to  c o n t r a d i c t  t h i s ,  s in c e  r a d i o a c t i v i t y  was n o t l o s t  from  p ro d u c t on 

a d d i t io n  o f  ADP a f t e r  t e n  m in u te s . How ever, i f  th e  r o l e  o f  h i s to n e  was 

to  com plex w ith  th e  p ro d u c t and p re v e n t r e v e r s a l  o f  th e  r e a c t i o n ,  i t
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m ight mask th e  e f f e c t  o f  ADP i n h i b i t i o n  on p ro d u c t w hich was a lr e a d y

fo rm ed . The r e v e r s a l  o f  the  p o ly p h o sp h a te  k in a s e  r e a c t i o n  by ADP has

been  shown in  E . c o l i  by K ornberg  (175) and L i and Brown (1 5 2 ) .

The a c t i v a t i o n  by in o rg a n ic  p h o sp h a te  m ight be c o n s i s t e n t  w ith  

a  r o le  f o r  th e  enzym e, w hich h as  been  su g g e s te d  by o t h e r s ,  f o r  th e  

a c c u m u la tio n  o f  a  phosphorus r e s e r v e .  I t  was shown i n  many o rgan ism s 

t h a t  p o ly p h o sp h a te  c o u ld  be u t i l i z e d  a s  a p h o sp h o ru s  so u rc e  f o r  n u c le ic  

a c id  and p h o s p h o lip id  b io s y n th e s is  d u r in g  sp o re  g e rm in a t io n  (161) o r  in  

c e l l s  s ta r v e d  f o r  p hospho rus (1 5 5 , 158 , 159 , 1 7 6 ) . S u f f i c i e n t  am ounts 

o f  p o ly p h o sp h a te  cou ld  accu m u la te  to  a llo w  th e  c e l l  mass to  d oub le  

s e v e r a l  tim es  u n d e r  c o n d i t io n s  o f  p h o sp h a te  s t a r v a t i o n .  S tu d ie s  o f  th e  

p a t t e r n  o f  p o ly p h o sp h a te  s y n th e s is  w ere done in  A e ro b a c te r  a e ro g e n e s  

by H aro ld  (176) in  w ild  ty p e  c e l l s  and i n  m u tan ts  o f  t h i s  b a c te r iu m  

d e f i c i e n t  in  p o ly p h o sp h a te  m e ta b o lism . He found t h a t  u n d er c o n d it io n s  

o f  n u c le ic  a c id  s y n th e s i s ,  p o ly p h o sp h a te  s y n th e s i s  was i n h i b i t e d ,  

p o s s ib ly  by c o m p e t i t io n  f o r  ATP, and d e g ra d a t io n  o f  p o ly p h o sp h a te  was 

e n h a n ce d . When n u t r i e n t  l i m i t a t i o n  cau sed  a  c e s s a t io n  o f  n u c le ic  a c id

s y n th e s i s ,  i n h i b i t i o n  o f  p o ly p h o sp h a te  s y n th e s i s  was r e l i e v e d  and p o ly ­

p h o sp h a te  d e g ra d a t io n  was i n h i b i t e d .  K a ltw a sse r  (1 5 4 ) su g g e s te d  t h a t  

a c c u m u la tio n  o f  p o ly p h o sp h a te  r e g u la te d  th e  i n t r a c e l l u l a r  l e v e l s  o f  

in o rg a n ic  p h o s p h a te . C o n d it io n s  u n d e r w h ich  p o ly p h o sp h a te  was s y n th e s iz e d  

w ere th o se  w here m acrom olecu lar s y n th e s i s  was i n h ib i t e d  by n u t r i e n t  

s t a r v a t i o n  o r  s p e c i f i c  i n h i b i t o r s  w h ile  u p ta k e  o f  In o rg a n ic  p h o sp h a te  

from  th e  medium c o n tin u e d . I f  th e  p h y s io lo g ic a l  r o l e  o f  p o ly p h o sp h a te  

was t o  s e rv e  a s  a  p hospho rus r e s e r v e ,  th e n  i t  would be a d v a n tag eo u s  to  

th e  c e l l  to  have a  p o ly p h o sp h a te  s y n th e s iz in g  enzyme w hich was s e n s i t i v e  

to  th e  l e v e l s  o f  in o rg a n ic  p h o sp h a te  a v a i l a b l e  to  th e  c e l l .



E xperim en ts  d e s ig n e d  to  i n v e s t i g a t e  th e  p h y s io lo g ic a l  r o le  o f 

th e  p o ly p h o sp h a te  k in a s e  s t r o n g ly  im p l ic a te d  invo lvem en t in  th e  phos­

p h a te  m etabo lism  o f  th e  c e l l .  The e v id e n c e  in d ic a te d  t h a t  th e  l e v e l s  

o f in o rg a n ic  p h o sp h a te  in  th e  medium c l e a r l y  c o r r e la t e d  w ith  le v e ls  o f  

p o ly p h o sp h a te  k in a s e  in  th e  c e l l ,  and in d u c t io n  o f  th e  enzyme o c c u rre d  

when in o rg a n ic  p h o sp h a te  was removed from  th e  medium, s u g g e s tin g  t h a t  

th e  r o le  o f  th e  enzyme was t o  s to r e  p h o sp h a te  in  th e  c e l l  a t  th e  

expense o f  ATP when p h o sp h a te  was a v a i l a b l e  o n ly  in  l im i t in g  amounts 

in  th e  e n v iro n m en t.
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ABBREVIATIONS

ADP- a d e n o s in e  5 ' d ip h o sp h a te

ATP- a d e n o s in e  5 ' t r ip h o s p h a te

ATPase- a d e n o s in e  t r ip h o s p h a ta s e

CCCP- c a rb o n y l cy an id e -m -ch lo ro p h en y lh y d raz o n e

DCCD- N, N' - d  ic y c lo h e x y lc a rb o d 1lm ide

DEAE- d i e t h y l  a m in o e th y l

DHAP- d ih y d ro x y a c e to n e  p h o sp h a te

DMSO- d im e th y l s u lfo x id e

DNase- deoxyr ib o n u c le a s e

DNP- 2 ,4 - d in i t r o p h e n o l

DTT- d i t h i o t h r e i t o l

EDTA- e th y le n e d ia m in e  t e t r a a c e t i c  a c id

EMS- e th y l  m ethane s u l f o n a te

FAD- f l a v i n  a d e n in e  d in u c le o t id e

FCCP- c a rb o n y l c y a n id e - j j- tr if lu o ro m e th o x y p h e n y lh y d ra z o n e

FDP- f r u c to s e  1 ,6 -d ip h o rp h a te

HOQNO- 2 -h e p ty l-4 -h y d ro x y q u in o lin e -N -o x id e

HPr- h i s t i d in e - c o n t a in i n g  p h o s p h o c a r r ie r  p r o te in

ct-MG- m e th y l-a -D -g lu c o p y ra n o s id e
+

NADH(NAD ) - n ic o t in a m id e  a d e n in e  d in u c l e o t i d e , reduced  (o x id iz e d )

NEM- N -e th y l  m aleim ide

ONPG- o -n itro p h e n y l* ^  -D -g a la c to s id e

P i - in o rg a n ic  p h o sp h a te

PCMB- j> -c h lo ro m e rc u rib e n z o a te

PEP- pho sp h o en o l p y ru v a te
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PMS- p h en az ln e  m e th o s u lfa te

P P i- In o rg a n ic  p y ro p h o sp h a te

RNA- r ib o n u c le ic  a c id

RNase- r ib o n u c le a s e

SDS- sodium  d o d e c y l s u l f a t e

TCA- t r i c h l o r o a c e t i c  a c id

TDG- g - D - g a la c to s y l - l - th io » 0  -D -g a la c to p y ra n o s id e

TMG- m e th y l- l - th io - 3 - D - g a la c to p y r a n o s id e

UDP- u r id in e  5 ' d ip h o sp h a te
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