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A b s tra c t

K in e t ic  s tu d ie s  o f O ro ta te  P h o s p h o r ib o s y ltra n s fe ra s e  

from B a k e r 's  Y east

by

Jaco b  v ic to r  

A d v ise rt p ro fe s s o r  Donald L. S loan

K in e t ic  a n a ly s i s  o f th e  r e a c t io n  c a ta ly z e d  by a homogeneous p rep a ­

r a t i o n  o f  o r o ta te  p h o s p h o r ib o s y itra n s fe ra s e  from  y e a s t has re v e a le d  

th a t  th e  r e a c t io n  p roceeds by a b ib i  p ing-pong  k in e t i c  mechanism.

T h is  c o n c lu s io n  i s  based  on i n i t i a l  r a t e  m easurem ents and p ro d u c t 

i n h i b i t i o n  s tu d ie s  o f  bo th  th e  fo rw ard  ph o sp h o rib o sy i t r a n s f e r  and 

th e  r e v e r s e  p y ro p h o sp h o ry la tio n  r e a c t io n s  in  th e  p resence  o f  an o p t i ­

mal c o n c e n tr a t io n  o f  magnesium io n . Each h a l f  r e a c t io n  was c h a ra c ­

te r i z e d  u s in g  la b e le d  ^  [cj - o r o t a t e  and and th e  enzyme was

shown to  c a ta ly z e  an  exchange o f  l a b e l ,  betw een U [c] - o r o t a t e  and OMP

32in  th e  absence o f PRPP, and betw een [p]-PP^ and PRPP in  th e  absence 

o f  o r o t a t e .  D iv a le n t magnesium io n  was shown to  be e s s e n t i a l  f o r  bo th  

is o to p e  exchange r e a c t io n s .  The p h y s io lo g ic a l  p h o sp h o rib o sy i t r a n s f e r  

r e a c t io n  i s  i n i t i a t e d  by th e  fo rm a tio n  o f  an a c t iv a te d  p h o sp h o rib o sy l-  

enzyme in te rm e d ia te  from p h o sp h o rib o sy i 1 '-p y ro p h o sp h a te  (PRPP) w ith  

th e  r e le a s e  o f  py rophosphate  (PP^) from th e  1 '- p o s i t i o n .  The second 

h a l f  o f  th e  r e a c t io n  in v o lv e s  th e  fo rm a tio n  o f  a |  1 '- g ly c o s id i c  bond 

between o r o ta te  and th e  r ib o s e  phosphate  m oiety  on th e  enzyme to  form  

o r o t id in e  5 '-p h o sp h a te  (OMP).
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M ichael i s  c o n s ta n ts  (1 ^ ) f o r  PRPP, o r o t a t e ,  PP., and OMP w ere d e t e r ­

mined to  be 38-8 pM, 22-6 um, 96-6 jjM and 8 -2  pM, r e s p e c t iv e ly .  V
ID AX

fo r  th e  forw ard d i r e c t i o n  was 28 .5  pM OMP/min fm g ®f p r o te in ,  and 31 .3  

pM OMP/min /mg o f  p r o te in  f o r  th e  r e v e r s e  d i r e c t io n .  The u t i l i z a t i o n  

o f  5 - f lu o r o - o r o ta te  produced p a r a l l e l  i n i t i a l  v e lo c ity  p lo t s  and a 

v a lu e  o f  PRPP analogous t o  th o se  observed  w ith  o r o ta te .  A v a lu e  o f 

24-5 jjm c a lc u la te d  fo r  f lu o r o - o r o ta te  was s im i la r  to  th e  v a lu e  d e t e r ­

mined f o r  o r o t a t e .  P ro d u c t i n h i b i t i o n  c o n s ta n ts  U ^) fo r  a l l  o f  th e  

r e a c ta n t s  w ere c a lc u la te d  from  th e  k in e t i c  d a ta  fo r bo th  th e  fo rw ard  

and re v e r s e  r e a c t io n s .  A ttem pts to  i s o l a t e  th e  proposed p h o sp h o ri-

bosy1-enzyme in te rm e d ia te  w ere in c o n c lu s iv e .  EPR and PRR s tu d ie s  

2+u s in g  Mn d e te c te d  m e ta l b in a ry  com plexes w ith  PRPP, PP^» OMP and 

enzyme.

Because s te re o c h e m ic a l in v e rs io n  r e s u l t s  from th e  o v e r a l l  r e a c t io n ,  

t h i s  p ing-pong  r e a c t io n  must in v o lv e  a  mechanism more co m p lica ted  th a n  

a  doub le  d isp la c e m e n t. P o s s ib le  mechanisms c o n s is te n t  w ith  th e  k in e t i c  

and exchange d a ta  a r e  d is c u s s e d .
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INTRODUCTION

In  a l l  o rgan ism s th a t  have been s tu d ie d  (1 )  the  de novo sy n th e ­

s i s  o f  u r id i n e - 5 ’-p h o sp h a te  (UMP) from  o r o ta te  in v o lv es  two enzym es. 

F i r s t ,  o r o ta te  p h o s p h o r ib o s y ltra n s fe ra s e  (OPRTase, EC 2 . A .2 .1 0 ) ,  c a t ­

a ly z in g  th e  s t e r e o s p e c i f i c  fo rm a tio n  o f a  ^  -g ly c o s id ic  bond between 

o r o ta t e  and th e  r ib o s e -5 '- p h o s p h a te  m oiety  o f  5 ’-p h o sp h o rib o sy i o ( l ' -  

py rophosphate  (PRPP), form s o r o t id in e  5 '-p h o s p h a te  (OMP) and pyro ­

pho sp h ate  (PP^) a s  p ro d u c ts  (F ig u re  1 ,  e q u a tio n  1 ) .  CMP i s  th e n  d e - 

c a rb o x y la te d  by o r o t id in e - 5 '- p h o s p h a te  d eca rb o x y la se  (ODCase, EC 

4 .1 .1 .2 3 )  to  g iv e  UMP (F ig u re  1 , e q u a tio n  2 ) .

EQ.  1 ?

HO OH 0 0

p r p p

OPRTase

o r o t a t e
MgH

om p

EQ. 2 u m p
0
1

+H2CO3
F ig u re  1 .  R e a c tio n s  c a ta ly z e d  by OPRiase

and ODCase.
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OPRTase d is p la y s  an a b s o lu te  re q u ire m e n t f o r  magnesium o r manganese 

io n  ( 2 ) ,  a lth o u g h  co p p er h as  been a b le  to  r e p la c e  magnesium in  w heat 

embryos ( 3 ) ,  ODCase, how ever, does n o t r e q u i r e  m e ta ls  f o r  i t s  a c t i v i t y  

( 4 ) .

These two enzymes have been shown to  c o p u r ify  from a l l  mammalian 

t i s s u e s  s tu d ie d  to  d a te .  These in c lu d e  bov ine  b ra in  ( 5 ) ,  e ry th ro c y te s  

( 6 ,  7 ) and c a l f  thymus ( 8 ) ,  E h r l ic h  a s c i t e s  carcinom a ( 9 ) ,  and m urine 

leukem ia P1534J (1 0 ) .  The two enzymes a l s o  show a c o o rd in a te  r e l a t i o n ­

s h ip  ( t h a t  i s ,  an  e f f e c t  on one enzyme a c t i v i t y  w i l l  be c lo s e ly  p a r a l ­

l e le d  on th e  o th e r )  in  r a t  (1 1 , 1 2 ) ,  a d u l t  and d ev e lo p in g  mouse l i v e r  

and h e a r t  (1 3 ) ,  human d ip lo id  c e l l  s t r a i n s  (14 ) and e r y th r o c y te s ,  and 

v a r io u s  o th e r  mammalian e ry th ro c y te s  (1 5 ) . In  view o f th e se  f in d in g s  

i t  i s  now g e n e r a l ly  b e lie v e d  th a t  OPRTase and ODCase e x i s t  a s  a b i ­

f u n c t io n a l  enzyme com plex.

In  th e  absence o f ODCase a c t i v i t y  th e  p h o sp h o rib o sy l t r a n s f e r  

r e a c t io n  has  been shown to  be r e v e r s i b l e .  T h is  h as  been dem o n stra ted  

in  y e a s t  (4 ) a s  w e ll  a s  in  r a t  l i v e r  and M orris  hepatom as (1 1 ) . One 

o f  th e  consequences o f  OPRTase and ODCase e x i s t i n g  in  a complex would 

be to  re n d e r  i r r e v e r s i b l e  th e  fo rm a tio n  o f UMP from  o r o ta t e .  T h is  

p y ro p h o sp h o ry lase  a c t i v i t y  shou ld  n o t be s i g n i f i c a n t  in -v iv o  because 

o f th e  p resen ce  o f in o rg a n ic  p y ro p h o sp h a ta se s  w hich le av e  l i t t l e  i f  

any pyrophosphate  a v a i la b le  f o r  th e  r e a c t io n  (1 6 ) .

The advan tage o f  such  a m ultienzym e complex m ight be to  channe l 

th e  f i r s t  s u b s t r a te  ( o r o ta t e )  d i r e c t l y  to  th e  f i n a l  p ro d u c t (UMP) 

w ith o u t s ig n i f i c a n t l y  accu m u la tin g  th e  in te rm e d ia te  (OMP). T h is  

e f f e c t  has been d em o n stra ted  in  mouse E h r l ic h  a s c i t e s  c e l l s  (1 7 ) ,  

mouse l i v e r  and m urine leukem ia P1534J (1 8 ) . T h is  was n o t th e  case

14



w ith  th e  y e a s t  enzymes where OMP was o bserved  t o  accum ulate  w h ile  UMP 

was b e in g  s y n th e s iz e d  (1 8 ) .  The OPRTase-ODCase complex i s  th o u g h t n o t 

to  e x i s t  in  y e a s t  because th e  two enzymes have been s e p a ra te d  and i s o ­

la t e d  t o  homogeneous s t a t e s  ( 4 ) .  T here i s  some c o n tro v e rsy  a s  to  th e  

makeup o f th e  mammalian com plex. The complex from  m urine leukem ia 

P1534J co u ld  be s e p a ra te d  only  by m ild  p r o te o ly s i s  w ith  p ap a in  (1 0 ) , 

and th e  enzymes from  E h r l ic h  a s c i t e s  c e l l s  a lw ays cosedim ent su g g e s tin g  

a s in g le  m u l t i f u n c t io n a l  p r o te in  (1 7 , 2 1 , 2 2 ) .  However, th e  OPRTase 

and ODCase a c t i v i t y  o f th e  c a l f  thymus complex were s e p a ra te d  u s in g  

s ta r c h  g e l  e le c t r o p h o r e s is  ( 8 ) .  Human e r y th r o c y te  complex i s  d i s ­

s o c ia b le  and i s  composed o f  an ODCase dim er and an  OPRTase dim er (1 9 ) . 

Mouse l i v e r  c e l l  f r e e  e x t r a c t s ,  c o n ta in in g  th e  OPRTase-ODCase com plex, 

a f t e r  be ing  s to r e d  a t  -20°C f o r  two w eeks, w ere no lo n g er e lu te d  to g e th ­

e r  from  DEAE-biogel A and w ere s e p a ra te d  by chrom atography on G-150 

(2 1 ) .  Upon s e p a ra t io n  th e  enzymes lo s e  a c t i v i t y  o r become more l a b i l e ,  

p a r t i c u l a r l y  th e  OPRTase. T h is  i s  in  c o n t r a s t  t o  th e  y e a s t  enzymes 

w here ODCase i s  th e  more l a b i l e  o f  th e  two (A ). The complex i s o la te d  

from  S e r r a t i a  m arcescens has been shown to  c o n ta in  d ih y d ro o ro ta se  

(DHOase) a s  w e ll  a s  OPRTase and ODCase a c t i v i t i e s .  T h is  complex can 

be d is s o c ia te d  co m p le te ly  t o  g iv e  th e  th r e e  enzym ic a c t i v i t i e s .  While 

th e r e  a re  la rg e  lo s s e s  in  a c t i v i t y ,  when OPRTase and ODCase a re  recom­

b in ed  bo th  a c t i v i t i e s  a re  r e s to r e d  f u l l y  (2 1 ) .  The complex ap p e a rs  to  

e i t h e r  s t a b i l i z e  th e  in d iv id u a l  enzyme a c t i v i t i e s  o r  i s  e s s e n t i a l  fo r  

maximal a c t i v i t y ;  bu t w hether one m u l t i f u n c t io n a l  p r o te in  o r two en­

zymes i s  th e  r u l e  in  mammalian system s i s  s t i l l  u n c le a r .

OPRTase i s  a p o te n t i a l  s i t e  o f c o n t ro l  f o r  p y rim id in e  n u c le o tid e  

b io s y n th e s i s .  I t  was shown to  be th e  r a t e  l i m i t in g  s te p  in  E h r l ic h
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a s c i t e s  c e l l s  ( 2 2 ) ,  r a t  hepatom a c e l l s  (23 ) and r a t  l i v e r  (2 4 ) .  The 

gene (pyrE ) w hich codes fo r  OPRTase has been lo c a te d  fo r  E sch e rc h ia  

c o l i  (25 ) and found to  be u n lin k e d  to  th e  o th e r  genes o f  th e  p y rim i­

d in e  pathw ay, in c lu d in g  ODCase. T h is  i s  t r u e  a l s o  fo r  B a k e r 's  y e a s t  

(2 6 ) ,  N eurospora c r a s s a  (27 ) and sa lm o n e lla  typhim urium  (28) a s  demon­

s t r a t e d  by OPRTase l e v e l s  t h a t  do n o t change in  re sp o n se  t o  th e  le v e l  

o f  th e  p y rim id in e  pool o r to  th e  pool o f  p re c u rs o r  m e ta b o li te s .  On 

th e  o th e r  hand , ODCase a c t i v i t y  l e v e l s  resp o n d  t o  both  p re c u rs o rs  

( o r o t i c  a c id ,  carbam yl a s p a r t i c  a c id  and d ih y d ro o ro t ic  a c id )  and th e  

p y rim id in e  p o o l. R e g u la tio n  o f  enzyme b io s y n th e s is  in  E. c o l i  i s  v ia  

r e p r e s s io n -d e re p re s s io n  by a p y rim id in e  m e ta b o li te  (2 9 , 3 0 ) ,  w h ile  th e  

mammalian complex and ODCase o f  y e a s t  a re  r e g u la te d  by in d u c tio n  (2 6 , 

3 1 ) . (OPRTase a c t i v i t y  i s  r e l a t i v e l y  c o n s ta n t  and seems to  show l i t t l e  

gene r e g u la t io n  21 , 2 6 .)

How th e se  two enzymes a r e  r e g u la te d  in  humans has been s tu d ie d  

by exam ining m u ta n ts . D e f ic ie n c ie s  o f  OPRTase and ODCase a c t i v i t i e s  

a r e  c h a r a c t e r i s t i c s  o f  h e r e d i ta r y  o r o t i c  a c i d u r ia ,  a p o t e n t i a l l y  l e t h a l  

in b o rn  e r r o r  o f  p y rim id in e  m etabo lism  in  man. Two v a r ia n t  form s o f  th e  

d is e a s e  have been d e s c r ib e d :  one h av in g  a d e f ic ie n c y  o f  bo th  OPRTase 

and ODCase (Type I )  and th e  o th e r  la c k in g  ODCase w h ile  e x h ib i t in g  

e le v a te d  OPRTase l e v e l s  (Type I I )  (3 1 ) .  The d is e a s e  m a n ife s ts  i t s e l f  

a s  se v e re  anem ia, r e t a r d a t i o n  and e x c e s s iv e  o r o t i c  a c id  in  th e  u r in e  

(3 2 ) .

O b se rv a tio n  o f  th e  e f f e c t s  o f p y rim id in e  a n a lo g s  dem o n stra ted  

in d u c tio n  as  th e  mode o f r e g u la t io n  fo r  th e  mammalian enzym es. Aza- 

u r id in e ,  a z a o ro t ic  o r b a r b i t u r i c  a c id s ,  p laced  in  th e  medium su rro u n d in g  

f i b r o b l a s t s  from  p a t i e n t s  w ith  e i t h e r  ty p e  o f  o r o t i c  a c id u r ia  r a is e d
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th e  low enzyme or bo th  enzyme a c t i v i t i e s  te n  to  f i f t y - f o l d  (3 2 ) .  The 

same e f f e c t ,  somewhat re d u c e d , i s  seen  in  f i b r o b l a s t s  from  norm al in ­

d iv id u a ls .  T h is  in c re a s e  was shown n o t t o  be due to  a d is s o c ia b le  

a c t i v a t o r  o r i n h i b i to r  in  th e  e x t r a c t s ,  and th e  in c re a s e  o ccu rs  even 

when s u f f i c i e n t  c y t id in e  i s  p re s e n t  in  th e  medium to  p e rm it o p tim a l 

g ro w th . The e f f e c t ,  t h e r e f o r e ,  canno t be due to  r e p r e s s io n - d e r e p r e s -  

s io n  bu t can be accoun ted  f o r  by in d u c tio n .

N u c le o tid e s  o r p y rim id in e  a n a lo g s  w hich can  b ind  to  th e  complex 

ap p ea r to  in c re a s e  th e  in -v iv o  s t a b i l i t y  o f  th e  two enzym es. The 

drug  a l lo p u r in o l  in duces e le v a te d  l e v e ls  o f  OPRTase and ODCase.

L ev e ls  o f  th e  two enzymes d e c re a se  n o rm ally  in  a  c o o rd in a te  f a s h io n ,  

bu t tw ice  a s  slow ly  in  th e  p re sen ce  o f a l l o p u r in o l .  A llo p u r in o l  must 

be c o n fe r r in g  g r e a t e r  s t a b i l i t y  t o  th e  com plex.

The c o o rd in a te  behav io r o f th e  two enzymes le d  to  th e  s u g g e s tio n  

th a t  th e  genes coding  fo r  them cou ld  be l in k e d  a n d , a s  a r e s u l t ,  

h e r e d i ta r y  o r o t i c  a c id u r ia  co u ld  a r i s e  from  a d e f e c t  in  th e  re g u ­

l a t o r  gene o f th e  two enzymes (3 2 ) .  As we have m en tio n ed , th e  two 

enzyme a c t i v i t i e s  may r e s id e  on a s in g le  p o ly p e p tid e  p r o te in .  Both 

ty p e s  o f o r o t i c  a c id u r ia  can  th e n  be e x p la in e d  more sim ply  by a s in g le  

s t r u c t u r a l  gene cod ing  fo r  a s in g le  p r o te in  w ith  b o th  a c t i v i t i e s .

Type I  o r o t i c  a c id u r ia  would a r i s e  from a t o t a l l y  in a c t iv e  gene p ro ­

d u c t ,  w hereas ty p e  I I  would la c k  a c o r r e c t  base in  th a t  p o r t io n  of 

th e  gene c r u c i a l  f o r  th e  a c t iv e  s i t e  o f ODCase and w i l l  n o t a f f e c t  

th e  OPRTase a c t i v i t y  (2 1 ) . A complex in v o lv in g  two p r o te in s  can  a l s o  

acco u n t f o r  b o th  d ise a se d  s t a t e s  (1 9 ) .  S in ce  th e  complex i s  e s s e n t i a l  

f o r  a c t i v i t y ,  a s t r u c t u r a l  d e f e c t  o f th e  d e c a rb o x y la se  s u b u n it ,  p re ­

v e n tin g  th e  fo rm atio n  o f an a c t iv e  com plex, w i l l  le a v e  bo th  enzymes
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unbound and in a c t iv e .  For ty p e  I I  o r o t i c  a c i d u r i a ,  th e  a b i l i t y  to  

form  th e  complex re m a in s , b u t a d e f e c t  in  th e  c a t a l y t i c  a c t i v i t y  of 

ODCase o c c u rs .  To d a t e ,  th e  g e n e t ic  d a ta  does n o t c l a r i f y  w hether 

th e  complex i s  a s in g le  p r o te in  o r two s e p a ra b le  enzymes.

PRPP i s  th e  common m e ta b o li te  f o r  a l l  p h o s p h o r ib o s y ltra n s fe ra s e s  

(PR Tase). The t r u e  s u b s t r a te  f o r  a l l  th e  enzymes i s  th ough t t o  be th e  

monomagnesium complex o f PRPP (1 7 ) .  The dim agnesium  s a l t  o f PRPP was 

b e lie v e d  t o  be th e  s u b s t r a te  f o r  human hypoxan th ine  PRTase (3 3 ) ,  but 

l a t e r  i t  was shown th a t  th e  monomag'nesium com plex i s  th e  a c tu a l  s u b s t r a t e ,  

and th e  dim agnesium s a l t  w as, in  f a c t ,  i n h i b i to r y  (3 4 ).

The i n t r a c e l l u l a r  c o n c e n tr a t io n  o f PRPP has  a  c r i t i c a l  r o le  in  

th e  r e g u la t io n  o f p u r in e  m etabo lism  in  man. In c rea sed  PRPP le v e ls  

a re  found in  p a t i e n t s  w ith  gou t and Lesch-Nyhan syndrome ( th e s e  in ­

v o lv e  a h y p o x an th in e-g u an in e  PRTase d e f ic ie n c y ) .  H e re d ita ry  o r o t i c  

a c id u r ia  does n o t d is p la y  an e le v a te d  PRPP l e v e l ,  and i t  i s  b e l ie v e d ,  

th e r e f o r e ,  th a t  OPRTase on ly  u t i l i z e s  a sm all p o r t io n  o f th e  a v a i la b le  

PRPP (3 5 ) .  The PRPP le v e l s  in  human e ry th ro c y te s  range from  1 to  5 uM. 

These v a lu e s  a re  s u b s t a n t i a l l y  low er th an  th e  Km's of most PRTases (3 5 ) .  

Thus th e  c o n c e n tra t io n  o f PRPP w ith in  th e  c e l l  may be an im p o rtan t 

f a c t o r  in  th e  r e g u la t io n  o f de-novo p u rin e  and pyrim id ine b io s y n th e s i s ,  in ’ 

f a c t ,  c e l l u l a r  PRPP r e g u la te s  i t s  own e v e n tu a l u t i l i z a t i o n  by a c t iv a t in g  

carbam yl phosphate  s y n th e ta s e ,  th e  f i r s t  enzyme in  th e  de-novo s y n th e s is  

o f  UMP. A more d i r e c t  r e l a t i o n s h ip  between OPRTase and PRPP le v e l s  has 

been d em onstra ted  by th e  e f f e c t s  o f  a l lo p u r in o l  and o r o t i c  a c id .  A llo ­

p u r in o l ,  a d rug  th a t  ca u se s  th e  d e p le t io n  o f i n t r a c e l l u l a r  PRPP, in ­

c re a s e s  th e  in -v iv o  l e v e l s  o f  OPRTase (1 4 , 3 6 ) . fifcotic a c id ,  th e  o th e r  

s u b s t r a te  o f OPRTase, d e c re a se s  th e  l e v e l  o f PRPP in -v iv o ,  and in h i b i t s

de-novo p u rin e  m etabo lism , as  w e ll  (3 5 ) ,
18



In  view o f  OPRTase's involvem ent w ith  ODCase, p u rin e  b io s y n th e s i s ,  

i n t r a c e l l u l a r  PRPP le v e ls  and h e r e d i ta r y  o r o t i c  a c id u r ia ,  i t  would be 

d e s i r a b le  to  o b ta in  a  c l e a r e r  u n d e rs ta n d in g  o f  how OPRTase o p e ra te s .

I t s  k in e t i c  mechanism i s  t o t a l l y  unknown (3 7 ) .  Any m e c h a n is tic  s tu d y  

in  th e  mammalian system  r e q u i r e s  th e  a d d i t io n  o f  an i n h i b i to r  o f ODCase 

to  even d e te c t  th e  py rophosp h o ry lase  a c t i v i t y .  T h e re fo re , OPRTase from 

y e a s t ,  which i s  r e a d i ly  se p a ra b le  from  ODCase a c t i v i t y ,  i s  id e a l  fo r  

d e t a i l e d  k in e t i c  s tu d ie s  o f  bo th  th e  p h o sp h o rib o sy i t r a n s f e r  and p y ro - 

p h o sp h o ry la tio n  r e a c t io n s .  In  t h i s  p ap er we p re s e n t th e  p u r i f i c a t i o n ,  

k in e t i c  a n a ly s i s ,  and s u b s t r a te  b in d in g  s tu d ie s  o f OPRTase from  B ak ers ' 

y e a s t .  The r e s u l t s  a re  c o n s is te n t  w ith  a b ib i  p ing-pong k in e t i c  

mechanism.
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THEORY

Ping-Pong K in e t ic s

A mechanism by which a p ro d u c t i s  r e le a s e d  between th e  a d d i t io n  o f 

two s u b s t r a t e s  has been term ed p ing-pong (3 8 ) .  I f  we i l l u s t r a t e  th e  

OPRTase r e a c t io n  in  te rm s o f  th e  C le lan d  n o ta t io n ,  th e  r e v e r s ib l e  

r e a c t io n  can be i l l u s t r a t e d  a s  fo llo w s :

P
A

B

(EA ^  FP) (FB EQ)

w here E = f r e e  enzyme

EA = en z y m e -su b s tra te  (PRPP) complex 

FP = th e  r ib o s e  phosphate  enzyme p ro d u c t (PP^) complex

F = th e  r ib o s e -p h o s p h a te  enzyme

FB = th e  r ib o s e -p h o s p h a te  enzyme s u b s t r a te  ( o r o ta t e )  complex

EQ = th e  enzyme p ro d u c t (OMP) complex

In  th e  absence o f p ro d u c ts  th e  i n i t i a l  v e lo c i ty  p a t te r n s  w i l l  y ie ld  

a s e r i e s  o f  p a r a l l e l  l i n e s  c o n s is te n t  w ith  e q u a tio n s  3 and 4 .

(3 )

(4 )
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These f a m i l ie s  o f  p a r a l l e l  l i n e s  do n o t n e c e s s a r i ly  in d ic a te  a p in g -

pong mechanism because under some c o n d i t io n s ,  l i n e s  th a t  seem p a r a l l e l

a r e  n o t due to  a p ing-pong  sy stem , in  an o rd e re d  b ib i  system  in  which

th e  K. i s  v ery  much sm a lle r  th a n  th e  K . (when th e  K- to  K . r a t i o  i s  l a  mA la  mA

le s s  th a n  0 .1 ,  a d e v ia t io n  from p a r a l l e l  l i n e s  canno t be d e te c te d  g raph ­

i c a l l y  ( 3 9 ) ) ,  th e  r e c ip r o c a l  v e lo c i ty  p lo t s  w i l l  i n t e r s e c t  f a r  to  th e  

l e f t  o f th e  1 /v  a x is  and f a r  below th e  1/A a x i s ,  but th e s e  l i n e s  w i l l  

appea r t o  be p a r a l l e l  in  th e  r e g io n  o f  i n t e r e s t .  M oreover, t h i s  e f f e c t  

w i l l  be observed  w hether s u b s t r a te  CAl o r s u b s t r a t e  03 i s  v a r ie d .  An 

exam ple o f t h i s  phenomenon was observed  w ith  p h o sp h o fru c to k in a se  from 

D ic to s te liu m  d isco idem  (AO). The s i m i l a r i t y  betw een th e  p ing-pong and 

o rd e re d  mechanisms can  be seen  q u i t e  r e a d i ly  from  th e  i n i t i a l  v e lo c i ty  

e q u a t io n s .  When K^a i s  v e ry  much sm a lle r  th a n  th e  e q u a tio n  fo r  an 

o rd e red  system  (e q u a tio n  5) re d u c e s  to  th e  same e x p re s s io n  a s  t h a t  f o r  

th e  p ing-pong  mechanism (e q u a tio n  A).

(5 )

P a r a l l e l  p a t te r n s  a l s o  emerge from a r a p id  random e q u il ib r iu m  mech­

anism  when th e  b in d in g  o f one s u b s t r a te  i n h i b i t s  th e  b in d in g  o f th e  

o th e r .  T h is  has been observed  w ith  th e  enzyme P ro te in  k in a se  from 

N eurospora c r a s s a  (A l) .  in  n o n -ra p id  e q u i l ib r iu m  random sy stem s , such 

a s  R ab b it M uscle P h o sp h o fru c to k in a se  (A 2), th e  r a t e  c o n s ta n ts  fo r

th e  r e l e a s e  o f A and B a re  low er than  V in  th e  fo rw ard  d i r e c t i o n .max

A lthough th e  r e c ip r o c a l  p lo t s  a re  r e a l l y  concave upw ard , th e y  appear 

p a r a l l e l  in  th e  g ra p h ic a l  r e g io n  which c h a r a c te r i z e s  KJn̂  and K ^ .



P ro d u c t in h ib i t i o n  p a t te r n s  can  d i s t i n g u i s h  between th e se  "masked" 

o rd e re d  and random mechanisms and a t r u e  p ing-pong  mechanism. T ab le  I 

l i s t s  th e  p re d ic te d  p ro d u c t in h ib i t i o n  p a t te r n s  fo r  each o f th e  k in e t i c  

mechanisms we have m en tioned .

To co n firm  th a t  th e  p a r a l l e l  p a t te r n s  a re  due to  a p ing-pong  mech­

an ism , th e  fo llo w in g  p ro d u c t i n h i b i t i o n  s tu d ie s  must be c a r r i e d  o u t .  

When Ca3 (PRPP) i s  v a r ie d  in  th e  p re sen ce  o f v a r io u s  l e v e l s  o f  f ix e d ,  

u n s a tu r a t in g  c o n c e n tra t io n s  o f B ( o r o t a t e ) ,  and in  th e  p re se n c e  o f P 

(P P ^ ), a n o n -c o m p e titiv e  p a t te r n  o f l i n e s  shou ld  emerge from  bo th  

o rd e re d  and ping-pong m echanism s. The o b s e rv a tio n  o f a non-com peti­

t i v e  p a t t e r n  r u l e s  ou t a ra p id  e q u il ib r iu m  random mechanism f o r  t h i s  

enzym ic r e a c t io n .  When £a1 i s  v a r ie d  in  th e  p re sen ce  o f  v a r io u s  f ix e d ,  

u n s a tu ra te d  c o n c e n tra t io n s  o f B, and in  th e  p re sen ce  o f Q (OMP), a com­

p e t i t i v e  p a t te r n  shou ld  emerge fo r  a p ing-pong  and an o rd e red  mechanism. 

T h is  o b s e rv a tio n  e l im in a te s  th e  p o s s i b i l i t y  o f  a  n o n -ra p id  e q u ilib r iu m  

random mechanism. To d i f f e r e n t i a t e  betw een o rd e red  and p ing-pong  mech­

an ism s, 0 1  m ust be v a r ie d  in  th e  p re se n c e  o f  f ix e d ,  u n s a tu r a t in g  con­

c e n t r a t i o n s  o f A, and in  th e  p re sen ce  o f  P. A c o m p e tit iv e  p a t te r n  w i l l  

be observed  i f  th e  mechanism i s  p in g -p o n g , w hereas a m ixed-type p a t te r n  

w i l l  in d ic a te  an  o rd e red  mechanism. The p ro d u c t in h ib i t i o n  p a t te r n s  

f o r  a p ing-pong  system  emerge from  th e  fo llo w in g  e q u a tio n s t f o r  v a r ie d  

(A] in  th e  p re sen ce  o f P ( e q u a t io n  6) and Q (e q u a tio n  7 ) ,  and when [ b] 

i s  v a r ie d  a t  f ix e d  A w ith  P (e q u a tio n  8) and Q (e q u a t io n  9 ) .

*-*■..[ »’l + [A] 1 +
(6 )
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T ab le  I .  p ro d u c t I n h ib i t io n  P a t te r n s  (ad ap ted  from  S e g e l, 43)

V aried  A V aried  B
P roduct U n sa tu ra te d  U n sa tu ra te d

Mechanism I n h ib i to r  w ith  B w ith  A

O rdered B ib i P MX MT
Q C MT

R apid E q u ilib riu m  P C  C
Random B ib i Q C C

N on-rap id  E q u ilib r iu m  P MT MT
Random B ib i Q MT MT

Ping-Pong B ib i P MT C
Q C MT

(C = c o m p e tit iv e  p a t t e r n ,  MT = mixed ty p e  o r n o n -c o m p e titiv e  p a t te r n )

23



(7 )

(8)

A' *.,[A] (9 )

P erhaps th e  s t r o n g e s t  d ia g n o s t ic  t e s t  f o r  a p ing-pong mechanism i s  

d em o n stra tin g  i s o to p ic  exchange betw een A and P , or between B and Q in  

th e  absence o f th e  o th e r  s u b s t r a t e s .  A p o s s ib le  ping-pong mechanism 

f o r  OPRTase can be i l l u s t r a t e d  by th e  h a l f - r e a c t io n s  shown in  e q u a tio n s  

10 and 11.

E + PRPP E-RP + PPt  (10 )

E-RP + O ro ta te  E + OMP (11)

T hus, a d em o n stra tio n  th a t  la b e le d  PP^ w i l l  exchange w ith  PRPP in  th e  

p re sen ce  o f c a t a l y t i c  am ounts o f  enzyme, bu t in  the  absence o f  o ro ta te  

and OMP, in d ic a te s  a p ing-pong  system . However, i f  no exchange i s  de­

t e c t e d ,  th e  mechanism i s  p ro b ab ly  a masked o rd e red  o r random mechanism.

The exchange v e lo c i ty  e q u a tio n  (e q u a tio n  12 , fo r  v a r ie d  Ca*3 a t  

d i f f e r e n t ,  f ix e d  l e v e ls  o f [p j ) (44)  f o r  an is o la te d  p o r t io n  o f  a
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ping-pong mechanism y i e l d s  a p a r a l l e l  p a t t e r n  o f  r e c i p r o c a l  p l o t s  s im i­

l a r  t o  th e  i n i t i a l  v e l o c i t y  p a t t e r n s .

m«*-r
(12)*-[**] + * ,IA ] + [A1[P]

From th e  above d i s c u s s io n ,  i t  i s  c l e a r  t h a t  more th a n  one c r i t e r i a  

must be u t i l i z e d  to  e s t a b l i s h  a enzym atic  k i n e t i c  mechanism. In  o rd e r  

t o  conclude t h a t  a r e a c t i o n  proceeds  th rough  th e  use o f  a p ing-pong  mech­

an ism , th e  fo l lo w in g  o b s e rv a t io n s  must be made: 1) th e  i n i t i a l  v e l o c i t y

p a t t e r n s  must be composed o f  p a r a l l e l  s t r a i g h t  l i n e s  f o r  b o th  s u b s t r a t e s  

(and  f o r  a l l  s u b s t r a t e s  o f  a r e v e r s i b l e  r e a c t i o n ) ,  2) th e  p ro d u c t  i n h i ­

b i t i o n  p a t t e r n s  must f i t  th o s e  d e s c r ib e d  in  T ab le  I ,  and 3) each h a l f ­

r e a c t i o n  ( a s  i l l u s t r a t e d  by e q u a t io n s  10 and 11) must be observed  to  

proceed  th rough  th e  use o f  r a d i o a c t i v e - l a b e l  exchange te c h n iq u e s .

E le c t r o n  Sp in  Resonance (EPR)

The a b i l i t y  o f  EPR to  d e t e c t  and c h a r a c t e r i z e  th e  p resen ce  o f  un­

p a i r e d  e l e c t r o n s  has been employed p r e v io u s ly  t o  s tudy  th e  i n t e r a c t i o n s

2+o f  d i v a l e n t  param agnetic  manganous io n  (Mn ) ,  w i th  v a r io u s  s u b s t r a t e s  

and enzymes (4 5 ) .

An e x p la n a t io n  o f  th e  th e o ry  d e s c r ib i n g  t h i s  im portan t a n a l y t i c a l  

te ch n iq u e  i s  as  f o l lo w s .  When an e le c t ro m a g n e t ic  wave o f  e n e rg y ,  iW , 

i r r a d i a t e s  a param agnetic  io n  in  a d i r e c t i o n  p e rp e n d ic u la r  t o  a s t a t i c  

m agnetic  f i e l d ,  a m agnetic  d ip o l a r  t r a n s i t i o n  ta k e s  p la c e  between th e  

s p l i t  s t a t e s  and re sonance  a b s o rp t io n  o f  th e  e le c t ro m a g n e t ic  energy  w i l l  

o c c u r .  The energy  absorbed  in  a t r a n s i t i o n  o f  t h i s  n a tu re  i s  reco rd ed  

as  a f u n c t io n  o f  th e  m agnetic  f i e l d  g iv in g  the  r e s u l t a n t  EPR spectrum .
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The energy  gap between th e  two e l e c t r o n  s p in  s t a t e s  i s  ex p ressed  by 

e q u a t io n  13 (where H i s  th e  a p p l ie d  m agnetic  f i e l d ,  ^  i s  th e  Bohr mag­

n e to n ,  and g i s  th e  s p e c t ro s c o p ic  s p l i t t i n g  f a c t o r ,  w i th  an approxim ate  

v a lu e  o f  2) .

E = g  p  H = hv>

There a re  two f u r t h e r  ty p e s  o f  s p l i t t i n g .  Zero f i e l d  s p l i t t i n g

a r i s e s  where t h e  atom or m olecu le  concerned  p o s se ss e s  more th a n  one

2+u n p a ire d  e l e c t r o n ,  i n  th e  ca se  o f  Mn , where M_ = 5 /2 ,  we f in ds
+ + + s p l i t t i n g  i n t o  s ix  M l e v e l s  c o r re sp o n d in g  t o  - 5 / 2 ,  - 3 / 2 ,  and - 1 / 2 .s

The number o f  a l lo w a b le  t r a n s i t i o n s  f o r  t f n s e  s ix  l e v e l s  a re  f i v e  ( th e

s e l e c t i o n  r u l e  r e q u i r e s  M = - I n t e g e r ) .  H yperf ine  s p l i t t i n g  i s  dues

t o  th e  i n t e r a c t i o n  o f  th e  u n p a ire d  e l e c t r o n  and th e  m agnetic  moment

2+o f  th e  n u c le u s .  Mn has  a m agnetic  moment w i th  a n u c le a r  s p in  o f

I  = 5 /2 .  The number o f  h y p e r f in e  l i n e s  produced r e f l e c t  th e  ( 2 i  + 1)

d i f f e r e n t  o r i e n t a t i o n s  o f  th e  n u c le a r  s p in ,  y i e ld in g  s ix  h y p e r f in e  

2+l i n e s  fo r  th e  Mn ESR s p e c t r a .  The f i v e  z e ro  f i e l d  s p l i t t i n g  groups

w i l l  a l l  be s p l i t  i n t o  s i x  l i n e s  each by h y p e r f in e  s p l i t t i n g  bu t  on ly

one group w i l l  be d e te c te d  as  th e  fo u r  o th e r  s e t s  w i l l  average  each

o th e r  ou t  due to  an g u la r  v a r i a t i o n s . ( 4 6 ,  4 7 ) .

For our pu rposes  EPR w i l l  be used t o  d e t e c t  b in a ry  complexes o f

2+th e  OPRTase system . The aqueous Mn spec trum  c o n s i s t s  o f  a s ig n a l

w i th  6 h y p e r f in e  components t h a t  show a g -v a lu e  o f  about 2 , and can

2+be a s s ig n e d  to  th e  c a t i o n  Mn surrounded  by 6 m olecules  o f  w a te r .

2+The observed  Mn EPR spectrum  in  ^ 0  a t  room te m p era tu re  i s  i l l u s ­

t r a t e d  in  F ig u re  2 (4 6 ) .  i t  has  been shown t h a t  the com plexation  o f

2+ 2+Mn to  v a r io u s  l ig a n d s  d e c r e a s e s  th e  a m p li tu d e  of Mn EPR s ig n a l

p ro p o r t io n a l  to  th e  f r e e  m e ta l c o n c e n t r a t i o n  (4 8 ) .  I t  was concluded
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H  -----------

2+F ig u re  2A. The observed  Mn El’R spectrum in

2+a t  room te m p e ra tu re .  B. Mn powder £'PR spectrum  

in  MgO a t  room te m p e ra tu re ,  showing s ix  s e t s  o f  q u in ­

t e t s  due to  h y p e r f in e  and z e ro  f i e l d  s p l i t t i n g ,  (prom 

E le c t ro n  Spin  Resonance by W ertz ,  J .  E. and B o lto n ,  J .  

R. (1 9 7 2 ) ,  p .  308, M cf.raw -n ill ,  New York,)



from t h i s  p re v io u s  work t h a t  t i t r a t i o n s  o f  OPRTase and th e  v a r io u s  sub- 

2+s t r a t e s  w i th  Mn would y i e l d  a b in d in g  i s o th e rm ,  i f  com plexa tion  ta k e s

2+p la c e ,  a s  ev idenced  by a d e c re a se  in  s ig n a l  a m p li tu d e .  To be s u r e ,  Mn

2+has  been shown t o  r e p la c e  Mg a s  th e  d i v a l e n t  m etal a c t i v a t o r  o f  th e

2+r e a c t i o n  c a ta ly z e d  by OPRTase ( 4 ) ,  and t h e r e f o r e ,  th e  use o f  Mn to  

s tu d y  th e  r o l e  o f  m e ta l  in  OPRTase c a ta ly z e d  r e a c t i o n s  by ESR te c h n iq u e s  

w i l l  be s t u d i e s  o f  a k i n e t i c a l l y  v i a b l e  system .

P ro to n  Resonance R e la x a t io n  (PRR)

2+The e f f e c t  o f  Mn on th e  l o n g i t u d i n a l  n u c le a r  r e l a x a t i o n  r a t e  of 

w a te r  p ro to n s  (1 /T ^) can be used t o  d e te rm in e  th e  e x t e n t  o f  l ig a n d  

b in d in g  t o  th e  m e ta l .  The v a lu e s  o f  t h i s  param ete r  a re  ex p ressed  in

te rm s o f  enhancement ( g^)» which i s  th e  r a t i o  o f  the  p ro to n  r e l a x a t i o n

2+ 2+o f  Mn ( l i g a n d ) n (H20)g _ nt o  t h a t  o f  Mn ( ^ O ) ^  a t  th e  same m e ta l  ion

c o n c e n t r a t i o n  (4 9 ) .

Any atom ic n u c le u s  w i th  an  odd number o f  p ro to n s  or n e u t ro n s  has a 

n e t  m agnetic  moment, and i t s  m agnetic  v e c to r  w i l l  ten d  t o  o r i e n t  in  a 

m agnetic  f i e l d .  The l o n g i t u d i n a l  r e l a x a t i o n  tim e (T^) i s  th e  f i r s t -  

o rd e r  tim e c o n s ta n t  f o r  e s t a b l i s h i n g  t h i s  o r i e n t a t i o n ,  and i t s  r e c i p r o ­

c a l  (T^ *) i s  th e  f i r s t - o r d e r  l o n g i t u d i n a l  r e l a x a t i o n  r a t e  (5 0 ) .

M agnetic n u c l e i  undergo r e l a x a t i o n  by i n t e r a c t i n g  w ith  and exchang­

ing  m agnetic  energy  w i th  t h e i r  env ironm en t.  For t r a n s f e r s  o f  magnetic 

energy  t o  occur (which le a d s  t o  s p in  l a t t i c e  or l o n g i tu d in a l  r e l a x a t i o n ) ,  

t h e  m agnetic  environm ent or " l a t t i c e "  must be capab le  o f  a b so rb in g  energy 

which f l u c t u a t e s  a t  th e  Larmor (p r e c e s s io n )  frequency  o f  th e  m agnetic  

n u c le u s  a t  a g iven  f i e l d .  The f l u c t u a t i o n  o f  m agnetic  i n t e r a c t i o n  

between p ro to n s  i s  caused  by m o lecu la r  tum bling  ( 10^  s e c - ^ ) ,  and

because  th e re  a re  l a r g e  d i f f e r e n c e s  between tum bling  f requency  and the
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Larmor f re q u e n c y ,  th e  t r a n s f e r  o f  m agnetic  energy  o ccu rs  a t  a slow 

r a t e  (T^ = 2 .4  s e c .  f o r  w a te r )  (4 9 ) .

The p e r tu r b a t io n  o f  a n u c le a r  s p in  system  caused  by th e  p resen ce  of 

u n p a ire d  e l e c t r o n s  changes th e  magnitude o f  th e  n u c le a r  l o n g i tu d in a l  

r e l a x a t i o n  t im e ,  T^. The param agnetic  c o n t r i b u t i o n  t o  Tj^, Tl p , i s

shown in  e q u a t io n  14, where p i s  th e  r a t i o  o f  th e  c o n c e n t r a t io n  o f

2+ 1 t h e  param agnetic  s p e c ie s  (Mn ) t o  t h a t  o f  th e  w a te r  m olecu les  (H of

w a t e r ) ,  q i s  th e  number o f  th e  c o o rd in a te d  m agnetic  n u c l e i ,  T , . .  i s  th eIM

r e l a x a t i o n  tim e o f  th e  c o o rd in a te d  n u c le u s ,  and “C  i s  th e  mean r e s i -M

dence tim e o f  th e  m agnetic  n u c l e i  in  th e  com plex, T^ og i s  th e  o u te r  

sp h ere  (n o n -c o o rd in a t io n )  c o n t r i b u t i o n  t o  th e  r e l a x a t i o n  r a t e .

PQ

Tl p  T1M +
+ ^ 1  os

The e f f e c t  o f  any param agnetic  ion  on th e  r e l a x a t i o n  r a t e  i s  r e l a t e d  

t o  th e  d i s t a n c e  ( r )  between th e  ion  and th e  n u c le u s ,  a s  shown in  equa­

t i o n  15 (5 1 ) ,  where f(T"c ) i s  th e  c o r r e l a t i o n  f u n c t io n  f o r  th e  n u c le a r  

i n t e r a c t i o n  w ith  th e  probe and C i s  a c o l l e c t i o n  o f  c o n s ta n t s  t h a t  

c h a r a c t e r i z e  th e  param agnetic  s p e c ie s .

— = g— * « r c> as)
T1M

T7 i s  r e l a t e d  to  th e  c o r r e l a t i o n  t im es  c h a r a c t e r i z i n g  th e  r o t a t i o n a l  

m otion o f  th e  s e p a r a t io n  v e c to r  between th e  pa ram agne tic  c e n t e r  and 

n u c leu s  s tu d i e d ,  r r . the  e l e c t r o n  s p in  r e l a x a t i o n  t im e ,  X g , and T M'
2+ -1  -1by e q u a t io n  16 . In  Mnfl^O)^ T* r  dom inates  T c (5 2 ) .

1 -  1 + — -—  + —1 —  (16)
T c X  r  T s X  M
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, i f  T ,w i s  much g r e a t e r  th a n  t* ( t h a t  i s , t h e  l ig a n d  exchange i s  v e ry  
1M M

2+f a s t  between th e  MnC^O)^ complex and th e  bu lk  w ate r  s o lv e n t )  and i f

2+1/T ^ qs i s  sm all  compared to  1/T^m (a lm o s t  always t r u e  f o r  Mn paramag­

n e t i c  e f f e c t s ) ,  th e n  e q u a t io n  14 becomes e q u a t io n  17.

pq
  (17)

Tl p  TlM

2+ .
When sm all  l ig a n d s  i n t e r a c t  w ith  Mn(H_0), , d i s p la c in g  th e  c o o r d i -I. o

n a te d  w a te r  m o le c u le s ,  1/T^p f o r  th e  w a te r  p ro to n  d e c re a se s  (because  

t h i s  s u b s t i t u t i o n  d e c re a s e s  th e  q - v a l u e ) , bu t th e  p ro c e ss  h as  l i t t l e

2+a f f e c t  on 1/ T r  s in c e  th e  motion o f  th e  complex i s  com parable to  .

2+However, when a l a r g e r  l ig a n d  i s  added t o  a Mn—w ater  s o l u t i o n ,  a s l i g h t  

in c r e a s e  i s  observed  in  1/T ^p ,  even though th e r e  i s  a d e c re a s e  in  q be­

cause  a l a r g e r  d e c re a se  in  1/  7" due to  h in d e re d  r o t a t i o n a l  d e g re e s  of 

2+ 2+freedom of  Mn in  th e  Mn - l i g a n d  complex p e r tu r b s  th e  r e l a x a t i o n  r a t e .

2+An i n t e r a c t i o n  o f  Mn w i th  a macromolecule i s  l i k e l y ,  t h e r e f o r e ,  t o

le a d  t o  a s i g n i f i c a n t  in c re a s e  in  1 /T ^p ,  as  a r e s u l t  o f  an in c re a s e  in  

2+T r  ( th e  MnO^COg r o t a t i o n a l  m otion i s  d e c id e d ly  slowed by complexa-

t i o n  w ith  th e  m acrom olecu le). T h is  e f f e c t  i s  d e f in e d  a s  enhancement,

e ^ ,  and i s  d e f in e d  in  e q u a t io n  18, where th e  a s t e r i s k  d e n o te s  enzyme

b e ing  p resen t ,  and where 1/T^ i s  th e  observed  r e l a x a t i o n  tim e w ith  m etal

2+and i s  th e  r e l a x a t i o n  tim e in  th e  absence o f  Mn . e^ has a l s o

been observed  t o  d e c re a se  (5 3 ,  54, 55) a s  th e  m e ta l ion-m acroinolecular 

complex fo rm s. T h is  phenomenon has  been e x p la in e d  e i t h e r  as  a g e n e ra l  

in c r e a s e  in  1/ T c ( f o r  s p in - p r o to n  d ip o l a r  i n t e r a c t i o n s ) ,  i . e . ,  a



d e c re a se  in  th e  a c c e s s  o f  w a te r  p ro to n s  t o  th e  bound param agne tic  io n ,

o r  an in c re a s e  in  1/  *r and th u s  T  ^"because th e r e  e x i s t s  a s t a t e  o f' r  v c

l e s s  h in d e red  r o t a t i o n  o f  w a te r  m o lecu le s  in  th e  environm ent o f  the  

bound param agnetic  s p e c ie s  due to  a more open enzymic s i t e .  ] n  both  

c a s e s ,  namely, a d e c re a se  in  e^ o r  an in c re a s e  in  e ^ ,  m e ta l c o o rd in a ­

t i o n  i s  be ing  m o n ito red .  e fa can be d e te rm ined  by t i t r a t i n g  a f ix e d  

c o n c e n t r a t i o n  o f  enzyme w ith  v a r io u s  c o n c e n t r a t i o n s  o f  m e ta l ( a l t e r ­

n a t i v e l y  a f ix e d  m eta l c o n c e n t r a t i o n  can be t i t r a t e d  by v a r i e d  enzyme) 

and o b se rv in g  th e  1/T ^ .  e^ th e n  can be p l o t t e d  v e rsu s  s u b s t r a t e  con­

c e n t r a t i o n s  t o  produce a b in d in g  is o th e rm  o f  th e  param agnetic  m e ta l  to  

enzyme (o r  s u b s t r a t e )  y i e ld in g  d a t a  on K^*

e ^ ,  th e  enhancement o f  1/ T ^  o f  th e  t e r n a r y  complex over t h a t  o f  

th e  b in a ry  complex, can a l s o  be s tu d ie d  by t i t r a t i n g  th e  b in a ry  enzyme- 

m e ta l  ion  complex w ith  v a r io u s  c o n c e n t r a t i o n s  o f  s u b s t r a t e  and obse rv in g  

th e  e f f e c t s  on 1/T ^ .  e^ can  th e n  g iv e  u s  p r o v i s io n a l  in fo rm a tio n  as  t o  

th e  c o o rd in a t io n  scheme o f  th e  enzyme, s u b s t r a t e  and m e ta l complex, i f  

e ,̂ i s  more th a n  e^ ,  a s u b s t r a t e  b r id g e  between enzyme and s u b s t r a t e  

e x i s t s  (Type I  enzyme); i f  e^ i s  l e s s  th a n  e b , a m e ta l  b r id g e  i s  in ­

vo lved  (Type I I  enzymes); w h ile  i f  e^ e q u a ls  e b , an  enzyme b r id g e  i s  

in  o p e ra t io n  (Type i l l  enzymes) (5 0 ) .  The p o s s ib le  c o o r d in a t io n  schemes 

a r e  shown in  F ig u re  3.

E-S-M E-M-Sor E^ 1 S-E-M
O

Type I Type I I  Type m

FIGURE 3. P o s s ib le  c o o rd in a t io n  schemes f o r  t e rn a r y  com plexes.
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Measurement o f  enhancement p ro v id es  a r a p id  and s e n s i t i v e  p h y s ic a l  

method which does no t  d i s t u r b  th e  e q u i l ib r iu m  under i n v e s t i g a t i o n  and 

which can be used t o  d e te rm in e  v a lu e s  f o r
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MATERIALS

P ressed  B a k e r 's  y e a s t  (Budweiser Brand) was ob ta ined  from V a le n t i  

Y e a s t ,  i n c .  (F lu s h in g ,  N .Y .) ,  w hereas whole b lood  was pu rchased  from 

New York Blood C en ter  (New York, N .Y .) .  R eag en ts  su p p lie d  by Sigma 

Chemical Co. ( S t .  L o u is ,  Mo.) were PRPP (sodium  s a l t ) ,  Adenosine t r i ­

phospha te  (sodium s a l t ) ,  Adenosine monophosphate (sodium s a l t ) ,  CMP 

(sodium  s a l t ) ,  D i t h i o t h r e i t o l  and Y eas t in o r g a n ic  p y ro p h o sp h a tase .  

O ro t ic  ac id  was purchased  from Calbiochem (L a S a l le ,  C a .)  and 5 - f l u o r o -  

o r o t a t e  was o b ta in ed  from P. L. B iochem ica ls  (Milwaukee, W is . ) .  The 

Blue Sepharose  CL-6B, Sephadex G-25, - 5 0 ,  and -1 0 0 ,  and th e  m o lecu la r  

w e ig h t  s ta n d a rd s  f o r  th e  SDS g e l  e l e c t r o p h o r e s i s  were s u p p l ie d  by 

P harm ic ia  F ine  Chem icals (P is c a ta w a y ,  N . J . ) .  Bio-Rad L a b o ra to r ie s  

(Richmond, C a .)  su p p l ie d  th e  D EA E-cellu lose a n io n  exchange r e s i n ,

Dowex AG-1X8 an ion  exchange r e s i n  ( fo rm a te  fo rm ),  Chelex-100 c a t io n

exchange r e s i n  and th e  B io g e l  HT ( h y d r o x y la p a t i t e ) .  For th e  exchange

32 14s t u d i e s ,  - l a b e le d  sodium py rophosphate  (7 .167  Ci/mM), 6-  [ c ) -

14la b e le d  o r o t i c  ac id  h y d ra te  (49 mCi/mM), un ifo rm ly  la b e le d  ^ - a d e ­

n o s in e  monophosphate (0 .0 1  mCi), O m nifluor, s c in ta n a ly z e d  to l u e n e ,  t r i ­

to n  X-100, and Brays s o l u t i o n  were a l l  pu rchased  from New England 

N uclea r  (B os ton ,  M a ss . ) .  PEI c e l l u l o s e  F p reco a ted  TLC p l a s t i c  s h e e ts  

w ere o b ta in ed  from Brinkmann, I n c .  (w e s tb u ry ,  N .Y .). A ll  o th e r  chemi­

c a l s  were r e a g e n t  g ra d e .
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METHODS

p u r i f i c a t i o n  o f  OPRTase

A ll  s t e p s  were performed a t  A°C u n le s s  o th e rw ise  i n d i c a t e d .  The 

p u r i f i c a t i o n  p rocedu re  was adap ted  from umezu, e t .  a l .  ( 4 ) .

STEP # 1 .  A u to ly s i s : Ten pounds o f  p re s s e d  b a k e r ' s  y e a s t  (Budweiser

y e a s t ,  S t .  L o u is ,  Mo.) were suspended in  a m ix tu re  o f  po tass ium  phos­

p h a te  b u f f e r  ( 0 .3  M, pH 8 , 3 l i t e r s )  and to lu e n e  (500 ml) and g e n t ly  

s t i r r e d  f o r  4 h ou rs  a t  30*C in  a c o n s ta n t  te m p era tu re  b a th .  The pH was 

a d ju s t e d  p e r i o d i c a l l y  t o  8 by adding 5N KOH. A f te r  c o o l in g  o v e rn ig h t  

a t  4°C th e  m ix tu re  s e p a ra te d  i n t o  two p h ases ;  th e  aqueous lower phase 

was c e n t r i f u g e d  in  a S o r v a l l  RC-2B r e f r i g e r a t e d  c e n t r i f u g e  f o r  20 min­

u t e s  a t  8 ,000 RPM (a p p ro x im a te ly  10,000 x g ) . The s u p e rn a ta n t  was f i l ­

t e r e d  th rough  a few l a y e r s  o f  cheese  c l o t h  t o  remove f l u f f y  l i p i d  m a t e r i a l s .

STEP # 2 .  Ammonium S u l f a t e  F r a c t i o n a t i o n : The a u t o ly s a t e  (3 .2 5  l i t e r s )

was a d ju s te d  t o  pH 5 w i th  8N a c e t i c  a c id  w i th  s t i r r i n g  in  th e  p re sen ce  

o f  an t ifo am in g  o c ta n o l  (1% v / v ) . To th e  a c i d i f i e d  a u t o ly s a t e  s o l i d  am­

monium s u l f a t e  was added t o  o b ta in  50% s a t u r a t i o n  (313 grams ammonium 

s u l f a t e  per l i t e r  o f  a u t o l y s a t e ) .  The a d d i t i o n  was c a r r i e d  ou t  over 

5 hours  w ith  g e n t l e  s t i r r i n g ,  and th e  s o l u t i o n  was a l low ed  t o  s tan d  

o v e rn ig h t  t o  a l low  com plete  p r e c i p i t a t i o n .  The p r e c i p i t a t e  was c o l ­

l e c t e d  by c e n t r i f u g a t i o n  (9 ,0 0 0  RPM, ap p ro x im a te ly  12 ,500 x g f o r  20 

m in u te s )  and d i s s o lv e d  in  a minimum volume o f  T ris-H C l (25 mM, pH 8 , 

about 1 l i t e r ) .  The s o lu t i o n  was a d ju s t e d  t o  pH 8 w i th  IN KOH and 

th e n  d ia ly z e d  a g a i n s t  16 l i t e r s  o f  T ris -H C l (10 mM, PH 8) o v e rn ig h t .

The d i a l y s a t e  was c e n t r i f u g e d  to  remove p r e c i p i t a t e d  d e b r i s  (8 ,5 0 0  RPM,

20 m in u te s ) .
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STEP # 3 .  E thanol F r a c t i o n a t i o n : The d ia ly z e d  ammonium s u l f a t e  f r a c t i o n  

was made 50 mM in  r e s p e c t  t o  MnC^ by add ing  1 M MnC^* The s o lu t i o n  

was s t i r r e d  fo r  30 m inu tes  and c e n t r i f u g e d  (8 ,5 0 0  RPM, 20 m in u tes )  t o  

remove n u c l e ic  a c i d s .  To each 750 ml p o r t i o n  o f  the s u p e r n a ta n t ,  a ce ­

t a t e  b u f f e r  (2 M, pH 6 , 100 ml) and o r o t a t e  s o lu t i o n  (10 mM, very  i n ­

s o lu b le ,  use  h e a t ,  employed a s  a p r o t e c t i v e  a g e n t )  were added , and the  

m ix tu re  was coo led  t o  -2°C . To t h i s  m ix tu re  95% e th an o l  ( c h i l l e d  o v er­

n ig h t  a t  -25°C) was s low ly  added , w ith  s t i r r i n g ,  to  a c o n c e n t r a t i o n  of 

15% ( v / v ,  180 ml EtOH/1,000 ml s o l u t i o n ) .  A f te r  s t i r r i n g  f o r  5 m inu tes  

a t  -15°C ( te m p e ra tu re  was m a in ta in ed  by a d ry  ic e -a c e to n e  b a t h ) ,  th e  

p r e c i p i t a t e  was removed by c e n t r i f u g a t i o n  (8 ,5 0 0  RPM, 10 m inu tes )  a t  

-1 5 8C. The s u p e rn a ta n t  was th en  t r e a t e d  w ith  a d d i t i o n a l  e th a n o l  t o  

in c re a s e  the  c o n c e n t r a t i o n  t o  50% (820 ml EtOH/1,000 ml o r i g i n a l  s o lu ­

t i o n ) .  The p r e c i p i t a t e  c o l l e c t e d  by c e n t r i f u g a t i o n  a t  -15°C (8 ,5 0 0  RPM, 

10 m inu tes )  was d i s s o lv e d  in  a  minimum volume of Tris-H Cl (25 mM, pH 8 , 

200 m l) ,  s t i r r e d  f o r  30 m inu tes  and c e n t r i f u g e d .  The p r e c i p i t a t e  was 

e x t r a c t e d  once a g a in  w i th  th e  same b u f f e r  and th e  combined e x t r a c t s  

were d ia ly z e d  o v e rn ig h t  a g a i n s t  16 l i t e r s  o f  the  same b u f f e r .

STEP # 4 .  Heat T re a tm e n t; The d ia ly z e d  e th a n o l  f r a c t i o n  was made t o

2 mM in  MgC ^  and 1 mM in  o r o t a t e .  A l iq u o ts  o f  250-300 ml each in
o

m e ta l  c e n t r i f u g e  cups were hea ted  r a p id l y  t o  53 C m  a c o n s ta n t  tem­

p e ra tu r e  b a th  f o r  5 m in u te s ,  and th e n  q u ic k ly  cooled below 2°C in  an 

i c e - s a l t  m ix tu re .  The d en a tu re d  p r o t e i n  was removed by c e n t r i f u g a t i o n  

(8 ,5 0 0  RPM, 20 m in u te s ) .  In  th e  p u r i f i c a t i o n  procedure of Umezu, e t .  

a l .  ( 4 ) ,  a c-jj g e l  ba tchw ise  p rocedure  should  now be employed. T h is  

s t e p  was o m itted  from our workup a f t e r  two a t te m p ts  had shown no sub­

s t a n t i a l  in c re a s e  in  s p e c i f i c  a c t i v i t y .



STEP #5 . Sephadex G-100 Gel Chromatographyi The h ea t  t r e a t e d  su p e r ­

n a t a n t  was c o n c e n t ra te d  by an Amicon u l t r a f i l t r a t i o n  u n i t  (400 ml c a p a c i ty )  

u s in g  a PM 10 membrane. A n i t r o g e n  p r e s s u re  o f  70 p s i  was employed u n t i l  

a c o n c e n t r a t i o n  of ap p ro x im a te ly  100 mg/ml was o b ta in e d .  The r e t e n t a t e  

( c o n ta in in g  g r e a t e r  th a n  95% of th e  o r i g i n a l  a c t i v i t y )  was d iv id e d  in t o  

two p o r t i o n s  and a p p l ie d  t o  a column (2 .5  cm x 100 cm) o f  Sephadex G-100 

e q u i l i b r a t e d  w ith  10 mM Tris-H C l (pH 8) b u f f e r  c o n ta in in g  1 mM o r o ta t e  

and 40 mM NaCl. F r a c t io n s  o f  15 ml were c o l l e c t e d  and th o se  hav ing  a 

s p e c i f i c  a c t i v i t y  o f  0 .8  or  g r e a t e r  were p o o le d .

STEP //6 . DEAE-Cellulose Chromatography; The pooled  G-100 f r a c t i o n  was 

d ia ly z e d  a g a in s t  15 l i t e r s  o f  po tass ium  phospha te  b u f fe r  (10 mM, pH 8) 

c o n ta in in g  1 mM o r o ta t e  and then  a p p l ie d  t o  a column (2 .5  cm x 37 cm) 

o f  DEAE-cellulose e q u i l i b r a t e d  w i th  th e  same b u f f e r .  The enzyme was 

e l u t e d  w i th  a l i n e a r  g r a d ie n t  between 750 ml eac h  of 10 mM and 200 mM 

po tass ium  phosphate b u f f e r ,  pH 8 , bo th  c o n t a in in g  1 mM o r o t a t e .  F rac ­

t i o n s  o f  8 ml were c o l l e c t e d  and th o se  w i th  a s p e c i f i c  a c t i v i t y  g r e a t e r  

th a n  4 ,5  were p o o led .  The enzyme a c t i v i t y  e l u t e d  from DEAE-cellulose 

in  two peak s ,  one m ajor and one m inor.

STEP #7 . B iogel HT H y d ro x y ap a ti te  Column; The m ajor f r a c t i o n  from 

DEAE-cellulose was d ia ly z e d  a g a i n s t  10 l i t e r s  o f  po tass ium  phosphate 

b u f f e r  (pH 8 , 10 mM) c o n ta in in g  1 mM o r o t a t e  and th e n  a p p l ie d  to  a 

column (2  cm x 37 cm) o f  B ioge l HT h y d r o x y a p a t i t e ,  p r e v io u s ly  e q u i l i ­

b ra te d  w ith  th e  same b u f f e r .  The enzyme was e l u t e d  ( i n  8 ml f r a c t i o n s )  

w i th  a l i n e a r  g r a d ie n t  between 500 ml each of 10 naM and 200 mM phosphate  

b u f f e r  (pH 8) ,  both  c o n ta in in g  1 mM o r o t a t e .  The a c t i v e  f r a c t i o n s  were 

d ia ly z e d  a g a in s t  T ris-H C l b u f f e r  (pH 8 , 10 mM).
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The l a s t  h y d ro x y a p a t i te  s t e p  from Umezu, e t .  a l .  (4) was r e p la c e d  w ith  

a Blue Sepharose column chromatography s t e p  ( 3 0 .  This s t e p  in c re a s e d  

th e  y i e l d  of homogeneous enzyme by 41%.

STEP # 8 . Blue Sepharose  A f f i n i t y  Adsorbent S t e p : Twenty grams o f  Blue

Sepharose  CL-6B was washed in  a s i n t e r e d  g l a s s  fu n n e l  w ith  co ld  d i s t i l l e d  

w a te r  (200 ml per gram d ry  w e ig h t ) .  The g e l  was then  suspended in  T r i s -

HCl b u f f e r  (pH 8 , 10 mM) and poured i n t o  a column (2 .5  cm x 25 cm) and

e q u i l i b r a t e d  w ith  th e  same b u f f e r .  The h y d ro x y a p a t i te  f r a c t i o n  was 

p la ced  on th e  column and 6 ml f r a c t i o n s  were c o l l e c t e d .  The column was 

washed w ith  10 mM T ris-H C l b u f f e r  (pH 8) u n t i l  n o  more p r o t e i n  e l u t e d .

The enzyme was then  e l u t e d  by w ashing th e  column w i th  a s o l u t i o n  o f  

OMP (0 .1  mM) in  T ris-H C l b u f f e r  (pH 8 , 10 mM). T'he p u r i f i c a t i o n  s te p s  

a r e  summarized in  Table 2 .

S p e c t ro sc o p ic  Assays

Measurement o f  th e  i n i t i a l  v e l o c i t i e s  o f  th e  jphosphoribosyl t r a n s ­

f e r  r e a c t i o n  was c a r r i e d  ou t s p e c t r o p h o to m e t r i c a l ly  a t  25°C u s in g  a 

Cary-15 r e c o rd in g  sp ec tro p h o to m e te r  by methods p r e v io u s ly  d e s c r ib e d  

f o r  f l u o r o - o r o t a t e  (3^ and o r o t a t e  ( 4 ) .  The f i n a l  c o n c e n t r a t i o n s  of 

r e a c t a n t s  in  1 ml of a s s a y  s o l u t i o n  under c o n d i t io n s  of s u b s t r a t e  s a t ­

u r a t i o n  were 100 jiM PRPP, 300 jjM o r o t a t e  or f l u o r o - o r o t a t e ,  1 mM MgC^*

50 mM Tris-H C l b u f f e r  (pH 8) and 2 x 10 ^ mg o f  enzyme. Analogous con­

c e n t r a t i o n s  were u t i l i z e d  in  th e  p roduc t  i n h i b i t i o n  s t u d i e s .  I n i t i a l  

v e l o c i t y  measurements a re  c a l c u l a t e d  in  u n i t s  o f  jjmoles OMP s y n th e s iz e d  

pe r  m inu te .  Measurements of th e  i n i t i a l  v e l o c i t i e s  of th e  pyrophosphor- 

y l y s i s  o f  OMP were c a r r i e d  out a t  25°C on th e  Cary-15 as  d e s c r ib e d  p re ­

v io u s ly  ( 4 ) ,  w i th  f i n a l  s a t u r a t i n g  r e a c t a n t  c o n c e n t r a t i o n s  in  1 ml of



T ab le  I I . T y p ic a l P u r i f i c a t i o n  o f OPRTase from  B ak e r’ s  Y east (10 l b s . )

P u r i f i c a t i o n
S tep

Volume
(ml)

A c t i v i t y ^ 3^
( u n i t s )

T o t a l  P r o t e i n
(mg)

S p e c i f i c
A c t i v i t y
(u n i t s /m g )

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

Recovery
(%)

A u to ly sa te 3,140 3,440 114,021 0.03 — 100

Ammonium 
S u l f a t e  
F r a c t i o n a t i o n  
(0  -  50%) 1,755 3 ,2 0 7 (b ) 49,023 0.065 2.2 93

E thano l 
F r a c t i o n a t i o n  
(15 -  50%) 654 3,284 22,291 0.147 4 .9 95

Heat T rea tm en t 
(53°C , 5 m in .) 760 2,857 13,499 0.212 7 .1 83

Sephadex G-100 113 • 2 ,619 2,093 1 .25 42 76

D EA E-cellu lose 88 2,123 362 5.87 196 62

B ioge l HT 45 1,631 36 45 .3 1 ,510 47

Blue Sepharose 36 1,564 24 6 5 .2 2 ,172 45 .5

a)  A u n i t  o f  a c t i v i t y  i s  d e f in e d  a s  th e  amount o f  enzyme r e q u i r e d  t o  form 1 pinole 
o f  OMP in  one m in u te .

b) OPRTase h as  been  shown t o  be i n h i b i t e d  by ammonium s u l f a t e  ( 1 2 ) .



a s s a y  m ix tu re  o f  125 pM OMP, 2 .5  mM pyro p h o sp h a te ,  2 mM M gC^, 50 mM 

T ris-H C l (pH 8) and 2 x 10 ^ mg o f  enzyme. For the  p roduc t i n h i b i t i o n  

s t u d i e s ,  th e  c o n c e n t r a t io n  of MgC^ was in c re a s e d  to  5 mM t o  in s u re  

t h a t  th e  d iv a l e n t  m eta l ion  was in  e x c e s s .  P r o t e i n  c o n c e n t r a t i o n s  were 

de term ined  acc o rd in g  t o  th e  Lowry p rocedu re  ( 5 8 ) .

Gel E le c t r o p h o r e s i s

D isc  e l e c t r o p h o r e s i s  was performed w i th  7.5% po lyacry lam ide  g e l  

p r e p a r a t io n s  a t  room te m p era tu re  (pH 8 .9 )  by th e  method o f  D avis  (55). 

P r o t e i n  s t a i n i n g  was accom plished o v e rn ig h t  u s in g  7% a c e t i c  a c id  con­

t a i n i n g  0.04% coomasie b lu e .  Excess s t a i n  was removed from th e  g e l s  

by an o v e rn ig h t  immersion in  7% a c e t i c  a c i d .  P o lyac ry lam ide  g e l  e l e c ­

t r o p h o r e s i s  in  th e  p resence  o f  sodium dodecy l s u l f a t e  was performed by 

a m od ified  (60) procedure  o f  S h a p iro ,  e t .  a l .  (6 1 ) ,  s t a i n i n g  and de -  

s t a i n i n g  p rocedu res  s im i l a r  t o  th o se  d e s c r ib e d  above were u t i l i z e d .  

S tan d a rd s  used in  SDS m o lecu la r  w e igh t  d e te rm in a t io n  were bovine  serum 

album in ( m*W*~6 8 ,0 0 0 ) , ovalumin (M .W .-43 ,000), p ep s in  (M .W .-35,000), 

CX-chymotrypsinogen (M .W .-25 ,700), myoglobin (M .W .-17,200), and c y to ­

chrome C (M.W . -1 2 ,3 8 4 ) .

I s o to p e  Exchange

32 IP]-pyrophosphate  exchange w ith  PRPP was i n v e s t ig a t e d  in  th e  

fo l lo w in g  way. A r e a c t i o n  m ix tu re ,  made up o f  0 .4  ml PRPP (10 mM),
-3

0 .1  ml PP^ (2 .5  mM, 4 .5  x 10 p C i ) ,  0 .45  T ris -H C l b u f f e r  (50 mM, pH 8) ,  

0 .0 2  ml MGCI2 ( 0 .1  M) and 5 pg of orRTase, was allow ed to  in c u b a te  a t  

room tem p era tu re  f o r  15 m in u te s ,  py rophospha te  s o lu t i o n  (0 .5  m l, 10 mM) 

was added a t  th e  end o f  t h i s  time p e r io d  and th e  e n t i r e  s o l u t i o n  was 

a p p l ie d  to  a Dowex-AG-l-X8 r e s i n  ( fo rm a te  form , 6 .2  cm x 1 .2  cm).
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PRPP and pyrophosphate  e lu te d  s e p a r a t e ly  th ro u g h  the  use  o f  a l i n e a r

g r a d ie n t  r e g e n e ra te d  by 250 ml 1^0 and a 250 ml ammonium fo rm ate  ( 1 .5  M,

pH 5)  s o l u t i o n .  A l iq u o ts  (1 ml) of f r a c t i o n s  e lu te d  by t h i s  g r a d ie n t

were added to  Brays s o lu t i o n  (10 ml) and coun ted  u s in g  a Beckman LS-150

l i q u i d  s c i n t i l l a t i o n  c o u n te r .  The lo c a t io n s  o f  PRPP and PP^ in  th e

e l u e n t  were e s t a b l i s h e d  by methods d e s c r ib e d  p re v io u s ly  ( 6 2 , 6 3 ) .  The

above p rocedure  was r e p e a te d  w i th  r e a c t i o n  m ix tu re s  c o n ta in in g  5 mM

EDTA and a c o n t r o l  c o n ta in in g  no enzyme.

14S tu d ie s  of th e  exchange o f  (C] - l a b e l  between o r o t a t e  and OMP

were c a r r i e d  ou t in  th e  fo l lo w in g  way. A r e a c t i o n  m ix tu re  made up

o f  0 .3  ml OMP (1 .2 5  mM, pH 7 . 6 ) ,  0 .1  ml la b e le d  o r o ta t e  (3 mM, pH 7 .5 ,

1 .7  x 10 3 p C i ) ,  1 .6  ml T ris-H C l b u f f e r  (50 mM, pH 8) ,  0 .01 ml MgC^

-4(0 .1  M) and 4 x 10 mg o f  enzyme, was a llow ed  to  in c u b a te  a t  room 

te m p era tu re  f o r  30 m in u te s .  At th e  end o f  t h i s  time p e r io d ,  th e  enzyme 

was removed by h e a t  t r e a tm e n t  (100°C, 5 m in u te s )  and th e  sample was 

p la ced  on a Dowex AG-1-X8 column ( fo rm a te  form , 6 .2  cm x 1 .2  cm). 

A p p l ic a t io n  o f  a s o lu t i o n  of 0 .625 M ammonium form ate  (pH 4 .3 )  t o  

t h i s  column r e a d i l y  e l u t e d  o r o t a t e  fo l lo w ed  by th e  e l u t i o n  o f  OMP. 

F r a c t io n s  from t h i s  column were counted  in  a N uclea r-C h icago  L iq u id  

S c i n t i l l a t i o n  c o u n te r  by p la c in g  1 ml a l i q u o t s  i n  Brays s o lu t i o n  (10 m l) .  

The l o c a t i o n  of OMP and o r o t a t e  in  th e  e lu e n t  were lo c a te d  by m easure­

ment o f  sample a b s o rp t io n s  a t  267 nm and 295 nm, r e s p e c t i v e l y .  C o n tro l  

samples which c o n ta in e d  no enzyme were ru n  c o n c u r r e n t ly .

I s o to p ic  Exchange P a t t e rn

14 r %Exchange s tu d ie s  v a ry in g  (C J- lab e led  o r o t a t e  a t  v a r io u s  f ix e d  

c o n c e n t r a t i o n s  of OMP were perform ed by th e  method o f  Reyes (1 8 ,  64)
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and Reyes and Guganig ( 6 5 ) .  R e a c t io n  m ix tu re s  c o n ta in e d  0 .3  ml OMP
_3

(1 .2 5  mM), v a r i e d  c o n c e n t r a t i o n s  of o r o t a t e  (4 mM, 1 .7  x 10 p C i ) ,

0 .025  ml MgCl^ (0 .1  M), and 5 pg of enzyme, made up t o  1 ml w i th  T r i s -  

HCl b u f f e r  (50 mM, pH 8) .  C o n tro ls  c o n ta in in g  no enzyme and r e a c t i o n  

m ix tu re s  c o n ta in in g  10mM EDTA w i th  m e ta l f r e e  enzyme were a l s o  r u n .  A ll  

samples were in c u b a ted  f o r  30 m inu tes  a t  room te m p e ra tu re .  The r e a c ­

t i o n  was te rm in a te d  by add ing  0.01 ml o f  t r i c h l o r o a c e t i c  a c id  (40% w /v ) .  

Each sample was s p o t te d  (5 x 4 p f ) i n  t r i p l i c a t e  on Brinkmann PEI c e l l u ­

lo s e  F p reco a ted  TLC p l a s t i c  s h e e t s .  The s h e e t s  were developed in  0 .2  M 

LiCl s o lu t io n  u n t i l  th e  s o lv e n t  f r o n t  moved 16 cm. The s h e e t s  a r e  a i r  

d r i e d  and th e  s p o ts  a re  v i s u a l i z e d  under 253 nM l i g h t .  The s p o ts  a re  

th e n  c u t  out and p laced  i n t o  g l a s s  c o u n t in g  v i a l s  c o n ta in in g  1 ml o f  

0 .1  M H Cl/0 .2  KC1 s o l u t i o n .  The v i a l s  a r e  shaken  g e n t ly  f o r  one hour 

a t  room te m p era tu re  a f t e r  which 10 ml of s c i n t i l l a t i o n  c o c k t a i l  ( to lu e n e  

(1 ,0 0 0  ml) and t r i t o n  X-100 (500 ml) added t o  8 .5  gms o f  O innifluor) i s  

added , and th e  sam ples a re  counted  in  a Beckmann LS-150 l i q u i d  s c i n t i l ­

l a t i o n  c o u n te r .  The above p rocedure  com ple te ly  r e s o lv e s  o r o t a t e  from 

OMP (v id e  i n f r a ) .

U rc] - la b e le d  PRPP S y n th e s is
14 _

L abeled  PRPP was p rep a red  in  two s t e p s .  F i r s t ,  [CJ - la b e le d  

r ib o s e -5 -p h o s p h a te  was o b ta in e d  u t i l i z i n g  a p rocedu re  of H orecker ( 66) 

by h e a t in g  AMP ( 0 .2  gm c o n ta in in g  u n ifo rm ly  la b e led  ^ [ C ’]AMP, 0 .01 inCi) 

in  IN HC1 (2  ml) a t  100°C f o r  30 m in u te s .  The s o l u t i o n  i s  co o led  and 

th e  pH i s  a d ju s te d  t o  6 .5  w i th  s a tu r a t e d  Ba(0H)2  (abou t 6 m l) .  The 

s o l u t i o n  i s  c e n t r i f u g e d  and 50 ml of e th a n o l  (95%) was added . The 

r e s u l t i n g  p r e c i p i t a t e  i s  washed w ith  2 ml o f  a b s o lu t e  e th a n o l  and ex­

t r a c t e d  w ith  3 x 2 ml o f  w a te r .  The combined e x t r a c t  i s  t r e a t e d  w ith
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14fo u r  volumes of e th a n o l  and th e  p r e c i p i t a t e  i s  d r i e d  in  vacuo. [C} -  

l a b e le d  PRPP, u t i l i z i n g  the  un ifo rm ly  la b e le d  14 tc] -  r i b o s e ,  was b io ­

s y n th e s iz e d  v ia  PRPP s y n th e t a s e .

PRPP s y n th e ta s e  was i s o l a t e d  from human e r y th r o c y te s  (67) th rough  

th e  D EAE-cellulose b a tch  s t e p .  Human e r y th r o c y te s  were s e p a ra te d  from 

whole blood by c e n t r i f u g a t i o n  in  th e  co ld  andw ere  washed tw ice  w i th  4 

t o  5 volumes of c o ld  0.9% NaCl. Hemolysates were p rep a red  by adding  

3 volumes o f  co ld  1 mM EDTA s o lu t i o n  t o  th e  washed packed e r y th r o c y te s .  

Endogenous n u c l e o t id e s  a r e  removed by s t i r r i n g  th e  hem olysate  w i th  

N orit-A  c h a rc o a l  (10 mg/ml) f o r  10 m in u te s ,  a t  th e  end o f  w hich , the  

strom a and c h a rc o a l  a re  removed by c e n t r i f u g a t i o n  f o r  15 m inu tes  a t

12 ,000  x g .  To th e  hem olysate  was added 250 ml o f  a s o lu t i o n  c o n ta in in g

+20 .3  mM ATP, 6 mM Mg and 1 inM d i t h i o t h r e i t o l . DEAE-cellulose was washed

w ith  1 M d ib a s i c  sodium phosphate  b u f f e r  and th e n  d i s t i l l e d  w a te r  u n t i l

th e  pH o f  th e  wash w a te r  was 7 .0 .  The D EA E-cellu lose was resuspended

a s  a s l u r r y  and 750 ml were added t o  th e  hem olysate  s o l u t i o n ,  and the

r e s u l t i n g  m ix tu re  was s t i r r e d  f o r  one h o u r .  The m ix tu re  was f i l t e r e d

th rough  a buchner f u n n e l ,  and th e  DEAE-cellulose pad was washed w ith

0 .3  mM potass ium  phosphate b u f f e r  (pH 7) u n t i l  th e  wash c o lo r  was c l e a r .

The pad was th en  washed w i th  one l i t e r  o f  3 mM po tass ium  phosphate  b u f -

+2f e r  (pH 7) c o n ta in in g  50 mM KC1, 0 .3  mM ATP, 6 mM Mg and 1 mM d i t h i o ­

t h r e i t o l ,  and th e  wash i s  d i s c a r d e d .  The D EA E-cellu lose was th e n  su s ­

pended in  300 ml of a 500 mM KCl s o lu t i o n  c o n ta in in g  50 mM po tass ium

+2phosphate  b u f f e r  (pH 7 . 4 ) ,  0 .3  mM ATP, 6 mM Mg and 1 mM d i t h i o t h r e i t o l  

and c e n t r i f u g e d  a t  2 ,000  x g f o r  15 m in u te s .  The s u p e rn a ta n t  c o n ta in in g  

th e  p a r t i a l l y  p u r i f i e d  PRrp s y n th e ta s e  i s  passed  th rough  cheese  c l o t h  

and c o n c e n tra te d  (Amicon u l t r a f i l t r a t i o n  u n i t ,  PM 10 membrane, 70 p s i )  

t o  about 100 m l.
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1 4 ,  ,[CJ-PRPP was p rep a red  acc o rd in g  t o  th e  p rocedure  o f  F lak s  ( 68) .  

440 ml o f  60 mM po tass ium  phosphate  b u f f e r  (pH 7 . 3 ) ,  16 ml o f  r i b o s e -
14 ,

5 -phospha te  (0 .1  M, c o n ta in in g  [C J - la b e le d  r ib o s e - 5 - p h o s p h a te ) ,  12 ml

o f  MgCl2 (0*5 M) and 18 ml o f  2 -m erc ap to e th an o l  (1 M) were a l l  added to

a 2 l i t e r  Erlenmeyer f l a s k  and p laced  in t o  a 37 C w ater  b a th .  When th e

te m p era tu re  reac h ed  37*C, 24 ml o f  ATP (pH 7 .5 ,  0.05 M), 30 ml o f  KF

(1 M) and 20 ml o f  th e  PRPP s y n th e ta s e  w ere added and allow ed t o  r e a c t

f o r  30 m in u te s .  The f l a s k  was th e n  r a p i d l y  c h i l l e d  t o  10°C and 20 g

o f  N o r i t  were added. The m ix tu re  was im m edia te ly  f i l t e r e d  th ro u g h  a

c e l i t e  pad (Jo h n s-M an v i l le )  a t  4*C and washed w i th  400 ml o f  ic e  co ld

w a te r .  The PRPP was i s o l a t e d  from th e  combined f i l t r a t e  and w ashings

by p a s s in g  th e  s o lu t i o n  th ro u g h  a Dowex 1 ( fo rm a te  form , 15 cm x 2 .5  cm)

column. The PRPP was e lu te d  by a l i n e a r  g r a d i e n t  of 500 ml each o f

w a te r  and 1 .5  M ammonium fo rm ate  (pH 5 . 0 ) .  The e lu e n t  (m on ito red  f o r

r a d i o a c t i v i t y  by s ta n d a rd  c o u n t in g  p ro ce d u re ^  had two r a d i o a c t i v e  peaks;

th e  f i r s t  c o n ta in e d  r ib o s e - 5 - p h o s p h a te ,  w h i le  t h e  second c o n ta in e d  the

PRPP. The PRPP was i s o l a t e d  by adding  10 ml of a  0 .5  M MgC^ s o lu t i o n

t o  th e  pooled second r a d i o a c t i v e  peak , fo llow ed  by th e  a d d i t i o n  o f

t h r e e  volumes o f  e th a n o l  (95%, -1 5°C ),  The m ix tu re  was allow ed to

s ta n d  o v e rn ig h t  a t  -15°C w h ile  PRPP p r e c i p i t a t e d .  The m ix tu re  was

th e n  c e n t r i f u g e d  (2 ,000  x g , -15°C) and th e  p r e c i p i t a t e  was washed
o

tw ic e  w ith  e th a n o l  (-15  C ), fo llow ed  by two w ashes, each  w i th  ace tone  

and e t h e r  a t  room te m p e ra tu re .  The magnesium s a l t  was th e n  d is s o lv e d  

in  co ld  w afer and passed  th ro u g h  a sm all Chelex-100 column to  p re p a re  

th e  sodium s a l t  o f  PRPP, which was s to re d  a t  —76dC ( y i e l d  app rox im ate ly  

8 jimoles PRPP, 37,000 CPM) .
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14 nI s o l a t i o n  o f  [CJ - l a b e le d  R ib o s y la te d  Enzyme in te rm e d ia te

14#-4-8  pg of OPRTase were in cu b a ted  w ith  0 .3  ml [C J - la b e le d  PRPP, 

0 .2  ml T ris-H C l b u f f e r  (50 mM, pH 8) ,  0 .025 ml MgC^ (0*1 M), and 15 

u n i t s  o f  in o rg a n ic  py rophospha tase  f o r  5 m in u tes  a t  room te m p e ra tu re .  

The sample was im m ediately  p laced  on a G-50 Sephadex column, e q u i l i ­

b r a te d  w ith  T ris-H C l b u f f e r  (50 mM, pH 8 , 2 .5  mM M&C^) > and e lu te d  

w i th  th e  same b u f f e r  (3 ml f r a c t i o n ) .  One ml a l i q u o t s  were counted  

in  10 ml o f  Brays s o lu t i o n  as  b e f o r e .  C o n tro l s  c o n ta in in g  t o  enzyme 

w ere a l s o  ru n .

E le c t r o n  Spin  Resonance (EPR)

Samples t o  be s tu d ie d  by t h i s  te c h n iq u e  were p rep a red  as  fo l lo w s .  

To s o lu t i o n s  o f  o r o t a t e ,  OMP, PRPP, PP^ and enzyme in  T ris-H C l (pH 8 , 

50 mM), a l l  o f  which were p re v io u s ly  e lu te d  th rough  Chelex-100 to  r e ­

move m eta l c o n ta m in a t io n ,  were added v a r io u s  c o n c e n t r a t i o n s  o f  MnCl^. 

The f i n a l  c o n c e n t r a t io n  o f  a l l  o f  th e  s o lu t i o n s  were 100 pM in  r e s p e c t  

t o  th e  s u b s t r a t e s .  The samples were p laced  in  EPR c e l l s  s p e c i f i c a l l y  

adap ted  f o r  use w ith  aqueous s o l u t i o n s  and th e  EPR s p e c t r a  were r e ­

corded  u s in g  a y a r i a n  V 4500 X-band EPR a t  a frequency  o f  9.295 GHz 

and a t  a sweep f i e l d  ran g e  o f  3335-500 gauss  a t  room te m p e ra tu re .

P ro to n  Resonance R e la x a t io n  (PRR)

B inary  complexes were s tu d ie d  as fo l lo w s .  S o lu t io n s  o f  Mncl^ d i s ­

so lved  in  T ris-H C l (pH 8 , 50 mM) were t i t r a t e d  w i th  v a r io u s  c o n c e n tra ­

t i o n s  o f  m e ta l f r e e  o r o t a t e ,  OMP, PPi » PRPP and enzyme. The r e l a x a t i o n  

t im e s  o f  th e  b in a ry  complexes were de te rm ined  on a CPS-2, 30 inegaherz 

PRR in s tru m en t (S p in  Lock E l e c t r o n i c s  L t d . ,  O n ta r io ,  Canada) a t  room 

te m p e ra tu re .  The samplex were p laced  in  5 mM c e l l u l o s e  n i t r a t e

tu b e s  and c o n ta in ed  0 .1  ml e a c h .  T erna ry  complexes
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c o n ta in in g  f ix e d  c o n c e n t r a t io n s  o f  MnCl^ (250 pM), enzyme (76 pM in  

PRPP s tu d y ,  it pM in  OMP s tu d y ) ,  and v a r ie d  c o n c e n t r a t io n s  of PRPP and 

OMP were examined a s  w e l l .  D iam agnetic  c o n t r o l s  u s ing  e q u iv a le n t  con­

c e n t r a t i o n s  of MgC^ in  p la ce  o f  MnC^ were employed th roughou t th e s e  

s t u d i e s .



RESULTS

Enzyme P re p a ra t io n

The o r o t a t e  p h o s p h o r ib o s y l t r a n s f e r a s e ,  when i s o la te d  as  d e s c r ib e d  

in  th e  methods s e c t i o n ,  was homogeneous by th e  c r i t e r i a  o f  bo th  p o ly ­

acry lam ide  g e l  e l e c t r o p h o r e s i s  and SDS g e l  e l e c t r o p h o r e s i s  ( s e e  F ig u re  

A A & D). As shown in  F igu re  4C, one o f  th e  two p r o te in  bands observed  

a f t e r  h y d r o x y la p a t i t e  chromatography was e l im in a te d  from the  p r e p a r a t io n  

th ro u g h  th e  use o f  Blue Sepharose CL-6B chrom atography , and a  s in g l e  

a c t i v e  OPRTase band was observed  even a t  h ig h  p r o te i n  c o n c e n t r a t i o n s .

A s in g le  band was observed  a l s o  when SDS g e l  e l e c t r o p h o r e s i s  was em­

ployed (F ig u re  4d) ,  and th e  m o lecu la r  w e igh t  f o r  t h i s  p r o t e i n  was d e t e r -  

mined t o  be 2 1 ,000 -1 ,000  (F ig u re  5 ) .  T h is  i s  in  c o n t r a s t  t o  th e  n a t iv e  

p r o t e i n  p r e p a r a t io n  which had been shown by bo th  m olecu la r  s ie v e  ch ro ­

matography and s e d im e n ta t io n  v e l o c i t y  measurem ents to  have a m o lecu la r  

w eigh t o f  40,000 -  2 ,000  (D anye l,  S . ,  Shen, S . ,  and S lo a n ,  D. L . ,  un­

p u b lish e d  r e s u l t s ) .  Thus th e  n a t iv e  OPRTase i s o l a t e d  from Budweiser 

Brand y e a s t  has th e  same m o lecu la r  w eigh t a s  t h i s  enzyme, p u r i f i e d  p r e ­

v io u s ly  from a n o th e r  brand  o f  y e a s t  by Umezu, e t .  a l .  ( 4 ) ,  and ap p ea rs  

t o  be composed o f  two s u b u n i t s  o f  equa l s i z e .  OPRTase in  human e r y t h r o ­

c y t e s  a l s o  has  been shown to  c o n ta in  two s u b u n i t s ,  each having  an approx­

im ate  m o lecu la r  w e igh t  o f  13,000 (1 9 ) .

K in e t i c  A naly s is  o f  Form ation o f  Q ro t id in e  5*-Phospha te

A p a t t e r n  o f  p a r a l l e l  l i n e s  was observed  when r e c i p r o c a l s  ( 1 /v )  of 

th e  i n i t i a l  v e l o c i t i e s  o f  th e  p h o sp h o r ib o sy l  t r a n s f e r  r e a c t i o n  were 

p l o t t e d  v e rsu s  JpRPP^ * a t  d i f f e r e n t  f ix e d  l e v e l s  of o r o t a t e  and a t  

s a t u r a t i n g  l e v e l s  of magnesium ion  (F ig u re  6A ). In  s e p a ra te  experim en ts
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>.fe

A  B C D

F ig u re  4 • P o lyac ry lam ide  g e l s  s t a in e d  fo r  p r o t e i n  as  

d e s c r ib e d  in  th e  methods s e c t i o n .  A) 0 .1  mg OPRTase 

a f t e r  Blue Sepharose CL-6B column chrom atography.

B) 0 .02  mg OPRTase a f t e r  Blue Sepharose CL-6B column 

chrom atography. C) 0 .1  mg OPRTase a f t e r  h y d ro x y a p a t i te  

column chrom atography. D) 0 .05 mg OPRTase a f t e r  Blue 

Sepharose CL-6B column chrom atography in  the p resen ce  

o f  sodium dodecyl s u l f a t e .
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Figure  6 . R e c ip ro c a l  i n i t i a l  v e l o c i t y  p a t t e r n s  f o r  th e  

fo rm atio n  o f  o r o t i d in e  5 '- p h o s p h a te  u s in g  the  a s sa y  de ­

s c r ib e d  in  th e  methods s e c t i o n .  ( 1 /v  u n i t s  a r e  pM OMP/ 

min./mg p r o t e i n  f o r  a l l  p l o t s . )  A. V aried  c o n c e n t ra ­

t i o n s  o f  PRPP in  th e  p resence  o f  a 30-300 jjM c o n c e n t ra ­

t i o n  range  o f  o r o t a t e .  B. V aried  c o n c e n t r a t i o n s  of 

o r o t a t e  in  th e  p resen ce  o f  a 20-100 jjM c o n c e n t r a t io n  

range  o f  PRPP. C. R e p lo ts  o f  th e  i n t e r c e p t s  shown in  

'A ' .  D. R e p lo ts  o f  i n t e r c e p t s  shown in  'B ' .
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th e  r e c i p r o c a l  i n i t i a l  v e l o c i t y  p a t t e r n s  o f  1/v v ersu s  f o r o ta t e j  * were 

observed  to  be composed o f  p a r a l l e l  l i n e s ,  a s  w e l l  (F ig u re  6 $ .  C le a r ly ,  

th e s e  r e s u l t s  su g g es t  a p ing-pong type mechanism fear fo rm atio n  o f  OMP 

from o r o ta t e  a s  d e s c r ib e d  by C le land  (6 9 ) .  Such a ping-pong mechanism 

can be i l l u s t r a t e d  by th e  h a l f - r e a c t i o n s  t h a t  a r e  shown in  e q u a t io n s  

10 and 11. T h is  mechanism assumes t h a t  PRPP i s  the f i r s t  s u b s t r a t e  t o  

b ind  t o  th e  enzyme s in c e  i t  i s  the  r e a c t a n t  which c o n ta in s  the  group 

t o  be t r a n s f e r r e d .

R e p lo ts  o f  th e  i n t e r c e p t s  of F ig u re s  6C and 6D were l i n e a r  w i th in  

th e  c a l c u la te d  e r r o r  o f  each p o in t  (F ig u re  6c and 6D), and th e  v a lu e s  

f o r  o r o t a t e  and PRPP a s  de term ined  by t h i s  g ra p h ic a l  p rocedure  a re
•f +

22 -  6 pM and 3 8 - 8  pM, r e s p e c t i v e l y .  Umezu, e t .  a l .  (4 )  have r e ­

p o r te d  a Km v a lu e  f o r  o r o t a t e  o f  33 pM and a 62 pM v a lue  f o r  PRPP.

The d is c re p a n c y  between th e s e  v a lu e s  and th e  ones p re sen te d  in  t h i s  

paper may r e f l e c t ,  in  p a r t ,  th e  r e l a t i v e  p u r i t y  of the  PRPP employed.

The FRPP used by Umezu, e t .  a l .  (4) was 60% p u r^  whereas th e  commercial 

p r e p a r a t io n s  used in  our s tu d i e s  were a t  l e a s t  90% p u re .  I t  has  been 

shown p r e v io u s ly  (38 ) t h a t  i f  im p u r i t i e s  r e p r e s e n t  a s i g n i f i c a n t  f r a c ­

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

p l o t s  w i l l  no t  he a f f e c t e d  ( t h a t  i s ,  p a r a l l e l  l i n e s  w i l l  remain p a r a l ­

l e l ) ,  and a l th o u g h  th e r e  w i l l  be no changes in  the 1 /v - a x i s  i n t e r c e p t ,  

t h e r e  w i l l  be an in c re a s e  in  th e  s lo p e s  o f  th e  p lots, and th e r e f o r e  the  

a p p a re n t  Km v a lu e s  w i l l  a l l  be g r e a t e r  th a n  th e  a c tu a l  v a lu e s .  A 

1^ v a lu e  fo r  PRPF s im i l a r  t o  t h a t  found in  t h i s  study has  been r e p o r te d  

f o r  th e  OPRTase in  Murine Leukemia P1534J (1 0 ) .  The- d a ta  i l l u s t r a t e d  

in  F ig u re  6 was used t o  c a l c u l a t e  a V v a lu e  of 28.5 pM OMP/min /  

mg of p r o t e i n .
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K in e t i c  A n a ly s is  o f  Formation o f  5 - F lu o r o - 0 r o t id in e  5 '-P h o sp h a te

Because 5 - f l u o r o - o r o t a t e  has  been u t i l i z e d  e x te n s iv e ly  t o  a s say  

f o r  OPRTase a c t i v i t y  in  many t i s s u e s  ( 5 7 ) ,  a more l im i te d  s tudy  of 

th e  i n i t i a l  v e l o c i t y  p a t t e r n s  t h a t  r e s u l t  from th e  use o f  t h i s  sub­

s t r a t e  was u n d er tak en  in  o rd e r  t o  compare th e  r e s u l t a n t  c a l c u l a t e d  

k i n e t i c  pa ram ete rs  w i th  th o se  o b ta in e d  f o r  o r o t a t e .  Using r e a c t a n t  

c o n c e n t r a t i o n s  s im i l a r  t o  th o se  employed in  th e  o ro ta te  s t u d i e s ,  a 

p a t t e r n  of p a r a l l e l  r e c i p r o c a l  v e l o c i t y  l i n e s  was ob ta ined  (F ig u re  7a & B), 

s u g g e s t in g  a ping-pong mechanism f o r  f l u o r o - o r o t i d i n e  5 ' -p h o s p h a te ,

a s  w e l l  as  secondary  p l o t s  (F ig u re  7C and 7D) c h a r a c t e r i z in g  th e

+ +Kjjj v a lu e s  f o r  PRPP and F - o r o t a t e  as  37 -  7 pM and 24 -  5 jaM, r e s p e c ­

t i v e l y .  These v a lu e s  a re  e s s e n t i a l l y  th e  same a s  those  de term ined  

from th e  o r o t a t e  s t u d i e s .  Hence, i t  i s  l i k e l y  t h a t  th e  modes of

fo rm a t io n  of F-OMP and OMP a re  an a lo g o u s .  In  a d d i t i o n ,  a V v a lu emax

of 42 pM OMP/min /mg of p r o te i n  was o b ta in e d  fo r  the  fo rm a t io n  of 

F - o r o t id i n e  5 ' - p h o s p h a te .

I n i t i a l  V e lo c i ty  S tu d ie s  of th e  OMP-Pyrophosphorylase R eac tio n  

As has  been d i s c u s s e d  p r e v io u s ly ,  o rd e red  b ib i  k i n e t i c

mechanisms in v o lv in g  s u b s t r a t e s  w ith  very  h ig h  enzymic b in d in g  a f f i n ­

i t i e s  sometimes a r e  c h a r a c t e r i z e d  by r e c i p r o c a l  v e lo c i ty  p a t t e r n s  

t h a t  appear t o  be composed o f  p a r a l l e l  l i n e s .  Seemingly p a r a l l e l  

i n i t i a l  v e l o c i t y  p a t t e r n s  can a l s o  occur in  r a p id  e q u i l ib r iu m  r a n ­

dom system s where th e  b in d in g  o f  one of th e  s u b s t r a t e s  i n h i b i t s  th e  

b in d in g  of th e  o th e r .  In  bo th  o f  th e s e  c a s e s ,  product i n h i b i t i o n  

p a t t e r n s  can h e lp  d i s t i n g u i s h  th e se  mechanisms from a ping-pong 

mechanism, but even t h i s  p rocedure  i s  no t  f o o lp ro o f .  Thus, we
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F ig u re  7 . R e c ip ro c a l  i n i t i a l  v e l o c i t y  p a t t e r n s  f o r  

th e  fo rm atio n  o f  5 - f l u o r o - o r o t i d i n e  5 '- p h o s p h a te  u s in g  

a ssay  p ro ced u re s  d e s c r ib e d  in  th e  methods s e c t io n .

A. V aried  c o n c e n t r a t i o n s  o f  PRPP in  th e  p resen ce  

o f  a 15-300 jjM c o n c e n t r a t i o n  ran g e  o f  o r o t a t e .

B. V aried  c o n c e n t r a t i o n s  o f  f l u o r o - o r o t a t e  in  th e  

p resen ce  o f  a 20-100 pM c o n c e n t r a t i o n  range  o f  PRPP.

C. R e p lo ts  o f  th e  i n t e r c e p t s  shown in  'A ' .  D. Re­

p l o t s  o f  th e  i n t e r c e p t s  shown in  'B ' .
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determ ined  t h a t  s tu d i e s  o f  th e  r e v e r s e  r e a c t i o n ,  namely th e  fo rm a t io n  

o f  PRPP from OMP and PP^» should  be s tu d ie d  in  d e t a i l  by k i n e t i c  a n a ly ­

s i s  in  o rd e r  t o  see i f  i n i t i a l  v e l o c i t y  p a t t e r n s  c o n s i s t e n t  w i th  a p in g -  

pong mechanism cou ld  be o b ta in e d .  The o b se rv an ce  of p a t t e r n s  of p a r a l ­

l e l  l i n e s  f o r  b o th  r e a c t i o n  d i r e c t i o n s  would r e n d e r  masked random or 

o rd e red  b i b i  mechanisms u n l i k e l y .  These s t u d i e s  were a l s o  i n i t i a t e d  

in  o rder  t o  o b ta in  v a lu e s  fo r  pp^ and OMP. As shown in  F ig u re  8 A

and 8B, th e  r e c i p r o c a l  i n i t i a l  v e l o c i t y  p a t t e r n s  fo r  th e  pyrophosphory-

2+l a t i o r t  o f  OMP in  th e  p re sen ce  of ex c e ss  Mg a r e  indeed composed of p a r ­

a l l e l  l i n e s  w i th in  th e  e x p e r im e n ta l  e r r o r .  The c o n c e n t r a t i o n s  o f  OMP,
2+

Mg and pyrophosphate  r e q u i r e d  to  g e n e ra te  t h e s e  i n i t i a l  v e l o c i t y

p a t t e r n s  a re  h ig h e r  th a n  th o s e  r e q u i r e d  f o r  s t u d i e s  o f  th e  p roduc t

i n h i b i t i o n  o f  th e  forw ard r e a c t i o n  (v id e  in fra") .  The K v a lu e s  f o r----------------- • m

PP^ and OMP were de term ined  from r e p l o t s  (F ig u re  8C and 8D) t o  be

9 6 - 6  jjM and 8 - 2  pM, r e s p e c t i v e l y ,  and a Vmax v a lu e  o f  31 .3  pM OMP/

min /  mg o f  p r o t e i n  was c a l c u l a t e d  f o r  th e  py rophosphory lase  a c t i v i t y .

Umezu, e t .  a l .  (A) have de te rm ined  th e  K v a lu e s  f o r  th e s e  two sub-m

s t r a t e s  p r e v io u s ly ,  and t h e i r  v a lu e  f o r  OMP i s  ana logous  t o  o u r s .  The 

v a lu e  o f  pyrophosphate  a s  de te rm ined  by th e se  a u th o r s  (4 )  i s  tw ice  

th e  v a lu e  t h a t  i s  p re s e n te d  h e r e .  We can o f f e r  no  e x p la n a t io n  fo r  

t h i s  d is c re p a n c y .

P roduc t  i n h i b i t i o n  of Form ation o f  Q ro t id in e  5*-Phosphate

The i n t e r p r e t a t i o n  o f  th e  k i n e t i c  mechanism as  p ing-pong and th e  

c h a r a c t e r i z a t i o n  o f  PRPP a s  th e  f i r s t  bound s u b s t r a t e  i s  sup p o r ted  by 

th e  s tu d ie s  i l l u s t r a t e d  in  F ig u re s  9 and 1 0 .  As shown in  F ig u re  9A,

9 B and 9C, th e  p a t t e r n s  o f  l i n e s  r e s u l t i n g  from i n i t i a l  v e l o c i t y
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Figu re  8 . R e c ip ro c a l  i n i t i a l  v e l o c i t y  p a t t e r n s  fo r  

th e  fo rm a t io n  o f  PRPP. A. "Varied pyrophosphate  con­

c e n t r a t i o n s  in  th e  p re s e n c e  o f  a 13-125 pM c o n c e n tra ­

t i o n  range  o f  OMP, B. V aried  OMP c o n c e n t r a t io n s  in  

th e  p re sen ce  o f  a 250-2500 pM c o n c e n t r a t i o n  ran g e  of 

p y ro p h o sp h a te .  C. R e p lo ts  o f  th e  i n t e r c e p t s  o f  ' a ' •

D. R e p lo ts  o f  th e  i n t e r c e p t s  o f  'B ' .
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F ig u re  9 . OMP p ro d u c t i n h i b i t i o n  s t u d i e s  in  the  

p resen ce  o f  f ix e d  c o n c e n t r a t i o n s  o f  o r o t a t e  and 

v a r ie d  c o n c e n t r a t io n s  of PRPP. A. 75 jjM o r o t a t e .  

B. 150 jjM o r o t a t e .  C. 300 jjM o r o t a t e .
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s t u d i e s  a t  th r e e  f ix e d  c o n c e n t r a t i o n s  of o r o t a t e  and v a ry in g  c o n c e n t ra ­

t i o n s  o f  PRPP in  th e  p resen ce  and absence  o f  OMP i n t e r s e c t  th e  y - a x i s  

a t  a common p o in t .  T h is  c o in p e t i t iv e - ty p e  p a t t e r n  confirm s t h a t  PRPP 

i s  th e  f i r s t  enzyme-bound s u b s t r a t e  and t h a t  OMP i s  th e  l a s t  p roduc t 

r e l e a s e d ,  and e l im in a te s  th e  p o s s i b i l i t y  of a random mechanism fo r  

OPRTase. (T h is  s tu d y  u t i l i z e s  a v a r i e d  c o n c e n t r a t i o n  of A(PRPP) a t  

f i x e d ,  u n s a tu r a t in g  l e v e l s  of B ( o r o ta t e )  in  th e  p resence  o f  p ro d u c t ,  

Q(OMP), a s  e x p la in e d  p re v io u s ly  in  th e o ry  s e c t i o n ,  T ab le  I . )

The p roduc t i n h i b i t i o n  by PP^ Of th e  p h o sp h o r ib o sy l  t r a n s f e r  r e a c ­

t i o n ,  measured a t  t h r e e  f ix e d  u n s a tu r a t i n g  l e v e l s  of o r o t a t e  and v a r i e d  

c o n c e n t r a t i o n s  o f  PRPP, c h a r a c t e r i z e  PP^ as  a m ixed-type i n h i b i t o r  

(F ig u re  10). T h is  i s  f u l l y  c o n s i s t e n t  w i th  a p ing-pong mechanism in  

w hich pyrophosphate  i s  th e  f i r s t  p roduc t  r e l e a s e d  and r u l e s  ou t a 

r a p i d  e q u i l ib r iu m  random b i b i  system . (T h is  s tudy  v a r i e s  th e  A(PRPP) 

c o n c e n t r a t i o n  a t  f i x e d ,  u n s a tu r a t in g  l e v e l s  o f  B ( o r o ta t e )  in  th e  p r e s ­

ence o f  p ro d u c t ,  P ( P P p , )

In  a d d i t i o n ,  i n i t i a l  v e l o c i t y  s t u d i e s  a t  two f ix e d  u n s a tu r a t in g  

c o n c e n t r a t i o n s  of PRPP and v a ry in g  c o n c e n t r a t io n s  of o r o t a t e  in  the  

p re sen ce  o f  pyrophosphate  d i s p l a y  p a t t e r n s  o f  l i n e s  t h a t  i n t e r s e c t  a t  

a common p o in t ,  th e  y - a x i s  (F ig u re  1 1 ) .  T h is  c o m p e t i t iv e - ty p e  p a t t e r n  

i s  c l e a r l y  i n d i c a t i v e  of a p ing-pong mechanism and r u l e s  out an o rde red  

mechanism. (T h is  s tudy  v a r i e s  th e  c o n c e n t r a t i o n  o f  B (o ro ta te )  a t  f i x e d ,  

u n s a t u r a t i n g  l e v e l s  o f  A(PRFP) in  th e  p re sen ce  of p ro d u c t ,  P (P P ^ ) ,)

To confirm  t h a t  th e  p ro d u c t  i n h i b i t i o n  s tu d ie s  c l e a r l y  d em o n s tra te  

a p ing-pong  mechanism, th e  analogous  s tu d y  ( t h a t  i s ,  v a ry in g  B(PP^) a t  

f i x e d ,  u n s a tu r a t in g  A(OMP) in  th e  p resen ce  o f  p ro d u c t ,  P ( o r o t a t e ) )  was 

c a r r i e d  ou t f o r  th e  p y rophosphory lase  r e a c t i o n .  The p a t t e r n  o f  r e c i p r o c a l
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F ig u re  10 . Pyrophospha te  p roduc t i n h i b i t i o n  s tu d ie s  

in  th e  p re se n c e  o f  f ix e d  c o n c e n t r a t i o n s  o f  o r o t a t e  and 

v a r ie d  c o n c e n t r a t i o n s  o f  PRPP. A. 300 jjM o r o t a t e .

B. 150 jjM o r o t a t e .  C. 75 jjM o r o t a t e .
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F ig u re  11. P yrophosphate  p ro d u c t  i n h i b i t i o n  s tu d ie s  

in  th e  p resen ce  o f  f ix e d  c o n c e n t r a t i o n s  of PRPP and 

v a r ie d  c o n c e n t r a t i o n s  o f  o r o t a t e .  A. 50 pM PRPP.

B. 100  fjM PRPP.
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v e l o c i t y  measurements v e rs u s  O r J  -1 a t  two f i x e d ,  u n s a tu r a t in g  concen­

t r a t i o n s  o f  OMP in  th e  p resen ce  o f  v a ry in g ,  f ix e d  c o n c e n t r a t io n s  o f  o r o t a t e  

a r e  shown t o  be c o m p e t i t iv e ,  a s  w e l l  (F ig u re  1 2 ) .  These r e s u l t s  a r e  i n ­

deed c o n s i s t e n t  w i th  th e  p rev io u s  p roduc t  i n h i b i t i o n  s tu d i e s  o f  the  phos-  

p h o r ib o sy l  t r a n s f e r  r e a c t i o n  and a g a in  p re c lu d e  the  p o s s i b i l i t y  o f  an 

o rd e red  mechanism f o r  OPRTase. A pparent v a lu e s  determ ined  from r e ­

p l o t s  of a l l  th e  p roduc t i n h i b i t i o n  s t u d i e s  d e sc r ib e d  above a re  summa­

r i z e d  in  Tab le  I I I ,  to g e th e r  w i th  K and v  v a lu es  f o r  OPRTase.m max

I s o to p ic  Exchange

Because ping-pong k i n e t i c  mechanisms d e s c r ib e  two somewhat indepen­

d e n t  h a l f - r e a c t i o n s ,  p roo f  t h a t  one h a l f - r e a c t i o n  proceeds in  th e  ab­

sence o f  s u b s t r a t e s  n e c e ss a ry  f o r  th e  second h a l f - r e a c t i o n ,  i s  p ro o f  

o f  th e  ping-pong mechanism i t s e l f .

S tu d ie s  o f  th e  fo rm atio n  o f  pyrophosphate  from PRPP in  th e  absence

32o f  o r o t a t e  as  i l l u s t r a t e d  in  e q u a t io n  10, were performed w i th  [p-] -  

p y rophospha te .  As shown in  F ig u re  13, in  th e  absence of enzyme, la b e le d  

pyrophosphate  i s  n o t  exchanged w i th  th e  pyrophosphate  m oiety  of PRPP, 

even though a s i g n i f i c a n t  number o f  th e  r ib o s e -p y ro p h o sp h a te  bonds of 

PRPP a r e  c leav ed  under th e se  c o n d i t io n s  (6 8 ) .  In  c o n t r a s t ,  a d d i t i o n  

o f  th e  enzyme in  c a t a l y t i c  c o n c e n t r a t i o n s  accom plishes  t h i s  exchange

(F ig u re  13B). When EDTA i s  added in  s l i g h t  e x c e s s  of magnesium p re s e n t

32 32th e  exchange o f  [P] -  pyrophosphate  i n t o  PR [P] -PP i s  reduced

65% (F ig u re  13A). T h is  i n d i c a t e s  t h a t  d i v a l e n t  raeta l i s  r e q u i r e d  fo r

exchange t o  ta k e  p la c e .  Thus, the  f i r s t  h a l f - r e a c t i o n  ( e q u a t io n  10)

a p p e a rs  to  p roceed  in  th e  p resence  o f  m e ta l  but in  th e  absence o f

o r o t a t e .
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Fig u re  12. O ro ta te  p ro d u c t  i n h i b i t i o n  s t u d i e s  in  th e  

p resen ce  o f  f ix e d  c o n c e n t r a t i o n s  of OMP and v a r ie d  

c o n c e n t r a t i o n s  o f  py ro p h o sp h a te .  A. 10 pM OMP.

B. 100 pM OMP.
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T ab le  I I I .  Summary o f  C o n s ta n ts  C h a r a c te r i z in g  the  R e v e r s ib le  R eac tio n  
C a ta ly ze d  by O ro ta te  P h o s p h o r ib o s y l t r a n s f e r a s e  from Y east

R e a c ta n t  K (uM) K, (pM) V (pM OMP/min/mB p r o te in )
111 '  X JTlclX

PRPP 38-8 42-5

(ROTATE 22-6 63^12

PPi  96-6 202-45

OMP 8-2 9 .8 -1

F-OROTATE 24^5 24^2

V forw ard — — 2 8 .5max

V re v e r s e  — — 3 1 .3max
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F ig u re  13 . E lu t io n  p r o f i l e s  o f  pyrophosphate  and PRPP

from Dowex AG-1-X8 a n io n  exchange r e s i n  as  d e s c r ib e d  in

32th e  methods s e c t i o n .  A« E lu t io n  o f  r a d i o a c t i v i t y

a f t e r  in c u b a t io n  o f  la b e le d  pyrophosphate  w i th  co ld  PRPP 

in  th e  p re se n c e  o f  OPRTase from y e a s t  and EDTA. B. E lu ­

t i o n  o f  r a d i o a c t i v i t y  a f t e r  in c u b a t io n  of l a b e le d  pyro­

phosphate w i th  co ld  PRPP in  th e  p resen ce  ( c lo s e d  c i r c l e s )  

and absence (open c i r c l e s )  o f  OPRTase from y e a s t .
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As shewn in  F igure  14» th e  second h a l f - r e a c t i o n ,  namely, th e  i n t e r ­

c o n v e rs io n  of OMP t o  o r o t a t e ,  i s  c a ta ly z e d  by OPRTase from y e a s t .  Al~ 

though th e  r e s o l u t i o n  of o r o t a t e  from OMP on th e  Dowex r e s i n  i s  no t  

com plete  in  th e s e  ex p e r im e n ts ,  th e re  ap p ea rs  t o  be no exchange o f  l a b e l  

between o r o t a t e  and OMP in  th e  non-enzym atic  sample a s  ev idenced  by the  

r e l a t i v e l y  sym m etrica l peak o f  r a d i o a c t i v i t y  t h a t  e l u t e s  from th e  r e s i n  

and t h a t  i s  maximal a t  th e  p o in t  where o r o t a t e  i s  known to  e l u t e .  In  

th e  p resence  o f  th e  enzyme, th e  peak i s  c l e a r l y  unsym m etrica l and sub­

s t a n t i a l  r a d i o a c t i v i t y  i s  seen  in  th e  r e g io n  where OMP e l u t e s .  Hence, 

s t u d i e s  of th e  exchange o f  l a b e l  between s u b s t r a t e  p a i r s  in  t h i s  r e v e r ­

s i b l e  r e a c t i o n  e s t a b l i s h e s  t h a t  the  ph o sp h o r ib o sy l t r a n s f e r  r e a c t i o n  

p ro ceed s  th rough  a ping-pong mechanism, th u s  co n firm ing  th e  c o n c lu s io n s  

rea c h e d  from k i n e t i c  a n a l y s i s  of th e  OPRTase r e a c t i o n .

In  an a t te m p t  t o  f u l l y  r e s o lv e  th e  OMP and o r o t a t e  from one a n o th e r ,  

a te ch n iq u e  (64) which employs PEI c e l l u l o s e  TLC p l a t e s  was u t i l i z e d  

w i th  g r e a t  s u c c e s s .  When OMP and o r o ta t e  were c o s p o t te d  on PEI c e l l u l o s e  

p l a t e s  and developed  as  d e s c r ib e d  in  th e  methods s e c t i o n ,  OMP m ig ra ted  

w i th  an R^ o f  0 .0 ^  w hereas o r o ta t e  d isp la y e d  an R^ o f  0 .6 .  Thus, bo th  

o r o t a t e  and OMP can be re s o lv e d  co m ple te ly  from one a n o th e r  a l lo w in g  

a more d e t a i l e d  exam ina tion  o f  t h i s  exchange r e a c t i o n .  In  s t u d i e s  w i th  

v a ry in g  c o n c e n t r a t io n s  o f  "co ld "  OMP and la b e le d  o r o t a t e ,  up t o  an 18- 

f o ld  in c re a s e  o f  [CJ - l a b e l ,  in c o rp o ra t io n  i n t o  OMP was observed  in  

th e  p resen ce  o f  c a t a l y t i c  amounts of enzyme. When th e  r e a c t i o n  m ix tu re  

was e lu te d  th rough  C helex-100 to  remove d i v a l e n t  c a t i o n ^  and EDTA was 

added, only a 0 . 4 - fo ld  in c re a s e  in  l a b e l  in c o rp o r a t io n  over th e  c o n t ro l  

was ob se rv ed .  T h is  i n d i c a t e s ,  as  was th e  ca se  w ith  th e  p y rophospha te -  

PRPP h a l f - r e a c t i o n ,  t h a t  th e  p resence  o f  d i v a l e n t  c a t io n s  a r e  n e c e s sa ry  

f o r  exchange to  o ccu r .
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F ig u re  14 . E l u t io n  p r o f i l e s  o f  o r o t a t e  and OMP from 

Dowex AG-1-X8 an ion  exchange r e s i n  as  d e s c r ib e d  in  

th e  methods s e c t i o n .  A. The a t>sorbance p ro ­

f i l e  f o r  o r o t a t e  (open c i r c l e s )  and th e  a ^sor_

bance p r o f i l e  f o r  OMP (c lo s e d  c i r c l e s ) .  B. E lu t io n  

14o f  [c] r a d i o a c t i v i t y  a f t e r  in c u b a t io n  o f  la b e le d  

o r o t a t e  w ith  co ld  OMP in  th e  p resen ce  ( c lo s e d  c i r ­

c l e s )  and absence (open c i r c l e s )  o f  OPRTase from 

y e a s t .
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I s o to p e  Exchange Study

R e c ip ro c a l  p lo t  p a t t e r n s  f o r  i s o t o p i c  exchange o f  one o f  th e  h a l f ­

r e a c t i o n s  in  a p ing-pong system w i l l  d i s p la y  a s e t  of p a r a l l e l  l i n e s  

(4 4 ) .  However, s u b s t r a t e  i n h i b i t i o n  can be superim posed on to  th e  p r e ­

d i c t e d  p a t t e r n  a t  h ig h  c o n c e n t r a t i o n s  of s u b s t r a t e  cau s in g  a m ixed-type 

i n h i b i t i o n  t o  a p p e a r .  We have observed  th e s e  p a t t e r n s  w i th  s tu d i e s  in  

which la b e le d  o r o t a t e  c o n c e n t r a t i o n s  were v a r i e d  a t  d i f f e r e n t  f ix e d  

c o n c e n t r a t i o n s  o f  OMP (F ig u re  15 ) .  As th e  c o n c e n t r a t io n  o f  OMP in ­

c r e a s e d ,  s lo p e  and i n t e r c e p t  e f f e c t s  were observed  in  th e  r e c i p r o c a l  

exchange v e l o c i t y  p a t t e r n .

i s o l a t i o n  of th e  R ibose-P hospha te  Enzyme In te rm e d ia te  

14 r[CJ -PRPP was in c u b a ted  w i th  OPRTase in  th e  presence of excess  

m e ta l  and in o rg a n ic  p y ro p h o sp h a ta se .  (T h is  procedure was adap ted  from 

B e l l  and Koshland ( 7 0 ) . )  i n  a p ing-pong  mechanism the PRPP h a ' i f - r e a c -  

t i o n  w i l l  g e n e ra te  r e v e r s i b l y  a p h o s p h o r ib o sy la te d  enzyme and pyrophos­

p h a te  ( e q u a t io n  1 0 ) .  By adding  in o rg a n ic  py rophospha tase ,  which does 

n o t  r e a c t  w ith  PRPP (6 8 ) ,  t o  remove th e  pyrophosphate ,  we d r iv e  th e  

r e a c t i o n  t o  th e  fo rm a t io n  of enzyme in t e r m e d i a t e .  The l a b e le d  enzyme 

th e n  can be s e p a ra te d  from th e  u n re a c te d  la b e le d  PRPP u s in g  m o lecu la r  

s ie v e  chrom atography. We employed bo th  G-25 and g- 50 column chroma­

tog raphy  f o r  t h i s  s e p a r a t io n  (F ig u re  1 6 ) .  The r e s u l t s  were in c o n c lu ­

s iv e ;  whereas a s l i g h t  s h i f t  t o  h ig h e r  m o le c u la r  weight v e r s u s  th e  con­

t r o l  ( “ fcj -PRPP a lo n e )  was seen  f o r  th e  enzyme ^£C] -PRPP m ix tu re  

e l u t i o n  p a t t e r n  o f f  o f  G-25, t h i s  s h i f t  d id  n o t  occur f o r  th e  e l u t i o n  

th ro u g h  G-50. F u r th e r  s tu d i e s  u s in g  la b e le d  pKPr w ith  a much h ig h e r  

s p e c i f i c  a c t i v i t y  and more enzyme may y i e l d  a c l e a r e r  r e s u l t .  However,
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F ig u re  16 . I s o la t io n  o f p h o sp h o rib o sy la te d  enzyme

in t e r m e d ia te .  E l u t io n  p r o f i l e s  o f :  enzyme-^- * [c] -

14 r ->FRPP in c u b a t io n  m ix tu re  ( c i r c l e s ) ;  and [C]-PRPP| 

c o n t r o l  ( s q u a r e s ) ,  o f f  o f  G-25 and g- 50 columns.
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th e  s t a b i l i t y  o f  th e  phosphoribose  enzyme in te rm e d ia te  may be c h a r a c t e r i z e d  

i f  th e  in te rm e d ia te  can be t rap p e d  ( s e e  d i s c u s s io n  s e c t i o n ) .

E le c t ro n  Spin Resonance (EPR)

These s tu d i e s  p rov ide  on ly  q u a l i t a t i v e  in fo rm a tio n  about th e  b in d in g  o f

2+ . . .v a r io u s  s u b s t r a t e s  t o  Mn because  o f  a la ck  o f  in s tru m en t s e n s i t i v i t y

2+in  th e  d e t e c t i o n  of 100 pM Mn in  aqueous s o l u t i o n s .  As has  been d i s -

2+cussed  p r e v io u s ly ,  th e  d e c re a se  in  am plitude  of the  Mn EPR s ig n a l

upon a d d i t io n  of s u b s t r a t e  i n d i c a t e s  c o o r d in a t io n  of th e  s u b s t r a t e  t o

th e  param agnetic  m e ta l .  When t i t r a t i n g  s o l u t i o n s  of o r o t a t e  w i th  v a r i -

2+ous c o n c e n t r a t i o n s  o f  Mn , a s  d is c u s s e d  in  th e  methods s e c t i o n ,  no

2+d e c re a se  in  am plitude  of the  Mn EPR s ig n a l  was d e t e c te d ,  s u g g e s t in g  

2+t h a t  Mn d id  no t  form a complex w ith  o r o t a t e  a t  a M n /o ro ta te  concen-

2+t r a t i o n s  r a t i o  of £ 2 in  t h i s  s tu d y .  Some OMP-Mn c o o r d in a t io n  was

e x h ib i t e d  ( l e s s  th an  5%) a t  h ig h e r  c o n c e n t r a t i o n s  of m e ta l (90  pM and

100 pM) . T i t r a t i o n  of enzyme w ith  a 0-500 pM c o n c e n t r a t io n  range  of

MnCl2 showed a l i n e a r  d e c re a se  in  am plitude  r e l a t i v e  t o  a c o n t r o l  in

which H2O was t i t r a t e d  w i th  M nC^. T h is  e f f e c t  was n o t  due t o  b in d in g

of  m e ta l ,  in  our e s t i m a t io n ,  bu t i s  due t o  v i s c o s i t y  changes in  th e

s o l u t i o n  due to  th e  p resence  of p r o t e i n .  Both I'P^ and FRPP showed

2+s i g n i f i c a n t  b in d in g  of Mn a s  was e v id e n t  from d e c re a se s  in  th e  am p li-  

2+tude  of th e  Mn s ig n a l  r e l a t i v e  t o  th e  c o n t r o l  (F ig u re  17). Order of 

magnitude v a lu e s  f o r  PRPP and PP^ can be determ ined  from t h i s  s tudy  

and a re  on the  o rd e r  of 20-40  pM f o r  b o th .  (K^ v a lu es  f o r  PRpp and PP^ 

o f  17 pM and 8 pM, r e s p e c t i v e l y ,  have been r e c e n t l y  de te rm ined  by ETR 

( 7 1 ) .
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P ro to n  R esonance R e la x a tio n  (PRR)

2+S u b s t r a te  b in d in g  o f  Mn was de te rm ined  q u a n t i t a t i v e l y  by p re p a r in g

2+samples c o n ta in in g  a f ix e d  c o n c e n t r a t i o n  o f  Mn w ith  v a r io u s  c o n c e n t ra ­

t i o n s  of th e  s u b s t r a t e s  and obse rv in g  the  e f f e c t s  on th e  l o n g i t u d i n a l

2+r e l a x a t i o n  r a t e  (1 /T ^) o f  th e  w ater  Mn complex.

Both PP^ and o r o t a t e  a d d i t io n s  had no e f f e c t  on 1 /T ^ .  From our

EPR s tu d ie s  we had no t observed  e f f e c t s  c o n s i s t e n t  w ith  th e  b in d in g  of

2+ 2+ o r o t a t e  t o  Mn and l i t t l e  i f  any p e r t u r b a t i o n  o f  the  Mn 1/T-^ was

2+e x p e c te d .  However, a s  PP^ was observed  t o  b ind  t o  Mn u s in g  EPR, the

2+absence  o f  an e f f e c t  must be due to  th e  sm all  s i z e  o f  th e  PP^-Mn complex. 

2+Such a PP^-Mn -H2O complex might n o t  be ex p ec ted  to  be d i f f e r e n t  from
2+ . . a Mn -w a te r  complex m  r e s p e c t  t o  t h e i r  m o le c u la r  m otions or tum bling

t im e s  ( T r )> and th u s  an e f f e c t  on 1/T-^ would n o t  be o b se rv ed .  A lthough

2+th e  m otion a t  room te m p era tu re  f o r  th e  Mn -PP^ complex cou ld  be th e  

same in  bo th  th e  EPR and PRR e x p e r im e n ts ,  th e  frequency  a s s o c i a t e d  w i th  

th e s e  re sonance  te c h n iq u e s  a re  very  d i f f e r e n t .

2+B inary  complexes o f  PRPP, OMP and OPRTase w i th  Mn were d e t e c te d

2+u s in g  the  PRR te c h n iq u e .  Mn c l e a r l y  b in d s  t o  th e  enzyme b u t  d i s p l a y s

c o o p e r a t i v i t y  in  i t s  b in d in g  a s  i s  ev idenced  from the  s ig m o id a l  curve

o f  th e  b in d in g  i s o th e rm ,  as  w e l l  as  th e  S c a tc h a rd  p lo t  g e n e ra te d  from

th e s e  d a ta  (F ig u re  18A and 18B), From t h i s  o b s e rv a t io n  we can p r o j e c t

2+t h a t  Mn may have two r o l e s  in  th e  enzyme mechanism, a c t in g  a s  an a l l o -  

s t e r i c  e f f e c t o r  o f  th e  enzyme and be ing  p a r t  of th e  FRrP-metal. s u b s t r a t e
A

complex ( th e  t r u e  s u b s t r a t e ) .  When enhancement, e " ,  i s  p l o t t e d  v e rs u s

2+ . 2+Mn c o n c e n t r a t i o n  fo r  th e  enzyme-Mn complex (F ig u re  1 9 b) ,  a d e c re a se

in  enhancement i s  e v i d e n t .  Such d e c re a s e s  in  enhancement due to  the  

b in d in g  of param agne tic  s p e c ie s  have a l s o  been observed  w ith  a lc o h o l
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F ig u re  19 . PRR t i t r a t i o n  s t u d i e s  m easuring  th e  enhance-
ju 2+

ment ( e " )  of 1/T^ o f  w a te r .  A. PRPP t i t r a t i o n  o f  Mn .

2+B. Mn t i t r a t i o n  o f  enzyme. C. PRPP t i t r a t i o n  o f  

2+Mn -enzyme complex.
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+ +dehydrogenase (54) and sheep k id n ey  Na / k ATPase (5 5 ) ,

2+ .PRPP forms a b in a ry  complex w i th  Mn a s  i s  shown in  F igu re  1 9 A.

2+From t h i s  p lo t  a v a lu e  of 40 pM f o r  th e  PRPP-Mn complex em erges.

T h is  v a lu e  i s  i n  f a i r  agreement w i th  th e  v a lu e  o b ta in ed  from th e  EPR

2+s t u d i e s .  The OMl’-Mn complex e x h i b i t s  a much h ig h e r  v a lu e  (F ig u re  

20A) o f  app ro x im a te ly  1 .5  mM.

2+When the  substra te-enzym e-M n t e r n a r y  complexes a re  s tu d ie d  by 

t i t r a t i o n  of a c o n s ta n t  enzyme-metal c o n c e n t r a t i o n  w ith  v a r io u s  con­

c e n t r a t i o n s  of s u b s t r a t e ,  we observe  in c r e a s e s  in  enhancement (F ig u re s  

19C and 20C). T h is  i s  t r u e  f o r  bo th  th e  PRPP and OMP te r n a r y  complexes 

(F ig u re s  19 and 20 , r e s p e c t i v e l y ) .  These e f f e c t s  a re  su g g e s t iv e  o f  f o r ­

m a tion  of t e rn a r y  complexes and a r e  due t o  im m o b il iza t io n  o f  w a te r  p ro ­

to n s  n ea r  the  enzyme-bound m e ta l .  However, th e  study  of th e  n a tu r e  of 

th e  t e r n a r y  complexes a re  co m p lica ted  by th e  ping-pong mechanism which 

f o r c e s  us to  c o n s id e r  th e  o n -o f f  r a t e s  o f  th e  p roduc ts  as  w e ll  a s  th e  

i n i t i a l  s u b s t r a t e s .

2+In  summary, from th e  PRR d a ta  we can i n f e r  t h a t  th e  OMP-Mn complex

i s  n o t  th e  t r u e  k i n e t i c  s u b s t r a t e  f o r  th e  enzyme, as th e  f o r  OMP i s

2+ 2+8 pM and th e  f o r  OMF-Mn i s  1 .5  mM. PRPP-Mn , on th e  o th e r  hand,

i s  probab l) ' th e  t r u e  s u b s t r a t e  f o r  th e  enzyme s ince  th e  o f  40 pM

i s  in  c lo se  agreem ent w ith  th e  Kjn. A lthough te rn a ry  complexes o f  OMP-

enzyme-metal and FRPP-enzyme-metal were d e t e c t e d ,  no c l e a r  p i c t u r e  as

t o  th e  n a tu re  o f  th e se  complexes can be deduced from th e s e  s t u d i e s .
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F ig u re  20. PRR t i t r a t i o n  s t u d i e s  m easuring  th e  enhance-

*  2+ ment ( e " )  o f  1/T^ o f  w a te r .  A. OMP t i t r a t i o n  o f  Mn .

2+B. Mn t i t r a t i o n  o f  enzyme. C. PRPP t i t r a t i o n  o f  

Mn^+-enzyme complex.
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DISCUSSION

There have been o th e r  in s ta n c e s  where a p h o s p h o r ib o s y l t r a n s f e r a s e  

has  been sugges ted  as  p ro ceed in g  th rough  the  use o f  a p ing-pong  mech­

anism . Crude p r e p a r a t io n s  of q u in o la te  p h o s p h o r ib o s y l t r a n s f e r a s e  

(PRTase) e x h ib i te d  p a r a l l e l  i n i t i a l  v e l o c i t y  p a t t e r n s  which proved 

t o  be c l e a r l y  i n t e r s e c t i n g  w i th  p u re r  p r e p a r a t io n s  (7 2 ) .  Adenosine 

PRTase a l s o  showed p a r a l l e l  i n i t i a l  v e l o c i t y  p a t t e r n s  bu t p ro d u c t  in ­

h i b i t i o n  s tu d i e s  and i s o to p e  exchange e x p e r im en ts  e s t a b l i s h e d  th e  mech­

anism as  be ing  o rdered  (7 3 ) .  B e l l  and Koshland (70) proposed a p in g -  

pong mechanism f o r  A T P -p h o sp h o r ib o sy l t ra n s fe ra se  a s  a r e s u l t  of t h e i r  

a p p a re n t  i s o l a t i o n  of a l a b e le d  enzym e-ribose  5 '-p h o s p h a te  in te rm e d ia te  

from 14 [C] -PRPP. L a te r  s tu d i e s  by P a rso n s  and h i s  c o l le a g u e s  demon­

s t r a t e d  t h i s  l a b e le d  in te rm e d ia te  t o  be an enzym e-product complex (7 4 ,  

75) and de term ined  by k i n e t i c  a n a l y s i s  t h a t  t h e  mechanism of c a t a l y s i s  

u t i l i z e d  by A T P -p h o sp h o r ib o sy l tra n s fe ra s e  from S alm onella  typhimurium 

i s  an o rdered  b i b i  mechanism (7 6 ,  77 ) .  A p ing-pong  k i n e t i c  mechanism 

has  a l s o  been im p lic a te d  in  th e  a c t io n  of h y p o x an th in e -g u an in e  phospho­

r i b o s y l t r a n s f e r a s e  from human e r y th r o c y te s  becau se  p a r a l l e l  r e c i p r o c a l  

i n i t i a l  v e l o c i t y  l i n e s  were o b ta in e d  (7 3 ) .  w h i le  product i n h i b i t i o n  

s tu d i e s  of h y p o x an th in e -g u an in e  PRTase seemed t o  in d i c a te  t h a t  an 

o rd e red  mechanism was in  o p e ra t io n  and ,  t h e r e f o r e ,  the  p a r a l l e l  p a t ­

t e r n s  were a r e s u l t  o f  a K^a t h a t  was much s m a l le r  than  th e  K]fî  ( 7 8 ) .  

Subsequent work on pure p r e p a r a t io n s  of human h y p o x an th in e -g u an in e

PRTase (39) has  shown t h a t  th e  K. t o  K r a t i o  was g r e a t e r  th a n  0 .1la  mA
and , t h e r e f o r e ,  d e v i a t io n s  from p a r a l l e l  l i n e s  should  be d e t e c t a b l e ,  

and y e t  a g r a p h ic a l  a n a l y s i s  s t i l l  y ie ld e d  p a r a l l e l  i n i t i a l  v e l o c i t y
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p a t t e r n s .  M oreover, an o rd e red  mechanism would no t  e x p la in  th e  i n i t i a l  

b u r s t  o f  IMP s y n th e s i s  observed upon a d d i t i o n  o f  hypoxan th ine  t o  enzyme 

which was p re v io u s ly  incu b a ted  w ith  PRPP. K re n i t s k y ,  e t .  a l .  (39) re c o n ­

c i l e d  th e  d a t a  and showed t h a t  a t  th e  optimum m eta l c o n c e n t r a t i o n  a p in g -  

pong mechanism i s  in  o p e ra t io n  w h ile  a t  low m e ta l  c o n c e n t r a t i o n s  (50 jjM) 

a s e q u e n t i a l  mechanism e x i s t e d .  Thus, th e  i n t e r p r e t a t i o n  o f  our c h a ra c ­

t e r i z a t i o n  of th e  r e c i p r o c a l  i n i t i a l  v e l o c i t y  p a t te rn s  .for OPRTase from 

y e a s t  as  be ing  composed o f  p a r a l l e l  l i n e s  was approached w ith  c a u t io n .  

However, by two o th e r  c r i t e r i a ,  namely, p ro d u c t  i n h i b i t i o n  p a t te rn 's  and 

s t u d i e s  of i s o to p i c  exchange, a b i b i  p ing -pong  mechanism f o r  OPRTase 

from y e a s t  was confirm ed  ( i n  th e  p re sen ce  o f  ex ce ss  m e ta l  io n ) .

From th e  PRR and EPR d a t a ,  i t  ap p ea rs  t h a t  th e  b in a ry  complexes of 

magnesium-PRPP and magnesium-PP^ a re  the  t r u e  s u b s t r a t e s  f o r  OPRTase, 

w hereas o r o ta t e  and OMP bind w ith o u t  be ing  complexed t o  m e ta l .  EPR 

d a ta  gave no c l e a r  ev idence  o f  m e ta l b in d in g  t o  enzyme, and th e  d e ­

c re a se  in  am plitude  can be a s c r ib e d  to  a v i s c o s i t y  e f f e c t .  From the  

Debye approx im ation  ( e q u a t io n  13) we see a d i r e c t  p r o p o r t i o n a l i t y  be-

th e  am plitude  of the  EPR s ig n a l  (7 9 ) .  From th e  PRR d a t a  we see  t h a t  the  

enzyme b inds  d i v a l e n t  m e ta l  c o o p e r a t iv e l y ,  and th e re  may be two s i t e s  

f o r  m e ta l  on th e  enzyme, one an a l l o s t e r i c  s i t e ,  and a n o th e r  which b inds  

th e  m e ta l complexed to  the  s u b s t r a t e .

tween

T c = 4TTa*34,
(13)

3kT

Hence, an in c re a s e  in  v i s c o s i t y  w i l l  cau se  an in c re a s e  in  a f f e c t i n g
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The observed  d e c re a s e  in  e^ by th e  com plexa tion  o f  Mn to  th e  

enzyme g iv e s  i n d i c a t i o n  o f  a c o o p e ra t iv e  b in d in g  e v e n t .  T h is  same 

e f f e c t  was r e p o r te d  w i th  m a la te  dehydrogenase ( 8 0 ) ,  where b in d in g  

o f  th e  param agnetic  probe i n i t i a l l y  gave a  l a r g e  e fa which d ec re ase d  

by a f a c t o r  o f  t e n  as  th e  two t i g h t  b in d in g  s i t e s  were f i l l e d .  T h is  

a l l o s t e r i c  m e ta l  s i t e  on OFRTase e x p la in s  th e  la c k  o f  0M P-^[c]  - o r o ­

t a t e  exchange when th e  system  was e l u t e d  th ro u g h  Chelex-100 to  remove 

th e  m e ta l .  Two b in d in g  s i t e s  f o r  m e ta l  have r e c e n t l y  been d e te c te d  

f o r  d n t h r i n i l a t e  FRTase u s in g  PRR te c h n iq u e s  ( 8 1 ) .  E x ten s iv e  s tu d i e s  

o f  th e  t e r n a r y  complexes w i l l  have t o  be c a r r i e d  out t o  c l a r i f y  th e  

r o l e  o f  th e  metal-enzyme complexes in  th e  p re sen ce  o f  s u b s t r a t e  fo r  

th e  proposed p ing-pong mechanism o f OPRTase.

The main o b je c t io n  t o  a p ing-pong mechanism f o r  phosphoribo­

s y l t r a n s f e r a s e  enzymes i s  th e  s te re o c h e m ic a l  argument t h a t  s im ple  

d o u b le -d isp la c e m e n t  mechanisms u s u a l ly  le a d  t o  r e t e n t i o n  o f  c o n f ig u r a ­

t i o n  in  th e  p ro d u c ts  and p h o s p h o r ib o s y l t r a n s f e r a s e s  c a t a ly z e  an in v e r ­

s io n  o f  c o n f ig u r a t io n  (7 5 ) .  i n  f a c t ,  s te re o c h e m ic a l  c o n s id e r a t io n s ,  

a lo n e ,  have been u t i l i z e d  to  o u t l i n e  an mechanism f o r  a c t io n  fo r  

OPRTase (8 2 ) .  Because th e  p ing-pong mechanism f o r  OPRTase from y e a s t  

h a s  been e s t a b l i s h e d  in  t h i s  work, a mechanism o f  a c t io n  more com pli­

c a te d  th a n  d o u b le -d is p la c e m e n t  must be p ro p o sed .  Two such mechanisms, 

d e s c r ib e d  a s  T r i p l e  a nd Carbonium Ion F o rm ation ,  have been proposed 

(74) which a re  c o n s i s t e n t  w ith  s te re o c h e m ic a l  in v e r s io n  and an enzyme-

phosphoribose  in t e r m e d ia te .  Kosower s p e c i f i c a l l y  su g g es ted  an enzyme-

2+ 2+c a ta ly z e d  SN^ i o n i z a t i o n  o f  Mg -PRPP w ith  Mg -PP^ as  a le a v in g  group 

r e s u l t i n g  in  a r ib o s c -p h o s p h a te  carbonium ion  m oiety  l e f t  on th e  OPRTase. 

The o r o t a t e  th en  a t t a c k s  as  a n u c le o p h i le  fo rm ing  OMP (8 3 ) .  i s o to p e
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e f f e c t  s tu d ie s  o f  P a rso n s  (37) fav o r  th e  carbonium ion  in te rm e d ia te  as 

th e  mechanism by which OMP i s  formed in  y e a s t .  (He a l s o  d e t e c te d  a 

carbonium ion  in te rm e d ia te  in  h y p o x an th ine -guan ine  PRTase and ATP PRTase, 

as  w e l l .  )

A mechanism o f  a c t i o n  which in c lu d e s  bo th  a carbonium ion  i n t e r ­

m edia te  and th e  p ing-pong k i n e t i c  mechanism i s  i l l u s t r a t e d  in  F ig ure  21. 

The e s s e n t i a l  f e a t u r e s  of our proposed mechanism a re  as  fo l lo w s .  The 

3 ' - e n d o  puckered r i b o f u r a n o s id e  r i n g  of PRPP i s  s t a b i l i z e d  th rough  in ­

t e r a c t i o n  of a d i v a l e n t  m e ta l  ion  w ith  pyrophosphate  and the  C2' hy­

d ro x y l  o f  the  r i n g .  The enzyme, w ith  th e  a l l o s t e r i c  m eta l a l re a d y  

bound, i s  in  th e  p ro p er  co n fo rm a tio n  to  a l lo w  b ind ing  o f  th e  s u b s t r a t e  

m e ta l complex. On th e  enzyme the  fu ra n o se  r i n g  may assume a r e l a t i v e l y  

u n s ta b l e  p la n e r  c o n fo rm a tio n ,  w hereas th e  m e ta l  ion -py rophospha te  group 

i s  p la ced  in  a p o s i t i o n  f o r  d i s s o c i a t i o n  from th e  complex. Carbonium 

ion  fo rm atio n  th e n  may p roceed  w i th in  t h i s  p la n e r  r i n g ,  a long  w i th  

pyrophosphate  d e p a r tu re ,  and amino a c id  r e s id u e s  which p re v io u s ly  com­

plexed  w ith  the  m e ta l  may now be ab le  t o  s t a b i l i z e  the  carbonium io n .

The g ly c o s id ic  bond may th e n  form from o r o t a t e  w ith  the  s t e r e o s p e c i f i -  

c i t y  d i c t a t e d  by the  a c t i v e  s i t e  geom etry , nam ely, the  p o s i t i o n in g  of 

the  base r i n g  in  th e  ^ - p o s i t i o n  r e l a t i v e  t o  the  r in g  carbonium io n .

An i n d i r e c t  consequence o f  t h i s  mechanism i s  t h a t  a c o v a le n t  l i n k  

between th e  fu ran o se  carbonium  ion  and th e  enzyme has no t  been p o s tu ­

l a t e d .  However, s u f f i c i e n t  n u c l e o p h i l i c  g roups may “be p r e s e n t  on PRI’P 

to  ex tend  the  l i f e t i m e  of th e  in te rm e d ia te  a t  th e  a c t iv e  s i t e  long  

enough to  a llow  th e  r e a c t i o n  to  p ro cee d .  Such an in te rm e d ia te  may 

no t  have a s u f f i c i e n t l y  long h a l f - l i f e  t o  a l low  fo r  i t s  i s o l a t i o n .

T h is  would e x p la in  our i n a b i l i t y  t o  c o n c lu s iv e ly  d e t e c t  the  in te rm e d ia te

89



O r o t a t e
■« — S  "■

PP.-M

F ic u rc  21. Proposed mechanism of  OPRTase.

90



u s in g  m o lecu la r  s ie v e  chrom atography.

P reced e n ts  f o r  th e  use o f  r i n g  carbonium ions  in  the  enzymic hy­

d r o l y s i s  of t h e C - l  p o s i t i o n  on g lucose  have been e s t a b l i s h e d  f o r  o( and 

P amylase (8 4 ,  85) and f o r  lysozyine (8 6 ) .  m  a d d i t i o n ,  the  a c id  c a t a ­

ly z ed  h y d ro ly s i s  o f  g lu c o s e - l -p h o s p h a te  ap p ea rs  to  p roceed  by way o f  a 

c y c l i c  carbonium ion  (87) a s  does th e  r e a c t i o n  o f  methanol w i th  2 , 3 ,4 , 6  

te t r a -O -m e th y l  & -D -g lu co p y ran o sy l  c h l o r i d e  (8 8 ) .  M oreover, t h i s  l a t t e r  

r e a c t i o n  le a d s  t o  an in v e r s io n  o f  c o n f ig u r a t io n  (8 8 ) ,  a s  does th e  r e a c ­

t i o n  c a ta ly z e d  by ^ - a m y l a s e  (8 5 ) .

The mechanism p re s e n te d  in  F ig u re  21 i s  l i k e l y  f o r  o r o t a t e  phos­

p h o r ib o s y l t r a n s f e r a s e  from y e a s t ,  i t  i s  c o n s i s t e n t  w ith  the  k i n e t i c ,  

i s o to p e  exchange, EPR and PRR s tu d ie s  p re s e n te d  in  t h i s  work. In  con­

c l u s i o n ,  th e re  now appea rs  t o  be c o n s id e ra b le  ev idence  t h a t  l i v i n g  o r­

ganism s may employ many d i f f e r e n t  mechanisms f o r  p roducing  v a r io u s  nu­

c l e o t i d e s  from PRPP, and in  f a c t ,  a s in g l e  organism may use th e s e  d i f ­

f e r e n t  mechanisms a s  a way o f  c o n t r o l l i n g  th e  use of t h i s  im p o rtan t  

m e ta b o l i t e  and a l l o c a t i n g  i t  among v a r io u s  b io s y n th e t i c  pathw ays.
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