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S o m e  s tu d ie s  on the  use of p o ly n u c le o t id e  p h o s p h o r y la s e  in  the  

.synthesis  of p o ly n u c le o t id e s .

A T h e s is  su b m it ted  f o r  the D e c r e e  o f  D o c t o r  o f  P h iio so pn w  .it the 

U n i v e r s i t y  o f  W a r w i c k ,  by Jo h n  C ,  S m i th ,  N o v e m b t-r  1975 ,
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S  U  M M A  R  V

T h e  p u r i f i c a t io n  of p o ly n u c le o t id e  p h o s p h o r y Ia s e  ( E .  C .  2 .  7 .  7. 8 )  by 

a f f in i t y  c h ro m a to g ra p h y  w a s  in v e s t ig a te d .  S e v e r a l  a f f i n i t y  l ig an d s  w e r e  

p r e p a r e d  and one of th em , o l ig o  (cIT) S e p h a r o s e ,  w a s  found to be an 

e f f ic ie n t  a d s o rb e n t  f o r  the en z y m e .

P o ly n u c le o t id e  p h o s p ^ o r y la s e  p u r i f ie d  f ro m  M ic ro c o c c u s  lu teus and  

E s c h e r i c h ia c o l i ,  w a s  im m o b il iz e d  by c o v a le n t  a t ta ch m e n t  to a num ber  

of in s o lu b le  s u p p o r ts .  T h e  p r o p e r t i e s  of the im m o b il iz e d  en zym e w e r e  

c o m p a re d  w ith  those ot the en zym e  in f r e e  s o lu t io n .  It w a s  found that  

w h i l e  th e re  w a s  no s ig n i f ic a n t  ch an g e  in ¡he k in e t ic  p a r a m e t e r s  of the 

e n z y m e ,  t h e r e  w as  a s ig n i f i c a n t  i n c r e a s e  in the s t a b i l i t y  o f  the irn inobii ized  

d e r i v a t i v e s .  S tu d ie s  w e r e  m ade of ine u se  o f  me im m o b il iz e d  en zym e in 

the s y n th e s is  o f  p o ly n u c le o t id e s .

P o ly n u c le o t id e  p n o s p h o r y la s e  w as  is o la te d  f ro m  B a c i  11 us S t e a r o th erm oph i I ns 

an d  w as used to i n c o r p o r a t e  C D F  re s id u e s  in to  long o l ig o n u c le o t id e  p r im e r s  

such  as o l ig o i ! )  and t - R N A .  P r i m e r s  w e r e  is o la te d  by c h ro m a to g ra p h y  on 

d ih y d r o x y b o r y l  S e p h a r o s o  w h ic h  e n s u re d  (hat the p r i m e r s  p o s se sse d  an 

in ta c t  3 ' - h y d r o x y l  g ro u p .  A l th o u g h  In c o r p o r a t io n  of C D P  Into the p r im e r  

w a s  a c h ie v e d ,  the n u m b e r  of r e s id u e s  in c o r p o r  ated w a s  low . H o w e v e r ,  

the metriod c o u ld  be u sed  to lab e l  the 3 < - te r m in u s  of a p o ly n u c le o t id e ,  

in an A p p e n d ix ,  fi le p u r i f i c a t io n  of an e n d o n u c le a s e  f ro m  p ig  l i v e r  n u c le i  

is  d e s c r ib e d .  T h e  en z y m e  w a s  used  in the p r e p a r a t io n  o f  o l ig o n u c le o t id e

p r i m e r s .
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(1)

P o ly n u c Ie o t id e  p h o s p h o r y la s e

P o ly n u c le o t id e  p h o s p h o r y la s e  (p o lyn u c l  cot ide o r th o p h o s p h a te

n u c le o t id y l  t r a n s f e r a s e  EE. C ,  2 .  7 .  7. 8) w a s  f i r s t  is o la te d  fro m  A z o t o b a c t e r  

v i n e la n d ii in 1955 ( G r u n b e r g - M a n a o o ,  O r t i z  and Oc.hou, 1955) and s i m i la r  

en zym es h a v e  been is o la t e d  f ro m  o th e r  b a c t e r i a l  s o u r c e s ,  f o r  e x a m p le ,

E .  c o l i  ( L i t t a u e r  and K o r n b e r g ,  1957) and M. lu te us  ( B e e r s ,  1955) and fro m

o r  M an g an es e  ( I I )  ions . T h e  s u b s t r a t e  s p e c i f i c i t y  of th e  p o ly m e r iz a t io n  

re a c t io n  is b ro ad  and i f  the c o n c e n t r a t io n  o f  n u c le o s id e  d ip h o s p h a te  is  

s a t u r a t in g ,  the r a t e s  c f  fo r m a t io n  of p c ! y ( A ) ,  p o ly (C )  and  p o ly ( l )  a r e  

e s s e n t ia l l y  the same. It  w a s  o r i g i n a l l y  thought that the en zym e  w a s  

a b s o lu te ly  s p e c i f ic  f o r  i- ibonuc I e o s id e  d ip h o s p h a te s  but re c e n t  w o r k  has  

shown that d A D P  can be in c o r p o r a t e d  in to  a p r i m e r  by th e  M . lu te us  enzym e  

(C hou  and S i n g e r ,  1971) and by the E .  c.cii en z y m e  (K a u fm an n  and E i t t a u e r ,  

19 69 ) .  F o r  p o ly m e r iz a t io n  to ta k e  p la c e ,  the n u c le o s id e  d ip h o s p h a te  must 

be c a p a b le  of assum ing  th e  anti  c o n fo r m a t io n  ( iC a p u ie r ,  M onny and  

M ic h e ls o n ,  1970).  T h e  an t i  c o n fo rm a t io n  n o r m a l ly  p r e s e n t  in n u c le o t id e s  

r e q u i r e s  the c lo s e  a p p o s it io n  of the 2 ' - p r o t e n  o f  the r ib o f u r a n o s e  r in g  and 

e i t h e r  the C - S  protori o f  the p u r in e s  the C - 6  p ro to n  o f  the p y r im id in e s .  

The  re p la c e m e n t  of th e s e  r in g  p ro to n s  by l a r g e r  s u b s t i tu e n ts  such  as  

b ro T i in o  o r  p?^thy! or-o';r\c- pc <-« op fj-im popm^l ¿»nti

c o n fo rm a t io n  re s u l t in g  in in h ib i t io n  o f  the p o ly m e r iz a t io n  r e a c t io n .

f ro m  a num ber of s o u rc e s  and the p h y s ic a l  p r o p e r t i e s  of the en zym es a r e  

o u t l in e d  in T a b le  1. It c a n  be s e en  that  the p h y s ic a l  p r o p e r t i e s  o f  the  

enzymes is o la te d  f ro m  b a c t e r i a l  s o u rc e s  a r e  s i m i l a r .  H o w e v e r ,  t h e r e  have  

been s e v e r a l  c o n t r a d i c t o r y  r e p o r t s  as to the v a lu e  of the m o le c u la r  w e igh t

d J u n t i i ,  1 9?' i )

s o u rc e s

T h e  enzyme- c a ta ly s e s  the r e v e r s i b l e  r e a c t io n ,

rt N O P ^ f N M P ) , ,  + P i

T h e  r e a c t io n  is d ep en d e n !  on the p r e s e n c e  of M ag n es iu m  ( I I )

P o ly n u c le o t id e  p h o s p h o r y la s e  has been p u r i f i e d  to h om og en e ity

I I



A  study o f  the IE. c o l i  enzym e ( F 'o r t l e r  e ta l . . 1973) g ave  the

(2)

i* •'A,-• • v’

of the  en zym e.

fo l lo w in g  v a lu e s  f o r  the m o le c u la r  w e ig h t  of the n a t iv e  en z y m e  : 2 2 0 , 0 0 0  

(gel e l e c t r o p h o r e s i s ) ,  2 1 6 , 0 0 0  (s u c ro s e  g ra d ie n t )  and 2 1 6 , 0 0 0  -  2 0 , 0 0 0  

(s e d im e n ta t io n  e q u i l ib r iu m ) .  When the n a t iv e  enzym e w as  d is s o c ia te d  

by S D S , tw o  p ro d u c ts  w e r e  obta ined  w ith  m o le c u la r  w e ig h ts  of 9 2 , 0 0 0  and  

4 6 , 0 0 0 .  O n ly  th.? 9 2 , 0 0 0  m o le c u la r  w e ig h t  band co u ld  be r e n a t u r e d  

to g iv e  a c t iv e  en zym e. In a m o re  re c e n t  p a p e r ,  the fo l lo w in g  v a lu e s  

h a v e  been p ro p o s e d  : n a t iv e  enzym e m o le c u la r  w e ig h t  2 5 0 , 0 0 0 ,  su b un its  

m olecular*  w e ig h t  0 5 , 0 0 0  ( P o r t i 6 r , 1975).  It w as  p ro p o s e d  that the n a t iv e  

e n z y m e  e x is ts  as a t r im e r  and this w as  c o n f irm e d  by the use of the c r o s s -  

l in k in g  a g e n t ,  d im eth y l  suberim id .- . te .  T h e  enzym e f ro m  M, lut&us is h o w e v e r , 

thought to o x ■ s t  its a te t r a m e r  ( I 'f lec , 1Co3),

M ec h a n is m  of ac t io n  

(a)  P o ly m e r i z a t i o n

F o r  many y e a r s ,  the study of the p o ly m e r ¡a c t io n  re a c t io n  w as  

h a m p e re d  by the la c k  o. a p u r e  en z y m e , i r e e  of co n tam in a t in g  o l ig o n u c le o t id e s .  

In p a r t i c u l a r ,  t h e r e  w as  c o n f l ic t in g  e v id e n c e  as to the r e q u i r e m e n t  f o r  an 

ol ig o r  iboriuci e o t id e  p r im e r  to in i t ia te  p o ly m e r iz a t io n .  T h e  en zym es f ro m

F .  c o l i  and M. lu tens have b een  p u r i f ie d  to hom og en e ity  and it  h as  been  

show n that both enzym es a r e  ca p a b le  of de novo p o ly m e r iz a t io n  in the  

a b s e n c e  c f  o! ig o n u r le o i  ide p r i m e r  (G o d e fr o y ,  Cohn and G r u n b e r g - M a n a g o ,

1970; M oses and S i n g e r ,  1970).

T h e  r o l e  of o l ig o n u c le o t id e s  In the: p o ly m e r iz a t io n  re a c t io n  

c a ta ly s e d  by the F .  col i e n z y m e  has been s tu d ie d  in d e ta i l  (G o d e f r o y ,  C o h n  

arid G r u n b e r g - M a n a g o ,  1S7C). Du novo p o ly m e r iz a t io n  c a ta ly s e d  by the p u r e  

e n z y m e  shows a lag phase  w h ic h  can be o v e rc o m e  by the ad d it io n  of 3 ' - h y d r o x y l  

o l ig o n u c le o t id e s .  It w as p ro p o s e d  that th e re  w e r e  m u l t ip le  b ind ing  s i te s  

on the en z y m e . In the c a s e  of de novo p o ly m e r iz a t io n ,  the en zym e  w ou ld  

fo rm  o l ig o  and p o ly n u c le o t id e s  w hich  w ould  bind s t r o n g ly  at the b ind ing  

s i te s  arid m a in ta in  the e n z y m e  in the most s u i ta b le  c o n fo rm a t io n  fo r  

p o ly m e r iz a t io n .  T h is  w ou ld  ex p la in  t'ne a u to c n ta ly t ic  b e h a v io u r  oF the 

en z y m e . W ie n  o l ic p n u c lo o t id e s  a r e  added to the e n z y m e ,  the enzym e

Z L



T A B L E  1

P h y s ic a l  p r o p e r t i e s  of p o ly n u c le o t i de p h o sp h o r y la s e  * **

S o u r c e M o le c u la r  w e ig h t S u bu n i ts R e f e r e n c e

E .  C o l i 2 2 0 , 0 0 0 9 2 , 0 0 0 , 4 8 , 0 0 0 P o r t i e r  eta!..  
(19 73 )

2 5 0 , 0 0 0 8 5 , 0 0 0 P o r t i e r ,  ( 1 9 7 5 )

M. It iteus i x 2 7 0 , 0 0 0 1 0 0 , 0 0 0 E e t e n d r e  and 
S i n g e r ,  (1 9 7 5 )

T  x x 2 3 0 , 0 0 0 7 1 , 0 0 0

S tre p to m y c e s

a u re o fa c ie u s

2 1 0 , 0 0 0 1 0 0 , 0 0 0 S im u th ,  
Z e l in k a  and 
P o le k  (1 975 )

T o b a c c o  p la n t 1 5 0 , 0 0 0 B r is h a m m a r  and  
J u n t t i ,  (19 79 )

*  F o r m  1 p r im e r  ind ep en d en t fo rm

* *  F o r m  T  p r im e r  d ep en dent  fo rm  o b ta in e d  by t r y p t ic  d ig e s t .

• I -a : Si



as su m e s the c o r r e c t  co n fo rm a t io n  and does not e x h ib it  a lag  p hase .  A  

mode! of the p ro p o s e d  p o ly m e r iz a t io n  schem e is  shown in F i g u r e  1.

In the Ccise of the M. lu to us e n z y m e  most s tu d ie s  h ave  

c o n c e n tra te d  on the in te r c o n v e r s io n  of the p r i m e r  ind ependent fo rm  of the  

en zym e  ( P N P a s e - l )  and the p r im e r  dependent f o r m  ( P N P a s e - T ) .  P N P a s o - l  

h as a m o le c u la r  w e ig h t  of 2 7 0 , 0 0 0  and e x n ib its  s e v e r a l  bands o f  a c t iv i t y  

on gel e le c t r o p h o r e s is .  P N P a s e - T  is o b ta in ed  b y  l im ite d  t r y p t ic  d ig e s t io n  

of P N P a s e - l ,  has  a m o le c u la r  w e igh t  of 2 7 0 , 0 0 0  and e x h ib i ts  a s in g le  band  

of a c t iv i t y  on gei c ! e c i r o p h o r c s is ( K ! c c ,  I 9 6 0 ;  L e t e n d r e  and  S i n g e r ,  ¡9 7 5 ) .  

T h e  am ino  ac id  co m p o s it io n  of the two fo rm s  of the enzym e h a v e  been  s tu d ie d  

and it has beer, found that  P N P a s e - I  co n ta ins  8 - 1 0  c y s te in e  r e s id u e s  w h i le  

P N P a s c - T  c o n ta in s  4 - 5  c y s te in e  re s id u e s .  T h e  loss of l y s in e ,  a r g i n in e ,  

le u c in e  end is o le u c in e  is g r e a t e r  than w ould  be ex p e c te d  f r o m  a random  

d ig e s t io n  by t r y p s in  ( L e t e n d r e  and S i n g e r ,  1 9 7 5 ) .

I f  P N P a s e - T  is incubated  in the p r e s e n c e  of 2- m e rc a p to e ih a n o i  

o r  d i 111 i e th r  c 11 o I , the enzym e becomes p r in te r  in d ep en d en t  out w i l l  r e v e r t  

to p r i m e r  d e p e n d e n c e  i f  t re a te d  w ith  s u ip h y d ry l  in h ib i t o r s  su ch  as N -  

e th y im a le im id e  o r  p -ch io ro m e n c u r - ¡p h en y l  s u lp h o n ic  ac id .  T h e  e f fe c t  of  

p - c h lo r o m e r c u r ¡p h e n y l  su lph o n ic  ac id  is r e v e r s e d  by s u lp h y d ry l  re a g e n ts  

but the e f fe c t  of N -  e th y im a le im id e  is i r r e v e r s i b l e  (K le e  and S i n g e r ,  196ob)  

( F i g u r e  2 ) .  P N P a s c - l  r e a c ts  w ith  N - e t h y lm a le im id e  a l th ou g h  u n d e r  n o rm a l  

p o ly m e r iz a t io n  c o n d i t io n s  less than 1 m ole  of N - e t h y lm a l e i m l d e  r e a c t s  p e r  

m o le  of en zym e. If  the r e a c t io n  is c a r r i e d  out in  the p r e s e n c e  of a s u b s t r a t e ,  

su ch  as A D P ,  the  e x ten t  of re a c t io n  w ith  N - e t h y lm a l e i m i d e  is  m a r k e d ly

re d u c e d  ( L e t e n d r e  and S i n g e r ,  1974).  If the e n z y m e  is in c u b a te d  in the  

p re s e n c e  of 1 . 0  M  guan id in ium  c h lo r id e ,  an a d d i t io n a l  s u lp h y d ry l  g ro u p  

r e a c t s  w ith  N - e t h y lm a le im ld e .  H o w e v e r ,  I f  the  en zym e Is re d u c e d  in the  

p r e s e n c e  of g u a n id in iu m  c h lo r id e ,  a total of 3 -  4  s u lp h y d ry l  g ro u p s  w i l l  

r e a c t .  T h e  e n z y m e  is now p r im e r  dependent but shows the sa m e  p r o p e r t i e s  

on gel e le c t r o p h o r e s is  as P N P a s e - l .  T h e  p r e s e n c e  of p o ly (A )  o r  (A p ) /+A  

c y c l ic  phosphate  p re v e n ts  the loss of p r im e r  in d e p e n d e n c y  but not the r e a c t io n

w i t h  M -e th y lm a l  o im id e .  ( l ie  fa c t  that p o ly (A )  p r o t e c t s  the e n z y m e  f ro m  loss



F I G U R E  1

1

P o ly m e r i z a t io n  of n u c le o s id e  d ip h o s p h a te s  by t-_. C o li p o ly n u c le o t id e  

p h o s p h o ry la s e .

G o d e f r o y ,  Cohn and G ru n b e r g -  M an a g o ,  1970
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F  I C U R E  2

In te rc o n v e rs io n  of p r i m e r  independent and p r i m e r  dependent fo rm s  

of M. luteus p o ly n u c le o t id e  p h o s p h o ry ia s e .

K le e  and S i n g e r ,  1968b

C r o s s - h a t c h in g  in d ica te s  p r im e r  d ep en de nc y .
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of de riovo p o ly m e r iz a t io n  a c t iv i t y  o ven  though r e a c t io n  w ith  N E M  has  

taken  p la c e ,  w h i le  A D P  u n d e r  the sa m e  c o n d i t io n s  d oes  n o t ,  suggests  that 

p o ly (A )  is  m a in ta in in g  a c o n fo rm a t io n  s u i ta b le  f o r  do novo s y n th e s is  p o s s ib ly  

th rough  m u l t ip le  s i t e  in te r a c t io n s .

(b) P h o s p h c r o l y s is

T h e r e  a r e  tw o  p o s s ib le  m ech an ism s f o r  the d e g ra d a t io n  of 

a p o ly m e r  into  m o n o m e r ic  u n i ts  by an en zym e . In a p r o c e s s iv e  m echan ism  

the en z y m e  b inds to the p o ly m e r  and is not r e le a s e d  u n t i l  the p o ly m e r  has  

been c o m p le te ly  d e g r a d e d ,  w h i le  in a rand o m  m e c h a n is m ,  the enzym e  

p o ly m e r  c o m p le x  is c o n s ta n t ly  d is s o c ia t in g  and re a s s o c ia t in g .  T h e  M ^ lu teu s  

en zym e h as  been  shown to degr ade p o ly n u c le o t id e s  in a p ro c e s s iv e  mariner  

\K I  ee  aou S i n g e r ,  i sC3o)al though s h o r t  o l ig o n u c le o t id e s  a r e  d e g ra d e d  in a 

random  m a n n e r .  S i m i l a r  r e s u l t s  w e r e  o b ta in ed  by T h o n g  et al (19 5? )  in a 

study of the p h o s p h o r o ly s is  o f  t - R N A  by the E .  c o l i en z y m e . E x p e r im e n ts  

h ave  been c a r r i e d  out w i th  s u b s t ra te s  of v a r io u s  c h a in  length in o r d e r  to 

d e te r m in e  the poin t  at w h ic h  the m echan ism  c h an g es  f r o m  p r o c e s s iv e  io t and on 

W ith  the E .  co! i e n z y m e ,  the v a lu e s  o f  Km f o r  v a r i o u s  o l ig o (A )  .substra tes  

d e c r e a s e d  w ith  in c r e a s in g  c h a in  length  w h i le  the Km o f p o ly m e r  s u b s t r a te s  w s  

s e v e r a l  o r d e r s  of m ag n itu d e  lo w e r  (G o d e f r o y ,  15 70 ) .  T h e r e  was a s h a rp  

t r a n s i t io n  in ihe v a lu e s  of Km fo r  s u b s t r a te s  w i th  c h a in  lengths b e tw e e n  10 

and 40 . A  model w as  p ro p o s e d  In w h ic h  th e re  a r e  two s e p a r a te  b ind ing  

s i te s  f o r  the p o ly m e r  s u b s t r a t e .  S i t e  1 b inds the s u b s t r a t e  at the te rm in a l  

3 ' - h y d r o x y l  arid p h o s p h o r o ly s is  takes p la c e  at s i t e  I. T h e  re m a in d e r  c-f the 

p o ly m e r  Is  t ig h t ly  bound to S i t e  II and re m a in s  bound to the en zym e unti l  it is 

not iong enough to b ind  s im u lta n e o u s ly  a t  S i t e s  I and ! i .

A  d e ta i le d  k in e t ic  a n a ly s is  of the p h o s p h o ro ly s is  of  

o l ig o n u c le o t id e s  and p o ly n u c le o t id e s  by the M. lu teus en zym e has been  

c a r r i e d  out in o r d e r  to e s ta b l is h  the m ech an ism  of th is  enzym e (Chou and 

S i n g e r ,  1 9 7 0 ,  a ,  b; C h o u ,  S in g e r  and M c P h ie ,  19 75 ) .  W hen(Ap). A  and P i  

w e r e  used  as s u b s t r a t e s ,  ¡¡near- d ou b le  r e c i p r o c a l  p lo ts  of in i t ia l  v e lo c i ty  

a g a in s t  s u b s t r a t e  w e r e  o b ta in e d  w ith  both s u b s t r a t e s .  T h e  a f f in i t y  of one 

s u b s t r a te  f o r  the en zym e  w a s  u n a f fe c te d  by the p r e s e n c e  of the o th e r  s u b s t ra l

('*)



(b)

O l ig o n u c le o t id e s  w i th  3 1 p ho sp h ate  g ro u p s  w e r e  found to be c o m p e t i t iv e  

in h ib i t o r s  w i th  r e s p e c t  to o l ig o n u c le o t id e s  and n o n c o m p e t i t iv e  w i th  re s p e c t  

to in o rg a n ic  p ho sp h a te .  T w o  p ro d u c t  a n a lo g u e s ,  d A D P  and a d e n o s in e  

5 1 m e th y le n e  d ip h o s p h o n a te ,  a r e  c o m p e t i t iv e  in h ib i t o r s  a g a in s t  in o rg a n ic  

p ho sp h ate  and n o n c o m p e t i t iv e  in h ib i to r s  a g a in s t  o l ig o n u c le o t id e .  S i m i la r  

r e s u l ts  w e r e  o b ta in ed  w i th  the p r im e r  independent and p r i m e r  dependent  

fo rm s  o f  the  e n z y m e .  T h e  d a ta  w e r e  c o n s is te n t  w i th  a r a p id  e q u i l ib r iu m  

random  B i - B i  m echan ism  ( C le la n d ,  19 63 ) .  T h e  m ech an ism  is show n in 

F i g u r e  3 .  A  s i m i l a r  m e ch an ism  has been p ro p o se d  f o r  a p o lys ac c ! la r  idc 

p h o s p h o r y ia s e  f ro m  F . c o l i  (C h ao .  Johnson and G r a v e s ,  19 69 ) .

F u r t h e r  s tu d ie s  have been  c a r r i e d  out on the p h o s p h o ro iy s is  

of o l ig o n u c le o t id e s  by p o ly n u c le o t id e  p b o o p h o ry la s e  f r o m  Nf. iu .c u s  in 

o r d e r  to d e te r m in e  the e f fe c t  of cha in  length  and b a s e  c o m p o s i t io n  (Chou  

and S in g e r ,  1970 b). T h e  p h o s p h o ro ly s is  of a s e r i e s  of o l ig o (A )  and  

o i ig o (U )  o l ig o m e rs  w a s  s tu d ie d  and it w as  found that the Km d e c r e a s e d  w ith  

in c r e a s in g  c h a in  len g th  and r e a d i e d  a minimum v a lu e  w hen  Hie o i ig o n u c ie o t id e  

c o n ta in e d  5 pho sp h ate  r e s id u e s .  If the c h a in  length  is ¡ess than  b trie Km 

is dependent on the b ase  r e s id u e s  s in c e  the Km of o l i g o ( i j )  is c o n s is te n t ly  

h ig h e r  than the Km f o r  o l i y o ( A )  s u b s t r a te s .  If  the m e ch an ism  is r a p id  

e q u i l ib r iu m  random  B i - B i ,  the  Km r e p r e s e n t s  the d is s o c ia t io n  co n s tan t  

f o r  o l ig o n u c le o t id e .  T h is  is  c o n f irm e d  by the o b s e r v a t io n  that the Ki of  

p ho sp h o s p h o ry l  a ted  ol igonucl eotides (w h ic h  act as co m peti  t iv e  in h ib i to r s )  

is s i m i l a r  to the Km of o l ig o n u c le o t id e  s u b s t ra te s  of th e  sam e c h a in  length .

On the b a s is  of th ese  s t u d ie s ,  Chou and S i n g e r  w e r e  a b le  to p ro p o s e  a 

model of the b in d in g  s i te  f o r  o l ig o n u c le o t id e s  in p o ly n u c le o t id e  p h o s p h o r y ia s e  

( F i g u r e  3 ) .  T h e r e  a r e  m u l t ip le  b ind ing  s i te s  and e a ch  s u b s i te  c o n ta in s  a 

n u c le o s id e  b in d in g  re g io n  ( N )  and a pho sp h ate  b in d in g  re g io n  ( P ) .  S u b s i te  I 

w i l l  b ind the te rm in a l  n u c le o t id e  of the o l ig o n u c le o t id e  w h i l e  s u b s i te  P i  

binds in o rg a n ic  p ho sp h ate .  T h e s e  two s i te s  a r e  in d ep en d en t  o f  ea ch  o th e r  

(Chou and S i n g e r .  1970  a ) .  In the p o ly m e r iz a t io n  r e a c t io n ,  the n u c le o s id e  

m onophosphate  p o r t io n  of the  s u b s t ra te  w i l l  i n t e r a c t  w i t h  s u b s i te  I w h i le

the B pho sp h ate  r e a c t s  w i t h  s u b s ite  P i .  T h e  o b s e r v a t io n  that the Km of



A R a p id  e q u i l ib r iu m  ra n d o m  B iB i  m echanism

B  S c h e m e  of a c t iv e  s i te  o f  M. lu teus p o ly n u c le o t id e  p h o s p h o r y la s e

1. p o ly m e r iz a t io n

2. p h o s p h o r o ly s is

Chou and Singer, 1970 a b
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an o l ig o n u c le o t id e  d e c r e a s e s  w ith  in c re a s in g  ch a in  length  unti l  th e re  

a r e  5 p ho sp h ate  r e s id u e s ,  suggests  that th e re  a r e  at le a s t  fo u r  m o re  

subs ¡ tes .  T h e  b a s e -e n z y m e  in te ra c t io n  p lays  a c r i t i c a l  r o l e  in the b ind ing  

of s u b s t r a t e  as can  be s e e n  f ro m  the h ig h e r  Km v a lu e s  o f  u r id in e  

o l ig o n u c le o t id e s  co m p a re d  w ith  aden o s ine  o l ig o n u c le o t id e s .  T h is  is most  

m a rk e d  in the c a s e  of t r in u c le o t id e s  s in c e  A p A p A  is a good s u b s t ra te  

w h i l e  U p U p U  is not p h o s p h o ro ly z e d .

T h e  k in e t ic  m echanism  of p o ly n u c le o t id e  p h o s p h o ro ly s is  has 

r e c e n t l y  been s tu d ie d  in d e t a i l  (C h o u . S in g e r  and fv 'cP hle ,  1975).  L in e a r  

d o u b le  r e c i p r o c a l  p lo ts  w e r e  obta ined  w ith  in o rg a n ic  p ho sp h a te  o r  poly(A.)  

as s u b s t r a t e  and the a f f i n i t y  of e i t h e r  s u b s t ra te  f o r  the en zym e  w as  ind ependen  

of the p r e s e n c e  of the o t h e r .  d A D P  w as  a c o m p e t i t iv e  in h ib i t o r  w i th  re s p e c t  

to in o r g a n ic  phosphate  and p o ly (A ) .  (A p )^ A  c y c l ic  p h o sp h a te  w as c o m p e t i t iv e  

w ith  r e s p e c t  to p o ly (A )  and n o n co m p et i t ive  w ith  re s p e c t  to In o rg a n ic  

p h o s p h a te .  S i m i l a r  r e s u l t s  w e r e  obta in ed  w ith  p r im e r  Ind ep en d en t and 

p r im e r - d e p e n d e n t  fo rm s  of  the en zym e , although the v a lu e s  of the k in e t ic  

c o n s ta n ts  d i f f e r e d .  On th e  b as is  of those data a r a p id  e q u i l ib r iu m  random  

B i - B i  m echan ism  w as p ro p o s e d .  T h is  is the same m e ch an ism  as that 

p ro p o s e d  fo r  o l ig o n u c le o t id e  p h o s p h o ro ly s is  but th e re  a r c  s e v e r a l  im p o r ta n t  

d i f f e r e n c e s .  d A D P  is a c o m p e t i t iv e  in h ib i to r  w ith  r e s p e c t  to p o ly n u c le o t id e  

but is n o n c o m p e t i t iv e  w ith  re s p e c t  to o l ig o n u c le o t id e  and the  Ki v a lu e s  w ith  

d A D P  as a c o m p e t lv e  in h ib i t o r  w ith  re s p e c t  to In o rg a n ic  pho sp h ate  and 

p o ly n u c le o t id e  a r e  not e q u a l .  T h e  KI v a lu e  fo r  p o ly (A )  as  an In h ib i to r  of 

o l ig o n u c le o t id e  p h o s p h o ro ly s is  is v e r y  much lo w e r  than Km f o r  p o ly (A )  

p h o s p h o r o ly s is  w h i le  the K i  and Km of o l ig o n u c le o t id e  In h ib i t o r s  and 

s u b s t r a t e s  a r e  s im i la r .

It Is p ro p o s e d  that a lthough p h o s p h o ro ly s is  of a p o ly n u c le o t id e  

p ro c e e d s  w ith  a r a p id  e q u i l ib r iu m  random  B I - B I  m e c h a n is m ,  the lon g er  

c h a in  length  a l lo w s  the p o ly m e r  to bind to the enzym e at  a second s i te .

W h e n  one un it  Is re m o v e d ,  the p o lym er  does no! d is s o c ia te  f ro m  the enzym e  

and Is d e g ra d e d  In a p r o c e s s lv e  m ann er .  T h is  model f o r  the M. luteus enzym e i 

s i m i l a r  to that p ro po se d  f o r  the enzym e f ro m  E ,  c ol i ( G o d e f r o y ,  1970).
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P h y s io lo g ic a l  R o le

T h e  fu n c t io n  o f  p o ly n u c le o t id e  p h o s p h o r y la s e  in v iv o  c o u ld  be th  

s y n th e s is  o r  d e g ra d a t io n  o f  p o ly n u c le o t id e s .  H o w e v e r ,  the  c o m p a r a t iv e ly  

low  a f f in i t y  of the en zym e f o r  n u c le o s id e  d ip h o s p h a te s  w ou ld  seem  to m ake  

i t  u n l ik e ly  that p o ly m e r iz a t io n  is the s ig n i f ic a n t  in v iv o  fu n c t io n .

T h e  r o l e  o f  p o ly n u c le o t id e  p h o s p h o r y la s e  in E .  c o l i  has been  

s tu d ie d  u s ing  m utants  w i th  m o d if ied  p o ly n u c le o t id e  p h o s p h o r y ia s e  a c t iv i t i e s .  

T h r e e  s t r a i n s ,  Q 7 ,  Q 13  and Q 2 7  w e r e  is o la te d  f r o m  m u ta g e n iz e d  c u l t u r e s  

and these s t r a in s  w e r e  then tra n s d u c e d  by phage P I  into g e n e t ic a l l y  

c h a r a c t e r i z e d  s t r a in s  g iv in g  s t r a in s  w h ich  o n ly  d i f f e r e d  in the p o ly n u c le o t id e  

p h o s p h o ry Ia s e  locus ( R e in e r ,  1969a) ,  T h e  en zym e  f ro m  s t r a i n  Q 7  show ed  

v e r y  low a c t i v i t y ,  the e n z y m e  f ro m  s t r a in  G>13 had low a c t iv i t y  w h ic h  co u ld  

b e  in c re a s e d  in the p r e s e n c e  of manganous ions w h i l e  the en zym e  f ro m  s t r a i n  

0 2 7  was th e rm o la b i lo  and w a s  in a c t iv a te d  at 4 4 °  i f  the c e l ls  w e r e  p re v e n te d  

f r o m  g ro w in g  (R e in e r  , 19S9b).

T h e  g ro w th  o f  m utants  w ith  low le v e ls  of p o ly n u c le o t id e  

p h o s p h o ry la s e  has been s tu d ie d .  A l i  mutants w i th  lo w  le v e ls  of the en zym e  

g r e w  s lo w ly  at 4 5 °  and w han  r e v e r t a n t s  w e r e  is o la te d  w h ic h  cou ld  g ro w  at 

4 5 ° ,  they w e r e  a l l  found to h a v e  in c re a s e d  le v e ls  o f  p o ly n u c le o t id e  

p h o s p h o r y la s e  ( K r is h n a  and A p i r i o n ,  1973).  S i m i l a r l y ,  t h e r e  w a s  a good  

c o r r e l a t i o n  b e tw e e n  the c o n s t i tu t iv e  le v e ls  of p o ly n u c le o t id e  p h o s p h o r y Is s e  

and the in d u c ib le  leve l of t ry p to p h a n a s e .  T h e  a b i l i t y  of a c u l t u r e  to g ro w  to 

a g iven  c e l ! d e n s i ty  w as  a ls o  found to be r e la t e d  to the lev e l  o f  p o ly n u c le o t id e  

p h o s p h o " v la s e  in the c e l l s .  F u r t h e r  s tu d ie s  on the s t a b i l i t y  of m - R N A  

m o le c u le s  d u r in g  e x p o n en t ia l  g ro w th  suggested  that  p o ly n u c le o t id e  

p h o s p h o ry la s e  was not in v o lv e d  in t h e i r  d e g ra d a t io n  ( K r is h n a ,  R o se n  and  

A p i r i o n ,  19 73 ) .  T w o  s t r a in s  of E .  co l i  , P R  27 (pnp) and P R 1  00  (pnp) w e r e  

g ro w n  at  4 9 °  and the h a l f  l iv e s  of totai p u ls e  l a b e l le d  R N A  and m - R N A  w e r e  

s tu d ie d .  T h e  d e c a y  of R N A  w a s  much f a s t e r  in P R 2 7  than P R 1 0 0 ,  s i m i l a r i l y  

the h a lf  l i f e  of (3 - g a la c to s id a s c  m - R N A  w as  much s h o r t e r  in P R 2 7  and the  

a b i l i t y  to s y n th e s iz e  p ep t id es  w as  d im in ish ed  in th e  pnp m u tan t .  T h e s e
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r e s u l ts  suggest that d u r in g  ex p o n e n t ia l  g r o w t h ,  h igh  le v e ls  of p o ly n u c le o t id e  

p h o s p h o ry la s e  s t a b i l i z e  m - R N A  m o le c u le s .

H o w e v e r ,  u n d er  some c o n d i t io n s  p o ly n u c le o t id e  p h o s p h o r y la s e  

can  fu n c t io n  as a d e g r a d a t iv e  en zym e. W hen c u l t u r e s  o f  E ,  c o l i  a r e  g ro w n  

u n d e r  c o n d it io n s  c f  c a r b o n  s t a r v a t io n ,  r ib o s o m a l  R N A  and t - R N A  a r e  

r a p i d ly  d eg ra d e d  by r ib o n u c le a s e s  and p o ly n u c le o t id e  p h o s p h o r y la s e  

(K a p la n  and A p i r i o n ,  19 74 ) .  R ibosom ai su b u n its  a r e  d e g ra d e d  by an  

e n d o n u c leas e  to R N A  m o le c u le s  about AS in s i z e .  T h e  4 S  m o le c u le s  a r e  

then d e g ra d e d  uy p o ly n u c le o t id e  p h o sp i to ry lo s e  to 5* n u c le o s id e  d ip h o s p h a te s .  

W hen m utants d e f e c t iv e  in R N A  d e ca y  a r e  is o la te d ,  they a r e  found to be 

d e fe c t iv e  in p o ly n u c le o t id e  p h o s p h o ry la s e  ( K i n s c h e r f ,  F o n  L e e  and A p i r i o n ,  

1S74). I f  p o ly n u c le o t id e  p h o s p h o ry la s e  does fu n c t io n  by d e g ra d in g  R N A ,  

t i l ls  w ou id  be a d v a n ta g e o u s  to d ie  c e l l  as the d e g ra d a t io n  p ro d u c ts  a r e  5 '  

d ip h o s p h a te s .  T h is  r e s u l t s  in a c o n s e rv a t io n  of e n e rg y  w h ic h  w o u ld  be 

los t  if  the R N A  w as d e g ra d e d  to 5 '  m onophosphates .

in c o n c lu s io n ,  the e x a c t  r o l e  of trie enzym e can n o t  b e  s ta te d  

but the a v a i l a b le  e v id e n c e  su g gests  that it can fu n c t io n  in the s y n th e s is  o r  

d e g ra d a t io n  o f  R N A  m o le c u le s  d epending  on the e n v i ro n m e n ta l  c o n d i t io n s .

Appi i ca t  ions

O ne o f  the f i r s t  uses  o f  trie en zym e w as in the p ro d u c t io n  of  

p o ly n u c le o t id e s  f o r  p h y s ic a l  s tu d ie s  ana f e r  e v a lu a t io n  as i n t e r f e r o n  

in d u c e r s .  M o r e  r e c e n t l y ,  a t te n t io n  has been  c o n c e n t ra te d  on the u se  of the 

p r i m e r  dependent e n z y m e  in the s y n th e s is  o f  d e f in e d  se qu e nc e  o l ig o n u c le o t id e s .

T h a c h  and D o ty  (1 9 6 5 a ,  b) h ave  s tu d ie d  the s y n th e s is  o f  

d e f in e d  sequ ence  o l ig o n u c le o t id e s  in g r e a t  d e t a i l .  In t h e i r  s tu d ie s  w i th  the  

enzyme- fror» M. iu tous . it w as  found that the ion ic  s t r e n g th  had a c r i t i c a l  

e f fe c t  on the r e a c t io n .  T h e r e  w as  an in v e r s e  r e la t io n s h ip  b e tw e e n  the  

io n ic  s t re n g th  and th e  c h a in  length  of the. o l ig o n u c le o t id e  fo rm e d .  T h e

b lo c k  o l ig o n u c le o t id e s  fo rm e d  ca n  be p u r i f i e d  by c h ro m a to g ra p h y  and used as  

a p r i m e r  f o r  f u r t h e r  a d d i t io n s .  T h e  y ie ld s  of the r e a c t io n  can  be im p ro ve d  

by in c o r p o ra t in g  a p h o s p h a te  re m o v a l  s y s te m ,  c o n s is t in g  o f  n u c le o s id e

" f l ip 'M W  1
l i‘

/1 ri S ê niltj i l ic o t in a m id e  r lb o s id o. in to  the r e a c t io n
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( S n in s k y ,  B e n n e t t  and G i lh a m ,  19 74 ) .  D e o x y n u c le o t id e s  can be in c o r p o r a t e d  

into  r ib o n u c le o t id e  p r i m e r s ,  f o r  e x a m p le ,  two th y m id in e  re s id u e s  ca n  be  

in c o r p o ra te d  in to  (A p )g A  (F 'e ix ,  1972) and d A M P  re s id u e s  can be in c o r p o r a t e d  

in to  A p A  o r  A p U  (K aufm an n  and L i t t a u e r ,  19 69 ) ,  D u r i n g  the p u r i f i c a t io n  

of E-. col i p o ly n u c le o t id e  p h o s p h o r y la s e ,  an enzym e c a p a b le  of p o ly m e r iz in g  

d e o x y n u c le o s id e  d ip h o s p h a te s  is  c o - p u r i f i e d .  S i n c e  the two a c t iv i t ie s  a r e  

in s e p a r a b le ,  i t  is thought that the a b i l i t y  to p o ly m e r iz e  d e o x y n u c le o s id e  

d ip h o s p h a te s  is a p r o p e r l y  of p o ly n u c le o t id e  p h o s p h o r y la s e  ( H s io h ,  1971;  

G i i la m  and S m i th ,  19 74 ) .  EE. col i p o ly n u c le o t id e  p h o s p h o r y la s e  has s in c e  

been  used to p r e p a r e  o l ig o d e o x y n u c le o t id e s  co n ta in in g  up to n in e  re s id u e s  

( G i ! lam et ai.. 1974).

P o ly n u c le o t id e  p h o s p h o r y la s e  has been im m o b il iz e d  on 

c e l lu lo s e ,  p ro d u c in g  a s ta b le  d e r i v a t i v e  of the en zym e  w h ic h  can be re u s e d  

m any t imes in the s y n th e s is  of p o ly n u c le o t id e s  (H o ffm a n  et  al., 1970).  T h e  

m a jo r  aim of the p re s e n t  p r o je c t  w as  tc p r e p a r e  im m o b il iz e d  d e r i v a t i v e s  

of the enzym e u s in g  o th e r  s u p p o r t  m a t e r ia ls  end to s tu d y  the p r o p e r t i e s  or 

th e s e  d e r i v a t i v e s .  T h e  p u r i f i c a t io n  o f  the en zym e  by a f f in i t y  c h ro m a to g ra p h y  

w as a ls o  in v e s t ig a te d .  T h e  p r o p e r t i e s  of im m o b il iz e d  en zym es and the 

tec h n iq u e  cf a f f i n i t y  c h ro m a to g ra p h y  w i l l  be  r e v ie w e d  in the f o l lo w in g  s e c t io n .
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Im m o b il iz e d  E n z y m e s

(1 0 )

E n z y m e s  h a v e  g re a t  p o te n t ia l  f o r  in d u s t r ia l  u se  b eca u s e  

of t h e i r  s p e c i f i c i t y  and the w id e  n um ber of co m p lex  r e a c t io n s  w h ic h  th ey  

can  c a t a ly s e .  H o w e v e r ,  s e v e r a l  f a c t o r s  m i t ig a te  a g a in s t  the use of 

p u r i f i e d  e n zym es  on a l a r g e  s c a le .  T h e  most im p o r ta n t  c f  th ese  a r e  the  

high  c o s t  of is o la t io n  and the d i f f i c u l t y  of r e c o v e r in g  an en zym e fi-om th e  

r e a c t io n  m ix t u r e .  In the p a s t ,  th is  has meant that many in d u s t r ia l  

re a c t io n s  h a v e  b een  c a r r i e d  out by in ta c t  m ic r o - o r g a n is m s .

in re c e n t  y e a r s ,  two m a jo r  d eve lo p m e n ts  h ave  im p ro ve d  

the p r o s p e c ts  f o r  the u se  o f  en zym es on an in d u s t r ia l  s c a le .  T h e  f i r s t  o f  

th ese  is the im p ro v e m e n t  o f  enzym e p u r i f i c a t io n  te c h n iq u es  th rough  the  

s c a l in g  up o f  e x is t in g  m ethods and ihc u se  of new te c h n iq u es  such as 

a f f in i t y  c h ro m a to g ra p h y .  T h e  second d eve lopm ent has been  the p r e p a r a t i o n  

of im m o b i l iz e d  e n z y m e  d e r i v a t i v e s  w h ic h  r e t a in  t h e i r  s p e c i f ic i t y  and c a t a l y t i c  

a c t iv i t y  and ca n  be used r e p e a t e d ly  (S i lm a n  and K a t c n a l s k i ,  1966; M e l r o s e ,  

1971).

N e ls o n  and G r i f f i n  (19 16 ;  p r e p a r e d  the f i r s t  im m o b il ized  

en zym e  w hen  they a d s o rb e d  in v e r la s e  onto  c h a r c o a l  and found that the 

en zym e  r e t a in e d  a c t iv i t y .  F o l lo w in g  the p r e p a r a t io n  o f  w a t e r  in s o lu b le  

a n t ig e n s  and a n t ib o d ie s ,  the- f ie ld  of im m o b il iz e d  en z y m e  techn o lo g y  has  

d e v e lo p e d  r a p i d ly .

T h e r e  a r c  fo u r  main methods f o r  the p r e p a r a t io n  of 

im m o b il iz e d  e n z y m e s .

1. A d s o r p t io n  onto  c a r r i e r s

T h is  is not a v e r y  r e l i a b l e  method as it is n o n s p e c if ic  and  

p r o t e in  can  be los t  th ro u g h  changes in p H ,  ion ic  s t r e n g t l i  o r  t e m p e r a t u r e .

T h e  method has been used  to p r e p a r e  der iv a t iv e s  of a m in o a c y la s e  a d s o rb e d  

onto D E A E - c e l  lu lo s e  ( S a t o  ot al.. 1971).

2 .  E n t r a p ment in g e ls o r  in icreic a n - u les

T h is  method hf).s the ad va n ta g e  that c o v a le n t  bond fo rm a t io n  

is not r e q u i r e d  and the m ethod  can t h e r e f o r e  be- a p p l ie d  to any enzym e.
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H o w e v e r ,  t h e re  a r e  s e v e r a l  d is a d v a n ta g e s .  L e a k a g e  of enzym e is d i f f i c u l t  

to av o id ,  c a t a ly s is  is l im ite d  by d i f fu s io n  o f  s u b s t r a te  into  the gel and  

f r e e  r a d i c a l s ,  g e n e ra te d  d u r in g  the p o ly m e r iz a t io n  o f  the g e l ,  may a f fe c t  

the a c t iv i t y  of the en zym e . T h e  tec h n iq u e  h as  been u sed  to p r e p a r e  

m ic ro c a p s u le s  co n ta in in g  L - a s p a r a g i n a s e  (C h a n g ,  1972 )

3, C o v a le n t c ^ o s s - I  i itk inp of the p r o te in  b y  bi fu nc t io n a l  r e a gents

T h e  most common type of d e r i v a t i v e  p r e p a r e d  is one in w h ich  

o n ly  one enzym e is c r o s s - l i n k e d ,  f o r  e x a m p le  t r y p s in  r e a c t s  w ith  

g iu tar -a ldehyde to fo rm  an in s o lu b le ,  p o l y m e r ic  d e r i v a t i v e  w h ich  r e t a in s  

a c t iv i ty  (H a b e e b ,  19S7). O th e r  d e r i v a t i v e s  h ave  been p r e p a r e d  in w h ic h  the  

enzym e is c r o s s  I in k ed  to an an t ibody ( A v r a m e a s , 1959) o r  to a n o th e r  enzym e  

(fviaUiasson, Jo h an ss o n  and M o sb ach ,  1 9 7 4 ) .  A  d is a d v a n ta g e  c f  the 

method is then o n ly  a sm all  p e rc e n ta g e  of th e  enzym e m o le c u le s  a r c  

a v a i la b le  f o r  re a c t io n  w ith  s u b s t ra te .  T h e  a c t iv i t y  o f  the p r e p a r a t io n s  can  

be im proved  by a d s o rb in g  the enzym e onto a s u r fa c e  arid then c r o s s - !  ink ing  

the enzym e m o le c u le s  (H a y n e s  and W a ls h ,  1 9 5 3 ) .

4 .  C o v a le n t  b in d in g  of p ro te in s  to an in s o lu b le  m a t r ix  v i a
f u n c t ionaI g ro u p s  on the enzym es____________  ________

T h is  is the most w id e ly  u sed  and s a t is f a c t o r y  method of  

p r e p a r in g  im m o b il ized  en zym es .  In g e n e r a l ,  su p p o rt  m a t e r ia ls  c Qn be  

d iv id ed  into two c la s s e s  -  o rg a n ic  and in o r g a n i c .  T y p ic a l  exam ples  of  

o rg a n ic  su p p o rts  a r e  c e l lu lo s e  and o th e r  p o l y s a c c h a r i d e s ,  p o ly a c r y la m id e ,  

nylon  and p o ly s ty r e n e .  C e l lu lo s e  d e r i v a t i v e s  a r e  r e a d i l y  a v a i la b le  and  

can be r e l a t i v e l y  e a s i l y  c o n v e r te d  to a c t iv a t e d  fo rm s .  F o r  e x am p le ,  

carb oxym oth y l  c e l lu lo s e  can bes co n v e rte d  to  an ac id  a z i d e  w hich  w i l l  then  

re a c t  w ith  p ro te in s  a t  a lk a l in e  pH (M itz  an d  S u m m a r ia ,  19 61 ) .  A n o th e r  

method of a c t iv a t in g  c e l lu lo s e  d e r iv a t iv e s  is  to r e a c t  them w ith  a t r i a z i n e  

(K ay  and L i l l y ,  1970 ).  T h e  p o ly s a c c h a r id e s ,  S e p h a d e x  and S e p h a r o s e  a r e  

v e r y  useful 'o r  en zym e immcbil iza t io n  as t h e y  a r e  r e a d i l y  a c t iv a te d  by 

cyanogen b ro m id e  (A x o n ,  P o r a t l i  and E r n b a c k ,  1967) and h ave  low le v e ls  

of im p u r i t ie s  w h ich  couict iead  to n o n -s p e c if ic :  a d s o rp t io n  of p ro te in .

H ie  use of p o ly a c r y la m id e  as a support  m a t e r i a l  has b een  d e s c r ib e d  by Inman  

and I ) in» 7K  ( iVhVi nnrl m e  use nr n y lon  anri n o iv s t y r e n n  h as been d eve lo p ed

1972; F .i I ip p us so n  and

( 11 )

im  nitf'Vnui, lrir '  '*1 - " l! r  ''".,,in" L i Unman and M o r p h y .  1972; F i

f : *. i -J" t   ̂C  , ; ' ,6£ ^



H o rn b y ,  1 9 7 0 ) .  N y lo n  has boon found to be the  m o r e  s u i t a b le  m a t e r ia l

as the h y d ro p h o b ic  e n v iro n m e n t  o f  p o ly s t y r e n e  can  lead  to e n z y m e  in a c t iv a t io n .

In o rg a n ic  s u p p o r t  m a t e r ia ls  o f f e r  the a d v a n ta g e  o f  r e s i s t a n c e  

to m ic r o b ia l  a t t a c k  and s in c e  the m a t e r ia ls  a r e  r i g i d ,  they ca n  be u sed  in 

packed  beds a t  h ig h  f lo w  r a t e s .  T h e  te c h n iq u e  of a t ta c h in g  en z y m e s  to 

in o rg a n 'c  s u p p o r ts  has b een  d eve lop ed  b y  VVeetall ( 1 9 6 9 ,  1970) and  

can be a p p l ie d  io a v a r i e t y  of m a t e r ia ls  s u ch  as p o ro u s  g la s s  and  n ic k e l  

ox ide .

¡¡i the  p r e s e n t  w o r k ,  th r e e  m ain  tec h n iq u e s  w e r e  u sed  and  

w i l l  new be d e s c r ib e d  in g r e a t e r  d e ta i l .  T h e y  w e r e ,  c y an o g e n  b ro m id e  

a c t iv a t io n  o f  p o ly s a c c h a r  id e s ,  t r i a z i n e  a c t iv a t io n  o f  D E A E - c e l  lu lo s e  ar.d 

co u p l ing  of the  en z y m e  to a m in o a ik y l  d e r i v a t i v e s  o f  p o ro u s  g la s s  and  c c l i t c .

C y a n o g e n  b ro m id e  a c t iv a t e d  p o ly s a c c h a r id e s  a r e  w id e l y  

used in the p r e p a r a t i o n  of im m o b il ized  e n zym es  and in the s y n th e s is  of  

m a t e r ia ls  for'  a f f i n i t y  c h ro m a to g ra p h y .  T h e  a d v a n ta g e s  o f  the m ethod a r c  

i ts  s i m p l ic i t y ,  n ii io  r e a c t  ion c o n d it io n s  and  the s f ab < I i . y or the p ro d u c ts *

S tu d ie s  w i th  a c t iv a t e d  p o ly m e rs  and model compounds h a v e  led  to the  

p ro p o sa l  of a r e a c t io n  schem e ( F ig u r e  4 )  (A x e n  and E r n b a c k ,  1971;

K agcda l and A k c r s t r o m ,  19 71 ) .  It w as  c o n c lu d e d  that a c t iv a t io n  o f  the  

p o ly m e r  le a d s  to the fo rm a t io n  o f  c y c l i c  im id o c a rb o n a te s  and c a r u a m a t e c .

O f th ese ,  th e  im id o c a rb o n a te  is the d om in an t s p e c ie s  and r e a c t s  most  

s t r o n g ly  w i t h  nuc.l eophi I ic g ro u p s  in p r o t e in s ,  su ch  as the € am in o  g ro u p  

of ly s in e .  T h e  a c t iv e  s p e c ie s  fo rm e d  d u r in g  cy a n o g e n  b ro m id e  a c t iv a t io n  

h ave  been  c h a r a c t e r  ¡zed  by s tu d y ing  the b e h a v io u r  of an  a c t iv a te d  s o lu b le  

d e x l r a n  on i s o e l e c t r i c  fo c u s s in g  (S v e n s s o n ,  1S73). T h e  p o ly m e r  w as  

less  p o s i t i v e ly  c h a r g e d ,  In d ic a t in g  that the im ld o c a rb o n a te  w a s  the m a jo r  

p ro d u c t .  T h i s  f in d in g  w a s  in a g re e m e n t  w i t h  the a s s ig n m e n ts  b a se d  cn  i n f r a 

re d  s tu d ie s  o f  model compounds ( B a r t l in g  et a I.. 1 9 7 2 ) .

C e l lu lo s e  and S e p h a d e x  sh o u ld  he m o r e  r e a d i ly  a c t iv a t e d  by 

cyanogen  b r o m id e  than a g a r o s e  as these p o ly m e r s  a r c  m ade up o f  P 1— > 4 

l in ke d  g lu c o s e  r e s id u e s  ( F ig .  5) ( F o r a i h ,  19 60 ) .  T h e  2 ,  3 h y d ro x y l  g ro u p s  

of the g lu c o s e  b a s e d  p o ly m e rs  a r c  d le q u a t o r In i  and sh o u ld  fo rm  the c y c l i c

(1?.)



F  I G LJ R  F. 4

A c t iv a t io n  o* p o ly s a c c h a r id e s  by cy an o g e n  b ro m id e  and subsequent  

re a c t io n  o f  the a c t iv a t e d  m a t r i x  w i th  p r o t e in s .  (A x e n  and E r n b a c k ,  1971)
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S t r u c t u r e s  of S e p h a d e x  and S e p h a r o s e .  

( P o r a t h ,  196G)

l





im id o c a rb o n a te  m o re  r e a d i l y  than the a g a r o s e  d e r i v a t i v e s .  Model s tu d ie s  

on the c o u p l in g  o f  g ly c y l - l e u c i n e  to a c t iv a te d  p o ly m e r s  h ave  shown that 

S e p h a d e x  can  b ind  up to t h r e e  t im es  the amount of g ly c y l - l c u c i n e  coupled  

to a g a r o s e  w h ic h  had been  a c t iv a te d  u n d e r  s i m i l a r  c o n d i t io n s  (A x en  and  

E r n b a c k ,  1971 ).

U n t i l  r e c e n t l y ,  the bond b e tw e e n  a c t iv a t e d  a g a r o s e  and a 

p r o te in  w as  p re s u m e d  to b e  s ta b le  ( C u a t r e c a s a s , 1970 ) but re c e n t  

e x p e r im e n ts  w ith  in s u l in  c o v a le n t ly  bound to S e p h a r c s e  h ave  in d ica te d  

that  th is  m ight not be the c a s e ,  W h e n  i n s u l i n - S e p h o r o s e  w a s  incubated  

w ith  B S A ,  an  a c t iv e  s o lu b le  fo rm  o f  in s u l in  w as  released (O ka  and T o p p e r .

1 9 / 4 ) .  F u r  .h e r  s tu o io s  in d ic a te d  .hat n u c le o p h i l ic  a t t a c k  by am in es  cou lo  

r e le a s e  N  ̂  - K ^ - d ic u b s t  i tu ted  g u a n id in e s  ( W i lc h o k ,  O k a  and T o p p e r ,  1975 ).  

T h is  cou ld  c a u s e  s ig n i f ic a n t  lo s se s  i f  the im m o b i l iz e d  en zym e  w a s  used in 

a co n t in u ou s  p ro c e s s .

A g a r o s e  g e ls  becom e c r o s s !  inked  d u r in g  a c t iv a t io n  and become

m o re  r ig id .  I h is  is u sctu l i f  the ¡rrimobil iz e d  e n z y m e  is going to be used in 

a co n tin u ou s  p ro c e s s  as it m in im iz e s  en z y m e  lo s s .  A n e w  p ro c e s s  f o r  

a c t iv a t in g  a g a r o s e  g e ls  has r e c e n t ly  been  d e s c r ib e d  w h ic h  leads to a h ig h ly  

c r o s s l  Inked  gel c o n ta in in g  r e a c t iv e  o x i r a n e  g ro u p s  w h ic h  c a n  r e a c t  w ith  

am in e  and h y d ro x y l  g ro u p s  (S u n d b e rg  ar.d P c r a t h ,  19 7 4 ) .  T h e  c r o s s l in k e d  

p o ly m e r  Is s ta b le  a t  h igh  temper a t u r e s  and co u ld  be u sefu l  f o r  the  

im m o b i l iz a t io n  of en zym es f ro m  th orm o ph i I ic  b a c t e r i a .

T h e  second c la s s  o f  d e r i v a t i v e s  w as  p r e p a r e d  by the r e a c t io n  

of the en z y m e  w ith  c e l lu lo s e  c ie r iv a t iv e s  w h ic h  had  b een  a c t iv a te d  by  

s y m - t r i a z i n e  ( F ig .  G) (K a y  an d  L i l l y ,  !97'0; W i ls o n ,  K a y  and L i l l y ,  1968 ).

It is p o s s ib le  to ch o o s e  the net  e l e c t r o s t a t i c  c h a r g e  o f  th ese  d e r i v a t i v e s  

lea d in g  to h ig h e r  p r o t e in  lo a d in g s .  S i n c e  r e a c t io n  p ro c e e d s  th ro ug h  the  

h y d ro x y l  g ro u p s  o f  the m a L i x ,  ion e x c h a n g e  c e l lu lo s e s  such as  C M  -  and 

D E A E  -  c e l lu lo s e  can  be u sed  as s u p p o r t  m a t e r ia ls .  C y a n u r ic  c h lo r id e  

is too r e a c t iv e  and its u se  r e s u l t s  in an a g g r e g a te  o f  c r o s s l  inked  m a t e r ia l .

T h e  most com m only  used  re a g e n t  is 2 - a m m o - 4 ,  6 - d i c h l o r o - s y m - t r i a z i n e .

T h e  a c t iv a te d  m a t r ix  r e a c t s  p re d o m in a n t ly  w i th  ly s in e  g ro u p s  on the s u r fa c e  of  

the enzym e (K a y  and C r o o k ,  it-tov).
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R e a c t io n  of p o ly s a c c h a r id e s  w ith  2 - a m in o  -  4 , 6  -  d i c h i o r o - s - t r i a z i n e  

and su b sequ en t  r e a c t io n  of the a c t iv a te d  m a t r ix  w ith  p r o t e i n s .

(K a y  and i_i ! iy , 1970),
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T h e  t h ir d  g ro up  of enzym e d e r i v a t i v e s  w e r e  b ased  on the  

in o rg a n ic  m a t e r i a l s ,  p o ro u s  g la ss  and c e l i t e - 5 6 0 .  P o r o u s  g la s s  bead s  

a r e  m a n u fa c tu r e d  f ro m  96% s i l ic a  and can be p u r c h a s e d  in w e l l  d e f in e d  

p o r e  s iz e s .  C e l i t e - 5 6 0  w as used as an in e x p e n s iv e  a l t e r n a t i v e  to the  

d e f in e d  p o re  b e a d s  and is a fo rm  of s i l i c a  c o n ta in in g  m etal o x id e  im p u r i t ie s .  

T h e  f i r s t  s ta g e  in the p ro c e s s  is the fo rm a t io n  of ar, a lk y la m in e  d e r i v a t i v e  

w h ic h  can  then be re a c te d  w ith  en zym es in a n u m b e r  of w a y s .  A  d ia zo n iu m  

d e r i v a t i v e  can  b e  fo rm e d  w h ich  w i l l  r e a c t  w i t h  t y r o s in e  r e s i d u e s ,  the am ino  

g ro up  ca n  be c o n v e r t e d  to an ¡s o th io c y a n a ie  w h ic h  can  then be r e a c t e d  

w ith  ly s in e  and a r g i n in e  re s id u e s .  T h e  a m in e  g ro u p  can be co n d e n s ed  

w ith  c a rb o x y l  g ro u p s  by means o f  a w a t e r  s o lu b le  c a r b o d i im id e .  P e r h a p s  

Ih e s ln 'p lc s t  m ethod is to r e a c t  the a lk y l  am in e  g la s s  w ith  y lu ia ra lc le h y c o ,  

the a c t iv a te d  m a t r i x  w i l l  then bind to ly s in e  r e s id u e s  oti the e n z y m e  th rough  

S c h i f f * s  b ases  (R o b in s o n ,  D u n n i l l  and L i l l y ,  1971) ( F ig ,  7).

A  d is a d v a n ta g e  of p o ro u s  g la s s  is i ts  f r a g i l i t y  in a 

s t i r r e d  r e a c t o r  which. Can be o v e rc o m e  by d ie  use o f  z i r c o n iu m  o x id e  coated  

g la s s  bead s  ( W e e ta l !  and H a v e w a la ,  1972),  S e v e r a l  o th e r  in o rg a n ic  

m a t e r ia ls  h ave  been p ro p o se d  as s u p p o r t  m a t e r i a l s ,  f o r  e x a m p le ,  n ic k e l  

o x id e  ( W e e ta l l  and H e r s h ,  1970) and a lu m in a  s i l i c a  ( H e r r i n g ,  L a u r e n c e  

and K i t r e l l ,  1 9 7 2 ) .  P o s s ib le  d e ve lo p m e n ts  in c lu d e  tine use c f  m a g n e t ic  

s u p p o rt  m a t e r ia ls  w h ic h  cou ld  be r e a d i ly  re m o v e d  f ro m  the r e a c t io n  

m ix t u r e  (van L e e m p u t le r  and H o r i s b e r g e r ,  19 7 4 ) ,

P r o p e r t i e s  of im m o b il iz e d  e n zym es

S ta b i  I i t \

O n e  of the most d e s i r a b le  f e a t u r e s  in an in d u s t r ia l  c a t a ly s t  

is s t a b i l i t y ,  bo th  In use cr.d in s to r a g e .  In most c a s e s ,  Im m cbil  i z e d  

en zym es  have shown In c re a s e d  s t a b i l i t y  on p ro lo n g e d  s to r a g e  and an 

in c r e a s e d  r e s i s t a n c e  to d é n a tu ra n ts  and e x t r e m e s  of te m p e r a t u r e .  F o r  

e x a m p le ,  c h y m o tryp s  in - a g a r o s e  co n ju g a te s  ca n  be s t o r e d  at 4 ¡n b u f f e r  fo r  

up to 10 months ( A x en and L r n b a c k ,  1971) and  im m o b il iz e d  3 - g a la c to s id a s e  

is s t a b le  o v e r  a  p e r io d  of y e a r s  ( L i l l y ,  19 7 1 ) .  F u r t h e r m o r e ,  w hen  u r e a s e  

is a t ta c h e d  to n v lo n .  it:; th erm al  s t a b i l i t y  and  s t o r a g e  p r o p e r t i e s  a r e

(14)
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P r e p a r a t io n  of a ik y la m in e  d e r i v a t i v e s  of g la s s  and a c t iv a t io n  w ith  

g lu ta r a ld e h y d e .
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enhanced (S u n d a ra m  and H o r n b y ,  1970).  L a c t a t e  d e h y d ro g e n a s e  a t ta ch ed  

to D E A E - c e l  lu lose  a ls o  show s an in c r e a s e  in th e rm a l  s t a b i l i t y  (W i ls o n ,

K a y  and L i l l y ,  1963 ).

T h e  r e s is t a n c e  of im m o b il iz e d  t ry p s in  to u r e a  d e n a tu ra t io n  

has been stud ied  in d e ta i l  (G a b e l ,  1973).  W hen t r y p s in  is a t ta c h e d  to 

S e p h a d e x ,  it Is r e s is t a n t  to d e n a tu ra t io n  by 8 M u r e a .  H o w e v e r ,  t r y p s in -  

a g a r o s e  co n ju g ates  a r e  rioi r e s is t a n t  to the  same c o n c e n tra t io n s  o f  u re a .  

D e r i v a t iv e s  of c h y m o t r y p s in -S e p h a d e x  w e r e  not r e s is t a n t  to d e n a tu ra t io n  

by u re a  (Gabel c l  a!.. 19 7 0 ) .  T h e  f lu o r e s c e n c e  s p e c tru m  of the t r y p s l n -  

S e p h ad ex  co n ju g ate  w as u n a l te r e d  (G a b e l ,  S t e in b e r g  and K a t c h a ls k i ,  1 9 7 i ) ,

T h e  re s is ta n c e  to u r e a  d e n a tu ra t io n  co u ld  be due to a n u m b e r  of r e a s o n s .

T h e  p re s e n c e  of c a r b o h y d r a t e  re s id u e s  c o u ld  re d u c e  the l ik e l ih o o d  o f  the  

p ro te in  u n fo ld ing , m o d if ic a t io n  o f  the a m in o  g ro up s  co u ld  lead  to an 

a l t e r a t io n  in the d e n a iu r a t io n  m echan ism  and f i n a l l y ,  the c r o s s - l i n k in g  b e tw e e n  

the p ro te in  and m a t r i x  co u ld  p re v e n t  the c o n fo rm a t io n a l  chan g es  w h ic h  take  

p la c e  d ur in g  d c n a tu ra t ic n .

N o t  a l l  en zym es  ex h ib it  en h an ce d  s t a b i l i t y  w hen  im m o b il iz e d ,  

p e ro x id a s e  bound to C M - c e l  lu lo s e  is les s  s ta b le  than the f r e e  en zym e  

( W e l ik y ,  B ro w n  and D a le ,  1969) and the s t a b i l i t y  of d e r i v a t i v e s  of t ry p s in  

and m a le ic a n h y d r id e - c t h y lc n e  c o p o iy .n e rs  depends on the c o n c e n tra t io n  of 

enzym e coupled  ( W e e t s l l ,  1970 ).

K in e t ic s

T h e r e  a r e  f o u r  m ain  r e a so n s  fo r  a change in the b e h a v io u r  

of an im m obil ized  en zym e  when c o i r i r v e d  w i t h  that of the en z y m e  in f r e e  

so lu t ion  (S u n d a ra m ,  T w c c d a le  and L a i d l e r ,  1970; K o b aya sh i  and L a i d l e r ,  

1973).

1. T h e r e  m ay have been a c o n fo rm a t io n a l  ch an g e  in the 

enzym e as a re s u l t  of Its c o v a le n t  a t ta c h m e n t  to the m a t r ix .

2. T h e  e n z y m e - s u b s t r a t e  in te r a c t io n s  o c c u r  in a 

d i f fe re n t  c; iv ironrncnt.

3. T h e r e  w i l l  be  p a r d o n in g  of the s u b s t r a t e  in f r e e  so lu t ion  

and in the m ic r o e n v iro n m e n t  of the m a t r ix .  T h e s e  e f fe c ts  w i l l  be 

e s p e c ia l ly  p ro n o u n c ed  i f  the m a t r ix  and s u b s t r a t e  a r e  e l e c t r i c a l  I y c h a rg e d .
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4 .  In f r e e  so lu t io n  enzym e r e a c t io n s  a r e  not u s u a l ly  

d i f f u s i o n - c o n t r o l l e d ,  but the r a t e  of r e a c t io n  of an im m o b il iz e d  e n z y m e  

may be l im ite d  by d if fu s io n a l  o r  m a s s - t r a n s f e r  e f fe c ts .

L i t t l e  is known of the e f fe c t  o f  c o v a le n t  a t ta c h m e n t  of an  

en zym e  to a m a t r i x .  O n ly  6% of the p ro te in  in an im m o b il iz e d  g lu c o s e  

o x id a s e  d e r i v a t i v e  w as  found to be c a t a ly t i c a l  ly a c t iv e  (W e ib e l  and  B r i g h t ,  

1 9 7 1 ) .  T h is  6%  of p ro te in  w as  bound on the  s u r f a c e  of the m a t r i x  w h i l e  

the in a c t iv e  p r o t e in  w as  bound w ith in  the p o ro u s  n e t w o r k  of the s u p p o r t .

T h e  d i f f i c u l t y  of d is t in g u is h in g  a c t iv e  f ro m  in a c t iv e  p r o te in  has (cade it  

h a rd  to c a lc u la t e  m ean ing fu l v a lu e s  o f  the c a t a l y t i c  c o n s ta n t ,  k c a t .  F o r  

e x a m p le ,  the a p p a r e n t  kc a .to f  a C M - c c i lu i o s e  b ro m e la in  d e r i v a t i v e  w a s  

found to be 5 2 %  of the v a lu e  of the f r e e  en z y m e  w hen  c a lc u la te d  on th e  b as is  

of p r o t e in  c o n te n t .  W hen the v a lu e  w as  c a lc u la t e d  on the b a s is  of a c t iv e  

th io l  g ro u p s ,  the a p p a re n t  kcat  r o s e  to 77% of the f r e e  e n z y m e  v a lu e  

( W h a r t o n ,  C r o o k  and B r o c k l e h u r s t ,  1958a) .  M o r e  r e c e n t l y ,  an " ' d i v e  s i te  

t i t r a t io n  m ethod f o r  the d e te r m in a t io n  of a c t iv e  t r y p s in  has b een  d o v e !o p e d  

and it was found  that o n ly  25%  of an irnmobi i iz e d  t r y p s in  d e r i v a t i v e  w a s  

a c t iv e .  ( F o r d ,  C h a m b e rs  and C o h e n ,  1973).

b e tw ee n  the m a t r i x  and a c h a rg e d  s u b s t r a te  has a c r i t i c a l  e f fe c t  on the  

a p p a re n t  v a lu e s  of k in e t ic  co n stan ts  f o r  an im m o b il iz e d  en z y m e . F o r  

e x a m p le ,  A T P  c r e a t in e  p h o s p h o t r a n s fe r a s e  a t ta c h e d  to G M - c e l l u l o s e  shows  

a ten fo ld  i n c r e a s e  in the a p p a re n t  v a lu e  o f  Km w ith  re s p e c t  to A T  P  w h ic h  is  

n e g a t iv e ly  c h a r g e d  ( H o r n b y ,  L i l l y  and C r o o k ,  19 67 )  w h i le  a C M - c e l l u l o s e  

f i c in  d e r i v a t i v e  shows a ten fo ld  d e c r e a s e  in a p p a re n t  Km w h e r e  the s u b s t r a t e ,  

B A E E ,  is p o s i t i v e ly  c h a rg e d  ( H o r n b y ,  L i l l y  and C r o o k ,  19 6 6 ) .  T h e r e  is  

l i t t l e  a p p a re n t  ch an g e  in the Km f o r  en zym es w h o s e  s u b s t r a te s  a r e  u n c h a rg e d .  

T h is  e f fe c t  is cau s ed  by' the in te ra c t io n  of s u b s t r a t e  and m a t r i x .  I f  they  

h ave  o p p o s ite  c h a r g e ,  t h e re  w i l l  be an in c r e a s e  in the local c o n c e n t r a t io n  

of s u b s t r a te  in the m ic r o e n v iro n m e n t  of the e n z y m e ,  the e f fe c t  Is  o v e rc o m e

E f f e c t  of c h a r g e d  m a t r ic e s  on the k in e t ic  
c o n s ta n ts  o f  im m o b il iz e d  en zym es

S e v e r a l  g ro u p s  of w o r k e r s  h a v e  sh o w n  that the in t e r a c t io n
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at h igh ion ic  s t r e n g th  (W h a r to n ,  C r o o k  and B r o c k l e h u r s t , 1S6Gb). T h e  e f fe c t

is not r e s t r i c t e d  to im m o b il iz e d  en zym es  as the a p p a re n t  Km of s o lu b le

p o ly c a t io n ic  d e r i v a t i v e s  o f  ch yrn o try p s in  is  h ig h e r  than the v a lu e

o b s e rv e d  w ith  the u nm od if ie d  en zym e w ith  e s t e r  s u b s t ra te s .  T h e r e  w as

no s ig n i f ic a n t  ch an g e  ir< the v a lu e s  of Km f o r  the p o lya n io n ic  d e r i v a t i v e s

of th is  en zym e ( G o ld s t e in ,  197?.).

E f f e c t  o f  im m o b il iz a t io n  on s p e c i f ic i t y  and k in e t ic  
p a th w a y s  of en zym es

N o n e  of the im m o b il iz e d  en zym es stud ied  to d a te  h ave  show n  

a r e a l  change in s u b s t r a t e  s p e c i f ic i t y  o r  k in e t ic  m echanism . O ne e n z y m e  

w h ich  has been s tu d ie d  in d e ta i l  is C - v - h y d r o x y  b u ty ra te  d e h y d ro g e n a s e  

( P r e u v e n e e r s  e t  a l„ 1973 ) and t h e re  w as  found to be v e r y  l i t t l e  d i f f e r e n c e  

in the v a lu e s  of the r a t e  co n stan ts  o b s e r v e d  when the enzym e w as  in f r e e  

so lu t io n  and w hen  it w a s  c o v a le n t ly  bound to D E A E - c e l  I ul ose. K in e t ic  

a n a ly s is  in d ic a te d  that the r e a c t io n s  fo l lo w e d  by f r e e  and im m o b il ized  

en zym e  fo l lo w e d  the sam e path w ay ,

T h e  m ost m a rk e d  e f fe c ts  on im m o b il ized  enzym es a r e  

o b s e rv e d  w ith  h ig h  m o le c u la r  w e ig h t  s u b s t r a t e s .  T he h y d ro ly s is  of c a s e in  

by C M - c e l  i'. iiose fic.in is v e r y  much s l o w e r  than the c o r r e s p o n d in g  h y d r o ly s is  

of low m o le c u la r  w e ig h t  s u b s t ra te s  (H o r n b y ,  L i l l y  and C r o o k ,  196C).

T h is  is pr o ba b ly  ca u s ed  by s t c r i c  h in d r a n c e  w h ich  can be o v e rc o m e  by 

the u se  of a s o lu b le  m a t r i x  such as d e x t r a n  (W y k e s ,  D u n n i l l  and L i l l y ,

1971),  S t e r i c  h in d r a n c e  can g iv e  r i s e  to an a p p a re n t  change in s p e c i f i c i t y  

in fa v o u r  of low  m o le c u la r  w e ig h t  s u b s t r a t e s .  F o r  ex am p le ,  t r y p s in  c le a v e d  

f i f t e e n  p ep t id e  bonds in pepsinogen  w h e r e a s  an im m o b il ized  d e r i v a t i v e  o n ly  

c le a v e d  ten p e p t id e  bonds (O ng , T s a n g  and P e r lm a n n ,  1966).

E f f e c t  of d i f fu s io n  on im m o b il iz e d  enzym es

S e v e r a l  s tu d ie s  of im m o b il iz e d  enzym es have shown that  

d if fu s io n  can in f lu e n c e  the r a t e  of r e a c t io n .  F o r  exam ple ,  the a p p a re n t  

Km f o r  the h y d r o ly s is  o f  B A E E  c a ta ly s e d  by packed  beds of C M - c e l Iu l o s e  

f ic in  in c re a s e d  at low f lo w  r a te s  ( L i l l y ,  H o rn b y  and C r o o k ,  1966).  T h e  

a p p a re n t  v a lu e  of Km d e c r e a s e d  at h ig h e r  f le w  r a t e s ,  f in a l ly  re a c h in g  the  

same v a lu e  as that o b ta in ed  in s t i r r e d  su sp e n s io n .  T h e  re s u l ts  w e r e

i /  .. .. . i  . -.a
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c o n s is te n t  w i th  the p re s e n c e  of a d i f fu s io n  l a y e r  a ro u n d  ea ch  p a r t i c l e  of  

im m o b il iz e d  en zym e. T h e  r a t e  of t r a n s f e r  o f  s u b s t ra te  th ro u g h  the 

d if fu s io n  l a y e r  w i l l  be i n v e r s e ly  p r o p o r t io n a l  to the th ic k n e s s  of th is  l a y e r  

w h ic h  is i t s e l f  in v e r s e ly  r e la t e d  to the f lo w  r a t e .  A t  l o w e r  f lo w  r a t e s ,  

t h e r e  w i l l  t h e r e f o r e  be a d i f f e r e n c e  b e tw e e n  the c o n c e n t ra t io n  of s u b s t r a t e  

in the r e a c t io n  medium and the c o n c e n t ra t io n  of s u b s t r a te  in the m i c r o 

e n v iro n m e n t  of the enzym e.

T h e s e  r e s u l ts  have been ex ten ded  by T a y l o r  and Swaisgood(l9?2) 

who a t ta c h e d  t ry p s in  to p o ly s ty r e n e  beaus th ro u g h  s p a c e r  a rm s  of g ly c in e  

r e s id u e s .  T r ie  o b s e rv e d  v a iu e s  of kcat  w e r e  found to be ind ep en d en t of  

f lo w  r a t e  and  the ch a in  length  of the s p a c e r .  T h e  a p p a re n t  Km w as  

dependent on both p a r a m e te r s .  A  d e c r e a s e  in the  th ic k n e s s  of the d i f fu s io n  

l a y e r  o c c u r r e d  upon doubling th e f lo w  r a t e  and w hen  the s p a c e r  c o n s is te d  

of fo u r  g ly c i n e  r e s id u e s ,  the d e c r e a s e  w as  55  m ic r o n s .  In the c a s e  o f  a 

ten re s id u e  s p a c e r ,  the d e c r e a s e  was 22 m ic r o n s .  An  in c r e a s e  in a p p a re n t  

Km w ith  in c r e a s in g  s p a c e r  length o c c u r r e d  s u g g e s t in g  th a t  f a c t o r s  o t h e r  than  

d if fu s io n  a ls o  in f lu en ce  the o b s e rv e d  v a lu e  o f  Km. F o r  e x a m p le ,  th e re  

cou ld  h ave  b een  a change in the b in d in g  co n s tan t  f o r  s u b s t r a t e  cau s ed  

by tiio h y d ro p h o b ic  e n v iro n m e n t  of the p o ly s t y r e n e  m a t r ix .

T h e  k in e t ic s  of im m o b il iz e d  c h y m o tr y p s in  h ave  been s tu d ie d  in 

a s t i r r e d  b a tc h  r e a c t o r  ( L i l i y  and S h a r p ,  19 08 ) .  T h e  s u b s t r a t e  u s e d ,

A T E E ,  w a s  u n c h a rg e d  and the r e a c t io n  w as  not in f lu e n c e d  by s u b s t r a t e  o r  

p ro d u c t  in h ib i t io n ,  a l lo w in g  in t e r p r e t a t io n  o f  the r e s u l ts  s o le ly  in te rm s  

of d i f fu s io n  e f fe c ts .  T h e y  found that the r a t e  of s t i r r i n g  c o u ld  in f lu e n c e  

the v a lu e s  o f  Km and at h igh s t i r r i n g  r a t e s ,  the Km r e a c h e d  a co n stan t  

v a lu e .

T h e  e f fe c ts  d e s c r ib e d  abo ve  h ave  been  d ue to e x te r n a l  

f i lm  d i f fu s io n .  If ar. enzym e is im m o b il iz e d  on a p o ro u s  s u p p o r t  m a t e r i a l ,  

the m a jo r i t y  of the enzym e w i l l  be loc a te d  in s id e  the p o r e s  of the m a t r ix .  

S u b s t r a t e  m o le c u le s  w i l l  not only  h ave  to d i f fu s e  th ro u g h  the e x te r n a l  

f i lm  la y e r  but w i l l  a ls o  have to t ra v e l  th ro u g h  the p o r e s  to re a c h  the a c t iv e  

s i te  o f  the en z y m e . T h is  p o r e  d i f fu s io n  r e p r e s e n t s  a f u r t h e r  l im i ta t io n  on 

ti le a c t i v i t y  o f  iiniiiobi i izeu  enzym es.



T h e  p ro b le m  has been  s tu d ie d  e x te n s iv e ly  by R o v i lo  and 

K i t r e l l  (1 9 7 3 )  w i th  g lu c o s e  o x id a s e  im m o b il iz e d  on p o ro u s  g la s s .  U s in g  

packed  beds c o n ta in in g  bead s  of v a r i o u s  p a r t i c l e  s i z e s ,  the c o n v e rs io n  

r a t e  w as  s tu d ie d  u n d e r  c o n d i t io n s  w h ic h  m in im iz e d  e x te r n a l  f i lm  d i f fu s io n  

l im i ta t io n s .  T h e  s m a l l e r  p a r t i c l e s  w e r e  found to be m o re  a c t iv e .  It 

w as c a lc u la t e d  that in o r d e r  to o b ta in  a c a t a ly s t  w h ic h  w as  not d i f fu s io n  l im ite d  

p a r t i c l e s  of 3 0  m ic ro n s  d ia m e te r  w o u id  h ave  to be used co m p a re d  w ith  

c o m m e r c ia l ly  a v a i l a b le  g la s s  bead s  w h ic h  h ave  a d ia m e te r  o f  2 5 0  m ic r o n s .  

T h e s e  p a r t i c l e s  w ou ld  be too sm all  f o r  use in l a r g e  packed  beds and an 

a l t e r n a t i v e  is to u se  s u p p o r t  m a t e r ia ls  w i th  v e r y  la r g e  p o r e  s i z e s ,  A  

m a te r ia l  of in is  ty p e ,  n ic k e l  im p re g n a te d  s i l i c a  a lu m in iu m ,  has  been  

d eve lo p e d  w i t h  a p o r e  s i z e  ra n g in g  fro m  2 0 , 0 0 0  — 4 0 0 ,  CC0 c o m p ared  tc  

ti ie  2 0 0 0  R. d ia m e te r  of p o ro u s  g la s s  ( H e r r i n g ,  L a u r e n c e  and K i t r e l l ,  19 7 2 ) .

D i f fu s io n  l im ita t io n s  can  be d e te c te d  by e x a m in a t io n  of 

L i n e w e a v e r - B u r k  p lo ts .  V e r y  a c t iv e  d e r i v a t i v e s  of D E A E - c o l  Iu lo s e -  

c h y m o tr y p s in  g ave  non—l in e a r  r e c i p r o c a l  p lo ts  (K a y  and L i l l y ,  1S7G), 

w hen the p a r t i c l e s  w e r e  g ro u n d  to a s m a llen  s i z e ,  l i n e a r  p lo ts  w e r e  o b ta in e d .  

S im i la r '  e f f e c t s  h ave  b een  o b s e rv e d  w ith  g lu c o s e  o x id a s e  (W e ib e l  and 

B r ig h t ,  19 71 )  and w ith  3 - g a la c t o s id a s e  (R e g a n ,  D u n n i l l  and  L i l l y ,  19 74 ) .  

D i f fu s io n  e f f e c t s  can  a ls o  be o b s e rv e d  th rough  changes in the a c t iv a t io n  

e n e r g y .  A  d e c r e a s e  In a c t iv a t io n  e n e r g y  f ro m  11. I k c a l / m o l e  to 6 .  7 k c a l / m o le  

w as o b s e rv e d  w hen a tn ln o a c y la s e  w as  im m o b il iz e d  on D E A E - c e l  iu lo se  

(T o s a  e t  ai.. 19 6 7 ) .  T h is  has been a s c r ib e d  to c o n tro l  o f  the re a c t io n  r a t e  by 

p o re  d i f fu s io n .

D i f fu s io n a i  l im i ta t io n s  w i l l  lead  to high local c o n c e n tra t io n s  

of p ro d u c ts  and  this can b e  used to a d va n ta g e  in im m o b il iz e d  m u l t i - e n z y m e  

s y s te m s . A  h e x o k in a s e  -  g lu c o s e  6 -p h o s p h a te  d e h y d ro g e n a s e  system  

im m o b il iz e d  on S e p h a r o s e  p ro d u c e s  N A D P H  at a g r e a t e r  r a t e  than the 

c o r r e s p o n d in g  s o lu b le  sy s te m  (M osbach  and M a t t ia s s o n ,  19 7 0 ) .  T h is  ca n  

be a t t r ib u t e d  to a h ig h e r  loca l c o n c e n t ra t io n  of the In te r m e d ia te  p ro d u c ts .

T h e s e  r e s u l t s  h ave  been  ex te n d e d  to a t h re e  en zym e  sy s te m  (M a tt ia s s o n  

and M o s b a c h ,  1971).  A n  im m o b il iz e d  m ult i  enzym e system  w ou ld  seem to 

h ave  ad v a n ta g e s  in the s y n th e s is  of co m p lex  m o le c u le s .  A l l  in te rm e d ia te s



w ou ld  be r e t a in e d  in the m ic r o e n v iro n m e n t  o f  the m a t r i x  and  o n ly  the 

f in a l  p ro d u c t  w o u ld  d i f fu s e  into  the medium.

D e s ig n  of im m o b il iz e d  en zym e  r e a c t o r s

T h e  two most common r e a c t o r  c c n f ig u r a t io n s  o r e  the packed

I

bed and the s t i r r e d  r e a c to r  , w h ic h  can  be o p e ra te d  in e i t h e r  b a tc h  o r  

continuous p r o c e s s e s .  T h e  o p e ra t in g  c h a r a c t e r i s t i c s  of p a c k e d  beds  

and s t i r r e d  r e a c t o r s  h ave  been co m p ared  ( L i l i y  and S h a r p ,  1 9 6 8 ) .  In 

a system  w h ic h  is u n a ffec te d  by p ro d u c t  o r  s u b s t r a t e  i n h ib i t io n ,  a packed  

bed w in  be m o re  e f f ic ie n t  than the s t i r r e d  r e a c t o r .  S u b s t r a t e  in h ib i t io n  

w i l l  a f fe c t  a p ack ed  bed m o re  than a s t i r r e d  r e a c t o r  w h i le  p ro d u c t  

in h ib i t io n  w i l l  h ave  a mor e m a rk e d  e f fe c t  on the s t i r r e d  tan k .

-  (3 - g a l a c t o s ic a s e ,  it w as  found that the a v e r a g e  s i z e  o f  the p a r t i c l e  

b ecam e s m a l l e r  and p a r t i c l e s  w e r e  los t  th rough  the r e t a in in g  f i l t e r .

T h e  s m a l le r  p a r t i c l e s  w e r e  less  d if fu s io n  l im ite d  and t h e i r  re m o v a l  

cau s ed  a d is p r o p o r t io n a t e  loss in a c t iv i t y  (R e g a n ,  D u n n i l l  and L i l l y ,  1974).  

2 .  D e n a t u r a t ion of the e n z y me in the r e ac t o r

w i l l  be m o re  e f f e c t iv e  in a packed  bed r e a c t o r  than in a s t i r r e d  r e a c t o r .  

C o n v e r s e ly ,  an  enzym e p ro te c te d  by p ro d u c t  w i l l  o p e r a t e  m o r e  e f f i c ie n t ly

by h yd ro g e n  p e r o x id e  and i f  im m o b il iz e d  c a ia la s e  w a s  used  in  a  packed  bed ,  

the enzym e w o u ld  be? r o p id iv  In a c t iv a te d .  T h e  In a c t iv a t io n  c a n  be  

m in im iz e d  by u s in g  the enzym e in a s t i r r e d  r e a c t o r .

on an in d u s t r ia l  s c a le  but th e re  h ave  been many p i lo t  s c a le  s tu d io s  ind ica t in g  

possible- u ses ,

A m in o u c y la s o  im m o b il iz e d  o n D E A E - S e p h a d e x  is c u r r e n t ly

T h e  m a jo r  c a u s e  of in e f f ic ie n c y  in en zym e r e a c t o r s  is the

loss o f  a c t iv i t y  w h ich  ca n  be due to two m ain  c a u s e s .

1. D i s in te g r a t io n  of the enzym e p a r t i c l e  end ioss f r o m tne r e a c t o r

D u r in g  the o p e ra t io n  of a s t i r r e d  r e a c t o r  c o n ta in in g  A E - c e l  lu iosc

A n  enzym e p ro te c te d  f ro m  th e rm a l  in a c t iv a t io n  b y  s u b s t ra te

in a s t i r r e d  r e a c t o r  ( O 'N e i l l ,  1972 ). F o r  e x a m p le ,  c a t a la s e  is  in a c t iv a te d

A p p i i c a t io n s  of im m o b il ized  en zym es

T h e r e  a r e  few  exam ples  of the use o f  im m o b i l iz e d  enzym es



(21)

( S a to  et a!.. 19 7 1 ) .  Im m o b il iz e d  p e n ic i l l i n  am id a se  car, be used to p r e p a r e  

G -a m in o p c n ic i ! I a n ic  a c id  f ro m  b e n z y l  p e n ic i l l in  ( W a r b u r t o n ,  D u n n i l l  and  

L i l l y ,  1973 ).  T h e  seciuentia l c o n v e r s io n  o f  s te r o id s  has been a c h ie v e d  

u s ing  g e l - e n t r a p p e d  11 P - h y d r o x y  I a s s  end ¿1 1, 2 d e h y d ro g e n a s e  (M osbach  

and L a r s s o n ,  19 70 ) .  A n o th e r  m a jo r  use o f  im m o b il iz e d  en zym es is  in the 

a n a ly t ic a l  f ie ld  and a w id e  v a r i e t y  o f  en zym es has now been bound to nylon  

tubes f o r  use in au tom ated  a n a ly s is  (Inman and H o r n b y ,  1972 ).  A n  

im m o b il iz e d  g lu c o s e  o x id a s e  d e r i v a t i v e  has been used fo r  3 5 0 0  a s s a y s  w h i le  

the sam e amount of s o lu b le  e n z y m e  could  o n ly  h ave  been used f o r  1500  essay  

A lm o s t  a l l  of the e n z y m e s  which, h ave  beer, im m o b il iz e d  

a r e  en zym es w h ic h  c a r t  y o u i  c o n v e r s io n s  of sm al l  s u b s t ra te  m o le c u le s  o r  

d e g ra d e  m a c ro m o le c u le s .  O ne e x c e p t io n  is poi ynucl e o t id e  p h o s p h o r y la s e  

w h ic h  has been im m o b il iz e d  on c e l lu lo s e  and usee! in the la r g e  s c a le  

s y n th e s is  of p o ly n u c le o t id e s  (H o f fm a n  et a I.. 1970 ).  A  m a jo r  a im  of the  

p r e s e n t  p r o je c t  w as to p r e p a r e  a r a n g e  of im m o b il iz e d  d e r i v a t i v e s  of 

p o iy n u c ie o t id e  p h o s p h o r y ia s e  and to s tudy t h e i r  p r o p e r t i e s .
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A f f in i t y  C h ro m a to g ra p h y

T h e  p u r i f ic a t io n  of an enzym e by co n ve n t io n a l  tech n iq u es

w h ic h  r e l y  on sm all d i f fe r e n c e s  in p h y s ic o -c h e m ic a l  p r o p e r t i e s  such as  

s o l u b i l i t y  siid c h a r g e  is f r e q u e n t ly  a lengthy p r o c e s s .  O ne ad v a n ta g e  

of the techn ique of a f f in i ty  c h ro m a to g ra p h y  w h ic h  has been d eve lo p ed  

in re c e n t  y e a r s  is that the p u r i f i c a t io n  of an enzym e can  be c a r r i e d  out  

in o n e  s tep .

f o r  i ts  s u b s t ra te .  A  l igand re s e m b l in g  the s u b s t r a te  is bound to an 

in s o lu b le  su p p o rt  and a column of th is  m a te r ia l  is p r e p a r e d .  T h e  c r u d e  

e n z y m e  so lu t io n  is passed tn rough the co lum n, the en z y m e  is re t a in e d  

b y  th e  l igand w h i le  the re m a in in g  p ro te in s  a r e  w ashed  th ro u g h .  t l u t i o r i  

of the  enzym e can then be a c h ie v e d  in a num ber of w a y s ,  f o r  exam ple  by  

a ch a n g e  in ion ic  s t r e n g th ,  p H  o r  te m p e ra tu r e .  T h e  en z y m e -1 ig a n d  

in t e r a c t io n  can a ls o  be d is s o c ia te d  by w ash ing  the co lum n w i th  a s o lu t io n  of 

s u b s t r a t e  o r  c o fa c to r .

T h e  p u r i f ic a t io n  of an enzym e by a f f in i t y  c h ro m a to g ra p h y  

w a s  f i r s t  r e p o r t e d  in 1953 w hen  ty r o s in a s e  was p u r i f i e d  on a colum n of  

c e l lu lo s e  w h ich  had been t re a te d  w i th  d la z o i i z e d  p -a m ln o  phenol (L.errrian,  

1 9 5 3 ) .  T h e  techn ique was a ls o  used  f o r  the is o la t io n  of a n t ib o d ie s  

( C a m p b e l l ,  L e u s c h e r  and L e r m a n ,  1951).  H o w e v e r ,  c e l lu lo s e  is not an 

id e a l  su p po rt  m a te r ia l  as non s p e c i f ic  a d s o rp t io n  of m a c r o in o le c u la s  can  

o c c u r .  In ad d it io n ,  the m a te r ia i  can  b re a k  down to g iv e  f in e  p a r t i c l e s ,  

p ro d u c in g  a column w ith  a s low  f lo w  ra te .  T h e  d eve lo p m e n t  of a f f in i t y  

c h ro m a to g ra p h y  as a ro u t in e  tec hn iqu e  has only  o c c u r r e d  s in c e  s u i t a b le  

r e a d i l y  a v a i la b le  m a te r ia ls  becam e a v a i la b le .

d e s c r ib e d  as fo l lo w s :  T h e  m a t r ix  should  not i n t e r a c t  n o n - s p e c i f i c a l  iy  

w it h  m a c r o m o le c u le s , it should  h ave  good f lo w  c h a r a c t e r i s t i c s  in 

co lu m n  and it should  be s ta b le  u n d e r  a w id e  v a r i e t y  of co n d it io n s  and the  

m a t r i x  should  co n ta in  a la r g e  n um ber of fu n c t io n a l  g ro u p s  w h ich  can  be  

m o d if ie d  o r  a c t iv a te d  to a l lo w  c o v a le n t  b ind ing  of a l ig an d .  T h e  m a t e r ia l  

w h ic h  is most commonly used is beaded a g a r o s e  ( C u e t r e c a s a s , 1970;

A f f in i t y  c h ro m a to g ra p h y  u t i l i z e s  the s p e c i f ic i t y  of an enzym e

T h e  p r o p e r t ie s  of a s u i ta b le  m a t r ix  m a t e r ia l  can be

t
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H je r ten  , 1902) w h ic h  is r e a d i ly  a c t iv a t e d  by cyanogen  b ro m id e  ( P c r a t h ,  

1958) and has a h igh  c a p a c i t y  f o r  l ig an d .  O t h e r  m a t e r ia ls  w h ic h  h ave  been  

used in a f f in i t y  c h ro m a to g ra p h y  a r e  p o ly a c r y la m id e  ( Inm an and D i n t z i s ,

1969) and p oro u s  g la s s  ( W e e t a l l ,  19 7 3 ) .  T h e  c h e m is t ry  of the a c t iv a t io n  

p ro c e d u r e s  h ave  b een  d is c u s s e d  in the s e c t io n  on im m o b il iz e d  en zym es .

S e le c t io n  o f  the l ig an d  is p e rh a p s  the most c r i t i c a l  s tep  in 

the d eve lop m e nt  of an a f f in i t y  p u r i f i c a t io n  and the l igand must show a 

s tro n g  a f f in i t y  f o r  the en z y m e . E a r l y  s tu d ie s  assumed that a t tach m ent  of a 

l ig an d  io the m a t r ix  w o u ld  re s u l t  iri a d e c r e a s e  In a f f in i ty  f o r  the en z y m e .  

H o w e v e r  re c e n t  s tu d ie s  h a v e  in d ic a te d  that  th is  may not a lw a y s  be the c a s e ,  

as the* a f f in i t y  b e tw ee n  la c ta te  d e h y d ro g e n a s e  and im m o b il iz e d  5 ' - -A M P  

is h ig h e r  inert t iie a f f in i t y  b e tw ee n  the f r e e  l ig an d  arid en z y m e  in s o lu t io n  

( L o w e .  H a r v e y  and D e a n ,  1974).  S i m i l a r  r e s u l t s  have been  o b ta in ed  

w ith  s ta p h y lo c o c c a l  n u c le a s e  and an im m o b il iz e d  in h ib i to r  (Dunn and  

C h a ik e n ,  5974).

O t h e r  e a r l y  s tu d ie s  in d ic a te d  that the d is ta n c e  of the l igand  

f ro m  the m a t r ix  w as  im p o r ta n t .  T h is  w as  d em o n s tra te d  in the p u r i f i c a t io n  

of t y r o s in e  a m in o t r a n s f e r a s e  us ing  im m o b il iz e d  p y r l  doxe.mine pho sp h ate  

( M i l l e r ,  C u a t r e c e s a s  and T ho m p so n ,  19 7 2 ) .  W hen the c o f a c t o r  w as  

co u p ie d  d i r e c t l y  to the m a t r i x ,  t h e r e  w as  no p u r i f ic a t io n  o f  the en zym e .

W hen  an e ight c a rb o n  c h a in  w as in t ro d u c e d  as a s p a c e r  b e tw ee n  the c o fa c to r  

and the m a t r i x ,  th e r e  w a s  a 6 5 0  fo ld  p u r i f i c a t io n  of the en zym e . H o w e v e r ,  

som e w o r k e r s  h a v e  s u g g e s te d  that the e n z y m e  co u ld  be in t e r a c t in g  w i th  the 

s p a c e r  c h a in  and that the p u r i f i c a t io n  is not t r u ly  b io s p e c i f ic  ( O ' C a r r a ,

B a r r y  and G r i f f i n ,  1 9 7 4 ) .  Glycogen p h o s p h c ry la s e  lias been p u r i f ie d  using  

a lk y l  a g a r o s e  d e r i v a t i v e s  ( E r - E I ,  Z a id e n z a ig  and S h a l t i e l ,  1972).  T h e  

s t r e n g th  of b in d in g  w a s  r e la t e d  to the len g th  of the h y d ro c a rb o n  ch a in  and it 

w as p ro p o s e d  that the h y d ro c a rb o n  c h a in s  w e r e  in te r a c t in g  w ith  h yd ro p h o b ic  

p o c k e ts  in the en zym e . S i m i l a r  r e s u l ts  h a v e  been o b ta in ed  by H o fs te e  (1973 )  

and the te rm  h y d ro p h o b ic  c h ro m a to g ra p h y  has been in t ro d u c e d  to d e s c r ib e  

these  e f fe c ts .  H o w e v e r ,  h yd ro p h o b ic  in t e r a c t io n s  should  be s tre r ig th e d  by 

an i n c r e a s e  in io n ic  s t r e n g th .  In fa c t ,  e n zym es  w e r e  e lu te d  fro m  a lk y l  

a g a r o s e s  by in c r e a s in g  s a l t  c o n c e n t r a t io n s . It has t>een shown that when



an a lk y la m in e  is co upled  to cyanogen  b ro m id e  a c t iv a te d  a g a r o s e ,  ftn ion  

e x c h a n g e r  is fo rm e d  w ith  a of 10 (d os t,  M iro n  and W i l c h e k ,  1974 ).  The  

same a u th o rs  p ro p o se d  that the a lk y l  a g a r o s e  d e r i v a t i v e s  w e r e  ac t in g  

as d e t e r g e n t s .  T h e  h y d ro p h o b ic  a lk y l  c h a in s  s t ic k  out a w a y  fro m  the  

h y d r o p h i l ic  m atr ix and c a u s e  a p a r t i a l  u n fo ld ing  of the p o ly p e p t id e  ch a in .  

T h e  p a r t i a l  u n fo ld in g  exposes c h a rg e d  g ro u p s  in the p r o t e i n  w h ich  then  

in t e r a c t  w ith  the c h a rg e d  m a t r ix .  T h e  in te r a c t io n  b e tw e e n  the enzym e  

and the s p a c e r  m o le c u le  can be m in im ize d  in a n um ber o f  w a y s .  S t a b le ,  

high c a p a c i ty  d e r iv a t iv e s  can be p r e p a r e d  by coupling  p o l y a c r y l ic  

h y d r a z id e  to a g a r o s e  (W i lc h e k  and M i r o n ,  1974) and h a v e  min im al ion  

e x ch an g e  p r o p e r t i e s .  H y d r o p h i l ic  m o le c u le s  such as 1 , 3 ,  d iam inopropano!  

can  a ls o  be u sed  as s p a c e r  m o le c u le s  l O ' C a r r a ,  B a r r y  and G r i f f i n ,  1974).  

T h e  s t r u c t u r e s  of some of these  d e r iv a t iv e s  a r e  shown in F ig u r e  C.

In v ie w  of these r e s u l t s ,  the a d va n ta g es  o f  the modular- so lid  

p ha se  a p p ro a c h  ( B a r r y  and O ' C a r r a ,  1973) shouid  be r e c o n s i d e r e d .  In 

th is  a p p r o a c h ,  a s p a c e r  a rm  is a t ta ch ed  to the m a t r ix  an d  the l igand  is then  

couple«! io the s p a c e r  m o lec u le .  T h e  f in a l  p ro d u c t  is n o t  d e f ine d  and if  

the s p a c e r  a r m s  a r e  not fu l ly  s u b s t i tu te d ,  t h e r e  is the p o s s ib i l i t y  of h yd ro -  

p ho b ic  in t e r a c t io n s .  T h e  a l t e r n a t i v e  a p p ro a c h  is to a s s e m b le  the l igand  

and s p a r e r  a r m  to g e th e r  and a t ta ch  th is  to the m a t r ix .  T h e  l igand assem b ly  

can  be p u r i f i e d  b e fo re  co u p l ing  to the m a t r ix  and the r e s u l t i n g  p ro d u c t  is

d e f in e d .  T h is  a p p ro a c h  has been used s u c c e s s fu l ly  in th e  s y n th e s is  of A M P  
*J-

and N A D  a n a lo g u es  ( G u i l f o r d ,  L a r s s o n  and M o sb ach ,  19 7 2 ;  C r a v e n  et a I- 

1974).

N o rm a l ly ,  a s p e c i f ic  l igand has to be d e v e lo p e d  fo r  each  

en zym e  that is to be p u r i f ie d .  H o w e v e r ,  in some c a s e s  one l igand can  be 

used  to f r a c t i o n a t e  en zym es be lon g in g  to a p a r t i c u l a r  g ro u p .  F o r  ex am p le ,  

r i b o f l a v in  c e l lu lo s e  d e r iv a t iv e s  have been used to p u r i f y  t h re e  F M N  

dep en dent e n zym es  ( A r s e n is  and M c C o r m ic k ,  1966).  T h e  concept of g en era l  

l ig an d  a f f i n i t y  c h ro m a to g ra p h y  has been  d eve lo p e d  f o r  the N A D  dependent  

d e h y d ro g e n a s e s  (Mosbach et  a I.. 1972; L o w e  et al.. 1 9 7 3 ) .

(24)

A l th ou gh  the m ain  use of a f f in i t y  c h ro m a to g ra p h y  has been
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S p a c e r  m o lec u les  used  in a f f i n i t y  c h ro m a to g ra p h y .

A .  H y d ro p h o b ic  s p a c e r

B. H y d r o p n i l i c  s p a c e r

C . P o ly  a c r y l i c  h y d r a z id e
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some p r o p e r t i e s  of e n z y m e s ,  f o r  e x a m p le ,  the b ind ing  of c o fa c to r  and  

s u b s t ra te  to la c ta te  d e h y d ro g e n a s e  using im m o b il ized  N A D + d e r iv a t iv e s  

( O 'C a r r a  and B a r r y ,  19 72 ) .  A n o th e r  u se  of the im m o b il iz e d  d e r iv a t iv e s  of  

n u c le o t id e  co en zym es has been t h e i r  u se  in enzym e r e a c to r s  as r e u s a b le  

c o fa c to r s .  A  s o lu b le  N A D + - p o ly e th y !e n e im in e  d e r i v a t i v e  has been  

p r e p a r e d  and r e t a in s  i ts  a c t iv i t y  w hen  used  w ith  im m o b il ized  a lchcho l  

d e h y d ro g e n a s e  (W y k e s ,  D u n n i l l  and L i l l y ,  1972).  E n z y m a t ic a l  ly a c t iv e  

NAL>+ d e r i v a t i v e s  p r e p a r e d  w ith  a g a r o = e  ( L in d b c r g ,  L a r s s o n  and M o s b s c h ,  

1974) and g lo ss  beads ( W e ib e l ,  W e o ta l !  and B r ig h t ,  1971) h ave  a ls o  been  

r e p o r t e d .

T h e r e  a r e  o th e r  tec h n iq u e s  of en zym e p u r i f i c a t io n  w h ic h  a r c  

c lo s e ly  r e la t e d  tc a f f in i t y  ch ro m o to gr ap h y .  ! o r  oxaiTtpIo, an enzym e  

bound to an io n -e x c h a n g e  m a t r ix  can  so m etim es  be e lu ted  w ith  s u b s t ra te .  

F r u c t o s e  1 , 6 -d ip h c s p h a ta s e  has beer, e lu te d  f ro m  C M - S e p h a d e x  using  c i t h e r  

b lo c k  e lu t io n  w i th  s u b s t ra te  of a s u b s t r a t e  g ra d ie n t  (S a r n y a d h a r a n ,  

W a ta n a b e  and F o g e i l ,  1 S /a ) .  S i m i l a r  r e s u l ts  n ave  been  o b ta in ed  w ith  

g lu c o s e  t i -p h o s p h a te  d e h y d ro g e n a s e  and t - R N A  am ino acy l s y n th e ta s e s .

A n  ad van tag e  of the techn iqu e  is that the ion exchange m a t r ix  is r e a d i ly  

a v a i l a b le  and t h e re  is no need to p r e p a r e  an a f f in i t y  l ig an d .



N u c le o s id e  d ip h o s p h a te s  and p o ly n u c le o t id e s  w e r e  o b ta in e d  

b '•f ro m  P - L  B io c h e m ic a ls .  Cl C D P  and ho“ C D P  w e r e  p r e p a r e d  by D r .

M a t e r ia  Is

E x p e r im e n ta l

( 2 6 )

M . A .  E a to n  fo l lo w in g  p u b l is h e d  p ro c e d u re s  (E a to n  and H u tc h in s o n ,  1 9 7 2 .  

19 73 ) .  E ,  c o l i  t - R N A  w as  p u rc h a s e d  f ro m  B D H  C h e m ic a ls  L td  and y e a s t

the sa m e  s o u r c e .

L a c t a t e  d e h y d ro g e n a s e  (E .  C .  1 . 1 .  Î . 2 7 )  type I I I ,  p y r u v a te

r ib o n u c le a s e  f r e e , lys o zy m e  ( E .  C .  3 .  2 .  1. 17) and t ry p s in  ( E .  C .  3. 4 .  4 )  w e r e

p u r c h a s e d  f ro m  S ig m a .

S e p l ia r o s e  arid S e p h a d e x  d e r i v a t i v e s  w e r e  the p ro d u c ts  of  

P h a r m a c ia .  D E A E - c e l  iu lo s e  ( D E 2 3 )  arid c e i iu lo s e  ( C F 1 2 )  w e r e  p u r c h a s e d  

f ro m  W hatm an  B io c h e m ic a ls  L t d .  P o ro u s  g la s s  beads and C e l l t e - 5 6 0  w e r e  

o b ta in ed  f ro m  B D H  C h e m ic a ls .

P o ly e t h y le n e im in e ,  1 , 6 - d ia m in o h e x a n e  and t r  Ini t ro b e n z e n c  

s u lp h o n ic  a c id  w e r e  o b ta in ed  f ro m  B D H  C h e m ic a ls  and w e r e  used  w ith o u t  

f u r t h e r  p u r i f i c a t io n .  m - A m in o p h e n y lb o ro n ic  a c id  h e m is u lp h a te  w as  

p u rc h a s e d  f ro m  R a lp h  E m m anue l and w as  p u r i f i e d  by r e c r y s t a l  l is a t io n  f r o m  

d io x a n .  A l l  o th e r  c h e m ic a ls  w e r e  of A n a l a r  g r a d e .

M i c r o c o c cus iu tcus ( A T C C  4 6 9 8 )  w as  o b ta in ed  as a s p r a y  

d r ie d  p o w d e r  f ro m  Mi I e s - S e r a v a c .  E s c h e r  ich l a col i B and B aci 11 us 

sJ ea ro U ie rm o p h i  lus w e r e  o b ta in ed  as f r o z e n  c e l l  p a s te s  f ro m  the 

M ic r o b io lo g ic a l  R e s e a r c h  E s ta b l is h m e n t ,  P o r t o n .

t - R N A  (p h e n y la la n in e  s p e c i f ic )  w as  p u r c h a s e d  f ro m  B o e h r in g e r .

la b e l le d  n u c le o t id e s ,  w i th  the ex c e p t io n  of

of the R a d io c h e m ic a l  C e n t r e ,  A m ers h am . — C T P  w as  o b ta in ed  ire-

k in a s e  (E .  C .  2 .  7. 1. 4 0 )  type I ! ,  d e o x y r ib o n u c le a s e  I ( E . C . 3 .  1 . 4 .  5)
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Methods

A c t iv a t io n  of S o n h a r o s e - 4  3  w ith  c y a n o g en b ro m id e  (Axen and E r n b a c k .  19 71 )

S e p h a r o s e - 4 B  (25 ml) w a s  susp end ed  in an equal vo lum e of 

w a t e r ,  cy an o ge n  b ro m id e  (5g ) w as added and the su spens ion  s t i r r e d  

v ig o u r c u s iy ,  the  p H  of the su sp ens io n  b e in g  m a in ta in e d  at 1 1 . 0  by the 

d r o p w is e  ad d it io n  o f  8 M sodium h y d r o x id e .  A f t e r  ten m in u te s ,  the 

su sp e n s io n  w a s  f i l t e r e d  end w as h e d  w ith  c c ld  C, 2 0  M sodium b ic a rb o n a te  

(500  m l) .  T h e  a c t iv a t e d  m a te r ia l  w as  then  used im m e d ia te ly .  A l t e r n a t iv e ! y , 

the method of M a r c h ,  P a r i k h  and C u a t r e c a s a s  (1 9 7 4 )  w as  used . S e p h a r c s e -  

4 B  (25 ml) w as  su sp end ed  in an equal v o lu m e  of w a t e r .  2 M sodium c a rb o n a te  

(50  ml) w as  add ed  to the su sp ens io n  w h ic h  w as  then s t i r r e d  r a p i d 'y .  A  

so lu t io n  of c y a n o g e n  b ro m id e  (5g) in d r y  a c e t o n i t r i l e  ( 2 . 5  ml) w as  added  

and a f t e r  two m in u te s ,  the su sp e n s io n  w a s  f i l t e r e d  and w as h e d  as b e fo re .

T h e  c o n c e n t ra t io n  o f  cyanogen  b ro m id e  c a n  be v a r i e d  but f o r  ro u t in e  

e x p e r im e n ts  a c o n c e n t ra t io n  of 2 g /m l  a c e t o n i t r i l e  w as used. T h e  advan tag es  

of th is  method a r e  the s h o r te n e d  a c t iv a t io n  time and the s im p l ic i ty  of the 

p ro c e d u r e .

P r ep a r a  tj_on_ of ! i gands f o r  a f f in i t y  c h ro m a  to g ra p h  y 

P r e p a r a t io n of a mi n o h e x yl S e p h a r o s e

1 , 6 -D ia m in o h ex an e  (5g) w a s  d is s o lv e d  in w a t e r  (25 ml) and 

the p H  of the s o lu t io n  w as a d ju s ted  to 10. 0 .  An  equal vo lum e of a c t iv a te d  

S e p h a r o s e - 4 B  w a s  added and the s u s p e n s io n  w as  s t i r r e d  f o r  tw enty  hours  

at 4 ° .  T h e  gel w a s  then w as h e d  oil a f i l t e r  w ith  w a t e r  (500  m l) ,  1 * /  sodium  

c h lo r id e  (5 0 0  m l)  and  w a t e r  (5 0 0  m l) .  T h e  c o n c e n tra t io n  of bound l igand was  

d e te rm in e d  hy r e a c t io n  w i th  t r i r i t r o b c n z o n e s u lp h c n ic  ncid ( T N G 5 )

( N e w i r t h  et al.. 19 7 3 ) .

Prop ."!ra t ion  of r u c c in y la te d S e p h a r o s c

A m in o h e x y l  S e p h a r o s e  (5. 0  m!) w as  suspended in an 

equal vo lu m e  o f  w a t e r ,  s u c c in ic  a n h y d r id e  (5. Og) w a s  added and the pH  

a d ju s te d  to C>. 0. T h e  su spens ion  w as  s t i r r e d  f o r  e ig h te en  h o u rs  at 4 °  and 

then w a s h e d  th o r o u g h ly .  T h e  gel g a v e  a n e g a t iv e  re s p o n s e  to tine T N B S  

in d ic a t in g  c o m p le te  s u b s t i tu t io n  of the a m in o  g ro u p s .
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R e a c t io n  of  A D F  and s u c c in y la te d  S o p h a r o sc

A d e n o s in e  d ip h o s p h a te  (N a + s a l t ,  100  mg) w as  d is s o lv e d  

in w a t e r  (10  m l)  and added to s u c c in y l  S e p h a r o s e  ( 4 . 0  m l) .  T h e  p H  w a s  

ad ju s ted  to 5 . 0  and the su sp e n s io n  w as  s t i r r e d  w h i l e  an aq. s o lu t io n  of  

1 - c y c lo h e x y l - 3 - ( 2 - m o r p h o l ln < /e t h y l ) - c a r b o d i im id o  m e t h o -p - to !  uene  

su lp h o n a te  (3 .  0 rnl, 70  m g /m l )  w a s  added d r o p w ’s e .  T h e  p H  w a s  r e a d ju s t e d  

to 5 . 0  and Hie su sp ens io n  w as  s t i r r e d  at room  te m p e r a tu r e  f o r  t w e n t y -  

fo u r  h o u rs .  T h e  gel w as  f i l t e r e d  and w ashed  as b e f o r e .  T h e  c o n c e n t r a t io n  

of bound l ig a n d  w as es t im a te d  f ro m  the U V  a b s o rb a n c e  of the w a s h in g s .  

S i m i l a r  p r o c e d u r e s  w e r e  used fo r  the p r e p a r a t io n  o f  im m o b il iz e d  C D P  and 

o’A D P  d e r i v a t i v e s .

P re p a re * .ior. o f  succ lr .y l  A D R

A D P  ( N a + s a l t ,  2 0 0  mg) w as  d is s o lv e d  in d r y  D M S O  (4 0  m i) ,  

s u c c in ic  a n h y d r id e  (8g) w as  added and the s o lu t io n  w as  s t i r r e d  a t  room  

t e m p e r a tu r e  f o r  f o r t y - e ig h t  h o u rs  w hen  the n u c le o t id e  w as  p r e c ip i t a t e d  

by the a d d it io n  of a c e to n e .  T h e  p r e c i p i t a t e  w as  c o l le c te d  by conir-i fugaiio ;  

w ashed  w ith  a c e to n e  and d is s o lv e d  in w a t e r  ( 2 , 5  m l) .  T h e  p H  cf  the so lu t io n  

w as  a d ju s te d  to 8. 0 and the s o lu t io n  w as  a p p l ie d  to a co lum n o f D o w e x  I ,  

fo rm a te  for-m ( 1 . 0  x  2 0  cm ).  T h e  m o d if ied  n u c le o t id e  w as e lu te d  w i th  a 

l in e a r  g r a d ie n t  of fo rm ic  ac id  ( 0 - 0 . 2 5  M ).  F r a c t io n s  c o n ta in in g  

su cc iny l  A D P  w e r e  pooled  and ly o p h l l i z e d .

C o u p l ing  of s u c c in v l A D P  to a m in o h e x yl S e o h a r o s e

S u c c in y l  A D P  (1 5 0  mg) in w a t e r  (1 0  ml) w as added  to a 

susp ens io n  c f  am in o hexy l S e p h a r o s e  ( 5 . 0  m l) .  T h e  pH  w as  a d ju s te d  to 5 . 0  

and an aqu eo us  s o lu t io n  o f  w a t e r  s o lu b le  c a rb o d i i in id e  (3 m l ,  7 0  m g /m l )  w as  

added d r o p w is e  to the s t i r r e d  s u s p e n s io n .  A f t e r  t w e n t y - f o u r  h o u rs  a t  room  

t e m p e r a t u r e ,  the gel w as  f i l t e r e d  and w ashed  as d e s c r ib e d  b e f o r e .

Immobil i z a tion  of A D P  on a d ia z onium d e r i v a t i v e  o f  a g a r ose

A m in o h e xy l  S e p h a r o s e  (5 m l) w as  suspended  in 0 . 2 0  M sodium  

b o r a te  pH 9 . 3  (2 0  ml) co n ta in in g  40%  D M F  ( V / V )  and 0. 10 M p - n i t r o b e n z o y  1 

a z id e  and s t i r r e d  at room t e m p e r a t u r e  fo r  s ix ty  m in u te s .  T h e  gel w as  

w ashed  w ith  D M F  (2 5 0  ml) and g ave  a n e g a t iv e  tes t  w ith  T N D S .  T h e  gel 

w as then s u s p e n d ed  in 0. 10 M sodium  d i th io n i te  in 0 . 5 0  M sodium  b ic a r b o n a te



p H  8. 5 (20  m l) .  A f t e r  f o r t y - f i v e  m in utes  at 4 0 ° ,  the gel w as  w as h e d  on a 

f i l t e r  and susp end ed  in co ld  0 . 5 0  M h y d r o c h lo r ic  ac id  (5  m l) .  S o d iu m  n i t r i t e  

(1 0 0  mg) w as  added and the s u sp e n s io n  s t i r r e d  f o r  ten m inutes  at 4 ° .  T h e  

gel w a s  w as h e d  on a f i l t e r  w i th  co ld  w a t e r  (50 0  ml) and w as added to 0 . 2 0  M 

sodium  b o r a t e ,  p H  0 V 5 (10 m l)  c o n ta in in g  A D R  (200  mg). T h e  pH  w as  

r e a d ju s t e d  to 8 . 5  and the s u s p e n s io n  s t i r r e d  fo r  s ix te e n  h o u rs  at 4 °  a f t e r  

w h ic h  the gel w as  f i l t e r e d  and w a s h e d .  T h e  a z o -b o n d  b e tw e e n  l ig an d  and  

m a t r i x  can be re d u c e d  by sod ium  d i th io n i te  g iv in g  an a c c u r a te  d e te r m in a t io n  

of the c o n c e n tra t io n  o f  l igand  on the m a t r ix .

P r -e p a r a t io n of irnrnobi i i z <-d p o ly n u c le o t id e s_

A c t iv a t e d  S e p h a ro s e ~ 4 r3  (5 m l)  w as suspended in 0, 05  M  

p o ta ss iu m  p h o s p h a te ,  p H  8 . 0  (5  ml) c o n ta in in g  p o ly n u c le o t id e  (1 0 0  A 2 6 0  u n i ts )  

T h e  s u sp e n s io n  w as  s t i r r e d  a t  4 °  for- e ig h te e n  h o u rs  and the gel w as  then  

w a s h e d .  T h e  c o n c e n t ra t io n  o f  bound l ig a n d  w as es t im ate d  f ro m  the U V  

a b s o rb a n c e  of the w a s h in g s .

P r e p a r a t i o n  of p - a m in o p h c n y l o l ig o  ( d T )

O l ig o  d e o x y th y m id y l ic  a c id  (o i ig o  ( d T ) )  w as  p r-spared  by  

c h e m ic a l  p o ly m e r iz a t io n  of th ym id in e  m onophosphate  ( T e n e r  et al.. 1558 ;  

K h o ra n a  and V i z s o l y i ,  1951 . G l ig o  (d T )  (p y r id in iu m  s a l t ,  i 0 0  mg) w a s  

d is s o lv e d  in d r y  p y r i d in e  (5 m l ) ,  r e c r - y s t a l ! ized  p -n i  t ro p heno l  ( 0 . 6 0  g) 

w a s  added and the r e s id u e  d r i e d  by re p e a t e d  e v a p o ra t io n  of p y r id in e  (3 X ) .  

T h e  r e s id u e  w as  d is s o lv e d  in d r y  p y r i d in e  (10  ml) and d ic y c lo h e x y l  

c a rb o d l I tn id e  ( 0 . 8 0  g) added and the m ix t u r e  w as then s t i r r e d  f o r  s e v e n t y - t w o  

h o u rs  at room  te m p e r a t u r e  in the d a r k .  T h e  p y r id in e  w as  e v a p o ra te d  under

va cu u m  and the r e s i d u e  d is s o lv e d  in w a t e r .  T h e  so lu t io n  w as  e x t r a c t e d  

w ith  ethyl a c e ta te  ( 4 x 1 0  m l)  and the aqueous la y e r  e v a p o ra te d  to d r y n e s s .

T h e  p - n i  t ro p h e n y  I e s t e r  of o l ig o (d T )  w as  re d u c e d  by 

c a t a l y t i c  h y d ro g e n a t io n  u s ing  p a l la d iu m  on c h a rc o a l  (10%  W / W ,  50  mg) in 

50 %  aqueous m ethanol (50  m l) .  T h e  re d u c t io n  w as c a r r i e d  out at ro o m  

t e m p e r a t u r e  t o r  n in e ty  m in u te s  at 35  psi a f t e r  w h ich  the c a ta ly s t  w as  

re m o v e d  by f i l t r a t i o n  and the s o lu t io n  e v a p o ra te d  to d ry n e s s .  T h e  

o l ig o n u c le o t id e  w a r  p u r i f i e d  on W hatm an  3 MM p a p e r  w ith  1 M ammonium  

a C c t a i c - c i n u i ' i O l  \ i ! /  vi 3  S O iV O I l i«  i i*i0r p  — o iT i i n O p i'ic -M y  i O liC jO  \Ci « /  i ' c i i i a i i  ic v j

(29)
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at the o r ig in  and w as e lu ted  f ro m  the p a p e r  w i th  0 . 2 0  M sodium  b ic a r b o n a t e ,  

p H  8.  6.

P r e p a r a tion  of immob i l i z e d  p - a m inophenyl o l ig o  (d T )

A c t iv a te d  S e p h a r o s e - 4 B  (3 5 0  ml) w as su spended  in  an equal  

vo lu m e  o f  0 . 2 0  ivt sodium b ic a r b o n a te ,  p H  8 . 6  con ta in in g  the o l ig o n u c le o t id e  

l ig an d  (7 0 0 0  A 2 6 0 ) .  A f t e r  e ig h te en  h o u rs  a t  4 ° ,  the gel w as  w a s h e d  w ith  

c o ld  w a t e r  (2 ,  C l i t r e s ) ,  5 M sodium c h l o r id e  (2 .  0 l i t r e s )  and w a t e r  (2 . 0 l i t r e s ) .  

T h e  gel w as  s to re d  as a susp ens io n  in w a t e r  at 4 °  in the p r e s e n c e  of sodium  

a z id e .

P r e p a ra t io n  o f  po ly n u c le o tide  phosphor y la s e

In la t e r  s tu d ie s ,  the en zym e was is o la te d  by a f f i n i t y  

c h ro m a to g ra p h y  but in e a r l y  w o r k ,  tne en zym es w e r e  is o la te d  b y  m o d if ic a t io n s  

of p u b l is h e d  m ethods.

Is o la t io n  o f  p o ly n u c le o t id e  phospho'-yl a se f ro m  M. lu te u s ( T h a n a s s ie  and
S i n g e r ,  1966)

M. lu teu s c e l ls  (25g) w e r e  suspended  in 0 .57« so d iu m  c h lo r id e  

( 2 5 0  ml) at 3 7 ° .  T h e  pH  w as a d ju s ted  io 6. 0 w ith  1 . 0  M tr ' is .  L y s o z y m e  

( 1 0 0  mg in 4  ml w a t e r )  w as  added and the su sp ens io n  s t i r r e d  f o r  ten  

m in u te s ,  C o ld  s a tu r a te d  ammonium s u lp h a te  so lu t ion  (125  mi) w a s  added  

and the s u sp e n s io n  w as  c e n t r i fu g e d  f o r  f i f t e e n  m inutes at 2 0 , 0 0 0  x  g 

to re m o v e  c e l i  d e b r is .  T h e  s u p e rn a ta n t  w a s  bought to 65%  s a t u r a t i o n  w i th

ammonium s u lp h a te .  T h e  p r e c ip i t a t e  w as  c o l le c te d  by c e n t r i f u g a t io n

,  , - H C I .( f i f te e n  m in u te s ,  2 0 , 0 0 0  x g) and d is s o lv e d  in 0. 10 M i r i s  p H  8 .  1 and

d ia ly s e d  a g a in s i  the sam e b u f fe r  for- fo u r  h o u rs  at 4 ° .

T i ie  so lu t io n  w as d i lu te d  w i t h  an equal vo lum e o f  0 .  1 0 M
-HCl

t r i s  p H  8. I and bought to 40%  s a tu r a t io n  w i th  ammonium s u lp h a te .

A f t e r  t h i r t y  m inutes  at 4 ° ,  the so lu t io n  w a s  c e n t r i fu g e d  ( tw e n ty  m in u te s ,

2 0 , 0 0 0  x  g) and the p r e c ip i t a t e  d is c a r d e d .  T h e  so lu t io n  w as th en  bought 

to 55%  s a t u r a t io n  w ith  ammonium s u lp h a te  and the p r e c ip i t a t e  w a s  c o l le c te d

by c e n t r i f u g a t io n .  T h e  p r e c ip i t a t e  w as  d is s o lv e d  in the m in im um  amount of
,HCl. -HCI.

0. 1 0 M t r i s  p H  8. 1 and d ia ly s e d  a g a in s t  0 ,  10 M t r i s  1 rnM E D T A .  pH  8 .  1

t o r  fo u r  h o u rs  at 4 ° .  S t re p to m y c in  s u lp h a te  so lu t ion  (1 0 % )  w a s  added to

the s o lu t io n  to a f in a l  c o n c e n tra t io n  of 0 .4 5 % , .  T h e  s o lu t io n  w a s  s t i r r e d

f o r  t h i r t y  minuter; anJ then n u c le ic  ac ids  w e r e  rem o ved  by c e n t r i fu g a t io n
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( te n  m in u te s ,  2 0 , 0 0 0  x  g),
_hci

T h e  s u p e rn a ta n t  w a s  d ia ly s e d  a g a in s t  0. 01 M t r i s  p H  8. 0

f o r  two and a h a l f  h o u rs  and w as then a d ju s te d  to p H  6 . 3  w i th  1 , 0 M

a c e t ic  a c id .  Ammonium s u lp h a te  w a s  added to 42%  s a t u r a t io n ,  the

s o lu t io n  w as  c e n t r i fu g e d  and the p r e c i p i t a t e  d is c a r d e d .  T h e  s u p e rn a ta n t

w as  then bought to 52% s a t u r a t io n  w i th  ammonium s u lp h a te .  T h e  p r e c ip i t a t e

w as  c o l le c t e d  by c e n t r i fu g a t io n  a n d  d is s o lv e d  in the minimum amount o f  0 . 5 0  M

tr is ^ ^ p H  8 . 0  and d ia ly s e d  a g a in s t  0 .0 1  M t r i s  1 rnM E D T A ,  p H  8 . 0  for

t w e lv e  h o u rs  at 4 ° .  T h is  f r a c t i o n  cou ld  be s to re d  at - 2 0 °  f o r  up to

tw e lv e  months and w as s u f f i c i e n t ly  p u re  f o r  the p r e p a r a t io n  o f  p o ly n u c le o t id e s .

T h e  enzyme- con be f u r t h e r  p u r  i f  ie d  by p r e c ip i  ta t ic n  o f  n u c le a s e  w ith  z in c

c h l o r id e  and gel f i l t r a t i o n  on G - 7 5  S e p h a d e x .  In a typ ica l  e x p e r im e n t ,

0. 10 vo lu m e s  cf  0. 1 0 M z in c  c h l o r id e  so lu t io n  w as  added to a s o lu t io n  of

o
tite en zym e . T h e  so lu t io n  w a s  s t i r r e d  f o r  tw e n ty  m in u te s  at 4 and the

p r e c i p i t a t e  w a s  re m o ve d  by c e n t r i f u g a t io n .  T h e  s u p e rn a ta n t  (5 . 0 ml)

w a s  a p p l ie d  to a co lum n of S e p h a d e x  G - 7 5  ( 2 . 5 0  x 6 0  cm) e q u i l ib r a t e d  w ith  

-HCl.
0. 01 M t r is  0. 001 M E D T A ,  p H  8 .  2 co n ta in in g  0 . 2 5  M sodium  c h lo r id e .

T h e  colum n w a s  e lu ted  w ith  the s a m e  b u f f e r ,  a c t iv e  f r a c t io n s  e lu te d  at the  

v o id  vo lu m e  and w e r e  pooled and s t o r e d  a t  - 2 0  .

P o ly n u c le o tide, phosphor v l as e  f r o m F . co l i  (K im h i and  L i t t a u e r ,  1968:
P o r t i e r  et aj.. 1973).

EE, c o l i  B c e l ls  (5 4 g  w e t  w e ig h t )  " /er  e su spended  in 0 ,0 1  M tris-HCI, 

0 .0 1  M m agnes ium  c h lo r id e ,  pH  7 . 4  (40  m l) .  G la s s  beads (0 .4 -5  -  0 , 5 0  mm 

d ia m e t e r ,  5 4 g )  and s i l ic o n s  a n t i fo a m  l iq u id  ( i  m l)  w e r e  added  and p o r t io n s  

of the su sp e n s io n  (10  ml) w e r e  h o m o g e n iz e d  in a B r a u n  s h a k e r  f o r  f o r t y - f i v e  

se co n ds  at  4 0 0 0  rp m . B u f f e r  ( 1 7 0  ml) w as  added ar.d the su sp ens io n  w as  

s t i r r e d  fo r  tw e n ty  m inutes at 4 °  an d  then c e n t r i f u g e d  ( 1 6 , 0 0 0  x  g ,  tw en ty  

m in u te s ) .  T h e  s u p e rn a ta n t  w as  s t o r e d  a t  4 °  w h i le  the c e l!  d e b r is  and  

bead s  w e r e  r e - e x t r a c t e d  w ith  b u f f e r  (10 0  m l) .

T h e  two s u p e r n a ta n ts  w e r e  co m b ined  and h e a te d  at 5 5 °  f o r

f i v e  m in u te s .  T h e  s o lu t io n  w as  r a p i d ly  c o o le d  and the p r e c i p i t a t e  w as  

re m o ve d  by c e n t r  i fugation  ( tw e n ty  m in u te s ,  2 0 , 0 0 0  x  g).  S t r e p to m y c in  

s u lp h a te  s o lu t io n  (pH 7 . 4 ,  1 0 % ) w a s  added to the s u p e rn a ta n t  to a f ina l
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c o n c e n t r a t io n  of 0 . 5 0 % .  A f t e r  ten m in u te s ,  n u c le ic  ac ids  w e r e  re m o ve d  

by c e n t r i f u g a t io n  (ten m in u te s ,  1 0 , 0 0 0  x g).

Ammonium su lp h a te  w as  added io the s u p e rn a ta n t  to 39%  

s a t u r a t i o n  and the p r e c ip i t a t e  w as  c o l le c te d  by c e n t r i f u g a t io n  (ten  m in u te s ,  

1 6 , 0 0 0  x  g) and d is c a rd e d .  T h e  s u p e rn a ta n t  w a s  bought to 55% s a tu r a t io n  

a n d  the p r e c ip i t a t e  c o l le c te d  by c e n t r i fu g a t io n ,  d is s o lv e d  in 0 .0 1  M tris-HCI, 

p H  7 . 4  and d ia ly s e d  a g a in s t  the same b u f fe r  f o r  tw e lv e  h o u rs .

T h e  so lu t io n  w as ad jus ted  to pH  6 .  5  w ith  1. 0 M a c e t ic  ac id  

a n d  p re c o c 'e d  ac e to n e  ( - 2 0 ° )  w as  added io 39% s a t u r a t io n .  D u r in g  the 

a d d i t io n  of the a c e to n e ,  the so lu t io n  w as s t i r r e d  to m a in ta in  even  m ix in g  

a n d  the t e m p e ra tu r e  w as m a in ta in ed  at - 5 ° .  A f t e r  ad d it io n  o f  the a c e to n e ,  

th e  so lu t io n  w as  s t i r r e d  f o r  a f u r t h e r  ien m inutes and then c e n t r i f u g e d ,  

( f i v e  m in u te s ,  2 0 , 0 0 0  x  g).  A c e to n e  was added to a f ina l  c o n c e n t r a t io n  of

4 9 %  and the p r e c i p i t a t e  w as  c o l le c te d  by c e n t r i fu g a t io n  d is s o lv e d  in 0 . 0 2  ivi 

“HO.t r i s  p H  7 . 5  and d ia ly s e d  a g a in s t  the same b u f fe r  f o r  s ix  h o u r s .  T h is  

f r a c t i o n  could  be used f o r  the p re p a r a t io n  of p o ly n u c le o t id e s  but co u ld  be  

f u r t h e r  p u r i f i e d  by gel f i l t r a t i o n  on S ep h ad ex  G -200 , .  T h e  e n z y m e  cou ld  

b e  s to r e d  at - 2 0 °  f o r  up to tw e lv e  months.

P r e p a r a i i o n  of enzym e e x t ra c ts  f ro m  E .  c c l:  and B .  s te a r o ih e r m o p h i lu s  
f o r  a f f ' n i t y c h ro m a to g ra p h y'__________________________________________________

C e l ls  (1 0 0  g w e t  w e ig h t )  w e r e  suspended  in 0. 1 0 M tris-HCI,

p H  0 .  0 (50 0  m l) co n ta in in g  0. 5% sodium c h lo r id e .  L y s o z y m e  (5 0  mg in

4  mi b u f fe r )  w as  added and the suspens ion  w as s t i r r e d  at 3 7 °  f o r  s ix ty

m in u te s  ( H a c h im o r i ,  M u ra m a ts u  and N o so h ,  19 7 0 ) .  D e o x y r ib o n u c le a s e  (1 mg)

w a s  a d d 'd  and the so lu t io n  s t i r r e d  f o r  a f u r t h e r  ten  m in u te s .  T h e  so lu t io n

w a s  c e n t r i fu g e d  ( 1 0 ,0 0 0  x  g ,  tw enty  m inutes) to re m o v e  c e l l  d e b r is .

P o ly e t h y lc n c im in c  so lu t io n  ( 1 0 % ,  p H  7. 5) w as  added  to the s u p e rn a ta n t

to a  f in a l  c o n c e n tra t io n  of 0 .3 0 %  (A tk in so n  and J a c k ,  19 7 3 ) .  T h is  step

p r e c i p i t a t e s  en zym e a c t iv i t y  w ith  the n u c le ic  a c id s .  T h e  p r e c i p i t a t e  was
-HCI,

c o l le c t e d  by c e n t r i fu g a t io n  and re su sp en d ed  in 0. 01 M i r i s  0 . 5 0  M

p o ta s s iu m  c h l o r id e ,  1 mM 2 -m e r c a p iO e th a n o l , pH  C, 0. T h e  so lu t io n  w as

b ou g ht to 70% s a tu r a t io n  w ith  ammonium s u lp h a te .  A f t e r  o n e h o u r  at 4 ° ,
.-HCI.

th e  p r e c ip i t a t e  w as  c o l le c te d  bv c e n tr i fu g a t io n ,  d is s o lv e d  in 0. 01 M t r i e  f mM

F D T A ,  1 mM 2 - m e r c a p t o e t h a n o l , pH  t .  0 and a p p l ie d  to a co lum n of

k
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S e p h a r o  a e - 4 B  ( 2 . 5  x  4 0  cin) w h ic h  had been  e q u i l ib r a te d  w i th  the  same

b u f f e r .  A c t iv e  f r a c t i o n s  w e r e  poo led  and s to re d  at - 2 0  .

B in d in g  of p o ly n u c le o t id e  phosphor-y I u se  to C iv l -S eph ad ex  and e lu t io n  
by s u b s t r a t e __________________________________________________________________

C M - S e p h a d e x  C - 5 0  w as  p r e c y c le d  w ith  0. 50  M sodium

h y d ro x id e  and 0. 50 M h y d r o c h lo r ic  a c id ,  p ack ed  in a co lum n ( l . 0 x  9 .  0 cm)

and e q u i l ib r a te d  w ith  5 mM M O P S ,  1 mM E D T A ,  1 rn.Vl 2 - m e r c a p t o e i h a n o l ,

p H  6 . 5  at 4 ° .  A  s a m p le  of en zym e w as  d ia ly s e d  a g a in s t  the sa m e  b u f fe r  and

a p p l ie d  to the co lum n, ' th e  co lum n w a s  then w ashed  w ith  b u f fe r  unti l  no

p ro te in  w a s  e lu ted .  T h e  column w a s  then p e r fu s e d  w ith  a b u f fe r

s o lu t io n  co n ta in in g  1 mM A D P  and f r a c t io n s  w e r e  c o l le c te d  and a s s a y e d

f o r  a c t iv i ty .

Im m o b il iz a t io n  of p o ly n u c le o t id e  p h o s p h o r y ia s e  on In s o lu b le  s u p p o r t  
m a te r i  a Is_______________________________________________________________ ______

B in d in g  o f  p o ly n u c le o t id e  p h o s p h o ry la s e  to cyanogen  b ro m id e  a c t iv a te d  
p o ly s a c c h a r i d e s ___ ___________ _____________ _______________________________

B e f o r e  u s e ,  c e l lu lo s e  (W h a tm an  C F 1 2 )  w as  m e r c e r i z e d  in

5M sodium h y d ro x id e  f o r  tw e lv e  h o u rs  at 4 ° .  T h e  c e l lu lo s e  w as  then w as h e d

w ith  w a t e r  unti l  the w a s h in g s  w 'ere  n e u t r a l .  S e p h a r o s e  and S e p  It ad ex  w e r e

used w ith o u t  p r e - t r e a t m e n t .  T h e  m a t e r ia ls  w e r e  a c t iv a te d  as d e s c r ib e d

p r e v io u s ly .

T h e  a c t iv a te d  m a te r ia l  (1 0 0  mg) w as  added to a s o lu t io n  of

the en zym e (5  m l ,  4  mg p r o t e i n / m l )  w h ic h  had been d ia ly s e d  a g a in s t  0 .0 1  M.

c o l l i d in e ,  p H  8 . 0 .  T h e  susp ens io n  w a s  s t i r r e d  at 4 f o r  e ig h te e n  h o u rs

and then p acked  in a co lum n and w as h e d  w ith  1 . 0  M sodium c h l o r id e  (2 5 0  m l) ,
, -HCl,

0. 10 M sodium b ic a r b o n a t e  (2 5 0  m l ) ,  w a t e r  (2 5 0  ml) and 0. 10 M t r i s  p H  8 . 0
o - hcI

( 2 5 0  m l) .  T h e  c o n ju g a te  w as s to re d  at 4  in 0. 10 M t r i s  p H  8 .  0.

B in d in g  o f  p o ly n u c le o t id e  phos p h o r y ia s e  to s y m - t r i a z l n y l a c t iv a te d  p o ly m e rs  

P r e p a r a t io n  of 2 - a m i n o - 4 , 6 - d i c h lo r o - s - t r  i az in o  ( T h u r s ton et a l ,  1 9 5 1 )

C y a n u r ic  c h lo r id e  (50g) w a s  d is s o lv e d  in a m i x t u r e  of d ioxan  

(5 5 0  ml) and to luene ( ¡ 1 0  ml) and s t i r r e d  v ig o r o u s ly  in an ic e  b a th .  D r y  

am monia w as  b low n th ro ug h  the s o lu t io n  fo r  fo u r  h o u rs  w hen  the so lu t io n  w as  

p urg e d  w ith  n i t r o g e n  u n t i l  f r e e  of am m onia .  T h e  so lu t io n  w a s  then f i l t e r e d

f i p r t  t h i n  t i l t o F i t r *  p v / f i n o n . ' !  t o r i  t o  f 1r \ / i T P c c  j H r »  n o c  i d i  1 0  \a / a c ; H  | c  c n  I \ / o / H  i •“» / i r o t n n f '
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(5 0 0  ml) and an equal vo lu m e  o f  w a t e r  w as  added to th e  s o lu t io n .  T h e  

vo lu m e  w as  re d u c e d  to a h a l f  by e v a p o ra t io n  and the c r y s t a l s  w h ic h  fo rm e d  wei  

c o l le c te d  by f i l t r a t i o n .  T h e  p ro d u c t  (40g) w as  s to re d  In a d e s ic c a t o r  at room  

t e m p e r a tu r e .

P r -e p a r a t io n  of D E A E - c e l  lu lo s e -a m in o  c h l o r o - s - t r i a z i n o  (K a y  and L i l l y .  1 9 7 0 ) 

2 - A m ln o - 4 ,  6 - d i c h l o r o - s - t r i a z i n o  (4g) w a s  d is s o lv e d  in aqueous  

a c e to n e  (50%  V / V )  ( 200 ml) at 5 0 ° .  D E 2 3  c e l lu lo s e  (2 0 g )  w as added and  

the su sp e n s io n  s t i r r e d  v ig o r o u s ly  f o r  s ix ty  seconds . A  so lu t io n  o f  15% 

sodium  c a rb o n a te  ( l b  m l) co n ta in in g  0. b vo lum e of 1 M  h y d r o c h lo r ic  

a c id  w a s  added and the s t i r r i n g  co n t in u ed  f o r  f iv e  m in u te s  w hen th e  s o lu t io n  

w a s  m ade ac id  by the ad d it io n  o f  c o n c e n tra te d  h v - I r o c h lo r I c  a c id .  T h e  

a c t iv a te d  c e l lu lo s e  w as  c o l le c te d  by f i l t r a t i o n  and w a s h e d  w ith  a c e to n e  (2 0 0  ml 

and w a t e r  (20 0  m l) .  T h e  a c t iv a te d  p o ly m e r  w as  s t o r e d  in 0. 10 M p ho sp h ate  

b u f f e r ,  p H  7 . 5  a t  4 ° .

Coup  I in n of p o ly n u c le o t ide  pho s p h o r y laso  to a c t iv a te d  D F .A E -c  e l l u l o se

A c t iv a te d  p o ly m e r  (2g) w as  w ashed  on a f i l t e r  w i th  0. 10 M 

sod ium  b o r a t e ,  p H  8 . 5  and w a s  then added to a s o lu t io n  of en z y m e  (1 0 m l ,

4  m g/rt i! )  w h ich  had been d ia ly s e d  a g a in s t  0. 10 M so d iu m  b o r a te  p H  S, 5.

T h e  su sp e n s io n  w a s  then s t i r r e d  a t  4 °  f o r  e ig h te en  h o u r s  and then w ashed  

as d e s c r ib e d  f o r  the cyan o gen  b ro m id e  a c t iv a te d  c o n ju g a te s .

B in d ing of p o ly n u c l e o t id e  p h o s p h o ry la s e  to i r io ro n n ic s u pports_

P o r o u s  g la s s  bead s  ( C P G - 1 0 ,  2 0 0 - 4 0 0  m e s h ,  1400  A °  p o r e  

d ia m e te r )  and C c l i t e - 5 G 0  w e r e  w as h e d  w ith  c o n c e n t r a te d  n i t r i c  a c id  and 

then w ith  d is t i l l e d  w a t e r .  T h e  beads w e r e  c ie r lv a t i z e d  by the method of  

R o b in s o n ,  D u n n l l l  and L i l l y  (1 S 7 1 ) .  B e ad s  w e r e  su s p e n d e d  In a 27o s o lu t io n  

of v i -a r i . ln o p ro p y l  tr io th o x y s l Ia n e  in a c e to n e ,  e x ce ss  s o lv e n t  w as  d ecan ted  

and the beads m a in ta in e d  at 4 5 °  f o r  e ig h teen  h o u rs .  T h e  beads w e r e  then  

w as h e d  w ith  a c e to n e  and s to re d  in a d e s ic c a to r  u n t i l  r e q u i r e d  f o r  use. ir. an 

a l t e r n a t i v e  p r o c e d u r e ,  the bead s  w o r e  suspended in a  10% s o lu t io n  of 

$  - a m in o p r o p v l  t r  Iethoxy.sl I ane  in to lu en e  and r e f lu x e d  f o r  e ig h te e n  h o u rs .

T h e  b eads w e r e  then w as h e d  w i t h  a c e to n e ,  d r ie d  and then  r e f lu x e d  f o r  a 

f u r t h e r  r»inhtr»r-»n hou r»« ; .
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T h e  a lk y la m in e  beads (2g) w e r e  suspended in 5% aqueous

, og lu ta r a ld e h y d e  (20 mi) w i th  g e n t le  s t i r r i n g  at 4  f o r  one h o u r .  T h e  beads  

w e r e  then w ashed w ith  c o ld  w a t e r  (10 0  ml) and added to a so lu t io n  o f  enzym e  

(1 0  m l ,  4 m g /m l)  in 0. 10 M  b o r a t e ,  p H  8 . 5 .  T h e  su sp e n s io n  w as  s t i r r e d  at 

4 °  f o r  two and a h a ir  h o u rs  w hen  the d e r i v a t i v e  w as p acked  in a co lum n and 

w as h e d  as d e s c r ib e d  f o r  th e  o th e r  im m o b il iz e d  en zym e  d e r iv a t iv e s .  

M o d if i c a t ion of immo b i l i z e d p o ly n u c le o t id e n h o s p h o r y la s e by t r y p s in

Im m o b il iz e d  en zym e w a s  susp end ed  in w a t e r  (25  ml) in a 

jacketc-d  v e ss e l  w h ich  w a s  m a in ta in e a  a t  2 5 ° .  T h e  p H  of the su sp ens io n  w as  

a d ju s te d  to 8, 0 and s o lu t io n  of t ry p s in  ( 0 . 5 0  m l ,  0 . 4 0  rng /m !)  w as  added.

T h e  p H  of the s t i r r e d  s u s p e n s io n  w as  m a in ta in e d  at 8 . 0  by the a d d i i io n  of 

0 . 0 5  M sodium h y d ro x id e .  W hen t h e re  w as  no f u r t h e r  change in p H ,  a

s o lu t io n  of 2 5 0 luv'i p heny lrr ie th y lsu lph o ny l f l u o r i d e  ( 1 . 0  m l) w as  added to in h ib i t

the p ro te a s e  ( F a h r n e y  and  G o ld ,  1962) and the en zym e c o n ju g a te  w a s  w as h e d

w ith  1 , 0  M sodium c h l o r i d e ,  0. 1 0 M sodium b ic a r b o n a te  and w a t e r .  T h e

. o
co n ju g a te  w as then s to re d  in p o ly m e r iz a t io n  b u f fe r  at 4 .

D e te r m in a t io n jo f  the p r o t e i n  content of i mm o b i l i z e d enzym e d e r iv a t iv e s

A  c ru d e  m e a s u re m e n t  of the p r o te in  conten t can  be made by 

m e a s u r in g  the amount of unbound p r o te in  in the w a s h in g s .  A  m o re  a c c u ra te  

v a lu e  can be obta ined  by a c id  h y d r o ly s is  fo l lo w e d  by d e te r m in a t io n  of the  

am in o  ac ids w ith  n in h y d r in  ( C r o o k ,  B r o c k ! e h u r s t  end W h a r t o n ,  1970).

A  sam ple o f  im m o b il iz e d  en zym e  w as p la c e d  in a h y d r o ly s is  

tube and 6 M h y d r o c h lo r ic  ac id  w as  added . T h e  tube w as  s e a le d  and heated  

at 1 1 0 °  fo r  f o r t y - e ig h t  h o u r s .  A  s ta n d a r d  w a s  p r e p a r e d  by h y d ro ly s in g  a 

know n amount of enzym e u n d e r  s i m i l a r  c o n d i t io n s .  T h e  sam p les  w e r e  coo led  

and f i l t e r e d  and the f i l t r a t e s  e v a p o ra te d  to d ry n e s s  and made up to 10 ml 

wi th w a t e r .  A I iquots ( 1 m l ) w e r e  taken  and 0. 20  M c i  t r a t e ,  pH  5 .  0 (0 . 50  m l ),  

n in h y d r in  (5% W / V  in 2 -m .e th o x y e th a n o l ) ( 0 . 2 0  ml) and 0 . 0 1  M potass ium  

c y a n id e  in 2*75 2 - m e lh o x y e lh a n o l  ( i  m l) w e r e  add ed . T h e  sam p les  w e r e  

h e a te d  at 1 0 0 °  fo r  f i f t e e n  m in utes  and then c o o le d  r a p i d ly .  I f  n e c e s s a r y ,  

the cam ples w e r e  d i lu te d  w i th  60% ethanol b e f o r e  m e a s u r in g  the a b s o rb a n c e  

at 57 0  nrn. A  s ta n d a rd  c u r v e  w as p r e p a r e d  at the sam e tim e using the

known enzym e sam ple .

i f *V ' I '



D e t e r m i n a t io n of en z y m ic  a c t iv i ty  

S o !L ib!e or.zyme

P o ly m e r i z a t i o n  w as  m e a s u re d  by fo l lo w in g  the in c o r p o r a t io n  of 

- C ]  - A D P  into  p o ly m e r ic  m a te r ia l  (E a to n  and H u tc h in s o n ,  19 72 ) .  T h e  

a c t iv i t y  of E .  c o li  and M. lu te u s p o ly n u c le o t id e  p h o o p h o ry la s e  w as m e a s u re d  

at 3 7 °  in 0. 1 0 M t r i s ^ l O  mM m agnes ium  c h l o r id e ,  1 mM E D T A ,  2 mM 

2 - m e r c a p to e th a n o l  p H  9 . 2 .  T h e  enzym e f ro m  B , s te a r o th c r m o p h i  lus 

w a s  a s s a y e d  at  7 0 °  in a 0. 10 M g ly c in e -s o d iu m  h y d r o x id e  b u f f e r ,  p H  9 . 2 .  

c o n ta in in g  10 mM m agnes ium  c h l o r id e ,  1 mM E D T A  and 2 mM 2 —m e rc a p io e th a n o U  

In both c a s e s ,  the  f in a l  s u b s t r a t e  c o n c e n t ra t io n  w a s  10 mM. O ne un it  of 

a c t iv i t y  is  d e f in e d  as the amount of enzym e w h ic h  w i l l  i n c o r p o r a t e  1 ji m o le  

of A D P  into  p o ly m e r ic  m a t e r ia l  in one h o u r .
132 I

P h o s p h o r o ly s is  w a s  measLired by the r e le a s e  of| p  -  la b e l le d

n u c le o s id e  d ip h o s p h a te  (Chou and S i n g e r ,  1 9 7 0 a ) .  T h e  en zym es  fro m
o -HCI,

M . lu teus and E .  c o l i  w e r e  a s s a y e d  at 37  in 0. 10 M t r i s  p H  8 . 2  c o n ta in in g  

10 mM p o ta s s m m  p h o s p h a te ,  0 . 5  mM m agnesium  c h l o r id e ,  2 mM m e r c a p t o -  

e th an o l  and 1 mM p o ly (A ) .

B e f o r e  u s e ,  a l l  b u f fe rs  w e r e  d e g a s s e d ,  p u rg e d  w i th  n i t r o g e n  

and d eg as sed  a g a in .  P r o t e i n  w as  m e a s u re d  by the  method of L o w r y  et ai 

( 1 9 5 1 ) .

Irnmobi I i zed  e n z y me

Im m o b il iz e d  en zym e d e r iv a t iv e s  w e r e  a s s a y e d  in s t i r r e d  

s u s p e n s io n  o r  in a p ack ed  bed r e a c t o r .  S t i r r e d  s u s p e n s io n  a s sa ys  w e r e  

c a r r i e d  out in a ja c k e t e d  g la s s  re a c t io n  v e s s e l .  T h e  s t i r r i n g  r a t e  w as  

s u f f ic ie n t  to m a in ta in  tho en zym e p a r t i c l e s  in su s p e n s io n  but low enough to 

a v o id  v o r t e x in g .  P a c k e d  bed r e a c t o r s  w e r e  a s s a y e d  u s in g  a ja c k e te d  colum n  

and  a p e r i s t a l t i c  pump. S u b s t r a t e  so lu t io n s  w e r e  m a in ta in e d  at con stan t  

t e m p e r a t u r e  and at le a s t  two co lum n vo lum es  w e r e  p ass ed  th ro u g h  the 

r e a c t o r  b e f o r e  a s s a y .

P o ly m e r i z a t i o n  w as  m e a s u re d  by r e l e a s e  of phosphate  

(A m es and D u b in ,  19 6 0 ) .  A l iq u o ts  w e r e  re m o v e d  f ro m  the r e a c t io n  m ix  and 

f i l t e r e d ,  made up to 1 ml w ith  1 M h y d r o c h lo r ic  a c id  and added to 1 ml of 

p h o s p h a te  re a g e n t .  T h is  re a g e n t  w as  p r e p a r e d  u a i i y  and co n ta in e d  one

(¿6)
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vo lum e of 10% a s c o rb ic  a c id ,  two vo lu m es  o f  w a t e r ,  one vo lu m e  of 2 . 5 %  

ammonium m o lyb da te  and one vo lu m e  of  6 N  s u lp h u r ic  ac id .  S am p le s  

w e r e  incubated  at 4 5  f o r  tw enty  m inutes  and the a b s o rb a n c e  w as  then  

m e a s u re d  at 6 2 0  nm.

P h o s p h o ro ly s is  w as  a s s a y e d  by m e a s u r in g  the r e le a s e  of 

A D R  fro m  p o ly (A )  us ing  a l in ke d  en z y m e  system  (O ch oa  and M i i ,  1961) in 

w hich  the re a c t io n  w a s  fo l lo w e d  by o b s e rv in g  the o x id a t io n  of N A D H .  A  

typ ica l  a s s a y  co n ta in e d  in 1 m l ,  p o tass iu m  pho sp h ate  1 0 ^ im o le ,  magnesium  

c h lo r id e  .5 ju n o ie ,  H D T A  1 |* -m o le ,  phosphoeno! p y r u v a t e  1 . 6  m o le ,

N A D H  0. 13^c.moie, p o ly (A )  0. 18 ^umole, la c ta te  d e h y d ro g e n a s e  0 . 3 0  units
1 -HCl,

and p y ru v a te  k in as e  0. 30 u n i ts .  Im m o b il iz e d  enzym e in 0. 1C M t r i e  p H  £ .  0

was p la c e d  in the r e a c t io n  v e s s e l .  T h e  r e a g e n t s ,  w i th  the ex ce p t io n  of

p o ly (A )  w e r e  added. A f t e r  e q u i l i b r a t i o n ,  the p o ly (A )  w as  added and a l iq u o ts

rem o ved  f o r  m e as u rem e n ts .

In i t ia l  v e lo c i t i e s  w e r e  taken  f ro m  l in e a r  p o r t io n s  of the 

p r o g r e s s  c u rv e s .  R e c ip r o c a ls  of the in i t ia l  v e lo c i t y  w e r e  p lo t ted  a g a in s t  

the r e c ip r o c a l  of s u b s t r a te  c o n c e n t ra t io n  to ch eck  that the data  f i t te d  

the M ic h a o l is  Menton equation .

v = V  m ax, s  (1)
Km + S

K in e t ic  co n stan ts  w e r e  d e te rm in e d  f ro m  the in l ia l  v e lo c i t y  and  

s u b s t ra te  c o n c e n tra t io n  data p a i r s  using  a co m p u te r  p ro g ra m m e  d e s c r ib e d  

by W i lk in s o n  (1 9 6 1 ) .  V a lu e s  of Km and V m a x  w e r e  o b ta in ed  by w e igh ted  

r e g r e s s io n  of the r e c i p  ro c a l  fo rm  of eq u ation  1.

D e t e c t io n of r  ibonuc I e as e  a c t iv i t y  in p u r i f i e d en zym e (K im hi and L i t t a u e r ,
1968)

A  s a m p le  of enzym e w a s  incubated  in the p re s e n c e  of 

p o ly (C )  in p o ly m e r iz a t io n  b u f fe r  f o r  e ight h o u rs  at 3 7 ° .  A n  a l iqu o t  w as  

a p p l ie d  to a c e l lu lo s e  T L C  p la te  w h ic h  w a s  d e v e lo p e d  in 1 M ammonium a c e t a t e -  

ethanol (1 :1 ) .  T h e  p la t e  w as cut into s t r ip s  and r a d io a c t iv e  p ro d u c ts  w e r e  

d e tec ted  by s c in t i l l a t io n  counting .

D e te c t io n  of p r o te o ly t ic  enzym es

A l iq u o ts  of the en zym e w e r e  a s s a y e d  f o r  e s t e r a s e  ac t iv i ty
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a g a in s t  B A B E  and A T F .b  (S c h w e r t  and T a k e n a k a ,  19 55 ) .  P e p t id a s e  

a c t iv i t y  w a s  m e a s u re d  u s ing  c a r b o b e n z o x y g ly c y l - L - p h e n y la la n in e  as  

s u b s t r a t e  ( P e t r a  and N e u r a t h ,  1969 ).  A m id a s e  a c t iv i t y  w a s  m e a s u r e d  a g a in s t  

B A P N A  ( E r l a n g e r ,  K c k o w s k y  and C o k e ,  19 61 ) .  A s s a y s  w e r e  c a r r i e d  out  

both in the p re s e n c e  and absence o f  2 mM 2 - m e r c a p t o e t h a n o l .

P r e p a r a t jo M  of m -a m in o b e o z e n e b o ro nic  a c id -  S e p h a r o se

S e p b a r o s e - 4 B  (50 ml) w as  a c t iv a t e d  by c y a n o g e n  b ro m id e  

a c c o r d in g  to the method of M a rc h  e i  al (19 74 )  and w a s  ad ded  to a so lu t io n

of r e c r y s t a l l i s e d  m -a m in o p h e n y lb o ro n ic  ac id  in 0 .  10 M p h o s p h a te  b u f f e r ,

, op H  6 . 5  (5 0  m l,  20  m g /rn i) .  T h e  suspens ion  w a s  s t i r r e d  a t  4  f o r  e ig h te en  

h o u rs  and w as then w a s h e d  on a f i l t e r  w ith  1 . 0  M sodium c h l o r id e  (5CC m l) ,  

w a t e r  (5 0 0  m l) ,  1 . 0  M sodium  c h lo r id e  (5 0 0  ml) and  w a t e r  (5 0 0  m l) .  T h e  

w a s h in g s  wer e pooled and th e i r  ab s o rb a n c e  a t  2 9 3  nm w a s  m e a s u re d  to 

d e te r m in e  the ex ten t o f  b ind ing .

Is o la t io n  of o l ig o n u c le o t id e s  w ith  in tact  3 ’- h y d r o x y l  g ro u p s  on a colum n  
of d ih y d ro x y Ib o r  yl S e p h a ro s e __________________________________________________

T h e  p r o c e d u r e  of R o se n b erg  (1 9 7 4 )  w as fo l lo w e d .  T h e  

S e p h a r o s e  d e r i v a t i v e  w as  packed in a column ( 1 x 1 0  cm) and e q u i l ib r a t e d  

w ith  B u f f e r  A  (20% D M S Q ,  0. 05 M m o rp h o l in e ,  1 . 0 M  sodium  c h l o r id e ,

0. 10 m agnesium  c h l o r id e ,  pi t 8 .  5) at room t e m p e r a t u r e .  T h e  sa m p le  

of o l ig o n u c le o t id e  w as  d ia ly s e d  ag a in s t  B u f fe r  A  and  a p p l ie d  to the co lum n.  

Unbound m a te r ia l  w as  e lu ted  fro m  the column w i t h  B u f f e r  A  and  the 

o l ig o n u c le o t id e s  b e a r in g  3 > -h y d ro x y l  g ro up s  w e r e  e lu ted  w i th  B u f f e r  B 

(20 %  D M S O ,  0 . 0 5  M M O P S ,  1 . 0  M sodium c h l o r i d e ,  p H  5 . 5 ) .  T h e  o l ig o 

n u c le o t id e  w as  then d ia ly s e d  a g a in s t  1 mM EJD'T'A and f i n a l l y  a g a in s t  w a t e r .

„o
T h e  m a t e r ia l  was ly o p h i l l z e d  and s to re d  at - 2 0  .

r,o i
P r e p a r a t i o n  of L"~R1- G D P

32,

L -  G D P  w as  p re p a r e d  f ro m H -C T P  by a

m o d if ic a t io n  of the m e th o j  of T e la s  and L o w e n c t e in  (1 9 6 3 )
1 M- C T P

( 2 5 0  ^ c u r i e s ,  9. 14 c u r i e s  m mole ' )  was d is s o lv e d  in 2 0  mM c u p r i c  s u lp h a te
o

in 0. 10 M sodium a c e t a t e ,  p H  5. 0 (50  id ) .  T h e  s o lu t io n  w a s  in c u b a te d  at 60  

f o r  f i f t e e n  m inutes w hen  the re a c t io n  w as  s to p ped  by the a d d i t io n  of 0. 1 0 M 

t - [ . 'T A  *6 0  c o ln i in n  ennlieri  to ra n m m a n  52 n a D o r  anu the p ro u u c i

1 'f i lift- *■ fa t
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w as p u r i f ie d  by e le c t r o p h o r e s is  in a pyrid ir . iu rn  a c e ta te  pH  3 . 5  system .  

T h e  p ro du ct w as  id e n t i f ie d  by a u to ra d io g ra p h y  and e lu ted  w ith  30%  

t r ie th y la m m o n iu m  c a r b o n a te ,  pH 1 0 . 3 .

P r e p a r a t io n  of N . [D P

S o d iu m  n i t r i t e  (5 mg) w as  added to a so lu t io n  of A D P  (1 m g / 5 0  I)

"cl-,con ta in in g  10f»-Ci o f  C  | - A D P  in 10% a c e t ic  ac id  at 0 . T h e  c o n ta in e r  

w as s e a led  and k e p t  at 0 °  f o r  tw enty  fo u r  h o u rs  b e fo re  re m o v a l  of so lvent  

u n d er  vacuum . T h e  p ro d u c t  w as d is s o lv e d  in water- (25yal) and ap p lied  to a 

c e l lu lo s e  T L C  p la t e  w h ich  w a s  d eve lop ed  in is o b u ty r ic  a c id /a m m o n ia /w a t e r  

( 6 6 / 1 / 3 3  V / V ) .  T h e  p ro d u c t  w as o b ta ined  in q u a n t i ta t iv e  y ie ld  and moved  

w ith  an R f  = C. 1 3 w h ich  w a s  id e n t ic a l  to the R f  of a u th en t ic  ID!'*. The p ro d u c  

w as e lu ted  f ro m  the c e l lu lo s e  w ith  0 . 5 9  M tr ie th y la m m o n iu m  b ic a rb o n a te .  

Is o la tion of o lic ;o(l)  p r im e rs

P o l y ( i )  (10 0  mg) w as d is s o lv e d  in 0 . 0 2  M O P S ,  20  mM 

magnesium c h l o r i d e ,  p H  7 . 2  (10  ml) c o n ta in in g  pig  l i v e r  n u c le a s e  (500 u n i ts ) .  

A f t e r  two h o u rs  c.t 3 7 ° ,  the so lu t io n  w as d e p r o t e in iz e d  w ith  isoam yl a lc o h o l -  

c h lo r o fo rm  (2 :5  V / V )  ( S c h e i t  and G a e r t n e r ,  1969) and a p p lied  to a column  

of S e p h a d e x  G - 2 0 0  ( 1 . 6  x 6  cm) w h ich  had been  e q u i l ib r a te d  w i th  0. 10 M 

t r ie th y la m m o n iu m  b ic a r b o n a te  at 4 ° .  O l ig o n u c le o t id e s  w e r e  e lu ted  w ith  

the same b u f fe r  end  f r a c t io n s  c o r re s p o n d in g  to a p a r t i c u l a r  s i z e  c la s s  w e r e  

pooled  and ly o p h i l i z e d .  O l ig o n u c le o t id e s  w e r e  c h a r a c t e r i z e d  by phosphate  

a n a ly s is  and by g e l  e le c t r o p h o r e s is .

In c o r po ra t io n  o f  C D P  into o l ig o ( l )  p r i m e r s

E a c h  re a c t io n  co n ta ined  ? ^ 2 5 0  units  ° l  ig o n u c le o t id e s ,0 .  6

r mole M-C D P ,  40  fiç) B .  s te a rc th e rm o p h i  lus poiynucl e o t id e  p hosphory l a s o

in 0. 10 M g ly c in e ,  pH  9 . 2 ,  (1 00/xl) c o n ta in in g  10 mM magnesium  c h lo r id e ,

1 mM E D T A  and 1 mM 2 - m e r c a p to e th a n o l ,  T h e  r e a c t io n  w as c a r r i e d  out at

7 0 °  and 5 id a l iq u o ts  w e r e  re m o v e d  fo r  a n a ly s is  at r e g u l a r  in te r v a ls .

1*32 I
P r e p a r a t i on 01 L 1JJ_label led  t - R N A - o l  igo (C )

C D P  (0. 5 jemole co n ta in in g  lO ^ - C i

w ith  p h e n y la la n in e  s p e c i f ic  t - R N A  f ro m  b r e w e r s  ye as t  (5 x  10 J mole) and 

J3. r . tc a ro th e rm o p h i lu s  enzym e (10  u n i ts )  in 0. 1 0 M g ly c in e  pH  9. 0

( 2 0 0 U-l) c o n ta in in g  5 mM manganous c h lo r id e  and 2 rrM 2 -mc*rcaptoethanol f o r

M C D P )  w as  incubated  

- 9
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t h i r t y  m in utes  at 6 5 ° .  T h e  re a c t io n  m ix tu re  w a s  n e u t r a l i z e d  by the 

a d d it io n  of 1 . 0  M sodium a c e ta te ,  p H  5 . 5  (? 00^ . l)  and d e p r o t e in iz e d  wi tn 

iso am yl a lc o h o l - c h lo r o f o r m .  T h e  aqueous s o lu t io n  w as a p p l ie d  to a co lum n  

of S c p h a d e x  G - 5 0  ( 0 . 9  x  50 cm) w h ich  had been  e q u i l ib r a t e d  w ith  0. 10 M 

t r ie th y la m m o n iu m  b ic a r b o n a te ,  p H  7. 5 at 4 ° .  T h e  m o d if ied  t - R N A  e lu te d

at the vo id  vo lum e and the so lu t io n  w as  ly o p h i I i z e d .
("32 1

C h a r a c t c r i x a tion of L RJ la b e l le d  t - R N A

T h e  m a te r ia l  w as d is s o lv e d  in 0 .  02  ivi t r i s ,  p H  7. 4  ( i 0 m ) 

c o n ta in in g  1 mM E D T A  and p a n c re a t ic  r ib o n u c le a s e  (E n z y m e  : S u b s t r a t e  -  

1 : 20 )  and w as  incubated  f o r  s ix ty  m inutes at 5 7 ° .  T h e  sa m p le  w as  iyo p h i l i  

and d is s o lv e d  in w a t e r  (2 id) and ap p lied  to a s t r i p  c f  c e l lu lo s e  a c e ta te  and  

e le c t ro p h o re s e d  in p y r id in iu m  a c e ta te  pH 3 . 5 .  P r o d u c ts  w e r e  then  

s e p a r a t e d  in the second d im ension  by e le c t r o p h o r e s is  on D E A E  p a p e r  in 7% 

fo r m ic  a c id ,  pH  1 . 7  and w e r e  id e n t i f ie d  by a u to ra d io g ra p h y .

P ro d u c ts  of ihe r ib o n u c ie a s e  d ig e s t io n  w e r e  f u r t h e r  

c h a r a c t e r  ¡zed  by a lk a l in e  h y d r o ly s is .  P r o d u c t s  w e r e  e lu te d  f ro m  D E A E  

p a p e r  w i th  30% tr ie th y la m m o n iu m  c a rb o n a te  and ly o p h i i iz e d .  T h e  sam p les  

w e r e  then d is s o lv e d  in 0 . 4  M potass iu m  h y d ro x id e  (10^.1) and in c u b a te d  in 

s e a le d  c a p i l l a r y  tubes f o r  e ig h te en  k n u rs  at 3 7 ° .  T h e  sa m p les  w e r e  then  

a p p l ie d  to W hatm an 52 p a p e r  and p ro d u c ts  s e p a r a t e d  by e le c t r o p h o r e s is  

in a p y r id in iu rn  a c e ta te ,  p H  3. 5 system .



(41 )

R e s u I Is and D i r.c_uss ion  

P u r i  T ication of  po ly n u c i e o t id e  pho s p h o r y la s e

T h e  p r e p a r a t io n  of the en zym e fro m  M . luteus has been  

ad ap ted  f ro m  the p r o c e d u re  o f  S in g e r  (1 9 6 6 ) .  S t re p to m y c in  s u lp h a te  was  

used in p la c e  o f  p ro ta m in e  s u lp h a te  f o r  the  p r e c ip i t a t io n  of n u c le ic  a c i d s ,  as  

it  w as  found that some batches  o f  pro tam ine su lp h a te  co n ta in e d  p r o t e a s e  and  

n u c le a s e  im p u r i t ie s .  S t re p to m y c in  s u lp h a te  a ls o  has the ad van tag e  o f  b e ing  

re m o v e d  on d ia ly s is .  T h e  p r e p a r a t io n  of the E .  c o l i  enzym e is  b a se d  on the  

methods of K im hi and L . i l la u e r  (1 9 6 8 ) .  A  heat s tep  at 5 5 °  w as  in c lu d e d  at 

an e a r l y  s ta g e  in p la c e  of the a u to ly s is  s te p  of the o r ig in a l  p a p e r .  T h e  heat  

step  re m o v e s  a s ig n i f ic a n t  amount of p r o t e in  and m in im iz e s  p r o t e o ly t ic  

a c t iv i t y .  T h e  p u r i f i c a t io n s  a r e  o u t l in e d  in T a b le s  2 and 3. in both c a s e s ,  

f r a c t i o n  4 w as  s u i ta b le  fo r  the p r e p a r a t io n  of p o ly n u c le o t id e s .

T h e  p u r i f i c a t io n  of p o ly n u c ie o t id e  p n o s p h o ry ia s e  by 

co n ve n t io n a l  methods is len g th y  p r o c e d u r e  d u r in g  w h ic h  the en zym e  can bo 

m o d if ied  by p r o t e o ly t ic  en zym es .  An a t te m p t w as  made to d e v is e  an a f f in i t y  

c h ro m a to g ra p h y  p u r i f i c a t io n  in o r d e r  to s im p l i fy  the p u r i f ic a t io n  and  to 

m in im iz e  p r o t e o ly t ic  d e g ra d a t io n .  Im m o b il iz e d  d e r i v a t i v e s  of A D P  and  

d A D P  w e r e  p r e p a r e d  f o r  use as  a f f in i t y  l ig an d s  s in c e  A D P  is a s u b s t r a t e  of 

the enzym e and d A D P  is a c o m p e t i t iv e  in h ib i to r  (Chou and S i r .g e r ,  |S ? 1 ) .  

S e v e r a l  a p p ro a c h e s  to the s y n th e s is  of th ese  d e r iv a t iv e s  w e r e  trie-d and a r e  

out I ined  in F ig u r e s  9 -  11.

A s  shown in F i g u r e  9 ,  it w as  hoped to p r e p a r e  a S c h i f F s  

base b e tw een  p - n i t r o b e n z a ld e h y d e  and the N -G  am ino g roup  o f  the a d e n in e  

r in g .  T h e  n i t r o  g ro up  and the S c h i f f 's  b ase  cou ld  then be re d u ce d  to  an 

am ine g roup  w h ich  co u ld  be co u p led  d i r e c t l y  to cyan o gen  b ro m id e  a c t iv a t e d  

S e p h a r o s c .  T h e  b en zen e  r in g  w ould  p r o v id e  a u sefu l s p a c e r  and the  

phosphate  g ro u p s  of the n u c le o t id e  w ou ld  be f r e e  f o r  b ind ing  to the en z y m e .  

U n fo r tu n a te ly  th is  a p p ro a c h  w a s  u ns u c ce ss fu l  as the N  6 am ino g r o u p  was  

not s u f f ic ie n t ly  r e a c t iv e .

A  second approach! w as  to s u c c in y la te  the N - 6  am ino g ro u p  

of tho n u c le o t id e  and to r e a c t  the s u c c i n y l - A D P  w ith  1, 6 -d iam in o  h e x a n e .

T h e  I ig a n d - s p a c e r  co m p lex  c o u ld  then be re a c te d  w ith  a c t iv a te d  S e p h a r o s e .



An a l t e r n a t i v e  ap p ro ac h  w as to p r e p a r e  a  s u c c in y la te d  d e r i v a t i v e  of 

am in o hexy l S e p h a r o s e  and then to r e a c t  th is  w i th  A D R  u s ing  a w a t e r  s o lu b le  

c a rb o d i im id c  ( F i g u r e  10). T h is  method is  les s  s a t is f a c t o r y  as t h e r e  is 

inc o m p le te  su b s t i tu t io n  of the amino g ro u p s  lead ing  to p o s s ib le  n o n - s p e c i f ic  

h y d ro p h o b ic  in te ra c t io n s .  D e r iv a t iv e s  o f  A D R ,  dA.DP and C D R  w e r e  p r e p a r e d  

by th ese  methods but they did not b ind o r  r e t a r d  p o ly n u c le o t id e  p h o s p h o ry la s e  

u n d e r  the c o n d it io n s  used . T h e  method h as  been used to p r e p a r e  N A D + -  

p o ly c th y le n e im in o  d e r iv a t iv e s  (W y k e s ,  D u n n i l l  and L i l l y ,  19 72 ) .  T h e  

l in k a g e  b e tw ee n  N A D   ̂ and p o ly e in y le n e im in e  w as  found to be u n s ta b le  at 

a lk a l in e  pH  and s in ce  the im m obil ized  A D R  d e r iv a t iv e s  w e r e  used  in the  

r a n g e  pH  7 9 th e re  cou ld  have been a lo s s  of n u c le o t id e  f ro m  the co lum ns.

A  th ird  ap p ro ac h  w as  to r e a c t  the n u c le o t id e s  w i th  a d ia z o r i iu m -  

S e p h a r o s e  d e r i v a t i v e .  I I  has been r e p o r t e d  that re a c t io n  of the p u r in e  

n u c le o t id e s  w i th  d iazon ium  s a l ts  leads to  su b s t i tu t io n  at the C - 6  p o s it io n  

(H o ffm a n  and M u l l e r ,  1966).  Im m o b il iz e d  d e r iv a t iv e s  of A D R  w e r e  p r e p a r e d  

by this method but w e r e  not e f fe c t iv e  in th e  p u r i f i c a t io n  of p o ly n u c le o t id e  

p l io s p h o ry la s e .  A  p o s s ib le  re as o n  fo r  th e  in e f fe c t iv e n e s s  of the d e r iv a t iv e s  

is the fa c t  that a b u lky  su b st i tuen t  at the C - 6  p o s it io n  p re v e n ts  the n u c le o t id e  

f ro m  assum ing  ihe anti co n form at io n .  T h e  n u c le o t id e  m ust be in the anti  

c o n fo rm a t io n  f o r  p o ly m e r iz a t io n  to la k e  p la c e  as n u c le o t id e s  in ti p syn  

c o n fo rm a t io n  can bind to the enzym e but w i l l  o n ly  p o ly m e r iz e  w i th  d i f f ic u l t y  

(H o w a r d ,  F r a z i e r  arid M i le s ,  1975; K a p u l e r  and R e ic h ,  1971 ).

Im m o b il ized  n u c le o t id es  h a v e  been p r e p a r e d  in w h ic h  the 

n u c le o t id e  is bound to the m a t r ix  th ro u g h  the 5 '  pho sp h ate  g ro u p s  (B a r k e r  

ct a l .. 1972 ).  H o w e v e r ,  i t  has been sh o w n  that p o ly n u c le o t id e  p h o s p h o ry la s e  

has a b in d in g  s i te  fo r  the phosphate g ro u p s  of a n u c le o t id e  (C hou  and S i n g e r ,  

1970b) and d e r iv a t iv e s  p r e p a r e d  by the method of D a r k e r  e t  a l . ( 1 9 7 2 ;  w ould  

be u n s u i ta b le  as a f f in i ty  l igands fo r  p o ly n u c le o t id e  p h o s p h o r y la s e .

A s  l igands based on m o n o n u c le o t id e s  w e r e  In e f f e c t iv e  in the 

p u r i f i c a t io n  of the en zym e , it was d e c id e d  to p r e p a r e  im m o b il iz e d  d e r iv a t iv e s  

of o l ig o n u c le o t id e s  and p o ly n u c le o t id e s .  A g a r  g e ls  co n ta in in g  D N A  r e t a r d  

but do not b ind  p o lyn u c le o t id e  p h o sp h o ry I  ase ( W e a t h e r f o r d  et a l .. 1972).

(42 )



T A B L E  2

P u r i f ¡ c a l i o n  of P o ly n u c le o t id e  P h o s p h o r y la s e  f ro m  M. lu teus

S te p P r o t e i n  (m g /m l ) S p e c i f i c  A c t iv i t y  
(u n its /rn g )

R e c o v e r y  %

1. C r u d e  E x t r a c t 2 .  0 0. 60 1 00

2. 4 0 -5 5 %  Am monium  
S u lp h a t e 2 0 2 .  50 92

3. S t r e p t o m y c in  
S u lp h a t e 5 ,  0 7 .  00 9 0

4. 4 0 - 5 5 %  Am monium  
S u lp h a t e ,  ac id  pH 15. 0 9 .  0 59

5. Z in c  C h l o r id e
G - 75 S e p h a d e x 0. 20 2 0 0 45



A B L E  3

P u r i f ic a t io n  of P o ly n u c le o t id e  P h o s p h o ry la s e  f r o m  E .  C o l i

S te p  P r o t e in ( m g /m l )

1. C r u d e  E x t r a c t AO

2. H e a t  S te p 20

3. Ammonium
S u lp h a  io 1 5

A. A c e to n e 1A

S p e c i f  ic A c t  iv i  ty R e c o v e r
(uni ts / ing )

0. 55 100

0. 90 80

2 .  70 75

9 .  00 60

A 00 255. G - 2 0 0  S e p h a d e x 0. 30



F  I G U R E  9

R e a c t io n  of a d e n o s in e  d e r i v a t i v e s  w i th  p -n i t ro b e n z a ld e h y d e .  

F o r m a t io n  of a S c h i f f ' s  base fo l lo w e d  by c a t a ly t ic  h y d ro g e n a t io n .
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F  I G U  R E __ 1 0

R e a c t io n  of a m in o h e x y l - S e p h a r o s e  w i th  s u c c in ic  a n h y d r id e  and subsequent  

r e a c t io n  w ith  A D R  and d ic y c lo h e x y l  c a rb o d i  iinid<±.
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F  I C U R E  1 1

P r e p a r a t io n  of p -a m in o p h e n y I  o l ig o  d (p T )



T T T

T



is u n s u i ta b le  fo r  co lum n c h ro m a to g ra p h y .  M ethods f o r  a t ta c h in g  

p o ly n u c le o t id e s  d i r e c t l y  to cyan o gen  b ro m id e  a c t iv a te d  S e p h a r o s e  have  

been d e s c r ib e d  (P o o n ia n ,  S c h la b a c k  and V\feissbach, 1 9 7 1 ) ,  but the 

ex ac t  l in k a g e  of the p o ly m e r  to the m a t r i x  is unknown and its  s t a b i l i t y  is 

u n c e r ta in .  Im m o b il ized  d e r i v a t i v e s  o f  p o ly (A )  and p o ly (C )  w e r e  p re p a r e d  

but d id  not r e t a i n  p o ly n u c le o t id e  p h o s p l io ry la s e .  It w as  t h e r e f o r e  decided  

to p r e p a r e  an o l ig o d e o x y n u c le o t id e  l ig an d  a t tach ed  to the m a t r ix  through  

a s p a c e r  a r m .  It is known that the enzym e w i l l  b ind v e r y  s t r o n g ly  to 

o l ig o n u c le o t id e s  and that the enzym e is c o m p e t i t iv e ly  in h ib ited  by

d e o x y n u c le o l id e s  (G o d e f r o y ,  Colin and G r u n b e r g -M a n a g o ,  1970; Chou and 

S i n g e r ,  1971).  O l ig o  cl(pT) is r e a d i l y  s y n th e s iz e d  by c h em ica l  p o ly m e r iz a t io n  

g iv in g  a m ix t u r e  of p ro d u c ts  of chain, length  n = 3 to n = ' 0 , A  l igand of 

th is  type w a s  p r e p a r e d  ( F i g u r e  11).

P u r i f i c a t i o n  of p o ly n u c le o t id e  p h o s p h o ry Ia s e  by a f f in i ty  c h ro m a to g r a phy _

In a typ ica l  e x p e r im e n t ,  a column ( 1 x 1 3  cm) o f  o l 'g o  d (p T )
. -HC1.

S e p h a r o s e  w a s  e q u i l ib r a t e d  ai room  te m p e ra tu r e  w ith  0. 10 M t r ' s  10 nriM 

m agnesium  c h l o r id e ,  1 mM E D T A ,  2 ruM m e rc a p to e th a n o l , pl-l C. 2 .  A  c ru d e  

e x t r a c t  of B .  s to a ro th e rm o p h i  I us (2 0  m l ,  3G u /m l )  w as  a p p l ie d  to the column  

and w as h e d  on w ith  s t a r t in g  b u f fe r .  T h e  colum n w as  w as h e d  w ith  the same  

b u f fe r  unti l  no m o re  p r o te in  w as  e lu te d .  T h e  b u f fe r  w as then changed to a 

m agnesium  f r e e  b u f fe r  and a l in e a r  g ra d ie n t  of potass ium  c h lo r id e  ( 0 -2 -0 M )  w a s  

s ta r te d .  A  p eak  of a c t iv i t y  e lu ted  at 1 .2  M potass ium  c h lo r id e  and had u 

s p e c i f ic  a c t iv i t y  of 1350 u /m g ,  r e p r e s e n t in g  an o v e r a l l  9 0 0  fo ld  p u r i f ic a t io n .  

T h e  e lu t io n  p r o f i l e  is shown in F i g u r e  12 and the r e s u l ts  of a typ ica l  

p u r i f ic a t io n  a r c  g iv en  in T a b le  A. If the b ind ing  of the en zym e  to the l igand  

is t r u ly  b io s p e c i f i c ,  i t  should  be p o s s ib le  to e lu te  the enzym e w ith  a p u lse  

of s u b s t r a t e .  T h is  has been  a c h ie v e d  using  e i th e r  1 mM A B F  o r  I mM p o iy ( A ) .  

H o w e v e r ,  th is  is p r o h ib i t i v e ly  e x p e n s iv e  on a p r e p a r a t i v e  s c a le  and presents,  

a f u r t h e r  p u r i f i c a t io n  s tep  in the re m o v a l  of s u b s t ra te  f ro m  the enzym e  

sam p le .

E f f e c t  of pH  and te m p e ra tu re  on the b ind ing  of the enzym e to the m a tr ix

T h e  r e s u l ts  o f  e x p e r im e n ts  w ith  the enzym es fro m  E .  Coli  

and t.;. s t e a r  o th e r  mop hi iur. a r e  shown in F ig u r e s  ¡3  and 1A. T h e  binding

(A3)



T A B L E  n

P u r i f i c a t i o n  of B . S t c a r o t h e r m cphj_Lu P 0 1Vn u c lo o t i do P h o s p h o ry la s e

S te p S p e c i f ic  A c t iv i t y  P u r i f i c a t i o n  T o ta l  U m t s " *

C e l l  ly s a te 1 . 5 0 1 . 0 0 6 7 00

P o ly e th y le n e im in e 5. 50 3 .  70 5 3 60

S e p h a r o b e  -  4 B 1 0. 00 6 .  70 500C

O! igo(dpT ) - S e p h a r o s e 1 3 5 0 . 0 0 * 9 0 0 4 0 00

p eak  f r a c t i o n ,  enzym e w as p u r i f ie d  on a f f in i t y  co lum n in b a tch es  of 2 0  mi

*  *  100 g c e l ls  (w e t  w e ig h t )  w e r e  used.



F I G U R E  1 2

P u r i f i c a t i o n  of p o ly n u c le o t id e  p h o s p h o ry la s e  f ro m  B .  S t c a r o t h c r m op h iins  

by a f f in i t y  c h ro m a to g ra p h y .

A  so lu t io n  of en z y m e  (2 0  m l ,  3 . 6  mg p r o t e i n / m l )  w as  a p p l ie d  to a co lum n

( 1 . 0  x  1 S. 0 cm) o f  p -a m in o p h e n y l  ol igo d ( p T )  -  S e p h a r o s e  w h ic h  had been
- h c i .

e q u i l ib r a t e d  w i th  0. 1 0M t r i s  10 mM m agn es ium  c h l o r id e ,  1 mM E D T A ,  p H  6 . 2

at 2 0 ° .  A f t e r  e lu t io n  of unbound p r o t e in ,  the enzym e w as  e lu te d  w ith  a
.'HCI.

g r a d ie n t  of p o ta ss iu m  c h lo r id e  ( 0 - 2 . 0  M) in 0 .  1 0 M t r i s  p H  S. 2 .

_____ D ____ n ______  P r o t e i n  (m g /m i)

--------- A.-------A A c t i v i t y  (u n i ts /m g )



1



F  I G U  R  E __ 1 3

E f f e c t  of pH on the b in d in g  o f  p o ly n u c le o t id e  p h o s p h o ry Ia s e  to the 

im m o b il iz e d  l ig an d .

_____ a _______P o ly n u c le o t id e  p h o s p h o r y !a s e  f ro m  E ,  C o l i . A l iq u o ts

of en z y m e  (2.00 | i l , 4 . 2  u n i ts )  w e r e  added to the  co n ju g a te  ( 2 . 5  ml)
,-HCI

su spended  in an equal v o lu m e  of 0 .  1 0 M i r i s  co n ta in in g  10 mM magnesium

c h lo r id e  ar.d 1 mM E D T A .  T h e  te m p e r a t u r e  w as  m a in ta in e d  at 1 0 ° .

A f t e r  f i f t e e n  m in u te s ,  a sa m p le  w a s  taken  and co n ju g a te  re m o v e d  by

f i l t r a t i o n .  T h e  f i l t r a t e  w as  then a s s a y e d  f o r  en z y m ic  a c t iv i t y .

______|-|______ P o ly n u c le o t id e  p h o s p h o ry la s e  f ro m  B . S t e a r o th e rm o p h ilu s  .

A l iq u o ts  of the enzym e ( 2 0 0 | i l ,  1 1 . 5  u n i ts )  w e r e  added to the c o n ju g a te
~HCI

( 2 . 5  m i) su spended  in an equal vo lu m e  of C. 1 0 M t r i s  c o n ta in in g  10 mM 

m agnesium  c h lo r id e  and 1 rnM E D T A .  T h e  te m p e r a t u r e  w a s  m a in ta in e d  a t  

1 0 ° .  A f t e r  f i f t e e n  m in u te s ,  a sa m p le  w as  taken  and the co n ju g a te  

re m o ve d  by f i l t r a t i o n .  T h e  f i l t r a t e  w as  then a s s a ye d  f o r  e n z y m ic  a c t iv i t y .
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E f f e c t  of te m p e ra tu r e  on the b in d in g  o f  p o ly n u c le o t id e  p h o s p h o r y la s e  to

the im m o b il ized  l igand.

P o ly n u c le o t id e  p h o s p h o r y la s e  f ro m  E .  C o l i

____ K ____  A l iq u o ts  of en zym e (2 0 0  p i,  4 . 2  u n i ts )  w e r e  added to the
,-HCl.

co n ju g ate  ( 2 . 5  m l)  suspended in an  equal v o lu m e  of 0. 1 0 mM t r i s  c o n ta in in g  

10 mM m agnesium  c h lo r id e  and 1 mM E D T A ,  p H  8 . 2 .  A f t e r  f i f t e e n  m in u te s ,  

a sam ple  w as  taken  and the c o n ju g a te  re m o ve d  by f i l t r a t i o n .  T h e  f i l t r a t e  

w as then a s s a ye d  f o r  en zym ic  a c t i v i t y .

____ n ____  P o ly n u c le o t id e  p h o s p h o r y ia s e  f ro m  B . S ie a r o t h e r r r.oo h i ju s .

A l iquots of the enzym e (2 0 0  p i , 1 1 . 5  uni ts) w e r e  added to the co n ju g a te

." HCl( 2 . 5  m l) suspended  in an equal v o lu m e  of 0. 1 0 M t r is  c o n ta in in g  10 mM 

magnesium c h lo r id e  and 1 mM E D T A ,  p H  7 , 8 ,  A f t e r  f i f t e e n  m in u te s ,  a 

sam p le  w as taken  and the c o n ju g a te  re m o ve d  b v  f i l t r a t i o n .  T h e  f i i i r a t e  

w as then a s s a y e d  f o r  en zym ic  a c t iv i t y .



T
em

p
eratu

re

ÉWii» *»' ■

P e rc e n t Maxim um  B ind ing

01
o



(44)

of the ET. c o l i  enzym e is s t r o n g e s t  a t  pH 8 . 2 ,  w h i ls t  the B .  s t c u r o lherm ophi I us 

en zym e b inds s t r o n g ly  at p H  7. G. T h e  s t re n g th  of b in d in g  d e c l in e s  s h a r p ly  

on e i t h e r  s id e  of the optimum.

T h e  e f fe c t  of t e m p e r a tu r e  is less  m a rk e d  but the b ind ing  of 

the en zym es is s t ro n g e s t  at t e m p e ra tu r e s  b e low  1 0 ° .  In the c a se  of 

E c c o l i  , the b ind ing  is 50% of maximum ot 1S ° and the c o r r e s p o n d in g  v a lu e  

f o r  B. s te a r o th c r m o phi lus en zym e is 2 7 . 5 ° .  T h e  r e s u l t s  suggest that  

th e rm a l  e lu t io n  could be a u sefu l method of e lu t in g  the en z y m e . T h e  fa c t  

that b ind ing  is te m p e ra tu re  dep en dent w ou ld  a ls o  in d ic a te  that the b ind ing  

of enzym e to l igand is not an io n -e x c h a n g e  e f fe c t  but a b io s p e c i f ic  even t.

T h e  c a p a c i ty  of tr.e c o n ju g a te  w as  d e te rm in e d  u n d er  optimum p H  

and te m p e ra tu r e  co n dit ions as 95 u n i ts /m !  c o n ju g a te .  In p r e p a r a t i v e  w o r k ,  

an exce ss  of l igand o v e r  enzym e w a s  a lw a y s  used . A  l im ita t io n  of the l igand  

in p r e p a r a t i v e  w o r k  is that n u c le ic  ac ids  and o l ig o n u c le o t id e s  must be 

re m o ve d  b e fo re  ap p l ic a t io n  of the c r u d e  en zym e to the co lum n. It has been  

found ih a t p o ly c th y le n e i  m ine  is the moot e f fe c t iv e  agoni f  o • i!>c i i p ..  a t . on

of n u c le ic  a c id s  as the p o ly n u c le o t id e  p h o s p h o ry Ia s e  a c t iv i t y  is p r e c ip i t a t e d  

at the same t im e . T h e  enzym e a c t iv i t y  can be e x t r a c te d  f ro m  the p e l le t  

a f fo rd in g  a s ig n i f ic a n t  p u r i f i c a t io n .  T h e r e  h ave  been o th e r  exam p les  of 

en zym es w h ic h  have been c o p r e c ip i  ia ied  w ith  n u c ie ic  a c id s ,  f o r  e x a m p le ,  

p o ly n u c le o t id e  l ig as e  and k in a s e  a c t iv i t ie s  can be s e p a ra te d  w hen  the  

k in a s e  is p r e c ip i ta te d  w ith  s t r e p to m y c in  s u lp h a te  (P a n e t  et a i .. 19 73 ) .  When  

n u c le ic  a c id s  w e r e  rem o ved  fro m  c r u d e  p r e p a r a t io n s  c f  p o ly n u c le o t id e  

p h o s p h o ry la s e  by p assag e  th rough a colum n o f D E A t l - c e l  lu io s e  ( T h a n a s s ie  

and S i n g e r ,  19G6), it w as found that  the en zym e w as  not e f f e c t iv e ly  re ta in e d  

by the a f f in i t y  column. T h is  w as  p ro b a b ly  b eca u s e  of c o m p e t i t io n  fro m  

sm all  o l ig o n u c l  eoi ides.

T h e  o l ig o  d (p T )  used in th is  w o r k  w as  p r e p a r e d  by ch em ica l  

p o ly m e r iz a t io n  w hich  rcsi.il ts in a p ro d u c t  w h ic h  is h e te ro g e n e o u s  w ith  

re s p e c t  to ch a in  leng ih .  A  m o re  hom ogeneous p ro d u c t  co u ld  have been  

o bta in ed  by the use of te rm in a l  t r a n s f e r a s e  (E o l lu m ,  196C) but the m a te r ia l  

w ou ld  then h ave  boon a v a i l a b le  in much s m a l le r  q u a n t i t ie s .



0

P u r i f i c a t i o n  of B. s te a r o th e r m o p h i  lus p o ly n u c le o t id e  p h o s p h o r y Ia s e  by  
s u b s t r a t e  e lu t io n  fro m  C M - S e p h a d e x _______________________________________

A  sa m p le  o f  the enzym e (2 m l ,  10 u /n i l )  w a s  d ia ly s e d  a g a in s t  

5 mM M O P S ,  1 mM E D T A ,  2 mM 2 ~ m e rc a p to e ih a n o l , p H  6 .  5 at 5 °  and  

a p p l ie d  to a co lum n of C M - S e p h a d e x  C - 5 0  w h ich  had b e e n  e q u i l ib r a t e d  w ith  

the sam e b u f f e r .  T n e  colum n w as  w ashed  w ith  b u f fe r  u n t i l  no m o r e  p ro te in  

w a s  e lu te d .  N o  en z y m ic  a c t iv i t y  w as  e lu ted  d u r in g  th is  b u f f e r  w a s h .  T h e  

colum n w as  then w ashed  w ith  b u f fe r  co n ta in in g  1 mM A D P  and f r a c t io n s  

e lu te d  w i th  A D P  showed en zym e  a c t iv i t y  F ig u r e  15. 8 0 %  o f the a p p l ie d  u n i ts

w e r e  i e c o ' -e rs d  and the s p e c i f ic  a c t iv i t y  w a s  ra is e d  f r o m  2 . 0  u n i t s /m g  to 

6 .  1 u n i ts /m g .  A  d is a d v a n ta g e  of the p ro c e d u r e  is the f a c t  that the  enzym e  

loses  50%  of i ts  a c t iv i t y  d u r in g  the d ia ly s is  step. T h is  in a c t iv a t io n  cou ld  

be cau s ed  by the low p H  d u r in g  the d ia ly s is  step.

P r o p e r t i e s  of immobi l iz e d  p o ly n u c le o t id e  phocnh o ry lr is e

O ptim um  c o n d it io n s  f o r  b in d in g  p o iy n u c le o t id e  p n o s p n o r y la s e  to cy an o gen  
b ro m id e  ac t ivatec l p o ly s a c c h a r i d e s_____________________________________________

Hoffm an et a l . (19 7 0 )  h ave  r e p o r t e d  the p r e p a r a t i o n  o f  immobil 

i z e d  p o ly n u c le o t id e  p h o s p h o r y la s e  using  cyanogen  b r o m id e  a c t iv a te d  c e l lu lo s e  

as a s u p p o r t .  T r i s  b u f fe r  w as  used as the coupling  b u f f e r  and it  is  p ro b a b le  

that the am ino  g ro u p  o f  the b u f fe r  re a c te d  w ith  the a c t iv a t e d  c e l lu lo s e  in 

c o m p e t i t io n  w i th  the e n z y m e ,  lea d ing  to a re d u c e d  io a d in g  of e n z y m e  on the  

m a t r i x .  T h e  e f fe c t  of r e p la c in g  t r i s  w ith  b u f fe rs  la c k in g  a r e a c t i v e  am ino  

g ro u p  w as  s tu d ie d .  T h e  en zym e w as  d ia ly s e d  ag a in s t 0 . 0 1  M 2 ,  4 ,  6 - c o l l i d i n e ,  

p H  8 . 2  and then coupled  to a c t iv a te d  c e l lu lo s e .  T h e  p r o t e i n  c o n ten t  of the  

c o n ju g a te  w as  compai’ e d w i t h  that of a d e r iv a t iv e  p r e p a r e d  u n d e r  id e n t ic a l  

c o n d it io n s  u s ing  t r i s  b u f f e r .  T h e  co n ju g a te  p re p a r e d  in 2 ,  i\ , 6 - c o l  U d ine  

b u f fe r  c o n ta in e d  121 mg p r o t e i n / g  d r y  w e ig h t  w h i le  the c o n ju g a te  p r e p a r e d  in 

t r i s  c o n ta in e d  '¡3 mg p ro tc i .n /g  d r y  w e ig h t .  C o l l id in e  c o u iJ  bo r e p la c e d  by 

0. 1 0 M sodium b ic a r b o n a t e ,  p H  8 . 0  o r  by 0 .  1 0 M so d iu m  b o r a to ,  p H  8 . 5 .

T h e  e f fe c t  of p ro te in  c o n c e n tra t io n  on c o u p l in g  y ie ld s  ar.d the  

f in a l  a c t iv i t y  of the d e r i v a t i v e s  w as  then s tu d ie d .  T w o  s u p p o r t  m a t e r ia ls  

w e r e  u sed ,  S e p h a d e x  G - 5 0  and S e p h a r o r e - 4 B ,  in o r d e r  *o c o m p a r e  the

(45 )

p r o p e r t i e s  of co n ju g a te  w h e r e  the en zym e  w as on the s u r f a c e  r a t h e r  than in

q -C * u. ~ Scphcidcx  ̂~ ~ /.iic  r \
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P u r i f i c a t i o n  of p o ly n u c le o t id e  p h o s p h o ry la s e  f ro m  B , S te a ro th e rm o p h i  !us 

by s u b s t ra te  e lu t ion  f ro m  C M - S e p h a d c x ,  A  co lum n of C M - S e p h a d e x  C - M )  

( 9 . 0  x  0. 5 cm) was e q u i l i b r a t e d  w ith  5 mM M O P S ,  p H  6 . 5  c o n ta in in g  1 mM 

m ercap toe thano l  and 1 mM E D T A .  A  sa m p le  o f  enzym e ( 2 . 0  m l ,  10 u n i t s / m l )  

w as d ia ly s e d  ag a in s t the s a m e  b u f f e r ,  a p p l ie d  to the co lum n and w ashed  

th rough  the column w ith  s t a r t i n g  b u f f e r .  A f t e r  e lu t io n  of unbound p r o t e in ,  

the column was p erfu se d  w i t h  b u f fe r  co n ta in in g  1 mM A D P. F r a c t io n s  ( 2 . 0  m l)  

w e r e  <~o||ected and a s s a y e d  f o r  p ro te in  and en z y m ic  a c t iv i t y .

____0 _____0 --------  P r o t e i n  (m g /m l)

____ q ____ q ____  A c t iv i t y  ( u n i t s /m l )
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w ith  cyan o gen  b ro m id e  and co u p led  w ith  v a r io u s  amounts of enzym e.

T h e  f in a l  re a c t io n  m ix tu re s  w e r e  ad jus ted  to a co n s tan t  vo lum e by add it ion  

of c o u p l in g  b u f f e r .  A f t e r  thorough  w a s h in g ,  the d e r iv a t iv e s  w e r e  assayed  

f o r  p r o t e in  and en zym ic  a c t iv i t y .  T h e  r e s u l ts  a r e  g iv en  in T a b le  5.

It can be se en  that ac t iv a te d  S e p h a r o s e  binds m o re  p ro te in  

than S o p h a d e x  G - 5 0 ,  P o ly n u c le o t id e  p h o s p h o ry Ia s e  fro m  M. luteus  

w as  used in th ese  s tu d ie s  and has a m o le c u la r  w e ig h t  of 2 7 0 , 0 0 0  (L .e tendre  

and S i n g e r ,  13 75 ) .  T h e  en zym e w i l i  t h e r e f o r e  be exc lu ded  f ro m  the p o res  of 

S e p h a d e x  G - 5 0  and w i l l  be bound on the s u r f a c e  of the m a t r ix  bead . T h e  

i n t e r i o r  p o re s  of the S e p h a r o s e  m a t r ix  w i l l  be a v a i la b le  f o r  b inding and 

th is  cou ld  account fo r  the h ig h e r  b inding o b s e rv e d .  A  f lu o re s c e n c e  

stu d y  of the b ind ing  of L e u c in e  am in o pept id aso  to cyanogen  brom ide  

a c t iv a te d  S e p h a r o s e  and S e p h a d e x  has shown that the enzym e (molecular-  

w e ig h t  3 8 0 , 0 0 0 )  w as  e v e n ly  d is t r ib u te d  th rough  the S e p h a r o s e  beads but 

w as  ex c lu d e d  from  the S e p h a d e x  beads (L_asch, Iw ig  and H a n s o n ,  1372).  

C o n t r a d ic t o r y  re-suits h ave  been o b ta ined  in an a u to ra d io g ra p h ic  study o; 

the b in d in g  of la c to p o r o x id a s e  (m o le c u la r  w e igh t  7 8 , 0 0 0 )  to ac t iv a te d  

S e p h a r o s e  ( D a v id ,  C h in o  and R e is f e id ,  1574 ).  A u to ra d io g ra p h s  ind icated  

iha t  the p ro te in  w as  bound in a c r o s s l in k e d  sh e l l  on the s u r fa c e  of the 

S e p h a r o s c  b ead s .  H o w e v e r ,  the S o p h a r o s e  had been  ac t iv a te d  1or v e r y  

much lo n g e r  than usual and the lo n g e r  a c t iv a t io n  time cou ld  have re s u l te d  

In a m o re  c r o s s l in k e d  m a t r ix  w h ic h  exc lu ded  the p ro te in .

W hen  the a c t iv i t y  of the d e r i v a t i v e s  w as  e x p re s s e d  in terms  

of the d r y  w e ig h t  of m a t r i x ,  the S e p h a d e x  d e r iv a t iv e s  showed Ii111 e 

v a r i a t i o n  in a c t iv i t y  w ith  p ro te in  conten t.  S e p h a r o s e  co n ju g a te s ,  on the 

o th e r  h an d ,  showed an a lm o st l in e a r  re la t io n s h ip  be tw een  a c t iv i t y  and 

p ro te in  c o n te n t ,  the a c t iv i t y  in c re a s e s  as the p r o t e in  conten t d e c r e a s e s .

T h is  e f fe c t  is o b s e rv e d  w ith  both d e r iv a t iv e s b u t  is most m a rk ed  w ith  the 

S e p h a d e x  d e r i v a t i v e s .  It w as  conc luded  that the most e f f ic ie n t  use of 

en zym e w as to im m o b il iz e  a sm all  q u a n t i ty  of the enzym e on the m a t r ix  

r a t h e r  than t ry in g  to a c h ie v e  the h ighest p o s s ib le  loading. M easu rem en t  

of the a p p a re n t  c a t a ly t ic  co n stan ts  of c e l lu lo s e  d e r iv a t iv e s  w ith  d i f fe r in g  

p r o te in  co n ten ts  c o n f irm e d  th ese  o b s e rv a t io n s .
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B in d in g  of M. lu teus p o ly n u c le o t id e  p h o s p h o ry la s e  to cy an o ge n  b ro m id e  
a c t iv a te d  S e p h a d e x  G - 5 0  and S e p h a r o s e - 4 B

S e p h a d e x  G ~50

% a v a i l a b le  p r o te in  
coupled

P r o t e in  
m g /g  m a t r ix

A c t iv i t y
p m o l e / h o u r / g  pmol e / h o u r / m g

p r o t e in

1. 70 42 .  00 3 .  10 0. 074

2 . 60 18. 00 3 .  00 C. 167

3 . 33 7 . 20 3 .  14 0 .  436

4 . 4 0. 30 3 .  74 1 2 .4 7

S e p h a r o 5 e -A B

1. 78 58. 4 6 .  74 0. 1 15

2. 68 2 5 .  5 3 .  97 0. i 55

3. 41 7. 73 3 .  77 0. 483

4. 16 1 .5 0 2 .  10 1 .4 0 0



P r o t e in  C o n ten t  (nin/ g m a tr ix) k c a t ( a p p ) / k c a t ( f r e e  en zym e)

43 0 .2 4 1

121 0 . 1 3 6

T h e  re d u c t io n  in o b s e rv e d  c a t a l y t i c  e f f ic ie n c y  w ith  high

p ro te in  loading is p r o b a b ly  due to s t o r i c  h in d ra n c e .  T h is  has been

o b s e rv e d  w ith  o th e r  im m o b il iz e d  e n z y m e s .  T h e  a c t iv i ty  o f  C M - c e ! l u l o s e

t ry p s in  d e r iv a t iv e s  d e c r e a s e d  w ith  in c re a s in g  p ro te in  co n ten t  (L e v in  e t  a l„

1964) and Ia c to p e r o x id a s e - s e p h a r o s e  co n ju g a te s  a lso  becam e less

e f f ic ie n t  at h igh p ro te in  loadings (D a v id  and P e i s f e l d ,  1974).

S t a b i l i t y  of the im m o b il iz e d  enzym e to th erm al  d e n a tu ra t io n  and in a c t iv a t io n  
by u re a _____ _________________________________________________________________________

T h e  th e rm a l  s t a b i l i t y  o f  the en zym e  w as s tu d ie d  b e 'h  ip the 

f r e e  s ta te  and when im m o b il iz e d .  A l iq u o ts  of the enzym e w e r e  in cub ated  

at v a r io u s  te m p e r a t u r e s , ra p id ly  c o o ie d  and then assayed  u n d e r  s ta n d a r d  

c o n d it io n s  fo r  p o ly m e r iz a t io n  a c t iv i t y .  T h e  r e s u l ts  o b ta in ed  w ith  the 

M . lu teus enzym e a r c  sh o w n  in F i g u r e  16. Im m o b il iz a t io n  on D E A c -  

c e l lu lo s e  by the t r i a z i n e  method r e s u l te d  in a m a rk e d  i n c r e a s e  in th e rm a l  

s t a b i l i t y .  S i m i la r  r e s u l t s  w e r e  o b ta in ed  w i th  the enzym e f ro m  E .  c o ! i .

In th is  c a s e ,  the en zym e  was im m o b il iz e d  on C e l i t e - 5 6 0  by the g lu ta r a ld e h y d e  

method and the r e s u i ts  a r e  shown in F ig u r e  17. In g e n e r a l ,  the en zym e  f ro m  

E .  col i is m o re  s ta b le  than  the en z y m e  from M ._lu teu s .

T h e  s t a b i l i t y  of the enzym e to d e n a tu ra t io n  by u re a  w as  

d e te rm in e d  by in c u b a t in g  a l iqu o ts  o f  the im m o b il iz e d  en zym e in 1 . 0  M u r e a  

at 3 7 ° .  At g iven  l im e  in t e r v a l s ,  a l iq u o ts  w e r e  t r a n s f e r r e d  to a ja c k e te d  

v e s s e l  and assayed  f o r  p o 'y m e r iz a i i c n  a c t iv i t y  at the same u r e a  c o n c e n lr t i t io n  

T w o  d e r iv a t iv e s  of the M ,  lu teu s en z y m e  w e r e  u sed ,  a S e p h a r o s e - 4 B  

co n ju g a te  w ith  an a c t i v i t y  of 3. 7 7 p .m o 'e /h o u r /g  and a p r o t e in  co n ten t  of 

7. 73 m g /g  and a S e p h a d e x  G--50 c o n ju g a te  w i th  an a c t iv i t y  o f  3. 1 O j im o le /h o u r  

g and a p ro te in  co n ten t o f  42 m g /g .  T h e  r e s u l t s  a r e  shown in F i g u r e  18.

T h e  S c p h a r o s e  d e r i v a t i v e  showed g r e a t e r  s t a b i l i t y ,  r e t a in in g  70% of its  

a c t iv i t y  a f t e r  s ix ty  m in u te s  in c u b a t io n .  L inder the same c o n d i t io n s ,  the  

S e p h a d e x  d e r iv a t iv e  o n ly  re ta in e d  25%  of i ts  o r ig in a l  a c t iv i t y .
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T h e rm a l  s t a b i l i t y  o f  p o ly n u c le o t id e  p h o s p h o ry la s e  f ro m  M . lu teus  

c o v a le n t ly  a t ta ch ed  to D E A E - c e l I u l o s e .

P o ly m e r i z a t io n  a s s a y s  w e r e  c a r r i e d  out as d e s c r ib e d  in the methods  

s e c t io n .  S am p le s  w e r e  incubated  at the s p e c i f ie d  te m p e r a t u r e  and 

a l iq u o ts  w e r e  ta k e n ,  cooled and a s s a ye d  at 3 0  .

____^ _____ s o lu b le  en z y m e , 20  m inutes

_A ______A ____ im m o b il ized  e n z y m e ,  2 0  m inutes

____ im m o b il ized  en z y m e , 6 0  m inutes



100
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T h e rm a l  s t a b i l i t y  o f  p o lyn u c leo t id e  p h o sp h o ry lase  f ro m  E .  Col i 

c o v a le n t ly  a tta ch ed  to C e l i t e - 5 6 0 .

P o ly m e r i z a t io n  a s s a y s  w e r e  c a r r ie d  out as d e s c r ib e d  in the methods  

s e c t io n .  S a m p le s  w e r e  incubated at the s p e c i f ie d  te m p e r a t u r e  fo r  

30  m inutes  w hen  a l iq u o ts  w e r e  re m o ve d ,  coo led  and a s s a y e d  a t  30  .

___ ...____ r„_____im m o b il ized  enzyme

O O f r e e  enzym e
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S t a b i l i t y  o f  p o ly n u c le o t id e  p h o s p h o ry la s e  f ro m  M . lu teus to u re a  

d é n a tu ra t io n .

S a m p le s  w e r e  in c u b a te d  in 0. 1 D M —T r i s  pH  S. 0 c o n ta in in g  1 . 0  M u re a  

at 3 7 ° .  A l iq u o ts  w e r e  rem o ved  and assa ye d  f o r  a c t iv i t y  in p o ly m e r iz a t io n  

b u f fe r  c o n ta in in g  1 , 0  M u re a .

___ Q _____ r j ____  im m o b il iz e d  on S c p h o r c s c - 4 B

___ q _____ q ____ f r e e  so lu t io n

____  » ____  » ___  im m o b il ized  on S e p h a d c x  G- 50
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K in e t ic s

A l l  the im m o b il ized  enzym e d e r iv a t iv e s  obeyed  M ic h a e l  is 

M enton  k in e t ic s  when assa ye d  fo r  p o ly m e r iz a t io n  in s t i r r e d  su s p e n s io n .

T h e  v a lu e s  o f  the M ich ae l  is co n stan ts  of so m e  d e r i v a t i v e s  of the M. luteus  

en zym e  a r c  g iv e n  in T a b le  6. T h e  a p p a re n t  v a lu e s  o f  the M ic h a e l is  

c o n s ta n t  a r e  unchanged w hen the enzym e is  c o v a le n t ly  bound to c e l lu lo s e .

T h is  is e x p e c te d  from p re v io u s  w o r k  w i th  c h a rg e d  s u b s t r a te s  and en zym es  

a t ta c h e d  to u n c h a rg e d  su p p o rts  (H o rn b y ,  L i l l y  and C r o o k ,  1967 ).  T h e  

d e c r e a s e  in Km o b s e rv e d  w hen the en zym e w as  a t ta ch ed  to a lk y la m in e  

g la s s  c o u ld  be a t t r ib u te d  to the p o s it iv e  c h a r g e  on the m a t r i x  le a d in g  to a 

h ig h e r  s u b s t r a t e  c o n c e n tra t io n  in the m ic r o - e n v i r o n m e n t  of the en zym e .

W hen the enzym e is a t ta c h e d  to S e p h a r o s e ,  t h e re  is a fo u r  

fo ld  i n c r e a s e  in the a p p a re n t  v a lu e  of K m . A  th e o re t ic a l  model has been  

p ro p o s e d  to d e s c r ib e  the k in e t ic s  o f  en z y m e s  im m o b il iz e d  in s p h e r ic a l  gel 

p a r t i c l e s ,  su ch  as S e p h a r o s e  (K a s c h e  et at. } 19 71 ) .

In th is  m o d e l ,  the r a t e  of p ro d u c t  fo rm a t io n  is p ro p o r t io n a l  to the s q u a re  

ro o t  o f  the en zym e c o n c e n tra t io n  at low s u b s t r a t e  c o n c e n t ra t io n s  and  

p r o p o r t io n a l  to enzym e c o n c e n tra t io n  at h ig h  s u b s t ra te  c o n c e n t r a t io n s .

T h e  e s ta b l is h m e n t  of c o n c e n tra t io n  g r a d ie n ts  as the s u b s t r a t e  d i f fu s e s  

th ro u g h  the p o re s  of the gel w i l l  lead to an in c re a s e  in th e  a p p a re n t  v a lu e  

of Km, T h i s  cou ld  e x p la in  the o b s e rv e d  in c r e a s e  in the Km a lth ou g h  the 

en zym e ca nn o t  be s e v e r e l y  l im ite d  by d i f fu s io n  as L i n e w e a v e r  B u r k  p lo ts  

a r e  l in e a r ,

A  s i m i la r  in c re a s e  in Km is  o b s e rv e d  w h e n  the E£. c o l i  enzym e  

is bound to S e p h a r o s e .  In th is  c a s e ,  the a p p a re n t  Km o n ly  in c r e a s e s  f ro m
_Zl

1 . 7 6  x  10 M to 1 .6 7  x  10 M. T h e  p r o t e in  content o f  the d e r i v a t i v e  was  

4 3 0  rn g /g .  A g a in ,  no d e v ia t io n  f ro m  l i n e a r i t y  w as  o b s e rv e d  in the L in e w e a v e r  

B u r k  p lo ts .  A n o th e r  method of d e tec t in g  d if fu s io n  l im ita t io n s  is to c o m p a re

tho a c t iv a t io n  e n e r g ie s  of the im m o b il ized  enzym e end th e  f r e e  en z y m e . T ho  

r e s u l t s  o b ta in e d  w ith  E ^ c o l j  p o ly n u c le o t id e  p h o s p h o r y la s e  in f r e e  so lu t io n  

and c o v a le n t ly  bound to S e p h a r o s e  a r e  sh o w n  in F ig u r e  19. T h e r e  is a 

s l ig h t  d ro p  o f  7^, in the a c t iv a t io n  e n e r g y  but th is  is  p ro b a b ly  not s ig n i f ic a n t .  

D i f f u s io n a l  l im i ta t io n s  w ou ld  o n ly  be e x p e c te d  to o c c u r  w i th  v e r y  a c t iv e

( 43)
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K in e t ic  c o n s ta n ts  of im m o b il iz e d  M. lu teus p o ly n u c le o t id e  p ho sphopylase

S u p p o rt P r o t e i n  
m g /g  m a t r ix

Km (app)  
M

k c a t  a p p /  
k c a t  f r e e

F r e e  enzym e - 1 . 0 x 1  0~4 1 . 0 0

C e l lu lo s e  (a ) A3 1 . 0 x 1  0 - 4 0. 2'i1

Cel lu lose  (b) 121 1 . 0  x 1 0 " 4 0. 136

S e p h a r o s e - 4  B 47 5 4 .  0 x  1 0 " 4 0. 32 6

P o ro u s  g la s s 6 .  8 0. 50  x  1 O''4 0. 704

(a) coupled  i n T p is  buffen

(b) coupled  in  c o l l id in e  b u f fe r

A s sa ys  c a r r i e d  out in s t i r r e d  su sp e n s io n  as d e s c r ib e d  in the Methods  
S e c t io n  w i th  A D R  as s u b s t r a te

* • .*•
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A r r h e n iu s  p lo ts  fo r  p o ly n u c le o t id e  p h o s p h o ry la s e  f ro m  E .  c o l i  

in f r e e  so lu t io n  and c o v a le n t ly  bound to S e p h a r o s e  4 B .

P o ly m e r i z a t i o n  a s s a y  c a r r i e d  out as d e s c r ib e d  in the M eth o ds  S e c t io n  

u s ing  10 mM A D P  as s u b s t ra te .

____ q _____o ____ f r e e  enzym e

--------O --------3 - ___im m o b il iz e d
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en z y m e  p r e p a r a t io n s  (S u n d a r a m ,  T w e e d a le  and L a i d l e r ,  1970 ).  T h e  

a c t iv i t y  o f  the p o ly n u c le o t id e  p h o s p h o ry la s e  used in these e x p e r im e n ts  

is l o w e r  ihan that of enzym e s y s te m s  f o r  w h ich  d if fu s io n a l  l im ita t io n s  

h ave  b een  o b s e rv e d  and it can  be con c lud ed  that im m o b il iz e d  p o ly n u c le o t id e  

p h o s p h o r y la s e  is not d i f fu s io n  l im ite d  w hen assayed  In s t i r r e d  su sp e n s io n .

A  s tudy of the e f fe c t  of ion ic  s t re n g th  on the k in e t ic s  of the  

im m o b il iz e d  enzym e w as c a r r i e d  out using  D E A E f - c e l Iu lo s e  as the 

s u p p o r t in g  m a tr ix .  T h 's  w o u ld  g iv e  a system  in w h ich  the s u b s t r a te  and  

m a t r ix  h ave  opposite  c h a r g e .  A t  low- ionic s tren g th  the a p p a re n t  Km should  

be l o w e r  than that of the f r e e  en z y m e  system  ( W h a r to n ,  C r o o k  and  

B r o c k l e h u r s t ,  1960b), T h e  M , lu teus enzym e w as s u c c e s s fu l ly  a t ta ch ed  

to D B A ,E .-c e l lu lo s e  by the t r l a z i n e  method. The  d e r iv a t iv e  used in these  

s tu d ie s  had a p ro te in  conten t o f  33 rng/g and an a c t iv i t y  of 90 mol e / h o u r / g .  

L in c .w e a v e r - B u r k  p lo ts  o b ta in e d  w ith  the f r e e  and im m o b il iz e d  en zym e  a r e  

shown in  F ig u r e s  2 0  ar.d 21 .  T h e  Km of the f r e e  enzyme* is independent of 

ion ic  s t re n g th  w h e re a s  the a p p a re n t  Km of the im m o b il ized  enzym e is 

d ep en d e n t  on ion ic  s t re n g th  an d  is d e c r e a s e d  at low ion ic  s t r e n g th .  In 

a d d i t io n  to the e ffec t  on the a p p a r e n t  Km , th e re  is a p o s i t iv e  ion ic  s t re n g th  

e f fe c t  on the v a lu e  o f  kcat .  A  t h re e fo ld  in c re a s e  in the io n ic  s t r e n g th  leads  

io  a f iv e f o ld  in c re a s e  in the a p p a re n t  kc a t  of the im m o b il ized  en z y m e . A  

s i m i l a r  e f fe c t  on k c a t  is o b s e r v e d  w ith  the s o lu b le  enzym e and w ou ld  in d ic a te  

that the  s u b s t ra te  is in t e r a c t in g  w ith  a n e g a t iv e ly  c h a rg e d  g roup  on the 

p r o t e in .

T h e  e f fe c t  o f  io n ic  s t re n g th  on the h y d r o ly s is  of e s t e r s  by  

b r o m e la in  c o v a le n t ly  bound to C M  -cel lu ioso  has been stu d ied  (W h a r to n ,

C r o o k  and B r o r k 'h '  m s ! , 1568b),  An e q u a t i o n  w as d e r iv e d  w h ich  d e s c r ib e d  

the o b s e rv e d  p e r tu rb a t io n  of the M ich ae l  is con stan t.

(49)

____ l____
app Km

7. me ( 1 )
Xapp K m ,. .  , 2 app K m ,. .  ,°  (I im) K ( l im )

w h o r e  I = ion ic s t r e n g th

app Km = ap p aren t  v a lu e  of M ic h a e l i s  constant

app K m , |; ) -  ap p aren t  v a lu e  o f  M ic h a o h s  constant when net c h a r g e  ort
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E f f e c t  of io n ic  s t re n g th  on k in e t ic s  of A D R  p o ly m e r iz a t io n  by 

p o ly n u c le o t id e  p h o s p h o ry ln s e  f ro m  M . iu teus .

□ ion ic  s t re n g th  = 0. 0167

O -------Of-------- io n ic  s t re n g th  = 0. 0567
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E f f e c t  of ion ic  s t r e n g th  on k in e t ic s  of A D R  p o ly m e r iz a t io n  by 

p o ly n u c le o t id e  p h o s p h o r y la s e  fro m  M . lu teus c o v a le n t ly  a t ta c h e d  to 

D E A E - c e l l u l o s e .

□ -------□ ion ic  s t r e n g t h  = 0 . 0 5 6 7

-------C C:------- ion ic  s t r e n g t h  =: 0. 1567
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2f = r a t io  of the mean ion a c t iv i t y  c o e f f ic ie n ts  o f  the m a t r ix  
and b u lk  p ha se s .

2 = modulus of the num ber of c h a r g e s  on the m a t r ix ,

me = c o n c e n tra t io n  of m a t r ix  in i ts  h y d ra te d  fo r m .

A  p lo t  o f  l /  . .  a g a in s t  I is show n in F ig u r e  22 and is  K 1 app Km J

l in e a r  as p re d ic te d  f ro m  T h e o r y .  I f  p o ly n u c le o t id e  p h o s p h o ry la s e  wee- 

a t ta ch ed  to C M -c e l  iu lo s e ,  the appar ent v a lu e  of Km  w ould  be ex p e c te d  to 

i n c r e a s e .  A ttem p ts  w e r e  made to c o u p le  the en z y m e  to C M - c e l  lu lo se  by 

the ac id  a z id e  method (M i tz  and S u m m a r ia ,  1961) but it w as  not p o s s ib le  

to p r e p a r e  an a c t iv e  d e r i v a t i v e  by th is  method. T h e  D E A E - c e !  lul ose  

c o n ju g a te  w as not s u i ta b le  f o r  the p r e p a r t io n  of p o ly m e rs  as the p ro d u c t  

binds s i ro n g ly  ¡0 the io n -e x c h a n g e  g ro u p s  o f  the m a t r ix  and is o n ly  

r e le a s e d  on w ash ing  w ith  s tro n g  s a l t  s o lu t io n s .  T h i s  is im p ra c t ic a l  when it 

is d e s i r e d  to use the co n ju g a te  in a continuous p ro c e s s .

It is of in te re s t  to e s ta b l is h  w h e th e r  the k in e t ic  m echanism  o-f 

an enzym e is a l t e r e d  on im m o b il iz a t io n .  O ne a p p ro a c h  to th is p ro b lem  ¡s 

to s tu d y  the e f fe c t  of in h ib i to r s  on th e  enzym e in i ts  f r e e  and im m o b il ized  

fo rm s  (P r e u v e n e e r s  e t  al.. 1976).  S o d iu m  ih io ph osp ha te  w as  found to be  

an in h ib i t o r  of the enzym e when the p o ly m e r iz a t io n  of ih io ph osp ha te  a n a lo g u es  

of n u c le o s id e  d ip h osph ates  w as  b e ing  s tu d ied . F u r  ther  s tu d ie s  W t'-e  then  

made to es ta b l is h  the type of in h ib i t io n  caused by sodium th io p ho sp ha te  and 

a co m p a r is o n  w as  made b etw een  the f r e e  and im m o b il iz e d  en zym e . T h e  

in h ib i to r  cau s es  n o n -c o m p e t i t iv e  in h ib i t io n  of A D R  p o ly m e r iz a t io n  by tne  

M. I uteus enzym e and s im i la r  r e s u l ts  w e r e  o b ta in ed  w ith  the e n z y m e fr o m  

E .  colj_ ( F ig u r e  2 3 ) .  in this fo rm  o f  in h ib i t io n ,  the  inhibitor- can  combine  

w ith  tiie enzym e o r  w ith  the e n z y m e - s u b s t r a t e  co m p lex .  T h e  e n z y m e -  

inh ibi t o r - s u b s t r a t e  co m p lex  does not r e a c t  to fo r m  p ro d u c t  o r  does so o n ly  

at a s lo w e r  r a t e  than the e n z y m e -s u b s t r a te  c o m p le x  (G u t f re u n d ,  1965 ).  If 

it is p ro po sed  that th e r e  is a s p e c i f ic  s u b s t ra te  b ind ing  s i te  arid a c a t a ly t ic  

s i te  c o n t ro l l in g  the re a c t io n  of s u b s t r a te  to fo rm  p ro d u c t ,  a n o n -c o m p e t i t iv e  

in h ib i to r  could  bind to the c a t a ly t ic  s i t e ,  ch an g in g  the r e a c t iv i t y  w ith o u t  

ch an g in g  Ihe s u b s t ra te  s p e c i f ic i ty .  O nce  the in h ib i t io n  p a t te rn  of the 

s o lu b le  enzym e haci been p<:i,ihMchoHt p r o p e r t i e s  c f  the 1 *. —.!



D e p e n d e n c e  upon io n ic  s t re n g th  of Km (app) f o r  the D E A E - c e l  I u lc s e -  

p o ly n u c le o t id e  p h o s p h o ry la s e  c a ta ly s e d  p o ly m e r iz a t io n  of A D P .
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A D R  p o ly m e r iz a t io n  by p o ly n u c le o t id e  p h o s p h o ry Ia s e  fro m  E .  co  

N o n c o m p e t i t iv e  in h ib i t io n  by sodium th io p ho sp ha te .

------  © ------  0 ------- no th iophosphate

-------u -------- n -------- 2\x M th iophosphate

------- A -------  A------ 4 | i  M t l i iophosphate

____ Q ____ Q -------- 6 p  M th iophosphatcM th iophosphatc
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enzym e w e r e  s tu d ie d .  A  co n ju g ate  o f  E .  c o li p o iy n u c le o t id e  p h o s p h o ry la s e  

bound to S e p h a r o s e - 4 E  w as used in th ese  s tu d ie s .  T h e  in h ib i t io n  w as  shown

to be n o n -c o m p e t i t iv e  ind ica t in g  th a t  th e re  is no s ig n i f ic a n t  ch ange in the 

m echan ism  of the enzym e a f t e r  im m o b il iz a t io n  ( F ig u r e  2 4 ) .  T h e  in h ib i to r  

co n stan ts  w e r e  d e te rm in e d  f ro m  p lo ts  of the r e c ip r o c a l  in i t ia l  v e lo c i t y  ag a in s t  

in h ib i to r  c o n c e n tra t io n  at v a r io u s  s u b s t r a t e  c o n c e n t r a t io n s .  T h e  

in h ib i to r  co n s tan t  fo r  the im m o b il iz e d  enzym e is 7 p .M  w h i le  the v a lu e  fo r  

the s o lu b le  en zym e is 14 m-M.  F u r t h e r  e v id e n c e  fo r  the e x is te n c e  of two 

b ind ing  s i te s  on the enzym e has b een  obta ined  f ro m  stu d ies  of the polym erization  

of C E ro m o  A D P  w h ich  acts  as a n o n -c o m p e t i t iv e  in h ib i to r  o f  A D P  p o ly 

m e r i z a t io n  ( i k e h a r a ,  T a z a w a  and F u k u i ,  1569; Ik e h a ra  arid F u k u i ,  1973).

S y n the s is  of o o lv n n c le o t id es by im m o o i l i z ed p o ly n u c le o t id e  phosph o r y lase

O n e  of the m ain  o b je c t iv e s  of tho study of im m o b il ized  

p o ly n u c ie o t id e  p h o s p h o ry la s e  w as  to p r e p a r e  a d e r i v a t i v e  of the enzyme  

w h ich  cou ld  be used re p e a te d ly  f o r  th e  s y n th es is  of p o ly n u c le o t id e s .  In 

p a r t i c u l a r ,  it w a s  hoped that the u s e  of a r e - u s a b l e  c a ta ly s t  w ou ld  s im p l i fy  

the p o ly m e r iz a t io n  of a ty p ic a l  s u b s t r a t e s  by a l lo w in g  the use o f  la rg e  

q u a n t i t ie s  of en zym e .

P o ly n u c le o t id e  p h o s p h o r y la s e  s y n th e s iz e s  a p o lyn u c le o t id e  

in a p r o c e s s iv e  m a n n e r ,  i .  e. a p o ly m e r  is not re le a s e d  f ro m  the enzym e  

u nt i l  it is c o m p le te d .  S i m i l a r i t y ,  i f  a p o ly m e r  is being d e g ra d e d ,  the 

d e g ra d e d  m o le c u le  w i l l  not be r e le a s e d  unti l  s h o r t  o l ig o n u c le o t id e s  a r e  fo rm ed

(C hou  and S i n g e r ,  1970 a . b ) .  It is  t h e r e f o r e  Im p o r ta n t  to m in im iz e  

p h o c p h o ro ly s ls  by s e le c t in g  c o n d i t io n s  w h e r e  p o ly m e r iz a t io n  is fa v o u re d .

O ne  of the most c r i t i c a l  p ara m e ter  s is pH. T h e  pH  optimum f o r  the 

p o ly m e r iz a t io n  r e a c t io n  w ith  the s o lu b le  enzym e is 9. 0 w h i le  the optimum  

f o r  the p l io s p i io ro ly s is  re a c t io n  is 8 . 0 .  On im m o b i l iz a t io n ,  the pH optima  

f o r  the r e a c t io n s  a r e  a l t e r e d .  T h e  optimum f o r  p o ly m e r iz a t io n  is ra is e d  to a 

m o re  a lk a l in e  v a lu e  w h i le  the pH  optim um  fo r  p h o s p h o ro ly s is  is unchanged o r  

s l ig h t ly  lo w e r e d .  T h e  pH p r o f i l e s  o f  M. lu ’.eus p o iy n u c le o t id e  p h o sp h o ry lase  

in f r e e  so lu t io n  and im m o b il ized  on c e l lu lo s e  a r e  shown In F i g u r e  25 .  The  

pH o ptim a  of o th e r  enzym e d e r i v a t i v e s  a r e  p re s e n te d  in T a b le  7. T h e

g r e a t e s t  s c j j o i  a t i O i ' i  Ot t h e  p H  O p t i m a  i s  O b s e r v e d  W i t h  t h e  C G i i U I O S C  i w .a. iwv.

S" f W j
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A D P  p o ly m e r iz a t io n  by p o ly n u c le o t id e  p ho s p h o ry la s e  f r o m  E .  c.o!J_- 

im m o b i l iz e d  on S e p h o r o s e  4B .  N o n c o m p e t i t iv e  in i ' . ib it ion  by sodium  

thiophosphafe.

„  ^  r.o th iopbospha te------- O  D

____ A _____  A------ 1

□11c .  2 .  5 pM

c ------- o — .  b. 0 pM
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pH optim a of p o ly n u c le o t id e  p ho s p h o ry la s e

E n z y m e  D p r iv a t iv e pl-l optima

p h o sp h o ro ly s is  *  ** p o ly m e r iz a t io n

M . Inteus

f r e e 8. 10 9 . 00

>~el lu iose 7. 70 9 . 2 5

s e p h a r o s e ' 8. 00 9 . 2 5

p o ro u s  g lass^ 8 .  50 9. 40

E .  Coli

f r e e 7. 80 9. 00

s e p h a ro s e 7. 80 9. 25

*  P o ly ( A )  as s u b s t ra le

* *  A D P  as s u b s t ra te

1 Cyan og en  b ro m id e  a c t iv a t io n  o f  m a t r ix

2 C r  _>ss l in k in g  by g lu ta r a ld c h y d e  to am inoalky l g la ss .



(52 )

C h an g es  in the p H  optima of e n z y m e  r e a c t io n s  after- im m o b il iz a t io n  have  

been o b s e rv e d  p r e v io u s ly  and a r e  most often  o b s e rv e d  w ith  h y d r o ly t ic  

en zym es such as t ry p s in .  P o ly a n io n ic  d e r i v a t i v e s  of t ry p s in  show  a r i s e  in 

pH o ptim a  w h i le  in p o ly c a t io n ic  d e r i v a t i v e s  t h e r e  is a d e c r e a s e  in the phi 

optimum (G o ld s te in .  L e v in  and K a t c h a l s k i ,  1964 ).  T h e s e  e f fe c ts  h ave  been  

a s c r ib e d  to a change in the pH o f  the m ic ro e n v iro n m e n t  of the enzym e  

h o w e v e r  it is d i f f ic u l t  to e x p la in  the o b s e rv e d  chan g es  in optim a f o r  the 

p o ly n u c le o t id e  p ho s p h o ry la s e  d e r i v a t i v e s  in te rm s  o f  a change in local pH.  

T h e  most p. enounced e f fe c ts  a r e  s e en  w ith  the c e l lu lo s e  d e r i v a t i v e s  and the  

e f fe c t  could be due to the p r e s e n c e  of c h a rg e d  g ro u p s  w h ic h  a r e  known to be  

p re s e n t  as im p u r i t ie s  in c e l lu lo s e  ar.d o th e r  p o ly s a c c h a r id e s  ( P o r a t h ,

J a n s o n  and L a a s ,  1971).  T h e  s e p a r a t io n  of pH  o p tim a  f o r  the f o r w a r d  and 

r e v e r s e  re a c t io n s  has im p o r ta n t  s y n th e t ic  a p p l ic a t io n s  as d e g ra d a t io n  of 

polymer- is m in im ize d .

T h e  im m obil ized  e n z y m e  w as o p e ra te d  in the fo rm  of a packed  

bed and the s y n th es is  of p o ly ( A ) ,  p o ly (C )  and p o ly (C I^ C )  w as  s tu d ie d .  T h e  

e f fe c t  of f lo w  r a t e  on c o n v e rs io n  of s u b s t ra te  w as  m e a s u re d  and the r e s u i ts  

a r e  g iven  in F i g u r e  26. T h e  e f f e c t  of input s u b s t r a t e  c o n c e n tra t io n  is shown  

In  F ig u r e  2V. It car. bo scon th a t  the c o n v e rs io n  r a t e  is i n v e r s e l y  p ro p o r t io n  

to the f ! j w  r a t e  and the in i t ia l  s u b s t r a t e  c o n c e n t ra t io n .

Tiro k in e t ic s  of im m o b i l iz e d  e n zym es  in p acked  beds h ave  been  

s tu d ie d  in d e ta i l  by L i l l y ,  H o r n b y  and C r o o k  (1 9 6 6 ) .  I f  i t  is assum ed that the 

en z y m e  fo l lo w s  M ichael is M e n te n  k in e t ic s  and that the r e a c t io n  r e a c h e s  a 

steady' s ta te ,  tire fo l lo w in g  e q u a t io n  d e s c r ib e s  the b e h a v io u r  of an enzym e in 

a p ack ed  bed.

P S o  = app Km In ( 1 - P )  + C/ Q ______ (2)

w h e r e  P  -  p e rc e n ta g e  c o n v e rs io n

S o  = in i t ia l  s u b s t r a t e  c o n c e n tra t io n .

C  -  r e a c t io n  c a p a c i t y  (mole min ^)

Q  -  f lo w  r a t e  (m l m in ’ ' )

app Km -  a p p a re n t  v a l u e  of M ic h a e l  is co n stan t  (M).

A  plot of P .  So  a g a in s t  In ( 1 - P )  should  g iv e  a s t r a ig h t  l in e
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p H  p r o f i l e s  f o r  p o ly m e r iz a t io n  and p h o sp h o ro lys is  r e a c t io n s  

c a ta ly s e d  by p o ly n u c le o t id e  p ho s p h o ry la s e  fro m  M. lu te us .

p o ly m e r iz a t io n  f r e e  enzyme  

p o ly m e r iz a t io n  im m o b il ized  on c e l lu lo s e ,

p h o s p h o ro ly s is  f r e e  enzyme  

p h o s p h o ro ly s is  im m o b il ized  on c e l lu lo s e .
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E f f e c t  of f lo w  r a t e  on the  p o ly m e r iz a t io n  of A D P  by a co lum n ( 5 . 5  x  0. 9 cm)  

c o n ta in in g  p o ly n u c le o t id e  p ho s p h o ry Ia s e  f ro m  E.. c o j j  im m o b il iz e d  on 

ce l  i te -5G 0 .

B ____ 0. 50  x  10 4 M A D P

- 4
0 ____ 1 . 0 0  x  10 M A D P



. <• ’■* M »» V • >v- • , ‘V  • t ̂ H; ' Z3■:' >- •* i

I

Percent Conversion
100



P o ly m e r i z a t io n  of a ty p ic a l  s u b s t ra te s  by a p acked  bod (1 0 .  8 x 0 . 9  cm)  

of p o ly n u c le o t id e  p h o s p h o ry la s e  f ro m  E .  co l i .  im m o b il iz e d  on S e p h a r o s e - 4 B ,  

F lo w  r a t e  = 0 . 5 0  ml min .
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------- o ------- o -------- 1 . 0  x  i 0 _A M A D R

------- ¡3--------n -------- 1 . 0  x  1 0- ^ M C D P

--------A --------A -------
1 . 0  x  10" V l C I 5C D  p1.0 x lO"Vlci5CD p
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E .  col i p o ly n u c le o t id e  p ho s p h o ry la s e  bound to C e l i t e - 5 6 0  arc- shown in 

F i g u r e  28 .  T h e  d e r iv a t iv e  had a p ro te in  conten t o f  1 4 .3  rng/g and in 

s t i r r e d  s u s p e n s io n ,  the ap p are n t  Km f o r  A D R  p o ly m e r iz a t io n  w a s  3 .  0 x  1 0~^M .  

It can bo s e e n  that th e re  is s ig n i f ic a n t  d e v ia t io n  f ro m  the b e h a v io u r  

p r e d ic te d  in E q u a t io n  2. T h e  v a l id i t y  of E q u a t io n  2 depends upon th e re  

b e ing  p is to n  f lo w  through the packed b e d ,  i. e. a 11 e le m en ts  of the s u b s t r a te  

s o lu t io n  m ove through 'h e  bed at equal v e lo c i t i e s  and th e r e  is no m ix ing .

T h is  c o n d i t io n  can be checked  by p r e p a r in g  an F  d ia g r a m  (l. i l l y .  H o rn b y  

and C r o o k ,  1 9GG). A  so lu t ion  of AL>P was passed  th rough  the packed  bed arid 

the a p p e a r a n c e  of A D R  in the e ff luen t w as  m o n ito re d  s p e c tro p h o to ir ie t r ic a l  ly  

at 2G0 rim. T h e  vo id  vo lum e of the packed  bed w a s  d e te rm in e d  arid tiie 

h o ld b a c k ,  H ,  w as  c a lc u la te d  from  the r a t io  of the a r e a  u n d e r  the c u r v e  

b etw ee n  v =  o and v  = vo id  vo lum e to the total a r e a  b e tw ee n  th ese  l im its  and  

the z e r o  and  m axim al v a lu e s  of A 2 6 0 .  F o r  a co lum n w ith  a total vo lum e of  

4 . 3  rr.l, the v o id  vo lum e w as 3 . 2  ml and the h o ld b a ck  w as  0 . 0 6 2 4  ( F i g u r e  2 9 ) .  

U n d e r  idea l c o n d i t io n s ,  H  should equal zer o but the  o b s e rv e d  v a iu e  of r i  is  

not g r e a t  enough to account fo r  the o b s e rv e d  d e v ia t io n s  in th is  ca se .

A t the in le t  of a column of p o ly n u c le o t id e  p h o s p h o r y la s e ,  de  

novo s y n th e s is  of p o ly m e r  w i l l  take p la c e  and as co m p le te d  p o ly m e r  is 

r e le a s e d  f r o m  tho en zym e , it w i l l  move down the colum n. F u r t h e r  down the  

co lu m n , the p o ly m e r  could  be u t i l i z e d  as p r im e 1'  and  t h e r e  w ou ld  then be two  

types of p o ly m e r  fo rm a t io n  taking p la c e  -  de r.ovo s y n th e s is  and in c o r p o r a t io n  

into p r i m e r .  T h e  r a t e  of p r im ed  and u n p r im e d  r e a c t io n  w ou ld  be d i f f e r e n t  

and the s te a d y  s ta te  assumption w ould  no lo n g e r  b e  v a l id .  A t  lov\' flow' r a t e s ,  

t h e re  w i l l  be a g r e a t e r  c o n v e rs io n  of s u b s t ra te  in to  p o ly m e r  and the f i r e -  

dom inant s p e c ie s  p ass ing  through the column w i l l  be p o ly m e r .  If  th e re  Is a 

high c o n c e n t ra t io n  of p o ly m e r  and g ro u p s ,  ch a in  e lo n g a t io n  w i l l  be r e s t r i c t e d  

to the a d d i t io n  of a small num ber of n u c le o t id e  r e s id u e s .

T h e  b e h a v io u r  of a n o th e r  p h e s p h o ry Ia s e  enzym e has been  

s tu d ie d  a f t e r  im m o b il iz a t io n  on p orou s  g la s s  ( M a r s h a l l  and W a l t e r ,  1972),

T h e  en zym e  g ly c o g e n  p h o s p h o ry la s e ,  c a ta ly s e s  Ihe  r e a c t io n

x D - g l u c o s y l  phosphate  + ( D - g lu c o s e ) ^ ------- > ( D - g lu c o s c ) ^  + x P i

’ -f *T 3 - • *-a  %* t <l e i - ' * *  *  f "
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D e m o n s t ra t io n  of p is to n  f lo w  of s u b s t ra te  s o lu t io n  th rough a packed

bed ( 6 . 8  x  0 . 9 )  of p o ly n u c le o t id e  p h o s p h o ry la s e  im m o b il ized  on c e l i t e - 5 6 0 .

T h e  p ack ed  bed w as  p e r fu s e d  w ith  a s o lu t io n  of A D R  and 0. 1 0 ml f r a c t io n s

w o r e  col le c te d .





T h e  en zym e is s i m i l a r  to p o ly n u c le o t id e  p h o s p h o ry la s e  in that 

it  can add m onom er to an o l ig o m e r ic  o r  p o ly m e r ic  p r i m e r .  T h e  a u th o rs  

p re s e n te d  d a ta  on the e f fe c t  of f lo w  r a t e  on the c o n v e rs io n  of s u b s t r a te  by 

p ack ed  beds of the enzym e but they' d id  not p lot the da ta  in the fo rm  of  

E q u a t io n  2. W hen that is d o n e ,  it can bo seen »hat at h ig h e r  f lo w  r a t e s ,  

th e  im m o b il ized  p h o s p h o ry la s e  e x h ib its  s i m i l a r  b e h a v io u r  to that of 

p o ly n u c le o t id e  p h o s p h o ry la s e  ( F ig u r e  3 0 ) .  T h e  d e v ia t io n  from  l i n e a r i t y  is 

most m a rk e d  at high f lo w  r a t e s  and low s u b s t ra te  c o n c e n tra t io n s .

P o ly  (S -c h lo ro  c y t id y l ic  ac id )  has r e c e n t ly  been p r e p a r e d  

(E a to n  and H u tc h in s o n ,  1972 ) and co m p lexes  of poly  (C I^ C )  and P o ly ( l )  a r e  of 

i n t e r e s t  as p o s s ib le  in t e r f e r o n  in d u c e rs  and it w as d ec id ed  to study the 

p o ly m e r iz a t io n  of C| J G D P  by a packed bed of im m o b il ized  p o ly n u c le o t id e  

p h o s p h o r y la s e .  T h e  r e s u l t s  of a typ ica l  e x p e r im e n t  a r e  shown In F ig u r e  27 ,  

w h e r e  the da ta  is p lo t ted  a c c o rd in g  to 3 s r - E l i  and K a tc h a ls k l  (1 9 6 3 ) .  It 

c a n  be seen  that A D P  is p o ly m e r iz e d  to a g r e a t e r  ex ten t than e i t h e r  C O P  o r  

C l®  C D P .  T h e  p o ly m e rs  w e r e  ch arac te r ize * : !  by gel e le c t r o p h o r e s is  and 

found to h ave  the fo l lo w in g  S  v a lu e s ,  p o ly  (A) £!S, o o ly (C )  12S  and p o ly (C I '^ C )  

G S. T h e s e  v a lu e s  c o m p a re  fa v o u ra b ly  w ith  the v a lu e s  f o r  p o ly m e rs  p r e p a r e d  

w it h  tiie f r e e  enzym e.

T h e  p e r fo r m a n c e  of the im m o b il ized  enzym e w as  then s tu d ied  in

a batch  r e a c t o r .  T he p o ly m e r iz a t io n  of t h re e  s u b s t ra te s  w as  s tu d ie d ;  A D P ,

5 5 , r>C D P  and ho C D P .  ho C D P  and p o ly  (ho G) have r e c e n t ly  been p r e p a r e d
5

and c h a r a c t e r i z e d  by E a to n  and H utch inson  (1 9 7 3 ) .  n o ' C D P  is a p o o r

s u b s t r a t e  f o r  p o ly n u c le o t id e  p h o s p h o ry la s e ,  r e q u i r in g  l a r g e  amounts of

en zym e  f o r  su cc es sfu l  p o ly m e r iz a t io n .  T h e  p o ly m e r iz a t io n  of ho'* C D P

p r o v id e s  a model system  f o r  the p o ly m e r iz a t io n  of a ty p ic a l  s u b s t ra te s  by

im m o b il iz e d  p o ly n u c le o t id e  p h o s p h o ry la s e .  T h e  p o ly m e r iz a t io n  of A D P  in

a batch  r e a c t o r  is shown in F ig u r e  3 1 . and it can be seen  that the e x ten t  of

p o ly m e r iz a t io n  is p ro p o r t io n a l  to the amount of enzym e p re s e n t .  T h e
5

p o ly m e r iz a t io n  of C D P  and ho C D P  by tiie im m o b il ized  enzym e w as  stud ied
. 5

and it w as  found that C D P  w as a much b e t t e r  s u b s t ra te  than no C D P .  In a 

ty p ic a l  e x p e r im e n t ,  the y ie ld  of p o ly (C )  w as 3 x h ig h e r  than the y ie ld  of 

p o ly  (h o "  C ) .



f i g u r e :  3 0

K in e t ic  behaviour- o f  g lyco gen  p h o s p h o ry lu s e  immobili
and

g la s s .  D a ta  of M a r s h a l l  W a l t e r ,  1972 p lo t ted  a c co r  

L i l l y  and C r o o k ,  1966.

0 ------ i? --------

O -------O-

. c ----- □ -----

f lo w  r a t e  = 0 .  50  ml min

f lo w  r a t e  = 0 . 6 5  ml min  

f lo w  r a t e  = 0 . 9 0  ml min

z e d  on porous  

■ding to H o rn b y ,
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P r i m e r  d e p en d cn cy  of imn iob i l i z e d  p o I v n u c le o t id e  p h o sp h o r  y I esc

P o ly n u c le o t id e  p h o s p h o r y la s e  can be r e n d e r e d  p r i m e r  

dependent by a v a r i e t y  of t re a tm e n ts  such  as t r y p s in  d ig e s t io n  ( K le e  and  

S i n g e r ,  19 6 8 b ) .  T h e  p r i m e r  d ep e n d e n t  enzym e can  b e  used  in the s y n th e s is  

of d e f in e d  s e q u e n c e  ol ig o r ib o n u c le o t id e s  (T h a c h  and D o t y ,  1 9 65 a ) .  It w as  

t h e r e f o r e  o f  i n t e r e s t  to s tudy the e f f e c t  of t ry p s in  d ig e s t io n  on the a c t iv i t y  

of the im m o b il iz e d  en zym e.

T h e  re a c t io n  o f  the im m o b il iz e d  en zym e w i t h  t r y p s in  w a s  

fo l lo w e d  by a p H  s ta t  method as d e s c r ib e d  in the M eth o ds  S e c t io n .  A  

typ ica l  r e a c t io n  is shown in F i g u r e  3 2 .  P o ly n u c le o t id e  p h o s p h o r y la s e  f ro m  

M. lu te u s w a s  bound to cyanogen  b r o m id e  a c t iv a te d  S e p h a r o s e - 4 B  and the 

d e r i v a t i v e  u sed  had a p ro te in  co n ten t  of 5 4 . 4  m g /g  and  an a c t iv i t y  of 6 .  74  

u n i t s /g .  It c a n  be seen  that r e a c t io n  b e tw een  t r y p s in  and the im m o b il iz e d  

en zym e w as  co m p le te  in 25  m in u te s .  A f t e r  thorough w a s h in g ,  the c o n ju g a te  w a  

s to re d  in p o ly m e r iz a t io n  b u f fe r  in th e  ab se n ce  of 2 -m e r c a p t o e t h a n o l  and  

a s s a y e d  f o r  p o ly m e r iz a t io n  a c t iv i t y .  T h e  conjugate' w a s  then in cub ated  in 

b u f fe r  c o n ta in in g  50 mM 2 - m e r c a p to e th a n o l  fo r  60  m in u te s  and a s s a y e d  at a 

f in a l  c o n c e n t ra t io n  of 10 mM 2 -m e r c a p t o e t h a n o l .  T h e  t r y p s in  t r e a te d  

d e r i v a t i v e  show ed  a p ro no u nced  lag  p h a s e  and a low er le v e l  of a c t iv i t y .

P r e i  n c u b a t io n  of the d e r i v a t i v e  in 2 - m e r c a p to e th a n o l  r e s u l te d  in the  r e s t o r a t i c i  

of the p o ly m e r iz a t io n  a c t iv i t y .  T h is  is in a c c o rd  w i th  the  r e s u l t s  o b ta in ed  

by K le e  and S i n g e r  (19 68 b ) .

O ne of the d is a d v a n ta g e s  of the im m o b il iz e d  en zym e is  the  

d i f f i c u l t y  of h an d l in g  sm all r e a c t io n  v o lu m es .  T h is  Is a p a r t i c u l a r  

d is a d v a n ta g e  In the c a s e  of p r im e d  r e a c t io n s  w h o r e  h ig h  c o n c e n t ra t io n s  of 

p r i m e r  a r e  r e q u i r e d .  M any of the l i t e r a t u r e  p r e p a r a t io n s  of d e f in e d  s e q u e n c e  

o l ig o n u c le o t id e s  a r e  c a r r i e d  out in v o lu m e s  of less than 100 p.l and these  

vo lum es c a n n o t  be r e a d i ly  handled  w h e n  the enzym e is im m o b il iz e d  on p o ro u s  

bead  s t r u c t u r e s .  O n e  p o s s ib le  m etho d  o f  h an dling  sm a ll  re a c t io n  v o lu m es  

w ou ld  be to c a r r y  out the re a c t io n  in  n y lo n  c a p i l l a r y  tubes in w h ic h  the  

enzym e w a s  c o v a le n t ly  bound to the  in n e r  s u r fa c e  of the tube.
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P o ly n u c le o t id e  p h o s p h o r y Ia s e  f ro m  M. lu te u s  im m o b il iz e d  on S e p h a r o s e  4 B  ~ 

m o d if ic a t io n  by t r y p s in  d ig e s t io n .  Im m o b il iz e d  en zym e  (7 8  mg )

w a s  su spended  in w a te r ’ ( 2 5 . 0  m l) and the p H  w a s  a d ju s te d  to 8 . 0  and the  

t e m p e r a t u r e  w a s  m a in ta in e d  at 2 5 ° .  A  s o lu t io n  o f  t r y p s in  in w a t e r  

( 3 0 0  p i ,  0 .  4 0 m g / m l )  w a s  ad d ed  and the pH  of  the  s u sp e n s io n  w as m a in ta in e d  

at 8 . 0  by the a d d i t io n  o f  0 .  1 0 M sodium h y d r o x id e .  W hen  t h e re  w a s  no  

f u r t h e r  ch an g e  in p H ,  th e  im m o b il iz e d  e n z y m e  w a s  w a s h e d  on a f i l t e r  to  

re m o v e  t r a c e s  of t r y p s in  and  s to re d  in p o ly m e r iz a t io n  b u f f e r .
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A t te m p ts  to p r e p a r e  an im m o b il iz e d  d e r i v a t i v e  of B .  s tc a r o th o r m o p h i  lus 
p o l y n u c le o t id e pho sp h o r v Ia s e __________________________________________________

S e v e r a l  a t te m p ts  w e r e  made to o b ta in  s ta b le  and a c t iv e  d e r i v a 

t i v e s .  T h e  en zym e w as  c o v a le n t ly  l in ke d  to cy an o g e n  b ro m id e  a c t iv a te d  

S e p h a r o s e  and to am in o a lk y l  g la s s  th rough  the b ifu n c t io n a l  r e a g e n t ,  

g lu t a r a ld e h y d e ,  using  the p r o c e d u r e s  d e s c r ib e d  p r e v io u s ly .  A t te m p ts  

w e r e  a ls o  made to a t ta ch  the en zym e to n y lo n  p o w d e r  w h ich  h ad  been  

a c t iv a t e d  w ith  d im eth y l  s u lp h a te  (H o rn b y  e t  al.. 1974 ; S u n d a r a m ,  19 74 ) .  In 

a l l  t h r e e  c a s e s ,  p ro te in  w as  c o v a le n t ly  l in k e d  to th e  m a t r ix  but the 

c o n ju g a te s  w e r e  in a c t iv e .

T h e  r e s u l t s  s u g g e s te d  that the a c t iv a te d  m a t r i x  w a s  re a c t in g  

w it h  an  amino a c id  r e s id u e  w h ic h  w as  e s s e n t ia l  f o r  the a c t iv i t y  o f  the en zym e.  

C y a n o g e n  b ro m id e  a c t iv a te d  p o ly s a c c h a r id e s  h ave  b een  shown to r e a c t  

p r e d o m in a n t ly  w i th  ly s in e  r e s id u e s  (A x e n ,  P o r a t h  and E r n b e c k ,  1967 ).  

S i m i l a r i t y ,  g lu ta r a ld c h y d e  r e a c t s  w ith  ly s in e  r e s id u e s  (H s b e e b ,  1967) and  

d im e th y l  s u lp h a te  a c t iv a te d  n y lo n  r e a c t s  w i th  n u c le o p h i le s  s u ch  as the  

£- a m in o  g ro up  o f  ly s in e  ( S u n d a r a m ,  1974 ).  it is p o s s ib le  th a t  the  imrrebi I i z a t  

te c h n iq u e s  used r e s u l te d  in r e a c t io n  w i th  a ly s in e  g ro u p  w h ic h  w a s  e s s e n t ia l  

f o r  th e  a c t iv i t y  o f  the en z y m e . It w as  d e c id e d  to s tu d y  the e f f e c t  o f  a ly s in e  

m o d ify in g  re a g e n t  on the a c t iv i t y  of the en z y m e  in f r e e  s o lu t io n .  T u p  re a g e n t  

c h o s e n  w as t r in i t r o - b e n z e n e s u lp h o n ic  ac id  w h ic h  has been r e p o r t e d  as 

m o d ify in g  ly s in e  re s id u e s  ( F r e e d m a n  and R a d d a ,  1 9 6 3 ) .  A  s a m p le  of the 

e n z y m e  w as  d ia ly s e d  a g a in s t  0-20 M sodium b ic a r b o n a t e  pH 8 . 5  and w as  then  

t r e a t e d  w ith  an e x c e s s  of r e a g e n t .  T h e  r e a c t io n  w a s  fo l lo w e d  by o b s e rv in g  

the c h a n g e  in a b s o rb a n c e  a t  3 4 0  nm and a l iq u o ts  w e r e  re m o v e d  and assa ye d  

f o r  p o ly m e r iz a t io n  a c t iv i t y .  It w as  found that the en zym e  r a p i d ly  los t  a c t iv i t y  

lo s in g  20%  of the o r ig in a l  a c t i v i t y  in 10 m in u te s .  It  w as  c o n c lu d e d  that a 

l y s in e  re s id u e  w as  e s s e n t ia l  f o r  the a c t iv i t y  of the enzym e and that th is  lys ir .e  

r e s i d u e  re ac  ts w i th  the r e a c t i v e  g ro up  on the a c t iv a te d  m a t r ix .
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T h e  u se  of la r g o  o l ig o n u c le o t id e s  as p r i m e r s  f o r  p o ly n u c le o t id e  
p h o s p h o ry Ia s o  f r o m B. s te a r o th e r m o p h i  lus_________________________

T h e  u se of p o ly n u c le o t id e  p h o s p h o r y la s e  f ro m  M . lu teus  

in the s y n th e s is  o f  shor t o l ig o n u c le o t id e s  of d e f in e d  s e q u e n c e  has been  

d e s c r ib e d  (T h a c h  and D o t y ,  1965  a,b) S y n th e s e s  in v o lv in g  the use o f  l a r g e r  

o l ig o n u c le o t id e  p r i m e r s  h a v e  b een  h a m p e re d  by the p ro b le m  of b a s e - p a i r i n g  

b e tw e e n  p r i m e r  an d  the n e w ly  fo rm e d  p o ly m e r .  A  p o s s ib le  method of  

o v e rc o m in g  th is  p ro b le m  w ou ld  be to c a r r y  out the r e a c t io n  a t  t e m p e ra tu r e s  

h ig h e r  than the m e lt in g  te m p e r a t u r e  of the p r i m e r - p o l y m e r  co m p lex .  T h e r e  

has r e c e n t ly  been  much i n t e r e s t  in the e n zym o lo g y  o f  the t h e r m o p h i ! ic  

b a c t e r i a  (S in g le to n  and A m e lu r ix e n ,  19 73 )  and p o ly n u c le o t id e  p h o s p h o ry Ia s e  

f ro m  B . s t e a r o th e rm o p h i lus h as  b een  is o la te d  and c h a r a c t e r i z e d  (H u tc h in s o n  

and W o o d , 1973 ).

O l ig o n u c le o t id e s  (C h a in  len g th  15) w e r e  used  as p r i m e r s  f o r  

p o ly n u c le o t id e  p h o s p h o r y la s e  f ro m  B . s t e a r o t h e r m o p h i lu s .  iv w a s  hoped to 

s y n th e s iz e  a n a lo g u e s  of the p o ly (C )  tr a c t  w h ic h  w as r e c e n t l y  d is c o v e r e d  in 

the genome of R n c o p h s lo m y o c a r d i t is  v i r u s  ( P o r t e r ,  C a r e y  and F e l l n e r ,  19 74 ) .  

A tte m p ts  w e r e  a ls o  made to u s e t - R N A  a s  a p r i m e r  f o r  the en z y m e  fo l lo w in g  

the o b s o rv ¿ l¡o n  that Iviengo v i r u s  R N A  c o u ld  be c h a r g e d  w i th  h is t id in e  

(S a lo m o n  and L . ¡H a u e r ,  19 74 ) .  I f  o th e r  v i r a l  RNA. m o le c u le s  c o n ta in e d  a 

t - R N A  l ik e  s t r u c t u r e  at t h e i r  3 ' - t e r m i n a l ,  i t  w o u ld  be o f  in t e r e s t  to p r e p a r e  

t - R N A  a n a lo g u es  as p o s s ib le  a n t i - v i r a l  a g en ts .

T h e  en zym e w as  is o la te d  b y  a f f in i t y  c h ro m a to g ra p h y  and 

p r e l i m i n a r y  s tu d ie s  w e r e  c a r r i e d  out in o r d e r  to e s t a b l is h  the optimum  

c o n d it io n s  fo r  p o ly m e r iz a t io n .  T h e  pi-1 p r o f i l e s  f o r  the p o ly m e r iz a t io n  and  

p h o s p h o ro ly s ls  r e a c t io n s  a r e  s i m i l a r  to those o b ta in e d  w ith  p o ly n u c le o t id e  

p h o s p h o ry la s o  f r o m  o th e r  s o u r c e s .  S i m i l a r  pH  p r o f i l e s  f o r  the p o ly m e r iz a t io n  

of A D R  w e r e  o b ta in e d  in the p r e s e n c e  of the o l ig o n u c le o t id e  p r i m e r  (A p )^ A .

T h e  s u b s t ra te  s p e c i f lc t y  of the e n z y m e  w a s  then s tu d ie d  and the r e s u l t s  

a r e  shown In T a b ic  3. T h e  e n z y m e  e x h ib i ts  a l o w e r  a c t iv i t y  w ith  p y r im id in e  

s u b s t r a te s  than w i t h  p u r in e  s u b s t r a t e s .  A D P  is th e  most e f f ic ie n t  s u b s t ra te  

f o r  Hie p o ly m e r iz a t io n  r e a c t io n  but C D P  Is o n ly  p o ly m e r iz e d  in the p re s e n c e  o f

• . r i  • * • *i • . • • « f . i . . - i .. t I ir-> t-\ - • - -I
cl b u i  i d u i u  u r i i i i u r ,  s i m i l a r *  I ' e u u u i u n  111 u i u  c i m i i i y  p u i y m t i i  i a c  u u r  ui  icj

C D P  w a s  o b s e r v e d  w h e n  M. U i to i j s  n o lv n u c le o t ld c *  n h o s o h c r v l a s e  w a s  t r e a t e d  , .,^1 . .  • "7> s—  -----— - - s —r --jp. r  -• - ^  - - -  y s
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S u b s t r a t e  S p e c i f i c i t y  of p o ly n u c le o t id e  p h o s p h o ry la s e  fro m  
B . S t e a r o the rm o p h i i us

P h o s p h o r o ly s is  

P o ly  (A )

P o ly  ( I )

P o ly  (C )

P o iy  (U )

P o ly  (G)

l im o l e / h ou r  

3 6 .  5C 

5 .  00  

0. 1 

0 . 1 

0. 1

P o ly m e r i z a t i o n

-  p r i m e r ( | l i n o l " / h o u r ) + p r i m e r  (A p )  A E nhance

A D P 1 .3 2 1 .6 8 1 . 2 7

ID P 1 .2 2 1 .41 1. 16

G D P 0, 035 0. 21 6 6 .  17

C D P 0 . 0 0 2 4 0. 72 0 30 0

U D P 0. 084 0. 4 4 0 5. 23



(SS)

w i th  t ry p s in  ( F i t t  and F i t t ,  1967).  T h e  p r e s e n c e  of endogenous p r o t e o ly t ic  

en zym es can a ls o  lead to an i n c r e a s e  in p r im er ' d ep en d e n c y  (K le e  and 

S i n g e r ,  1967).  It w as  t h e r e f o r e  of in t e r e s t  to e x a m in e  the c r u d e  and 

p u r i f i e d  en zym es f o r  p r o t e o ly t ic  a c t iv i t y .

T h e r e  w as  no d e t e c t a b le  e s t e r a s e ,  am id ase  o r  p ep t id a s e  

a c t iv i t y  in the p u r i f i e d  en zym e . T w o  c r u d e  e x t r a c t s  w e r e  p r e p a r e d ,  one  

in w h ich  the c e l i s  w e r e  b ro k e n  by ly s o z y m e  and d e o x y r ib o n u c le a s e  t re a tm e n t  

and one in w h ic h  the c e l ls  w e r e  b r o k e n  by o sm o tic  sh o ck .  T h e r e  w as no  

e s t e r a s e  o r  p e p t id a s e  a c t iv i t y  p r e s e n t  in e i t h e r  of the e x t r a c t s .  H o w e v e r ,  

the iy s o z y m e -d e o x y r ib o n u c te a s e  t r e a t e d  e x t r a c t  did show a c t iv i t y  a g a in s t  

B A P N A  in d ic a t in g  the p re s e n c e  o f  an  arnidase (C. 003  u / m l ,  1 un it  = I jc rn o le /  

m in ) .  A m id a s e  a c t iv i t y  w a s  not p r e s e n t  in the e x t r a c t  p r e p a r e d  by osm o tic  

s h o ck .  T h e  lev e l  of p r o t e o ly t ic  a c t i v i t y  in the B . s t e a r o l h e r mophi lus  

e x t r a c t s  is much lo w e r  than that o b s e r v e d  in E .  co i i  (P a c a u d  and U r i e l ,

1971; R e g n ic r  and T h a n g ,  1972) and  w ould  in d ic a te  thai. trie p r o p e r t i e s  of  

the  p u r i f ie d  en zym e a r e  those of the n a t iv e  en z y m e .

T h e  en zym e is not b a s e  s p e c i f ic  w i th  r e s p e c t  to p r i m e r  as 

( l p ) r i ,  ( U p ) j U  and (A p )^ A  a l l  fu n c t io n  as e q u a l ly  good p r i m e r s  f o r  the 

p o ly m e r iz a t io n  o f  C D P .  d (pT )^   ̂ T  h as  a ls o  been used  as a p r i m e r  f o r  the 

p o ly m e r iz a t io n  o f  C D P .  T h e s e  s t u a ie s  of s u b s t r a t e  s p e c i f ic i t y  in d ic a te d  

that  the enzym e w ou ld  be s u i ta b le  f o r  in t ro d u c in g  o M go (C ) at the 3 ' t e r m in a l  

of o l ig o n u c le o t id e  p r i m e r s .  In a d d i t io n ,  the s p e c i f i c i t y f o r  p o ly (A )  in the  

p h o s p h o ro ly s is  r e a c t io n  cou ld  m a k e  the en zym e  u sefu l in the s tu d y  of the p o ly  

(A )  re g io n  of m - R N A .

U s e  of d ih y c lro x y b o ry l  S e p h a r o s e  in  the is o la t io n  of long ch a ir .  
o l ig o n uc le o t id e  p r im e r s______________________________________________

D ih y d r o x y b o r y l  d e r i v a t i v e s  o f  am in o e th y l  c e l lu lo s e  and 

c a rb o x y m e th y l  c e l lu lo s e  have been  p r e p a r e d  and used  f o r  the is o la t io n  of 

r ib o n u c le o t id e s  w i th  in ta c t  od h y d ro x y l  g ro u p s  ( W ie t h ,  W ie b e r s  and G i lh a m ,  

1970; R o s e n b o rg ,  1974 ).  Ion e x c h a n g e  c e l lu lo s e s  a r e  not the most s u i ta b le  

m a t e r ia ls  f o r  th is  p u rp o s e  s in c e  i f  t h e r e  is in c o m p le te  s u b s t i tu t io n  of the 

m a t r i x ,  the re m a in in g  c h a rg e d  g ro u p s  w i l l  i n t e r f e r e  w i th  the p u r i f ic a t io n  

p r o c e d u r e ,  it w a s  ih e r e f o r e  d e c id e d  to a t te m p t to nirvl m -a m in o p h e p y ib o rc n ic



a c id  to c y an o g e n  b ro m id e  a c t iv a te d  S e p h a r o s e - 4 B .  T h e  optimum c o n d i t io n s  

f o r  c o u p l in g  w e r e  e s ta b l is h e d  by c a r r y i n g  out sm a ll  s c a le  r e a c t io n s  o v e r  a 

r a n g e  o f  pH  v a l u e s .  T h e  ex ten t of b in d in g  w as  d e te r m in e d  by m e a s u re m e n t  

of the a b s o rb a n c e  of ti ie w a s h in g s  at 2 9 3  nm. T h e  optimum pH for- b in d in g  

w a s  found to b e  p H  6 .  0 ( F i g u r e  3 3 ) .  A m in e s  a r e  n o r m a l ly  bound to 

c y a n o g e n  b ro m id e  a c t iv a t e d  S e p h a r o s e  in the pH  r a n g e  8 .  0 -  9 .  0 but u  

has r e c e n t l y  b een  shown that  the optimum pH f o r  co u p l in g  is r e la t e d  to the  

p K a of  the am in e  in the fo l lo w in g  w a y  (K a g e d a l ,  19 7 5 ) .

O ptim um  p H  f o r  b in d in g  = pKa + 1 . 5  p H  u n i ts .

T h e  l i t e r a t u r e  v a lu e s  of p K  f o r  m -a m in o p h e n y lb o ro n ic  a c id  

a r e  4 .  ob and 8 .  12 ( C l e a r  and B r a n c h ,  1938) and th e  o b s e rv e d  pH  optim um  

is t h e r e f o r e  in good a g r e e m e n t  w i th  the r e la t io n s h ip  p ro p o s e d  by K a g e d a l .  

T h e  c o n ju g a te  p r e p a r e d  b y  th is  method c o n ta in e d  1 2 . 0 5  m m ole  o f  l ig a n d /g  

m a t r i x  c o m p a re d  w ith  0 . 6 2  m m o le /g  o b ta in ed  w hen  am in o eth y l c e l lu lo s e  w a s  

u sed  as the m a t r i x .

M ode l s tu d ie s  w e r e  c a r r i e d  out w i th  o l ig o n u c le o t id e s  o f  the

d e o xy  and r-ibo s e r i e s .  T h e  r e s u l ts  a r e  shown in F i g u r e  34 and  it can  be

s e e n  that it is p o s s ib le  to s e p a r a t e  o l ig o n u c le o t id e s  on the b a s is  of the

p r e s e n c e  o r  a b s e n c e  of 2 ' ,  3 '  d io i g r o u p s .  T h e  p r e s e n c e  of an u n e s t e r i f i e d

3 '  h y d ro x y l  g ro u p  is e s s e n t ia l  i f  the o l ig o n u c le o t id e  is to fu n c t io n  as a

p r i m e r  f o r  p o ly m e r iz a t io n  ( G o d e f r o y ,  Cohn and G r u n b e r g - M a n a g o ,  19 7 0 )  arid

the u se  of d ih y d r o x y lb c r y l  S e p h a r o s e  e n s u re s  that  the p r i m e r  is f r e e  of

m a t e r ia l  c o n ta in in g  3 1 p h o s p h a tes  w h ic h  co u ld  c a u s e  in h ib i t io n .

I n c o r p o r a t io n  o f  C D P  in to  o l i y o ( l )  p r i m e r s  by p o ly n u c le o t id e  
p h o sp h o r y last.- f ro m  ¡3. s te a r o tile rm op h i ius______________________

O l ig o ( l )  w a s  p r e p a r e d  as d e s c r ib e d  in  the M ethods S e c t io n  

and w a s  found to h ave  a c h a in  length  c o r r e s p o n d in g  to 20  re s id u e s .  T h e  

u t i l i z a t i o n  of th is  p r i m e r  w a s  co m p a re d  w ith  that o f  a s h o r t e r  o l ig o n u c le o t id e  

p r i m e r ,  ( lp ) , . l .  It w as  fo u n d  that the s h o r t e r  p r i m e r  w as  m o re  e f f e c t iv e  and  

that the In i t ia l  r a t e  in the p re s e n c e  o f  ( lp ) , . l  w as  f o u r  t im es the r a t e  in  the  

p r e s e n c e  of the  l a r g e r  o l ig o n u c le o t id e .

T h e  p r o d u c t s  w e r e  is o la te d  and the c h a in  length  of the 

¡ n r o r p n r n  tori o ligoi'i  :) r e g i o n  w as  d e te r m in e d  by p a n c r e a t ic  r ib o n u c ie a s e

(59)



F I G U R E  3 3

C o u p l in g  of m -a m in o p h e n y l  b o ro n ic  ac id  to cyanogen  b ro m id e  a c t iv a te d  
S e p h a r o s e  -  4E3.

A l iq u o ts  of S o p h a r o s e - 4 B  ( 3 , 3  mi) w o r e  a c t iv a te d  w ith  c y a n o g e n  brerr .!<i e  

(1 g) and added to so lu t io ns  (20  ml) c o n ta in in g  the l ig an d .  A c e t a te  

b u f f e r s  w e r e  u sed  in the pH ra n g e  3. 0 -  5 . 5 ,  phosphate  b u f f e r s  w e r e  used  

in the pH r a n g e  5 .  5 -  8. 0 and b o r a te  b u f f e r s  in the ra n g e  8 .  0  -  9 . 5 .

T h e  su sp e n s io n s  w e r e  s t i r r e d  at 4 °  f o r  e ig h te en  h o u rs .  U n b o u n d  l ig an d  

w a s  rem o ve ')  b y  f i l t r a t i o n  and w as h in g  w i th  w a te r  (25C m l) .  T h e  e x te n t  of 

b in d in g  w as  d e te r m in e d  f ro m  m e a s u re m e n ts  of the a b s o rb a n c e  of the w a s h in g s

at 2 9 3  nm.
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S e p a r a t i o n  of o i ig o  (d C )  f ro m  o lig o  ( r A )  on a co lum n  of d ih y d ro x y b o ry I  
S e p h e r o s e .

A  co lum n of d ih y d ro x y b o ry !  S e p h a r o s e  ( 0 . 9  x  4 0  cm) w as  e q u i l ib r a t e d  

w ith  B u f f e r  A , A  m ix t u r e  of o l ig o  ( d C )  (1 0  A2.60 u n i ts )  and o l ig o  ( r A )  

(1 0  A 2 6 0  u n i ts )  in B u f f e r  A  (10 0  pi) w a s  a p p l ie d  to the co lum n and e lu ted  

w ith  B u f f e r  A .  E iu t io n  w ith  B u f fe r  B  w a s  com m enced  a f t e r  unbound  

m a t e r ia l  had been  e lu te d .

„____Q -------c --------  o i ig o  (dC)

____ O ______ o ___ o lig o  ( r A )

-------- q --------  Q------ pH



E
lu

tio
n

 w
ith

 
bu

ffer B



(60

d ig e s t io n  and s e p a r a t io n  of the p ro d u c ts  by e le c t r o p h o r e s is ,  it w as  

found Hint 40  r e s i d u e s  w e r e  in c o r p o r a t e d  into  the ( lp )^ l  p r i m e r  w h i le  o n ly  

4 re s id u e s  w e r e  in c o r p o r a t e d  in to  the lo n g e r  p r i m e r .  T h e  p ro d u c ts  w e r e  

f u r t h e r  c h a r a c t e r i z e d  by ch an g es  in t h e i r  L IV s p e c t r a  ( T a b le  9 ) .

T h e  in c o r p o r a t io n  of c y t id in e  re s id u e s  in to  o l ig o n u c le o t id e s  

w ith  c h a in  length g r e a t e r  than ten re s id u e s  w as  d is a p p o in t in g ly  low.

T h e  use o f  p r i m e r  d ep en dent  p o ly n u c le o t id e  p h o s p h o ry la s e  in s y n th e t ic  

w o r k  is t h e r e f o r e  l im i te d  to s y n th e s e s  s t a r t in g  w ith  s h o r t  c h a in  len g ih  

o l ig o n u c le o t id e s .  H o w e v e r ,  the a b i l i t y  to  in c o r p o r a t e  a sm a ll  n um ber o f  

re s id u e s  onto the 3 '  te rm in a l  o f  a p o ly n u c le o t id e  cou ld  be of u se  as a s e q u e n c 

ing techn iqu e .  R a d i o a c t i v i t y  la b e l le d  r e s id u e s  c o u ld  be in c o r p o r a t e d  in to  

tl ie 3 *—te rm in a i  of an  u n la b e l ie d  p o ly n u c le o t id e .  A f t e r  p a r t i a l  d ig e s t io n  

w ith  r ib o n u c l e a s e s , o l ig o n u c le o t id e s  co n ta in in g  n u c le o t id e  s e q u e n c es  n e a r  

the 3 ' - t e r m i n a l  c o u ld  be o b ta in ed  and id e n t i f ie d  by s ta n d a r d  te c h n iq u e s .

T h e  use of t - -R N A  as  a p r i m e r  fo r  p o ly n u c le o t id e  p h o s p h o r y ia s e  f ro m  
B. s tc -a ro th ir rn o p h i l  us________________________________________________________

EE. c o l  i t - R N A  w a s  p u r i f i e d  by c h ro m a to g ra p h y  on 

d ih y d r o x y - b o r y l  S e p h c r o s o ,  L o w  m o le c u la r  w e ig h t  im p u r i t i e s  w e r e  f i r s t  

rem o ved  by gel f i l t r a t i o n  on S e p h a d e x  G - 2 0 0 .  T h e  m a t e r ia l  c o n ta in e d  a 

n um ber of am ino a c i d  a c c e p to r  a c t i v i t i e s ,  of w h ich  le u c in e  and s e r i n e  w e r e  

the most ab undant.  P u r i f i e d  p h e n y la la n in e  s p e c i f ic  t - R N A  f r o m  b r e w e r ' s  

ye as t  w as  used in s tu d ie s  w h ic h  in v o lv e d  se qu enc in g  of the p ro d u c t .

T h e  e f fe c t  of t - R N A  on the p o ly m e r iz a t io n  is shown in 

F i g u r e  35 .  It c a n  be seen  that t - R N A  is e f f e c t iv e  as a p r i m e r .  P r e l im in a r y -  

s tu d ie s  on p r im in g  by t - R N A  w e r e  c a r r i e d  out in the p r e s e n c e  of m agnes ium  

ions. In an e f f o r t  to i n c r e a s e  the r a t e  of in c o r p o r a t io n  of s u b s t r a t e ,  the  

e f fe c t  of m a n g an e se  ions w a s  s tu d ie d .  In the p re s e n c e  of m a n g an ese  ions  

the r a t e  o f  in c o r p o r a t io n  of s u b s t r a t e  w as  doub le  the r a t e  o b s e rv e d  w ith  

magnesium  ions. T h e  optimum m a n g an ese  c o n c e n t ra t io n  w a s  found to be 

5 rnM and m a g a n e se  w a s  used in a l l  the f o l lo w in g  e x p e r im e n ts .

s tu d ie d .  T h e  r a t i o

rh e  e f fe c t  of v a r y in g  the c o n c e n t ra t io n  of t -  R N A  w as  then

P r i m e r  , , . . . >/  p nz a p p e a rs  to be c r i t i c a l  ( F i g u r e  o6AJ.

r  :i ♦ o  n f  r»nl i iKf -i ninrl



T  A B L E  9

S p e c t r o s c o p ic  p r o p e r t i e s  of o i ig o ( l )  -  ol ig o (C )  h y b r id s

A 2 5 0 / A 2 8 0 À m a x

0 p )5 i 5 .  82 248

!6 C 40 0. 9 7 5 27 4

l6 C 4 0 *n
2 .  85 2 5 4

0. 05M so d iu m  c a c o d y la t e ,  0. 1 0M sodium c h l o r id e  pH  7. 0



F I G U R E  3 5

t - R N A  as a p r i m e r  f o r  the p o ly m e r iz a t io n  of C D P  by p o ly n u c le o t id e  

p h o sp h o ry I  a s e  f ro m  13. S t c a r o t h e r m o phi I us

E a c h  r e a c t io n  (10 0 | . i l )  co n ta in e d  £ l4c j - C D P  (0 .  C (¡mole, 0, 0 2 5  p C i) arid 

en zym e (4 0  pg, 5 4  u) in 0. 10 M g ly c in e ,  p H  9 . 2  c o n ta in in g  10 mivl 

m agnes ium  c h l o r id e  and 2 ni.M m e rc a p to e th a n o l . A l iq u o ts  ( 5 | i l )  w e r e  

re m o ve d  f o r  a n a ly s is  by T E C . t = 6 5 ^ .

____ 0 ____ ______ + t - R N A  ( 1 . 0  x  1 0- ® m o le )

13 u — -  t - R N A
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I n c o r p o r a t io n  of C D P  in to  t - R N A  and (U p )g U .

E a c h  r e a c t io n  ( l 0 0 | i l )  c o n ta in e d  C D P  ( 0 . 6  pmole) in 0. 10 M g ly c in e ,  

p H  9.  2 c o n ta in in g  5 mM manganous c h l o r i d e ,  2mM m e rc a p to e th a n o l  and 

1 mM E D T A  arid v a r i o u s  am ounts of e n z y m e  and p r i m e r ,  t -  65

A  p r i m e r  = t - R N A  

B p r i m e r  -  (U p )g U



Ratio
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h u n d re d fo ld  e x c e s s  o v e r  en zym e . A t  h ig h e r  and lo w e r  le v e ls  of p r i m e r ,  

the r a t e  of p o ly m e r iz a t io n  d e c r e a s e s .  A  s i m i l a r  r e s u l t  is o b ta in ed  w h e n  

(U p ) ^ U  is used as a p r i m e r  ( F i g u r e  3 6 B ) ,  but in th is  c a s e ,  the optim um  r a t io  

of p r i m e r  to e n z y m e  is two o r d e r s  of m a g n itu d e  g r e a t e r .  S i m i la r  e f fe c ts  

w e r e  o b s e rv e d  w hen  m ang an ese  ions w e r e  re p la c e d  by magnesium io n s .

P r e l i m i n a r y  s tu d ie s  in d ic a te d  that up to f i v e  c y t id in e  r e s id u e s  

c o u ld  be in c o r p o r a t e d  in to  t - R N A .  In o r d e r  to s tu d y  the p ro d u c ts  in

d e t a i l ,  i t  w as d e c id e d  to p r e p a r e 32 >l-cp  - C D P  and to in c o r p o r a t e  it in to  
J

pheny l a la n in e  s p e c i f ic  t — R N A .  T h e  p ro d u c t  cou ld  then be a n a ly s e d  u s in g  

s t a n d a r d  s e q u e n c in g  te c h n iq u es  ( S a n g e r ,  B r o w n le e  and B a r r e l  I ,  1965,'.

A  t - R N A - o i I g o ( C )  h y b r i d  w as  p r e p a r e d  and is o la te d  by gel f i l t r a t i o n  on  

S e p h a d e x  G —50 . 2%  of the to ta l c o u n ts  e lu te d  at the v o id  v o lu m e . "This

m a te r  ia l  w as  ly o p h i i ix e d  ar.d then d ig e s te d  w i th  p a n c re a t ic  r ib o n u c lé a s e .  

T w o  p ro d u c ts  w e r e  o b ta in ed  on e l e c t r o p h o r e s i s ,  one c o rre s p o n d ir .g  to  ApCp  

and o ne c o r r e s p o n d in g  to C p .  T h e  p ro d u c ts  w e r e  id e n t i f ie d  u s ing  m a r k e r s  

and by c o m p a r is o n  o f  t h e i r  tn o b i i i t ie s  w i th  the m o b il i ty  of the x y le n e  c>ano!  

m a r k e r .  T h e  am ount of m a te r ia l  p r e s e n t  w a s  d e te rm in e d  by s c i n t i l l a t i o n  

c o u n t in g  and the r a t i o  A p C p  : C p  w a s  found to be 4 : 1. T h e  A p C p  spot  

w as  f u r t h e r  c h a r a c t e r i z e d  by' a lk a l in e  h y d r o ly s is  w h ich  gave two p ro d u c ts  

c o r r e s p o n d in g  to A p  and C p .  T h e  r a t i o  A p  : Cp  w as  1 . 2  : 1.

T h e  s e q u e n c e  of p h e n y la la n in e  s p e c i f ic  t - R N A  has b eep  

d e te r m in e d  (R a j  B h a n d a r v  et a l .. 19 67 )  and the se qu e nc e  at the 3 ' t e r m i n a l  

is - C p C p A qj_j. I f  the t - R N A  fu nc t io n s  as a p r i m e r  f o r  p o ly n u c le o t id e  

p h o s p h o ry la s ® ,  the  e x p e c te d  p ro d u c t  w o u ld  be - C p C p A p * C p * C p * .  . .
[32 7

w h e r e  the a s t e r i s k  in d ic a te s  the p r e s e n c e  of the pj la b e l .  P a r .c r e a r ic
L U

r ib o n u c lé a s e  d ig e s t io n  should  y ie ld  A p * C p *  and C p * .  T h e  o b s e rv e d  r a t i o  

of the p ro d u c ts  s u g g e s ts  that o n ly  a sm a ll  n u m b e r  of re s id u e s  is b e in g  

in c o r p o r a t e d  into  the p r i m e r .  T h e  o b s e rv e d  4  : 1 r a t io  cou ld  be i n t e r p r e t e d  

in  the fo l lo w in g  w a y :

f. * I .



(62 )

C p C p A p * C p * C 0 | _, 2 A p * C p *

+

C p C p A p * C p * C p * C O H

T h e s e  r e s u l t s  in d ic a te  that the length of the a t ta c h e d

o l lg o (C )  Is at most th r e e  o r  fo u r  re s id u e s  long. T h is  Is s h o r t e r  than the

co u ld  h ave  been due to the p re s e n c e  of im p u r i t ie s  fo rm e d  d u r in g  the 

c o n v e rs io n  o f  the t r ip n o s p h a te  to the d ip h osph ate .  It w o u ld  a o p e a r  lha t  w h i l e  

p o ly n u c le o t id e  n h o s p h o ry la s e  f ro m  B. s te a r o t h e rmophi lus con  u t i l i z e  t - R N A  

and o th e r  long o l ig o n u c le o t id e s  as p r i m e r s ,  the number of re s id u e s  

i n c o r p o r a t e d  is s m a l l .  A s  d is c u s s e d  in the sec tion  on o l i o o ( l )  p r i m e r s ,  

l a b e l l in g  o f  RNA. m o le c u le s  w ith  C D P  could  p ro v id e  a m eans o f  id e n t i fy in g  

the 3 '  te rm in a l  of the m o le c u le .  P o ly n u c le o t id e  p h o s p h c ry la s e  fro m  M . iu te u c 

has been used to labe l the p ro d u c ts  of T 1 r ib o n u c lé a s e  d ig e s t io n  ( S z e t o  and  

S o i l ,  1 9 7 4 ) .  U n ia b e l le d  t - R N A  w as  d ig es ted  w ith  Tj r ib o n u c lé a s e  and  

w ith  a l l ,a l in e  p ho sp h a tas e  and the o l ig o n u c le o t id e s  w e r e  then u t i l i z e d  as

p o ly n u c le o t id e  p h o s p h o ry !a s e .  T h e  la b e l le d  o l ig o n u c le o t id e s  w e r e  a g a in  

d ig e s te d  w i th  T i  r ib o n u c lé a s e  and p u r i f ie d  by two d im e n s io n a l  p a p e r  

e le c t r o p h o r e s is .  T h e  longest o l ig o n u c le o t id e s  la b e l le d  by th is  method w e r e  

e le v e n  re s id u e s  long and the use of B. s ic a ro t l  lorm cp h i lus p o ly n u c le o t id e  

p h o s p h o r y la s e  a l lo w s  the la b e l l in g  of In tac t  R N A  m o le c u le s .  P o ly n u c le o t id e  

p h o s p h o r y la s e  has a ls o  been used to id e n t i fy  the 3 '  te r m in a l  b y  s te p w is e  

p h o s p h o s p h o ro ly s ls  of the te rm in a l  re s id u e s  but the method c o u ld  not be  

a p p l ie d  to o l ig o n u c le o t id e s  lon g er  than tw e lv e  re s id u e s  (K a u fm a n n ,  G r o s f e ld  

and L l t t a u e r ,  1973).

14v a lu e  o b ta in e d  using C - l a b e l l e d  s u b s t ra te  and h e te ro g e n o u s  

*• 32 I
as p r i m e r .  T h e  lo w e r  v a lu e  o b ta ined  using  p  - l a b e l le d  subp  - l a b e l le d  s u b s t r a t e s

t -  R N A

p r im e r s  f o r  the In c o r p o ra t io n  of

jarv'-.f «•.*' '«f

■
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A ppen dix

T h e  p u r i f i c a t io n  of a n  en d on u c leas e  fro m  pig l i v e r  n u c le i  and i ts  use  
in th e  p r e p a r a t i o n o f  o l i g o n u c le o t id e p r im e r s ____________________________

T h e  most co n ven ien t method of p r e p a r in g  o l ig o n u c le o t id e  

p r i m e r s  is the d e g ra d a t io n  of p o ly n u c le o t id e s  w h ich  can  be a c h ie v e d  by  

a lk a l in e  o r  e n z y m a t ic  h y d r o ly s is .  C o m p le te  a lk a l in e  h y d r o ly s is  w i l l  

r e s u l t  in the fo rm a t io n  of m ononucleo tides  w i th  a 3 1 pho sp h ate  g ro u p  but 

c o n d i t io n s  can be s e le c te d  w h ich  r e s u l t  in o l ig o n u c le o t id e  p ro d u c ts .  T h e s e  

p h o s p h o r y l a  ed o l ig o m e r s  w i l l  not fu nc tio n  as p r i m e r s  fo r  p o ly n u c le o t id e  

p h o s p h o r y la s e  unti l  the te rm in a l  phosphate  g ro u p  has been re m o v e d  w ith  

a l k a l in e  p h o s p h a tas e .  T h e  o l ig o n u c le o t id e s  can be f r a c t io n a t e d  by  

c h ro m a to g ra p h y  on D E A E - c e l l u l o s e .

P a r t i a l  d ig es t io n  of p o ly n u c le o t id e s  by e n d o n u c le a s e s  can  

a ls o  be used  to p r e p a r e  o l ig o n u c le o t id e s .  O f  the e n zym es  com m only  u s e d ,  

o n ly  tiie e n d o n u c le a s e  f ro m  pig l i v e r  fo rm s o l ig o n u c le o t id e s  w h ic h  can be 

u sed  as p r im e r s  f o r  p o ly n u c le o t id e  phosp h ory  I ase  w ith o u t  f u r t h e r  a lk a l in e  

p h o s p h a ta s e  t re a tm e n t .  T h e  enzym e w as  f i r s t  d e s c r ib e d  by H e p p e l  (1 9 6 6 )  

and s in c e  then m any w o r k e r s  h ave  used c ru d e  p r e p a r a t io n s  of the  en zym e  

to  p r e p a r e  o l ig o n u c le o t id e  p r im e r s  (M ackey and Gi lh a m , 1971; B e n n e t t  et 

al., IQ'/'Ô), T h e  en z y m e  is n o r m a l ly  used to p r e p a r e  p r im e r s  w i t h  a c h a in  

len g th  of less  than f i v e  re s id u e s  but in the p re s e n t  s tu d y  the  en z y m e  w as  

u sed  to p r e p a r e  o l ig o n u c le o t id e s  w ith  chain  lengths of 1 5 - 2 5  r e s id u e s  

M a t e r i a l s  and M eth o ds  

R e a g e n ts

A l k a l  ine  phosp h atase  (E C  3. 1 . 3 .  1. ) f ro m  E .  col i ( B A P F  

g r a d e )  w a s  o b ta in e d  f ro m  W o r th in g to n  B io ch em ic a l  C o r p o r a t io n .  O th e r  

m a t e r ia ls  h ave  been  d e s c r ib e d  in the p re v io u s  s e c t io n .

E n z y me p iu r i f ic a t i  on

T h e  en zym e w as  is o la te d  fro m  pig l i v e r  n u c le i  e s s e n t ia l l y  

as  d e s c r ib e d  by H e p p e l  (19 66 ) .  T h is  gave a p r e p a r a t io n  w ith  an a c t iv i t y  

of 2 u n i ts /m g  (1 u n it  = 1 ^«.molc of a d e n y l ic  ac id  I i b e r a t e d / h o u r )  and a 

r e c o v e r y  of 25%  of the o r ig in a l  a c t iv i t y .  T h e  en zym e w as  then f u r t h e r

p u r i f i e d  by gel f i l t r a t i o n  on S c p h e d c x  G - 20 0 .  A  co lum n of S c p h a d c x  G ?09
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(6 0  x  2 .  5 cm ) w as  e q u i l ib r a te d  w ith  0. 05  M M O P S  pH  7. 0 c o n ta in in g  1 mM 

2 - m e r c a p t o e t h a n o l . E n z y m e  (5 ml) w as  a p p l ie d  to the co lum n and e lu ted  w ith

A s s a y of  n u c le a s e  a c t iv i t y

I n i t i a l l y ,  the o ptica l  a s s a y  of H e p p e l  (1 9 6 6 )  w as  u sed .  T h e

c h l o r id e ,  1 mM 2 -m e rc a p to e th a n o l  and p o ly  (A )  (4  m g /m l ) .  E n z y m e  (50  yu.l)

( 5 0 ¡xi) w as  ad ded  to co ld  3 °/o p erc h lo t  ic a r i d  ( 0 . 4 5  m l) .  A f t e r  ten m in utes

w as  taken  f r o m  the su p e rn a ta n t  and made up to 2 ml w i th  w a t e r  and the  

a b s o rb a n c e  w a s  m e a s u re d  at 25 7  nm. In l a t e r  s tu d ie s ,  a m o d if ic a t io n  using  

r a d i o a c t iv e  p o ly n u c le o t id e s  w as used as it w a s  found that  th is method g ave  

a m o re  r e p r o d u c ib le  v a iu e .

co n ta in in g  2 mM magnesium c h lo r id e  end 1 mM 2 - m e r c a p t o e t h a n o l . E n z y m e

A l iq u o ts  (10  jj. I ) w e r e  a p p lied  to g lass  f i b r e  d is c s  (W h a tm an  G F ' /C )  and the 

n u c le ic  a c id  w as  p r e c ip i ta te d  by the m ethod of B o l lu m  (1 9 6 6 ) .  T h e  r a d i o 

a c t iv i t y  r e m a in in g  on the d iscs  was d e te r m in e d  in a to lu e n e  b ased  s c in t i l l a t io n  

l iq u id .

p ro d u c t io n  o f  sm all ac id  s o lu b le  o l ig o n u c le o t id e s  ( <  10 r e s id u e s ) .  It can be  

shown that the  in i t ia l  p ro d u c ts  of the r e a c t io n  a r e  o l ig o n u c le o t id e s  w i th  a 

c h a in  length  of a p p ro x im a te ly  20  r e s id u e s .  T h e  p ro d u c t io n  of ac id  s o lu b ie  

o l ig o n u c le o t id e s  is not l in e a r  w ith  t im e and th is  c o m p l ic a te s  the c o m p a r is o n  

of f r a c t io n s  d u r in g  the p u r i f ic a t io n  o f  the en z y m e .

S i m i l a r  a s sa y  co n d it io n s  w e r e  used  in the s tudy of the 

a c t io n  of the  enzym e on o th e r  p o ly n u c le o t id e s .  T h e  m agnes ium  ion r e q u i r e m e n ts  

— pi—i o p t ' rr^ ' / 'e r e  de*'"’r'm !r ' -’d usin'*1 *he s s cl’=*'1 c o n d i t io n s  d e s c r ib e d  except

the sam e b u f f e r .  F r a c t io n s  co n ta in in g  a c t iv i t y  w e r e  poo led  and s to re d  at - 2 0 ° .

a s s a y  m ix t u r e  co n ta in e d  in 20 0  y .\ : 0 . 0 5  M M O P S ,  p H  7 . 2 ,  2 mM m agnesium

w a s  added and the m ix tu r e  incubated a t  3 7 °  f o r  s ix ty  m in u te s .  An a l iq u o t

at 4 ° ,  the p r e c i p i t a t e  w as  rem oved  by c e n t r i f u g a t io n .  A  sa m p le  ( 0 . 2 0  ml)

14 IC — la b e l le d  p o ly n u c le o t id e s  w e r e  p r e p a r e d  f r o m  the

n u c le o s id e  d ip h o s p h a te  using p o ly n u c le o t id e  p h e s p h o r y le s e  (E a to n  and  

H u tc h in s o n ,  1972 ).  A  typ ica l  a s sa y  c o n ta in e d I,

4  m g /m l ,  s p e c i f ic  a c t iv i t y  1 .4 8  x  10^ d p m /jA  mol e) in 0 . 9 5  M M O P S  pH  7 . 2

(2 0  ia I) w as  added and the m ix tu re  w as in c u b a te d  at 3 7 °  f e r  s ix ty  m in u te s .

A  d is a d v a n ta g e  of both a s s a y s  is that th ey  m e a s u r e  the

r



th a t  the magnesium co n c e n tra t io n  o r  pH w a s  v a r i e d .  P r o t e i n  w as  

m e a s u re d  by the method of L o w r y  et al (1 9 5 1 ) .

P o ly a c r y la m id e  gei e le c t r o p h o r e s is  of o l ig o n u c le o t id e  p r im e r s

7 .5 %  p o ly a c r y la m id e  ge ls  w e r e  ru n  in 0. 10 M t r i s - b o r a t e  

pH 8 . 3  co n ta in in g  2 . 5  rr.M E D T A  and 7 M u r e a .  E l e c t r o p h o r e s is  w as  

c a r r i e d  out at 4 °  at 1 00 V  and 5 m A /g e l  u s ing  b rom opheno l b lu e  as a 

m a r k e r  dye. T h e  la rg e  o l ig o n u c le o t id e s  is o la te d  f ro m  the E M C  genome  

( P o r t e r ;  C a r e y  and F e l l n e r ,  1974 ) w e r e  u sed  to c a l ib r a t e  the gel 

p ro d u c ts .

Is o la t io n  of o I i gonucleo tides

O lig o n u c le o t id e s  w i th  ch a in  length  o f  less  than ten  

r e s id u e s  w e r e  is o la ted  by c h ro m a to g ra p h y  on D E A E  c e l lu lo s e  in the  

p re s e n c e  of 7 M u re a  (B ennett  et a l ., 19 73 ) .  L o n g e r  o l ig c n u c le o t ld e s  

w e r e  is o la te d  by gel f i l t r a t i o n  on S e p h a d e x  G - 2 0 0 .  F r a c t io n s  c o r r e s p o n d in g  

to v a r io u s  s i z e  c la s s e s  w e r e  p o o led  and c h a r a c t e r i z e d  by pho sp h ate  

a n a ly s is .

P r e p a r a t io n  and as say  of a nuclease— S e p h a r o s ?  c o n ju g a te

S e p h a r o s e - 6 B  w a s  a c t iv a te d  w i th  cy an o g e n  b ro m id e  as 

d e s c r ib e d  p re v io u s ly  (Axen and E r n b a c k ,  1971 ).  A c t iv a t e d  S e p h a r o s e  

( 2 0  m l) was added to a so lu t ion  o f  the p u r i f i e d  en zym e  (20  m l ,  3 0  rng 

p r o t e in )  in 0. 1 0 M M O P S ,  pH  7 . 5 .  T h e  s u s p e n s io n  w a s  s t i r r e d  at 4 °  

f o r  e ig h teen  h ou rs  and was then w ashed  w i th  1 . 0  M sodium  c h l o r id e  (50 0  ml)  

and w a t e r  (500  m l) .  T h e  co n ju g a te  was s t o r e d  at 4 °  in 0. 05  M M O P S ,  

p H  7 . 2  co n ta in in g  5 mM 2 - m e r c a p t o e t h a n o l . T h e  im m o b il iz e d  en zym e  

w a s  assa ye d  by r e c i r c u la t in g  s u b s t r a te  s o lu t io n  th ro u g h  a p ack ed  bed 

of the im m o b il ized  enzyme ( F o r d  et al.. 1 9 7 2 ) .  T h e  r e a c t io n  w as  fo l lo w e d  

by o b s e rv in g  the r i s e  in a b s o rb a n c e  at the A max of the p o ly n u c le o t id e  

u s in g  1 mm path length f lo w  c e l ls .

(65)



1

R e s u l  ts

P u r i f i c a t i o n  of the en zym e

T h e  p u r i f i c a t io n  o f  the en zym e is o u t l in e d  in T a b le  10  and

r e p r e s e n t in g  an o v e r a l l  40  fo ld  p u r i f i c a t io n .  V a lu e s  f o r  the  in te rm e d ia te  

s te p s  in the p u r i f i c a t io n  h ave  not beer, inc lu d ed  as e x o n u c le a s e  a c t iv i t y  

is  a lso  p re s e n t  in the  e a r l y  s ta g e s  of the p u rv ic a t io n .

p r o t e in  s ta n d a r d s  e s ta b l is h e d  the  m o le c u la r  w e ig h t  of the en zym e as 6 8 . 0 0 0 .  

P r o p e r t i e s  of the p u r i f i e d  enzym e

c o n c e n t ra t io n  and p H  a r e  shown in F i g u r e s  38 and 3 9 .  T h e  optimum  

m agnes ium  c o n c e n t ra t io n  o c c u rs  in the p re s e n c e  of one e q u iv a le n t  o f  Mg' 

p e r  phosphate  r e s id u e  in the p o ly n u c le o t id e .  T h e  p u r in e  h o m o p o ly m e rs  

ten d ed  io p r e c ip i t a t e  a t  th is m agnes ium  c o n c e n tra t io n  and h y d ro ly s is  of  

th e s e  p o ly m e rs  w as  c a r r i e d  out at lo w e r  m agnesium  c o n c e n tra t io n s .

r a t e s  by the p u r i f i e d  en z y m e . P o ly ( G )  w as  h y d ro iy s e d  at a much l o w e r  ra te .  

C a l f  thymus D N A  arid s in g le  s t r a n d e d  p o ly d e o x y n u c le o t Id e s , such  as p o iy (d C ) ,  

w e r e  not h y d ro ly s e d .  T h is  w as  d e te r m in e d  by the ab se n ce  of ac id  s o lu b le  

p ro d u c ts  a f t e r  t re a tm e n t  w ith  the en zym e  and by the unchanged p r o f i l e  on 

S e p h a d e x  G - 2 0 0  gel f i l t r a t i o n .  M o n o n u c le o s id e  c y c l ic  p h o sp h a tes ,  s u c h  as 

a d e n o s in e  2 * 3 5 c y c l i c  m o nophosphate  and a d en o s in e  3 !5* c y c l i c  m on op h osph ate ,  

w e r e  not h y d ro ly s e d  by e i t h e r  the c r u d e  o r  p u r i f i e d  e n z y m e ,  in d ic a t in g  that 

th e  en zym ic  r e a c t io n  d id  not p ro c e e d  th rough  a c y c l i c  in te rm e d ia te  

( B a r n a r d ,  1969).

T h e  in i t i a l  p ro d u c ts  of the r e a c t io n  a r e  typ ic a l  o f  an 

e n d o n u c le o ly t ic  c le a v a g e .  A  p o ly n u c le o t id e  a p p ro x im a te ly  1000  re s id u e s  

long  y ie ld s  o l ig o n u c le o t id e s  w i th  c h a in  lengths  o f  1 5 - 2 5  r e s id u e s  a f t e r  two 

h o u rs  inc ub at io n  ( F i g u r e  4 0 ) .

T h e  en z y m e  is c o m p e t i t iv e ly  in h ib i te d  by ol igodeoxynucl eotides , 

s u c h  as o l ig o d e o x y th y m id y l ic  a c id .  T h e  h y d r o ly s is  of p o ly (A )  by the enzym e

F i g u r e  3 7 .  T h e  m o st  a c t iv e  f r a c t i o n  had a s p e c i f ic  a c t iv i t y  c f  21 u n i t s /m g

R e c h ro m a to g ra p h y  o f  the most a c t iv e  f r a c t io n s  on

■=>ephadex G--200 and c o m p a r is o n  o f  the e lu t io n  vo lu m e  w it l i  those of

Tr ie  o p t im a l  r e a c t io n  c o n d i t io n s  r e g a r d in g  m agnesium

Pol y ( A ) ,  p o ly ( l )  and p o ly (C )  w e r e  h y d ro ly s e d  at s i m i l a r



T A B L E  1 0

P u r i f i c a t i o n  of a r ib o n u c lé a s e  fro m pig  l i v e r  nuc le i

P r o t e i n  (m g /m l ) S p e c i f i c  A c t iv i t y  
( u /m g )

Y i e l d  %

C r u d e  E x t r a c t 15. 0 0. 50 1 00

Ammonium
S u lp h a te  ( C - 3 3 % )  1 0 . 0 2 . 0 25

S e p h a d e x  1--200

P e a k 1 . 5 21

p o o led 1 . 5 1 1 21



F I G U R E  3 7

P u r i f i c a t i o n  of p ig  l i v e r  n u c le a s e  on S e p h a d e x  G - 2 0 0 .

A  co lum n (60  x  2. 5 cm ) of S e p h a d e x  G - 2 0 0  w as  e q u i l ib r a t e d  w ith  0. 05  M 

M O P S ,  p H  2 c o n ta in in g  1 mM 2 - m e r c a p t o e t h a n o l .  E n z y m e  w as  

a p p l ie d  to the colum n and e lu te d  w i th  the sam e b u f fe r .  F r a c t io n s  ( 2 . 4  m l)  

w e r e  c o l le c te d  and a s s a y e d  f o r  p r o t e in  and en zym ic  a c t iv i t y .

_____G _____ q _____P r o t e i n  (m g /m l)

___________n _____  A c t iv i t y  ( u n i t s /m l )



F
R

A
C

T
IO

N
 

N
U

M
B

E
R

PROTEIN  ( m g s / m l )  •  •
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E f f e c t  o f  M a g n es iu m  ion c o n c e n tra t io n  on th e  h y d r o ly s is  o f  p o ly (C ) .  

In c u b a t io n s (5 0  |d ) w e r e  c a r r i e d  out w ith  v a r i a b l e  M a g n e s iu m  ( I I )  c o n c e n tra t io n s  

as  d e s c r ib e d  in the M eth o ds  S e c t io n .  A f t e r  o n e  h o u r ,  the r e a c t io n s  w e r e  

sto p p e d  b y  the a d d i t io n  of c o ld  3% p e r c h l o r i c  ac id  and f i l t e r e d  onto g la s s  f i b r e  

d is c s  w h ic h  a f t e r  w a s h in g  w e r e  counted  in a to lu en e  b a s e d  s c i n t i l l a t i o n

f lu id .





F I G U R E  3 9

p H  optimum o f  p o ly (G )  h y d r o ly s i s .  5C|Ji a s s a y s  w e r e  c a r r i e d  out 

05M  M O P S  c o n ia in in g  15 mM m a g n es iu m  c h l o r id e  and  15 mM p o ly (C )  at

ous phi v a lu e s .



percent Maximum Act ivi ty
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F I G U R E  4 0

Ge! e l e c t r o p h o r e s i s  of p o ly  (A )  h y d r o ly s is  p ro d u c ts  J l4 c j  ~ Po lVtA ) (SO|J.I,

5 rn g /m l)  in  0. 05 M W O P S  pl-l 7 . 0  c o n ta in in g  2 mM m a g n es iu m  c h l o r id e  w as  

in c u b a te d  w i th  en z y m e  ( 1 0 | i l ,  32 u / m l )  at 3 7 ° .  A t  g iv e n  t im e  i n t e r v a l s ,  

a l iq u o ts  w e r e  m ixed  w i t h  50%  s u c r o s e  and a p p l ie d  to 7.5%) p o ly a c r y la m id e  

g e ts  c o n ta in in g  7 M u r e a .  T h e  g e ls  w e r e  ru n  in a t r i s - b o r a t e  b u f fe r  

pH 8 . 3 c o n ta in in g  7 M u r e a  a t  I 00 V and 5 m A  p e r  tube . T h e  g e ls  w e r e  

then f r a c t io n a t e d  in to  0 . 2 0  cm le n g th s ,  d r ie d  and d is s o lv e d  in N C S  t is s u e  

s o l u b i l i z e r  ( 1 , 0  m l) .  T h e  sam p les  w e r e  co u nted  it) a to lu e n e  b ased  s c i n t i l l a 

t ion  f lu id .

G ------- 0 h o u rs -----□ ------- 2 h our?

13------- 2 h o u r ------- A-------- 24  h o u rs

o ------- 1 h o u r
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( Gy)

is  c o m p e t i t i v e ly  in h ib i te d  by d ( p l  ( F i g u r e  4 1 ) .  T h e  K i f o r  d (p T )_  is
— £> cc

7 . 3 4  x  10 M w h i le  the Km f o r  p o ly (A )  u nd er  the sam e co n d it io n s  is  7. 7 x  1 0

M . d ( p T ) ^  does not in t e r a c t  w i th  p o ly  (A ) u n d e r  the co n d it io n s  used

(C a s s a n i  and B o l lu m ,  1969) and  the in h ib i t io n  r e p r e s e n t s  a t r u e  in t e r a c t io n

b e tw e e n  the en zym e and the ol ig o d e o x y n u c le o t id e .  S in g le  s t ra n d e d  and

d o u b le  s t r a n d e d  D N A  a ls o  a c t  as  in h ib i to r s .

E v e n  the p u r i f i e d  enzym e e x h ib i ts  a lag p ha se  in the  

d e g r a d a t io n  of p o ly m e r  w hen a s s a y e d  by methods dep en d in g  on the r e le a s e  

of a c id  s o lu b le  p ro d u c ts .  T h e  lag p h a se  Becomes m o re  m a rk e d  w hen  the 

s u b s t r a t e  p o ly m e r  is p re in c u b a te d  w i th  a lk a l in e  p h o sp h a tas e  to re m o v e  

5 : t e r m in a l  pho sp h ate  g ro u p s .  S i m i l a r  e f fe c ts  h ave  been o b s e rv e d  with, a 

n u c le a s e  f ro m  A->o tn h s c tp r  a g i l i ^  (S te v e n s  and H i lm c e ,  I 9 6 0 )  w h ic h  c le a v e d  

o l ig o n u c le o t id e s  lac k ing  a 5> p ho sp h om on oe s te r  g ro u p  at les s  than 19% of 

the r a t e  o b s e rv e d  w hen the s u b s t r a t e  had a 5 1 te rm in a l  p ho sp h ate  g ro u p .

P r o p e r t i e s of the n u c leas e  S e p h a r o s e  con jugate-

T h e  enzym e war. s u c c e s s fu l ly  co u p led  to cy an o ge n  b. o.v.ide 

a c t iv a t e d  S e p h a r o s e ,  y ie ld in g  a co n ju g a te  w ith  a p ro te in  c o n ten t  of 1 4 . 5  mg./'g 

m a t r i x  w h ic h  r e p r e s e n t e d  a b in d in g  y ie ld  of 0 0 % .  T h e  e n z y m e  w a s  co u p led  

to the a c t iv a te d  m a t r ix  (A x en  and C r n b a c k ,  1 9 7 1 ) ,  but the i n s t a b i l i t y  of the  

e n z y m e  tit pl-l v a lu e s  above 8. 0 made It  n e c e s s a r y  to c o u p le  the en z y m e  at 

the l o w e r  pl-l. T h e  h y d r o ly s is  o f  p o ly (A )  by a p ack ed  bed of the c o n ju g a te  

is sh o w n  in F i g u r e  42 .



F I G U R E  41

K in e t ic s  of p o ly (A )  h y d r o ly s i s  and c o m p e t i t iv e  in h ib i t io n  by d ( p T ) 3 .

A s s a y s  w e r e  c a r r i e d  out in a total v o lu m e  of 1 OC |il in 0 . 0 5  M M O R S ,  

p H  7 . 0  c o n ta in in g  2 mM m agnes ium  c h i o r 'd e  as  d e s c r ib e d  in the M ethods  

S e c t io n .

A . _ „ A ____ P o l y  (A )

- 5  ,
P o l y  (A )  + 3 .  7 2 5  x I 0 M dtp u 3 

P o l y  (A ) +  7 .  4 5  x  1 0 ~ 5 M d ( p T )3
n



ZÌO
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R e c y c l in g  of p o ly (A )  th ro u g h  a p ack ed  bed o f  im m o b il iz e d  n u c le a s e .

A  s o lu t io n  o f  p o ly (A )  (1 5. 0 m l ) in 0, 0 5  M M O P S ,  p H  7. 0 c o n ta in in g  2 mM 

m a g n es iu m  c h l o r id e  w as  r e c y c le d  th ro u g h  a p a c k e d  bed o f  t'ne n u c le a s e -  

S e p h a r o s e  c o n ju g a te  a t  a f lo w  r a t e  o f  1 . 0  ml min ' .  T h e  r e a c t io n  was  

fo l lo w e d  by o b s e rv in g  the  i n c r e a s e  in a b s o rb a n c e  a t  2 5 7  nm in 1 mm path  

Ie n g th  f lo w  c e l l s .

----- O --------o 6 x  1 C f 3 M  p o ly  (A )

u 2 . 4  x  10“ ' M p o iy (A )

- 3 M p o ly (A )
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