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A n enzym e was fo u n d  in  th e  p an creas o f sev e ra l an im al species w h ich  is ab le  to  
ca ta ly ze  th e  reac tiv a tio n  of red u ced  bovine  p a n c re a tic  ribonuelease.

T h e  enzym e was p a r tia lly  p u rif ied  from  ch ick en  an d  pig pancreas.
A h e a t-s ta b le  fa c to r w as essen tia l to  th e  a c t iv ity  o f th e  enzym e. T h is su b s ta n c e  

could  be  rep laced  by d eh y d ro asco rb ic  acid.
T h e  possib le  significance o f  th ese  re su lts  in  th e  p rob lem  of p ro te in  b io sy n th e s is  

is d iscussed .

Introduction

A n f i n s e n  an d  H a b e r  [1], a n d  W h i t e  [2] described  th e  re v e rs ib il i ty  
of th e  re d u c tio n  o f ribonuelease. T hese a u th o rs  red u ced  th e  d isu lfide  g ro u p s 
o f bovine p a n c re a tic  R N ase*, an d  a f te r  rem o v in g  th e  reducing  ag en t reo x id ized  
th em  w ith  a tm o sp h e ric  oxygen. T h e  reox id ized  enzym e proved  to  be id e n tic a l  
w ith  th e  o rig ina l, b o th  in re sp ec t to  physico -chem ical p roperties, an d  en zy m e  
a c tiv ity . C onsequen tly  the  re fo rm a tio n  o f th e  d isu lfid e  bridges w as a specific  
an d  n o t a ra n d o m  process. Since th e n  analogous re a c tiv a tio n  of sev e ra l o th e r  
reduced  p ro te in s  has been o b serv ed  [3— 8 ].

The sign ificance of these  re su lts  is o b v ious, considering  th e  p ro b a b le  
id e n tity  o f th e  red u ced  p ro te in  a n d  th e  p o ly p e p tid e  chain  w hich is fo rm ed  on 
th e  ribosom es d u rin g  p ro te in  b io sy n th esis . A ccord ing ly  such re o x id a tio n  
ex p erim en ts  m ay  serve as in  vitro  m odells in  s tu d y in g  th e  fina l s tep s  o f  th e  
b io syn thesis  —  i.e. th e  fo rm a tio n  o f th e  p ro p e rly  fo lded p ro te in  m o lecu le . 
In d eed , i t  is g en era lly  believed on th e  basis o f th e se  exp erim en ta l fac ts , t h a t  no  
new  in fo rm a tio n  is needed for th is  f in a l s tep , th e  te r t ia ry  s tru c tu re  b e in g  p e r ­
fec tly  d e te rm in ed  b y  th e  p r im a ry , i.e. th e  co rrec t p a irin g  of cyste ine  re s id u e s  
is coded in  th e  am ino  acid sequence  itself. H ow ever, th e  ra te  o f re a c tiv a tio n  
is to o  slow to  acco u n t for th e  in  vivo  observed  b io sy n th es is , even u n d e r o p tim a l 
cond itions. M oreover i t  m u st be  k e p t  in  m in d  th a t  th e  o p tim al c o n d itio n s  
(pH  8.2 24° C) [9] are  no t physio logical.

A t th e  s ta r t  o f th is  w ork we assum ed  th e re fo re , th a t  rib o n u c lease -sy n th e- 
sizing tissues m a y  co n ta in  an  en zy m e, or en zy m e sy stem  w hich c a ta ly z es  th e  
f in a l s tep  o f th e  b iosyn thesis , i.e. th e  re a c tiv a tio n  o f reduced  R N ase. In  th is  
p a p e r we describe  th e  ex istence o f  th is  enzym e in  th e  pancreas, i ts  p a r t ia l

* R N ase : ribonuelease ; tr is : t r ish y d ro x y m e th y la m in o m e th a n e ; D IJA : d e h y d ro ­
ascorb ic  ac id ; E D T A : e th y le n ed iam in o te traa ce tic  acid ; G S H , GSSG: reduced  a n d  o x id iz e d  
g lu ta th io n e ; N A D : n ico tin am id e  ad en in ed in u c leo tid c  (D P N ); N A D P  n ico tin an id ea d e n in e  
d in u cleo tid e  p h o sp h a te  (T PN ).
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p u r if ic a t io n , and  som e p ro p e rtie s  of th e  re a c tio n . A p re lim in ary  re p o r t  on th is  
s u b je c t  w as a lread y  p u b lish e d  [10]. R e c e n tly  G o l d b e r g e r  et al. [11] re p o rte d  
a  r a t  liv e r  system  cap ab le  o f  accelera ting  th e  re a c tiv a tio n  of red u ced  r ib o n u c lé ­
a se . C onsidering  th e  s im ila ritie s  we believe t h a t  th is  system  an d  th e  p a n c re a tic  
e n z y m e  described b y  us a re  iden tica l.

M aterials and m ethods

‘■‘R ea n a l” bov ine  p a n c re a t ic  R N ase w as p u r i f ie d  b y  c h ro m a to g ra p h y  o n  IR C  — 50 
c o lu m n . T h e  p ro te in  p e a k  co rresp o n d in g  to  R N a se  A  w as lyophilized , P u rif ied  R N a se  w as 
r e d u c e d  w ith  2 -m erc ap to e th a n o l in  8 M  u rea  a c c o rd in g  to  th e  m eth o d  of Anfinsen a n d  
H aber  [1 ]. T he re ag e n ts  w ere  rem o v ed  b y  m ean s o f  a  S ep h ad ex  G —25 co lum n, w ith  0.1 N  
a c e t ic  a c id  as e luen t. R e d u ce d  R N ase  could be  s to re d  fo r  several weeks in  th e  ac id  so lu tio n  
w i th o u t  considerab le  re a c tiv a tio n . I t  was n e u tra liz ed  im m e d ia te ly  before use.

R N a se  a c tiv ity  w as a ssa y ed  by  th e  m e th o d  o f  Schucher and  Hokin [12] w ith  one 
m o d if ic a t io n . T he in c u b a tio n  tim e  w as 10 m in. in s te a d  o f  30 m in. In  th e  ca lib ra tio n  o f  th e  assay  
m e th o d  th e  c o n cen tra tio n  o f th e  s ta n d a rd  enzym e so lu tio n  w as d e term ined  b y  m easu rin g  th e  
o p t ic a l  d e n s ity  a t  275 m fi. A t  th is  w avelength , th e  m o la r  e x tin c tio n  coefficien t o f th e  n a tiv e  
a s  w e ll as th e  red u ced  R N a se  is  9200 [13].

S H  groups were determined by the method of B oyer [14], protein concentration was 
measured by the method of Lowry et al. [15].

I n  th e  assay  o f th e  re a c tiv a tin g  enzym e th e  fo llow ing procedure w as em p lo y ed . T he 
e n z y m e  p re p a ra tio n  to  be  te s te d ,  w as shaken a t  37° C in  p H  7.5 tris-H C l b u ffe r  w ith  e v en tu a l 
a d d it io n s  as n o ted  in  th e  fig u res . A fte r 5 m in. p re in c u b a tio n , th e  reac tio n  w as s ta r te d  w ith  
th e  a d d it io n  of reduced  R N ase . A t  in te rv a ls  0.1 m l a liq u o ts  were tak e n  o u t  fro m  th e  re ac tio n  
m ix tu r e s  an d  p ip e tte d  in to  1 m l 0.25 N  H 2S 0 4. B efo re  R N ase  assay  th ese  so lu tio n s  w ere 
n e u tr a l iz e d  w ith  1 N  N a O H  a n d  a p p ro p ria te ly  d i lu te d  w ith  0.04 M  p H  7.5 p h o sp h a te  buffer. 
I n  w o rk  w ith  p an crea tic  h o m o g en a te s  or crude e x tr a c ts  th is  sulfuric  acid tr e a tm e n t  w as essen­
t ia l  in  o rd e r  to  re lease  th e  p a rtic le -b o u n d  R N ase . W h e n  p u rified  enzym e p re p a ra tio n s  w ere 
t e s te d ,  th e  0.1 m l a liq u o ts  w ere  p ip e tte d  in to  cold  0 .04  M  p h o sp h a te  b u ffer a n d  im m e d ia te ly  
a s s a y e d  fo r  R N ase  a c tiv ity .

D eh y d ro asco rb ic  ac id  w as a lw ays fresh ly  p re p a re d  b y  oxidizing ascorb ic  a c id  in  d ilu te  
s o lu t io n  w ith  b rom ine a n d  rem o v in g  excess b ro m in e  w ith  a cu rren t o f a ir. C ry sta llin e  D H A  
w as p re p a re d  accord ing  to  Kenyon and Munro [16].

Results

1. E xperim en ts ivith p igeon  pancreas

Pigeon  p an c reas  w as hom ogenized in  0 .25 M  sucrose. A fte r rem o v a l of 
ce ll d eb ris  an d  th e  n u c le a r  frac tio n  w ith  c e n tr ifu g a tio n  (1000  g, 10  m in .), th e  
s u p e r n a ta n t  w as in c u b a te d  w ith  reduced  R N a se . As show n on F ig . 1 th e  
h o m o g e n a te  g rea tly  acce le ra tes  th e  re a c tiv a tio n  o f R N ase. This e ffec t d isap ­
p e a rs  a f te r  h ea tin g  th e  h o m o g en ate  for 5 m in . a t  100° €.

T h e  e x tra c t o f a n  ace to n e-d ry  p o w d er o f pigeon pan creas  ex h ib ited  
s im ila r  c a ta ly tic  effec t, in d ic a tin g  th a t  th e  a c t iv i ty  was no t n ecessarily  b o u n d  
to  in ta c t  s tru c tu re s .

2. E xperim en ts w ith ch icken  pancreas

O w ing to  th e  fa c t t h a t  pigeon p an c reas  w as n o t availab le  in  su ffic ien tly  
la rg e  q u a n titie s  to  p u rify  th e  ca ta ly tic  fa c to r , w e tr ie d  o th e r species. A tte m p ts  
to  d e m o n s tra te  th e  a c t iv i ty  in  ex trac ts  o f  b e e f  an d  pig p ancreas p o w d er w ere



unsuccessful. H o w ev er, a s ligh t a c tiv ity  w as o b se rv ed  in  chicken p an c reas . 
T h e  a d d itio n  o f  a bo iled  (i.e. in  itse lf  in ac tiv e ) p igeon  pan crea tic  e x tr a c t  
enh an ced  th e  r a te  o f  re a c tiv a tio n  of reduced  R N ase . T he boiled e x tra c t cou ld  
be rep laced  b y  y e a s t  e x tra c t .  These d a ta , su m m arized  in  T ab le  I suggest th a t  
a h e a t-s ta b le  fa c to r  is th e  necessary  co m p o n en t o f  th e  re a c tiv a tio n  sy s tem . 
T h e  c o n cen tra tio n  o f th is  fac to r(s) is ra te  lim itin g  in  ch icken  pancreas.
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F ig . 1. T he effect o f  p igeon  p an creas  hom ogenate  on  th e  re a c tiv a tio n  of reduced  R N ase  
R e ac tio n  m ix tu res: 0.03 M  p H  7.5 tris-H C l; 23 m /rm oles re d u ce d  R N ase; p lus a d d itio n s .

F in a l vo lum e: 3.2 ml
C urve 1 : 0.5 m l 20%  p ig eo n  p a n c re as  hom ogenate . 2 : 0.5 m l b o iled  (5 m in  100° C) h o m o g en a te ,

3 : no a d d itio n  (con tro l)

3. P u rifica tio n  o f  the reactivating enzym e fro m  chicken pancreas

W hen te s tin g  th e  p u rific a tio n  p rocedure , a h e a t-s ta b le  fac to r  (D ifco  
lyophilized  y e a s t e x tra c t)  w as alw ays added  to  th e  assay  m ix tu res. T he u n it  
o f a c tiv ity  w as d e fin ed  a rb itra r ily  as follow s: one u n it  o f enzym e is t h a t  
w hich  re a c tiv a te s  1 m illim icrom ole (13.7 m icrogram ) red u ced  bovine p a n c re a tic  
R N ase  in 1 m in ., based  on th e  in itia l ve locity . T h e  e x a c t q u a n tita tiv e  eva lu -
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a t io n  o f  th e  p u rif ic a tio n  p ro ced u re  w as n o t  possible because th e  cond itions 
w e re  n o t  alw ays o p tim a l, a n d  th e  c ru d e  e x tra c ts  co n ta in ed  in h ib ito ry  sub ­
s ta n c e s  (see la te r).

S tep  1. The p an c reas  o f 6 w eeks-old  ch ickens were hom ogen ized  in  W aring  
b le n d o r  in  10 vol. tw ice  d estilled  — 10° C cold  acetone. A fte r c e n tr ifu g a tio n , 
th e  h o m o g en iza tio n  w as re p e a te d , th e  h o m o g en a te  filte red , an d  th e  cake dried  
in  vacuo. T his pow der cou ld  be s to red  fo r sev e ra l m on ths w ith o u t loss o f a c tiv ity .

Table I

T h e  effect o f  the heat-stable fa ctor (s )

In c u b a tio n  m ix tu re : 0.1 M  p H  7.5 tris -H C l; 10 m /i  m oles reduced  R N a se ; +  ad d itio n s 
a s  n o te d  in  th e  tab le . F in a l v o lu m e: 0.5 m l. P a n c re a tic  e x tra c ts : a ce to n e -d ried  p an creas 
p o w d e r  w as e x tra c te d  w ith  10 v o lu m es of b u ffe r  as d escribed  in th e  te x t .

B o iled  e x tra c t:  p igeon  p a n c re a tic  e x tr a c t  w as h e a te d  a t  100° C fo r 5 m in .
Y e a s t  e x tra c t:  2 m g D ifco  p ow dered  y e a s t e x tra c t .

Exp. Additions
Reactivation rate 

m f t  mole 
RNase/min.

/N o  add ition  (con tro l) 0.003
l J 0.1 m l pigeon e x tra c t  -f- 0.05 m l boiled  e x tra c t 0.051

jO .l m l pigeon e x tra c t 0.033
(0.05 ml boiled e x tra c t 0.003

fN o addition 0
2 10.01 ml chicken e x tra c t 0.041

(0.01 m l chicken e x tra c t  -\- 0.05 m l boiled  e x tra c t 0.056

(N o addition 0.002
10.1 m l chicken e x tra c t  -f- 0.05 m l boiled e x tra c t 0.039

3 10.1 m l chicken e x tra c t  -j- 0-05 m l boiled  d ia ly zed  e x trac t 0.011
lO .l m l chicken e x tra c t  -j- 2 mg y e a s t e x tra c t 0.056

S tep  2. The d ry  p o w d er w as e x tra c te d  w ith  0.05 M  p H  7.5 tr is -H C l 
b u f fe r  fo r  30 m in. in  th e  cold  room . T he b u ffe r  co n ta ined  0.1 m g/m l d iisopropyl- 
f lu o ro p h o sp h a te  to  in h ib it  p ro teo ly tic  enzym es. The e x tra c t w as cen trifu g ed  
w ith  20 000 g for 10 m in . an d  th e  in so lu b le  residue was d isca rd ed . A ll su b ­
s e q u e n t  opera tions w ere ca rr ied  o u t in  th e  cold.

S tep  3. Solid am m o n iu m  su lfa te  w as a d d e d  slowly to  th e  s u p e rn a ta n t  to  
54 p e r  cen t sa tu ra tio n . I t  w as cen trifu g ed  a fte r  s tan d in g  o v e rn ig h t, th e  p re ­
c ip i ta te  w as d iscarded  an d  am m o n iu m  su lfa te  w as added  to  th e  s u p e rn a ta n t  to  
75 p e r  c e n t sa tu ra tio n . A fte r  c en trifu g in g  th e  su p e rn a ta n t was d isca rd ed  an d  th e  
p re c ip i ta te  was d isso lved  in  a m in im al a m o u n t of th e  e x tra c tin g  b u ffe r. This 
so lu tio n  w as d ialyzed  a g a in s t 0.01 M  p H  7.5 tris-H C l buffer.

S tep  4. The d ia ly zed  so lu tion  w as su b m itte d  to  c h ro m a to g ra p h y  on 
D E A E -ce llid o se  w ith  a g ra d ie n t e lu tio n  tech n iq u e . (G rad ien t from  0.01  M  
p H  7.5 tris-H C l to  0.7 M  N aC l.) T he ac tiv e  frac tio n s  were pooled  a n d  d ialyzed
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ag a in s t s a tu r a te d  am m onium  su lfa te . T he p re c ip ita te d  protein  w as c e n tr ifu g e d , 
d issolved in  a m in im al a m o u n t o f tr is  b u ffe r an d  dialyzed.

T he re su lts  of som e p u rif ic a tio n  e x p e rim e n ts  a re  sum m arized  in  T a b le  I I . 
I t  is re m a rk a b le  th a t  in som e cases th e  c rude  e x tra c t  was com plete ly  in a c tiv e , 
a c tiv ity  a p p e a re d  only a fte r  th e  am m o n iu m  su lfa te  frac tio n a tio n . P ro b a b ly  
th e  c ru d e  e x tra c t  co n ta ined  in h ib ito ry  su b s ta n c e s  w hich had to  be  rem o v ed . 
This o b se rv a tio n  led us to  t r y  a sim ilar p u rif ic a tio n  from  pig p an c reas  w hich  
ap p ea red  to  be in ac tiv e  in  ea rlie r ex p e rim en ts .

Table I I

P u rifica tion  o f  the reactivating enzym e fr o m  chicken pancreas

Specific activity: m/imole RN ase/m in./m g protein

Exp.
Crude ex trac t

A fter (N H 4)aS 0 4 
fractionation

A fter DEAE 
chromatography

l 0.009 0.041 0.352
2 0 0.089 0.390
3 0 0.095 0.476

4. P urifica tion  o f  the enzym e fro m  p ig  pancreas

A fte r rem o v al of th e  fa t  a n d  co nnective  tissu e , pig pancreas w as c h o p p e d  
up  w ith  scissors an d  hom ogenized  in  a W arin g  b le n d o r for 2 min. in f iv e  v o lu m es 
of 0.025 M  p H  7.5 p h o sp h a te  b u ffe r w hich c o n ta in e d  ED TA  (0.002 M )  an d  
d iisop ropy l-fluo rophospha te  (0 .1  m g/m l). T h is , a n d  all su b seq u en t o p e ra ­
tions w ere ca rr ied  ou t in  th e  cold. T he h o m o g en a te  w as cen trifuged  fo r  30 m in . 
w ith  1000  g, th e  su p e rn a ta n t w as d ecan ted  a n d  filte red  th ro u g h  g lass  w ool 
to  rem ove fa t .  A m m onium  su lfa te  w as ad d ed  slow ly  to  54 per cen t s a tu r a t io n .  
A fter s ta n d in g  overn igh t th e  p re c ip ita te  w as rem o v ed  b y  c e n tr ifu g a tio n . T h e  
clear p in k  su p e rn a ta n t w as a lre a d y  ac tiv e . A m m o n iu m  su lfate  w as a d d e d  
slowly to  70 p er cen t s a tu ra tio n . T he so lu tio n  w as cen trifuged , th e  s u p e r ­
n a ta n t  d isca rd ed  and  th e  p re c ip ita te  d isso lved  in  0.01 M  pH  7.2 tr is -H C l 
buffer. T h is so lu tion  was d ia ly zed  ag a in s t th e  sam e buffer o v e rn ig h t. T h e  
w hite  in so lub le  m a te ria l w hich p re c ip ita te d  d u rin g  dialysis was re m o v e d  b y  
cen tr ifu g a tio n . T he a c tiv ity  rem ain ed  in  th e  su p e rn a ta n t . The n e x t s te p  w as 
th e  D E A E  ch ro m a to g rap h y , w ith  a g rad ien t from  0.01 M  pH  7.2 tr is -H C l 
to  0.6 M  N aC l in  th e  sam e b u ffe r. The ac tiv e  frac tio n s  were c o n c e n tra te d  as 
described  ab o v e . The so lu tion  o f  th e  enzym e a t  th is  stage was l ig h t y e llo w , 
and  alw ays co n ta in ed  sligh t a m o u n ts  of nucleic acid  besides p ro te in . T h e  d a ta  
of th e  p u rif ic a tio n  procedure a re  sum m arized  in  T ab le  I I I .
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Table I I I

P u rific a tio n  o f  the reactivating enzym e f r o m  p ig  pancreas

Specific activity: m/tmole R N ase/m in ./m g protein

Exp.
Crude extract A fter (N H t)2S 0 4 

fractionation
A fter DEAE 
chromatography

l 0 0.60 2.28

2 0 0.81 4.35

5. E xp erim en ts  ivith the p a r tia lly  p u r if ie d  enzyme

T h e  re a c tiv a tin g  en zy m e a t  th is s ta g e  o f  p u rifica tio n  a p p e a re d  to  be 
s u ita b le  to  s tu d y  th e  co n d itio n s and re q u ire m e n ts  of the  re a c tio n . F ig . 2 
show s th e  dependence  o f th e  reaction  r a te  on  th e  co n cen tra tion  o f th e  sub-

F ig . 2. E ffec t o f th e  c o n c e n tra t io n  of reduced R N ase  o n  th e  r a te  of reac tiv a tio n . T h e  a m o u n t 
o f R N a se  re a c tiv a te d  in  th e  f i r s t  10 m inutes is p lo t te d  a g a in s t th e  in itia l c o n c e n tra tio n  of

reduced R N a se
In c u b a t io n  m ix tu res: 0.05 M  p H  7.5 tris-H C l; 4 m g  D ifco  y eas t e x tra c t; 1.65 m g pu rified  
c h ic k e n  re a c tiv a tin g  en zy m e; p lu s  va ry in g  a m o u n ts  o f  re d u c e d  R N ase. F in a l v o lu m e : 1 m l

s t r a te ,  i.e. th e  red u ced  R N ase . This in c reased  v e lo c ity  w ith  h ig h er c o n c e n tra ­
tio n s  is in  sharp  c o n tra s t  w ith  the  n o n -e n z y m ic  reac tiv a tio n  [9] w here  an  
in v e rse  re la tio n sh ip  w as o bserved  a t s im ila r s u b s tra te  co n cen tra tions.

I n  c o n tra s t to  th e  m a rk e d  pH  d ep en d en ce  o f  th e  non-enzym ic re o x id a ­
t io n , th e  enzym e re a c tio n  is only sligh tly  in flu e n c e d  by  a lte ra tio n  o f  th e  p H  
in  th e  ran g e  b e tw een  7— 8.5. This is in  a g re e m e n t w ith  the  re su lts  o f G o l d ­

b e r g e r  et al. [11].
T h e  k inetics o f re a c tiv a tio n  were c o m p a re d  a t  25° C an d  37° C. A gain  in  

c o n tr a s t  to  th e  n o n -en zy m ic  reaction  [9], th e  r a te  was higher a t  37° C.
T ab le  IY  su m m arizes  d a ta  on the  effects o f  v a rious ad d itio n a l co m p o u n d s 

on  th e  re a c tiv a tio n . T h e  S H  com pounds te s te d  a re  all s trongly  in h ib ito ry  at



ENZYMIC FORMATION OF THE DISULFIDE BRIDGES OF RIBONUCLEASE 4 7

h ig h er c o n c e n tra tio n , w hereas a t  low er values th e  e ffec t can  be slig h tly  s t im u ­
la to ry . U rea  a n d  C u 1 + a re  s tro n g  in h ib ito rs . T h e  m ark ed  a c tiv a tin g  effect 
o f E D T A  or cy an id e  m ig h t be exp la ined  by  a ssu m in g  th a t  these  co m p o u n d s  
a c t b y  rem oving  th e  in h ib ito ry  h ea v y  m etal ions p re se n t in  th e  reag en ts  em p lo y ­
ed. T herefo re  in  la te r  e x p e rim e n ts  ED TA  w as a lw ay s added  to  th e  re a c tio n  
m ix tu res .

Table IV

In h ib itio n  and  activation o f  the enzym ic  reactivation

In c u b a tio n  m ix tu re s  in  a ll th e se  experim en ts  c o n ta in e d : 0.1 M  p H  7.5 tris -H C l b u ffe r ;  
8— 14 m ft  m oles red u ced  R N ase ; 2 m g D ifco  y east e x tra c t ;  1— 2 m g p urified  a c tiv a tin g  en zy m e; 
+  ad d itio n s as n o te d  in  th e  tab le . F in a l volum e 0.6 m l. A c tiv itie s  a re  expressed  in  th e  p e r­
cen tag e  of th e  co n tro l v a lues.

A dditions A ctivity  %

No ad d itio n  (contro l) 100

5. 10 ~ 3 M  cystein 20

5. IO "3 M  GSH 4

5. 1 0 ~ 3 M  2 -m ercap to e th an o l 20

S £ 107

5. 10 3 M  th ioglycolic acid 3
1 0 - 3  M  C u +  + 0

1.3 M  u rea 21

8. IO“ 4 M  NaCN 120

8. IO“ 3 M  NaCN 147

8. I O - 3 M  ED TA 155

T he re a c tiv a tin g  enzym e could  be s to red  ev en  in  v e ry  d ilu te  so lu tio n s 
in  th e  cold fo r severa l w eeks w ith o u t loss o f a c t iv i ty . I t  is sensitive  to  ac id  
an d  h e a t t r e a tm e n t. 5 m in. h e a tin g  a t  65° C d ecreases  th e  a c tiv ity  b y  43 p e r 
cen t. P re c ip ita tio n  a t  p H  4 .8  re su lts  in  an  irrev e rs ib le  decrease in  a c tiv ity . 
I f  th e  enzym e w as tre a te d  w ith  p -ch lo ro m ercu rib en zo a te , a f te r  rem o v a l o f  
th e  reag en t w ith  S ephadex  G— 25 no decrease o f  a c t iv i ty  was observed . T h is 
re su lt suggests t h a t  SH  g ro u p s do no t p lay  a n y  ro le in  th e  a c tiv ity  o f  th e  
enzym e.

6 . The heat-stable fac tor

O ur ea rlie r ex p erim en ts  w ith  crude p a n c re a tic  e x tra c ts  in d ic a te d  —  in 
ag reem en t w ith  th e  re su lts  o f  G o l d b e r g e r  et al. [11], —  th e t  th e  h e a t-s ta b le  
n o n -p ro te in  fa c to r  req u ired  in  th e  reac tiv a tio n  p rocess can  be rem oved  o n ly



48 P. VENETIANER and F. B. STRAUB

p a r t ia l ly  b y  dialysis. P a r t ia l ly  p u rified  p re p a ra tio n s  of th e  re a c tiv a tin g  enzym e 
w ere  som etim es co m p le te ly  in a c tiv e  w ith o u t th e  a d d itio n  o f y e a s t  o r  boiled 
p a n c re a tic  e x tra c t; o th e r  p re p a ra tio n s  did n o t req u ire  th e  ad d itio n  o f  th e  heat- 
s ta b le  co facto r. P ro b a b ly  u n co n tro lled  v a r ia tio n s  in  th e  p u rif ic a tio n  p ro ced u re  
r e s u l te d  in  th e  loss o f b o u n d  co fac to r in  th e  fo rm er case.

F ig . 3 shows th e  e ffec t o f co facto r (D ifco  y e a s t e x tra c t)  c o n c e n tra tio n  
o n  th e  re a c tiv a tio n  c a ta ly z e d  b y  a c o fac to r-d ep en d en t enzym e p re p a ra tio n . 
T h e  in i t ia l  velocity  w as p ro p o rtio n a l to  th e  c o n cen tra tio n . H o w ev er, th e

minutes

H g .  3. E ffe c t of th e  c o n c e n tra tio n  of th e  y eas t e x tra c t .  In c u b a tio n  m ix tu re s : 0.1 M  p H  7.5 
tr is -H C l;  5 • 10- 3 M  E D T A ; 50 m /m io les red u ced  R N ase ; 0 .0 5 m g  p u rif ied  p ig  enzym e. 
F in a l  v o lu m e: 1 m l. C urve I  : 20 m g Difco  y e a s t  e x tra c t ,  2 : 6.6 m g D ifco  y e a s t  e x tra c t

m a x im a l e x te n t of r e a c tiv a tio n  w as alw ays h ig h er w ith  lower co fac to r  concen­
t r a t io n .  W e tried  to  rep lace  y e a s t e x tra c t w ith  N A D , N A D P, GSSG, b u t  these 
a t te m p ts  were unsuccessfu l. G o l d b e r g e r  et al. [11] te s ted  a n u m b e r of o th e r 
su b s ta n c e s  b u t none o f th e m  p ro v ed  to  be ac tiv e . In  view  of th e  k n o w n  h y d ro ­
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gen  accep to r ro le of d eh y d ro asco rb ic  acid in  p la n t sy stem s, we tr ie d  th is  su b ­
s ta n c e  as co fac to r. I t  was fo und , t h a t  c rysta lline  D H A  as w ell as D H A  p re­
p a re d  b y  th e  b rom ine  o x id a tio n  o f  ascorbic acid could  rep lace  y e a s t  e x tra c t  
in  o u r system . A scorbic acid w as also  ac tiv e  b u t  on ly  a f te r  a lag  p e rio d . T h is is 
n o t  su rp ris in g , ow ing to  th e  easy  o x id izab ility  of ascorb ic  acid  b y  a tm o sp h e ric  
o x y g en  (Fig. 4).

T he k in e tics  o f th e  re a c tiv a tio n  process w ere th e re fo re  s tu d ied  w ith  D H A . 
F in . 5 shows th e  v a ria tio n  of th e  k in e tic s  w ith  d iffe ren t D H A  c o n c e n tra tio n sC5

F ig . 4. R ep lacem en t o f th e  y eas t e x tr a c t  w ith  ascorbic acid  an d  D H A . In c u b a tio n  m ix tu re s : 
0.1 M  p H  7.5 tris -H C l; 3 • 10“ 3 M  E D T A ; 12 nijumoles red u ced  R N ase ; 0.12 m g p u rif ied  pig 
en zy m e. F in a l vo l: 0.8 m l. C urve 1 : 0 .05 m l boiled y eas t e x tra c t ,  2 : 2 ’ 10~ 3 M  D H A ,

3 : 6 -1 0 ” 3 M  ascorbic acid

using  a co fac to r-d ep en d en t en zy m e. T he shapes o f th e  cu rves are  v e ry  sim ilar 
to  those  of F ig . 3, w here y e a s t e x t r a c t  was used as co facto r. In it ia l  v e lo c ity  is 
p ro p o rtio n a l to  th e  D H A  c o n c e n tra tio n , b u t th e  m ax im al e x te n t o f re a c tiv a tio n  
is ach ieved  w ith  low D H A  level. T h e  k inetics are even  m ore co m p lica ted  in  th e  
case o f co fac to r-in d ep en d en t en zy m e p rep a ra tio n s . U sing a c o n c e n tra ted  
en zy m e so lu tio n , th e  effect o f D H A  is sligh tly  in h ib ito ry  even  a t  low  concen­
tr a t io n  level. H ow ever, a t  low er en zy m e co n cen tra tio n s D H A  ac ts  as a s tim u l­
a n t ,  its  c o n cen tra tio n  being d ire c tly  p ro p o rtio n a l to  th e  in itia l r a te  a n d  in ­
v e rse ly  p ro p o rtio n a l to  th e  e x te n t  o f re a c tiv a tio n  (F ig . 6 ).

4  Acta Physiologien XXIV/1.
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Discussion

T h e  experim en ts d e sc rib ed  above, d e m o n s tra te  th e  presence in  th e  
p a n c re a s  of several a n im a l species of an  enzym e w h ich  g re a tly  accelera tes th e  
r e a c t iv a t io n  of red u ced  R N a se . T he enzym ic n a tu re  o f th e  ca ta ly sis  is su p ­
p o r te d  b y  th e  facts t h a t :  (i) A c tiv ity  is b o u n d  to  a h ea t- lab ile , non -d ia lyzab le

F ig .  5. E ffe c t o f D H A  c o n c e n tra t io n . R eaction  m ix tu re s : 0.1 M  p H  7.5 tris -H C l; 3-10-3  M  
E D T A ; 18 m /nnoles red u ced  R N a se ;  0.05 m g p u rified  p ig  en zy m e. F in a l vo lum e: 0.7 m l. 
D H A  w a s added  in  th e  fo llow ing  co n cen tra tio n s: C urve 1 : 0 (co n tro l), 2 : 2 .1 -10“ 4 M ,  

3 :  7 .1-10“ 4 M , 4  : 1 .7 -1 0 “ 3 M , 5 : 3.4• 10“ 3 M , 6. 1.7 • 10“ 2 M

f a c to r  w h ich  gives a w e ll-d e fin ed  p ro te in  p e a k  in  D E A E  ch ro m a to g rap h y , 
(ii) T h e  op tim al p H , te m p e ra tu re  and  s u b s tra te  c o n c e n tra tio n  v alues a re  
d if fe re n t  from  th e  o p tim a l co n d itio n s  of th e  sp o n ta n e o u s  re a c tiv a tio n .

U n d e r op tim al c o n d itio n s  m axim al re a c tiv a tio n  m a y  be ach ieved  enzy- 
m ic a lly  w ith in  10 m in ., w h ile  n o  re a c tiv a tio n  occurs in  th e  non-enzym ic  con-
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tro is . O ur b est p rep a ra tio n s  c a ta ly z e d  th e  re a c tiv a tio n  o f R N ase  a t  a ra te  
o f  260 ^g /m in u te /m g  enzym e.

S evera l enzym es are  kn o w n  w h ich  ca ta lyze  th is  ty p e  o f re a c tio n , i.e. th e  
— SH  —► — S— S—  redox  process, how ever m ost o f  th ese , fo r ex am p le  g lu ta ­
th io n  red u c ta se  or cystine  re d u c ta se  [18— 20] are  specific  fo r th e  low  m olec-

F ig. 6. E ffec t o f D H A  co n ce n tra tio n . R e ac tio n  m ix tu res: 0.1 M  p H  7.5 tris -H C l; ЗЛО- 3  M  
E D T A ; 12 m /tm oles reduced  R N ase : 0.14 m g purified  pig enzym e. F in a l vo lum e 0.7 m l. D H A  
w as ad d ed  in  th e  follow ing co n ce n tra tio n s : C urve 1 : 0 (co n tro l), 2 : 5 Л 0 -4  M , 3 : 10*3 M ,

4 : 4 -1 0 * 3 M

u la r  w eigh t su b stra te s . R e c e n tly  som e enzym es h av e  been  d esc rib ed  in  
y e a s t [2 1 ], or in p lan t seeds [2 2 ], w h ich  specifically  red u ce  p ro te in  d isu lfides. 
T o m iz a w a  [23] purified  an  enzym e w hich specifically  ca ta ly zes  th e  re d u c tio n  
o f in su lin  w ith  GSH. K a t z e n  e t  al. [24] d e m o n s tra te d  th e  rev e rs ib ility  o f th e  
tra n sh y d ro g e n a tio n  ca ta ly zed  b y  th is  enzym e. T h ey  d iscussed  th e  possib le  
sign ificance  of th is fac t in  p ro te in  b io syn thesis . T he R N ase  re c tiv a tin g  enzym e 
ap p e a rs  to  be sim ilar in  fu n c tio n  to  th is  enzym e. H ow ever in  ou r case D H A  
serves as hyd rogen  accep to r in  th e  tran sh y d ro g e n a tio n  w hereas GSSG is 
in a c tiv e . T he questio n  w h e th e r D H A  is th e  physio logical h y d ro g en  accep to r,

4 *
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or o n ly  replaces th e  u n k n o w n  cofactor, c a n n o t be  reso lved  as y e t. A  su itab le  
p ro o f  w ould be th e  d e m o n s tra tio n  of p ro te in -b o u n d  D H A  in  p u rified  enzym e 
p re p a ra tio n s  w hich  do  n o t  req u ire  ad d ed  co fac to r. A tte m p ts  to  do th is , have  
b e e n  as y e t unsuccessfu l.

To draw  conclusions concern ing  th e  m ech an ism  o f th e  c a ta ly zed  reac tio n  
fro m  th e  k inetic  d a ta ,  w o u ld  be p re m a tu re  a t  th is  s tag e  o f th e  w ork. T he assay  
m e th o d  em ployed —  th e  d e te rm in a tio n  o f R N ase  a c tiv ity  —  can  m easure  
o n ly  th e  en d -p ro d u c t o f  a com plex process. T he q u estio n  arises: w hich of th e  
fo u r  disulfide bon d s is o r a re  form ed en zy m ica lly . O n th e  basis of th e  k inetics 
o f  th e  non-enzym ic re a c tiv a tio n , A n f i n s e n  et al. [13] assum e th a t  in  th e  f irs t 
s ta g e  o f th e  reac tio n  d isu lfid e  bonds are fo rm ed  ra n d o m ly  an d  th e  re su m p tio n  
o f  th e  correct „ n a t iv e ”  s tru c tu re  tak es  p lace  b y  w ay  o f in te rch an g e  reactions. 
O n th e  basis of th e  k in e tic s  of enzym ic re a c tiv a tio n  re p o rte d  here , we have  
a t te m p te d  to  fo rm u la te  a w ork ing  h y p o th e s is , co m p a tib le  w ith  th e  facts. 
A ccord ing  to  th is  h y p o th e s is  th e  role o f th e  enzym e w ould  be to  connect tw o 
specified  cyste in  re s id u es  o f  th e  reduced  R N ase  ch a in  an d  oxidize th em  w ith  
th e  aid  of D H A . T h e  n ew  bond fac ilita te s  th e  correct p a irin g  of th e  o th e r 
s ix  su lfh y d ry ls  w h ich  ta k e s  place rap id ly  a n d  no n -en zy m ica lly  in  th e  presence 
o f  D H A . W ith o u t e n zy m e , o r in  the  p resence o f excess D H A , a ra p id  aspeeific 
o x id a tio n  occurs, m e a su re d  b y  the  d isap p ea ran ce  of SH  groups, b u t  th is  p ro ­
cess is n o t accom pan ied  b y  reac tiv a tio n  b ecau se  th e  in co rrec t ran d o m ly  ox i­
d ized  s tru c tu re  is fo rm ed . C onversely, in  th e  p resence  o f enzym e a t  low D H A  
lev e l th e  correct s t ru c tu re  is form ed im m e d ia te ly , w ith o u t in te rch an g e .

F in a lly  one m a y  a sk  w h a t th e  sign ificance  o f th ese  re su lts  w ith  respect 
to  th e  problem  o f p ro te in  b io syn thesis  m ay  be. I f  th e  bio logical fu n c tio n  of th e  
en zy m e is really  to  c a ta ly z e  th e  specific fo rm a tio n  of d isu lfide  bridges as th e  
f in a l  s tep  of th e  b io sy n th e s is , th en  in  c o n tra s t  to  th e  genera l sp ecu la tion , th e  
fo rm a tio n  of th e  t e r t ia r y  s tru c tu re  does re q u ire  a d d itio n a l in fo rm atio n . This 
in fo rm a tio n  is n o t e n co d ed  d irec tly  in  n u c leo tid e  tr ip le ts  b u t  in  a specific 
en zy m e p ro te in  w h ich  ca ta ly zes  th e  fo rm a tio n  of one of severa l possible 
isom ers.
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