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b;vidence has  been ob ta ined  which indica tes  the possit) i l i ty t lmt  dit>h~slH~q}\'ridinc nuch'~,t hh. 
( I )PN)  and f lavine adenine dinucleot ide ( I : . \D)  are c~mstiiucnts ~1 the smciHoxid~sc c,>mplex ~,1 
..lscai, i.¢. This  sys tem was i nac t iva t ed  by incuba t ion  with ;~ mwlcot idc  lwr,,tH~,~st~hat;~c*: hH 
l(~wing th is  t r e a t m e n t ,  r eac t iva t ion  (H" succ ina te  <~xidizing ( :q)neity t imid  I,c ,,I)scr\ cd when 111 'N 
and 1:;\I) were added.  The mldi t ion of 1".\1) al(me genei-~llly did n(~t produt c ~tl]\ <d)s(,r\,alHu rc;t t t i  
\ a t i o n ,  while  both  FAI)  aIld I ) I 'N usual ly  were rcquirc~l l',)r max i ma l  s t imu la i i nn .  Ni~,,tin;imi,h'  
b rough t  abou t  in]~ibiti(m ~)f sm cimlte  oxidati~m in C(ll/t:entl-akJ(lllS c~mHmrable t~ th~sc l(mnd t(, 
i nh ih i t  some known  1)l)N - and TI 'N- l inked  dchydrogcnases  1~.~2. I"urthcrnl,~n', in,,'ul~ati(m ~)1 the 
succ inoxidase  sys te ln  with succ ina te  and puri t ied lactic dchydrogenase  ta resul ted in ;~ :ignil?cant 
r educ t ion  of pyruw~te  to  lactate .  

So far, no meta l  requi re i / len t  of the sys tem has been detec table .  Su¢cini¢ dehydr,~gcnasc 
a c t i v i t y  was s t i nmla t ed  by manganese  as well as by e t h y h m e d i a m i n e t e t r : m c e l n t c  suggestin,< tha i  
n / a n g a n e s e  displaces  an ion which h a s  an inhi l ) i torv  effect on the enzyme.  

This inves t iga t i (m was suppor l ed  by resean  h g ran t s  from the Nati(m;d I~s t i tu tes  ~,f l lcal th ,  
U.S. l 'ub l ie  t l c a l t h  Service. 
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* The source of the  nuc leo t ide  p y r o p h o s p h a t a s e  p r e pa ra t i on  was the  xenom t)f CYolallis ada~a~> 
tus. The enzyme  was p repa red  according to an unpub l i shed  method  of L..\SrRACHAN AND N. O. 
KAPLAN and was  k i n d l y  suppl ied  to us by Mr. F. STOLZENBAC~T. The enzyme has been used for 
c leavage  of bound I )PN from t r io sephospha te  dehydrogenase  by 1,. \STRACtfAN (l:eder~tliolt Prof., 
13 (1954) 172) and for c lcawtge of bound I:.VI) from D-amin~) acid nxidase  by C. I)l,: I .uca  and 
N. (). KAPLAN (personal  c (mmmnica t ion ) .  

Deuterium exchange between ribonuclease and water 

As a l ink  in a recent  series of i so tope-exchange  s tud ies  carr ied  out  in the Carlsberg I ,abora-  
tory1 6 an inves t iga t ion  has  been made  of the  exchange  of deu te r ium be tween  rib~muclease (RNase) 
~tnd water .  The resul t s  will be briefty repor ted  below and compared  wi th  those found f~r insulin ".1.~ 
to which p ro t e in  R N a s e  bears  a r a the r  close resemblence.  

The sample  used (Armour  38159) was p resen ted  to us by  Dr. C. B. :\XEINSEN. The method  
appl ied  in the  exchange  e xpe r im e n t s  is descr ibed in a,'t,'~. 2oo HI of a well-defined I 2 % aqueous  
so lu t ion  of R N a s e  are lyophi l ized  and the  wa te r  replaced by  20o pl  99.73 % 1)20. After  comple te  
exchange  the  D20  is r emoved  by  c ryosub l ima t ion  and  the  sample  dried for 3 hours  by  hea t ing  to 
6o-' aga ins t  a t r a p  a t  - 6 o '  (see 4). The d ry  deu te r ium- loaded  sa inple  of pro te in  is then dissolved in 
2oo HI H 2 0  for b a c k - e x c h a n g e  a n d  t h e  e x c h a n g e  reac t ion  followed by  t a k i n g  out  15 ill  samples  a t  
su i t ab le  in te rva ls ,  r e m o v i n g  the i r  wa te r  by  c r y o s u b l i m a t i o n  and de t e rmi n i ng  i ts  concen t ra t ion  
of d e u t e r i u m  b y  dens i t y  d e t e r m i n a t i o n s  in t h e  grad ien t  tube.  

According to  a n a l y s i s  b y  HIRS, ~IO()RE AND S'FEIN 7, RNase,  Mw 13H95, consis ts  of i2(> 
amino  acids a r r anged  in one p e p t i d e  chain,  wi th  four i n t r acha in  S-S bridges.  I t  has the  all over 
compos i t ion :  ASpl 6 Glul2 Glyla  Alal= Val9 Leu2 Ileua Serl5 Thrl0 Cy% Met 4 Pro s Phea Tyr6 t t iss  
l,ySl0 . \ rg  4 (CON H2)lV a n d  a t  t h e  isoelectr ic  po in t  the  molecule  conta ins  238 theore t i ca l ly  exchange-  
able  oxygen-  and n i t rogen-bound  hydrogen  atoms,  out  of which 12o belong to the CO NH 
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exchange ins tantaneously  even at o ° 
- - t h o s e  of the -CO NH--groups in- 
c l u d e d - a n d  we therefore take the 
slow par t  of the exchange in the case 
of RNase as evidence for the existence 
of some kind of hydrogen-bonded, 
folded s t ructure  in the molecule, 
shielding pa r t  of the hydrogen a toms 
from ins tantaneous  exchange. This 
point  of view is suptx)rted by  the fact 
tha t - - -as  shown in Fig. I the ex- 
change is much more rapid in the pres- 
ence of guanidine chloride (2. 5 molal), 

"D "~  ' f " r  T -~  . . . .  F . . . . . . .  [ - -  

240t Htbonucleose 

F'- 
2 &  

180  

groups in the backbone. To bring isoelectric RNase to p H  4.7 where the first series of exper iments  
were carried out, 5 hydrogen ions have to be added per mole, so tha t  the number  of theoretically 
exchangeable hydrogen a toms at this p H  is 243. 

In Fig. i the number,  n, of deuterium a toms exchanged per mole RNase is plotted against 
tinm. The exchange was followed at ~ V - - ~  , , T i ~ . . . . . .  I ~  , -7 
pH 4.7 and two different temepra-  

l tures, o" and 38°. In both cases an 
instantaneous reaction of 18 5 a toms 26o 
per mole was found, followed by a ~ ~D to Oxidized Rlbonuclease 0 ° 
slower exchange which was complete ~ 1)- 
after 20 hours at 38 . As reported | GuanJdintehloride 0 ~ 0 

earlier'a,s, 6 all the O- and N-bound 24o~(}~ar- ~ 8 
hydrogen a toms in shorter  peptides I / ~  ° 

wi thout  internal hydrogen bonding 2 2 0 ~ °  RIl~onuclao.~e,pH4~7 

"° I I 1 I I I I I I 

0 2 4 6 8 fO f5 20 23 hours 
Fig .  z. 

a compound which like urea has an unfolding effect upon 
proteins (see s). I f  RNase is oxidized by  perfor- 
mic acid the 4 intrachain S-S bridges are broken, 
and a molecule is obtained which exchanges all 
its hydrogen a toms ins tantaneously  (Fig. i). 
Hence the hydrogen bonded s t ructure  in native pH 8.3 
RNase seems to be greatly stabilized by  the S-S 

pH ~ bridges, a conclusion which is in conformity with 
theoretical consideration by  S C H E L L M A N  8. In  fact 
the si tuation is quite similar to tha t  met  with 

oH  ~ ,7  ___ , - - - o -  
in the case of insulin and the isolated A-chain ~, 5,s. 

= - Unpublished data by  HARRINGTON AND SCHELL- 
• MAN indicate tha t  the oxidized RNase is actually 

unfolded in aqueous solution. 
The experimental ly determined number  of 

b exchangeable hydrogen atoms in oxidized RNase 
_ • _ _, ~ ~ _  I ~ I _ _ _  is 3 % higher than  the calculated value. This dis- 

o 2 4 6 8 ~o ~s 20 hours erepancy is greater than  the usual experimental  
Fig. 2. error, bu t  not so much tha t  a closer inspection 

was considered necessary. Possibly the sample 
was not completely dry after the exchange with D~O, possibly it contained an impurity.  The 
impor tan t  feature is tha t  all the exchangeable hydrogen a toms reacted instantaneously.  

Fig. 2 shows the pH-dependence of the exchange. In  this series of experiments  the solution 
of RNase at  pH 4.7 was used as a basis, its p H  being determined electrometrically. The three 
other solutions (pH 3.o, 5.8 and 8.3) were made up from this by  adding HCI or NaOH. Because of 
the limited amoun t  of RNase available indicator paper  had to be used for the est imation of pH,  a 
not  too sat isfactory procedure. The results should therefore be taken with some reservation, i.e., 
they cannot  be used for quant i ta t ive  calculations but  give a quali tat ive demonstra t ion of the fact 
tha t  the exchange in the p H  range from 3 to 8. 3 is the slower the lower the pH. Upon the assump-  
tion tha t  the t i tratable groups of RNase exchange their hydrogen a toms instantaneously,  the 
number  of hydrogen atoms exchanged have been corrected for the number  of hydrogen ions 
added or removed in the p H  adjustment ,  so tha t  n in Fig. 2 refers to the RNase molecule in its 
state of ionization at p H  4.7. 

At present  no simple explanat ion of the observed pH-dependence can be offered bu t  it is 
hoped tha t  fur ther  work on this problem will th row light on the mechanism of the exchange 
reaction. 

A A S E  H V I D T  

Carlsberg Laboratorium, Copenhagen (Denmark) 
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The pH-dependence of the deuterium exchange of insulin 
In  c(}ntinuati(*n of p r e v i o u s  e x l ) e r i n l c n t s  1,2,l t h e  r a t e  of t he  1-e~tctioll ~)1 deute l - i t ln l - ]o i lded  

p o r k  i n s u l i n  w i t h  l-t20 a t  o was  s t u d i e d  a t  d i f f e ren t  h y d r o g e n  ion c o n c e n t r a t i o n s .  The  m e t h o d  
a p p l i e d  is o u t l i n e d  in r e f e r ence  1 a n d  d e s c r i b e d  in d e t a i l  in referencesa,4,  s. The  res t l l t s  a re  seen  in 
Fig.  1 w e h r e  " i  ix t he  i m m b e r  of d e u t e r i u m  a t o m s  e x c h a n g e d  pe r  i n s u l i n  m o n o m e r  (Mw 5777). In 
t h e  e x p e r i m e n t s  a t  p i t  2.60 a n d  3.5 ° t h e  p r o t e i n  was  l o a d e d  w i t h  d e u t e r i u m  a t  t h e s e  p H  v a l u e s  
w h i l e  in t h a t  a t  p H  7-i t he  p r o t e i n  was  d e u t e r a t e d  a t  p l l  3, lyol/~hilized, d r i ed  (see ~,a,4), a l i a  d is  
so lved  in He( )  q N a l t O  to  b r i n g  p t t  to  7-i .  T h e  p roce s s  of d i s s o l u t i o n  t o o k  a b o u t  2 m i n u t e s ,  l :or  
t he  s a k e  of c o m p a r i s o n  t he  v a h l e s  e x p e r i m e n t a l l y  f (mnd f(w t h e  n u m l ) e r  of d e u t e r i u m  a t o m s  
e x c h a n g e d  (*l) w e r e  c o r r e c t e d  by m e a n s  ()f t he  fo r lnu la  

*: i = *~ i 

w h e r e  i is t h e  ne t  c h a r g e  r e c k o n e d  w i t h  s ign  of t he  m o n o m e r  <luring t he  l o a d i n g  w i t h  d e u t e r -  
i um.  The  j u s t i f i c a t i o n  of t h i s  c o r r e c t i o n  is f o u n d  ill t h e  f ac t  t h a t  t he  h y d r o g e n  a t o m s  i n v o l v e d  in t h e  
i o n i z a t i o n  p roce s s  m u s t  be i n s t a n t a n e o u s l y  
e x c h a n g e a b l e  6. I t  wi l l  i m l n e d i a t e l y  be c l ea r  9C - - - - -  
t l m t ,  i n d e p e n d e n t  of p H ,  t h e  v a l u e s  of /t i 
w i l l  a l l  a p p r o a c h  85 v a l i d  for  i soe lec t r i e  ni 
i n su l in ,  t h e  v a l u e  80 p r e v i o u s l y  g i v e n  for 
i n s u l i n  w i t h  ne t  c h a r g e  t 4 b e i n g  used  as  8C 
a b a s i s  (see 1,~). As a p p e a r s  f rom Fig.  t t h e  
r a t e  of t h e  e x c h a n g e  r e a c t i o n  is s t r o n g l y  
d e p e n d e n t  u p o n  t he  h y d r o g e n  ion concen -  
t r a t i o n  a n d  fa l l s  w i t h  d e c r e a s i n g  p H .  A t  76 
pt{  7.1 t h e  e x c h a n g e  is c o m p l e t e  a f t e r  3 
hours .  T h e  c u r v e s  a re  g e n e r a l l y  of t h e  
S~lllle t y p e  as  t h o s e  fouud  for r i b o n u c l e a s e  ~ 
and  con f i rm  the  o b s e r v a t i o n s  m a d e  b y  g6 
I.ENORMANT AND ]~LOIJT 7 ill their study of 
~ther proteins (b(~vine serum albumin and 
~wdbumin). Since preliminary experi- 
ments ()11 /~- lac tog lobul in  h a v e  s h o w n  the  
s a m e  p H  d e p e n d e n c e  of t h e  e x c h a n g e  of 50 

t h i s  p r o t e i n  i t  w o u l d  a p p e a r  t h a t  t h e  p h e -  
n()men(m is f a i r ly  genera l .  Ou r  e x p e r i m  cu t s  
(Elnnot  a t  p r e s e n t  s e rve  as a bas i s  h)r 
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q u a n t i t a t i v e  c a l c u l a t i o n s  of t he  r e l a t i o n s h i p  b e t w e e n  p H  a n d  r a t e  of e x c h a n g e .  Ref ined  t e c h n i q u e  
a n d  a d d i t i o n a l  e x p e r i m e n t a l  m a t e r i a l  a re  r e q u i r e d  to  so lve  t h i s  p rob l en l .  T h e y  show,  h o w e v e r  
t h a t  t he  e x c h a n g e  m e c h a n i s m  ix m o r e  c o m p l i c a t e d  t h a n  t e n t a t i v e l y  a s s u m e d  in a r e c e n t  a r t i c l e  2, 
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