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Studies on the disulfide bridges in ribonuclease 

The  a p p r o x i m a t e  loca t ions  of t he  e ight  ha l f -cys t ine  res idues  (numbered ,  in t he  following discussion,  
f r om I to 8, beg inn ing  w i t h  t he  .one nea re s t  t he  N- t e rmina l  end  of t he  p ro te in  chain)  a long  t he  
single po lypep t ide  cha in  of r ibonuclease  m a y  be deduced  f rom the  ava i lab le  in fo rma t ion  on i ts  
a m i n o  acid sequence1, 2. The  e luc ida t ion  of the i r  exac t  pos i t ion  and  pa i r ings  in disulfide l inkage 
is clearly essent ia l  for an  u n d e r s t a n d i n g  of the  s t ruc tu ra l  bas is  of t he  phys ico-chemica l  and  
ca t a ly t i c  behav ior  of t he  proteinS, 4. 

Na t i ve  bovine  pancrea t ic  r ibonue lease  (Armour  L o t  No. 38I-o59 ) was  dissolved in wa te r  
and  b r o u g h t  to p H  8.o in the  Co leman  Au t o t i t r a t o r  wi th  o . i M  N a O H .  Fol lowing t he  add i t ion  
of N - e t h y l m a l e i m i d e  (NEMI,  final concen t r a t ion  io-SM),  t he  p ro te in  was  diges ted wi th  subt i l i s in  
(generously g iven  by  Dr.  M. OTTESEN and  Prof .  K.  LINDERSTROM-LANG) a t  a level of 2 m g / i o o  m g  
r ibonuclease  a t  37 ° C unde r  ni t rogen,  un t i l  t h e  u p t a k e  of alkali  h a d  ceased.  Af ter  digest ion,  wh ich  
requi red  a p p r o x i m a t e l y  3 h w i t h  i % solut ions  of r ibonuclease,  t he  to ta l  con ten t s  of t he  d iges t ion  
vessel  were lyophil ized.  Io m g  *l iquors  of t he  dried ma te r i a l  were dissolved in water ,  s t r eaked  
on washed  W h a t m a n  No. 3 filter paper ,  and  sub jec ted  to  filter pape r  e lec t rophores is  a t  p H  6, 

as described b y  RYLE et al. 5 for insul in  f ragments ,  us ing  t he  Michl h igh-vo l tage  
e lectrophoresis  appara tus* .  A typica l  pa t t e rn ,  which  was  the  same  in t he  
presence  or absence  of N E M I  in t he  e lectrophoresis  buffer, is shown  in Fig. i .  
The  locat ion of t he  disulf ide-containing pept ide  bands ,  as revealed by  t he  
cyan ide-n i t ropruss ide  m e t h o d  of TOENNIES AND KOLB 7 is shown  on the  figure. 
These  bands ,  A, B, C, D, and  E were e lu ted  a t  5 ° C wi th  lO% acetic acid or 
wi th  pyr id ine-acet ic  acid buffer, p H  3.65, a t  r oom t e m p e r a t u r e  a n d  t he  e luates  
lyophil ized.  T he  e lu ted  pept ides  were fu r the r  purified by  a second electropho- 
resis r u n  a t  p H  3.6 in pyr id ine-acet ic  acid buffer  a n d  e lu ted  as above.  

The  e luates  were oxidized wi th  performic  acid a t  o ° C 5 and  t he  resu l t ing  
cysteic  ac id-conta in ing  pept ides  separa ted  by  electrophoresis  a t  e i ther  p H  6 
or p H  3.6. The  ami no  acid composi t ions ,  and  in some  expe r imen t s  the  N- ter -  
mina l  res idues as well, were de t e rmined  b y  appl ica t ion  of the  LEVY ch roma to -  
graphic  t echn ique  s to hyd ro l y sa t e s  of t he  pept ides  and  t he  d in i t ropheny la ted  
pept ides .  These  analyses ,  when  considered toge the r  wi th  t he  known  por t ions  of 
t he  r ibonuclease  sequence1, ~, sufficed in m o s t  cases  for t he  ident if icat ion of t he  
ha l f -cys t ine  res idue in ques t ion .  

The  compos i t ions  of t he  two "ha l f -b r idges"  resu l t ing  f rom the  ox ida t ion  
of the  disulfide bond  in the  pept ide  occupy ing  b a n d  D are g iven  in Table  I, 
and  agree wi th  t he  s t ruc tu re  to be  expec ted  f rom a cys t ine  pep t ide  con ta in ing  
ha l f -cys t ine  No. 2 joined to one of t he  th ree  ha l f -cys t ine  res idues  No. 7, No. 8, 
or No. I. The  pept ide,  (CySOs,Ala,Tyr),  was  shown,  however ,  to con ta in  
N- t e rmina l  cysteic acid and  m a y  t h u s  be wr i t t en  CySO 3- (Ala,Tyr).  Fu r the rmore ,  
par t ia l  acid hydro lys i s  of the  d in i t ropheny la t ed  pept ide  yie lded a pep t ide  
wi th  t he  sequence,  DNP-CySOa-Ala  , t h e  presence of which  sugges t s  t h a t  th is  
t r ipept ide  m u s t  h a v e  t he  sequence  CySOs-Ala-Tyr .  Since HIRS 9 has  shown,  in 
his  s tudies  on t he  deta i led  sequence  of t he  r ibonuclease  chain,  t h a t  th is  sequence  
canno t  occur  in the  ne ighborhood  of ha l f -cys t ines  No. I or No. 7, the  t r ipept ide  
above  m u s t  include ha l f -cys t ine  No. 8. The  o ther  ha l f -cys t ine -con ta in ing  pept ide  
h a d  a compos i t ion  a t t r ibu tab le  only  to the  por t ion  of the  cha in  inc luding  half-  
cys t ine  No. 2 and  es tabl ishes  the  disulfide bridge, No. 2-No.  8. 

Fig. I. N inhydr in -pos i t ive  bands  ob ta ined  upon  filter paper  e lec t rophores is  5 of 
subt i l is in  d iges t  of r ibonuclease.  Pyr id ine-acet ic  acid buffer,  p H  6, 2 h,  2ooo 
volts .  Le t te r s  refer to disulf ide-containing componen t s .  L e n g t h  of s t r ip  - 55 cm. 

B a n d  C (Fig. i) yielded two cysteic  ac id-conta in ing  componen t s ,  following oxidat ion.  The  
compos i t ions  of these  are g iven  in Table  I. These  f r a g m e n t s  can  only  h a v e  ar isen f rom those  
a reas  of t he  p ro te in  cha in  con ta in ing  ha l f -cys t ines  No. 3 and  No. 7 and  indicates  t h e  presence  
of an  - S - S -  bridge be tween  these  residues.  The  tyros ine  and  lysine con t en t s  of t he  pept ide  were 
cons ide rab ly  less t h a n  s to ich iomet r ic  in compar i son  wi th  t he  o the r  amino  acids  p r e sen t  and  th i s  
p robab ly  reflects t he  fact  t h a t  these  two ami no  acids  suffer  some  degrada t ion  du r ing  t he  dini t ro-  
pheny l a t i on  p rocedure  1. Some ty ros ine  m a y  also be lost  du r ing  per formic  acid ox ida t ion .  Careful  
ana lys i s  of  t he  pep t ides  der ived f rom band  C by  ion exchange  ch roma tog raph i c  m e t h o d s  is clearly 
desirable .  

Ox ida t ion  of b a n d  A yielded two pept ides  wi th  t he  compos i t ions  shown  in t he  table .  Pept ide  
AI  is c learly der ived f rom the  por t ion  of t he  cha in  con ta in ing  ha l f -cys t ine  No. 6. The  cyste ic  
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T A B L E  I 

THE LOCATION OF DISULFIDE BRIDGES IN RIBONUCLEASE 

Disulfide- Compos#ion o/cysteic acid-containing Hall-cystine 
positive band peptides produced by oxidation residues implicated Disul/ide bri~c 

A (I) CySOa-Asp-Arg-Glu-(Ser2,Thr ,Gly ) No. 6 No. I -No. ~i* 
(2) (CySOa,Asp,Glu) No. ~, 3, 5, 8 

C (I) (Ser ,Glu,CySOa)-Lys No. 3 No. 3--No. 7 
(2) (Gly, Asp,CySOa,Pro,Ala,Lys,Tyr ) No. 7 

D (i) CySOa-[Ala ,Tyr  ] No. 8 No. 2 -No.  8 
(2) Asp-Arg-CySOa- (Pro ,Lys ,Asp ,Va l ,Thr ) -Phe  No. 2 

E (t) (Gly,Asp,CySOvPro, Ala,Lys,Tyr, Ser ) No. 7 No. 4-No.  5" 
(2) (Serl.vGlu2.o,Asp2a,LysLvTyro.~, No. 3, 4 and  5 (see text)  

CySO 3 3.2,Glyo.7,Thro.6,Alal.o,Vall.o) toge the r  

Res idues  wi th in  b racke t s  and  sepa ra ted  b y  c o m m a s  are  in an  u n d e t e r m i n e d  order  and  represen t  
qua l i t a t ive  ana lyses  8 for cons t i t uency .  Res idues  separa ted  by  dashes  are in known  sequence  and  
are  q u a n t i t a t i v e l y  (:k Io%)  accura te .  Amide  n i t rogen  a t o m s  z h a v e  been omi t t ed  t h roughou t .  

* Br idges  No. 4-No.  5 and  No. I -No .  6 h a v e  also been es tab l i shed  b y  SPACKMAN, MOORE, 
AND STEIN10.  

acid res idue  in pept ide  A2, however ,  could be der ived f rom ei ther  of ha l f -cys t ines  No. I, No. 3, 
No. 5, or No. 8, and  is only  ass ignable  to No. i on t he  basis  of  the  o ther  d a t a  shown in Table  I. 

B a n d  E Yielded , upon  oxida t ion ,  two cysteic  ac id-conta in ing  componen t s .  The  ana lys i s  for 
one of these  was  essent ia l ly  ident ical  wi th  t h a t  for pept ide  CI, ind ica t ing  t he  presence  of half-  
cys t ine  res idue  No. 7. The  q u a n t i t a t i v e  ana lys i s  7 of the  second c o m p o n e n t  is g iven  in Table  I 
and  indica tes  a pep t ide  sequence  con ta in ing  three equ iva len t s  of cysteic  acid. On t he  basis  of 
t he  known  d i s t r ibu t ion  of ha l f -cys t ine  res idues  a long t he  cha in  and  in view of the  disulfide bridge 
a s s i g n m e n t s  a l ready  es tab l i shed  (No. 3 -No.  7, No. 2-No.  8), th is  c o m p o n e n t  m u s t  represent  the,  
oxidized form of a br idge jo in ing  ha l f -cys t ines  No. 4 and  No. 5, still l inked in the  s ame  pep t ide  
cha in  to the  pep t ide  (Ser, Glu, CySOs)-Lys ,  the  l a t t e r  r ep resen t ing  one side (No. 3) of t he  bridge 
No. 3-No.  7. The  s t ruc tu re  of the  pept ide  fo rming  electrophoret ic  band  E m a y  t h u s  be recon- 
s t ruc ted  as follows (amide n i t rogen  a t o m s  2 have  been omi t ted)  : 

No. 3 No. 4 No. 5 
(Ser,Glu Cys) -Lys-Asp-Val -Ala-Cvs-Lvs- (Glu  Asp2 Cys ,Gly ,Thr ) -Tvr  

] ! . . . . . . . . . . . .  
5 

(Asp, Cys,Lys,Gly,  Pro,Tyr ,  Ala) 
No. 7 

The  data ,  s u m m a r i z e d  in Table  I, provide  evidence for the  presence in bovine  r ibonuc lease  oi 
the  4 disulfide bridges, No. i - N o .  6, No. 2-No.  8, No. 3 -No.  7 a n d  No. 4 -No.  5. 

B a n d  B appears  to con ta in  several  disulfide br idges  joined t h r o u g h  bonds  which  were in- 
comple te ly  hydro lyzed  unde r  the  p re sen t  condi t ions ,  and  has  no t  yielded useful  i n f o r m a t i o n  
to date .  

The  charac te r iza t ion  of these  disulfide br idges  is also being carried ou t  by  SPACKMAN, MOORE 
AND STEIN and  evidence for disulfide l inkages  be tween  ha l f -cys t ine  res idues  No. ~ and  No. 6 and  
be tween  No. 4 a n d  No. 5 has  also been ob ta ined  by  t hem.  I n d e p e n d e n t  ident if icat ion of br idges  
No. 2-No.  8 and  No. 3-No.  7 will clearly be inva luab le  in e l imina t ing  t he  possibil i t ies of error  
in m e t h o d o l o g y  or in t e rp re t a t ion  in the  resu l t s  p resen ted  here. Such conf i rmat ion  is par t i cu la r ly  
i m p o r t a n t  since t he  possibili t ies of some  disulfide in t e rchange  c a n n o t  be abso lu te ly  excluded.  

I t  is clear t h a t  disulfide br idges  severely  res t r ic t  the  r ibonuclease  molecule  in t e r m s  of its 
abi l i ty  to unfold  in solution.  The  considerable  change  in  in t r ins ic  v iscos i ty  observed  upon  exposure  
of r ibonuclease  to 8 M urea  solut ions  8 is, therefore,  m o s t  l ikely a t t r i bu t ab l e  to t he  spa t ia l  a r r ange-  
m e n t s  of the  non-cross- l inked N- t e rmina l  and  C- terminal  " t a i l "  por t ions  and  to accordion-l ike 
expans ion  and  unfo ld ing  of the  por t ions  of the  sequence  s i t ua t ed  be tween  t he  disulfide bridges.  
Optical  ro t a to ry  and  spectral  s tudies  of r ibonuclease  and  its va r ious  der iva t ives  unde r  condi t ions  
chosen to mod i fy  s econda ry  and  te r t i a ry  s t r uc t u r e  are cons i s t en t  with the  above  in t e rp re t a t i on  11 
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c-Ribulose-5-phosphate- D-xylulose-5-phosphate stereoisomerase 
and its role in L-arabinose fermentation* 

L-Arabinose fermenta t ion  in Lactobacillus pentosus 1 and Aerobacter aerogenes 2 is initiated by  the 
action of L-arabinose - L-ribulose isomerase. L-Ribulose is phosphory la ted  by  ATP** in the presence 
of a kinase which has  been purified from A. aerogenes 3. L-Ru-5-P has been identified as the phos- 
phory la t ion  produc t  a. L-Arabinose, or L-ribulose plus ATP are converted by  crude extracts  of 
A. aerogenes ~ and Propionibacterium pentosaceum 4 to arabinose, ribulose, xylulose, ribose, heptulose, 
fructose, and glucose phosphates .  In  addition, D-G-3-P is formed from L-ribulose plus ATP, bu t  not  
f rom L-G-3-P 2. Hence, it has  been postulated~, ~ t ha t  L-arabinose is t ransformed into a D-pentose 
phospha te  prior to metabol ism via the t ransaldolase- t ransketolase  and glycolytic pa thways  6. 

We now wish to report  the finding of an enzyme which catalyzes the reaction: 

O O OH 
!l H H II H I 

C H ~ O H - - C - - C - - C - - C H 2 O P O 3 ~  ~ C H ~ O H - - - C - - C - - C - - C H ~ O P O 3  ~ 
I k I H 

OH OH OH 

L-Ru-5-P D-Xu-5-p 

(i) 

* Suppor ted  in pa r t  by  a Grant-in-Aid from the National  Science Founda t ion  and f rom the  
Rockefeller Foundat ion .  The Authors  gratefully acknowledge the  generosity of Dr. B.L.  HORECKER 
who made available unpubl ished manuscr ip t s  and exper imental  materials.  

** Abbreviat ions:  ATP = adenosine t r iphosphate ;  Ru-5-P = r ibulose-5-phosphate;  G-3-P = 
glyceraldehyde-3-phosphate;  D-Xu-5-P = D-xylulose-5-phosphate;  D-R-5-P = D-ribose-5-phos- 
pha te ;  D P N  and D P N .  H = oxidized and reduced diphosphopyridine nucleotide ; C- 3 epimerase = 
D-phosphoketopentoepimerase ;  C- 4 stereoisomerase = L - r i b u l o s e - 5 - p h o s p h a t e -  D-xylulose-5- 
phospha te  stereoisomerase;  TCA = trichloroacetic acid. 

*** Until  suitable nomencla ture  can be established, stereoisomerase is provisionally employed 
to describe the abili ty to convert  the subs t ra te  into its stereoisomer. 

This enzyme, terlned L-Ru-5-P - D-Xu-5-P (C-4) stereoisomerase***, has been purified by 
t reat ing extracts  wi th  protamine,  followed by precipitat ion wi th  a m m o n i u m  sulfate and by  calcium 
phospha te  gel adsorpt ion and elution. An inability to assay crude extracts  has  prevented an 
est imate of the purification achieved ; however,  the L-ribulokinase obtained in another  a m m o n i u m  
sulfate fraction in the  final step of the  same procedure was  purified 2oo-fold 8. The stereoisomerase 
was free of phosphoketopentoepimerase  (C- 3 epimerase)LS, L-ribulose - L-arabinose isomerase, 
t ransketolase  and D-G-3-P dehydrogenase,  bu t  contained L-ribulokinase. 


