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example of how an entirely acceptable conclusion can 
be reached that is entirely wrong because of the paucity 
of knowledge at that particular time. Indeed, I spent the 
following 15 years or so completely disproving the 
conclusions reached in this communication, namely, 
that an ordered secondary structure in a protein is quite 
unnecessary for its properties as a catalyst. These were 
the days when, except for Sanger's work on insulin, no 
sequence information of any significance was available 
for protein molecules, and three-dimensional structure 
derived from crystallographic work was still a product 
of the future. 

In the 3 or 4 years that followed, I was fortunate to 
be joined in my laboratory at the National Institutes of 
Health by Michael Sela, William Harrington, Fred 
White, and a number of others. In a relatively short I 
time we discovered that the ribonuclease molecule, which 
is indeed highly disoriented in strong urea solutions, is 
held together and stabilized in its native conformation 
by its substrate and, indeed, by a number of other 
polyvalent  cations such as polymetaphosphate ,  
poly(aspartic acid), and even orthophosphate itself. We 
have frequently referred to this kind of stabilization of 
structure in denaturing solvents as 'rigidification', and 
it seems to be a common phenomenon with many 
enzymes whose activities are preserved by substrate 
molecules or substrate analogs. When I now look at the 
original BBA communication, I find myself thinking in 
terms of the current witch-hunting that is now so popu- 
lar in which published material based on inadequate or 
incomplete data is occassionally referred to as "fraud".  
In think this term is frequently probably correctly ap- 
plied, although I do believe that in many instances such 
premature incorrect conclusions may simply reflect the 
fact that the advance of science and the deeper under- 
standing of nature are under continual modification. 
Ongoing refinement of data frequently requires consid- 
erable reinterpretation of formerly held 'truths'. 

As the result of a number of studies with many 
colleagues on the refolding of denatured molecules, 
accumulated even after conversion to extended poly- 
peptide chains by disulfide bond reduction, it became 
clear that a generality could be proposed that seemed to 
be applicable to essentially all proteins that were ex- 
amined. This generality stated that the details of the 
three-dimensional structure of a protein molecule were 
determined entirely by the amino-acid sequence of the 
molecule and that no other outside information was 
required. The air oxidation of a reduced protein fre- 
quently led to 'scrambled' molecules with incorrect 
pairing of half-cystine residues, particularly when the 
concentration was too high during the reoxidation. In 
dilute solutions, however, such mispairing, or inter- 
molecular bonding, was generally avoided. I remember, 
as one of my more exciting moments, an experiment 
which Dr. Edgar Haber and I carried out on fibonuclease 
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refolding from the reduced form. After stirring in a i r  
overnight, almost no activity had been regenerated, but  
the addition of a small amount of mercaptoethanol led 
to a rapid reshuffling of the scrambled SS bridges with 
full recovery of activity in a relatively short time. The 
path of our research on formation of three-dimensional 
structure thereafter was fairly easy saifing. 

In recent years, with the acceptance of the generality 
of the process of spontaneous refolding based on se- 
quence alone, a very large effort has been progressing in 
many laboratories to elucidate the nature of the inter- 
acting forces that lead to the correct structure and to 
deduce the three-dimensional structure of proteins from 
the sequence alone, employing a large number of differ- 
ent thermodynamic and stereochemical parameters. One 
of these days, our thermodynamic and computer experts 
will solve this problem of prediction, and the so-called 
'folding problem' can be put on the shelf along with 
other solutions to Nature's secrets. 

Correspondence: C.B. Anfinsen, Department of Biology, The Johns 
Hopkins University, 34th & Charles Streets, Baltimore, MD 21218, 
U.S.A. 
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Studies on the structural basis of ribonuclease activity 

Since the  fundamen ta l  studies of SUMNER and of NORTHROP AND KUNITZ on the  prote in  na tu re  
of enzymes,  most  invest igators  in the  field have  taci t ly  assumed the  relat ive inviolabi l i ty  of enzyme 
structure,  bo th  as regards the  covalent  linkages between amino acids in the  pept ide chains and  also 
wi th  relat ion to geometrical  configurat ions imposed by  non-covalen t  b inding forces. Teleological 
reasoning has  led to theories in which the  prote in  s t ruc ture  as a whole was assumed to p lay  a d o m i n a n t  
role in cata lyt ic  action by t ransfer r ing  energy to the  catalyt ic  center  t h rough  a resonance chain 
made  up of regular  hydrogen  bonded  s t ruc tures  1, ~,a. 

I t  has, however,  been known for some t ime t h a t  cer ta in  groupings (e.g. epsi lon-amino groups 
on the  lysine residues of pepsin 4) could be shown to be non-essent ial  in cataIyt ic  ac t iv i ty  and  in 
more recent  years i t  has been possible to  modify, more drastically,  cer ta in  biologically act ive proteins  
w i thou t  a p p a r e n t  loss in act ivi ty.  Thus, insulin 5,6, ACTH ~, TMV s, a -chymot ryps in  9, and  ribonuclease 1° 
have  been found to exhib i t  the i r  no rmal  behavior  even af ter  removal  wi th  carboxypepf idase  of 
one or more amino acid residues f rom the  carboxyl - te rminal  ends of the  pept ide  chains. In  the  case 
of the  first three  listed, such exper iments  are pa r t ly  equivocal  since ac t iv i ty  tes ts  (which migh t  
involve resynthesis)  mus t  necessarily be performed upon act ively  metabol iz ing tissues or upon 
in t ac t  organisms. The  studies on a -chymot ryps in  and  ribonnclease,  however,  were performed using 
i n  v i t ro  methods  and  are therefore of par t icu lar  in teres t  since they  clearly suggest  t h a t  the  pa ins tak ing  
evolut ion of a unique s t ruc ture  for these enzymes (and by  inference of o ther  enzymes as well) may  
have  been directed towards  the  fulfi l lment of more subt le  biological requi rements  t h a n  catalyt ic  
ac t iv i ty  alone. 

Previous  studies have  shown t h a t  a n u m b e r  of enzymes (e.g. t ryps in  n ,  subti l isin 12, pepsin 13) 
ma in t a in  ac t iv i ty  even when tes ted in s t rong u rea  solutions where, according to considerat ions by  
KAUZMANN 14 and  SCHELLMtKN 15, secondary hydrogen-bonded  s t ruc tures  are likely to be seriously 
distorted.  However,  the  absence of adequa te  physical  and  chemical  da ta  on these prote ins  has  
precluded a proper  appraisa l  of th is  r a the r  surprising p h e n o m e n o n .  

Recen t  invest igat ions  on r ibonuclease s t ruc ture  16 have  suggested t h a t  this  molecule exists in 
solution as a monodispersed 17 un i t  consist ing of a single pept ide chain of 128 amino acids TM, cross- 
l inked th rough  four disulfide bonds.  I t  has  been found t h a t  res t r ic ted snbti l is in digestion leads to  
a modified, fully act ive der iva t ive  19 in which a new N-terminal  end group can be demons t ra ted ,  
the  pept ide  chain which i t  t e rmina tes  being a t t ached  to the  main  body of the  molecule by  disulfide 
bonding 20. Rest r ic ted  pepsin digestion, on the  o ther  hand,  appears  to completely inac t iva te  the  
enzyme, even af ter  the  cleavage of one or two pept ide  bonds  21. Complete loss of ac t iv i ty  is also 
produced upon rup tu re  of the  disulfide l inkages wi th  performic acid 1~. 

A series of exper iments  have  now been conducted in th is  l abora tory  wi th  the  purpose of charac-  
terizing this  enzyme under  different conditions.  They include (I) measurement s  of optical  ro ta t ion  
and  its dispersion (unpublished material ,  SCHELLMAN, compare2~), (2) measu remen t  of viscosity (un- 
publ ished da t a  of HARRINGTON), (3) de te rmina t ions  of the  ra te  of exchange of pept ide  bond  hydrogen 
a toms  (~,~4, and  unpubl i shed  da ta  by  AA. HVlDT), and  (4) measurements  of enzymic act iv i ty  
agains t  R N A  and uridine-2' ,  3 ' -phosphate .  

The results  are summarized in Table I where a comparison is made  between na t ive  RNase, 
RNase  in 8 M urea  or 2.5 M guanidine chloride, and  oxidized RNase.  

T A B L E  I 

N at i ve  8 M u ,  ea Oxidized 

Exchangeab le  
7 ° rapid ly  All rapid* All rapid  pep t ide -bouded  hvdrogens  exchangeab le  

(theoretical-127) 

Int r ins ic  viscosity o.o33 o.o89 o . I I6  
in (g/ ioo rot) - t  

[a]~ 74.0 lO8 91.1 
~C 2330 217o 2z2o 

* Measurements  made in 2.5 M guanidine  chloride. 
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Fig. z .  Firs t  order  plot  of change in viscosity of R N A  with  t ime ~ ~ :  
dur ing  RNase act ion in presence and  absence of 8 :V/ urea. R N A  --¢L 
(2% in 8 M  urea, pH 5.0, 20 °C) + RNase (2 .67 /ml  8 M  urea, -K-  
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All the  da ta  indicate  t h a t  the  enzyme molecule dena tu red  by  urea  or guanidine  chloride 
approaches  in shape and  disor ienta t ion the  molecule produced by  performic acid oxidat ion.  

The ac t iv i ty  of RNase  toward  RN A (Schwarz, dialyzed agains t  0.2 M aceta te  buffer, p H  5.02) 
was de te rmined  by  measur ing  the  change in viscosi ty wi th  t ime. The results  shown in Fig. i indicate  
t h a t  r ibonuctease is fully act ive in 8 M urea solution (the enzyme hav ing  been incuba ted  in 8 M 
urea for two days a t  5° C prior  to  tes t ing  agains t  RNA, also dissolved in 8 M urea). De te rmina t ions  
of non-precipi table  1~ and dialyzable e2~ 0 absorb ing  mater ia l  dur ing the  react ion and  af ter  m a x i m u m  
viscosi ty change also indica ted  t h a t  the  hydrolysis  of the  subs t ra t e  had  proceeded unimpaired.  

The enzyme was ~urther tes ted  agains t  the  syn the t i c  subst ra te ,  ur idine-2%3'-phosphate  25 in 
the presence and  absence of urea  as above.  The course of the  react ion in this  case was followed 
by  a microspec t rophotometr ic  me thod  developed by  Dr. FRED M. RICHARDS. The hydrolysis  of this  
subs t ra te  appears  to be somewhat  slower in urea  t h a n  ill i ts  absence a l though  an  essentially l inear 
product ion  of uridylic acid wi th  t ime  was demons t rab le  by  means  of paper  chromatograph ic  analysis  ~6 
of the  react ion mixture .  

The above  data ,  considered together ,  suggest t h a t  only a re la t ively  small  pa r t  of the  r ibonuclease 
molecule is direct ly involved in ca ta ly t ic  ac t iv i ty  and, t h a t  in the  conversion from the  na t ive  to 
the  ex tended  form, this  part ,  the  act ive center,  may  be protec ted  from deleterious unfolding by  
res t r ic t ing cross linkages. I t  seems impossible, a t  any  rate,  t h a t  an  ordered secondary s t ruc tu re  is 
responsible for its propert ies  as a catalyst .  The da ta  fu r ther  suppor t  the  possibil i ty t h a t  a considerable 
pa r t  of the  enzyme s t ruc ture  m ay  be superfluous from the  ca ta ly t ic  s tandpoin t ,  a possibil i ty t h a t  
is also suggested by  the  autodiges t ion exper iments  on pepsin previously publ ished by  PERLMANN 27. 

The au thors  wish to t h a n k  Dr. L. HEPPEL for his generous gift  of uridine-2% 3 ' -phosphate .  

CHRISTIAN B. ANFINSEN* 
Carlsberg Laboratorium, Copenhagen (Denmark) W. F. HARRINGTON** 

AA. HVIDT 
K. LINDERSTROM-LANG 
M. OTT]~SEN 
JOHN SCHELLMAN '~ * 

i A. SZENT-GYORGYI, Science, 93 (1941) 609. 
2 K. Z. WIRTZ, Natur/orsch., 2b (1948) 94; Chem. Zenlr., 119 (1948) 657. 
a T. A. GEISSMAN, Quart. Rev. Biol., 24 (1949) 309 . 
4 R. M. HERRIOTT AND J. H. NORTHROP, J. Gen. Physiol., 18 (1934) 35. 

J. LENS, Bioehim. Biophys. Acta, 3 (1949) 367 • 
6 j .  I. HARRIS, J. Am. Chem. Soe., 74 (1952) 2944. 
v j .  I. HARRIS AND C. H. LI, J. Biol. Chem., in press. 
s j .  I. HARRIS AND C. A. K~ClGHT, Nature, 17o (1952) 613. 
9 I. A. GLADNER AND H. NEURATH, J. Biol. Chem., 206 (1954) 911. 

10 G. KALNITSKY AND E. E. ANDERSON, Biochim. Biophys. Acta, 16 (1955) 302. 
11 L. KORSGAARD-CHRISTENSEN, Compt. rend. tray. lab. Carlsberg, S&. ehim., 28, No. 2 (1952) 37. 
18 M. OTTESEN, unpubl i shed  results. 
la j .  STEINHARDT, J. Biol. Chem.,-123 (1938) 543. 
14 W. KAUZMANN, in Mechanism o/Enzyme Action, edited by  W. D. MCELROV AND B. GLASS, Johns  

Hopk in ' s  Press, Bal t imore  1954. 
is j .  SCHELLMAN, Compt. rend. tray. lab. Carlsberg, Sdr. chim., 29, No. 15 (1955) 230. 
IS C. B. ANFINSEN, R. R. REDFIELD, W. L. CHOATE, J. PAGE AND W. 1~. CARROLL, J. Biol. Chem., 

207 (1954) 2Ol. 
17 D. V~. KUPKE, unpubl i shed  results. 
is C. H. W. HIRS, W. H. STEIN AnD S. MOORE, J. Biol. Chem., 211 (1954) 941. 
19 S. M. I4~ALMAN, I~. LINDERSTROM-LANG, M. OTTESEN AND F. M. I~ICHARDS, Biochim. Biophys. Acta, 

16 (1955) 297. 
s0 F. M. RICHARDS, unpubl i shed  results. 
31 C. B .  ANFINSE>', J. Biol. Chem., i96 (1952) 2Ol. 
23 K. LINDERSTROM-LANG AND J. SCHELLMAN, Biochim. Biophys. Acta, 15 (1954) 156. 
23 AA. HVlDT AND K. LINDERSTROM-LANG, Biochim. Biophys. Aeta, 16 (1955) 168. 
24 AA. HVlDT, G. JOHANSEN, K. LINDERSTROM-LANG AND V. VASLOW, Compt. rend. tray. lab. Carlsberg, 

Sdr. ehim., 29, No. 9 (1954). 
25 D. M: BROWN, D. I. MAGRATH AND A. R. TODD, J. Chem. Soc., (1952) 2708. 
26 R. MARKHAM AND J. D. SMITH, Biochem. J.,  52 (1952) 552. 
~ G. ]~. PERLMANN, Nature, 173 (1954) 406. 

Received March 4th, 1955 

* Rockefeller Publ ic  Service Award,  1954-55. 
** Post -doctora l  fellow of the  Nat iona l  Cancer Ins t i tu te ,  USPHS.  

[2011 


