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SU.~,I.M A R Y  

A compara t ive  s tudy  is made  of the effect of p H  on the urea dena tu ra t ion  of bovine 
se rum a lbumin  and ova lbumin .  The d e n a t u r a t i o n  process is fnllowe,.! h3- opti,za! 
ro ta t ion,  viscosity, gelation,  sedimentatio,q and diffusion measurements .  In the  p H  
range 3-1o,  bovine serum a lbumin  shows a very rapid  initial  increase in laevorotati{,~ 
and  viscosity in concen t ra ted  urea solution at 25 °. OvaIbumin  resembles bovine 
serum a lbumin  in its behaviour  in urea at low pH.  Near  neu t r a l i t y  and  at  alkaline pH 
values,  ova lbumin  undergoes a mu~h slo~er  change in these properties.  The kinetics 
of the optical  ro ta t ion change for ova lbumin  generMly resemble those repor ted  by  
S I M P S O N  A N D  K A U Z M A N N ,  but  there  are some differences. Evidence  is presented which 
indicates  t ha t  these proteins  behave  in urea  solution as random-coiI  pol3a-ners. The 
" u n f o l d e d "  proteins show a t endency  t,) aggregate  slowly in 7 M urea. This is much  
more  pronounced  in neu t ra l  and alkaline solution and  ova lbumin  aggregates  more  
readi ly  t h a n  bovine se rum albumin.  The aggregat ion of " u n f o l d e d "  bovine serum 
a lbumin  appears  to be. due largely to a S - S - S H  exchange reaction. This  is only pa r t l y  
the  case for ova lbumin .  The effect of p-ch loromercur ibenzoate  on S-S bonzls is con- 
sidered. The value  of the  techniques used is assessed. The impor t ance  of studies of 
the  effect of p H  in the  classification of proteins  wi th  respect  to t h e r m o d y n a m i c  and 
kinetic s tab i l i ty  and  in the  elucidat ion of the mechan i sm of dena tu ra t ion  is stressed. 

I N T R O D U C T I O N  

Al though  the  phenomenon  of dena tu ra t ion  has been sporadical ly  s tudied  over the 
last  s ix ty  years  its mechan i sm and the s tPactural  changes associated with  it are still 
no t  comple te ly  unders toodL 2 The present  series of papers  describes a s t u d y  of the 
dena tu ra t i on  of a va r i e ty  of proteins by  various agents  under  diverse conditions.  

A b b r e v i a t i o n :  P C M B ,  p - c h l o r o m e r c u r i b e n z o a t e .  
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Since t he  s t r u c t u r a l  changes  a c c o m p a n y i n g  cttmm~r~t~i0n, a re  p r o b a b l y  complex ,  a 
n u m b e r  of e x p e r i m e n t a l  m e t h o d s  h a v e  Ib~mttmmtltt~)tti~w, l ight  on t he  d e n a t u r a t i o n  
process,  T h e  usefulness  of these  m e t h o t l s i i s - ~ d ~ o ~ a d t .  

R e c e n t  s tudies  on t he  u r ea  d e n g t u r a t i m a ( ~ f f B m a i i m ~ ~ , a l b u m i n  a n d  o v a l b u m i n  
(main ly  in t he  p H  range  7-9)  show ~[hat ~ t g n a ~  ii~ a c c o m p a n i e d  by  changes  in 
op t ica l  ro t a t ion ,  i nd ica t ing  an  extensive(ttismRamiiml~n~ of~ the  n a t i v e  p ro te in  s t ruc-  
tured, 4. I t  has  genera l ly  been  considea'e~l ~ ~ t i 0 n ~  does no t  t a k e  p lace  as 
a resu l t  of t he  u rea  d e n a t u r a t i o n  of these~pr~t~irm.(0~ntltieother hmJd recen t  v i scos i ty  
a n d  gela t ion  e x p e r i m e n t s  in  n e u t r a l  ant] : ~ l i r t e u m m s o l u t i o n s  h a v e  ind i ca t ed  t h a t  
g r a d u a l  aggrega t ion  of these  p ro te ins  ma~y ( m m u ~ .  "l]tie - p r e s e n t  p a p e r  descr ibes  a 
c o m p a r a t i v e  s t u d y  of t he  d e n a t u r a t i o n  i p r o ~  (,xxmraa m u c h  wider  p H  range,  us ing  
the  t e chn iques  of op t ica l  r o t a t i on ,  visc[mi~y, ~gZt~i,m,. s e d i m e n t a t i o n  a n d  diffusion 
m e a s u r e m e n t s .  A p r e l i m i n a r y  report ,  on ~'-~iis.-mti0~rtt tias- a p p e a r e d  ~. 

MATERIAL-.q ~h~I]) ~ ' IEEI~D$--  

Pro te ins  

T h e  o v a l b u m i n  was  p r e p a r e d  f rom _4redkl tired#' eggs, a n d  rec rys ta l l i zed  a t  least  
th ree  t imes  by  the  m e t h o d  of KEKWICK Aa'~C~x\\','~\~. "mie mois t  c rys t a l s  were  s to red  
in t he  presence  of t o luene  a t  4 °. B o v i n e  ~ m r n  MBumin: was  o b t a i n e d  f rom t h r e e  
sources '  a l a b o r a t o r y  p r e p a r a t i o n  ~rom ffxed~at/ttmmml~ t h e  m e t h o d  of CoHr~ et al. ~ 
a n d  commerc ia l  p r e p a r a t i o n s  f rom A r m o u r  arrd] (U~. andi  f rom S igma  Chemica l  Co. 
i n  our  p r e p a r a t i o n  decano l  was  no t  ,trsea ;in... t~7~al l i2a~0n, .  S t o c k  so lu t ions  (approx.  
i o  g / i o o  ml) of t h e  p r o t e i n s  were  :maite 1~3, cBizaolixiia~ in, w a t e r  a n d  d ia lyz ing  ex- 
h a u s t i v e l y  aga ins t  dis t i l led w a t e r  .in ~he  ~editi ( ~ x ,  z_~-3°). T h e  prol ~in concen-  
t r a t i o n s  were  d e t e r m i n e d  e i the r  by  d r , ~ f i n g ~ t n , ~ o n s t a n t  we igh t  a t  r i o  °, by  
t he  K i e l d a h l  n i t r ogen  rod t hud  of MCr~rz~-Tam .~x,,-a~ X~i~*_m,~.~.Eao, or  b y  u l t t a v i o l e t  ab- 
sorp t ion  at  278 mt~. 

Urea 

T h e  u rea  (A.R, or  C.P.) was  reer  b~atdllLmtt (mutt. BS~ dissolu t ion  in  7 ° % (v/v) 
aqueous  e t h a n o l  a t  5o-70  ° a n d  r e c o v e r y  ~ t t - -m0%.  ~lllt~ . ctBrstals were  f i l te led on  a 
B u c h n e r  funnel  a n d  care fu l ly  w a s h e d  W-r~:hmdtflatimflht~,ettianol. I n  o rde r  to  min imise  
hydro lys i s  t h e y  were  t h o r o u g h l y  d~ekl,at ,~o~.~a;t t~t~ttr~a:solutions (xo M) were  k e p t  
a t  27 ° to  p r e v e n t  c rys ta l l i za t ion .  Owing  tto t th r  sthxw liVdi-olysis of u r ea  in a q u e o u s  
so lu t ion  t h e y  were  usua l ly  f reshly  preparet l , lh t t txva~,ne~zex k e p t  for more  t h a n  t h r ee  
days .  

p H  m e a s u r e m e n t s  

p H  m e a s u r e m e n t s  were  ca r r i ed  ,Ollt a~s ttt~mittt~dl By McKE,xz~E A,~D ~rAKE~]. 
No theore t i ca l  m e a n i n g  is a t t a c h e d - t o ~ h e ~ m e s m t m m m x ~ i m e o n c e n t r a t e d  u rea  sys tems .  
T h e  fol lowing m i x t u r e s  were  used  ffor ~ : n ~ m m ~ : :  pl~13 3 ;3 -4 . I .  a p p r o p r i a t e  x M 
HC1 in o.o8 M NaC1; p H  5.6-6.  4, ap~proan;hti~tmtiI~smdtima', a c e t a t e - a c e t i c  ae id , ( to t a l  
o.o5 M) in o.o5 M NaC1; p H  8.9-Io~o, ~ ix~itl N a O H - o . o 5  M H3BO a in 
0.o5-o.07 M NaCI. T h e  p H  values:refer t totf lnmeiin77~tluma~; a n d  t he  c o n c e n t r a t i o n s  
refer  to the  final m i x t u r e  ( to ta l  i o n i c ~ t u ~ )  7fllt~iO~E in~ the  p r o t e i n - u r e a  bu f fe r  
was  c o n s t a n t  to o.x-o.  3 p H  un i t  d u r i n g t t h e ~ m t z ~ f l t i t e , m a c t i o n .  

I ~ i ~ ' t N ,  Bioph3,s. Aeta, ~9 ( t 9 6 3 )  ~a2----.39, 
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Preparation of  reaction mixture 

I n  ear l ier  m e a s u r e m e n t s  t h e  d e n a t u r a t i o n  was  b r o u g h t  a b o u t  b y  a d d i n g  t h e  
r equ i red  q u a n t i t y  of * ~-  s ~ o ~  u r e a  so lu t ion  a t  25 ° to  a k n o w n  a m o u n t  of p ro te in  in 
a s a l t - b u f f e r  so lu t ion  a t  t h e  s a m e  t e m p e r a t u r e .  I n  l a te r  m e a s u r e m e n t s  tl~e r equ i r ed  
q u a n t i t y  of p r o t e i n  so lu t ion  (in wa te r )  was  a d d e d  to  t h e  u r e a - b u f f e r  m i x t u r e  a t  25 °. 
Af te r  g e n t l y  m i x i n g ,  t h e  r eac t ion  m i x t u r e  could  be  t r a n s f e r r e d  to  e i the r  t h e  v i s come te r  
or  t h e  po la r i rne te r  cell w i t h i n  a few m i n u t e s  of s t a r t i n g  t h e  reac t ion .  

Viscosity measurements 

O s t w a l d - t y p e  v i s c o m e t e r s  were  used  for v i scos i ty  d e t e r m i n a t i o n s .  T h e  in t e rna l  
d i a m e t e r  of t h e  capi l lar ies  was  a p p r o x .  0.9 ram.  T h e  w o r k i n g  v o l u m e s  were  11-12  ml  
a n d  t h e  flow t imes  for  w a t e r  a t  z5 ° were  6 0 - 8 0  sec. T h e  t-_rn.~z_~ .~,,~- -¢ , h ,  , , i ~ , ~ , ~ , ,  
b a t h  w a s  c o n s t a n t  t o  -+-o.o2 °. x , ,~  v i~co~t ty  F ,  o c u d u r e  h~^~ ~-~-u~u~ ~ i ~ . ~ u ~ "  . . . . . . .  ~ ~'--uy ~.~,~-~.o- ~ . . . .  
DORFF, W A T S O N  A ~  K a U Z : ~ A N N  ~. T h e  c o r r e c t i o n  o f  TANFORD ~ w a s  a p p l i e d  w h e r e  
r e q u i r e d  b u t  was  usua l ly  negligible.  T h e  resu l t s  of t h e  v i scos i ty  m e a s u r e m e n t s  a r e  
expres sed  in t e r m s  of t h e  r e d u c e d  v iscos i ty  (dl/g). 

, ( , 7 - , 1 o , )  

viscos i ty ,  ~/ is t h e  v i scos i ty  of t h e  p r o t e i n - u r e a - s a l t  m i x t u r e ,  ~7o is t h e  v i scos i ty  
of  t h e  " s o l v e n t "  m i x t u r e .  T h e  in t r ins i c  v i scos i ty  [~7] (dl/g) is t h e  l imi t ing  va lue  of t h e  
r e d u c e d  v i scos i ty  as  c a p p r o a c h e s  zero. T h e  in t r ins ic  viscosi t ies  in ~ a b i e  IV  h a v e  been  
exp re s sed  in  t e r m s  of m l  so lven t  p e r  ml  p r o t e i n  ([~7] "~ Y/zoo). 

Optical rotation measurements 

These  were  m a d e  w i t h  a S c h m i d t  a n d  H a e n s c h  po l a r ime te r .  T h e  ang le  of r o t a t i o n  
cou ld  be  r e a d  to  o.ox °. W a t e r  f r o m  a c o n s t a n t  t e m p e r a t u r e  b a t h  was  c i r cu la t ed  
t h r o u g h  t h e  j a c k e t e d  x-din p o l a r i m e t e r  tube .  Most  of t h e  m e a s u r e m e n t s  were  m a d e  
w i t h  a n  i n s t r u m e n t  f i t t ed  w i t h  a m o n o c h r o m a t o r  a n d  t h e  t e m p e r a t u r e  of t h e  r eac t i on  
w a s  c o n s t a n t  to  + o . o 5  °. T h e  r e m a i n d e r  were  m a d e  w i t h  an  i n s t r u m e n t  us ing  a 
s o d i u m  l a m p  a n d  t h e  t e m p e r a t u r e  w a s  c o n s t a n t  t o  :k o.x °. 

Sedimentation measurements 

T h e s e  were  ca r r i ed  o u t  as  de sc r ibed  b y  MCKENzx~ AND WAKE tz. S e d i m e n t a t i o n  
coefficients were  co r r ec t ed  to  w a t e r  a t  2o ° (s~o.~) u s ing  t h e  fol lowing e q u a t i o n "  

$ 2 0 ,  W ---  S t , s  
"/e.8 (I - -  "Jp)~o,K, 

~2o,~, (x  - -  ~p) t , , ,  

w h e r e  t h e  subsc r ip t  t,s refers  t o  .'he so lven t  a t  t °, a n d  2o, w refers  to  w a t e r  a t  20% 
is t h e  v i scos i ty ,  ~ t h e  p a r t i a l  rpecific v o l u m e  a n d  p t h e  dens i ty .  T h e  d e n s i t y  d a t a  

of  GUCKER, GAGE AND MOSER ls were  used.  Th i s  co r rec t ion  was  m a d e  t o  c o m p a r e  s 
fo r  t h e  d e n a t u r e d  p r o t e i n  w i t h  t h a t  of  t he  n a t i v e  p r o t e i n  a n d  t h e  s~0, w v a l u e  o b t a i n e d  
d o e s  n o t  re fe r  t o  a c t u a l  b e h a v i o u r  of t h e  d e n a t u r e d  p r o t e i n  in  wafer .  T h e  l a t t e r  
c o m m e n t  app l ies  a lso  t o  D ~ ,  ~. 

Biochim. Bio#hys. A ~ ,  60 (z963) 2 2 2 - 2 3 9  
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l~igOisiOm m e a s u r e m e n t s  

qStte ~ a p p a r a t u s  was s imi lar  to t h a t  of McK~-~zm A~D WAKE 9, b u t  a modif ied 
l~ i~ t | i l~a~t l iwas  used. In  all cases a 0.5 g /zoo ml  p ro te in  solut ion was  used  above .  
~ a n t t m r ~ o , ~ o o  ml  so lu t ion  be low the  obse rved  b o u n d a r y .  T h e  two  p ro te in  so lu t ions  
x~mr~, dtid~sed; i r  s epa ra t e  ce l lophane  bags ,  aga ins t  ~ la rger  v o l u m e  of so lven t  for 
matlt~sr~ttian ~zo h a t  25 ° while be ing  r o t a t e d  in t h e  so lvent  a t  60 rev . /min .  P r e c a u t i o n s  
~w~me ~ while filling t h e  cell to  r educe  e v a p o r a t i o n ,  especial ly f rom the  concen-  
t t t t t t~ t tma~solu t ions .  I n  some of t h e  ini t ia l  e x p e r i m e n t s i t  was . found  t h a t  a d i s to r t i on  
ii~ tiie: ~ o n  p a t t e r n  a p p e a r e d  a f te r  some t ime.  This  was  t h o u g h t  to  be due  to 
:maiixttmaetion b e t w e e n  the  p e t r o l e u m  jelly, used  to  g rease  the  cell a n d  the  u rea  solut ion.  
[llte~ dtfliiml~- was  o v e r c o m e  b y  us ing  D o w  C o m i n g  silicone st~opcock gre.ase as 
I h t ~ k ~ r t t  Di f fus ion  resu l t s  a re  expressed  in t e r m s  of D~ m, the  r educed  second m o m e n t  
, a ~ f t t i ~ . ~ e t i v e  index  g r a d i e n t  curve.  

ttCa,tiia~l s~ec~ific v o l u m e  (~) 

Tffiese m e a s u r e m e n t s  were  m a d e  by  t h e  p y c n o m e t e r  m e t h o d  a n d  by  a modif ied 
tm'a~mti~ f l0a t  m e t h o d .  

, GecHa~im 

7~t~. st-ock p ro te in  so lu t ion  was  m i x e d  w i t h  t h e  r e l evan t  q u a n t i t i e s  of u r ea  
~ h t i o m  .sodium chlor ide so lu t ion  a n d  acid  or  alkal i  t o  g ive  t h e  r equ i r ed  c o n c e n t r a t i o n  
,,.ffl]rnrein, ( 3%) ,  u r ea  (7M), sod ium chlor ide  (o.x M) a n d  ini t ia l  p H .  N o  buffer  was  

tu,  t i iese solut ions .  Gel l ing was  a rb i t r a r i l y  cons idered  to  h a v e  t a k e n  place  if 
~ i t~ .~ , | h t ion  failed to  flow on i n v e r t i n g  the  t e s t  t u b e  (3 ml in  a x.o × 7-5 c m  tube) .  

RESULTS 
j "  . / ?  ~ • 

t t i n ~ z g  s e r u m  a l t m m i n "  F o r  urea  c o n c e n t r a t i o n s  a b o v e  3 M, over  t he  n H  range  
A~_~--m~o, t h e  la , : , ,ora tot ion of bov ine  s e r u m  a l b u m i n  inc reased  i m m e d i a t e l y  a f te r  
m i k ~  (fie~ before  a r ead ing  could be t aken) .  All m e a s u r e m e n t s  refer  to  25 ° unless  
~rliu~ciba-stated. T h e r e  was no  f u r t h e r  c h a n g e  in r o t a t i o n  over  24 h (except  in n e u t r a l  

~alfft 'all,aline so lu t ion  where  the re  was  s o m e t i m e s  a smal l  change  of approx .  3 ° 
,~x~-~TtiL~t ~. T h e  e x t e n t  of t he  increase  in  l a e v o r o t a t i o n  was  s t rong ly  d e p e n d e n t  on  
f f i e e u m ~ c o n c e n t r a t i o n .  I n  7 M u rea  the  specific r o t a t i o n  [~]D c h a n g e d  f rom ~ 6 o  ° 
ff~rffit~ • n a t i v e  p ro te in  to  ~ I O O - I I O  °. Typ ica l  p lo ts  of [~]D aga ins t  t ime  are  shown  
iin l ~  n ( I t  .should be n o t e d  t h a t  a t  p H  3 in t h e  absence  of u r e a  a t  I o . I  the re  is 
l i i ~ c i i ~ n g e  in l a e v o r o t a t i o n  f rom t h a t  of t he  n a t i v e  bov ine  s e r u m  a l b u n ~ n  a t  p H  6, 
.-~u.mfl. n44for P a r t  II . )  

(g~a//mmin" T h e  effect of u r e a  on t h e  l a e v o r o t a t i o n  of o v a l b u m i n  was  s t rongly  
~Ugtmnthnt~ on the  u r e a  c o n c e n t r a t i o n  a n d  t h e  p H .  A t  p H  va lues  n e a r  3 in 7 M u rea  
fftur~xvasx ma~ i m m e ~ ' a t e  increase  in l a e v o r o t a t i o n  w i th  no  fu r the r  change  wi th  t ime  
a s s ~ ~  in~ Fig.  2. U n d e r  these  p H  cond i t ions  t h e  b e h a v i o u r  of o v a l b u m i n  in u rea  
~ l h - . t i i a t  of bov ine  s e r u m  a lbumin .  Howeve r ,  u n d e r  n e u t r a l  a n d  a lka l ine  con-  
d i ~ m ~ o ~ a l b u m i n  b e h a v e d  different ly ,  t h e  r eac t ion  be ing  m u c h  slower. I m m e d i a t e l y  
aa~m m i x ~ g  [=~D was  s imi lar  to  t h a t  of t h e  n a t i v e  p ro t e in  ( - -30 .9° ) .  Th i s  was  
ff,$1hv~tl By a: t i m e - d e p e n d e n t  increase  in l a evo ro t a t i on  as shown  in Fig.  2. T h e  final 
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l a e v o r o t a t i o n  a n d  t h e  h a l f  t i m e  of  t h e  c h a n g e  were  s t r o n g l y  d e p e n d e n t  o n , . ~ c k e ~  
c o n c e n t r a t i o n .  F o r  d e t a i l s  of  t h e  k i n e t i c s  of  t h e  c h a n g e  a t  p H  6.x a n d  p H y : 8 - . ~ : e c ~ f . m 4  

l l C  

!O,O 
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70 

I 

so I00 lso 200 ~oo 400 soo ~ooo :~on 
t I M F  ( r n m )  

: l,"J . .  

,oo ~ _ ~ - ~ ~ . -  

, _ _  < 

i, ~0o ~So ~0~ ~o~ ~oo ~o ~oon ,5o~ 
TU,~IE ~ m , n ,  

Fig I .  Effect of t ime (miD) on specific rotat ion Fig. 2. Effect of t ime (miD) on s p e c ~ t - ~ t r ~ t ~  
i zt~D of bovine serum albumin in 7 M urea at -~x~o of ovalbumin (i g / ioo mi)~in 7 7 ~ 1 ~ u ~ t ~  
25 °. Note change of scale at  2o0 miD and at .,5 °. Curve ~, pH 3.3" curve 2, pH, 6:r :~¢zr~vvi$ 
5oo mid in this and in Figs. 2, 3, 5, 7. Protein pH 9.3; curve 4" pH 9-3, o.o~YS-~I [tfC~[~; 
concentrat ion- i g / too ml. Curve i, pH 3.5" present; curve 5, pH 9.3, o.o27-~I ,US~at2nu, 
curve 2, pH 6.2" curve 3, pH 9.3" curve 4. present. Dashed peak on curve 5 is:nc~t:~itv~_~- 
pH 0.3. 0.0oo5 M _PCM~ present" curve .5, reproducible. 
pH 9.3, o.oo5 ~I PCMB p r e s e n t  curve 0, 
plJ  9.3, o.o2 ~| cysteine present. Exper imental  points not shown to avoid conf~ion .  []iOT~*.X~ 

planat ion of dashed line see text. 

~ ' "  . . _ c a . .  lscu,~t~F 

B o v i n e  s e r u m  a l b u m i n "  T h e  r e d u c e d  v i s c o s i t y  (I}reo) of  b o v i n e  s e r u m  :flltnmm~ 

( i  g/IOO ml)  i n c r e a s e d  i m m e d i a t e l y  in  7 M u r e a  a t  p H  6. 3 f r o m  o.o 4 f o r  ~the n m ~ a .  
p r o t e i n  t o  o . I  7 for  t h e  d e n a t u r e d  p r o t e i n .  D u r i n g  t h e  f o l l o w i n g  1 - 2  h ~it ~llnfi~xv~lri 

a f u r t h e r  s l ig t i t  i n c r e a s e  a n d  t h e n  r e m a i n e d  c o n s t a n t ,  as  s h o w n  in  F ig .  3. ~ h e ,  e m u a m -  

t r a t i o n  d e p e n d e n c e  o f  t h e  r e d u c e d  v i s c o s i t y  a t  v a r i o u s  t i m e s  is s h o w n  iin .~,ig.-Wa. 

Fig. 3- Effect of t ime on reduced viscosity (0tea) 
of bovine serum albumin and ovalbumin in 7 M 
urea solution a t  25 °. Curve i, bovine serum albumin 
(o.93 g/Ioo ml} at  pH 3.3; curve "~, bovine serum 
albumin (1.96 g/ loo ml) at  pH 3-3; curve 3, bovine 
scram albumin (~.87 g/ too mi) at  pki 4.I" curve 4, 
bovine serum albumin (o.97 g/ ioo ml) at  pH 6.3; 
curve 5, bovine serum albumin (z.96 g/ ioo ml) at  
pH 6.3; curve 6, ovalbumin (I.O6 g/ too ml) at 
pH 3.3; curve 7, ovalbumin (2.i2 g/ too ml) at  
pH 3.3; curve ,q, ovalbumin (~.o6 g/ too ml) at 
pH 6.3; curx'e 9, ovalbumin (2.I2 g/ ioo ml) at 

pH 6.3. 

7 -L- J . -~- 

f I.~4 [ emtn 

A t  p H  3.2 t h e r e  was  a n  i m m e d i a t e  i n c r e a s e  in  r e d u c e d  v i s c o s i t y .  ~ h e r e w ~ ~ ~ m , ,  

a p p r e c i a b l e  c h a n g e  i n  v i s c o s i t y  w i t h  t i m e  a t  l o w e r  p r o t e i n  c o n c e n t r a t i o n s .  ~ w ~ -  

a s low i n c r e a s e  i n  v i s c o s i t y  w i t h  t i m e  a t  h i g h e r  p r o t e i n  c o n c e n t r a t i o n s .  

N e a r  p H  4 t h e r e  w a s  a n  i m m e d i a t e  i n c r e a s e  i n  r e d u c e d  v i s c o s i t y  {1Wig. 3) ~ v e ~ ,  

a t  h i g h e r  c o n c e n t r a t i o n s ,  b y  a m u c t t  m o r e  m a r k e d  c h a n g e  w i t h  t i m e  c ~ t l  ~ v ~  

p H  3.3 (see DISCUSSION). 
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"At pH 9-3 there was  an immediate  increase in reduced v iscos i ty  followed by  a 
s low change wi th  t ime as shown in Fig. 5. The latter change is s trongly  concentrat ion 
dependent ,  as can be seen in Fig. 6a. 

Ovalbumin: The reduced v i scos i ty  of ova lbumin in 7 M urea at pH 6.3 was close 
to that  of the nat ive  protein (o.o4), immedia te ly  after mixing,  but  increased wi th  t ime 
as shown in Fig. 3. The marked concentrat ion dependence  of this increase is shown 
in Figs. 3 and 4 b. 
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CONCENTRAItON (g/100ml) 

F i g .  4- E f f e c t  o f  p r o t e i n  c o n c e n t r a t i o n  ( g / l o o  ml )  o n  r e d u c e d  v i s c o s i t y  (Y/retl) a t  v a r i o u s  t i m e s  
ft, r b ~ v i n e  sert,__m_ a l b u m i n  a n d  o v a l b u m i r t  i;~ 7 M u r e a  a t  25 °. £ i m e s  ( m i n )  s h o w n  a t  e n d  of  c u r v e s .  
I n  o r d e r  t o  ~_void c o n f u s i o n  d u e  t o  o v e r l a p p i n g  of  c u r v e s  o n l y  a l i m i t e d  n u m b e r  o f  c u r v e s  i s  
s h o w n .  (a) S e t  i ,  b o v i n e  s e r u m  a l b u m i n  a t  p H  6. 4 , s e t  2, b o v i n e  s e r u m  a l b u m i n  a t  p H  3 .3"  s e t  3, 

o v a l b u m i n  a t  p H  3.3.  (b) O v a l b u m i n  at. p H  6. 4. 

O~ L ~ 
'~.red !-- - " L ~ i I 
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b t , • 
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lIME (ram) 

F ' g .  5- E f f e c t  o f  t i m e  ( ra in)  o n  r e d u c e d  v i s c o s i t y  (#lrea) o f  b o v i n e  s e r u m  a l b u m i n  (x.o5 g ] l o o  m l  
in 7 M u r e a  at  25".  C o r v e  l,  a t  p H  9 . 3 ;  c u r v e  -,, a t  p H  9-3, o . o o o 5 M  P C M B  p r e s e n t ;  c u r v e  3, 

a t  p H  9 . ' ,  0 . 0 0 5  M I ' C M B  p r e s e n t ;  c u r v e  4, a t  p H  9 .2 ,  0 .02  "+ + T_~tc-_;nc p r e s e n t .  

At pH 3.2 the reduced viscos i ty  underwent  an immediate  increase similar to 
that  of bovine  serum albumin.  During the next  zo h there was  no appreciable change. 
Typical  results are shown in Fig. 3- There is only  a small  concentrat ion dependence  
of reduced v iscos i ty  at various t imes  (Fig. 4a). 
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A t  p H  9 .2  a n d  7 M a r e e ~ _ t ~ m r e & ~ e c i : : v l s e o s i t y  w a s  i n i t i a l l y  s i m i l a r  t o  t h a t  of  
t h e  n a t i v e  p r o t e i n .  T h e r e  . ~ s  :~a ~ e r r t  i n c r e a s e  i n  v i s c o s i t y  w h i c h  w a s  

s t r o n g l y  d e p e n d e n t  a t  & x t e r r i x m e s ( ~ r ~ : ~ m c e m a ~ t i o n  a s  s h o w n  i n  F i g s .  7 a n d  8a .  

.ooo 

0.6' .13 

0.4 ~ 0.31 .... ~1 ~1~ 
- N 

o.2 .  ~ ~ - ~  

1.0 2~C 10 20 
CONCI~NTRATION (0 /~ )O ml ) 

Fig. 6. Effect of protein e o n c ~ ~ t ~  r~d~ o,, reduced viscosity (~/rea) of bovine serum 
a l b u m i n  a t  v a r i o u s  t i m e s i n 7 " . M ~ r , z ~ 5 .  TTmes:(m4~) s h o w n  a t  end  of curves .  To ~void  confus ion  
o n l y  a l i m i t e d  n u m b e r  of ~ n a - v e s ~ s ~ n a . ( a a  =kt~L~I 9-3- (b) Set  I, a t  p H  9.3, o-o005 M P C M B  

presen t "  se t  2, at p H  9.2, o.ooS\~[F~°~]k~Cq~esen~, se t  3, a t  p H  9.2, o,oz M c y s t e i n e  p re sen t .  

'°t 
0.9 

O.ID 

/, 

°it 0" 
./~ ~ ~ 3~_ 

°'J ".Sf " i -  

i 

Fig .  7- Ef fec t  of t i m e  (rain) c m , ~ e e k i ~ . ~ o e ~  of o v a l b u m i n  in  7 M urea  a t  25=. Curve  [, 
0.5 g / zoo  m l  ov'atbamai~:atpI-I~xJ75;~:tmTv~z~.,xS; g~zoo m l  a t  p H  9.5, 0-005 M P C M B  p r e s e n t :  
c u r v e  3, 0-5 g / t o o  m l  a t  lwI-I. ~ ,  ,x~c~M~i cy~bei~e- p r e s e n t ;  c~ rve  4, z.o g / l o o  m l  a t  p H  9.7 : 
c u r v e  5, z .o g / t o o  m l  a t  p H . 9 ; 5 ; m ~ . , b M ~ ~ m m ,  c u r v e  6, z .o g /zoo  ml  a t  p H  9,6, o.o2 M 

,: ~ ~ime~ p ~ n t .  

Effect of E~TMB a__~ cys~e/~ 
The viscosity - " ~ : ~ o v e  indicated a strong tendency for 

ovaJbumin to a g g r e g a t e - ~ 5 ~ n i ~ i a ~ t a i k a l i n e  urea solution a~d for bovine 
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serum albumin to do so in alkaline urea solution. In view of this it was decided to 
examine the effects of PCMB and cysteine on the urea denaturation. 

The laevorotation of bovine serum albumin in 7 M urea at pH 9-3 still showed 
an immediate increase in the presence of these reagents. The extent of the change 
was little effected by the presence of PCMB. The laevorotation was enhanced in the 
presence of o.oz M cysteine (Fig. i). It appeared to show a further increase of approx. 
4 ° overnight. It  was difficult to determine whether this small increase was real as 
the cysteine blank did not change reproducibly with time. 

In the presence of PCMB and 7 M urea at pH 9-3 there was an immediate increase 
in viscosity of bovine serum albumin. The concentration dependence of the reduced 
viscosity was small (Figs. 5 and 6b). When 0.005 M PCMB was present the intrinsi,: 
viscosity increased appreciably with time (Fig. 6b), but  not when only o.oo5 M PCMB 
was present. 

The immediate increase in viscosity was much greater when o.o2 M cysteine was 
present. There was some concentration dependence (Figs. 5 and 6b). 

The rate and extent of change of the optical rotation of ovalbumin in alkaline 
urea solution (approx. pH 9-9-5) both in the presence and absence of cysteine and 
PCMB, were not strictly quanti tat ively reproducible (see DZSCUSSlO~). In the presence 

o f  o.oo5 M PCMB the optical rotation changed more rapidly wiC_h time thart in its 
absence (see Fig. z), but  the extent of the final change was little different from that  
in the absence of PCMB. When o.oz M cysteine was present the rate and extent of 
the change were considerably greater (Fig. 2). 

In the presence of o.o05 M PCMB the extent and rate of change of the reduced 
viscosity were greater for ovalbumin than in the absence of PCMB (Fig. 7)- The 
concentration dependel,ce was smaller than in the absence of PCMB but  st:dl appreci- 
able at later times (Fig. 8b). When o.o2 M cysteine was added the rate and extent of 
the change was greater at the lower protein concentrations (Fig. 7)- The concentration 
dependence of the reduced viscosity was less than in the absence of cysteine but  was 
still appreciable at later times (Fig. 8c). 

• , .~,t, . ~. /to@o 

, 7 / / /  °° . . . . .  - °°1 ° "1,,,,~. b ~ ~ o  "l,,.a./ J " / / ' ° °  

U.2 ~ - ~  ~ ~o 0.2 

,.o 2.o ~.o 2,o ~o 2'.o 
CONCENTRATION [gtfl00mt) CONiCENTRATK)N (g/)00m:) CONCENIIATION (gJl00m[) 

Fig. 8, Effect of protein concentration (g/xoo ml) on reduced viscosity (rtrea) of ovMbumin at various 
times in 7 M urea at 25% Times (min) shown at end of curves. (a) At pH 9.5, (b) At pH 9.5, o-oo5 M 

PCMB present. (c) At pH 9.6, o.o2 M cysteine present. 
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Gelatzon 

A p p r o x i m a t e  gel l ing t imes  for o v a l b u m i n  a n d  bovine  se rum a l b u m i n  in 7 M urea,  
o.x M NaC1 a n d  var ious  p H  values  are shown in Tab le  I. Also shown for compar i son  
are gell ing t imes  repor ted  by  FRENSDORFF a al. 5 for o v a l b u m i n  in xo M urea  in 
o.x M NaC! a t  3 o°. 

T A B L E  1 

EFFECT OF p H  ON T H E  G E L L I N G  O F  B O V I N E  S ] ~ R U M  A L B U M I N  A N D  O V A L B U M I N  IN" U R E A  

P r o t e i n  c o n c e n t r a t i o n :  3 g / x o o  m l .  
.. 

Time 1or gtllin~ /days) 

I,H Bovine serum Ovalburain in Ovaltmmin* 
a lbumin  in 7M urea 7 M urea in Io  M urea 

at 25 ° at 25" at 3o ° 

2 .6  - -  N o  ge l  * "  - -  

2 .8  N o  ge l  - -  
3 . 0  N o  ge l  N o  g e l  N o  ge l  
3 .6  N o  ge l  ~ N o  gel  
3 .8  - -  14 
4 .2  N o  ge l  
4 . 7  - -  o . 5 " * *  
4 . 9  N o  ge l  - -  6 
5-5 N o  ge l  - -  5 .5  
5 -7  - -  6 5 
6 .3  N o  ge t  .~ 3 4 
7- t N o  ge l  z 
8 . 0  N o  ge l  0 . 6  I 
9.~ 0 . 6  - -  - -  
9.6 A p p r o x .  t A p p r o x .  o.6 o . 5  

m . 5  - -  A p p r o x .  o . 6  
t o . 8  A p p r o x .  t A p p r o x .  0 . 6  N o  ge l  
t z .  I N o  ge l  N o  ge l  - -  

° R e s u l t s  o f  FRENSDORFF ¢t  a l .  s. 

" "  N o  ge l  m e a n s  f a i l e d  t o  ge l  in x 4 d a y s .  
" "  ¢ S l i g h t  f l o w  in  t h i s  ge l  u p  t o  6 d a y s .  

B o v i n e  s e r u m  a l b u m i n  =~ 6 g / l o o  hrtI g e l l e d .  

Sedimentation and dif fusion 

T h e  op t ica l  r o t a t i o n  a n d  viscosi ty  m e a s u r e m e n t s  i nd ica t ed  cons iderable  dis- 
o r ~ a t i o n  of the  n a t i v e  p ro te in  s t r u c t u r e  in urea.  This  change  was  rap id  and ,  u n d e r  
a p p r o p r i a t e  p H  condi t ions ,  was followed by  a slow aggrega t ion .  These  fea tures  m a d e  
the  reac t ion  f avou rab l e  to  e x a m i n a t i o n  in the  u l t racen t r i fuge .  

I n  Tab le  i I va lues  are shown for the  s e d i m e n t a t i o n  coeJ,~ficient (s) a n d  diffusion 
coefficient (Dzm) for bov ine  s e rum a l b u m i n  a n d  o v a l b u m i n  u n d e r  a v a r i e t y  of con- 
di t ions .  Values  of s a n d  D 2 m for the  n a t i v e  p ro te in  are  shown a t  zero p ro te in  concen-  
t r a t i o n  as well as a t  finite c o n c e n t r a t i o n . . A n  ind ica t ion  of the  n u m b e r  of peaks  ob- 
t a i n e d  in t h e  u l t r acen t r i fuge  a n d  of t he  d i spers i ty  is given.  A p p r o x i m a t e  va lues  of 
t h e  par t ic le  we igh t s  of the  d e n a t u r e d  p ro te in  a t  finite c o n c e n t r a t i o n  in u rea  are given 
in  a n u m b e r  of cases. At  t h e  h igh  proteh-I concen t r a t i on  a t  the  b o t t o m  of t h e  u l t ra -  
cen t r i fuge  cell ge la t ion  some t imes  t ook  place. A clear  firm gel, a b o u t  o . I  m m  th ick  
w a s  t h e n  obse rved  a t  t he  b o t t o m  of t he  cell a t  the  end  of t he  expe r imen t .  T h e  presence  
o r  absence  of this  gel is i nd ica t ed  in the  table.  
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At pH 3-5 and  a protein concentra t ion .of x g/Ioo:ml,  lbn~itee.-~ttm~albmnin in 
7 M urea showed a single peak in the ul t racentr i fuge ( F i g . , ~ a ) . ~ ~ c o n d i t i o n s  
the viscosity measurements  indicated little aggreg',ttion.-~t~r~e ~ ~aocmsiderable 
decrease in s~o. ~ and D~.m. Similar results are o b s e r v e d ~ a t t q ~ l ~ 4 4 ( l ~ . g b  ). 

Viscosity measurements  indicated a slow a g g r e g a t i o n a t ~ ~  v~_!nes; There 
was l i t t le aggregation seen in the ul t racentr i fuge pattei~, i ~ . i g . , ~ ) ~ ~ t i o n  
in 7 M urea (pH 9- to)  for 4 h, bu t  after ~6 h react io--n~jzo~,~lkk,  l l e ~ o g e n e i t y  
was evident  in the pa t t e rn  (Fig. 9d). Only a s i n g l e i t ~ a t c ~ 0 ~ g . , ~ ) ~ o l ~ s e r v e d  at  
pH 9 in the presence of 0.02 M cysteine. The refractive i ' ~  ~gTr~'~.. ca rve  for 
diffusion in the absence of cysteine at  pH 9 showed c o n ~ ~  from the  
normal  curve;  but ,  when cysteine was present ,  there  w a s : n o , ~ ~ ~ e r o g e n e i t y  
within the l imitat ions of this test.  

At  pH 3.3 in 7 M urea at  25 ° ovalbumin (x g / x o o - m l ) ~ ~ a ~  peak in 
the ul t racentr ifuge.  The  pa t t e rn  in Fig. r o a  was o b t ~ ~ q 4 t i n ~ t m  and  a 
similar pa t t e rn  was obta ined after  zo h reaction. : U n t t e r ~ ~ ~ r ~ v i s e o s i t y  
measurements  indicated little or no aggregation.  When  7 t t i i s ~  m i ' x t u ~  was 
adjus ted  to pH 5-7 and  examined in the  centrifuge e x t e n s i ~ ~ ~ v , ~ n ~ e v i d e n t  
in the pat tern .  

The  viscosity measurements  for ovalbumin (x g/~eo.m~il)iinw~duxtm~(ptti6.z) a t  

25 ° indicated extensive aggregation. This  was also eviOemt~t~-2z~==tttixm~tt~R~m :Imttern 
(Fig. l ob ,  c). These" pa t t e rns  are for 4 h ~nd 27 h r w , ~ c t 6 ~ v Z . ~ y . ~ - ~ - , m ~ ~ : e  aggre- 
gation, accompanied by increased heterogenei ty ,  was ~ t m ~ t ' h i m  # ~ = x , ~  obtained 
at  88 and  x47 h. Similar aggregat ion occurred a t  pH/522. 

Extens ive  aggregation was also evident  in sedimealtmiima ~ a~. p H  9-4 
(Fig. Iod) .  There appeared to be more aggregation a-t,~iiR~Oqgdtml~_Cbr~ 9.4 and  
pH i i  (see. Table I). At  pH 9.1 in the presence of o.oo5_~I [ l~lWE~m~ms~ion was 
still evident  bu t  there was considerable sharpening o f r t J a e ~ m i l ~ s ( ~ . m O ,  T h e  same 
effects were observed in the presence of o.o2 M cyste~ae: ~ ¢ ~ I ~ ) ( [ [ [ ~ . m 0 ,  A t  .'_ower 
pH (6.7) o.o2 M cysteine had  little effect on the a4~reg,~Amam~s ~ from the  
pH dependence of the S-S spli t t ing reaction. An a p p r o ~ ~ c ~ t f f a e  particle 
weight of the fast component  in the presence of PCM~, ~ r ~ u 3 ~ m ~ .  _ n ~  p H  9, in- 
dicated a value of i8oooo-27oooo.  

Partial specific volume 
The par t ia l  specific volume of bovine serum a l b u m i n : m % t t , n ~ ~ w - a ~  found 

not to be changed significantly in the presence of mam,,~t t t ihat~t~,a~x.~cy of the 
pycnomete r  method  used (approx. ~: O.OI). KAUZMANN *s,I~I~I:~'~~ small 
decrease in ~) for ovalbumin in 6-8 M urea, pH 7-8,  a t  3o °~x~,.titM-tm~t~rs~ Similar 
small decreases (approx. o.oo5) were observed for b o t h  ~ tty3. " - C~RLWOOD 16 
using the magnet ic  float method.  In  the  present  w o r . k . i t x v ~ s c ~ t o  be suf- 
ficiently accurate  to use the values of 'the nat ive  p r o t e i n i n ~ t i ~ ~ ~ o f :  approxi- 
mate  particle weights in urea  solution. The  value for b o v i ~ a t ] i ~ r r f i " ~ w a s  taken 
a.n 0.730 and tha t  for ovalbumin as o.749 at  2o °. 

DISCUSSION 

The laevorotat ion and intrinsic viscosity of bovine ~ s ~  ~ a x ~  ovalbumin 
S " • - . ° -. ¢~ - llI increase considerably in concent ra ted  urea  o l u h o n , i n d i ~ ~ ~ "  unfolding 

B i o o l s i ~ .  FJ[/i~ys..~-~t~ , c ~ ( t g ~  2a2-239 
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of the p r o t e i r , ~ ~ e . T ~ i i ~ - i S - s u p p o r t e d  by  sedimentation and diffusion measure- 
ments. !.In :-the ~ a ~ e c n f f ~ e '  serum albumin this change takes place very rapidly 
over the i p t - I . ~ m ~ e ~ . q Y ~ J J ~ n m i n  resembles bovine serum albumin in this respect 
at acid :pH. :~tl~.'_~4~rt~E v ~ s  the change is much slowe~-. Viscosity, gelation and 
sedimentation ~ indicate a tendency for both  proteins to aggregate 
slowly i n  :Lima . ~ h t t ~ a .  ~ i ~ - t e n d e n c y  is more pronounced in alkaline urea, and 
ova lb t t rn in~enk i s t t~a~ ;~a t~  more readily than  bovine serum "albumin. 

We ..now ~ ~ i m  n m m  detail  the various items of information which this 
s tudy h a s ~ h l ~ l a m ~ l a ~ s e s s - t h e  uti l i ty of t h e m e t h o d s  used. 

Opt i c a l r r ~ a m ~ v ~ c o s i t y  measurements enable the process of denaturat ion 
to be followetis4h~qi~-,xviiliout, disturbance. However the physical principles under- 
lying op t i c~ l r rn t~naa~ ,cc~np lex  2,1~, and it is not possible to interpret  changes in 
it in p r e c i s e ~ l ~  Increases in laevorotation on denatura t ion similar to 
ours, have i~nr t~p~ ' t -ecEf6ra~vaxiety  of proteins and enz~anes n. These results to- 
gether w i th .  ~ (particularly rota tory dispersion ~) on synthetic poly- 
peptides ~may t i ~ e ~ l  i n  terms of extensive disorganization of the protein 
molecule ( ' ~ % , ~ a ~ z ~ I ~ 0 n ~ ' ~ ) .  This may  not be the only interpretat ion of optical 
rotatio,a C ~ .  [L~,~!l~'i~i~-assumed tha t  the laevorotation increase is due to the 
" t ransconforn~ttm~i"mm~i0~ouly and not to aggregation (if present). On the other 
hand o p t i c a l ~ ~ n ~ i n c r e a s e  or decrease appreciably during aggregation ~° and 
geiation~. ~ t ~ e ~ ; . t i i e e m m n ~ i a e v o r o t a t i o n  increase for bovine serum albumin and 
o v a l b u m i n i h ~ u m e ~ , c ~ i ~ d : a l o n g  with the increase in [y] is almost certain due 
to unfolding. 

The e x t e m ' ~ n t i ~ C s - o f  the optical rotat ion change for ovalbumin in urea 
solution:for[I~. ~5.~anf12778~at~ °, axe generally similar to those observed by  S ~ P s o ~  
AND KA. L ~ I ~ ' ~ t ~ ~ ~ t ~ n ~ i i ' l  in  7.5 M urea at  pi-I 7-9 and 30 ° (for details see ref. z4). 
The s t r o n g ~ ~ ~ o d f t t ~ e  half t ime on the urea concentrat ion (approx. ~ x4th 
power) i s : f i t s o s ~ r i | h - c . ~ m o ~ .  AND KAUZMANN noticed a mean deviation in the half 
t'~mes for ~ m s ~ f i ~ m t i f i e  s ame  protein stock solution of about  =t= 3 %, though 
for r u n s : n s i n ~ ~ s ~ o e l ~  solutions the variat ion was as great as 30 %. A small 
v a r i a t i o n i i n ~ a ~ x ~ t . ~  <~kiserved. We have noticed differences in the final rotation 
and h a l f = t i m ~ f f ~ r ~ L ~ - e p a r a t i o n s  bu t  have also noticed differences in the ki- 
netics. T h i s [ t ~ , d f ~ d i w i b i l i t y  was greater at  alkaline p H  values. ATK~SO~" AND 
M c I Z ~ z ~ i ~ x ~ e e ~  s o m e  dependence of the half t ime on the  protein concen- 
tration. ~e~e .  ~ d ~  not~ appear  to be explicable in terms of the interesting 
" o v a l b m n i n ~ "  ,fir ~ ~  h ~  BACK ~s. They do not  alter the general conclusions of 
th i s  paper,  ~ m U a ~ e ~ f i x r t h e r  investigated. 

The  ~ ~ ~ y  increases when the polypeptide chain becomes more 
" loose ly" ,~ l~[ t .  ~ i~s ad~,  sensitive to aggregation or disaggregation. These effects 
m a y ~ b e ~ s ~ t ~ .  ; t i i~. t~ts~of reduced viscosity against concentration at  various 
t i m e s . ~ . ~ u ~ a m ~ i ~ ~ t e d  an  equation relating the reduced viscosity and concen- 
t r a t ion  Ofrp~_:mmmr~. -,==a ----- [,~] + ~'[,~]~c 

The c o e ~ f f t ~ ' v ~ f m ~ : s y s t e m  to ~ystem, but  is usually in the range 0.3-0.8. 
This : : e c t ~  i~sodfl~,-e~ f0~:linear polymers in good solvents only over a limited 
concentre~i~n rm~ge ( ~ , .  o-z.5 %}. HffGGINS has shown tha t  the equation of 

MARTIN log fired ~--- log [~] + k"[~l]c 

Biochim. Biophy¢. Act~. 69 (x063) 2~'2-z39 
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holds over a wider concentration range 34 (0-5 %). The results of an examination of 
the viscosity data  of the present paper in terms of these equations are presented in 
Table IV. Ir will be noted tha t  under certain conditions there is appreciable departure 
from the equations of HUGGIN$ AND M A R T I N  ( 0 - - 2  ~o protein). Evident ly  in these 
cases there is an effect present which is greater than that  due to the usual hydro- 
dynamic interactions in normal polymer solutions. (Under the ionic strength con- 
ditions of the present work the electrostatic p ro te in -pro te in  interaction is negligible2,%) 

~=~.-` - - - - `~`~-~-=` .=~` . ' ` -~-rcrxx- '~$-c . - . . `P-`x .c t . `~f-~x~T¢~X~ e H e t : X  1s aggregA-fi-6ii-@lFii~.h--i-ff-ffi~/J- 
responsible for the gelling of the solutions at  higher protein concentration and for 
the gels found in the bot tom of the ultracentrifuge dells at  the completion of the 
sedimentation experiments. 

In Table IV values of the intrinsic viscosity of the denatured proteins in urea 
(along with the da ta  of KAUZMANN ~) are given and may be compared with values 
for random coil polymers in good solvents (see Table I of ref. 90). I t  is apparent  that  
there is a similarity in magni tude of the intrinsic viscosities of the two classes. 

Changes in the hydrodynamic  properties may  also be observed in the ultra- 
centrifuge, al though compared with viscosity measurements the method is slow and 
there is a danger of disturbing the reaction. I t  has the advantage  of distinguishing 
monomer and aggregation products and giving an indication of the change in frictional 
coefficient in those cases (as in the present measurements) where it can be assumed 
that  one peak represents the unfolded protein. Diffusion is much less sensitive to 

T A B L E  I V  

I N T R I N S I C  V I S C O S I T I E S  O F  D E N A T U R E D  P R O T E I N S  

Nolvc~Jt " p H  [ ~l] Var ia t ion  ~r "cd versus concentTation m l l m l  

B o v i n e  s e r u m  a l b u m i n  ( m o l .  w t .  6 7 0 0 0 ,  e x t e n d e d  c h a i n  
N a t i v e  p r o t e i n  5-3 
-, -~:! u r e a  3 .3  
7 M u r e a  6. 4 
7 M u r e a  9 .4  
7 I~I u r e a ,  0 . 0 0 0 5  M P C M B  9 .3  
7 ~I u r e a ,  0 . 0 0 5  M P C M B  9 .2  
7 M u r e a ,  o . o 9  M c y s t e i n e  9 .2  

M u r e a ,  3 0 ° ~ * *  IO.O 
8 M u r e a ,  o . o 2  M e y s t e i n e ,  3 ° . . . .  l o . o  
O v a l b u m i n  ( too l .  w t  4 5 0 0 0  e x t e n d e d  c h a i n  
N a t i v e  p r o t e i n  5 .3  
7 M u r e a  3 .3  
7 M u r e a  6. 4 
7 M u r e a  9 .5  
7 M u r e a ,  0 . 0 0 5  M P C M B  9 .5  
7 M u r e a .  0 . 02  M c y s t e i n e  9 . 6  
IO M u r e ~ , ,  3 0  ° * * *  1 0 . 0  
! o M u r e a ,  3 ° 0  * * * 7 .6  
7 .5  M u r e a .  3 o  ° * ° *  7-3 

l e n g t h  t 5 0 0  

l e n g t h  2 2 0 0  h )  
5 

3 8  
24 
25 
25  
3 6  
55 
29  
7~ 
k~ 

6 
45  
27 
28 
41 
S t  
5 t 
45  
33  

S o m e  d e p a r t u r e  MARTIN ** 
HUGGINS o b e y e d ,  k '  ----- I .  4 
D e p a r t u r e  MARTIN 
HUGG1NS o b e y e d ,  k" = 0 . 6  
I t lU~GINS o b e y e d ,  k '  = 0 . 3  
D e p a r t u r e  MARTIN ¢ 1.2 

MARTIN o b e y e d  
D e p a r t u r e  MARTIN 
D e p a r t u r e  MARTIN 
D e p a r t u r e  MARTIN 
D e p a r t u r e  MARTIN 

* F o r  d e t a i l s  o f  a d d e d  s . '~ ts  s e e  t e x t .  
. . . .  D e p a r t u r e  M a r t i n "  i u , a l c a t e s  t h a t  MARTIN AND HUGGINS e q u a t i o n s  n o t  o b e y e d  o v e r  p r o t e i n  

c , m c e n t r a t i o n  r a n g e ,  o - z  % .  " I ' IUGGI~S  o b e y e d "  i n d i c a t e s  H t m G t N S  e q u a t i o n  o b e y e d .  " M A R T I N  
o b e y e d "  i n d i c a t e s  MARTIN e q u a t i o n  o b e y e d .  

" * :  D a t a  o f  KAtrZMANN =s. 
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h e t e r o g e n e i t y  a n d  can be appl ied  useful ly  , ~ , ~  ti~se~ s y s t e m s  which  are  essent ia l ly  
monodisperse .  

T h e  decreased  va lues  of s an d  D ( c c ~ m m ~ v ~  t h e - n a t i v e  proteins)  shown in 
Tables  I I  a nd  i I I  ind ica te  p r o p o r t i o n ~ e i ~ - i m d x R c f i o n a l  coefficients for the  
" s low"  compon en t s ,  in a g r e e m e n t  ~ h : * . b e ~ ~ ~ f i x t m ~ p r e t a f i o n .  T h e  ra t io  of the  
f r ic t ional  coefficients to  the  so lven t  ~ 4 s c ~ s ( i ( m ~ t t ~ a b s e n c e  of aggregat ion)  are 

Aggrega t ion  can  be de t ec t ed  b3"-~ ~ "  • . n t s  a t  v a r y i n g  p ro te in  
concen t r a t i on ,  b u t  the  in t r ins ic  v iscos i ty  ,#~'rs~eclSe~-r~t enab le  one to  de t e rmine  
w h e t h e r  t he  d e n a t u r e d  p ro te in  a t  zero ~ ~ t m ~ b ~ s  t h e  s ame  par t ic le  weight  
as the  n a t i v e  p ro t e in  or  is spl i t  i ~ t o  ~ m ~ a J e r . ~ t ~ : ~  I t  is des i rable  to know the  
par t ic le  we igh t  a t  zero p ro te in  c o n c e ~ a ~ w ~ i a s  a t  f inite concen t r a t i on .  To 
achieve  this ,  s e d i m e n t a t i o n  v e l o c i t y ~ : - n m m ~ b e  combined  w i t h  measure -  
m e n t s  of low or zero resolv ing  p o w e r  ~ ~ ~ , l m t e r o g e n e i t y .  Accura t e  resu l t s  
can  be o b t a i n e d  o~-~dy for single " h o m ~ g " s ~ : i ~  two c o m p o n e n t  sys tems .  
If  t h e  m e a s u r e m e n t s  are  to  be of ~ a l u ~ h e 3 ~ x b ~ I x i m t e - i n  t h e  d e n a t u r i n g  so lvent  
(to a v o i d  revers ib le  changes  on d i lm i~n  ~ 0 f f t d ~ s M ~ _ ~  This  involves  using a mul t i -  
c o m p o n e n t  ~.~ . . . . .  ~..*. ~,~ . . . .  , , ,~,,~ the  c ~ e ~ . ~ , ~ ~ : o ~ c o m p o n e n t s  o t h e r  t h a n  w a t e r  
(e.g. urea)  are  r e l a t ive ly  large. T h e  ez~or.~r~mahtrmmammm~nts m a y  be h igh  if t he re  
is apprec iab le  select ive  so lva t ion  or~f £ h e ~ e X ~ e i a b L ~ . d e p e n d e n c e  of s e d i m e n t a t i o n  
r a t e  on c o n c e n t r a t i o n  ~. 

In  t he  p resen t  work  a p p a r e n t  p ~ e x ~ f l ~ t . - i m ~ u r e a  so lu t ion  h a v e  been  es- 
t i m a t e d  where  t he re  was ev idence  f r o x n ~ ~ ' a m t A s e d ~ e n t a t i o n  m e a s u r e m e n t s  
t h a t  aggrega t ion  was v i r t u a l l y  a b s e n t . ~ e  ~ ~ m _ v e b e e n  m a d e  f rom s and  D 
a t  f inite concen t r a t ions .  The  resu l t s  : ~ m m e ~ - e x c e p t i o n ,  see below) a long 
wi th  those  of o the r s  (see refs. x, : 5 , _ z 6 } * i ~ : a m : l o w  p ro t e in  c o n c e n t r a t i o n  
t h e  unfo lded  p ro t e in  h a s  the  s a m e  : ~ e . ~ ~ - t ~ - r m t i v e  pro te in .  Our  resu l t s  
a re  l iable to e r ro r  if t he re  axe a p p i e c i ~ h l ~ e ~ ~ n  a n d  i n t e r a c t i o n  effects 
( concen t r a t i on  dependence)  an d  i f  i ~ , ~ ~ l y  f rom D H  (see ref. 27). 

In  genera l  i t  wou ld  a p p e a r  f r o m - ~ e * 1 [ , ~ n e ~ ,  eqn i l l b r ium and  Archi-  
ba ld  m e t h o d  s tudies ,  a t  p re sen t  i n  : ~ ~ , ~ t t ~ .  m a g n i t u d e  of c o n c e n t r a f i e n  
dependence  of s e d i m e n t a t i o n  a~ad ~ i ~ - ~ m O ~ s ~  affect  ou r  conclus ions  
on par t i c le  weigh ts  ~. I t  is n o t  p o s s i h t e ~ o m s m m ~ t h e  flow in t e r ac t i on  effects 
(see EXPERIMENTAL). W i t h  r ega rd  , t o - ~ ~ s f l ~ q ~ o m  Lu urea ,  m e a s u r e m e n t s  of 
KLOTZ, TRIWUSH AND WALKER ~ ~ i F 2 k ~ [ ~ ' ~  O~ urea b y  bov ine  se rum 
a l b u m i n  ( . < o . o I  g/g a t  n e u t r a l - p H ) .  ~ _ . . . .  ~ t s  ~ also ind ica t e  t h a t  
b ind ing  of u r e a  b y  bovine  s e r u m  m t t t m m i n i ~ s ~ - s m m i  (Bovine  s e rum a l b u m i n  
gene ra l l y  b inds  smal l  organic  m o l e c u l e ~ , o ~  t h a n  ova lbuminL)  

T h e  p r e s en t  m e a s u r e m e n t s  a t  f ix i~te~me~mm~ibm~n~'cate  an  a p p a r e n t  par t i c le  

* The measurements quoted in rets. l, 5=.madz~(~~of=,~o ' i t~: :on the osmotic pressure ot 
ovalbumin in 6.66 M urea (pH 4.8) at o ° . = n d . a f ~ . h ~ , _ _ - ~ r ~ i t ,  a~ 6.66 M urea (pH 5.g) ; t h e  
viscosity and diffusion measur~-cments of  1~Rx~e~eta~Zf~lmm~ serum albumin in 8 M urea. 
pH 5 at  25 °, and s and D measurements of:'M, o m m ~ . , C d m ~ ~ ( m ~  ~ ) .  I t  should be pointed 
out that  the method of extrapolation-to=~m~ro: " "  ~ u ~  L~ not entirely $ag-isfactory. 
T h e s e  measurements have usually l ~ m a x ~ q l * ~ ' - ~ ~ - ~ m ~ m m ~  a!_lhumin and ovaibumin in 
u r e a  h a v e  t h e  s a m e  p a r t i c l e  w e i g h t  a s . l : h L = . t ~ i ~ ~ ~ i m : 2 ~ m ~  to  be  t r u e  a t  zero  or l o w  
p r o t e i n  concentration, but the ~ t : - w o t k ~ ~ ~  conditions of concen- 

tration and pH, a g ~ ~ o ~  ~ " nmy occur. 
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weight of bovine serum albumin in urea ~t pH 3.5 which is less t han  t ha t  for ttle 
nat ive protein. Studies to clarify this are in progress (ARMSTRONG AND McKE~'zm). 

The effect of  F C M B  and cysteine 

Bovine serum albumin has  17 S-S bonds and  I SH group per moleculeS°, at. 
These intramolecular  disulphide linkages are rup tu red  rapidly by cysteine in alkaline 
urea solution. Under  these conditions there  is an increase in the laevorotat ion and 
intrinsic viscosity for bovine serum albumin which is greater  t han  tha t  when cysteine 
is absent.  (The in terpre ta t ion  of laevorotat ion changes when S-S bonds are broken 
is somewhat  complex3a,33.) In this solvent the molecule probably resembles more 
closely a random coil.  

If the aggregat ion of bovine serum albumin in alkaline urea is due to the S-S-SH 
exchange react ion of HUGGINS, TA?LEY AND JENSEN 34 it should be prevented by 
blocking the  SH groups by reagents  such as PCMB. FRENSDORFF et al. s showed, by 
viscosity measurements ,  t h a t  the aggregat ion was prevented in 8 M urea  a t  3o ° and 
pH Io when considerable excess PCMB was present,  and they observed an increase 
in viscosity with time. Our viscosity and sedimenta t ion measurements  show similar 
results a t  pH 9-1o in 7 M urea a t  25 ° in the  presence of 0.o05 M PCMB (15-6o fold 
excess, according to protein concentra t ion,  0.5-2.0 g/Ioo ml). Reduct ion of the PCMB 
concentra t ion to 0.o005 M (1- 5 fold excess) also eliminates aggregat ion bu t  there  is 
no slow unfolding as wi th  0.o05 M PCMB. The addi t ional  unfolding step in the  presence 
of 0.005 M PCMB is probably  due to cleavage of S-S linkages in the bovine serum 
albumin. Two mechanisms for the  cleavage are possible: (a) The disulphide groups 
are split according to the equat ion:  

R S S R  + O H -  ~ R S -  + R S O H ,  

the excess PCMB reacts  wi th  RS-  and  drives the reaction to the  right6; (b) PCMB 
reacts  directly with the disulphide groups, the  react ion being greater  when the  PCMB 
is present  in considerable excess 35. 

The present  work does not enable a dist inction to be made  between these mecha- 
nisms. However,  CECIL AND McPHEE 36 obta ined good evidence for a direct reaction 
of Ag + wi th  simple disulphides. 

In the es t imat ion of SH groups in proteins,  containing S-S groups, those methods  
using prolonged reaction t ime of mercurial,  especially in the  presence of dena tu ran t ,  
may  lead to erroneous results, 

The work of LEACH al indicates t h a t  ovalbumin has 4 or 5 SH groups of varying 
react ivi ty  and possibly i S-S group per molecule. The increase in the ra te  and  extent  
of the "unfolding"  of ovalbumin in the presence of PCMB and cysteine may  involve 
rup tu re  of in t ra-chain  S-S bonds and/or  in t ra-chain  bonds involving SH groups 3~. 
Both types of links (if present) would appear  to join widely separated par ts  of the 
ovalbumin molecule. Oxidat ion of SH groups in alkaline urea in the absence of 
cysteine or PCMB arm int ramolecular  disulphide exchange would fur ther  complicate 
the position. 

The  sedimenta t ion and  viscosity measurements  show t h a t  PCMB and cysteine 
do not  el iminate the  aggregation of ovalbumin at  pH 9-1o. The sharpening of the  
seclimentation pa t te rns  in this pH range (compare lack of effect at  pH 6) indicate t ha t  
there is some reduction in aggregation in their  presence. The S-S-SH exchange 
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n~at~t~on does not  assume the  i m p o r t a n c e  ~or o v a l b u m i n  t h a t  it  does for bovine  se rum 
atI~mTin: a n d  a cons iderab le  p a r t  of the  agg rega t ion  would  a p p e a r  to  be due  to  o the r  
~anses-, e.g. i n t e r m o l e c u l a r  h y d r o p h o b i c  bond ing  or  h y d r o g e n  bonding .  

F r o m  m e a s u r e m e n t s  of the  so lubi l i ty  of unfo lded  bov ine  se rum a l b u m i n  in sal t  
_-mlh/fions-KAUZMANN AN'D DOt:C.LAS ~ h a v e  conc luded  t h a t  in  acid  u rea  so lu t ion  the re  
i~ litV.le i n t r a -  or  in te r rno lecu la r  exchange  of the  d i su lph ide  cross l inkages.  Howeve r ,  
(~aaam~, PETERSO,W AXD SOBER ~ found  aggrega t ion  of bov ine  se rum a l b u m i n  in 
5o,.~ ~ u rea  a t  p H  4-5- Our  p re sen t  and  u n p u b  "-lished w o r k  ind ica tes  a cons ide rab le  
Mbw a g g r e g a t i o n  of bov ine  se rum a lbumin  in 7 M u r e a  n e a r  p H  4- If the conclus ions  
offl~;,L'ZMANN AND DOUGLAS are correct ,  tiffs agg rega t ion  m u s t  be due  to  some o the r  
,~-~_ *se such  as h y d r o g e n  or h y d r o p h o b i c  bonding .  

gTan~ra/ 

I~ t :Z~ANN *° has  classified p ro t e in s  b r o a d l y  in to  four  classes on the  basis  of 
rfftni~ t h e r m o d x m a m i c  a n d  k ine t ic  s tab i l i ty ,  He  classifies box~ine se rum a l b u m i n  as 
~ g  low t h e r m o d y n a m i c  and  k ine t i c  s t a b i l i t y  a n d  o v a l b u m i n  as h a v i n g  low 
urmrmodynamic  s t a b i l i t y  b u t  high k i n e t k  s t ab i i i tv .  Such  a classif icat ion seems to 
tl~, o~ l im i t ed  va lue  unless  it t ake s  in to  cons ide ra t ion  b e h a v i o u r  over  an ex t ens ive  
mmgeof :  p H  a n d  of t e m p e r a t u r e "  t h u s  bov ine  s e r u m  a l b u m i n  a n d  o v a l b u m i n  b e h a v e  
~may. s imi l a r ly  in  7 M urea  a t  low p H .  

I~ i s  of i n t e re s t  to  no te  t h a t  we h a v e  found  t h a t  f l - lactoglobul in  resembles  bov ine  
s ~ r m ~  a l b u m i n  in i ts ease of unfo ld ing  in u rea  a t  all p H  values .  On  the o the r  h a n d  
tit s l iows  no  t e n d e n c y  to agg rega t e  in urea.  U n d e r  no cond i t ions  was  an v gel found for 
~ h , r m g i o b u l i n  a t  the  b o t t o m  of an  u l t r a c e n t r i f u g e  cell. 

I~, as  seems l ikely,  un fo ld ing  of p ro t e in s  b y  u rea  invo lves  two m a i n  s tages,  the  
f f r ~  be ing  r u p t u r e  of p H - d e p e n d e n t  s ide-chain b o n d s  (e.g. h y d r o g e n  bonds)  followed 
1~-tammsformat ion f rom a more  or less helicM s t r u c t u r e  to  a r a n d o m  coil s t r u c t u r e ,  
t t l te . in ,  e s t iga t ion  of these  win requi re  de ta i l ed  k ine t ic  m e a s u r e m e n t s  over  a r ange  of 

values .  Such  m e a s u r e m e n t s  are  in progress.  
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