
2 4  ° aIOCii iMiCA ET BIOPH'x'SICA ACTA 

BBA 3 8 2 8  

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

II .  U L T R A V I O L E T  A B S O R P T I O N  S P E C T R A  O F  B O V I N E  S E 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  A N D  IN A C I D  S O L U T I O N  

A. N. G L A Z E R ' ,  I t . . \ .  M c K E N Z I E ' *  AND R. G. W A K E  

Phvsico-Chemical Unit (C.S.I.R.O. Division of Food Preservation) 
and Biochemistry Department, University of Sydney (Australia) 

(Rece ived  J u l y  Io th ,  t962) 

S U M M A R Y  

The  effect of acid a n d  urea  on bov ine  se rum a lbumin  and  o v a l b u m i n  has  been in- 
v e s t i g a t e d  b y  u l t r av io le t  s p e c t r o p h o t o m e t r y .  Acid  and  urea  b r ing  a b o u t  ve ry  s imi lar  
shif ts  in t h e  u l t r av io le t  s p e c t r u m  of bov ine  se rum a lbumin .  These  changes  are ve ry  
rapid.  The  difference s p e c t r u m  of bov ine  se rum a l b u m i n  a t  287 mr* was i nves t i ga t ed  as 
a f u n c t i o n  o f  p H  over  the  range  o.5-4.2.  The  effect of p H  on AA za~ was  found  to  be 
closely s imi lar  to  the  effect of p H  in this region on the  s e d i m e n t a t i o n  coefficient, 
v iscos i ty  a n d  opt ica l  ro ta t ion .  T h e  effect of acid on t h e  u l t r av io le t  s p e c t r u m  of oval-  
b u m i n  is var iable .  The  s p e c t r u m  of o v a l b u m i n  in u rea  solut ion changes  i m m e d i a t e l y  at  
low pH.  In  u rea  solut ion a t  h igher  p H  va lues  t h e  s p e c t r u m  of o v a l b u m i n  changes  
wi th  t ime.  The  change  in A ~s~ follows a p p a r e n t  f i rs t -order  k inet ics  a t  b o t h  25 ° and  3 °0 
a t  p H  6.1 and  7.8. The  a p p a r e n t  o rder  of the  reac t ion  w i th  respect  to u rea  at  p H  7.8 
a n d  3o ° is 7.8 ~ o.2, a n d  at  p H  6.1 and  25 °, 7.6 ~ 0. 5. T h e  change  wi th  t ime in the  
op t ica l  r o t a t i o n  of o v a l b u m i n  in 7 M urea  a t  p H  6 and  25 "~ is no t  s imple  first order .  
T h e  ha l f - t ime  is inverse ly  p ropor t iona l  to the  13.5 power  of the  urea  concen t ra t ion .  
These  resu l t s  are discussed in re la t ion to  c u r r e n t  concept~ of the m e c h a n i s m  of 
d e n a t u r a t i o n  of bov ine  s e rum a l b u m i n  and  o v a l b u m i n .  

I N TROD UCTION 

In  the  region 25o-31o  m/~, the  u l t rav io le t  abso_rption of p ro te ins  arises essent ia l ly  
f rom t h e  absorp t ion  of the  a r o m a t i c  side chains  of tyrosine,  t r y p t o p h a n  a n d  
pheny la l an ine  residues wi th  ve ry  small  con t r i bu t i ons  f rom cys t ine  a n d  cys te ine  
res idues  t. The  pro te in  spec t ra  are usual ly  shi f ted  t o w a r d s  longer  w a v e l e n g t h s  (ba tho-  
ch romic  effect) when  c o m p a r e d  wi th  the  co r re spond ing  spec t ra  of the i r  c o n s t i t u e n t  
a m i n o  acids  m i x e d  in the  correct  p ropor t ions  z-5. SVhen pro te ins  are t i t r a t ed  wi th  
a lkal i  to  h igh  pH,  the  ty rosy l  residues become ionized a n d  the  abso rp t ion  m a x i m u m  

* P r e s e n t  address :  M. R. C. L a b o r a t o r y  of Molecu la r  Biology,  Hil ls  Rd. ,  C a m b r i d g e  (Grea t  
Britain). 
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shif ts  f rom abou t  279 m ~  ~o ~ ~ - ~ e l y  295 m~.  This  effect was first obse rved  by  
CRAMMER A~,'9 I ~ E V B ~ V ; ~  in  ~ ,m o v a I b u m i n  and  insulin and  a d v a n t a g e  has  
been t aken  of it to  d i ~  ~ ]  f rom a b n o r m a l  ty rosy l  residuesa,4. 6. 

Since the  u rea  d ~  off ~ s e r u m  a l b u m i n  and  o v a l b u m i n  is usua l ly  
associa ted wi th  the  pro~uc~ti~m ~ m o o r  k ~ e t y  coiled s t ruc tu re s  we inves t iga ted  the  
effect of u rea  on the  u l ~ ~  ~ ] p 4 t , 7 ~  spec t ra  of these  prote ins .  We  obse rved  a 
shift  of the  spec t ra  ~o ~ ~ r a ~ ~  on d e n a t u r a t i o n .  In  a p r e l i m i n a r y  com- 
m u n i c a t i o n  ~ we i n d i c a ~ d  f l ~ t  ¢ ~ ~  m t h e  difference spec t ra  b r o a d l y  paral le led 
molecular  expans ion .  L ~ : o ~ s ~  d d .~  obse rved  a s imi lar  shift  in the  u l t r av io le t  
abso rp t ion  s p e c t r u m  of  insul in  ~ ~ t r ~ o ~  wi th  acid and  on t r y p t i c  hydro lys i s  and  
in t e rp re t ed  this  change  i~ ~ o~ ~ of  t y r o s i n e - c a r b o x y l a t e  h y d r o g e n  bonds .  
I t  t he  presen t  p a p e r  w~ ~ m ~ ~ a l i  the  changes  in t h e  u l t r av io le t  s p e c t r u m  
of bov ine  se rum albumm7 ~ o ~  o~ denat~ :ration,  c o m p a r e  this  change  to  the  
ra te  of change  of ce r ta in  o ~  ~ ~m~ discuss the  earl ier  i n t e r p r e t a t i o n  in the  
light of more  recent  p u b . ~ c a ~ s  ~ t h e  ~ r r a v i o l e t  spec t ra  of pro te ins .  

E - ~ ~ N T A L  

Materials  

The  o v a l b u m i n ,  b o ~ n e  ~ ad immia  a n d  u rea  were o b t a i n e d  as in P a r t  I 
(see ref. 9)- S tock  solut ions  ~-ere lmrellmamd b y  dissolving the  requ i red  p ro te in  in w a t e r  
and  e x h a u s t i v e l y  d ia lys i~g in  t h e  o 0 ~  aga ins t  several  changes  of dis t i l led wate r .  
The  pro te in  concen t r a t i on  olf t h e  ~tock solut ion was d e t e r m i n e d  by  t h e  K je ldah l  
n i t rogen  m e t h o d  of M c K ~ x z m  ~txD ~Y.~XACE I0, t a k i n g  the  va lues  15.7 g / I o o  g a n d  
16.o g / I o o  g for t he  n i ~  o0mltents o~f o v a l b u m i n  and  bov ine  s e r u m  a l b u m i n  
respect ively ,  and  by  ~ t  ~ t i 0 m  a t  zSo, mtz of an  a p p r o p r i a t e l y  d i l u t ed  solut ion.  

g/x~o,.~ tk,~- l ~ - h ~ e  s~ernm a l b u m i n  was  t a k e n  as 6.6o a n d  for  oval -  The  value of A~ crn 
b u m i n  as 7.I2.  (The lat~er e_x-~rhitc~ttai va lue  of ATKINSON AND MCKENZIE ~t, differs 
from t h a t  of 6.6 ob ta ined  ~ - C ~ - ~ g  A-~D NEUBERGER3.) 

Ml e~hods 

The  t echn ique  o] p H  ~ : ~ m ~ m e n ~  ~ a s  t h a t  of P a r t  I. For  work  in t h e  p H  range  
5 .8-8 .o  the  buffers  were ~eWared  ~ ~ g  s tock  solut ions  of N a a H P O  * a n d  K H 2 P O  * 
in correct  p ropor t ions .  F o r  pill x--a]Ir~be~o.w 5, NaC1-HCI m i x t u r e s  were used  to  gb-e 
the  desired p H  and  ionic s ~  (~tr)). 

o p t i c a l  r o t a t i on  m e a _ ~ ~  were  car r ied  ou t  as in P a r t  I. Most of the  ab-  
sorp t ion  m e a s u r e m e n t s  ~-ere ~ ou~ wi th  a B e c k m a n  DU s p e c t r o p h o t o m e t e r  
( B e c k m a n  I n s t r u m e n t s  iD.c.~ FR~emtto~, C ~ f .  (U.S.A.)).  Some  la ter  m e a s u r e m e n t s  
were m a d e  wi th  a Cary  .M,~d  I 4  r ~ - d d m g  s p e c t r o p h o t o m e t e r  (Appl ied Physics  Corp..  
Monrovia ,  Calif. (U.S.A.j)) m fl~e l ) e l ~ e n t  of Phys ica l  B iochemis t ry ,  A u s t r a l i a n  
~,T~.:....~I~,~.~,.,~. U";... ..... ~.~..~;÷y_ L~oth I o-  ~ _- ram ceils were used. E a c h  cell was  cMibra ted  
wi th  w a t e r  and  t w o s i n e  ~olnt~0m. T h e  t e m p e r a t u r e  of the  s p e c t r o p h o t o m e t e r  cell 
c o m p a r t m e n t  was m a t u t i n a l  , J~thm 4- o.x ° of the  desired va lue  b y  c i rcu la t ion  of 
wa te r  a r o u n d  t h e  celt ~n~nlmur~meBt ~ a n  ex te rna l  t e m p e r a t u r e - c o n t r o l l e d  w a t e r  
ba th .  Difference spec t ra  w ~ e  o b t a i n e d  b y  t w o  m e t h o d s :  (a) s u b t r a c t i o n  of sepa ra t e ly  
d e t e r m i n e d  spec t ra  :aud ~ }  ~ m~.~mmment .  

Correc t ions  were  m:ade f ~  f l ~  ~ m ' p t ~ n  of the  so lvents  used" these  correc t ions  
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were  smal l .  In  all  cases  t h e  a d h e r e n c e  to  Bee r ' s  law w a s  checked .  T h e  d i f fe rence  
s p e c t r a  r e su l t s  are  r e p o r t e d  as  c h a n g e s  in m o l a r  a b s o r p t i v i t y  (Ae). A p o s i t i v e  va lue  of 
zle i n d i c a t e s  t h a t  t h e  so lu te  has  a h ighe r  a b s o r b a n c v  in t he  e x p e r i m e n t a l  e n v i r o n m e n t  
t h a n  in t h e  re fe rence  so lven t .  If  t he  c h a n g e  in e n v i r o n m e n t  causes  a b a t h o c h r o m i c  
( " r e d " )  shif t ,  t h e n  A¢ is p o s i t i v e  a t  t hose  w a v e l e n g t h s  w h e r e  t h e  s p e c t r u m  has  a 
n e g a t i v e  s lope a n d  n e g a t i v e  whe r e  t h e  s lope is pos i t ive .  T h e  d i f ference  s p e c t r u m  shows  
m a x i m a  a t  t h o s e  w a v e l e n g t h s  whe re  t he  s p e c t r a  h a v e  m a x i m u m  n e g a t i v e  slopes.  
F o r  a h y p s o c h r o m i c  ( " b l u e " )  shif t  t he  d i f ference  s p e c t r u m  shows  m i n i m a  a t  t hose  
w a v e l e n g t h s  w h e r e  t h e  s p e c t r a  h a v e  m a x i m u m  n e g a t i v e  s lopes.  

T h e  r e a c t i o n  m i x t u r e s  were  p r e p a r e d  in t h e  fotlox~ing w a y :  t h e  p r o t e i n  s o l u t i o n s  
a n d  t h e  a p p r o p r i a t e  s o l v e n t  m i x t u r e  were  b r o u g h t  to  t h e  r e a c t i o n  t e m p e r a t u r e  a n d  
t h e n  a l i q u o t s  were  m i x e d .  A s a m p l e  wa s  t r a n s f e r r e d  to  t h e  s p e c t r o p h o t o m e t e r  o r  t h e  
p o l a r i m e t e r  t u b e  a n d  t h e  first readin,~ t a k e n  w i t h i n  a p p r o x .  2 ra in  of mix ing .  

R E S 17 LTF, 

E f f e c t  o f  a c i d  on  the u l t rav io l e t  a b s o r p t i o n  s p e c t r u m  of hovi~te s e r u m  a l b z t m i n  

I n  t h e  p H  r a n g e  4 .4 - 7 .6  t he  u l t r a v i o l e t  .~pectrum o~ b o v i n e  s e r u m  a l b u m i n  was  
f o u n d  to  be  v i r t u a l l y  i n d e p e n d e n t  of  p H .  Be low p H  4.4 a h y p s o c h r o m i c  sh i f t  of  t h e  
a b s o r p t i o n  m a x i m u m  f rom 279 m/z was  obse rved .  At  p H  3.z  t h e  p e a k  h a d  m o v e d  
to  277 u p .  T h i s  s p e c t r a l  c h a n g e  a p p e a r e d  to  be  i m m e d i a t e  (i .e.  i t  was  c o m p l e t e  be fo re  
a r e a d i n g  c o u l d  be  t a k e n ) .  ~No f u r t h e r  c h a n g e  wi th  t i m e  in t h e  d i f fe rence  s p e c t r u m  w a s  
o b s e r v e d  even  a f t e r  24 h a t  p H  z.o. Be low p H  I t h e r c  was  a sma l l  sh i r t  back  to  h ighe r  
w a v e l e n g t h s ,  t h e  p e a k  h a v i n g  m o v e d  to z 7 7 .  5 m/z at  p H  0.8. 

-4200 i 
280 29U 

WAVELIf. NG r ~  ((c,~) 

Fig. I.  Difference spectra (molar absorptivity 
difference, /t e, versus wavelength in m/*) of 
bovine serum albumin {o.47 g[Ioo ml). 2-ram 
cells, at 25 ° . (a) Protein at  pH 2.x verst** 
protein at  pH 5.I, both o.x5 M in NaCI. 
(b) Protein at  pH 5.x in 7 M urea versus protein 

at p H  5.1, both o.I 5 M in NaCI. 

c_21o 

i~3 2.0 3.0 4.0 5.0 pH 

Fig. 2. Effect of acid on difference spectra, 
optical rotation, viscosity, sedimentation and 
diffusion of bovine serum albumin. (a) z1¢2s 7 
versus pH (iT o. I5, NaCI) at  25 °. present work; 
(b) [miD veysus pH (I o.Io, NaC1) at  25 °, data 
from ref. I2; (c) [~/] versus pH (1 o.xo, NaCI) at 
25 °, data from l'of. i2; (d) s2o, w in Svedbergs 
versus pH (I o.t,  o.o2--o.I), data from ref. x3; 
(e) Dzo in Fick Units versus pH (I o, 15. o.33), 

data  from ref. [3, I4. 
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Difference spec t ra  fur the  prote in  in acid versus the  na t ive  prote in  near  neu t ra l  
p E~ showed a m i n i m u m  near  287-288 m ~  with a shoulder  near  28o m/~, as shown in 
Fig.  I. I t  was found t h a t  Beer 's  law was obeyed for Ae at  287 mt~ over  the  pro te in  
concent ra t ion  range examined ,  namely/o.o8--o.50 g / i oo  ml. 

The  effect of pH,  in the  acid region, on the  abso rbancy  difference at  ~87 mr,  was 
then  examined.  A plot  of A e  versus p H  is given in Fig. 2. Also shown in the  same 
figure for compar ison  are plots  of opt ical  ro ta t ion ,  [~]D, intr insic viscosi ty [q], 
~ d i m e n t a t i o n  coefficient (s) and diffusion coefficient (D) versus p H  (data  from 
rely. I2 - I4 ) .  

E~Fec~ o/  ure:~ on the ultraviolet absorption spectrum of  bovine serum a lbumin .  

On exposure  of na t ive  bovine  se rum a lbumin  to urea  concen t ra t ions  above  2 M 
,wer  the pH  range 4-9,  an immed ia t e  hypsochromic  shift in the  absorp t ion  m a x i m u m  
~t 279 m/~ occurred.  The  ex ten t  of this shift was dependen t  on the  urea  concent ra t ion .  
The spec t rum of the  prote in  in urea solut ions resembled t h a t  of the  pro te in  in acid 
.-~)Iution below p H  3- Likewise difference spec t ra  of the  pro te in  in u rea  versus the  
na t ive  prote in  a t  neu t ra l  p H  resembled  those of the  pro te in  in acid versus the  na t i ve  
prote in  at  neu t ra l  pH.  A m i n i m u m  in A t  was also observed  at  287-288 m ~  wi th  a 
sh(mlder at  28o _m;~. T h e  s imilar i ty  of the  changes  is a p p a r e n t  f rom Fig. x. A s t rong  
dependency  of Ae2s ~ on urea  concen t ra t ion  is shown in Fig. 3- 

E~ect  o f  acid on the ultraviolet specirum o f  ova lbumin  

In our  original  note  ~ we repor ted  the  effect of acid on the  s p e c t r u m  of o v a l b u m i n  
at  a concen t ra t ion  of o.o97 g / Ioo  ml. There  was  v i r tua l ly  no shif t  ( <  5 A) in the  wave-  
length of m a x i m u m  absorp t ion  over  the  p H  range 1.7-5.2, b u t  there  was a smal l  
d iminu t ion  of the abso rbancv  at  p H  values  below 3. The  difference s p e c t r u m  of 
o~o97 g / i oo  ml ova lbumin  at  p H  1.7 versus o v a l b u m i n  at  p H  5.2 showed no m i n i m u m  
bu t  a general  small  depression of absorbancy ,  there  being no change  wi th  t ime  over  a 

-"200 / 
~E 

-280(] f 

-~0( 

UREA(M) 
Fig. 3- Effect  of urea  concen t ra t ion  on J%s~ for 
bovine  serum albumir ,  a t  25 °. P ro te in  con- 
cen t r a t ion :  o.47 g/xoo ml  (pH 7.8) (o.o35 M 

phospha te ;  9 Na~HPO4: I KH.,POt) .  

ol 

-;750 k 

-.~oo~ I 
i ~0 2gO~ 0OO 

WAVELENGTH (re,u} 

Fig. 4. Difference spec t rum for o v a l b u m i n  in 7 M urea (pH 6. i) (o.ox2 M phosphate)  versus o v a l b u m i n  
a t p H  5.9 (o.ot2 M phosphate) .  Prote in  concen t ra t ion :  o . , o  g/xoo ml  in x-cm cells. After  3 h a t25% 
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period of several hours. In a subsequent  s tudy  in this  lab~r~e~r_., N .  IN. Sm~t t  ~ 
observed the effect of acid (pH 3.0) at  ~5 ° and 60 ° on the  d k f f e r e n ~ e ~  o~•both 
and 2 g/zoo ml ova lbumin  versus ova lbumin  at  p H  6.5 and ~ ( : ~ 1  ~ ~ ~  "hs~ Ae 
at 295 m/z. We have  reexamined  the effect of acid on ovaibt~,~?~, ~ e  spectra  
at ~5 °, for several protein concentrat ions.  At  o.x g/~oo ml  we  ~ ~  omr earlier 
observations.  At  0.33, 0.40, 0.66 and z.oo g]xoo ml  we o b t a ~ e d  ~ i~ ~ dif- 
ference spectra.  The results  at  each of the la t ter  c o n c e n t r a t i ~  ~ ~ ~ : :  some 
spec t la  exhibi ted m i n i m a  at  9.93. 5 m/z, whereas others  e~-k / i~d t  ~ , , n , ,  bo~h at 
287 and 293.5 m~.  I t  is obvious tha t  our earlier results  a t  low c~m~a~i~0~_~ are  valid 
for those concent ra t ions  bu t  t ha t  at  higher ova lbumin  concen~: ,a~i0~ ~ mn~y cause 
more profound change, s in the spect rum.  This effect is b ~  ,~m~Ah~r ik~est~gated. 

Effect o f  urea o~, the ullraviolet  spec t rum of  ova lbumin  

The effect of 7 M urea on the  absorpt ion spectra  of ova~umim :art # ~ u e s  of 
3.1, 6.I ,  7.8 and 9-3 was examined.  I t  was found t h a t  at  # .3-~ rtr~v+w~ ~a~  an  im- 
media te  hypsochromic  shift in the ul t raviole t  absorpt ion s - p e ~ .  :~t ttt~. o~Jaer p H  
values  there  was a t ime-dependen t  1-.ypsochromic shift. The s l f i Y x , ~ r a s ~  ~ p ~  7-8. 
Difference spectra  (when reaction wus complete) showed a ~ r e m ~ d ]  ~ ~ m  at  
~-8 7 m/~ with  a numer ica l ly  smaller  m i n i m u m  at  ~9~.5 mt~ a n d s  . ~ ~ a ~ t  z'~+-7 m/z. 
A typica l  difference spec t rdm,  tha t  of o;  , ~ b u m , ,  in 7 M urea  ( : (~  ~JI~) ((~o,~=~ M~ PO ~) 
versus  ova lbumin  at  p H  5-9 (o.o12 M P O ~  "~ shown in Fig. 4. 

The  t ime ra te  of change ef the absorbancy  difference a ~ 7 ~ / 2  ((_tlA!.,~,)> ~o~ on, al- 
bumin  in urea (pH 7.8) at 3 ° ° was determined.  The reaction w a s , g ~ w e ~ t t  tto, be over 
when there was no fur ther  change in absorbancy  over a tx~iod ,~ff 4~ '~"~~"' l~  a few 
exper iments  readings were t aken  for a fur ther  6 h and no  am+~e , c ~ .  ~t+ot~ place. 
The final value of Ae~s ~ was independent  of the  concentra t ion , ~ r  ~1~' ~ , ~  s~udied 
(o.o77-o.154 g/zoo ml). The rate  of change of A A  um at  8.0 mad ~-S ~tl ~m~m b :,~tXo~wn in 
Fig. 5- The change is appa ren t  first order*. 

When  the logar i thms of the first order veloci ty cons-tazrt.~ ~ r  ~ e  ~tte, o~ change 
of AA ~8~ are p lo t ted  against  the logar i thms of the urea concen~ra~i0ms_-,. ;a ,.izwa~fit line 
plot is obta ined and the  slope, obta ined by the me thod  o$ ~e~.:~za _ ~ ~ ~ ,  gi~-es an 
appa ren t  reaction order  with respect to urea of 7.8 ~ o.2 (see ~Fig. ~N).. 

A similar  plot  for p H  6.~ ~ v e s  an apparen t  order with respect  t~0~ ~ m  ~,~ ~.~.~ o. 5. 
The ra te  of change of A A  2,,~ for ova lbumin  (0.5 g/ Ioo ~t,) mn 77 ~ mze~ a t  30 : 

(pH 6.~) was examined  at  ionic s t rengths  of o.ox (added N~CI):im~t~0~_~0, ( ( ' ~  NaC1). 
There  was no significant effect of var iat ion of I with added  N~CI1. ~ h v  w~1!~, o~ change 
in the  presence ot O.Ol M NaC1 was compared  ~4th t h a t  in ~ i ] ~ r ~ e ~  of or tho-  
phosphate .  I t  was found tha t  o r thophospha te  (o.oo~ 4 M N a ~ , , c o . c ~ 3 ~  ,2~ IK~-:aPO4) 
inhibi ted the reaction" the first order velocity cons tant  ~ ~  ff~0~n o~o~/v-~in to 

* ' 1 6  ) T h e  t e r m  " o r d e r  w i t h  r e s p e c t  to  t ime"  is u s e d  b y  LAIDLER ~¢ demn~l~e trY-mi?gm~en~ o r d e r  
o b t a i n e d  b y  p l o t t i n g  v a l u e s  of  tog  ( -  , le/dt~ a g a i n s t  l og  c a t  vawiows ~ ~ .  V~m. c o u r s e  of  
a r e a c t i o n ,  i t  i s  d i s t i n g u i s h e d  f r o m  " o r d e r  w i t h  r e s p e c t  t o  concetWam~cm"" , ~ f ~ ~  b y  p l o t t i n g  
i n i t i a l  v a l u e s  o f  l og  - - d c / d t )  a g a i n s t  c o r r e s p o n d i n g  v a r y i n g  i n i t i a l  vLxtues ,ca [1 ,~g¢. . 'g I~-dL~t inc t ion  
is  a u s e f u l  o n e  s i nce ,  in  a c o m p l e x  r e a c t i o n ,  t h e  o r d e r s  o b t a i n e d  i ~ .  ~ ~ v ~  m ~ t ~  m a y  be  
d i f f e r e n t ,  o w i n g  t o  c h a n g e s  o c c u r r i n g  in q u a n t i t i e s  o t h e r  t h a n  t h e  , ~ ¢ m ~ : ~ r ~ i i a m .  o~ n e a c t a n t s .  
s u c h  a s  t h e  a c c u m u l a t i o n  of  i n h i b i t o r s .  

H o w e v e r .  t h e  t e r m  " o r d e r  w i t h  r e s p e c t  t o  t i m e "  is  n o t  v e r y  : . ~m~a ,~amv  .~fiime, i~ s e e m s  t o  
i m p l y  ( ~  d c / d t )  - -  k in .  

B i o c h i m .  .Bio/pk't~.  ..~.,~¢~ ~ !, o ~ ,  . ~ o - _ '  4,'~ 
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,~.o28/min. (Similar  effects were  obse rved  by  SIMPSON AND KAUZMANN 17 on t h e  
opt ica l  r o t a t i o n  change  a t  p H  7.8.) 

The  effect of t e m p e r a t u r e  on the  r eac t ion  ra t e  of o v a l b u m i n  (o.4 g / I o o  ml) in 
8 M u rea  (pH 7.8) (0.04 M PO4) was  e x a m i n e d .  The  first o rde r  r a t e  cons t an t ,  a t  3 °0 
was  o .o52 /min  c o m p a r e d  wi th  o .o32/min  a t  25 °. 

A compar i son  was  m a d e  of the  r a t e  of change  of /lAas,~ w i t h  t h a t  of ~ ]D for 
o v a l b u m i n  in 7 M u rea  a t  25 ° (pH 6. i ) .  A p lo t  of log ( A A  o o - A A  t) v e r s u s  t / to .  5 (where t 
is the  hal f  t ime)  gave  a s t r a i g h t  line (see Fig.  7)- 

As discussed in P a r t  I t he  r a t e  of change  of [~]U was  no t  s imple  first  o rder  a t  each  
urea  c o n c e n t r a t i o n  s t u d i e d  (6-  9 M). A final specific r o t a t i o n  (xy) and  ha l f  t ime,  t0. s, 
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Fig. 5. Rate of change of ..L4287 with time for 
ovalbumin (0.096 g/ioo ml, i-cm cells) in 8.o 
and 8. 5 M urea (pH 7.8) (oo 4 M PO4) at 3o °. 
Plot of log (JA ~-AA t) vers,ts time (rain) for 
each urea concentration. /IAt is the value of 
=lA 9s~ at a time "t'" from the commencement of 
the reaction and AAoo is the final value of 

A A  o..~7. 
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Fig. 6. Dependence of rate of change of AAza7 
for ovalbumin, (o.4 g/zoo ml, 2-ram cells) on the 
urea concentration at pFI 6.z (O.O12 M phos- 
phate). Plot of log h (the velocity constant) 

versus log U (the urea concentration), 

Fig. 7. Comparison of change of optical rotation 
and absorbancy with time for ovalbumin in 
7 M urea. Curve A, optical rotation [~]D 
(O.OI2 M phosphate buffer). Cur~'e ]3, absorb- 
ancy difference at 287 mtl (AA as~) (o.z M NaCI). 

B i e c h i m .  B i o p h y s . . 4 c t a ,  69 (x963) 240-248; 
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for the  " p r i m  ~ar~.," ~e'-~@o~ ~ e r e  ob ta ined  for each u rea  concen t r a t i on  accord ing  to the  
m e t h o d  oI ~qr~s'sc,)_~ _ ~ ,  bL~'z~r_~N'x ~7. \Vhen log ( ~ f ~  ~) was  p lo t t ed  aga ins t  t / to .  ~ 

(a be ing  the  specfi_~ ~x0~talli,9~ a t  a t ime t) for each urea  concen t ra t ion ,  s t r a igh t  lines 
were no t  o b t z ~ d  ~ta ~ 1 ~  ~ t h  S~WSON AND KAUZMANN'S obse rva t ions  (pH 7-9)- 
A t3-pical p lo t  f~.~rr 7 -~ ~ ~it v~II 6.r)  a t  25 ~ is shown in Fig. 7 for compar i son  wi th  the  
a b s o r b a n c y  plo,~ ~ tkadlff ~ for the  primary" [ ~ D  change  was 4 ° rain c o m p a r e d  wi th  
3~ rain for t he  zlL~l ,c.~ , ~ _  (~,,~.~[~ m phospha te ) .  As discussed in P a r t  I these  half  t imes  
va ry  s o m e w h a l  fv0~aa it~eyaarat2~m t:~ p repara t ion .  

A plot  o~[ to@ #,~.~ -$0~r 1I~ ii~ ~ change  v e r s u s  log,rurea concen t r a t i on  ~. gave  a slope 
~f x3-5 ~- x.o c¢,~ml~agr~.dl ~ 7.6 ~ 0. 5 for the  equ iva l en t  A plot.  

DISCUSSION 

There  is an  immediia~e e~ lv~e  of the  u l t r av io le t  s p e c t r u m  ~f bovine  ~erum a lbumin  
in acid  a n d  in  ,a~re.~ ((~0~r Itlhe-~tter a t  all p H  values  in the  range  4-9)- The  difference 
s p e c t r u m  (vers~ts ~ m~rfi~-e, lp~otein) shows a m i n i m u m  in A e  a t  287 mt~. At  low pro te in  
c o n c e n t r a t i o n  ~he ~fltta-~a-~,~e~ s p e c t r u m  o f o v a l b u m i n  undergoes  li t t le change  in d i lu te  
acid. At  h igher  ~ a ~ 0 ~  ¢~0~<e~twations more  p ro found  changes  in the  s p e c t r u m  occur.  
At  p H  3-I ila ~ e  ~ e - , , ) . g  Z _~[ urea,  the re  is an i m m e d i a t e  change  in the  ul t ra-  
v iole t  spectrtazaa. ~ ~ i @ ~ e  st3ectrum shows m i n i m a  at  287, 29z. 5 mtz. At  o the r  p H  
values  in t trea _ ~ c , m  ~ ~ a t i m e - d e p e n d e n t  change  in the  o v a l b u m i n  u l t r av io le t  
spec t ra  w i th  s i m ~ r  ¢ l tmaa~  m the  difference spect ra .  These  obse rva t ions  enable  
ce r ta in  c o n d ~  ~o 11~ d t ~ r ~  rega rd ing  the  m e c h a n i s m s  of the  d e n a t u r a t i o n  of these  
prote ins ,  the i r  ~ ~ flkeir s t ruc tu re .  

Min ima  a t  ~87 m ~  ((~al~0, tflke z8o mtz shoulder)  in difference spec t ra  s imilar  to  those  
we h a v e  ob~r~:~d ff~r l h ~ 0 , ~  sertma a l b u m i n  in acid a n d  urea  h a v e  been o b t a i n e d  by  
LASKOWSKI ¢t ad. ~ ~ ~ ~ acid  solut ion and  on l imi ted  t ryp t i c  d iges t ion  and  by  
SCHERAGA as ~or R . ~ . ~  ~m a¢i~ solution.  The  add i t iona l  min~imum we observe  at  
293 mt~ in ~ e a  s0flmi0m~ ,0,tt o ,valbumin is also p resen t  in acid and  u rea  so lu t ions  of 
cona lburn in  :(see ~artt l~k-. r¢f_ ~); .  a n d  in difference spec t ra  of lysozyrne ~-~. Insu l in  a n d  
R N A a s e  coaatain ~ m r g m e  ~ no  t r y p t o p h a n .  Lysoz~mae con ta ins  7 t r3 ' p tophan  and  
3 ~yroMne ~ ] t¢~-~e sermrt  a l b u m i n  con ta ins  19 tyros ine  a n d  2 tr3~ptophan 
res idues  pe r  mo~e. ~ conta ins  9 ty ros ine  and  3 t r y p t o p h a n  residues,  while 
c o n a l b u m ~  , c o ~ a ~  a,~--~_~ ~ T o s i n e  a n d  x3 t r y p t o p h a n  residues.  These  obse rva t ions  
on ~ f fe ren~e  s~o¢~'-~ tfc~r ~ , 0 ~ e ~  a n d  o thers  on mode l  c o m p o u n d s  show t h a t  the  
287-m/~ r n i ~ ~  ~ a ~ ¢ ~  t h e  28o-mt,  shoulder)  is due  to  differences in the  env i ron-  
m e n t  of t h e  tyr~f ime ne-~kl~s while t h a t  a t  293-295 mr* is due  to e n v i r o n m e n t a l  
differences ~or ~ ges~t tes  z°, "~ 

In  our  f irst  , c ~ m a m c z a ~ o e t  z we cons idered  the  possibi l i ty  of spec t ra l  changes  due  
to  tyroshre  w ~  ~ ~ 9 m  changes  in ty ros ine  h y d r o g e n  bonds.  LASKOWSKI 
e t a / .  s ~ntea-~e .~d  _~xf~ez~r-~ s b M ~ / o r  insul in in t e rms  of r u p t u r e  of t y r o s y l - c a r b o x y l a t e  
h y d r o g e n  ~ ~ ~ t,as been  ques t ioned  s u b s e q u e n t l y  b y  a n u m b e r  of 
workers .  X V ~ ~  ~ a~_ ~ e:¢~mined the  effect of sod ium a c e t a t e  a n d  u r e a  in the  
s p e c t r a  oI ~ ~ ~ B a t h o c h r o m i c  shif ts  were  obse rved  in b o t h  media .  
Simi lar ,  b~a._t ~ ,  ~ ~ e  obse rved  for O-me thy l  tyrosine.  B~GgLOW AND 
GESCatWI.,~a9 ~ ~ ~ effect of med ia  of h igh re f rac t ive  index  on the  spec t r a  of 
t h e  mode l  ~ ~ y p t t o ~ n ,  tyro,~ine, pheny la lan ine ,  indole,  phenol  a n d  O- 

~iochim. Biophys. .4cta.  6 9  ( I963~ z 4 o - z 4 8  
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methy l  tyrosine. In nearly all cases there was a bathochromic spectral shift. The 
bathochromic shift was explained in terms of increase in refractive index of the solvent 
(see also BAVLISS AND MCRAE2~). The two exceptions were explained in terms of 
specific interactions.  U,id-~r non-denatur ing  conditions, salts and urea sometimes 
produce bathochromic shifts for normal  tyrosine and t r yp tophan  residues in proteins;  
except LiBr, NaBr  and NaC1 which produce hypsochromic shifts for normal  tyrosine 
residues. Under  dena tur ing  concentrat ions  of salts and urea  hypsochromic shifts, 
both for tvrosine and t ryp tophan  residues, are invar iably  produced. While this hypso- 
chromic shift (the "dena tu ra t ion  blue shift") for abnormal  tyrosyl  residues may  be 
due to changes in hydrogen bonding of tyrosine hydroxyl  groups this explauat ion 
cannot  be valid in the case of shifts for t ryp tophane  residues. A number  of workers 6, es, za 
have suggested t ha t  some of the aromat ic  residues in proteins are involved in hydro- 
phobic bonding, and are in an envi ronment  of high refractive index. On dena tura t ion  
these chromophores are exposed to media of lower refractive index and hypsochromic 
shifts may  be expected21, 2a 

The hypscchromic spectral  chan~es we have observed for bovine serum albumio. 
in acid solution closely paralleled changes in other  propert ies reflecting the molecular 
expansion of bovine serum albumin. The results are consistent  with changes in the 
degree of hydrogen bonding. While these changes occur in the carboxyl  t i t ra t ion region 
they do not parallel  pro tonat ion  of carboxyla te  groups. I t . i s  not possible to identify 
the acceptor groups. As WILLIAMS AND FOSTER 25 have pointed out  the  bovine serum 
albumin results are also consistent wi th  changes in hydrophobic  bonding. The ad- 
dit ional change in Zezs 7 for bovine serum albumin in acid below p H I  is similar to t h a t  
of It, IV. The la t te r  has  been discussed by YANG AND FOSTER 12. 

The spectral  changes for bovine serum albumin in urea  solution a t  all pH values 
are similar to those for bovine serum albumin in acid solution. The s imilar i ty  of the 
changes in other propert ies for bovine serum albumin in urea  and in acid are s t r iking 
e.g. the laevorotat ion and  viscosity increases, the decrease in sedimentat ion coeffmient 
and volume. These observat ions point  to the  essentially similar na tu re  of the  con- 
formation changes t ak ing  place in urea  and  in acid (see ref. z7). The  immediate  and 
generally reversible na tu re  of all of these changes indicates the considerable con- 
f igurational adaptab i l i ty  of bovine serum albumin. 

For  low concentra t ions  of ova lbumin  under  moderate ly  low pH conditions, 
there  are no pronounced effects on the  ul t raviolet  spectrum. This is in accord wi th  the 
observations of YANG AND FOSTER TM a n d  KAUZMANN 9? t ha t  ovalbumin does not  expand 
significantly in acid solution under  these conditions (see also the t i t ra t ion  o_urve ~s 
and absence of change of polarizat ion of fluorescenceaS). 

The t ime-dependent  hypsochromic shifts we have  observed for ovalbumin in urea 
solution, may  reflect changes in tyrosine hydrogen bonding or hydrophobic  bonding. 
If the  type  of mechanism for urea  dena tu ra t ion  of ovalbumin proposed by  SIMPSON 
ANG T,{AUZMANNI~ is  valid then  the  order of react ion with respect to urea  should reflect 
the number  of sites par t ic ipa t ing  in the  process being followed. The apparen t  order of 
the  spectral  change wi th  respect to urea  is approx. 8. This is of significance in view 
of CRAMMER AND NEUBERGER'S s finding t ha t  there  are 7-8 non-ionizing tyrosine 
residues in ovalbumin.  Fu r the rmore  HARRINGTON ~ has shown, by p H  studies, t h a t  
there  are 8 acid and 8 base binding groups l iberated during the guanidine hydrochlor ide 
denatu, 'a t ion of ovaibumin.  These considerations suggest t ha t  tyrosine hydrogen 

lliovhim. Bio#hys. Acta, 69 (x963~ 24o-z48 
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bonds  are being b roken  in the  urea  d e n a t u r a t i o n  and  tim difference spec t ra  reflect 
these changes.  However .  the  a l t e rna t ive  of changes  in hydrophobic  bond ing  c a n n o t  
be e l imina ted  a t  present .  

The  kinet ics  of the  spec t ra l  changes  assume special significance in view of the  fact 
t h a t  this p r o p e r t y  changes  a t  a different ra te  from o ther  proper t ies  so far s tud ied  
(e.g, opt ical  ro t a t i on  and  xfiscosity). The  spect ra l  change  is s imple first o rder  wi th  
respect  to  t ime.  The  opt ica l  ro ta t ion  change  is not  simple first order  and  is a p p a r e n t  
*4th order  wi th  respect  to  urea  concen t ra t ion .  The  opt ical  ro ta t ion  cr i ter ion is not  
specific for a pa r t i cu l a r  conformat ion  change  bu t  reflects overal l  conformat ion  changes .  
~$~en ova lbumin  has  fex~, if any,  ,q-S bonds  the  a b n o r m a l  tyros ine  residues m a y  well 
impose some cons t ra in t  on the  molecule.  The  ac t iva t ion  process m a y  involve  the 
r u p t u r e  of a cr i t ical  n u m b e r  of these  s ide-chain bonds.  

Clearly u l t rav io le t  spect ra l  m e a s u r e m e n t s  are  useful in following e n v i r o n m e n t a l  
changes  m proteins.  However ,  cau t ion  is necessary  in the i r  i n t e rp re t a t i on  and  the  
resul ts  ob ta ined  should be judged  only in con junc t ion  wi th  o the r  cri teria z°. 
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