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%t/.MMARY 

The temperature-dependent  association of fl-casein has been investigated by  ultra-  
centrifugation and viscometrv. At 4:  B-casein exists as a mononler with a minimum 
molecular weight of about 25o00. At 8.5 ~- and 13.5 ° thread-like polymers are formed, 
tha t  are interl inked firmly. The rate of association appears to be quite low. At 8.5 ~ 
the degree of polymerizat ion amount'.; to about 22; at 13.5 ° it certainly must  be con- 
s iderably higher. The value of the second virial coefficient of the polymers as deduced 
from Archibald 's  method is 7.8o. IO-" (g/Ioo ml)-1, which is comparable to the values 
expected for r od l i ke  or coiled polymers. The poor equilibration ~,f the system is 
discussed. 

INTRODUCTION 

Heterogeneous casein consti tutes about 80 % of the milk proteins~, 2. fl-Casein, the 
association of which is dealt  with in the present paper,  is one of its principal com- 
ponents.  Different methods for the isolation of B-casein have been described a-~ and 
by  electrophoresis and sedimentat ion it is concluded to be a homogeneous protein 
with a min imum molecular weight of about 25o0o (ref. 6). 

F rom previous investigations of Vox HIPPEL AND WAUGH 7 and of SULLIVAN et al. ~, 

it is known tha t  fl-casein shows a strong tendency to associate with rising temperature.  
At  low temperature ,  e.g. 4 °, the protein exists in solution as a monomer. HAWLER s 
s tudied the  influence of the ionic s trength on the l ight-scattering of fl-casein solutions. 
F rom his observations HAWLER concluded tha t  the ra te  of association is low and 
the association only par t ia l ly  reversible. 

The present investigation was carried out at  8.5 ° and 13.5 ° ; at  these temperatures  
considerable association is observed. I t  was under taken in order to get some insight 
into the  configurational characterist ics and the degree of polymerization of the fl-casein 
polymers.  Moreover, association now appears to be quite a common phenomenon 
in protein solutions s-13. I t  is therefore of general interest  to compare/~-casein with 
other associating proteins. 

Association of proteins can be studied conveniently by  ultracentrifugation as 
applied in this s tudy.  From the sedimentat ion pa t te rn  the sedimentation coefficients 
and the relat ive amounts  of monomer and polymers can be evaluated.  The recent 
development  of the so-called Archibald method x4 permits  a reliable est imate of the 
weight average molecular weight. Further ,  as a consequence of the different 
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sedimentation velocities of monomers and polymers additional information can be 
gained regarding the rate of association. As will be shown, with fl-casein this rate 
appears to be quite small as compared to the rate of separation of the sedimenting 
species. 

Tile intrinsic viscosities of the fl-casein monomer and polymers have been de- 
termined by complementary viscosity measurements. 

MATERIAL AND METHODS 

fl-Casein was prepared by the urea method of HIPP et al. 4 with slight modifications 
from the alcohol method 4 and WARNER'S isoelectric precipitation 3. The following 
procedure proved to be most succesful. 

The casein fraction soluble in 1. 7 M urea was prepared according to HIPPet al. 4 

and used as the starting material for the isolation of purified fl-cascin. By free electro- 
phoresis this fraction was found to contain a-, fl- and y-casein in varying proportions. 
The pH of its aqueous urea solution was lowered to 4.7 by  addition of o.I N HC1 and 
(NHa)zSO4 was added to a final concentration of 1.6 M. The precipitate formed was 
filtered off and washed with distilled water. I t  was redissolved at pH 7.o by addition 
of o.i N NaOH. The protein concentration was adjusted to 0. 5 % and the tem- 
perature of the solution lowered to 2 ° . Thereafter a-casein was precipitated by 
bringing the pH to 4.5 and the precipitate was discarded. The filtrate was waxmed 
up to 33 ° and the pH raised to 4.9. The precipitate that  formed, consisted mainly 
of fl-casein; y-casein remaining in solution. The puri ty of this fi-casein was checked 
by free electrophoresis. If  necessary, it was redissolved and freed from residual 
a-casein by a repeated cycle of precipitations at 2 ° and 33 °. The final product was 
desalted by dialysis, lyophilized and stored in the cold. The fl-casein thus prepared 
was found to be homogeneous by prolonged free electrophoresis and by sedimentation 
at 4 °. By starch-get electrophoresis in a buffer containing 7 M urea only very minor 
impurities could be detected a~. 

Sedimentation was studied with a Phywe air-driven ultracentrifuge le. Apparent 
molecular weights were determined by the Archibald method before the plateau- 
region in the cell had disappeared 17,18. At the bot tom of the sedimentation-cell the 
determinations proved to be unreliable as a consequence of the disappearance of 
a sharp interface with accumulation of tile sediment. The molecular weights recorded 
therefore originate from the meniscus of the liquid column only. Measurements of 
the sedimentation patterns were made. on the photographic plates enlarged 20 x in 
a photographic enlarger. The concentrations at the meniscus were evaluated by means 
of the equations of KLAINER AND KEGELES 17, using the technique proposed by 
GINSBURG et al. TM. The initial protein concentration was determined with a Meyerhoff 
synthetic-boundary celP 9. 

The fl-casein was dissolved in barbiturate buffer of pH 7-50 and adjusted with 
NaC1 to an ionic strength of 0.20. Prior to sedimentation the solutions were stored for 
at  least 24 h in the sedimentation-cell at the measuring temperature. Also the rotor 
and the vacuum-chamber of the ultracentrifuge were forecooled. In this way the 
sedimentation behaviour was found to be roughly reproducible, irrespective of the 
previous treatment of the samples. 

The buoyancy-term (I - -  ~Tp), 77 partial specific volume of the protein, p density 
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of t h e  so lu t ion  was e v a l u a t e d  b y  t h e  m e t h o d  ou t l i ned  b v  KRAEMER 2°. I t s  va lue  was 
f o u n d  to  be  0.268 :i: 0.002. 

T h e  v i scos i ty  m e a s u r e m e n t s  were ca r r i ed  ou t  ;,n U b b e l o h d e  v i scomete r s  wi th  
out f low t i m e s  of a b o u t  200 sec a n d  a t  t h e  same  t e m p e r a t u r e s  as app l ied  in the  u l t r a -  
cen t r i fuge .  T h e  so lu t ions  were e q u i l i b r a t e d  in t h e  same  m a n n e r  as  desc r ibed  for t h e  
sedime:~.tation measurement .~.  T h e y  were p rev ious ly  f i l tered t h r o u g h  a (;-3 glass filter. 

RESULTS 

In  acco rdance  w i t h  p rev ious  authors6,  7, a t  4 ° fl-casein s ed imen t s  as a single peak  wi th  
a s e d i m e n t a t i o n  coefficient of 1.5o S. At  8.5 ° a n d  a t  c o n c e n t r a t i o n s  exceed ing  a b o u t  
o . I  5 g / I o o  ml  a r a p i d l y  migra t i f ig  p e a k  appears ,  as is shown in Fig. I. T h e  sed imen-  
t a t i o n  coefficient of t h i s  r ap id  peak  is e x t r e m e l y  c o n c e n t r a t i o n - d e p e n d e n t .  S imi lar  

resu l t s  were o b t a i n e d  a t  13.5 ° . T h e  inf luence  of t h e  c o n c e n t r a t i o n  on  the  s e d i m e n t a t i o n  
coefficients of m o n o m e r  a n d  po lymer s  at  8.5 ° a n d  13.5 ° is r e p r e s e n t e d  in Fig. 2. 
T h e  s e d i m e n t a t i o n  coefficwnts of t h e  po lymers  a t  inf in i te  d i lu t ion  were o b t a i n e d  b y  
p l o t t i n g  1/s2o, w v e r s u s  c o n c e n t r a t i o n .  By  t h e  m e t h o d  of leas t  squares  the  d a t a  at  
8.5 ° were  f i t t ed  b y  

l/s2o.,,. ~ ~¢.79" lo 2 + 4-75" ~o-2C 
a n d  a t  13.5 ° b y  

i/s20.,. = 2.83- .,o 2 + 27.5 o. io-2C _ _  i i .9  z. 1o-2C2 

T h e  c o r r e s p o n d i n g  value:~ of s,_,0, w a t  inf in i te  d i lu t ion  are g iven  in Tab le  I[ .  
T h e  A r c h i b a l d  m e a s u r e m e n t s  were i n c o r p o r a t e d  i n to  the  p lo t  p roposed  b y  

TRAL'TMAN 21 in wh ich  the  q u a n t i t y  R T O c / O x / o J Z x  m e a s u r e d  a t  va r ious  ro to r  speeds  at  

2 %  

o .e% 

I %  

o~3 */. i 

Fig. x. Typical sedimentation patterns of fl-casein solutions at 8.5 c. Experimental conditions: 
barbiturate buffer (pH 7.50: ! 9.2o); Phywe air-driven ultracentrifuge; synthetic boundary" 
cell at  45000 rev./min. Upper left: 2%, after xoo rain; upper right: z %, after 65 min; lower 

lrft: o.8 %, after 8o min; lower right: 0.33 %, after z5 min. 
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t h e  m e n i s c u s  is p l o t t e d  a g a i n s t  t h e  c o n c e n t r a t i o n  d e c r e a s e  a t  t h e  m e n i s c u s ,  Acmen.  

F r o m  t h e  s l o p e  o f  t h i s  p l o t  v a r i o u s  k i n d s  o f  m o l e c u l a r  w e i g h t s  c a n  be  c a l c u l a t e d ,  

a s  w a s  t, , n o n s t r a t e d  b y  TRAUTMAN 21 a n d  YPHANTIS 22. T y p i c a l  p l o t s  fo r  ~ - c a s e i n  

S20,w 

1 [  ~ ' ' . . . .  

12 

10 

8 

, I .  
4 po lymer  

2 i o °° n~onome~__ ,o-~--e . -8  

°o  o.~;o d6o +.+o +.6o 2.60 "' 
----- g / l O 0  m l 

Fig. 2. Concentra t ion-dependence of the  sedimentaeion coefficients of r -case in  monomers  and  
polymers.  Full  circles: exper imen t s  a t  8.5°; open circles: exper imen t s  a t  13.5". Fu r the r  experi-  

men ta l  detai ls  as in Fig. [. 

a t  8 .5  ° a r e  g i v e n  in  F ig .  3. A l s o  i n c l u d e d  in  t h i s  f i gu re  is  t h e  l i n e a r  T r a u t m a n  p l o t  

for  t h e  r - c a s e i n  m o n o m e r  a t  4 °, w h i c h  is  c h a r a c t e r i s t i c  fo r  a h o m o g e n e o u s  s u b s t a n c e .  

T h e  d o w n w a r d  c u r v a t u r e s  of  t h e  p l o t s  a t  8 .5  ° i n d i c a t e  t h e  m o r e  r a p i d  s e d i m e n t a t i o n  

of  t h e  p o l y m e r  a s  c o m p a r e d  t o  t h e  m o n o m e r ,  w h i c h  l e a d s  t o  a s h a r p  d e c r e a s e  o f  

t h e  a v e r a g e  m o l e c u l a r  w e i g h t  a t  t h e  m e n i s c u s  a s  t h e  s e d i m e n t a t i o n  p r o c e e d s .  T w o  

p o i n t s  s h o u l d  be  n o t e d  in  t h i s  r e s p e c t .  

F i r s t l y ,  t h e  s t e e p  i n i t i a l  s l o p e  o f  t h e  T r a u t m a n  p l o t s  m a k e s  a r e l i a b l e  e x t r a -  

T A B L E  I 

APPARENT MOLECULAR WEIGHTS IN ~-CASEIN SOLUTIONS 
OF DIFFERENT CONCENTRATIONS AT 4 ° AND 8.~ ~ 

Protein conch. Temperature "~app × .lip" × to s** 
(g/too ml) ~ 31 m x to "a to-* 

Leo 4 24.9 :;= I - -  --- 
o.19 8.5 25.9 =k 2 70 5 :15  - -  
o.33 8, 5 26.1 ! 2 98 ::~_ 7 - -  
o.5 o 8,5 24. 4 ~.2 2 H2  ~ 7 460 
o.()o 8. 5 24. 7 -- 2 to2 ! 7 360 
0.75 8. 5 28.8 ___+ 2 116 ~: 7 - -  
0.80 8.5 35.9 ± 2 90 :k 7 242 
I.OO 8. 5 ~ I I [ :~ 7 278 
L2o 8.5 27.7 ::E 2 I 17 q: 7 244 

• 5 ° 8.5 2 3 . 4  =E 2 t o 2  ~ 7 I92 
2,oo 8. 5 . 112 L~ 15 19o 

* Measurements  l imited to low speeds of rota t ion;  final slope of T r a u t m a n  plot not  known.  
** Calculated from ~avp  and  tile areas  of the sed imenta t ion  peaks .  
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pola t ion to  the  val6e  of ([~'FOC/OX/o/'X),nen at ACmen : o ra ther  difficult. As a conse- 
quence,  the  init ial  apparen t  molecular  weights der ived  from this q u a n t i t y  have  
a probable  error  of about  12 °o. At o.I  9 and 2.oo g / Ioo  ml  the  error was e s t ima ted  to 

1!4 
v/q/A/ /2 

o 
o~ • . 0 0.20 0 

0,33 °/~ ; ' 8°,5 

ot 

i 

o ; o  o. o o.2o O.lO 

10.0 E 

7.~" 
rMx 

2.5 l 

QSO o/,,; 8°5 ]" 
lb 

/ 
? o 

®/ 5 

_~?~'~'~'~, ol o 0.50 0.40 0.'30 0.20 0.10 
• ~ Z~Cme n (g / lO0 ml ) 

150O/o; 8°5 

o o/ 
g 

M 

1.50 1.00 0.'50 
"',,---- Z& Cmen (g / lO0 ml) 

c 
40 

2o )13 

!o 

Fig. 3. Typical Trautman plots for fl-casein at 4 ° and 8.5% Upper left: I °o, 4 ;  upper right: 
0.33 %, 8.5°; lower left: o.5%, 8.5"; lower right: 1.5%, 8.5 °. Experimental details, see Fig. i. 
O, [oooo rev./min; Q, izooo rev./min; O, I5ooo rev./min; ~ ,  t8ooo rev./min; ./3, 2rooo rex-. 

per rain; A, z7ooo rev./min; (), 33ooo rev./min; n ,  36ooo rev./min; 27, 42ooo rev./min. 

be  twice  as m u c h  due to the  grea ter  inaccuracy  in the  ex t rapola t ion  of the  concen- 
t r a t ion  grad ien ts  to (Oc/OX)men at such ex t reme concent ra t ions  23. At  I3.5 ° even the  
in i t ia l  slope of t he  T r a u t m a n  plots  was so steep, t ha t  ex t rapola t ion  was not  feasible, 
as is c lear ly  d e m o n s t r a t e d  in Fig. 4. The  molecular  weights  of the  fl-casein po lymers  
de r ived  f rom the  Archiba ld  measu remen t s  are l imi ted  therefore  to ti le lower measur ing  
t e m p e r a t u r e  of 8.5 °. T h e y  are col lected in Fig. 5 and Column 4 of Table  I. 

The  second remarkab le  poin t  concerns the  final slopes of the  T r a u t m a n  plots,  
which are cons tan t  and  in near ly  all cases correspond to the  molecular  weight  of the  
fl-casein monomer .  The  molecular  weights  of the  monomer ,  which are  der ived  from 
these  final slopes are also included in Table  I, Column 3- 

A t  the  meniscus  concent ra t ions  corresponding to  the  cons tan t  final slopes of the  
T r a u t m a n  plots,  obvious ly  no po lymer  is left  at  the  meniscus.  These meniscus  concen- 
t r a t ions  cons iderably  exceed the  va lue  of o.I  5 g / Ioo  ml, below which the  pol}maer had  
also d isappeared  f rom the  sed imenta t ion  pa t t e rns  of solutions equi l ibra ted  overnight .  
Hence  i t  appears  t ha t  the  ra te  of re -equi l ibra t ion  of the  association dur ing sedimen- 
t a t ion  is qu i te  small  as compared  to the  ra te  of separa t ion  of monomers  and polymers .  

Biogk m. B ophys. Acta, 7I (1963) 517-53o 
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This behav iour  should be compared  wi th  the  associat ions of rennin  n,  f l- lactoglobulin x2 
and flagellin la, t h a t  have  been shown to be rapid.  In  the  case of =-chymotryps in  1° 
the  ra te  of associat ion was found to be not  v e r y  large,  t hough  GILBERT'S theo ry  for 
the  sed imenta t ion  of rap id ly  associat ing macromolecules=4, 25 could still  be applied.  
This theory  predicts  tha t  g iven rap id  re-equi l ibra t ion,  the  area  of the  slow peak in 
the  sed imenta t ion  pa t t e rn  should remain  cons tan t  on va ry ing  the  protein concen-" 

"!t I 3o 

I 25  

:11 =° ~I~ 

lO 

2' 

(280 0.60 0.40 0.20 0 
A Cme r ( g / lO0  ml ) -,t--- 

Fig. 4- Trautman plot for/5-casein at I3.5 °. Protein concentration, 0.80 g/woo ml. Experimental 
details, see Fig. L ~,  60O0 rev./min; It, i8ooo rev.lmin; Q, 12ooo rev.]min; O, x5ooo rev.]min; 

A, 2tooo rev./min. 

i~ap p. 10 -3 

t 
120 

IO0 

8O 

6C 

4C 

2C 

/ 

o~o ~6o ~.;o ~3o 
g / l O O m l  

Fig. 5. Apparent weight average molecular weights versus concentration for fl-casein solutionsat 8.5 °. 
Points: extrapolated values at zero time of sedimentation. Experimental details as in Fig. L 
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tration24,2~,l~-. Naturally in the opposite case, this area .,hould increase with concen- 
tration. Fig. 6 shows the latter to occur with/9-casein at 8.5 :~' and 13.5 °. This is further 
evidence that  the rate of re-equilibration during sedimentation is quite slow. As was 
mentioned above, HAWLER 8, investigating the influence of salt on the light-scattering 
of/9-casein, also ascribed his findings to sh;w equilibration. 

Graphs of the reduced viscosity verszts the concentration for/3 casein solutions 
at 4 °, 8.5 ° and 13.5 ° are given in Fig. 7. As was found by S['LLIV..XX el al.% the vis- 
cosities decrease with rising temperature, indicating that the intrinsic viscosities of 
the/~-casein polymers are lower than that of the monomer. This suggests that  some, 
folding or coiling of the polym~,rs occurs as their molecular weight increases, though 
an alternative explanation of decreased hvdration could bo given as well ~-6. 

g 
>1 

4C 

o ~ 2c 

~o 
< 
l o  

o : ~ ~ 1 3 o 5  g°5 

o.go ~.6o 1:go 2.00 zso 
g/ lO0 ml 

Fig. 6. Areas under the slow peaks of the 
sedimentation patterns of fl-casein at 8.5 ~ and 
I3.5 °, Full circles: 8.5~; open circles: i3.5:. 

Further experimental details, see Fig. I. 

~?sp//c 
(100 ml/g ) 

t 
polymer, 8°5 

* /  8°5 
0.30 / .~6 /4,-4o 

J o,7._~~ 
o2.~ @ _ ~ y  ~o/o~°~ 

P 
o.q~ I 

O.10}f o 

0"05 I 

O/ 
o o ~ o  ' o . k o  ~,~o ' ~.~o 

~ ( g / l O 0  ml ) 

Fig. 7. Reduced-viscosity ])lots for ~-casein at 
different temperatures. Solvent used as in 
Fig. I. &, 4°; 0,  8.5~; "~, I3.5 ~'. - - - ,  calcu- 
lated reduced viscosity for the polymer at 8. 5 '. 

The plots at 8.5 ° and 13.5 ° show a remarkable downward curvature, that may 
also be noticed in the figures presented by Vox HIPPEL AND WAI'GH v, SVLLIVAN el al. 6 

and SCHOBER et a l Y .  The expectation is, however, that  as a consequence of progressive 
dissociation on dilution, they should bend upwards to the viscosity plot of the 
monomer. The data of Fig. 7 were checked at different times after dilution of the 
samples, but  they proved to be constant even after 2 4 h. Evidently they represent 
equilibrium data. I t  was further thought that  the phenomenon could be due to the 
adsorption of protein to the glass-filter or the viscometer~, 29. However, the concen- 
trat ion of the solutions was not changed after passing through the glass-fitter. More- 
over the curvature was also found with unfiltered solutions. It  thus is questionable 
whether adorption can account for the curvature of the reduced viscosity plots 
at 8.5 ° and 13.5 °. No e.,cplanation of the phenomenon can be given as yet. 

Biochim. Biophys. Acta, 71 (1963) 517-53o 
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CALCULATIONS 

The moleczdar weight of the polymers from the Archibald measurements and the areas 
of the sedimentation pattern 

The apparent  molecular weight measured by  Archibald 's  method in polydisperse, 
non-ideal systems has been considered by  KEGELES et al. 3° and FUJITA et al. zl. 

The results presented in Figs. 2 and 3 suggest tha t  non-ideal i ty  effects in the 
present Archibald measurements  should originate mainly  from the B-casein polymers.  
The apparent  molecular weights were analyzed therefore by  assuming ideal behaviour 
of the monomers. I t  can easi ly be shown by following the arguments  of KEGELES et alp °, 
that  for this case the apparent  molecular weight is given by  

~[a.pp = (Cm-'lfm + Cp,~Ip3)/C (I) 

where Cm. cp and c represent the concentrat ions of monomer and polymer  and the 
total  c~mcentration, respectively.  Mp' is the apparent  molecular weight of the polymer  
and defined by  

3Ip' = 3Ip(i - tDln fp/~in Cp) (2) 

fl~ being the ac t iv i ty  coefficient of the polymers.  Al te rna t ive ly  one m a y  apply  the 
equivalent  expression : 

l],ltp" = i/.'l/p + BOp (3) 

with B the second virial  coefficient as obtained from Archibald 's  method a°,aL 
Values of 31 o' were calculated by  Eqn. i from the values of Mapp given in 

column 4 of Table I, and assuming the monomer molecular weight to be 24900. 

~o~/~ 

5.OG 

4.0C 

3.oc 

2..O¢ 

"LOC 

% 

/ 
a~,o ' a ~  ' 1~,o 

g / t o o  ml 

Fig. 8. Extrapolation of the reciprocal apparent molecular weight of the/3-casein polymer at 8.5 °. 

The concentrat ions of monomer and polymer  were derived from the areas under the 
peaks of the sedimentat ion pa t te rns  correcting for radial  dilution and neglecting the 
JOHNSTON--OGSTON effectZ2,14. The results are collected in Column 5 of Table I and  
p lo t ted  against  cp in Fig. 8. For  an ext rapola t ion  according to Eqn. 3 the da ta  were 
f i t ted by  the method of least squares, yielding 

iI,rVIj," = 115.95. io 5 + 7.80- lO -6 Cp -- 4.17" Io -e cp 2 (4) 

Accordingly the polymer  molecular weight a t  8.5 ° found by  ext rapola t ion  to zero 
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c o n c e n t r a t i o n  is 5.95" IOS a n d  ttle second vir ia l  coefficient,  B ,  7.8. !o -6 (g/Ioo re, l) -1. 
These  r e su l t s  will be d iscussed below. 

T h e  i n t r i n s i c  v i scos i t y  o f  the f3-caseilz p o l y m e r s  

The  specific v i scos i ty  of a so lu t ion  of m o n o m e r s  a n d  po lymers  is g iven  by"6, '~3. 

lisp == "~1 mCm ~ "~1 I'Cl ' i- t~mCm 2 + IJl, Cp 2 4- /$tnpCmCll -~- .... (5) 

where  t h e  c o n s t a n t s  Bin, 13o ant i  Bmp a c c o u n t  for t h e  m u t u a l  i n t e r a c t i o n s  of monomer s ,  
po lymer s  a n d  m o n o m e r s  a n d  polymers ,  respect ive ly .  

As can  be seen f rom t h e  reduced-v i scos i ty  plot  a t  4 (Fig. 7), for the  n lonomer  
we h a v e  to  a fair  degree  

(t/~l,} m = "k I rnCm ,L BroOm"- ((~) 

w i t h  [~'/im = 0.23 ant i  Bm = o.o49.. 
F r o m  Eqns .  5 a n d  6 we o b t a i n  

{t/s0 .... (ttsp)m}/Cp = "~1o + H~,c, ( 13mpCm =.- =n I p } HvQ, ~ {Hmv/h',,:~)cj, 'l'' (7) 

a s s u m i n g  t h e  e q u i l i b r i u m  b e t w e e n  m o n o m e r s  a n d  po lymers  to  be g iven  by  

c o := Kn3cm n (S) 

F r o m  E q n .  7 we see, t h a t  a p lo t  of { ~ / , p -  (~l,u)m}/C o vs. cp shou ld  yield _ q p  in t h e  
l imi t  of zero p o l y m e r  c o n c e n t r a t i o n .  

F o r  a n  e v a l u a t i o n  of [~/::0 a t  8 . y '  Eqn .  7 was app l ied  to t h e  l inear  p a r t  of the  
r educed -v i scos i t y  p lo t  a t  t h i s  t e m p e r a t u r e ,  u s ing  the  va lues  of i~/im a n d  Bm given  
above .  T h e  c o n c e n t r a t i o n s  Cm a n d  c o aga in  were  de r ived  f rom t h e  areas  in t h e  sed imen-  
t a t i o n  p a t t e r n s .  As is s h o w n  b y  t h e  d o t t e d  l ine in Fig. 7, {~]sp-(~,sl , )m}/Co var ies  
l i nea r ly  w i t h  cp. A p p a r e n t l y  t h e  i n t e r a c t i o n  c o n s t a n t  Brnv in Eqn .  (7) is negl ig ib ly  

small .  By  e x t r a p o l a t i o n  [0] o is f ound  to be 0.2o. 
At  13.5 ° no  ca l cu la t ion  of [~Lv was a t t e m p t e d  on  a c c o u n t  of the  cons ide rab le  

c u r v a t u r e  in t h e  r educed -v i scos i t y  pl'~t. 

T h e  m o l e c u l a r  we igh t  o f  the p o l y m e r s  f r o m  s2o,w a n d  ~l~o 

F r o m  t h e  va lues  of s20,w a n d  i q v  an  e s t i m a t e  of the  molecu la r  weigh t  of t h e  
p o l y m e r s  can  be m a d e  w i th  the  a id  of the  wel l -known e q u a t i o n  of SCHERAGA AND 
I~IAN DELKERNI4 - 

31p = .~O90(s20.,,,)312rtf.ol12[( I -- Of0)3/2 (9) 

where  s20,w is in  Svedbe rgs  ant! [~t o in Ioo  ml/g.  T h e  app l i ca t i on  of th is  e q u a t i o n  
to  t h e  p r e s e n t  resu l t s  a t  8 . 5  ~ leads to  a p o l y m e r  molecu la r  weigh t  of ,1..88-xo 5. For  

TABLE II 

HYDRODYNAMIC CHARACTERISTICS AND ,XIOLECULAR 'WEIGHTS 
OF fl-CASEtN MONOMERS (m) A.ND POLY.MERS (p) 

Temperatum 
(°C? 

5.,,. w (Svcdbergs) M • to ~ .~ yl] (too ml/g., A xial ratio" 

m p (Eqn. .U (Eqp*. 9) m p m p 

4 1.50 . . . . .  0.23 - -  12.2 - -  
8.5 1.50 , 11.4 5.95 4 .88 - -  O.20 - -  It  

13.5 1.50 : 35 . . . . . . . . .  

" Calculated for prolate ellipsoids from )/i with ~ = 0.74 (ref. I) and a hydration of o.z g/g. 
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comparison the calculated polymer molecular weights are included in Table If. I t  
can be seen that  at 8.5 ° both methods of calculation lead (u molecular weights differing 
by about 20 %. In view of the approximate chara~'ter of Eqn. ct and the uncertainty 
in the extrapolation according to Eqn. 4 this may  be considered satisfactory. 

If it is assumed that  fl-casein polymers behave as random coils with restricted 
drain~,ag, the constant in Eqn. 9 should be replaced by 392o (ref. 14). Accordingly, 
the molecular weights calculated by this equation would be diminished by about 
20 %, leading to a worse agreement with the molecular weight derived from the 
Archibald measurements. 

DISCUSSION 

Figs. I and 2 confirm previou~ observations of Vox HIPPEL AND VVAUGH 7 and  of 
SVLLIVAN el aL e. The latter authors state, however, that  the lowest temperature at 
which association is observed, is 15 ° . The reason for this discrepancy between their 
and our results is not clear, tile more so, because our viscosity measurements at 
8.5 ° agree fairly well with the results of SULLIVAN et al. at 8 °. Anyhow, fl-casein is 
shown to associate at rising temperatures and in this respect resembles the casein 
micelles, that  occur in milk2,L No explanation of this peculiar temperature influence 
car, bc given as yet, though several mechanisms have been suggested in the case of 
other proteins°, 3~. No doubt the strong association is connected with the extremely 
high content of apolar side-chains found iil fl-casein 9. 

The tremendous concentration-dependence of the sedimentation coefficients of 
the fl-casein polymers (lqg. z)'*i's quite unusual for proteins. I t  indicates tha t  the 
fl-casein polymers in solution exist as more or less stiff rods 26 or as interlinked flexible 
coils 35. Also the value of 7.80, IO -e (g/Ioo ml) -1 found for the second virial coefficient 
of the polymers at 8 5 ° is interesting in this respect. Comparison shows that  this value 
is of the same order as the values found by the same technique for the virial coefficients 
of polyvinylchloride a° and polystyrene al. In these investigations the polyvinylchloride 
had a molecular weight of about 5oooo, wherea2 the polystyrene had nearly the same 
moi.:cuiar weij, ht  as the fl-casein polymers at 8.5 °. These synthetic polymers exist 
in sdut ion as random coils z8 and it can be shown that  for such molecules the virial 
coefficient is only slight!y dependent on the molecular weight ~. On the other hand, 
with proteins and especially with globular proteins, the virial coefficients usually 
appear to be much smaller2a, zc. I t  would be premature, however, to conclude from 
this that  the fl-casein polymers ii~ve a randomly coiled structure. For the vir,.'al 
coefficients of randomly coiled and rod-like molecules do not differ very much ~. 
Moreover we have seen that  the molecular weight calculated from s2o,w and [~]p on 
the basis of the random-coil model is in serious disagreement with that  derived from 
the Archibald measurements. The conception that  the polymers are stiff, impenetrable 
rods is further favoured by the steep slope of {~/sp-- (~/sp)ra}/Cp at 8.5 °. We feel there- 
fore, tha t  a definite choice between a randomly coiled and a rod-like structure on 
the basis of the present experiments cannot be made as yet. 

The ideal behaviour of the monomer demonstrated by Figs. 2 and 3 seems to 
be inconsistent with its high intrinsic viscosity. For comparison we have given in 
Table I I  the values of the axial ratios of monomer and polymer as deduced from their 
intrinsic viscosities. I t  was assumed that  both kinds of molecules could be represented 
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by prolate ellipsoids of revolution with an equal hydration of o.2 g/g. it  can be ~*~en 
from Table i i  that  the calculated asymmetr 3, of the monomer is somewhat larger 
than that  of the polymer. The question thus arises, why the monomer, in contrast 
to the polymers behaves ideally. For instance one might imagine that in the Trautman 
plot zt 4 ° (Fig. 3) this ideal behaviour is only simulated by the opposite effects ()f 
non-ideality and polydispersity 22,23. Likewise in the plot of s~.0,w vs. c the c,~_'._,','~- 
tration-dependence of so0,w could be compensated by the formation of lower po- 
lymers 14. Although it would be highly fortuitous that such a complete compensati-n 
would occur at all concentrations in both kinds of plots, a further investigation of 
the homogeneity of the slow peak was considered worthwhile. This can easily b~. 
achieved by the boundary-spreading test proposed by BALi)WlY ~ for the case whert. 
tb.e sedimentation coefficient is concentration-independent. According to this author, 
for a homogeneous substance the plot (,f (S - -  s) ~ vs. I/t exp (~o/-t) at fixed values of 
g*(S)/g*(S)max should pass through the origin. Here S is an apparent coefficient, that 
is defined by 

5; ~ In (x/xo)/o~t (rol 

where x and x 0 are the respective distances from the centre of rotation of sc~me point 
in the boundary considered and the meniscus; ~, is the angular velocity and t the 
time of sedimentation. ] is the mean sedimentation coefficient of the boundary and 
g*(S) the apparent distribution of sedimentation coefficients. BALI)Wlg's test was 
applied to the trailing edge of the slow peak of the sedimentation pattern. Fig. ~i 
shows clearly that the plots at fixed values of g*(S)/g*(S)max pass indeed through the 
origin, suggesting homogeneity of the slow peak. Consequently, we conclude that 
the ideal beha' "iour of the slow component cannot be due to the compensating effects 
of non-idealitv and polydispersity, but  that it is real. A possible explanation of this 
paradoxical ideality might be that  we have assumed too low a hydration of the 

1026 (S - g)2 

t /o.~ 
15 / 

- - ~ 1 o  4 (Vt exp (g~o2t)) 

Fig. 9. BALDWI~'S boundary-spreading test applied to the slow peak of the sedimentation pattern. 
The number at each plot indicates the fixed value of g*(S)/g*(S)m~. Protein concentration, 

o.8i g/loo mL 
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monomer as compared with the polymer, thus overest imating its a ~ a l  ratio. I t  is 
worthwhile to mention tha t  the higly asymmetr ical  fibrinogen molecules also show 
nearly ideal behaviour3L 

Though polymers of a low degree of polymerizat ion thus seem to be absent from 
the slow peak, it may well be tha t  the fast peak is heterogeneous with respect to 
molecular weight. Here BALDWIN'S test fails on account of the ext remely  large concen- 
trat ion-dependence of the sedimentat ion coefficient of the fast peak. In case the 
polymer thus might be heterogeneous, the molecular weights calculated in the previous 
section represent average values. For  instance, i t  can easily be shown tha t  then the  
po137ner molecular weight calculated by  Eqn. I is the over the polymers only averaged 
weight average. 

The shape of the sedimentat ion pa t te rns  and the fact that  the sedimentat ion 
coefficients decrease with concentrat ion over the whole concentrat ion range suggest, 
however, a very l imited dis t r ibut ion of polymer  molecular weights. 

Evidence has been obtained tha t  the association of/3-casein respond.,; only slowly 
to changes in the concentrat ion.  One might wonder whether  equil ibr ium is a t ta ined  
at all. This suspicion is further  supported by  the large scat ter ing of the exper imental  
points of Figs. 5 and 6 and by  the incomplete reversibi l i ty observed by  HAWLER s. 
In  order to investigate whether serious deviat ions from the equil ibr ium occur, values 
of the association constants  were calculated at different concentrat ions.  The concen- 
t ra t ions Cm and co in these calculations again were taken from the areas of the sedimen- 
ta t ion  pat terns.  The non-ideal i ty  of the polymer was accounted for byaS: 

lnfp = BMpvp /I1) 

Accordingly Eqn. 8 is modified into 

Kn = (cp/Mp) exp (BMpcp)/(Cra/Mm)n (12) 

Values of pKn calculated with the reasonable values of n ----- 2o, 22 and 24 are collected 
in Table I I I .  I t  can be seen tha t  especially at the lower concentrat ions with no value 
of n pKn is constant.  Three possible explanat ions can be given for this observation. 
The first of these is tha t  the exper imental  errors in cm and c o and in par t icular  the 
neglect of the JOHNSTON-.OGsTON effect14, a2 could account for the inconstancy of 
pKn. For  it is clear from Eqn. 12 tha t  as a consequence of the large value of n, 
relat ively small errors in Cm great ly  affect the magni tude of Kn. However, in order to 
account for the whole inconstancy of pKn, one has to assume an error of about  IOO % 
in Cm. This seems far too high to be explained by  the JOHNSTOI~--OGSTON effect 14. 

The next  possibil i ty is tha t  Eqn. I I  does not apply  to the fl-casein polymers.  

TABLE lI1 
V A L U E S  OF p / ~ n  C A L C U L A T E D  FROM T H E  A R E A S  OF T H E  S E D I M E N T A T I O N  P A T T E R N S  

W I T H  D I F F E R E N T  V A L U E S  OF T H E  D E G R E E  OF P O L Y M E R I Z A T I O N  (n )  

Cto t c m Cp PKzo PK2: pK, ,  
(glxoo ml) (gl:oo ml) (glxoo ml~ 

0.50 0.40 o. lo --89.39 --98.95 --108.53 
! .oo 0.66 0-34 --85.97 --95.17 --IO4.43 
1.50 O.8I 0.69 --85.09 --94.t6 --103.20 
z.oo 0.94 ~.o6 --84.52 --93.6t --102.48 
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A c t u a l l y  t h i s  e q u a t i o n  h a s  1)(,en sev( ' reh"  c r i t i c i zed  for  n o n - g l o b u l a r  p r o t e i n s  ~.  A g a i n ,  

howevc. r ,  i t  is d o u b t  ful w h e t h e r  dev ia t i~ ,n s  f r o m  E q n .  I I c o u l d  e x p l a i n  t h e  i n c o n s t a n c y  

of  p K n  compl , . t . l y - .  

\ \ ' c  a r e  t h u s  left  w i t h  t h e  t h i r d  p ~ - s i b i l i t y ,  t h a t  t h e  i n c o n s t a n c y  of  p K ~  is d u e ,  

p a r t i a l l y  or  comple te ly - ,  to  t h e  p . , w  e q u i l i b r a t i o n  of  t h e  s y s t e m .  As  a c o n s e q u e n c e  

of  t h i s  o n e  m i g h t  e x p e c t  d e v i a t i o n s  . f  cm. c ,  a n d  n f r o m  t h e  e q u i l i b r i u m  v a l u e s .  T h e  

d a t a  o f ' t a b l e  I I I d e m o n s t r a t e  ch,:trl-" t imt  a s m a l l  s h i f t  of  n b r i n g s  a b o u t  a t r e m e n d o u s  

c h a n g e  in p K n .  ( ' o n s e q u e n t l y  t h e  o b s e r v e d  i n c o n s t a n c y  in  p K n  c a n n o t  be  d u e  to  

l a rge  v a r i a t i o n s  in n. T h e  v a l u e  of n c a h : u l a t e d  in t h e  p r e v i o u s  s e c t i o n  (i.e. n := 2o-2 , t )  

t l m s  s e e m s  f a i r ly  wel l  e s t a b l i s h e d .  T h i s  h igb  v a l u e  is r e m a r k a b l e ,  s i n c e  in m o s t  p r o t e i n  

a s s o c i a t i o n s  s t u d i e d  h i t h e r t o  9 m t h e  d e g r e e s  of  a s s o c i a t i o n  were  c o n s i d e r a b l y  lower .  

A t  13.5 t h e  m o l e c u l a r  w e i g h t  d e t e r m i n a t i o n s  fa i led .  F r o m  t h e  e x t r a p o l a t e d  

v a l u e  o f  s',.o,,t, a n d  f r o m  t h e  c '¢ t r , .u lc lv  :ateep i n i t i a l  s lope  of t h e  T r a u t m a n  ph) t  t h e  

c o n c l u s i o n  s e e m s  t() be  j u s t i f i e d ,  h o w e v e r ,  t h a t  t h e  d e g r e e  of a s s o c i a t i o n  is c o n s i d e r a b l y  

h i g h e r  t h a n  a t  8 .5  ° . 
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