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undergo this reaction in the absence of the other 
protein. This association is of a rapidly reequili-
brated type, and the polymeric species is greater 
than a dimer. The exact degree of association, 
however, cannot be deduced from the ultracentrif
ugal and electrophoretic data alone. Light scat
tering measurements aimed at that information 
will be described in the next paper of this series. 
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Introduction 
In the previous paper,3 ultracentrifugal and elec

trophoretic studies have been described, showing 
that /3-lactoglobulin undergoes a reversible aggre
gation at cold temperatures between pK 3.7 and 
5.2, maximal between ^H 4.40 and 4.65. This as
sociation yields species greater than a dimer, but the 
exact degree of aggregation could not be deduced, as 
trimer, tetramer and pentamer formation were 
equally compatible with the sedimentation data. 

In order to establish the stoichiometry of this 
reaction, a light scattering investigation was car
ried out between pH 3.7 and 5.1 in the temperature 
interval of 4.5 to 30°. It is the purpose of this pa
per to present the results of this study. 

Experimental 
Materials.—The proteins used were the samples of pooled 

/3-lactoglobulin (Prep II) and "Polis-B2 enriched" protein 
described in the previous two papers.3 '4 

Light Scattering.—The light scattering measurements were 
carried out at 436 rm» in the Brice-Speiser photometer,5 

using 2 mm. slit optics. Stock concentrated solutions {ca. 
100 g./l.) of /3-lactoglobulin were made up in an acetate buffer 
of proper pK ( r / 2 = 0.1), dialyzed overnight against a 
large excess of the same buffer and cleared for light scattering 
by centrifuging in a Spinco Model L6 centrifuge at 
40,000 r.p.m. for 30 tnin., with filtration through an ultra-
fine sintered glass filter of special design7'8 The working 
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solutions were then made up by dilution into Dintzis-type 
cells,9 using an ultra-micro burette. A blank light scattering 
measurement was first carried out in each cell on the diluting 
buffer used in it. Mixing was accomplished by gentle inver
sion and rocking of the teflon-stoppered cell. The tempera
ture of the solutions was controlled by keeping the cells in a 
constant temperature bath adjusted to the desired tempera
ture. The room was kept at a temperature close to the work
ing temperature to minimize temperature changes during 
the actual measurements. Water from the constant tem
perature bath was circulated through the cell holder table 
and through a coil in the cell compartment of the pho
tometer. 

The solutions were prepared at the highest temperature 
used in a particular experiment, and then the temperature 
was decreased stepwise for each set of measurements. In 
this way, leakage out of the cell due to air expansion was 
avoided. Concentrations were measured on the stock solu
tion and the cell contents were weighed at the beginning and 
end of a series of measurements to check for evaporation or 
leakage. 

Concentrations were measured by ultraviolet absorption 
at 278 Hi)J, using a value of 0.96 l . /cm. g. for the absorp
tivity.3 The value for dn/dc used was 0.1890.10 All pK's 
were measured on a Beckman Model G6 pH meter at 25°. 

Results 
Since, for the proper interpretation of the electro

phoretic, ultracentrifugal and light scattering data, 
it is essential to know whether the association is 
rapidly re-equilibrated, light scattering experi
ments were carried out to determine this rate. A 
92.1 g./l. solution of pooled /3-lactoglobulin was 
prepared in a pK 4.65 acetate buffer of 0.1 ionic 
strength, dialyzed against the same buffer and fil
tered for light scattering at 4.5°. It was then di
luted rapidly with buffer to 10.6 and 3.2 g./l. with no 
change in temperature and its turbidity was meas-
lured as a function of time, starting less than one 
minute after dilution. It was found that no 
changes occurred after three minutes, while read
ings taken at times less than three minutes were not 
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Molecular Interactions in /3-Lactoglobulin. III. Light Scattering Investigation of the 
Stoichiometry of the Association between pH 3.7 and 5.22 

BY ROBERT TOWNEND AND SERGE N. TIMASHEFF 
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A light scattering investigation of the association of /3-lactoglobulin between pB. 3.7 and 5.2 has been carried out. The 
data can be best described in terms of a monomer-tetramer equilibrium. At the pH of maximal association &F> = —14.4 =fc 
0.4 kcal./mole, AH0 = - 53 ± 1 kcal./mole, AS° = - 1 3 8 ± 6 e.u. From the thermodynamic parameters obtained in 
light scattering as a function of pK, area distributions of ultracentrifugal patterns have been calculated using the Gilbert 
theory. These are in quantitative agreement with the experimental sedimentation patterns. Comparison of samples of 
different compositions show that 90% of (3-A and 30% of (3-B can enter into this reaction. 
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Fig. 1.—Light scattering data on pooled 0-lactoglobulin 
at pH 3.7 and 5.1: O, pH 3.7, 25°; • , pK 3.7, 8°; A, pU 
5.1,30°; D, pB. 5.1, 4.5°. The dashed line at pH 5.1, 4.5° 
was calculated from the equilibrium constant and the slope 
at 30°. 
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Fig. 2.—Light scattering data on pooled 0-lactoglobulin 
at pK 4.4: O, 4.5°; • , 8°; A, 12°; • , 15°; V, 25°. The 
curves have been calculated from the equilibrium constants 
of Table II, as described in the text. 

much different from the final equilibrium values. 
I t was concluded, then, t ha t no significant changes 
in turbidity occur over the period during which meas
urements are taken and t ha t equilibrium is estab
lished within one or two minutes. Since this is 
very short compared to the length of ultracentrifu-
gal and electrophoretic runs, the system may be 
considered as an instantaneously re-equilibrated 
one for the purpose of da ta analysis, and the use of 
the Gilbert theory1 1 in the previous paper3 is fully 
justified. For light scattering studies, one can as
sume t h a t the solutions are in a s ta te of equilibrium 
a t the time of measurement, which is of the order of 
20-30 minutes after mixing or after reaching the 
experimental temperature. 
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Fig, 3.—Light scattering data on pooled /3-lactoglobulin 
at ^H 4.65: O, 4.5°; A, 8°; V, 12°; D, 15°; »,25°. The 
curves have been calculated from the equilibrium constants 
of Table II, as described in the text. 
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Fig. 4.—Light scattering data on "Polis ft-enriched" /S-
lactoglobulin at pH 4.65 

, tetramer at 4.5 O . 
O, 4.5°; A, 8°; D, 15°; »,25°. 

—, pentamer at 4.5°; , 
tetramer at other temperatures, using equilibrium constants 
of Table I. 

Complete light scattering experiments were car
ried out on the Prep I I /3-lactoglobulin between the 
temperatures of 4.5 and 30° a t £H ' s 3.7, 3.9, 4.14, 
4.4, 4.65, 4.9 and 5.1 in the concentration range of 
0.5 to 35 g./l . The results of some of these are pre
sented in Figs. 1-4. I t can be seen in Fig. 1 tha t a t 
pH. 3.7 no significant change in turbidity occurs 
with decrease in temperatures, as the points ob
tained a t 25 and 8° almost coincide over the entire 
concentration range studied. The slope a t both 
temperatures is positive and almost identical. At 

pH. 5.1, the function H —-decreases with concentra-
Ar 

tion a t all temperatures between 4.5 and 30° and a t 
each concentration the low temperature points fall 
significantly below the corresponding room temper
ature ones, indicating the presence of a real effect a t 
^ H 5.1. 

At the pH's of 4.4 and 4.65 (Fig. 2 and 3), there is 

a sharp decrease in the function H — with increasing 

concentration a t all temperatures. At the lower 
temperatures, the points first drop strongly and 
tend asymptotically toward a limit a t higher con
centrations. Thus, a t pH 4.65, the values of H ^-

A T 
(ii) G. A. Gilbert, Discussions Faraday Soc, No. 2,08 (ioflo). measured a t a protein concentration of 56 g./l. (not 
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Fig. 5.—Light scattering data on pooled /3-lactoglobulin at 
pn 4.9: O, 4.5°; • , 12°; A, 25°. 

shown in the figure) are not much different from 
those obtained between 20 and 35 g./'l. At higher 

temperatures, the decrease in the values of H -^ 
A T 

with increasing concentration becomes pronounced 
only in the higher concentration region, following 
an initial very slow decrease. The ul t imate value 
of II --- approached decreases with a decrease in 

temperature. 
Similar light scattering measurements were car

ried out on the "Polis /32-enriched" protein a t ^ H 
4.65. The results obtained, shown in Fig. 4, are 
similar to those of the Prep I I protein (Fig. 3). 

C" 
At each concentration, however, the values of II — -

Ar 
are lower than the corresponding value for the Prep 
I I /3-lactoglobulin. Therefore, at every tempera-

ture, the ul t imate value of H -—- a t tained by the 
Ar J 

"/32-enriched" protein is lower than tha t in the case 
of the pooled milk preparation. 

The results a t £ H 4.9 (Fig. 5) for the Prep I I pro
tein exhibit the same effects. At this pK, the data 
a t 30 ° (not in figure) show an increase in turbidity 
with increase in concentration. The difference be
tween the points a t 30° and those at lower tempera
tures, however, demonstrates tha t a t pH 4.9 also 
there is a strong temperature dependence of light 
scattering. 

Discussion 
A detailed analysis of the light scattering data 

was undertaken in the following manner. In a 
three component system,12 the light scattering equa
tion913*16 can be written in the form (component 0 
= water, component 1 = diffusible solute, com
ponent 2 = protein) 

T 1 <W'/ 
''1'Rt dC2 

UCA „ 
Ar 1 

JL * K 
+ D}Mm 

C2 F d̂C1 QCJ J) 

D = 

Il = 

dCi dCj 

32 T-n2 (d»/dC2)2 

(D 

3X4.V 

= .Rr log G + /UjW + Mi0 [T1P) 

(12) In the present case, the system is really a four component one. 
However, the buffer (sodium acetate and acetic acid) will be con
sidered for simplicity as a single component, 

(13) J. G. Kirkwood and R. J. Goldberg, J. Chem. Phys., 18, 54 
(1050). 

(14) W. H. Stockmayer, ibid., 18, 58 (1850). 
(15) H. C. Brinkman and J. J. Hermans, ibid., 17, 574 (1949). 

where C2 is the protein concentration in g./ml., AT 
is the excess turbidity of the solution over the sol
vent, Mm is the molecular weight of the protein 
monomer, n the refractive index of the solvent, X 
the wave length of the light, and jj.2{e) is the excess 
chemical potential of the protein. R, T and N 
have their usual significance. The terms F and <p 
are functions of the protein-diffusible component 
interaction and tha t of diffusible component with 
itself. 4> also depends on the ratio of the refractive 
increments of the protein and the diffusible com
ponent. 

Under the conditions of the present experiments, 
the contributions of F and <f> can be expected to be 
small. The term D can be set equal to zero by 
analogy with serum albumin,16.17 since/3-lactoglobu
lin binds small ions18'19 to a lesser extent than 
BSA.20 The term F should not be affected, as a 
first approximation, by aggregation. Thus, the 
light scattering equation for an associating system 
can be written in the form 

*£ I = J-T 
T Afn, L 

1 + C2 + F )] (2) 

where ym is the activity coefficient of the non-
aggregated protein and / m is the fraction unag-
gregated. 

For the reaction nP^Pn, the association equi
librium constant, Ka, is given by 

(1 - / m W r n " " 1 r , "ATw - Mm A' 
«Zm" C2"-

= 1 (n - I)Afn, 
(3) 

Then 
d log Jm 

nrciT 
KMn ~ DZm"C2«- Mm M, 

Afn + K„ n*fm
na M„ C2 

AT Mm L V 
5 log 

d C2 

1 -
'H 

MJ Mm 

M* 

+ 

M~„ 
+ 

2B0C2 

Mm 
(4) 

Where Mw is the weight average molecular weight 
of the system at any given protein concentration 
and (2Ba/Mm) is the second virial coefficient of the 
non-aggregated protein. I t has been shown tha t 
for several systems B0 does not change with 
aggregation.16.21 •2 2 

Since the maximum of aggregation of /3-lacto
globulin occurs between pH. 4.40 and 4.65,3 '23 this 
region was selected for the detailed analysis of the 
stoichiometry of this process. At pH 4.65, the 
/3-lactoglobulin monomer carries a net average 
charge of +7 1 6 ' 2 4 due to proton binding and i t can 
be shown tha t at 0.1 ionic strength the light scat
tering second virial coefficient should be very small. 
The principal contributions to 2B0/Mm should be 
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a positive one from charge-charge repulsion and 
negative ones from the attractive force due to 
charge fluctuations9'20'26-28 and from the ion-
binding term F.9.20 The contribution29 to 2B„ZMm 
of the repulsive force was estimated by a method30 

similar to that of Stigter and Hill31 to be ca. 2.5 X 
10 -7 l./g. The value of the fluctuating charge due 
to proton fluctuations, <AZ2

2>'/!Av., of /3-lactoglob-
ulin was calculated according to the method of 
Kirkwood and Shumaker25'32 to be 3.5, giving a 
contribution to 2B0ZMm of ca. - 0.8 X 10~7 

l./g. The small negative contribution due to 
fluctuation of other bound ions cannot be calcu
lated in the absence of detailed binding data. 

The term F was estimated20 from data on potas
sium binding16 to be ca. — 0.5 X 1O-7 l./g., assum
ing that sodium and potassium binding is not 
drastically different. Thus, 2Bo/Mm is the sum of 
small positive and negative quantities of similar 
magnitude and is itself small. The variation of 
2BoZMm with temperature should not be significant 
if the principal contributions are electrostatic in 
nature. 

Data analysis at pH. 4.65 in 0.1 ionic strength 
acetate buffer is greatly facilitated by taking 2B0/ 
Mm to be zero, an assumption which the above 
arguments indicate as reasonable. The function 
HCi/AT can be considered then to be equal to the 
reciprocal of the weight average molecular weight 
at any given concentration, and the equilibrium 
constant can be calculated directly from the data, 
using equation 3. Such an assumption would result 
in an error of not more than 5% at a protein con
centration of 20 g./l. 

Values of the molecular weights obtained at the 
higher protein concentrations at pH 4.65 rule out 
completely the previously proposed concept of 
a dimer.2333'34 This is in full agreement with the 
Gilbert11 analysis3 of the ultracentrifugal data. 
Thus, at 4.5° and a protein concentration of 
30 g./l., the weight average molecular weight 
is 87,000 in the case of the Prep II protein and 
103,000 in the "Polis ftj-enriched" material. The 
monomer molecular weight obtained in these light 
scattering studies is ca. 37,000.3S 

If it is considered, as shown in the previous 
paper,3 that the protein consists of two fractions, 
one which can aggregate (/0Ag) and the other one 
which cannot (Am), then, for the association 

(25) J. O. Kirkwood and J. B. Shumaker, Proc. Natl. Acad. Set., 
U. S., 38, 803 (1952). 

(26) S. X, Timashefl, H. M. Dintzis and J. G. Kirkwood, ibid., 41, 
710 (1955). 

(27) S. N. Timashcff and I. Tinoco, Arch. Biochem. Biophys., 66, 
427 (1957). 
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(1959). 
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(31) D. Stigter and T. L. Hill, J. Phys. Chem., 63, 551 (1959). 
(32) J. G. Kirkwood and J. B. Shumaker, Proc. Natl. Acad. Sci. 

U. S., 38, 855 (1952). 
(33) A. G. Ogston and J. M. A. Tilley, Biochem. J., 59, 644 (1955). 
(34) H. Klostergaard and R. A. Pasternak, T H I S JOURNAL, 79, 5671 

(1957). 
(35) The best value for monomer molecular weight seems to be 

35,500.3e The small discrepancy is probably due to the uncertainty in 
photometer calibration; small amounts of dust would also give an ap
parent molecular weight which is too high. 

(36) F. R. Scnti and R. C. Warmer, Tins JoirKNAi,, 70, 3318 (1948). 
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Fig. 6.—Determination of degree of aggregation of pooled 

(S-lactoglobulin: lines calculated: , tetramer; 

• , trimer; a n d — • —, pentamer formations, x = 0.66; 

O, experimental points; pH 4.65, 4.5°. 

reaction, w/°Ag ^ (/3Ag)n, the equilibrium constant 
K3 is given by 

where a is the fraction of /3Ag aggregated at con
centration C2 and x is the fraction of /3-lactoglobulin 
represented by /3A8. 

The reciprocal of HC2ZAr at any given concentra
tion being equal to the weight average molecular 
weight, the equilibrium constant corresponding to 
each light scattering point can be calculated for 
any degree of association using eq. 5 and the 
relationship 

M„ = Mm [1 + (« - 1) xa] (6) 

From the average values of K3. obtained in this 
manner, the smoothed light scattering curves over 
the entire concentration range studied can be cal
culated for any values of w and x. 

From the ultracentrifugal study described in the 
previous paper,3 it is known that x = 0.66 for pooled 
/3-lactoglobulin (Prep II) and x = 0.76 for the "fo-
enriched" protein. 

Using the value of x for the pooled protein, equi
librium constants fitting the data point by point 
were calculated setting « = 3 , 4 and 5. The average 
values of K3 at pK 4.65 were found to be 2.0 X 
108 l.2moles-2, 2.0 X 1011 l.3moles-3, and 4.0 X 
1014 l.4moles~4 for trimer, tetramer and pentamer 
formation, respectively. The smoothed light scat
tering curves, calculated with these values of K3 
are shown in Fig. 6. The dotted line corresponds 
to the trimer, the dot-dash line to the pentamer 
and the solid line to the tetramer. It is obvious 
that of the three, only the curve for tetramer for
mation fits the data well. The other two curves 
deviate strongly from the experimental points, the 
one for trimer being too low in the low concentra
tion range and too high at high concentration, while 
the situation is reversed in the case of the pentamer. 
The trimer is further eliminated by the fact that 
for x — 0.66, the experimental data above a con
centration of 25 g./l. can be satisfied only by an 
infinite value of K3.. Such a value of K3. would, 
of course, not permit any observable dissociation 
at the lower concentrations studied. 

The equilibrium constants deduced from the 
Prep II (x = 0.G6) results, if correct, should de-
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scribe also the association of the reactive fraction 
of /3-lactoglobulin in any other preparation. 

Theoretical light scattering curves were calcu
lated for the "/32-enriched" protein, using the equi
librium constants deduced above, with x = 0.76. 
The theoretical curves for tetramer and pentamer 
formation at 4.5° are shown by the solid line and 
dot-dash line, respectively on Fig. 4. The experi
mental points, which were then obtained, are 
shown by the open circles. The excellent agree
ment between the predicted theoretical curve for 
tetramerization of 76% of the protein and the 
experimental points is evident. The curve for 
pentamer formation is again in disagreement with 
the experimental data. The curve for trimeriza-
tion (not shown on the figure) was also equally off 
from the data. 

In similar manner equilibrium constants were 
determined at other temperatures for the Prep II 
protein at pH 4.65. The calculated curves ob
tained from the average values of Ka at the various 
temperatures (given in Table I) are shown by the 
curves of Fig. 3 and are seen to represent the 
experimental data very well. Theoretical curves 
were calculated for the "Polis /32-enriched" /3-
lactoglobulin (^H 4.65 acetate buffer, r / 2 = 0.1) 
at various temperatures using the tetramerization 
equilibrium constants of Table I with x = 0.76. 
The agreement with experimental data is found to 
be excellent as shown in Fig. 4, where the solid 
line is the calculated curve for 4.5° and the dashed 
lines are calculated for 8, 15 and 25°. 

TABLE I 

EQUILIBRIUM CONSTANTS OF THE TETRAMERIZATION OF B-

LACTOGLOBULIN 

pH 4.65 pH 4.40 
T, 0 C . K. T., 0 C . K* 

4 .5 (2.0 ± 0.3) X 1 0 u 4 .5 ( 2 . S i I ^ ) X l O 1 1 

6.5 (1.2 ± 0.2) X 1011 8.0 (9.0 ± 5.0) X 10" 
7 .5 (9.0 ± 1.0) X IO1" 12.0 (2.1 ± 1.3) X 1010 

8.0 (4 .5 ± 1.0) X 10"> 15.0 (7.5 ± 3.0) X 10» 
9.0 (5.4 ± 1.0) X 1010 25.0 (3 .5 ± 1.0) X 10s 

11.0 (3.0 ± 0.5) X 10W ^H 4.90 
12.0 (1.0 ± 0.3) X 10W 4 . 5 (1 .5 ± 0.7) X low 
15.0 (6.0 ± 1.0) X 10» 12.0 (3.0 ± 2 .0) X 10» 
25.0 (4 .5 ± 2.0) X 10s 25.0 (4.0 ± 2.0) X 10' 

The concept of tetramerization was further 
tested on the data obtained at pH 4.4 as shown on 
Fig. 2. The dashed lines shown were calculated in 
the same manner from average values of the equi
librium constants. The second virial coefficient 
was again assumed to be zero. The values of the 
equilibrium constants at various temperatures 
are given in Table I. 

The data at other pH's were analyzed in like 
manner in terms of a monomer-tetramer equi
librium of 66% of the pooled /3-lactoglobulin. 
Below pK 4.40 and above 4.65, the term 2B0/Mm 
had to be taken into account, since at lower pH's 
the charge-charge repulsion becomes predominant 
and results in a significant positive slope of light 
scattering, while at pH's closer to the isoelectric 
point this term becomes quite small and insuf
ficient to counter-balance the negative contribu
tions of the fluctuating charge and ion binding 

terms. In these cases, the value of 2Bo/Mm was 
taken from the slope of data obtained at 30° and 
subtracted from the lower temperature data before 
calculating the equilibrium constant. Details of 
such calculations are given elsewhere16 for the 
data at pH 4.14 with the Prep II protein. The 
excellent agreement between the calculated curves 
and the experimental points, shown in Fig. 2 of 
ref. 16, bears out the validity of this procedure. 

The shape of the light scattering curves shown on 
Fig. 2, 3 and 4 reflects the presence of a mixture of 
aggregating and non-aggregating proteins. The 
shape at low concentration is due to the presence 
of non-aggregating protein. As the concentration 
increases, the aggregation reaction becomes promi
nent and the weight average molecular weight 
undergoes a sharp increase. At the highest 
concentration, when the reaction is close to com
pletion, the increase in weight average molecular 
weight slows down considerably and the data fall 
on almost horizontal lines. 

Progressive aggregation of /3-lactoglobulin to 
species higher than tetramer seems to be unlikely. 
In such a case, the weight average molecular weight 
would continue to increase significantly with 
increasing protein concentration. The fact that 
Hd/Ar seems to approach asymptotically a limit
ing value can be seen from Fig. 3 and 4 and is a 
strong argument for a limit to the degree of as
sociation. Values of HCt/AT were also obtained at 
a concentration of 56 g./l. at pH 4.65 and were not 
significantly different from those at 35 g./l. at 
the various temperatures studied. Furthermore, 
in ultracentrifugal experiments, protein concentra
tions as high as 70 g./l. were used. In these ex
periments there was observed neither a significant 
increase of s2o,w of the rapid peak over its value at 
30 g./l. nor the appearance of any heavier species 
either as a new leading peak or as a leading shoulder 
on the rapid peak. It would thus seem that the 
aggregation of /3-lactoglobulin cannot be forced 
beyond the tetramer stage. 

In the preceding analysis of the data, it has been 
assumed that little or no contribution is made to 
the weight average molecular weight from species 
of intermediate degrees of polymerization. This 
assumption seems to be justifiable on the basis of 
the following reasoning. First, in the analysis of 
the ultracentrifugal data, presented in the previous 
paper,3 it was shown that the patterns could be 
resolved into two symmetrical peaks with no re
sidual area between them, the sedimentation 
constant of the slower peak being always equal to 
that of /3-lactoglobulin monomer. Further, if 
one assumes that the tetramer is formed by the 
association of two dimers (formed as intermediates), 
the equilibrium expressions become 

2/3Ag -^ ^AgI 

[0A».] K1 
OAg 

K1 

20Ag! v $Ag< 

(7) 

The over-all equilibrium constant of tetramer 
formation is 

= K2K1"- = 
iM\ 

4 (1 - a) 4 S3C2
3 (8) 
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where C2. is the total protein concentration, a is the 
fraction of protein present in aggregated form and 
ar is the fraction of aggregate present in the form 
of tetramer. Now, if K2»K1 (e.g., if K2 = K2) 
a- will be close to unity, the dimer will be present 
only in very small amount and its effect on the 
light scattering and sedimentation data would be 
negligible. The assumption that K2 <= Ki2 would 
be quite reasonable for a tetramer in the form of a 
ring. Such a model seems highly plausible in view 
of the impossibility of forcing the aggregation 
beyond the tetramer stage. Furthermore, the 
consecutive formation of a dimer and a tetramer is 
equivalent to two consecutive dimerizations since 
the (/3Ag) 2 species could be regarded as the monomer 
of the second dimerization reaction. In terms of 
the Gilbert theory,11 dimer formation produces 
only a single peak in the ultracentrifuge and con
secutive dimerizations would still yield only a single 
peak should the intermediate product be present 
in a significant amount. Since the ultracentrifugal 
patterns obtained have a bimodal area distribu
tion with no residual area between the two peaks, 
the formation of a significant amount of (PA&)2 

must be eliminated as a possibility. Similar reason
ing eliminates the presence of significant amounts of 
trimer as an intermediate. 

The possibility of various types of mixed ag
gregates must also be considered. It has been 
shown in the previous paper3 that ca. 30% of 
/3-B enters into the aggregation if /3-A is present. 
If the bond energies are identical for the two 
genetic species the case becomes trivial, the 
two proteins being indistinguishable from the 
point of view of this reaction. In the case of a 
small difference in bond energies, any difference in 
extent of aggregation would be small and not de
tectable by the experimental techniques used in 
this study. From the good agreement between 
the ultracentrifugal results obtained on preparation 
of various compositions3 and between the light 
scattering data on /3-lactoglobulins of two different 
compositions, it seems unlikely that any major 
difference exists between the bonds formed. It 
becomes possible, then, as a first approximation, 
to treat this system as a mixture of a reactive 
protein (/3A?, composed of 90% of the /3-A and 30% 
of the /3-B) and an unreactive one. The unreactive 
protein may reflect either the presence of structur
ally different proteins or an isomerization which 
must precede the aggregation (/3«=±/3*, with only 
/3* aggregating). For the /3-A protein, the first 
case seems to be true in view of Tombs' finding37 

of a minor (10%) component which behaves dif
ferently in electrophoresis from the bulk of /3-A. 
The situation in the case of /3-B is not clear at the 
present time, although its electrophoretic behavior4 

points to some type of molecular rearrangement. 
From the equilibrium constants of the tet-

ramerization reaction, thermodynamic parameters 
have been calculated as a function of pH. In 
Fig. 7, the values of log Ka obtained at pK 4.65 
are plotted as a function of 1/T. Values were 
obtained from light scattering measurements at 
nine different temperatures (between 4.5 and 25°), 

(37) M. P. Tombs, Biochem. J., 67, 517 (1957). 

A S S O C I A T I O N OF /3 - L ACT OG LOB U L I N 

PH 4.65 ACETATE r / 2 = 0.1 

• U.C. 
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3.5 

( l / T ) « IO5. 

Fig. 7.—AH" plot of data on /3-lactoglobulin at pH 4.65: 
O, light scattering; • , sedimentation (Gilbert analysis); 
A, electrophoresis (Gilbert analysis); ®, Archibald sedimen
tation analysis. 

deduced from an Archibald type sedimentation 
experiment38-41 at 4.1°, Gilbert analysis of 
sedimentation data3 at 2° and electrophoretic 
data at 0.5°. It can be seen that they fall on 
a single straight line. The agreement obtained 
between the four types of measurements must be 
taken as further strong evidence that the reaction 
is adequately described by a monomer-tetramer 
equilibrium. From the slope of the plot in Fig. 7, 
AH° of tetramerization is found to be — 52.7 kcal./ 
mole, A^0 at 4.5° = -14 .4 kcal./mole and AS0 

= - 1 3 8 e.u. 
The values of the thermodynamic parameters 

as a function of pH are presented in Table II. 
It can be seen that while AF° passes through a 
maximum at pH 4.40 — 4.65, AH° and conse
quently AS0 seem to assume progressively more 
negative values as the pK decreases. 

TABLE II 

THERMODYNAMIC PARAMETERS OP THE TETRAMERIZATION 
OF 0-LACTOGLOBULIN 

AF' (4.5°) 
kcal./mole 

Ai?0, 
kcal./mole 

AS0, 
e.u. PU 

3.90 - 1 1 . 1 ± 1 - 7 5 ± 15 -230 ± 60 
4.14 - 1 3 . 8 ± 0 . 4 - 5 9 ± 6 -163 ± 23 
4.40 -14 .6 ± .4 - 5 4 ± 2 -143 ± 8 
4.65 -14 .4 ± .4 - 5 3 ± 1 - 1 3 8 ± 6 
4.90 - 1 2 . 8 ± .5 - 3 5 ± 5 - 76 ± 25 
5.10 - 1 0 7 ± 1 - 2 0 ± 4 - 34 ± 18 

In order to check further the extent of agreement 
between the light scattering and ultracentrifugal 
results, the area distributions under the reaction 
boundaries of the ultracentrifugal patterns were 
calculated from the AF° and AH0 values listed in 
Table II. The calculations were done with the 

(38) W. J. Archibald, J. Pkys. Colloid Chem., 61, 1204 (1947). 
(39) R. A. Brown, D. Kritchevsky and M. Davies, T H I S JOURNAL, 

76, 3342 (1954). 
(40) S. M. Kleiner and G. Kegeles, J. Phys. Chem., 59, 952 (1955). 
(41) Archibald runs were carried out as described before.*2 That 

the Archibald technique can be applied to systems in rapid equilibrium 
has been shown previously.4' 

(42) R. Townend and S. N. Timasheff, T H I S JOURNAL, 79, 3613 
(1957). 

(43) G. Kegeles and M. S. Narasinga Rao, ibid., 80, 5721 (1958). 
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3.5 4,0 4 5 5 0 
pH 

Fig. 8.—Comparison of experimental and calculated 
ultracentrifugal area distributions on pooled /3-lactoglobulin 
at 2°, 30 g./l. protein in 0.1 ionic strength acetate buffer: 
• , values of Ke. for tetramerization at 2°, calculated from 
light scattering data; O, area distributions calculated from 
light scattering data using the Gilbert theory (x = 0.66); 

, curve drawn through experimentally determined 
area distribution under ultracentrifugal reaction boundaries. 

use of eq. 3 of Paper II of this series, remembering 
that the two equilibrium constants are related b)r 

vK* K0 = (9) 

Setting Mm = 37,000 and n = 4, the values of 
log Ka. and of the per cent of protein under the 
rapidly sedimenting "component" were calculated. 
These are shown on Fig. 8, together with the ex
perimentally obtained3 area distributions at the 
same conditions. The agreement obtained in this 
comparison of light scattering and ultracentrifugal 
results is quite satisfactory and bears out once 
again the treatment of the data in terms of tetramer 
formation, as well as the participation of the frac
tions of /3-A and /?-B deduced from the ultracentrif
ugal studies.3 One should further consider that 
the comparison involves both the errors in the 
analysis of light scattering data and the uncertainty 
inherent in the "component" analysis of reaction 
boundaries."45 This calculation of ultracentrif
ugal area distributions from light scattering data 
appears to be the first of its kind and can be con
sidered as a further verification of the Gilbert 
theory of sedimentation in aggregating systems. 

The agreement obtained between the light scat
tering, ultracentrifugal and electrophoretic results 
proves that a portion of /3-lactoglobulin can undergo 
a reversible tetramerization between the pH's of 
3.7 and 5.2. Between pK 4.65 and 4.40, in the 
range of maximal association, the charge per mole
cule of 37,000 varies from 4-7 to 4-10.16 In the 
region where the association is no longer detectable 
(pH 3.7 - 3.5) the charge per 37,000 molecular 
weight is found to be +20 to 4-22. The observed 
association takes place then in a pH region at which 
there is still a strong non-specific electrostatic 
repulsion between the individual molecules. Using 
the Verwey and Overbeek potential,48 one can 

(44) L. G. Longsworth. in M. Bier "Electrophoresis," Academic 
Press, Inc., New York, N. Y., 1959, p. 91. 

(45) R. A. Brown and S. W. Timasheff, ibid., p. 317. 
(4B) E. J. W. Verwey and J. Th. G. Overbeek, "Theory of the Sta 

bility of Lyophobic Colloids," Elsevier Publishing Co., Inc., Amster
dam, 1948. 

calculate a repulsive energy (between the two 
molecules at closest approach) of 0.7 and 14.0 
kcal./mole at pH 4.5 and 3.5, respectively. This 
calculation is only approximate and is based on the 
assumption that /3-lactoglobulin is a spherical 
molecule with an even charge distribution. I t is 
assumed also that all charges are located 1 A. 
beneath the surface of the molecule.47 The value 
of the dielectric constant used was, therefore, 20. 
The actual intramolecular energy pattern may be 
quite different from this idealized situation. Tan-
ford has shown that the pattern of charge distri
bution on a molecule can play a primary role in 
determining the value of the electrostatic energy of 
a molecule and of its variation with pU. Thus, 
although an over-all repulsive force might be ex
pected to exist between molecules such as are pres
ent in this system, molecular conformation and 
charge configuration may bring strong local at
tractive forces into play at close approach. The 
existence of proper constellations of ionizable 
groups at appropriate specific sites on the molecule 
could thus lead to intermolecular bond formation. 
While it would appear, therefore, that the interac
tion between molecules of /3-lactoglobulin is of a 
specific nature, it seems that a detailed discussion 
of the mechanism of association and the types of 
forces involved must await more information on 
the nature of the participation of the two genetic 
species4849 of /3-lactoglobulin in this reaction. 
Work to that effect is presently in progress. 

The pH dependence of the thermodynamic 
parameters of this reaction presents an interesting 
pattern. The dependence of AF° on pH falls on 
a curve which is essentially bell-shaped, while no 
such effect is present in Ai?0 or AS0 While the 
values of the enthalpy at the extreme pK's carry 
a large uncertainty, there seems to be definitely a 
trend to less negative values of the enthalpy with 
increasing ^H. The resulting values of the en
tropy reflect the uncertainty of the A//0 and AF0 

values. Nevertheless, a trend to larger values with 
increasing pH. seems to be present in this case also. 
Using the ideal gas equations, the calculated value 
of changes in entropies of rotation and translation 
for the tetramerization of /3-lactoglobulin is ca. 
— 250 e.u. The experimental value is —140 e.u. 
This latter seems to be accountable completely in 
terms of the change in size of the kinetic unit. 
The difference between —250 and —140 e.u., 
if considered real, may be ascribed to a molecular 
rearrangement which precedes aggregation and 
which has a positive entropy, a change in proton 
binding of the units of the aggregate or a loss of 
water of hydration in the course of the reaction. 
If it is considered that each water molecule lost 
contributes a positive entropy increment of 5 
e.u., there would be required a loss of only five 
to six watnr molecules per site in a /3-lactoglobulin 
monomer. Loss of such an amount of water of 
hydration in the interacting site is not unreason
able. 

(47) C. Tanford, Tins JOURNAL, 79, 5340, 5;S4S (J(Ii)"). 
(48) R. Aschaffenburg and J. Drewry, Xtiture, 176, 218 

(1955). 
(40) S. N. Timasheff and R. Townend, Tins JOURNAL, 80, 4433 

(1958). 


