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TABLE I I I 

LITERATURE NAMES AND CHARACTERISTICS OF 5-LACTO-

GLOBULiN C O M P O N E N T S 

Authors 

Aschaffenburg and Drewry 
Aschaffenburg and Drewry 
Ogston and Tombs 
Klostergaard and Pasternak 
Polis and co-workers 
Townend and Timasheff 

# H 

8.6, Tiselius electrophor. 
5.6, Tiselius electrophor. 
5.3, Tiselius electrophor. 
4.65-4.8, Tiselius electrophor. 

8.6, Paper electrophor. 

Component 

A 
1 
1 
2« 

1,2 (?)6 

Fast 

names 

B 
2 
2 
1» 

2(P)5 

Slow 

Relative mobility 
Fast 
Fast 
Fast 

Slowest and 
fastest 

Fast 

Slow 
Slow 
Slow 
Inter

mediate 
Slow 

Ref. 

12 
11 
13 
14 
5 

20 

This p: 
This pi 
This p; 

15 

11 

"Based on electrophoretic data. ' The "ft-enriched" 
protein was found to be enriched in |S-lactoglobulin A; 
JSi could be best identified as 10% non-associating fraction of 
/S-A. 

at pH 4.8 indicates that it does not associate 
strongly as does the bulk of /3-A.15 Thus, it be
comes impossible at the present time to identify 

Introduction 
In the previous paper3 it has been shown that 

the electrophoretic heterogeneity of /3-lactoglobulin 
between pK 5.3 and 6.0 can be, to a large extent, 
explained in terms of the true molecular heterogen
eity of that protein. Below this pH. region, how
ever, the observed heterogeneity has been attrib
uted, at least in part, to the presence of intermolec-
ular interactions,4 although part of the heterogen
eity is the result of the presence of more than one 
protein species in /3-lactoglobulin.6 As the result of 
electrophoretic and ultracentrifugal experiments, 
Ogston and Tilley4 concluded that, around pH 4.65, 
/3-lactoglobulin can undergo a reversible tempera
ture dependent association which is favored by low 
pH. It has been shown by the present authors8 

(1) Eastern Utilization Research and Development Division, Agri
cultural Research Service, U. S. Department of Agriculture. 

(2) This work was presented in part at the First Delaware Valley 
regional meeting of the American Chemical Society, Philadelphia, 
February 1956, at the 131st National Meeting of the American Chemi
cal Society, Miami, April 1957, at the 132nd Meeting; New York, 
September 1957 and at the 133rd Meeting, San Francisco, April 1958. 

(3) S. N. Timasheff and R. Townend, T H I S JOURNAL, 82, 3157 
(1960). 

(4) A. G. Ogston and J. M. A. Tilley, Biochem. J., 59, 644 (1955). 
(5) R. Aschaffenburg and J. Drewry, Nature, 176, 218 (1955). 
(6) R. Townend and S. N. Timasheff, Arch. Biochem. Biophys., 68, 

482 (1956). 

unequivocally the components reported by Polis 
and co-workers with the genetically different ma
terials. The electrophoretic data indicate possibly 
that the Polis ft. protein corresponds to the minor 
(10%) component of /3-A which, according to 
Tombs' postulate,28 does not associate and thus 
might give a "homogeneous" electrophoretic pat
tern at pH 4.8. 

Because of the confusion which exists in the lit
erature and the above mutual identification of 
various /3-lactoglobulins, it is suggested that the 
nomenclature of /3-lactoglobulin A and /3-lactoglobu
lin B, as proposed by Aschaffenburg,12 be adopted 
generally for the genetic species of this protein, es
pecially since this nomenclature was chosen spe
cifically to be consistent with generally accepted 
genetic usage.12 

Acknowledgments.—We would like to thank Dr. 
W. G. Gordon for giving us samples of pooled 
milk /3-lactoglobulin preparations, Dr. T. L. Mc-
Meekin for a sample of the "/32-enriched" Polis 
fraction and Dr. R. Aschaffenburg for samples of 
/3-lactoglobulins A and B. 

that this association of /3-lactoglobulin below its iso
electric point is restricted to the pH region be
tween 3.5 and 5.2, with maximal association be
tween pH 4.40 and 4.65. Furthermore, below this 
pH region, /3-lactoglobulin is known to dissociate 
into smaller molecular units,7 this latter reaction be
coming very prominent below pH 3.5. I t is the 
purpose of this paper to present the results of a 
systematic ultracentrifugal and electrophoretic 
investigation of the association of /J-lactoglobulin 
between pH 3.5 and 5.2. In order to avoid confu
sion, the term monomer will be used to designate the 
36,000 molecular weight species. Heavier species 
will be referred to as aggregates. 

Experimental 
Materials.—The proteins used were preparations of /3-

lactoglobulin from pooled milk, given to us by Dr. W. G. 
Gordon, referred to as Preparation II,» a sample of Polis 
"ftrenriched" protein3'8 given to us by Dr. T . L. McMeekin 
and samples of /3-lactoglobulin A (/3-A) and /3-lactoglobulin 
B (/3B)9'10 given to us by Dr. R. Aschaffenburg, as well as 

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

(8) B. D. Polis, H. W. Schmukler, J. H. Custer and T. L. McMeekin. 
ibid., 72, 4965 (1950). 

(9) R. Aschaffenburg and J. Drewry, Nature, 180, 376 (1957). 
(10) R. Aschaffenburg and J. Drewry, Biochem. J., 65, 273 (1957). 
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Molecular Interactions in /3-Lactoglobulin. II. Ultracentrifugal and Electrophoretic 
Studies of the Association of (3-Lactoglobulin below its Isoelectric Point2 

BY ROBERT TOWNEND, R. J. WINTERBOTTOM AND SERGE N. TIMASHEFF 

RECEIVED SEPTEMBER 1, 1959 

An ultracentrifugal and electrophoretic study of the association of /3-lactoglobulin between pH 3.5 and 5.2 has been carried 
out. Analysis of the data in terms of the Gilbert theory shows the aggregate to be greater than a dimer; trimer, tetramer 
and pentamer formations are compatible with the sedimentation data, with little or no intermediate components present. 
90% of jS-lactoglobulin A can associate, while /3-lactoglobulin B does not form heavy aggregates when present by itself. 
30% of /3-lactoglobulin B can, however, form mixed aggregates with /3-lactoglobulin A. 
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Fig. 1.—Ultracentrifugal composition of pooled /3-lacto-
globulin in the pK region below the isoelectric point, at 
1 — 3° in 0.1 ionic strength acetate buffer. 

several fractions11 prepared by Dr. R. F . Peterson by the 
filter paper curtain electorphoresis technique. 

Methods.—All ultracentrifuge experiments were carried 
out in a Spinco Model E analytical ultracentrifuge12 a t 
59,780 r .p.m. using KeI-F cells. The ultracentrifuge was 
equipped with a phase-shift plate and in the later experi
ments, a temperature control unit. Electrophoretic meas
urements were done in a Perkin-Elmer electrophoresis 
apparatus, Model 38A12 at 0°. The ultracentrifugal and 
electrophoretic patterns were analyzed from enlarged pro
jected tracings. In the case of ultracentrifugal patterns, 
the slowly sedimenting component was drawn by projecting 
the trailing edge of the boundary over the mid-point of the 
peak, the rapid component being obtained by subtraction of 
the area under the slow peak from the total area. In every 
case, two essentially symmetrical boundaries were obtained. 
The apparent compositions were not corrected for the John
ston and Ogston13 anomaly, since the theoretical treatment 
of a system in rapid equilibrium takes concentration effects 
into account directly.14 Sedimentation constants were 
measured with the aid of a micro-comparator. Concentra
tions were measured by ultraviolet absorption a t 278 m^, 
using a value of 0.96 l./cm.g for the absorptivity. This 
was measured in pH 5.3 acetate buffer of 0.1 ionic strength. 
This value was determined on a sample whose concentration 
was established by drying at 105° to constant weight and 
checked by micro Kjeldahl nitrogen analysis. The absorp-
tivities were found to be identical16 for the two genetic species 
of 0-lactoglobulin. All £H's were measured in a Beckman 
Model G12 pB. meter a t 25°. 

Results 
The pH dependence of the amount of rapidly 

sedimenting material present in pooled milk /3-
lactoglobulin solutions (preparation II) is shown in 
Fig. 1. The experiments were carried out at 2-3° 
in 0.1 ionic strength acetate buffers. The protein 
concentrations were 10 and 25-32 g./l. As can be 
seen, little heavy component is present at p~H 5.1, 
but as the pH is decreased, the degree of association 
increases rapidly down to pH 4.7. Below pH 4.40, 
the amount of rapidly sedimenting material de
creases again until at pH 3.50 no more heavy ma
terial is observed in the ultracentrifuge. Between 
pH. 4.40 and 4.65 the degree of association seems to 
be at a constant maximal value. Although above 

(11) R. F. Peterson, unpublished experiments. 
(12) Mention of specific firms and products does not imply endorse

ment by the Department to the possible detriment of others not men
tioned. 

(13) J. P. Johnston and A. G. Ogston, Trans. Faraday Soc, 42, 789 
(1946). 

(14) G. A. Gilbert, private communication. 
(In) C. Tanford and Y. Nozaki, / . Biol. Chem., 234, 2874 (1959). 
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Fig. 2.—Ultracentrifugal composition of various prepara
tions of (3-lactoglobulin as a function of protein concentra
tion at pH 4.65 in 0.1 ionic strength acetate buffer, 2°. 
Experimental points: • , /3-A; triangles, Polis "/32-enriched" 
prep.; O, pooled 0. Calculated curves; •, 100% 
aggregable material; , 90% aggregable material; 

, 76% aggregable material; , 66% aggregable 
material. 

pH 5.0, no analysis into components can be made, 
the ultracentrifugal patterns are more or less skewed 
and the sedimentation constant is above that of the 
unassociated protein until pH 5.30, as shown in 
Table I. Above pH 5.30, no association can be 
detected in the ultracentrifugal measurements, as 
the sedimentation constant remains normal even 
at high protein concentrations. 

TABLE I 

^H DEPENDENCE OF SEDIMENTATION CONSTANTS OF POOLED 

/3-LACTOGLOBULIN 

PB. 

3.85 
4.07 
4.40 
4.64 
4.88 
5.02 
5.10 
5.20 
5.30 
5.49 

Temp., 0C. 

2 .5 
2.6 
3.0 
3 .1 
2 .5 
2.0 
2.0 
2.0 
2.0 
2.0 

Prot. concn., 
g./l. 

30.5 
28.8 
25.8 
29 1 
29.4 
30.0 
30 0 
30.0 
30.8 
30.0 

Slow 

2.62, 
2 .5 
3.3 
3 1 
2 .9 
3.12, 
2.99 
2.83 
2.78 
2.80 

-S2CW X 1 0 1 ! 

Fast 
skewed forward 

4.29 
4.83 
5.01 
4.29 

skewed forward 

The concentration dependence of the amount of 
associated material present at pH 4.65 (1-3°) for 
pooled /3-lactoglobulin, the Polis "/32-enriched" 
sample and /3-lactoglobulin A is shown in Fig. 2. 
In all three cases, an initial rapid increase in the 
relative amounts of rapidly sedimenting material is 
observed up to a concentration of ca. 10 g./l., at 
which point more than 50% of the area in the ultra
centrifugal diagrams is found under the rapidly 
sedimenting peak. At higher concentrations, a 
slow monotonic increase in heavy component can 
be observed with an increase in protein concentra
tion. Typical ultracentrifugal patterns obtained 
at pK 4.65 and a series of concentrations are shown 
in Fig. 3. 

The association of pooled /3-lactoglobulin is 
strongly temperature dependent as is indicated in 
Fig. 4 for a protein concentration of 28-30 g./l. at 
pH's 4.65, 4.90 and 4.10. The experiments were 
carried out in 0.1 ionic strength acetate buffers. At 
pH 4.65, there is no measurable heavy component 
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Fig. 3.—Sedimentation pa t te rns of pooled /3-lactoglobulin 
a t various concentrat ions. pH 4.65, 0.1 ionic s t rength ace
ta te buffer, 2.5°, 9,(500 see. after reading full speed. Sedi
menta t ion proceeds from right to left. 

a 1) c d 
Fig. 5.—Sedimentation pa t te rns of pooled /3-lactoglobulin 

a t various temperatures . />H 4.65, 0.1 ionic s t rength ace
ta te buffer, 30 g. / l . ; 9,600 sec. after reaching jull speed. 
Sedimentat ion proceeds from right to left: a, 2 5 ° ; b , 15°; c, 
8 ° ; d , 2 ° . 
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Fig. 4.—Ultracentrifugal composition of pooled /3-lacto
globulin as a function of t empera tu re . 28-30 g. / l . , 0.1 
ionic s t rength ace ta te buffers. O, p H 4.65; • , />II 4.10; 
A, pH. 4,90. 

present a t 25°, but as the temperature is lowered, 
the degree of association increases rapidly, leveling 
off to a plateau below 4° . The da t a a t pU 4.90 
are subject to strong error, since, as shown on Fig. 1, 
this is in the region of a very steep dependence of 
the degree of association on the pH. In this pH 
region a deviation of pH of 0.02 uni ts can result in 
a very serious difference in component distribution. 
Typical ultracentrifugal pat terns obtained a t pU 
4.65 and a series of temperatures are shown in Fig. 
5, where the gradual increase in heavy component 
with decrease in temperature can be seen. Above 
20°, no heavy component can be seen in the ultra
centrifugal pat terns, nor is the sedimentation con
s tant higher than tha t of the normal non-associated 
protein (Table I I ) , indicating t ha t any residual 
association could be only extremely weak a t room 
temperature and above. 

T A B L E I I 

T E M P E R A T U R E D E P E N D E N C E AT /;H 4.65 O F SEDIMENTATION 

C O N S T A N T S OF P O O L E D /3-LACTOGLOBULIN 

20 4 0 60 

P R O T E I N C O N C E N T R A T I O N , G . / L 

80 

Temp., 
0 C. 

1.0 
3.1 

11.9 
14.4 
16.9 
24.1 
30.0 
34.7 

Prot. concn., 
g./l. 

27.7 
29.1 
29.6 
29.6 
29 6 
2 9 6 
31.4 
31.4 

. S20.W X 1 0 ' 3 . 
Slow Fast 

3.3 5.00 
3.1 5.01 
3.2 5.10 
2.4 3.92 
2.80, highly skewed forward 
2.65, symmetrical 
2.80, symmetrical 
2.87, symmetrical 

The dependence of the sedimentation constant of 
each component on concentration is shown in Fig. 6. 
In the case of the slowly sedimenting material, the 
best line through the points obeys the equation 

52o.w = (3.04 - 0.0073C) X K)" 1 3 (1) 

Fig. 6.—Concentrat ion dependence of the sedimentat ion 
cons tan t s of t h e ultracentrifugal peaks of /3-lactoglobulin in 
its zone of association. Circles represent the experimental 
points. - - - , best lines of regression through experi
menta l points (eq. 1 and 2). , calculated for pen tamer ; 

, calculated for t e t r amer ; (upper) , calculated 
for t r imer ; . . . . ( lower), concentra t ion dependence of 

of monomer when there is no aggregation.1 3 

The slope is less than t ha t reported by Johnston 
and Ogston13 for /3-lactoglobulin under non-associ
ating conditions. This results from the fact tha t , 
when aggregation is possible, the amount of slow-
moving aggregable material is independent of total 
concentration (see Discussion, below). The ob
served decrease in .v2o,w of slow component with in
creasing total concentration is due only to increase 
in concentration of species incapable of aggregation. 

The sedimentation constant of the rapidly sedi
menting component first rises rapidly with an in
crease in concentration, then, above a concentra
tion of 15 g./l., it is found to decrease in the usual 
manner of non-aggregating protein systems. Ex
trapolation to zero concentration from the high 
concentration portion of the curve yields a value of 
5.775 for .f2o,w. T h e best s t ra ight line of regression 
follows the equation 

S2o,w = (5.77 - 0.027C) X 10~1 3 (2) 

The ultracentrifugal composition of this system 
was compared with t ha t obtained in electrophore
sis, since Ogston and Tilley4 concluded t ha t the 
two are related. For this purpose, a series of elec-
trophoretic experiments on pooled /3-lactoglobulin 
were carried out a t pH 4.65 in 0.1 ionic s t rength 
acetate buffer. A typical pa t te rn is shown in 
Fig. 7. On the descending side, the pa t tern can be 
divided into three components, having mobilities of 
4.1, 1.8 and 1.2 X IO"6 cm.Vsec. v., a t a protein 
concentration of 16 g./l., while on the rising side 
there is a hypersharp leading peak with a trailing 
shoulder of slightly lower apparen t mobility. Anal-
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Fig. 7.—Electrophoretic pattern of pooled /3-lactoglobulin 
in />H 4.65, 0.1 ionic strength acetate buffer. 12.8 g./l. 
protein, 8,000 sec. at 9.7 v./cm. 

ysis of the descending peak into two components 
has given results in qualitative agreement with the 
ultracentrifugal data. In the case of electrophore
sis, resolution into a slow and a rapid "component" 
is considerably more difficult than in the ultracen-
trifuge. Contrary to the sedimentation data, 
where the sedimentation constants of monomer and 
nonaggregating materials are identical, the electro
phoretic mobilities of these proteins differ, (1.2 X 
10~B and 1.8 X 10~B cm.2/sec. v., respectively). 
This makes it necessary to pool in the "slow compo
nent" these two migrating species, one of which is a 
true molecular entity, while the other is part of a 
"reaction boundary".16 As a result, one obtains 
much lower accuracy in the "component analysis" 
of electrophoretic patterns than in the correspond
ing ultracentrifugal ones. 

Discussion 

The results presented above show that /3-lacto-
globulin undergoes an extensive association in the 
pH region immediately below its isoelectric point. 
This association is strongly temperature depend
ent, being maximal a t close to 0°, but still detect
able at room temperature. In the isoelectric region 
little association occurs, although a weak associa
tion can be detected up to pH 5.2 from the value of 
the sedimentation constant. Above 5.2, no asso
ciation can be detected in the ultracentrifuge. The 
association is also strongly pH dependent, with 
the maximal point being at pH 4.4-4.65, i.e., away 
from the point of neutrality. Actually, in this pH. 
range a 36,000 molecular weight unit of /3-lacto-
globulin carries a mean net charge of + 7 to +10.1 7 

Analysis of ultracentrifugal patterns into two 
components resulted in all cases in two symmetrical 
boundaries. No fraction of the total area was left 
between the two. The sedimentation constant of 
the slowly sedimenting material was found to be 
in agreement with values obtained at conditions of 
no association. This shows that the slow compo
nent truly represents non-associated /3-lactoglobu-
lin molecules. Analyses of patterns obtained at 
different times during a run revealed no significant 
change in the area distribution under the two peaks 
during the course of the run. Furthermore, runs 
carried out a t different speeds to a constant value of 
coH resulted in identical relative area distributions 
between the two peaks independently of the run 
length, as shown in Fig. 8. Thus, the "component 
distribution" is stable with time and little area re-
equilibration takes place during the course of a run. 
Therefore, area analyses taken after any duration 
of the run can be used in the comparative studies. 
Light scattering measurements, however, have 

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

(17) R. K. Cannan, A. H. Palmer and A. C. Kibrick, / . Biol. Chem., 
1 « , 803 (1942). 

Fig. 8.—Sedimentation patterns of pooled /3-lactoglobulin 
samples run for identical values of oH at different speeds. 
o>n = 6.9 X 10', 27.8 g./l., 0.6°, pH. 4.67, 0.1 ionic 
strength acetate buffer, (a) 59,780 r.p.m., 10,560 sec , (b) 
52,340 r.p.m., 14, 880 sec. 

shown that the association is rapidly reequilibrated, 
the half life being less than one minute.18 

Even though the area distribution remains un
changed with time in the course of an ultracentrifu
gal run, the observed reequilibration is rapid and 
can be considered as instantaneous with respect to 
the total duration of an ultracentrifuge run. There
fore, the theory of Gilbert19-20 is applicable to these 
data. 

Although this theory was first presented in 1955, 
this study, to the best knowledge of the present 
authors, is its first quantitative application in a de
tailed investigation of an associating protein system. 
I t appears desirable, therefore, to give a detailed 
presentation of the calculations involved and of the 
possible conclusions that can be reached using this 
theory. 

Gilbert19 has analyzed the area distribution under 
a moving boundary for the case of the association of 
macromolecules when the rate of reequilibration is 
very rapid with respect to the rate of boundary dis
placement. Diffusion and any effects due to pH 
and buffer component gradients in the system are 
neglected. For the reaction nM +± A, if the aggre
gate moves faster than the monomer, the area dis-
tribution under the peak is found to be bimodal 
when the aggregated species is larger than a dimer. 
However, the area distribution under the peaks does 
not correspond to the stoichiometric proportions of 
monomer and aggregate. In the case when the ag
gregate is a dimer, the system should migrate as a 
single peak with a velocity intermediate between, 
those of the monomer and dimer, the exact value of 
the velocity being determined by the equilibrium 
constant and the protein concentration. Accord
ing to Gilbert, the dissociation equilibrium constant, 
KG, is given by 

where C is the protein concentration by weight 
(grams per liter in the present study) at any level 

(18) A description of these results will be presented in the next 
paper of this series. 

(19) G. A. Gilbert, Discussions Faraday Soc, No . 2, 68 (1955). 
(20) G. A. Gilbert, Proc. Roy. Soc. (London), AtSO, 377 (1959). 
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x in the boundary. For a system with given values 
of KQ, n and C, the parameter 8 is defined uniquely 
by equation 3. In Gilbert's treatment the aggre
gate is considered to be displaced with respect to a 
stationary monomer. In the usual procedures of 
ultracentrifugal and electrophoretic analyses, the 
species velocities are related by 

PA = [x/t + vu(d - 1)]/« (4) 

where v\ and DM are the actual velocities of the ag
gregate and monomer, respectively, and x is the dis
tance of displacement of a given amount of protein 
in time t. Rearranging equation 4 and introducing 
the definition of the sedimentation constant 5, we 
obtain 

SR = JM + (sA - Sa)S (5) 

where s& and 5M are the sedimentation constants of 
aggregate and monomer, respectively, extrapolated 
to zero protein concentration. The sedimentation 
constant of the observed rapid peak, 5R,21 for a sys
tem of given n and KG is then denned by giving 
either 5 or the corresponding value of C (eq. 3). 8 
varies between zero at SR = 5M (zero concentration) 
and unity at 5R = 5A (infinite concentration). For 
a given degree of aggregation n, the minimum in the 
valley between the two maxima lies at 

*min = (3» - 1) ( 6 ) 

and has the same value independently of changes in 
protein concentration. Since 8 at any given con
centration is determined by eq. 3, it can be seen that 
below a total protein concentration corresponding 
to S = iSmin, only one peak will appear in the moving 
boundary system. As the concentration is in
creased, a second more rapid peak will appear, the 
area under the slow peak remaining constant. At 
twice the protein concentration which corresponds to 
Smin, in eq. 3, half of the area will lie on either side 
of the minimum. With a knowledge of the concen
tration at which the areas under the two peaks are 
identical, it becomes possible to calculate the area 
distribution over the entire concentration range, 
using the equation 
% Rapid component = 

Total area — 1A area having 50:50 distribution 
m . , X IUU 
Total area 

(7) 

This equation is general and is independent both of 
n and of KG-

When the data on /3-lactoglobulin were examined 
in terms of this theory, it became obvious from the 
presence of the bimodal area distribution in the 
ultracentrifuge that the aggregate was larger than 
the dimer which had been postulated previ
ously.4'6'22 The value of the sedimentation con
stant of the aggregate species, however, does not 
make it very likely that it is any greater than a 
pen tamer. 

Using eq. 7, the theoretical area distributions as a 
function of protein concentration were calculated 

(21) An equation identical in form with equation 5 can be obtained 
for electrophoretic mobilities in the descending limb. This applies 
only in cases where the mobility of the aggregate is greater than that of 
the monomer. 

(22) H. Klostergaard and R. A. Pasternak, THIS JOURNAL, 79, 5671 
(1957). 

for the various /3-lactoglobulins used in this study. 
In these calculations it was considered that /3-A 
consists of two components, a major one which as
sociates (90% of the total) and a minor one (10%) 
which does not. This is in agreement with Tombs23 

who has demonstrated the heterogeneity of /3-A by 
solubility methods and has shown that electropho
retic distribution of areas of /J-A at pH 4.65 is re
lated to the presence of two such components. Cal
culations for /3-A are shown in Table III. 

GILBERT THEORY CALCULATION OF 

P E A K FOR AGGREGABLE SPECIES OF 

Concn. aggregable, 
g./l. 

2.25 

3.37 

4.77 

7.65 

11.2 

12.9 

18.4 

27.0 

% Rapid, obsd. 

31.0 

54.5 

59.0 

72.0 

78.0 

79.0 

84.0 

85.0 

AREA UNDER SLOW 

5-LACTOGLOBULIN 
Concn. of slow, 

reactive, 
g./l. 
1.47 

1.33 

1.64 

1.53 

1.53 

1.6 

1.2 

1.5 

Av. 1.48 ± 0 . 1 4 

Protein concentrations ranged from 2.5 to 30.3 g. 
per liter. The first column gives the concentration 
of material which can aggregate (90% of total concn.) 
and second column is the percentage of the area 
under the rapid "component." The product of the 
total concn. and the value in this column is then sub
tracted from the concn. of aggregable material (col. 
1) and the difference, shown in the third column, is 
the concentration of protein on the slow side of the 
minimum in the pattern, i.e., above 5min in the ul
tracentrifuge cell. The fact that this value is con
stant, 1.48 ± 0.14 g./l. over the concentration 
range used, can be used as a further criterion for 
establishing that this is an associating system in 
rapid equilibrium.19 Using then 2.96 g./l. as the 
concentration at which the areas under the two 
peaks are identical, the theoretical curve for a 100% 
associable protein was calculated from eq. 7. This 
is shown by the solid line of Fig. 2. The dashed 
line is the theoretical curve for /3-A derived from 
Table III and the solid line. This is done by add
ing 10% of the total concentration to the value of 
column 3 and considering this to be the area under 
the slow "component." As can be seen, the agree
ment with the experimental points is very good. 

Considering that the concentration dependence 
of the area distribution of the aggregable species is 
identical for all preparations and is given by the 
solid line of Fig. 2, the data obtained with the Polis 
"/32-enriched" preparation and the pooled /?-lacto-
globulin (Prep. II) were found to be fitted best by 
composition distributions of 76% aggregable com
ponent and 66% aggregable component, respec
tively. Electrophoretic analysis at pH 5.3 and 5.6 
has shown that the Polis "ft-enriched" preparation 
contains 77% of /3-A, while Prep. II contains 59% 
of /3-A.8 However, 10% of /3-A cannot associate, 
and in each case the calculated amount of material 
capable of aggregating exceeds the amount of asso-

(23) M. P. Tombs, Biochem. J., 67, 517 (1957). 
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ciable protein available from /3-A. Thus, par t of 
the protein found under the rapidly sedimenting 
boundary must originate from /J-B. If it is as
sumed tha t the difference between the total aggre
gation observed and the aggregable (90%) amount 
of /3-A present is due to association of /3-B, it can be 
calculated that , in the case of the Prep. I I protein, 
3 2 % of /3-B can enter into the association, while in 
the Polis "ft-enriched" protein, 2 8 % of the /3-B 
should be able to react. These values would seem 
to indicate tha t ca. 30% of /3-B can participate in 
the association reaction. I t has to be pointed out 
tha t the uncertainty of this last number is rather 
large, since it is a derived quanti ty, two stages re
moved from the experimental measurements. 

As a further check on the above area and compo
sition analyses and the assumptions on the partici
pation of portions of /3-A and /3-B in the association, 
ultracentrifugal measurements were carried out 
a t pn 4.65 (172 = 0.1 acetate, 2°) on synthetic 
mixtures of /3-A and /3-B, as well as on some fractions 
enriched with respect to either one of the two com
ponents, which were prepared by the paper curtain 
electrophoresis technique.11 '24 Theoretical area 
distributions were calculated for these systems 
and are compared with the experimental da ta 
in Table IV. In these calculations it was 

TABLE IV 

AREA DISTRIBUTIONS OF VARIOUS PREPARATIONS OF S-

LACTOGLOBULIN 

P r o t . 
% concn. , % R a p i d c o m p o n e n t 

P r e p a r a t i o n /3-B g . / l . Ca lcd . Obsd . 

Synthetic mixture 1 50 20.0 53.0 56.7 
Synthetic mixture 2 85 16.4 30.4 20 ± 10 
Pooled-/3 41 12.0 54.0 54.4 
"S.-enriched" 23 12.0 62.5 62.0 
Fraction 1 85 11.9 26.3 29 0 
Fraction 2 45 8.4 52.4 48.2 
Fraction 3 27 12.1 61.2 57.5 
Fraction 4 18 11.5 64.4 60.7 

considered t ha t 9 0 % of /3-A and 3 0 % of /3-B can 
associate, with the concentration dependence of the 
area distribution for the pure aggregable material 
shown in Table I I I and by the solid line of Fig. 2. 
The composition analysis of the fractions was car
ried out electrophoretically as described in the pre
vious paper.3 The area distributions, calculated 
by eq. 7, are given in column 4 of Table IV. Com
parison with the experimental data given in column 
5 of Table IV shows reasonable agreement suggest
ing tha t the considerations on the aggregability 
of /3-A and /3-B are correct. In the mixtures high in 
/3-B content, the "composition analysis" becomes 
quite difficult due to the fact tha t the rapid compo
nent is evidenced only by a strong skewing of the 
sedimenting boundary, with a resulting low preci
sion of area analysis. In the case of pure /3-B, no 
resolution into ultracentrifugal components takes 
place,26 nor does its sedimentation constant deviate 
significantly from tha t observed a t conditions 
where no association takes place. I t would seem 

(24) W. G r a s s m a n n a n d K. H a n n i g , Xaturwissenschaften, 37, 397 
(1950). 

(25) R. T o w n e n d and S. X. Timasheff, T H I S J O U R N A L , 80, 4433 
1958) . 

then t ha t /3-B by itself either cannot associate or 
undergoes only a weak dimerization bu t can inter
act with /3-A to form higher aggregates. 

A Gilbert theory analysis of the electrophoretic 
data a t pH. 4.65 on pooled /3-lactoglobulin resulted 
in reasonable agreement with the sedimentation 
experiments. This would again indicate a close 
correspondence between the electrophoretic and ul
tracentrifugal "components" a t this pH. Thus, 
the electrophoretically rapidly migrating material 
on the descending side represents the aggregated 
species while the slow component is the monomer. 
The presence of a hypersharp leading boundary, 
followed by a small shoulder on the rising side, 
shows the presence of one aggregating component 
and of some slower inert protein.14 

These composition analyses are in agreement 
with Ogston and Tombs2 6 who, in analyzing their 
electrophoretic data, came to the conclusion t h a t 
/3-A can associate to a much stronger extent than 
/3-B. These authors, however, had no direct evi
dence for changes in mass. I t should be pointed 
out tha t both species are heterogeneous in electro
phoresis a t pH 4.65 but t ha t the shapes of the pat
terns are completely different,25 so tha t it is diffi
cult to mutual ly identify the electrophoretic com
ponents of the two proteins a t t ha t pH, in 0.1 ionic 
strength acetate buffer. Furthermore, conclusions 
on aggregation reached from electrophoretic data 
alone are somewhat risky, since similar appearing 
anomalous pat terns can be obtained also from other 
types of interactions,27e.g., t ha t of protein with buf
fer components.23 Quanti tat ive agreement of elec
trophoretic and ultracentrifugal measurements, on 
the other hand, is difficult to regard as being alto
gether fortuitous. 

Klostergaard and Pasternak2 2 have reported on 
some ultracentrifugal and electrophoretic experi
ments on /3-lactoglobulins A and B in a pB. 4.8, 0.1 
ionic strength acetate buffer. These authors have 
reported tha t (S-A does not associate a t all, while /3-B 
associates strongly. Their electrophoretic pat
terns for the two /3-lactoglobulins are identical with 
those presented by Ogston and Tombs2 6 and by us.25 

They have concluded t ha t the pat tern obtained 
with /3-A is the result of some phenomena other than 
association. However, their observation t ha t the 
area under the slow peak in the descending bound
ary does not change with concentration is strong 
evidence in favor of association19 and suggests tha t 
the conclusion of these authors is erroneous. 
Their lack of observation of association with /3-A 
in the ultracentrifuge is in full disagreement with 
our findings and with the suggestion of Ogston and 
Tombs.2 6 This is probably at t r ibutable to the fact 
tha t Klostergaard and Pasternak worked a t 8°, a 
temperature above the optimum for association 
(see Fig. 4) and in the pH region where the pK de
pendence of association is very steep (see Fig. 1). 
Their report of strong association of /3-B is puzzling 
in view of the above-described results, our findings 
with this protein obtained from the milk of twelve 

(26) A. G. Ogs ton and M . P . T o m b s , Biochem. J., 66 , 399 (1957). 
(27) See. for example , R. A. B r o w n and S. N . Timasheff, in M, Bier 

" E l e c t r o p h o r e s i s , " A c a d e m i c Press, Inc . . Xeiv York . N'. Y. . 3959, p . 
317. 

(28) J. R, C a n n , T H I S J O U R N A L . 80, 4263 (1958). 
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different cows,25 and the conclusions of Ogston and 
Tombs.26 Furthermore, ultracentrifuge experi
ments carried out by us with /3-B between pH. 4.1 
and 4.8 at 2° have failed to show any appearance of 
heavy component. These will be described in de
tail later. 

Having established the extent to which the dif
ferent /3-lactoglobulin species participate in the as
sociation, an attempt was made to obtain informa
tion on the stoichiometry of the reaction. 

From the data of Fig. 2 and Table III, it is found 
that the point of equal area distribution in the curve 
for 100% aggregable material is at a concentration 
of 2.96 g./'l. Using this information, dissociation 
constants were calculated for n = 3, 4 and 5, with 
the help of equations 3 and 6. The values of KG 
obtained were 30 g.21."2 , 40 g.31."3 and 60 g." I.-4, 
respectively. 

From these values of the equilibrium constants, 
the extrapolated values of s2o,w for the monomer and 
polymer and eq. 3 and 5, the concentration depend
ence of the sedimentation constant of the aggregate 
could be calculated, assuming the aggregate to be in 
turn a trimer, tetramer or pentamer. 

In the Gilbert theory, the value of S and therefore 
of s is calculated for the leading edge of a peak which 
does not diffuse. In order to compare with experi
mental data where s20,w is measured at the median of 
a diffusing rapidly sedimenting peak, the calcula
tion must be made for the concentration of protein 
present in the ultracentrifuge cell above the me
dian. Thus, 5 must be calculated for a concentra
tion which corresponds to the sum of the area of the 
slow peak plus half the area of the rapid peak. This 
is compared then directly with the experimental 
S2o,w of the rapid peak at a total protein concentra
tion equal to the sum of the slow and the rapid 
peaks.29 

The calculation is carried out by successive ap
proximations. First, using the experimental val
ues of SM (in the present case 3.04 S) and the ex
trapolated value of the linear portion of the experi
mental 52o,w vs. concentration curve for the rapid 
peak, taken as SA apparent (in this case 5.77 S), SR 
apparent is calculated according to eq. 5 for various 
values of 5, related to the concentration by the given 
values of n and KG (eq. 3). This curve, which de
scribes only the equilibrium, is corrected then for 
the usual hydrodynamic effect by adding to its 
S2o,w values the product of the total protein concen
tration at any given point with the slope of the lin
ear portion of the experimental curve (in the pres
ent case - 0.027C X 10~13). This gives a first ap
proximation curve which falls below the experi
mental points. The difference between this curve 
and the experimental points at the maximum value 
of 2̂Q1W is the amount by which SA apparent must be 
increased. The resulting difference in the linear 
portion at higher concentrations indicates the nec
essary change in the value of the slope. Repetition 
of the calculations, each time using the new values 
of 5A apparent and of the slope, yields final values 
of JA and the slope which, together with equations 3 
and 5, fully describe the data. 

(29) We wish to thank Dr. G. A. Gilbert for pointing out this rela
tion between calculated 5 and the actual protein concentration. 
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Fig. 9.—Dependence of sedimentation constant and the 
parameter S on protein concentration for the association of 
the aggregable component of /3-lactoglobulin. - - - , 
pentamer; , tetramer; , trimer. 

In this way it was possible to obtain the theoret
ical curves for n = 3, 4 and 5 and the corresponding 
KG'S. The resulting sedimentation constant dis
tribution with protein concentration, describing 
equilibrium only, is given in Fig. 9. In all three 
cases, a point of inflection appears at 1.5 g./l., indi
cating the first appearance of the faster peak at that 
protein concentration. From these curves, the 
area distribution under the ultracentrifugal pattern 
can be calculated for any protein concentration, by 
plotting the slope of the concentration vs. 8 curve 
as a function of S. I t can be seen from Fig. 9 that 
the patterns are additive, i.e. increasing the protein 
concentration results in the addition of the new 
area to the rapid end of the sedimenting pattern. 
In practice, this is found to be the case within the 
approximation of neglect of diffusion and salt and 
pH gradient effects. 

The hydrodynamic effect in the three cases, 
which is superimposed on the s20lW values of Fig. 9 is 
given by the calculated lines of regression 

n = 3 SR = (7.80 - 0.50C) X 10~13 

n = 4 sR = (6.40 - 0.34C) X lO"13 (2a) 
n = 5 sR = (6.10 - 0.032C) X 10"13 

Using the data of Fig. 9, and eq. 2a, the curves 
shown on Fig. 6 were calculated. All three curves 
are in good agreement with the experimentally ob
tained concentration dependence of the sedimenta
tion constant of the rapid peak, and thus it is im
possible to select between the three values of n ac
cording to this criterion. 

The values of SA given in eq. 2a result in f;% val
ues of 1.1, 1.4 and 1.8 for n = 3, 4 and 5, respec
tively. These would correspond to aggregates best 
described as a very compact unit of low hydration 
for the trimer, a linear end to end aggregate of high 
hydration for the pentamer and an intermediate 
case for the tetramer. From these considerations 
alone, however, it is not possible to establish the 
stoichiometry of the reaction. 

The data and considerations presented above 
yield a complex picture of the association of /3-lac
toglobulin in the pH region below its isoelectric 
point. I t appears that ca. 90% of /3-lactoglobulin A 
and 30% of /3-lactoglobulin B can associate; how
ever, it is not clear whether /3-lactoglobulin B can 
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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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Meeting, New York, September 1957. 

(3) R. Townend, R. J. Winterbottom and S. N". Timasheff, T H I S 
JOURNAL, 82, 3161 (1960). 

(4) S. N. Timasheff and R. Townend, ibid., 82, 3157 (1900). 
(5) B. A. Brice, M. Halwer and R. Speiser, / . Opt. Soc. Amtr., 40, 
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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 

(D) S. N. Timasheff, H. M. Dintzis, J. G. Kirkwood and B. D. 
Coleman, T H I S JOURNAL, 79, 782 (1957). 

(10) M. Halwer, G. C. Nutting and B. A. Brice, ibid.. 73, 2789 
(1951). 
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Stoichiometry of the Association between pH 3.7 and 5.22 
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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. 


