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The Hydrodynamic Properties of Bovine Serum Albumin

Monomer and Dimer”

P. G. Squire,} P. Moser,] and C. T. O’Konski§

ABSTRACT: Highly purified preparations of defatted bo-
vine serum albumin monomer and dimer were prepared
by gel filtration on Sephadex G-100. Sedimentation
equilibrium experiments demonstrated that the mon-
omer fraction was homogeneous with respect to mass
and had an anhydrous molecular weight of 66,700 ==
400. Sedimentation velocity experiments showed that
the concentration dependence of the sedimentation co-
efficient is dependent upon ionic strength but the value
at infinite dilution is not. From this and other studies
it was concluded that conformation of the isoionic mon-
omer is not dependent upon ionic strength. After con-
sidering the methods of combining various kinds of data
on hydrodynamic properties of rigid macromolecules
to calculate shape parameters, a new set of functions,

Oncley (1943) and Scheraga and Mandelkern (1953)
have shown that by combining the results from several
types of hydrodynamic experiments, the shape and hy-
dration of proteins may be independently determined.
To this end, three parameters, 8, 6, and, more recently
(Scheraga, 1961), u, have been defined in terms of ex-
perimentally measured quantities, and values have been
tabulated for various axial ratios. The paramter 8 is
rather insensitive to shape, and it has been pointed out
(Schachman, 1959) that because of this insensitivity, it
may find its greatest use as a method of combining sedi-
mentation velocity and viscosity data for the calculation
of molecular weights. On the other hand, 6 and g utilize
the rotary diffusion coefficient and, as a consequence of
the fact that rotational motion is much more dependent
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the v functions, was defined. They are especially useful
in calculating axial ratios of macromolecules. This is
discussed and illustrated with data from the above ex-
periments and from rotary diffusion constants re-
ported earlier. Comparison of our calculated axial ratios
for bovine serum albumin with values taken from or
based upon earlier literature leads to a choice of 3.0-
3.5 as the best available value. It is concluded that hy-
drated bovine serum albumin monomer can be repre-
sented adequately as a prolate ellipsoid of revolution
with major axis 2¢ = 140 A and minor axes 25 = 40 A.
Within experimental limitations, this is not inconsistent
with Bloomfield’s linear aggregate of three spheres. Data
on the dimer are consistent with a side-to-side aggre-
gation of such a monomer, with about 50 %] overlap.

upon shape than is translational motion, these quantities
are much more sensitive to axial ratio.

In considering the best possible ways to obtain mac-
romolecular shape from a combination of electric bire-
fringence and dielectric relaxation times with sedimen-
tation data, we arrived at a new set of three parameters
for the general ellipsoid, v; (i = a, b, ¢) sensitive to shape
alone. One of these is related to the parameter u defined
earlier by Scheraga (1961), v, = 1/u® The n parameter
apparently has not been used to date. Application of
the v functions requires accurate experimental values
for the buoyancy-corrected molecular weight, M(1 —
7p), the sedimentation coefficient, s, and the rotary dif-
fusion coefficients, 8,. Considerations relative to the
evaluation of the values of #; have been discussed else-
where (Moser et al., 1966); here we consider the ac-
curacy of determination of the parameters s and M(1 —
op) and we include a discussion of the use of the v,. Val-
ues are reported for bovine serum albumin and are com-
bined with the rotary diffusion coefficients reported ear-
lier (Moser et al., 1966) to give our best estimate of the
dimensions of the equivalent ellipsoid of revolution for
hydrated bovine serum albumin. These conclusions are
in close agreement with the ones derived from Kerr ef-
fect and dielectric relaxation data alone (Moser ez al.,
1966).

The uncertainty in the molecular weight of bovine
serum albumin has been summarized by Phelps and Put-
nam (1960) as follows: “Altogether the fact that the
molecular weight of . . . bovine serum albumin cannot
be stated much better than as being within the range of
65,000-70,000 is a serious reflection on the present status
of methods for the determination of molecular weight
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TABLE I: Values of the Frictional Ratio for Translation and Rotation around the Major and Minor Axes of Prolate
and Oblate Ellipsoids of Revolution and Corresponding Values of the v Functions.

Prolate Oblate
26, 26,
ab  fife 8o/ 6, + 0, Ya Yo bja Sife 6.6, 6, + 6, Ya Yo

1.0 1.000 1.000 1.000 1.000 1.000 1.0 1.000 1.000 1.000 1.000 1.000
1.2 1.003 1.058 0.992 0.954 1.017 1.2 1.003 0.983 1.030 1.026 0.980
1.4 1.010 1.143  0.999 0.902 1.032 1.4 1.010 0.998 1.074 1.032 0.959
1.6 1.020 1.248 1.014 0.850 1.047 1.6 1.019 1.032 1.128 1.027 0.939
1.8 1.031 1.369 1.031 0.801 1.064 1.8 1.030 1.078 1.189 1.015 0.919
2.0 1.044 1.505 1.050 0.756 1.083 2.0 1.042 1.132 1.226 1.000 0.901
2.5 1.078 1.892 1.095 0.661 1.142 2.5 1.073 1.289 1.435 0.959 0.861
3.0 1.112 2.344 1.134 0.588 1.215 3.0 1.105 1.465 1.626 0.920 0.829
4.0 1.182 3.396 1.190 0.487 1.390 4.0 1.166 1.843 2.026 0.860 0.783
50 1.255 4641 1,226 0.421 1.593 5.0 1.223 2.240 2.437 0.818 0.752
6.0 1.314 6.044 1.250 0.375 1.812 6.0 1.277 2.646 2.853 0.787 0.730
8.0 1.433 9.401 1.279 0.3133 2.303 8.0 1.373 3.471 3.691 0.745 0.701
10.0 1.543 13.37 1.295 0.2748 2.836 10.0 1.458 4,305 4.534 0.719 0.683
15,0 1.784 25.86 1.313  0.2205 4.305 15.0 1.636 6.407 6.649 0.684 0.659
20.0 1.996 41.82 1.321 0.1899 6.012 20,0 1.782 8.519 8.768 0.665 0.646
30.0 2.356 84.93 1.327 0.1562 9.991 30,0 2.020 12.753 13.008 0.646 0.634
40.0 2.668 137.4 1.330 0.1383 14.288 40.0 2.212 16.992 17.25 0.637 0.627
100.0 4.064 695 1.333  0.0968 50.45 100.0 2.934 42.45 42.71 0.620 0.616

of proteins.” We agree that the uncertainty in molecular
weight exists, but not regarding its cause. Since most
preparations previously studied contained appreciable
amounts of dimer and higher polymers, it appears that
the state of the preparations rather than the methods
are the source of the uncertainty. Here we report the
preparation of highly purified monomer by gel filtration
and a precise determination of the molecular weight.
A second uncertainty concerns the use of the sedimen-
tation coefficient, s. High-precision measurements of
s vs. concentration are in the literature, but the question
arises as to whether the conformation of bovine serum
albumin is the same in the deionized solutions used in
the determination of the #, values as it is in the buffer
systems used in sedimentation velocity measurements.
Experimental data relative to these questions constitute
the experimental portion of this paper.

Theory

It is possible to combine the expressions for rotary
and translational frictional coefficients into one relation,
which defines the v functions for a rigid hydrodynamic
ellipsoid. The three v functions each correspond to rotary
diffusion of one of the principal hydrodynamic axes of
rigid molecule around the other two axes. They depend
only upon shape, and, as we will show, can be calculated
directly from experimental quantities. Since they are
obtained from data on solvated macromolecules, the
conclusions derived from them regarding shape are
strictly applicable only to the solvated system.

In general, the rotary diffusion constants defined by
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Einstein may be written as
6; = KT/t

where i = a, b, ¢ labels the axis, and {; is the frictional
coefficient for rotation around the axis i. The symbols
k and T have their usual meanings. To see how these
rotary diffusion constants may be combined with the
translational diffusion coefficient, let us consider a sphere
of radius r in a solvent of viscosity 7. Its rotary diffusion
constant, § = kT/8mwyrd, varies inversely as the cube of
the radius, whereas the translational diffusion coeffi-
cient (eq 1) varies inversely as the radius. Here f is the

D = kT/f = kT/6myr 0))

translational frictional coefficient. In general, for any
fixed shape, all of the rotary diffusion constants depend
upon dimensions cubed, and the translational diffusion
coefficient depends upon dimensions to the first power.
Thus the ratio of the rotary diffusion constants to the
cube of the translational diffusion coefficient will give a
quantity independent of size. Keeping in mind that D/D,
= fu/f, where the subscript e refers to values for the
sphere equivalent to the solvated macromolecule, it is
convenient to form the ratios as follows

ne ()5
= (5) B @
- (f,)“9 ;e_ bJ
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In a general notation eq 2a may be expressed as

vi = (FY28:f 05 (2b)

iz

wherei = a, b,c,andj = a, b, c. Here 1/20,f,*is a factor
which makes the v’s independent of size and equal to
unity for a sphere. The combinations of rotary diffusion
constants which appear in eq 2a are directly determin-
able from the well-known relations (Edsall, 1949, 1953)
for the dielectric relaxation times

. -1 -1
—0b+907—62_0a+0c’rea—9a+0b

Te;

For applications of eq 2a and 2b, f can be calculated
by means of

_ M1 ~ 5p)
f= =0 )]

where M is the molecular weight, 7 is the partial spe-
cific volume of the solute, p is the solution density, N
is Avogadro’s number, and s is the sedimentation co-
efficient. It can also be obtained from the translational
diffusion constant by eq 1.

Thus, experimentally determined values of the v, for
solvated macromolecules can be calculated from the
sedimentation coefficient, the rotary diffusion coeffi-
cients, and the product M(1 — ©p). Fortunately, this
product may be determined directly and accurately from
sedimentation equilibrium measurements without re-
quiring separate values of 5 and M.

Since

20,6, = 2KT(6mnr)}/8Tyrt = S4rinkT @)

introduction of eq 3 and 4 into eq 2b gives

1 MY =gy,
Y= SNk sl ;6’ )

Because of concentration dependence of the experi-
mental quantities, extrapolation to infinite dilution is
necessary. If all data are converted into 25° in water,
eq 5 becomes

vi = 2.612 X 1079[M(1 — 7p)/s]?>_0; (6)
b

The calculation of v values from experimental data by
eq 5 and 6 does not involve any assumptions regarding
molecular shape or hydration. These experimentally
obtained v values may be compared with theoretical
values computed for any hydrodynamic model. Here
we consider only rigid ellipsoids in a Newtonian fluid.

In order to use the equations of Perrin for ellipsoids
of revolution, we restrict ourselves to the axially sym-
metrical case (@ % b = ¢). The justification and impli-
cations of discussing protein conformation in terms of
hydrodynamically equivalent ellipsoids of revolution
have been discussed by others (Scheraga and Mandel-
kern, 1953). We have the following relationships (Edsall,
1949, 1953) between the dielectric relaxation times, .,
and the rotary diffusion coefficients, 6,.

For rotation of the symmetry axis around the trans-
Verse axes

20, = 28 = 1/7¢ @)

For rotation of one of the transverse axes around the
other transverse axis and the symmetry axis

6o+ 0 = a4 0. = l7e )]

The rotary diffusion coefficient of the long axis of an
ellipsoid of revolution can also be calculated from the
electric birefringence or electric dichroism relaxation
time, 7,, according to the equation (O’Konski and Zimm
1950; Benoit, 1951).

Oy = 1/67y )]

Theoretical values for v, and v, for ellipsoids of rev-
olution may be calculated from the rotary and trans-
lational frictional ratios which have been evaluated for
a wide range of axial ratios by means of Perrin’s equa-
tions, and which are tabulated, e.g., in Cohn and Edsall
(1943).

These values of v, and v, for prolate and oblate ellip-
soids of revolution are recorded in Table I. They can
provide a test of internal consistency in that the axial
ratios obtained from the two parameters must be equal
if the molecule behaves hydrodynamically like a rigid
ellipsoid of revolution,

It seems likely that determination of the two param-
eters from experimental results provides one of our most
useful methods of distinguishing between prolate and
oblate ellipsoids of revolution. We observe that for ob-
late ellipsoids of revolution +y, is approximately equal
to 4, for all axial ratios, while for prolate ellipsoids the
values of v, and v, diverge with increasing axial ratio.

Experimental Section

The bovine serum albumin used in these studies was
crystallized bovine plasma albumin (list 2267) obtained
from Armour Pharmaceutical Co., Kankakee, Ill. Lipids
were removed as suggested by Foster (1960a,c). A 109
solution was prepared by dissolving the protein in 0.12
N HCIL If necessary, the pH was adjusted to 2.6-2.9 and
the solution was stored at 5°. A slight turbidity, due pre-
sumably to fat droplets, developed after a few hours.
After 3 days the solution was filtered through a Milli-
pore filter (no. HA, 45 ) and then submitted to gel fil-
tration.

Gel filtration on Sephadex was performed under the
conditions described by Pedersen (1962). The column
was 4 ¢cm in diameter and 150 cm long. The bed volume
was 1900 ml and the void volume was 492 ml. The void
volume was determined with a dyed dextran of molecular
weight around 500,000, Cibacron Blatt D X 500, kindly
supplied by Dr. Gelotte, Pharmacia, Uppsala, Sweden.
The column was packed with Sephadex G-100, bead
form (no. 2946), with particle size 40-120 u. The buffer
was 0.200 N in NaCl and 0.05 M in Tris, adjusted to pH
8.1.

Following gel filtration, the monomer fraction was

4263

HYDRODYNAMIC PROPERTIES OF BOVINE SERUM ALBUMIN



4264

)
120 124 128 132 136
X, ¢m

FIGURE 1: Analysis of Armour bovine serum albumin by
sedimentation velocity. Schlieren diagrams corrected for
radial dilution are plotted from pictures taken 88 and
120 min after the ultracentrifuge came up to a speed of 52,640
rpm. The protein concentration was 2 g/100 ml in a buffer
0.2 M in NaCl and 0.05 m in Tris (pH 8.15). The portion of
the diagram considered due to monomer is indicated by the
dashed line (expt 174.) Here x is the product of the magni-
fication factor, F, and the radial distance, r, from the axis
of rotation.

pooled, concentrated by ultrafiltration (van Hofsten
and Falkbring, 1960), dialyzed overnight against dis-
tilled water, and then deionized on a mixed-bed deion-
ization column of the type referred to as “Column C”
by Dintzis (1952). The isoionic solutions of pH 5.15 at
1% protein concentration freshly prepared as described
here were used in all measurements reported here and
in a preceding paper (Moser et al., 1966). Where nec-
essary, buffer composition was changed by dialysis, but
for fear of irreversible association, lyophilization was
not attempted.

The ultracentrifugation experiments were performed
with a Spinco Model E ultracentrifuge. The character-
istics of the instrument and treatment of data have been
detailed elsewhere (Squire et al., 1963).

Since concentration dependence and polydispersity
were negligible, molecular weights were calculated from
the slope of the log ¢ vs. x? plot by means of the equa-
tion

2RT dlne¢c

M = T pyer art

(10

where w is the angular velocity; c¢ is the protein concen-
tration; r is the radial distance; and x = Fr, where F is
the radial magnification factor. The value 0.734 (Day-
hoff er al., 1952) was used as the partial specific volume
of bovine serum albumin. Sedimentation coefficients
were converted into the usual standard state, $20,w, by
means of the equation

_ _ﬂ__ (1 - ﬁp)ﬂ)vw
820, w SObSdﬂzo,w—(l __z_)p,) (11)
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FIGURE 2: Gel filtration of Armour bovine serum albumin
on Sephadex G-100. The column with a void volume of 494
ml was equilibrated with Tris-NaCl buffer (pH 8.1), ionic
strength 0.250. The monomer and fractions containing
higher oligomers are indicated by M;, M, and M;, etc.
Tubes representing elution volumes of 700-820 ml were
pooled as the monomer fraction, while volumes of 500-610
ml were pooled as the oligomer fraction.

where 7 is the viscosity of the buffer at the temperature
of the experiment, and g’ in the expression 1 — 7p’ is the
density of the solution at the temperature of the experi-
ment.

Results

Analysis of Armour Bovine Serum Albumin by Sedi-
mentation Velocity and Gel Filtration. Because of the
pronounced effect that bovine serum albumin oligomers
(dimers and higher association products), frequently
present in commercial preparations of bovine serum
albumin would have on the dielectric dispersion results,
it was essential that an estimation of the amount of oligo-
mers be made. Sedimentation velocity appeared to be
the method of choice. A 2% solution of Armour bovine
serum albumin was examined by sedimentation velocity.
The schlieren diagrams taken after 88 and 120 min at
52,640 rpm and corrected for radial dilution are given
in Figure 1. The fraction of monomer was calculated
from the ratio of the integral fx?Aydx over the por-
tion of the peak assigned to monomer (at 120 min), di-
vided by the same integral over the entire sample peak
(at 88 min). Here Ay refers to the vertical distance be-
tween the schlieren images of solution and solvent. The
fraction of monomer was found to be 0.895.

This result demonstrated that the amount of oligomer
in this preparation was sufficient to seriously compli-
cate the interpretation of dielectric dispersion experi-
ments (Moser ef al., 1966), and removal of the poly-
merized material by gel filtration (Pedersen, 1962) ap-
peared mandatory. The results of a typical gel filtration
experiment are presented in Figure 2. In this experiment
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FIGURE 3: Gel filtration of pooled oligomer fractions from
several experiments on Sephadex G-100. Pooled fractions
obtained from several experiments as shown in Figure 2,
and stored in the frozen state, were rerun on the same column
under conditions essentially as described in Figure 2. Volumes
of 570-660 ml were pooled as the dimer fraction.

a 2.0-g sample of bovine serum albumin, defatted as de-
scribed above, was fractionated in a column that had
been equilibrated with the Tris buffer (pH 8.15). After
application of the protein, 20 ml at pH 2.9, gel filtra-
tion was continued with the Tris buffer. Comparison of
the area of the elution diagram corresponding to the
monomer with the total area indicated that the weight
fraction of the monomer was only 79 %.

The oligomer fractions from several gel filtration ex-
periments, stored in the frozen state, were pooled, con-
centrated by ultrafiltration, and rerun on Sephadex G-10
under the same conditions as above. The elution dia-
gram from this experiment is given in Figure 3. The tubes
corresponding to elution volumes 570-600 ml were
pooled, concentrated, and used in the experiments char-
acterizing the dimer fraction (Moser et al., 1966).

Characterization of the Monomer Fraction by Sedi-
mentation Equilibrium. The monomer fraction obtained
from Sephadex gel filtration was studied in a series of
three sedimentation equilibrium experiments. The pur-
pose of these experiments was twofold: to apply a highly
sensitive criterion of mass homogeneity, and to deter-
mine the molecular weight of the monomer. A high de-
gree of mass homogeneity was shown by the fact that in
all experiments the plot of the logarithm of concentra-
tion vs. the square of radial distance displayed only
minor deviations from linearity (Figure 4). Details of
the experimental conditions and the calculated values
of the molecular weight from each of the experiments
are given in Table II. Since the data in Table II show no
concentration dependence in the molecular weight, the
best estimate of the molecular weight of the bovine serum
albumin monomer is the mean value 66,700 = 400,
where the uncertainty is given as the mean-square error.

On the lower part of Figure 4, we have plotted the
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FIGURE 4: Plot of the logarithm of concentration (in fringes)
vs. x? at sedimentation equilibrium of bovine serum al-
bumin monomer in acetate buffer (pH 4.55), ionic strength
0.11 (expt 190, Table I1). At the bottom of the figure are
recorded the fringe deviations calculated for two of the ex-
periments, 190 and 191,

fringe deviations from two of the experiments on a
greatly enlarged scale. With the exception of one point,
very close to the meniscus, and therefore somewhat un-
reliable, we note that most of the deviations are 0.001
fringe or less, but they do display a trend of curvature.
Since the optics of the ultracentrifuge are focused at the
customary midcell position, it is possible that these small
deviations are a result of Wiener skewing. If the curva-
ture is attributed to heterogeneity, the presence of 17
dimer or small molecules, or both, would account for
the observed deviations.

Sedimentation Velocity Analysis of the Monomer and
Dimer Fractions in Various Media. The schlieren dia-
grams from the sedimentation velocity experiment of
the pure monomer fraction in Tris buffer (pH 8.15) pro-
vided additional evidence that the sample was monodis-
perse. Microcomparator readings of one of the photo-
graphs, corrected for radial dilution, are plotted in Fig-

TABLE 11: Sedimentation Equilibrium of Bovine Serum
Albumin Monomer .=

co (8/100
Expt ml) Rpm Mol Wt
190 0.917 6166 66,200
191 0.562 7447 67,200
192 0.342 9341 66,700

Mean 66,700 = 4000

« pH 4.55 (acetate), ¢ = 0.110. ¢ Standard deviation.
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FIGURE 5: Analysis of bovine serum albumin monomer
fraction by sedimentation velocity. Solid line: expt 178,
protein concentration 1.95 g/100 ml in Tris buffer (pH 8.1),
ionic strength 0,225, Dashed line: expt 179, deionized,
protein concentration 2.17 g/100 ml. Both photographs were
taken 112 min after the ultracentrifuge came up to speed at
52,640 rpm. The x axis of the plot from expt 178 was ad-
justed in order to superimpose the meniscus positions in the
two experiments.

ure 5. The sedimentation behavior of the same fraction
in the deionized state was remarkably different, how-
ever. The sedimentation rate was substantially higher
and boundary spreading was much greater. These two
effects are also illustrated in Figure 5, where the micro-
comparator readings at equal sedimentation times are
shown. The slight skew observed in the solid curve was
clearly visible in the first photograph taken immediately
after boundary formation in the synthetic boundary cell.
Since this skew diminished with time, it was attributed
to faulty boundary formation rather than heterogeneity.

The concentration dependence of the converted sedi-
mentation coefficient, s»0,w, of the deionized protein, cal-
culated from the second moment, is given in Figure 6
(circles). Also included in the same figure is the regres-
sion line calculated by Baldwin (1957) from his measure-
ments of s vs. ¢ in acetate buffer (pH 4.6) and ionic
strength 0.11. While we have not made a thorough study
of the s vs. ¢ dependence in Tris buffer, we note that our
two observations, also recorded in Figure 6, are con-
sistent with extrapolation to the same value obtained
with our data from deionized solutions.

The effect of a trace of electrolyte (1 mole of NaCl/
mole of protein) on the sedimentation coefficient at a
protein concentration of 2% is shown in Figure 6, as
well as in Table III. The presence of this trace of elec-
trolyte was sufficient to reduce the sedimentation co-
efficient nearly half-way to the value it would have had
at ionic strength 0.11.

The schlieren diagram obtained from sedimentation
velocity of the dimer fraction in acetate buffer is given
in Figure 7. The peak is very nearly symmetrical,
although a slight skew in the peak shape suggests the
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FIGURE 6: The conceniration dependence of the sedimenta-
tion coefficient of deionized bovine serum albumin (O) is
compared with the regression line obtained by Baldwin (1957)
and converted into 20° (solid line) in acetate buffer (pH
4.6) and an ionic strength of 0.11. Also included are values
of the sedimentation coefficient in a deionized solution to
which 1 mole of NaCl/mole of protein has been added
(A), and data obtained at pH 8.15 in Tris buffer (D).

presence of higher association products, probably trimer
present in an amount barely detectable. The converted
sedimentation coefficient and conditions of the experi-
ment are included in Table III.

Discussion

Our gel filtration data are in good agreement with
those previously published by Pedersen (1962). The
lack of symmetry of the monomer peak (Figure 2), as
well as the appearance of appreciable amounts of mo-
nomer on rerunning the oligomer fraction, were both
observed in the earlier study (Pedersen, 1962).

Analysis of the defatted bovine serum albumin by
gel filtration indicated that 217 of the protein was in
the form of association products, while the results of
the sedimentation velocity experiments on the same ma-
terial indicated only 107 oligomer. More recently, the
molecular weight distribution of the same unfraction-
ated sample was determined (Squire and Benson, 1967)
by computer analysis of the data at sedimentation equi-
librium. By this method it was found that the sample
contained 85% monomer. The underestimate of the
amount of oligomer by the sedimentation velocity
method is due, at least in part, to the Johnston-Ogston
effect (Schachman, 1959, pp 116-128). It is also possible
that some of the highly associated bovine serum albu-
min may have sedimented away from the boundary.

The value for the molecular weight of the bovine serum
albumin monomer, 66,700, calculated from the sedimen-
tation equilibrium measurements reported here, is in
good agreement with the value 66,500 calculated by
Baldwin (1957) and the value 67,000 reported by Loeb
and Scheraga (1956). Both these values from the liter-
ature were calculated from the results of sedimentation
velocity and diffusion experiments in which the data
were corrected to eliminate the effects of traces of as-
sociation products. This value is also in good agreement
with the value 66,836, which we calculated for the iso-
ionic protein from the amino acid analysis of Spahr and
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TABLE HI: Sedimentation Velocity of Bovine Serum Albumin Monomer and Dimer.

Protein Concn

Expt Fraction Buffers (g/100 ml) 520, (S)
174 Armour pH 8.15 2.0 3.658
178 Monomer pH 8.15 1.95 3.800
179 Monomer Deionized 2.17 4,621
180 Monoiner Deionized + NaCle 2.17 4.344
182 Monomer pH 8.15 1.0 4.169
181 Monomer Deionized 1.0 4,583
183 Monomer Deionized 0.50 4.574
184 Monomer Deionized 0.25 4.501¢®
196 Dimer pH 4.55 0.450 6.71

« Compositions of the buffers are given in the text. ® Sedimentation coefficients so designated are calculated from the
second moment, others from the maximum ordinate. ¢ One mole of NaCl per mole of protein was added.

Edsall (1964). For other comparisons with data in the
literature, see Phelps and Putnam (1960).

Early recognition (Svedberg and Pedersen, 1940) of
the important role of charge effects in sedimentation of
proteins has led to the almost universal practice of add-
ing supporting electrolyte to the solvent; consequently,
there have been few studies of sedimentation velocity of
proteins at very low ionic strength. Pedersen (1958), in
his study of charge and specific ion effects on the sedi-
mentation coefficients of bovine serum albumin at low
ionic strength, reported sedimentation coefficients for
the isoionic protein of 3.75 S at 1% protein concentra-
tion and 4.0 S at 0.5%, while our values are somewhat
higher (Figure 6).

The positive slope of the s vs. ¢ curve in deionized so-
lution as compared with the negative slope in buffered,
high ionic strength solution (Figure 6) suggests that
forces of attraction are substantially greater in the de-
ionized state. The fact that within the limits of our ex-
perimental error! the limiting value of s at infinite di-
lution is independent of ionic strength suggests that the
size and shape of bovine serum albumin are indepen-
dent of ionic strength. The effects of ionic strength are
in agreement with the results of other physicochemical
measurements that have been made on bovine serum
albumin solutions. For example, Timasheff et al. (1957)
found that the concentration dependence of the recip-
rocal turbidity, as determined by light-scattering mea-
surements, was negative at low salt concentrations and
became positive with increasing concentration of NaCl.
Krause and O’Konski (1959) observed that the specific
Kerr constant of deionized bovine serum albumin in-
creased with concentration, while untreated bovine se-
rum albumin (crystalline bovine serum albumin dissolved
in distilled water) showed a decrease in the specific Kerr
constant with concentration. In addition, Tanford and

! Because of the difficulties mentioned above in obtaining
precise values for the sedimentation coefficient of deionized
proteins, it seems likely that the discrepancies between the ex-
trapolated values of s (in Figure 6) are not significant.

Buzzell (1956) have studied the viscosity of solutions of
bovine serum albumin over a wide range of pH and ionic
strength. At the isoionic pH, they found that the slope
and intercept of n.,/c vs. cwere both dependent upon ionic
strength. They attributed the somewhat higher intrinsic
viscosity of the deionized protein to an electroviscous
effect rather than to a change in conformation. Their
additional observation that the intrinsic viscosity is es-
sentially constant from pH 4.3 to 7.3 suggests that our
measurements at pH 5.15 are well within the pH region
of structural stability.

Careful studies by Chen (1967) indicate that the
amount of free fatty acids in Armour bovine serum al-
bumin is less than 1 mole/mole of protein. Thus the ef-
fect of their removal on the partial specific volume or
the molecular weight would be negligible. Chen (1967)
has also reported that the optical rotatory dispersion
and the sedimentation coefficient, as well as the char-
acteristic pH of the N-F transition discussed by Foster
(1960b), are unchanged by lipid removal at low pH. Thus
the available evidence suggests that removal of the final
traces of lipid does not result in a conformational change
and that the structural transformations induced at low
pH are reversed when the protein is returned to its iso-
electric state. The conformational changes observed by
Reynolds et a/. (1967) on binding detergent anions ap-
pear to occur only at high binding ratios.

We suggest that the concentration dependence ob-
served in all these experiments may be interpreted in
terms of proton fluctuation forces discussed in the pre-
ceding paper (Moser et al., 1966). In the deionized state
the predominant interaction is an attractive force be-
tween fluctuating monopoles. When buffer salts or NaCl
is added, anion binding (Scatchard ef al., 1950) results
in a mean net negative charge, and the Coulombic re-
pulsions become dominant. The interpretations of their
own data by Timasheff ef a/. (1957) and Tanford and
Buzzell (1956) are similar.

Molecular Dimensions of the Bovine Serum Albumin
Monomer. The question arises as to whether it is rea-
sonable to interpret the hydrodynamic data on bovine
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SQUIRE,

TABLE 1v: Axial Ratio of Hydrated Bovine Serum
Albumin,

Method of
Data Analysis ajb
Teps Tenr 8y M(1 — v function 3.0
op)
Ta 8 M(1 — Bp) ~ function 3.6
Tus (0], M $ function 6.2¢
Tes [0}, M § function 4 4o
s, ], M 8 function See text?
(re, = 370), Ty Perrin equations 3.0
s, [l M Azd See textd
X-Ray scattering 2.5
3.94
K, and [n] 2.4/
Electron microscopy 3.5

2 This work. ®Scheraga and Mandelkern (1953).
¢ Moser et al. (1966). ¢ Champagne (1957). ¢ Luzzati
et al. (1961). 7 Creeth and Knight (1965). ¢ Chatterjee
and Chatterjee (1965).

serum albumin in terms of the model of a rigid ellipsoid
of revolution. The evidence for the rigidity of isoionic
bovine serum albumin has already been summarized
by Moser et al. (1966). The good agreement among ro-
tary diffusion coefficients by dielectric dispersion, fluo-
rescence depolarization, and electric birefringence sug-
gests that the macromolecule is rigid at the pH employed
in this study. It is well known (Foster, 1960b) that at
low pH the macromolecule expands and becomes flex-
ible (Harrington et al., 1956; Riddiford and Jennings,
1966a,b), and recent studies by Weber and Young
(1964a,b) show that in this state, peptic hydrolysis yields
a few large fragments. This has led to considerations of
a molecular model consisting of a rigid linear aggregate
of spheres in contact under isoionic conditions, and in
an expanded state at low pH, and this model is in rea-
sonable accord with much of the physical-chemical data
(Bloomfield, 1966). The translational frictional coeffi-
cient of the close-packed model was shown to be equal
to that of a prolate ellipsoid of revolution of equal axial
ratio and very nearly the same length. This suggests that
it is meaningful to use the prolate ellipsoid of revolu-
tion to interpret the hydrodynamic properties of bovine
serum albumin, and that one may expect to estimate di-
mensions in reasonable agreement with those of a linear
rigid array of subunits, in spite of the differences in
shape. Some calculations by Bloomfield ef al. (1967) on
variously shaped aggregates of spheres, and experiments
by Broersma (1960), indicate that holes in structures
have a remarkably small effect on hydrodynamic prop-
erties.

In a preceding paper (Moser et al., 1966) we have re-
ported the dielectric dispersion relaxation times, 7., and
T.,» which gave the best least-squares fit between a theo-
retical Debye curve for two relaxation times and the ex-
perimental results al various concentrations. From these

MOSER, AND O’KONSKI
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two relaxation times extrapolated to zero concentration,
T = 0.22 usec and 7, = 0.074 usec, and Baldwin’s
(1957) value for the sedimentation coefficient at infinite
dilution, sy;,.~ = 5.01 X 10713 sec, and the value M(1
— pp) = 17,890 from this research, we have calculated
the two + functions from eq 6-8, vy, = 0.54 and v, =
1.61.2 From Table I, we see that these values correspond
to axial ratios of 3.5 and 5.1, respectively.

An analysis was also made of the dispersion curve
extrapolated to zero concentration, utilizing a computer
program that found the best values of two relaxation
times, with the constraint introduced that the calculated
values of v, and v, correspond to the same axial ratio.
The mean-square deviation of the normalized dielectric
increments was minimized with the values 7., = 0.202
usec, 7., = 0.098 usec, and an axial ratio p = afb = 3.0
(Table IV). The root-mean-square deviation for 20 points
on the normalized dispersion curve was 0.0120. The root-
mean-square deviation from known sources of error was
estimated to be 0.02. If instead of the value 5.5, = 5.01S,
obtained by Baldwin, we use the value 5.11S suggested by
our data on dejonized solutions, the calculated value of
the axial ratio is increased only by 0.4.

For reasons discussed in the preceding paper (Moser
et al., 1966), we consider the best value of 8, to be the
one obtained from the electric birefringence data extrap-
olated to infinite dilution, §, = 2.18 X 10% sec~!. Intro-
duction of this value into eq 6 gives a value v, = 0.52,
which by interpolation (Table I) corresponds to an axial
ratio of 3.6, in close agreement with the results of the
above calculations. An oblate shape for bovine serum
albumin is excluded by the <y-function analysis since
. = 0.52 is well below the theoretical value for any ob-
late ellipsoid of revolution. This is in agreement with
earlier studies (Oncley, 1943; Krause and O’Konski,
1959; Moser er al., 1966).

The harmonic mean relaxation time, 7, was calcu-
lated from the two dielectric dispersion relaxation times
(obtained with the consistency restraint) with

1 = <i + £>l = 8.45 X 108 sec™!
7 Te 3

h Tes

(12

or 7y = 0.118 usec. This value is in good agreement with
the value 0.124 usec found by Harrington et al. (1956),
but appreciably lower than the value 0.155 usec of Steiner
(1953), both obtained from fluorescence polarization
studies.

The ¢ function of Scheraga and Mandelkern (1953)

o = (8 Yorana

provides a relationship for calculating the axial ratio of

(13

? This involved the assumptions that the dielectric increments
are due to permanent dipole orientation, and that the macro-
molecule approximates a rigid ellipsoid of revolution, assump-
tions which were justified earlier for this protein (Moser et al.,
1966). It should be kept in mind that in other systems or under
other conditions, these assumptions may not be adequate.
For example, at the pK of the amino or carboxyl groups, the
phenomenon of proton fluctuation may become significant.
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the solvated macromolecule from the anhydrous mo-
lecular weight, M, the intrinsic viscosity, [r], and the ro-
tary diffusion coefficient, 8,. Careful measurements of
the intrinsic viscosity of highly purified bovine serum
albumin have been made. Tanford and Buzzell (1956)
and Reynolds e7 al. (1967) report values of 0.037 dl g=*.
Yang and Foster (1954) report 0.038, and Loeb and
Scheraga (1956) report 0.041. We use the most recent
value, 0.037. The ¢ function calculated from the electric
birefringence relaxation time, 7, is 1.16, corresponding
to an axial ratio of 6.2, while the & function calculated
from the long dielectric dispersion relaxation time is 4.4.
In both calculations, the molecular weight was taken as
66,700, and the values for the axial ratios were obtained
by interpolation in Table IT of Scheraga and Mandel-
kern (1953). The values for 8, from electric birefringence,
2.18 X 10% sec™!, and from dielectric dispersion, 2.48
X 108 sec™1, were taken from Table II of Moser et al.
(1966).

Creeth and Knight (1965) have applied the “rule of
Wales and Van Holde” to proteins, and from an exten-
sive tabulation of published data have concluded that
the ratio of K., the coefficient of the concentration de-
pendence of the reciprocal sedimentation coefficient, to
[n] is 1.6 for compact spherical macromolecules. For
elongated particles they deduce an empirical relation-
ship between the axial ratio and the ratio of K,/[4] of the
form

log p = 1.56(1.7 + K./[7]); 0.2 < K. /[g] < 1.7 (14)

Taking the value K, = 5.4 from their compilation and
7] = 3.7 ml/g, we calculate an axial ratio of 2.4. This
value has also been included in Table IV.

Finally, we have included in Table IV the value for
P found by Chatterjee and Chatterjee (1965) from elec-
tron microscopy.

An examination of Table IV leads to the conclusion
that all the methods of analysis for macromolecular
shape listed are in reasonable accord with a prolate ellip-
soid of axial ratio 3.5 with the exception of the §, the 3,
and the A3 functions. Yang (1961) has pointed out that
four groups havecalculated essentially equal values of the
Scheraga-Mandelkern 8 function for bovine serum al-
bumin, 2.05 X 108, which is less than the minimum theo-
retical value, 2.12 X 10%, the value for a sphere. The
value of 3 for a prolate ellipsoid of revolution of axial
ratio 3.51is 2.18 X 10%(Scheraga, 1961), which illustrates
the insensitivity of 8 to the axial ratio, in contrast with
v, and v, (Table I). Thus, relatively small experimental
errors can cause large changes in p values estimated from
B. Harrington et a/. (1956) demonstrated failures of 8
to give the shapes of viruses, and Schachman (1959) has
recommended caution in the use of 3. The experimental
errors for bovine serum albumin measurements, how-
ever, seem to be smaller than required to explain the dis-
crepancy between p, computed from 8 and the closely
related A¢3 function (Champagne, 1957), and the more
reliable values. The discrepancy may be due to the use,
in the derivation of 3, of the relation attributed to Lan-
sing and Kraemer (1936), My(l — wp) = M1 — 5p),
where the M, and 7y, refer to the hydrated protein and
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FIGURE 7: Analysis of bovine serum albumin dimer fraction
by sedimentation velocity. Conditions of the experiment are
as described in Figure 1, except that the protein concentra-
tion was 0.45 g/100 ml. The photograph from which this
figure was drawn was taken 104 min after the ultracentrifuge
came up to speed.

M and v refer to the anhydrous material. This equation
appears rigorously applicable in sedimentation equi-
librium theory, that is, when considering thermo-
dynamic properties, but may not be sufficiently accurate
when used for hydrodynamic behavior. Tanford and
Buzzell (1956) suggested that serum albumin cannot be
represented as an ellipsoid of revolution, but the prob-
lems of combining hydrodynamic and thermodynamic
data to derive hydration values recently have been out-
lined (Scheraga, 1961), and we suggest that further de-
velopments in this area are needed to understand the fail-
ures with the 3 function. No adequate explanation could
be found for the large p obtained from the & function.
Part of these discrepancies may be resolved if hydro-
dynamic equations can be developed for generalized
ellipsoids and other rigid shapes, and if 8 would be com-
puted for more realistic models, in the manner recently
illustrated by Bloomfield et al. (1967).

QOur measurements of rotary diffusion and sedimen-
tation coefficients provide enough information to sep-
arate the effects of shape and hydration. With the most
reliable axial ratio, p = 3.5, obtained through the
v functions, the hydrodynamically effective volume,
V., was calculated in different ways. Table V shows three
equations, taken from Yang’s (1961) review, together
with the results. In the first equation, the intrinsic vis-
cosity, [7] = 0.037 dl g~1, was taken from Reynolds er
al. (1967), and the Simha viscosity factor » = 4.17, cor-
responding to an axial ratio of 3.5, was taken from Cohn
and Edsall (1943, p 519). The value for £, used in eq 2 of
the table was calculated from the relation fJ/f, = 1.147,

corresponding to an axial ratio of 3.5 (Table I), and f

= 5.929 X 1078 g sec™!, from the value 55, = 5.01 X
10~13 sec. The value {, used in the third equation is cal-
culated from the relation {;/¢. = 2.870, corresponding
to an axial ratio of 3.5 (Table I), with {, = k7/6,, where
6, is in one case the rotational diffusion coefficient ob-
tained from dielectric dispersion, 2.475 X 10%sec™!, and
in the other, from birefringence relaxation, 2.18 X 10¢
sec1. The fractional hydration values in the final col-
umn, Vu,o/V,, are calculated from the relation (V. —
Vo)V, where V, = Mp/N. It can be seen that all cal-
culations lead to values of 0.39 with a standard devia-
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\‘U
FIGURE 8: Models used in estimating the conformation of the
bovine serum albumin dimer,

tion of 0.14. The mean value for the effective hydrody-
namic volume, V., of the four recorded in Table V from
hydrodynamic measurements is 11.2 X 10~%° cm?3, While
hydration values are of interest, it should be cautioned
that their physical significance should not be taken too
literally because of the simplified model we are required
to use. With this value and an'axial ratio of 3.5, we cal-
culate the dimensions 2a = 138 A and 2b = 30 A for
hydrated bovine serum albumin.

Conformation of the Dimer. The presence of traces of
monomer and higher polymers in our dimer prepara-
tion complicated the interpretation of the dielectric dis-
persion results (Moser et al., 1966). It seems unlikely,
however, that their presence has introduced appreciable
error into the sedimentation coefficient of the dimer.
The sedimentation coefficient of the dimer, s, was found
to be 8. = 6.71 S at a concentration of 0.450 g/100
ml. The sedimentation coefficient of the monomer, s,
at the same concentration from Baldwin’s (1957) study
is 4.41 S. The ratio of the sedimentation coefficients may
be simply related to the shape-dependent part of the fric-
tional ratios provided that the partial specific volume is
unchanged by dimerization and that the change in de-
gree of hydration may be neglected.

Starting with the general equation relating the sedi-
mentation coefficients to the frictional coefficient, eq 3,
it is clear that the ratio of sedimentation coefficients for
dimer and monomer is given by

Sd/Sm = me/fd (15)

The frictional ratio of both species can be split into shape-
and hydration-dependent parts (Oncley, 1941)

f_ff
= Tofe (16)
so that
f_d_ =2 gf/fﬂ)m(fe/fo)m(fo)m (17)

Sm (flfod felfo)a(fo)a

If dimer and monomer are assumed to have the same
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TABLE v: Effective Hydrodynamic Volume and Hydra-
tion of Bovine Serum Albumin Axial Ratio 3.5.

Hydra-
tion
(Vawo!
Equationss V. (cm?) Ve)
HVv, = 100MIn) 9.80 x 102  0.21
Ny
3
2) V. = A—‘I —f—g—> 12,10 X 10~ 0.49
3 \6mn0
V. = fi 10.80 x 10~2»  0.33
67‘,0
12.26 X 10~%: (.51
(4) X-Ray scattering 13.0 X 10~

(pH 5.1)

2 Equations 1-3 are taken from Yang’s review (1961,
p 339). The X-ray-scattering data are those of Luzzati
et al. (1961). * With 6, obtained from dielectric disper-
sion (Moser et al., 1966). < With 6, obtained from
birefringence decay (Moser et al., 1966).

partial specific volume and hydration, it is evident that
(felfodm = (felfoda (18)

Furthermore, the ratio of the frictional coefficients of
the equivalent anhydrous spheres also reduces to a simple
expression

(ow _ 1
e = 2% (19)

Thus, introducing eq 18 and 19 into eq 17 gives

su_ q solflfm
o 1.59(f/f2)d (20)

where 1.59 = 2%, Since the observed ratio of sedimen-
tation coefficients of dimer to monomer is sq/sm = 6.71/
4.41 = 1.52, it is apparent that f/f, of the dimer is some-
what greater than that of the monomer, which means
a larger a/b for the dimer. Introducing the observed ratio
of sedimentation coefficients, 1.52, into eq 20 together
with the value 1.147 from Table I for the frictional ratio
of the monomer of axial ratio 3.5, we calculate f/f, of
the dimer equal to 1.20. This corresponds to an ellipsoid
of axial ratio 4.25. Thus, the simplest model for the dimer
formed by prolate ellipsoids of axial ratio 3.5 is a dis-
placed side-by-side dimer having the hydrodynamic
properties of an ellipsoid of revolution of axial ratio
4.25. This would correspond to a displacement of about
0.6 the length of the monomer molecule.

The above calculation involves crude approximations.
It may be interesting to compare the above conclusion
with one from a somewhat more sophisticated treat-
ment due originally to Kirkwood (1954) and recently
extended by Bloomfield ef a/. (1967). In making these
calculations, we represent the monomer as a linear ar-
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ray of three spheres of radius, r, and consider two alter-
native models for the dimer as indicated in Figure 8A,-
B. The frictional ratio fi/fw of dimer and monomer was
calculated for each of the models by means of the equa-
tion

67r77Nr

taken from Bloomfield ez al. (1967). Here N is the num-
ber of spheres in the total aggregate. Thus N = 3 for
the monomer and 6 for the dimer, and r need not be spe-
cified since it disappears on forming the ratio, fy/fm, of
the frictional coefficients. The double sum refers to the
sum of all the reciprocal distances, R;,, between the quasi-
subunits. In this way, we obtain a frictional ratio for
model A, to monomer, fi/fm = 1.215, which on sub-
stitution into eq 15 leads to a ratio of sedimentation
efficients, sa/sm = 1.646. With model B, we calculate
felfm = 1.312 and ss/sm = 1.524, a value which agrees
very well with the observed ratio 1.521. This model for
the dimer resembles closely the one suggested by Bloom-
field (1966).

Conclusion

In the studies reported in this and an earlier publi-
cation, Moser er al. (1966), we have outlined present
methods of estimating size and shape of proteins from a
combination of electric and hydrodynamic measure-
ments using bovine serum albumin as an example. We
have tested the assumptions that are implicit in this ap-
proach and they appear valid in this system. Thus, the
present study further tends to reinstate dielectric dis-
persion as a method of studying the size and shape of
proteins, especially when used in conjunction with elec-
tric birefringence and sedimentation measurements,
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Steroid—Protein Interactions. X VIII. Isolation and
Observations on the Polymeric Nature of the
Corticosteroid-Binding Globulin of the Rat”

Gerald J. Chadert and Ulrich Westphal

ABSTRACT: Chromatographic techniques in combination
with gel filtration resulted in the isolation of a cortico-
steroid-binding globulin from pooled rat serum. The
isolated corticosteroid-binding globulin—corticosterone
complex was homogeneous by sedimentation velocity
(30w = 3.36 S), paper electrophoresis, and immuno-
electrophoresis (a;-globulin). A molecular weight of
61,000 &= 1100 was obtained by the approach to sedi-
mentation equilibrium method whereas the corticoster-
one content indicated a molecular weight of approxi-
mately 53,000 for the active steroid-binding species. A
carbohydrate content of 27.8 % was found. Distinct dif-
ferences in certain amino acid residues such as half-cys-
tine may account for differences in steroid-binding and
polymeric properties between rat corticosteroid-binding
globulin and corticosteroid-binding globulin fromthe hu-
man and rabbit. The number of high-affinity binding sites
for corticosterone in the pure rat corticosteroid-binding
globulin was determined to be » = 1. The association con-
stants of the corticosterone complex at 4 and 37° were k
= 5.1 X 108 and 2.8 X 107 M™%, respectively. Thermody-
namic calculations gave a negative enthalpy change and

Soon after the discovery of the corticosteroid-bind-
ing globulin (Daughaday, 1956; Bush, 1957) or trans-
cortin (Slaunwhite and Sandberg, 1959) in human
plasma, it was observed that the blood of the rat also
contains macromolecules which bind glucocorticoid
hormones with high affinity (Daughaday, 1958; Slaun-
white and Sandberg, 1959). This finding was of particu-
lar significance to the biochemist since it opened the

a negative entropy change for the interaction. Rat cor-
ticosteroid-binding globulin was found to be polymeric
in nature. Removal of steroid from the isolated steroid-
protein complex (‘“‘stripping”) resulted in at least four
polymeric peaks discernible during ultracentrifugation;
a concomitant loss in steroid-binding affinity was ob-
served. Recombination with 1 mole of corticosterone/
mole of corticosteroid-binding globulin restored most
of the corticosteroid-binding globulin activity and also
reversed the polymerization resulting in one homogene-
ous sedimentation peak of the s, value of the original
monomeric complex. Polyacrylamide disc electrophore-
sis of “stripped” rat corticosteroid-binding globulin
showed a polymeric pattern similar to that observed in
the ultracentrifuge. Considerably less polymeric band-
ing of corticosteroid-binding globulin occurred before
stripping substantiating the conclusion that dissociation
of the complex and removal of corticosteroid from the
protein led to polymerism. The reactions are an example
of the regulatory control by a steroid hormone of
the quaternary structure of a steroid-binding pro-
tein.

way for experimental study of the factors involved in this
highly specific association between steroid and protein
(Westphal, 1961).

Corticosteroid-binding activity in rat serum was
found to be dependent upon the corticosterone level
(Westphal er al., 1963); the binding ability is associated
with an a;-globulin (Westphal and DeVenuto, 1966).
The corticosteroid-binding globulin level is influenced
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