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The treatment electric birefringence method was extended to the submnicrosecond region for structure studies of proteins

and other polymers in solution.

Birefringence relaxation times and specific Kerr constants of bovine serum albumin in
aqueous solutions were observed at various pH values, ionic strengths and BSA coucentrations.

The birefringence relaxa-

tion time in water at 30° and pH 5 was 0.20 psec., and the specific Kerr constaut extrapolated to infinite dilution was 1.3 X

1078 e.s..

The caleulated rotational diffusion constant was 0.83 X 10¢ sec. 7!, and this increased about 209 at pH 2.6,

The Kerr coustant increased on either side of pH 5, the isoelectric pnint and decreased upon addition of electrolytes. A
spherical macromolecular shape is excluded by the results when considered with the known molecular weight, specific vol-

ume and degree of hydration.

} The rotational diffusion constant leads to a maximum dimension of 200 == 35 A, assuming
either an oblate or prolate ellipsoid of revolution; this corresponds to an axial ratio far from unity in eithier case.

A prolate

model is consistent with the relaxation time obtamed liere and the harmonic mean obtained from fluorescence depolarization.
The results are discussed in relation to other known physicochemical properties of BSA.

Introduction

Studies of the magnitude and time dependence
of electric birefringence (Kerr electro-optic effect)
have yielded information on the size, shape and
electrical properties of large, rigid macromolecules
during the last ten years. Up to the present time
this method has been applicable only to very
large, anisometric molecules such as tobacco
mosaic virus,®~8 fibrinogen,”? sodium thymonucle-
ate® and high molecular weight preparations of
poly-v-benzyl-L-glutamate.'®!!  The lengths of
these molecules are of the order of a thousand
angstréms and the birefringence relaxation times
are the order of 100 usec.

It was desired to extend the transient electric
birefringence technique to smaller macromolecules,
especially the proteins, with lengths of the order

of 100 A. A tenfold size reduction requires a
1000-fold increase in speed of application of the
polarizing field and of optical response, other things
like macromolecular shape and solvent viscosity
remaining constant. Further, a large increase in
field strength is required to obtain comparable
signals, since the interaction of a molecule with the
electric field depends upon its dipole moment which
1s related to its size and its polarizability which 1s
directly proportional to its size. Since suitable
electronic equipment was not coinmercially avail-
able, its development was undertaken and this is
reported briefly here. Modifications of the optics
also were incorporated, to extend the versatility
and sensitivity of the apparatus. These are out-
lined briefly.

In this investigation, bovine serum albumin
(BSA) has been studied as a function of pH, ionic
strength and a variety of treatments. BSA was
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chosen as the first protein for investigation because
it has been characterized extensively by other
techniques. Thus, many of its physico chemnical
properties are known, although there is disagree-
ment about its size and shape. The present re-
sults decisively reject the possibility of a rigid
spherical model and are approximately consistent
with a rigid prolate ellipsoidal model with an
axial ratio of 7. They also suggest, when con-
sidered with other data, that the molecule must be
less symmietric than an ellipsoid of revolution.

Experimental

Apparatus.—A high speed electronic pulser, capable of
delivering rectangulur pulses at over a inegawatt peak power,
was designed and constructed. It emploved a 5C22 hydro-
gen thyratron in a delay-line circuit using RG8/U coaxial
cuble. The 5C22 was triggered by a similar stage employing
a 2D21 thyratron, which was energized by an external
pulse geuerator started with the flash contacts of the re-
cording camera. The specially designed delayline circuit
is shown in Fig. 1 because it is simple and can be used in
other chemical applications, e.g., studies of high-field con-
ductance, dielectric saturation and flash photolysis. With «
500 foot cable and a high voltage supply variable to 16 kv.,
the circuit generated rectangular voltage pulses of 1.7 usec.
duration and variable amplitude to 8000 v. The pulse ap-
peared at a resistive element of 52 ohms, across which the
Kerr cell was connected with short leads; thus, the peak
power exceeded a megawatt.

The five ochm section of the load consisted of two ordinary
2 watt, 10 ohm carbon resistors in parallel. The 47 olim re-
sistor was a 10 watt International Resistance Corporation
Type MPP high frequency resistor. Sprague non-inductive
wirewound resistors introduced enough reactance into
the circuit to cause noticeable ringing on the top of the pulse,
and Continental Carbon 5 watt type NR-50 metal film re-
sistors were found unsatisfactory because they increased in
resistance after each pulse. During the 1.7 usec. of the pulse,
the 47 ohin resistor had to withstand a momeutary 100,000-
fold overload. Nevertheless, the same resistor performed
satisfactorily for the total period of operation of the pulser.
A crlindrical copper shield was placed around the thyratron
and the coaxial shields carrving pulse current were soldered
directly to this shield to keep the loop impedance low.

The optical system was sumnilar to the ones described pre-
viously®* with the following chauges: (1) the entrance sys-
temn was arranged so either a tungsten source with filters or a
nionochromator (Beckman DU) could be employed; (2) the
retardation device was a new arrangement consisting of two
/8 fused quartz prisms, which give the desired \/4 retarda-
tion without displacement of the optic axis; (3) a louger cell
(5 cin.) was designed to increase the sensitivity, but it was
not required for the results described here; (4) an end-win-
dow photowmultiplier was used; (3) a very fast cathode-fol-
lower stage was employed at the photomultiplier output so
instrument response time could be adjusted down to abont
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Fig. 1.—Delay-line pulser for fast birefringence studies.

3 X 1078 sec. Extreme care was taken to minimize dis-
tributed capacitance and inductance. The multiplier was
magnetically shielded with two layers'of ““fernetic’’ shielding
obtained from the Perfection Mica Company, Chicago,
Illinois.

The decay time of the rectangular pulses was around 0.01
usec. to 509, and 0.1 usec. to 25%;; the 10 to 909 rise time
was 0.05 usec. Thus, birefringence relaxation times down to
0.1 microsecond could be measured. This corresponds to a
rotational diffusion constant of 1.7 X 108 sec.™!. The elec-
trodes and Kerr cell emploved for this study were those de-
scribed by Pyvtkowicz and O’Konski.!? The electrode sepa-
ration was 0.21 cm,, so fields up to about 35,000 v./cm.
were achieved.

The birefringence transients were displayed on a Hewlett~
Packard Model 150A oscilloscope and photographed with an
Exacta reflex prism camera, with an f/1.5 lens, employing
Kodak Linagraph Pan film. A typical BSA birefringence
signal is shown in Fig. 2a. To show that the transient char-
acteristics of the signal are caused by the BSA and not by
time constants in the electronic circuits, a birefringence sig-
nal typical of nitrobenzene or aqueous urea solutions is
shown in Fig. 2b.

T

4]

-

\
\ | |
|

NERn
TN ||
HE |

~ L

JUP P

S

i

A

b
Fig. 2.—(a) Birefringence pulse from BSA solutions; (b)
birefringence pulse from urea solutions.

Characterization of the BSA.—Two samples of BSA were
studied. One was from Armour Laboratories bovine plasma
albumin lot No. P67908; the other was Pentex Incorporated
bovine serum albumin lot No. B12016P. These samples
were crystalline and were used without further purification
for some of this work: those preparations will be referred to
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as BSA, untreated. Two solutions of Pentex BSA and ome
of Armour BSA were deionized by passing through an ion-
exchange column as first described by Dintzis.!* These will
be referred to as BSA, deionized. The concentration of the
deionized BSA was determined gravimetrically by evaporat-
ing the water from a weighed amount of solution in an oven
at 103-107° and then weighing the residue, In agreement
with Timasheff and co-workers,* it was found that this
method agrees with one based on the ultraviolet absorption
of the molecule at 279 my within 1%. It was also found
that the ultraviolet absorption spectrum of the BSA, deion-
ized, from 245 to 305 mu, was in excellent agreement with
that obtained for untreated BSA by Rideal and Roberts.?*

Figure 3a is a photograph of the ultracentrifugation pat-
tern of BSA, untreated, after 56 minutes; Fig. 3bis a photo-
graph of the pattern of BSA, deionized, after 56 minutes.
The patterns are almost identical except for the difference in
peak height caused by the concentration difference between
the two samples. Both show evidence of a small amount of
material with sedimentation constant higher than the value
of the main component; this has been noticed in other sam-
ples of BSA by many other workers 1416720 Champagnel®
estimated that this impurity comprised about 8%, by weight
of her sample. For the untreated BSA, Sy.» = 3.89, and
Seo,w Was 3.85 for the deionized BSA. These values are
comparable to those found under similar conditions by other
workers.16:17

rm———— ——
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Fig. 3.—TUltracentrifugation pattern of BSA; a, untreated;
b, deionized.

Calculation Procedure.—The attenuated applied voltage
pulse and the birefringence signal were always photographed
across an illuminated grid on the oscilloscope face in rapid
succession, keeping all experimental conditions comstant.
The vertical calibrations of the oscilloscope were checked
against an internal calibrator before each run. Once a
month this calibration was checked against batteries whose
voltages had been determined potentiometrically within
1¢,. It remained constant to ==29%,. The applied voltage
was obtained from the photograph and not from the setting
of the high voltage pulser because it depended somewhat on
the conductance of the Kerr cell containing the solutions,
which at times reached a substantial percentage of the ter-
minating resistor conductance. The possible procedure of
varving the terminating resistor to keep the output load
constant was inconvenient and was not followed here.
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Fig. 4—Log & vs. time for untreated BSA.

Calculations of optical retardation were handled in the way
described previously by O’Konski and Haltner.* The equa-
tion?! of the optical system employing a N/4 retardation de-
vice is

Als/Iy = [sin(28 — &) — sin 26]/2 (1)

where the symbols have the following significance: A5 is
the change of intensity of light passing through the ana-
lyzer as a result of the retardation; & is the retardation, in
radians, of the component of polarized light parallel to the
applied field with respect to the perpendicular component,
upon traversing the cell; I is the light intensity, not in-
cluding stray light, which would pass the analyzer if polar-
izer and analyzer were parallel and § were zero; 8 is the
angle of the analyzer, all angles being measured with respect
to the direction of the applied field., The equation was de-
rived for an optical system containing a \/4 retardation
prism with slow axis at 3x/4; the polarizer is at /4 radians.

The magnitude of the applied voltage was found from the
photographs of the applied voltage pulse. The birefringence
relaxation times were found from plots of log & versus time in
the usual manner.* The relation between the birefringence
relaxation time, 7, and the corresponding rotational diffu-
sion constant, © is®%,9

6 = 1/67

Specific Kerr constants were calculated from the steady-
state value of the retardation after the birefringence buildup
was complete, employing the relation®

Koy = \o/2nlCnE? (2)

where N\ is the mean wave length of the incident light iz
vacuo, 1 is the length of the electrodes, C is the volume con-
centration of the BSA, # is the refractive index of the solu-
tion and E is the value of the applied field. The cgs. system
was used in all calculations. In this work, ! was 1 cm.and )\
was the mean wave length of the tungsten light source, 5400

5 C was calculated from the known weight concentration
of the BSA and its partial specific volume, .734,1¢

Before inserting a value of 8 in equation 2, a correction for
the birefringence of the solvent was made, since the electric

(21) The previously given equation,® as subsequently corrected
for a typographical error, 45 is an approximation valid only for small 8.
However, all data of this Laboratory were computed with the aid of
curves constructed from the exact equation 1.
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Fig. 5.—Log & vs. concentration for deionized BSA.

fields used in this work were sufficient to produce perceptible
birefringence in pure water. The birefringence of pure water
was subtracted from the experimental values for the solu-
tions, as BSA concentration was low, seldom exceeding 1%,.
The correction was generally from 1 to 59, except at the
lowest BSA concentrations where it went as high as 50%.

Results

Figures 4 and 5 show log & versus time plots for
BSA under various conditions, Values of r
found from the plots are given on the graphs. The
points in some of the log 8 versus time plots have
been moved up or down an arbitrary distance to
allow several decay curves to appear on the same
graph, so the ordinates are labeled %¢ instead of
8. Moving the points up or down does not affect
the relaxation times as found from the graph.

Figure 6 shows the concentration dependence of
the specific Kerr constant of BSA, The untreated
BSA was dissolved in distilled water while the
deionized BSA was dissolved in deionized water.
The experimental data for BSA, deionized, were
taken on two samples of Pentex and one of Ar-
mour BSA. The more dilute solutions were ob-
tained by diluting the more concentrated solutions.
It can be seen that the specific Kerr constants of
untreated and deionized BSA both approach
1.3 £ 0.2 X 1078 e.s.u. as the concentration of the
BSA approaches zero at 30°. The specific Kerr
constant of deionized BSA rises with increasing
concentration, whereas that of untreated BSA
decreases with increasing concentration.

Figure 7 shows the pH dependence of the specific
Kerr constant of deionized BSA at 30°. The con-
centration of all solutions measured for this plot was
either 6.5 mg. or 6.9 mg. BSA/ml. The added
electrolyte was phosphoric acid, one of the potas-
sium phosphates, potassium chloride or zinc chlo-
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ride in all cases except for the point labeled CuCl,.
The dashed curve is drawn through the maximum
measured value of the specific Kerr constant at
each pH. As the ionic strength of the solution was
increased at any pH, the specific Kerr constant of the
BSA decreased. Since it is not possible to change
the pH of BSA solutions without adding an ap-
preciable amount of electrolyte, the dashed curve
1s probably close to the maximum possible specific
Kerr constant of BSA in the pH range studied.
Probable reasons for the anomalous position of the
point labeled CuCl, will be discussed below.

The ionic strength dependence of the specific
Kerr constant of BSA is shown in Fig. 8. The
experimental data used for this plot are the same
as those in the pH range 4.9 to 5.3 in Fig. 7. The
specific Kerr constant of BSA does not change
appreciably with pH in this range.

Discussion

Size and Shape of the Macromolecule.—If the
log 8 vs. time plot is a straight line, one obtains
only one relaxation time. This implies a single
rotating macromolecular species in the solution.
Most of the log 8 vs. time plots for BSA (Figs. 4
and 5) show a single relaxation time within the
experimental accuracy. The additional relaxation
time expected from the small amount of faster
sedimenting impurity revealed by the ultracentri-
fuge was not observed, possibly because the amount
of birefringence produced by the heavier compo-
nent was small,

When untreated BSA was acidified to pH 2.58,
a longer relaxation time, about 0.5 usec., was ob-
served in addition to the usual shorter one. This
longer relaxation time did not appear when de-
ionized BSA was acidified to pH 2.58. These
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results in acid solution can be explained by ag-
gregation of the untreated BSA aided by impuri-
ties in the sample, possibly fatty acids, which
Dintzis!® suggested are removed from BSA by the
type of ion-exchange column used in this work,

I T T
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4.9 T0 53
ZOF Ksp DOES NOT CHANGE 7
GREATLY WITH pH
IN THIS RANGE

l l l

0 0.002 0.004 0.006

IONIC STRENGTH,
Fig. 8. —K,p vs. ionic strength for BSA, deionized.

0.008

Previous work on the low pH properties of BSA cor-
roborates this view., Foster?? also attributed the
occurrence of aggregation to the action of impurities
believed to be fatty acids. Kronman, Stern and
Timasheff'” found, by a study of molecular weights
in solution using light scattering, that untreated
BSA aggregated at pH 4.5 and lower but that de-
ionized BSA did not aggregate at pH 3.0 if de-
ionized at 4°, although BSA deionized at room
temperature aggregated at this pH. (In the
(22) J. F. Foster, J. Phys. Chem., 81, 704 (1957),
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present work, the BSA was deionized in a re-
frigerator below 4°.) The disappearance of the
aggregation at low pH upon deionization of the
sample also was observed by Champagne,??
Charlwood and Ens,? Saroff, Loeb and Scheraga?®
and Bro, Singer and Sturtevant.?

The lowest curve in Fig. 5 shows that deion-
ized BSA, after standing for two months in the
refrigerator in a glass-stoppered volumetric flask,
became heterogeneous as far as relaxation times
were concerned. For this reason, samples were
stored in a refrigerator and were never used in this
research more than two weeks after deionization.

The relaxation time at 19, concentration, of
BSA, untreated, in distilled water at 25° and pH
5 was 0.20 usec. This is equal within experimental
error to that of BSA, deionized, in deionized water
at 30° and pH 5.1. The corresponding rotational
diffusion constant is 8.3 X 10° sec, 1.

Using this rotational diffusion constant, the
dimensions of BSA were computed from Perrin’s
equations? for rigid ellipsoids of revolution. The
assumed models and the results are presented in
Table I.

TaBLE I

DIMENSIONS OF BSA COMPUTED FROM THE BIREFRINGENCE
Decay

Vol. of
single
molecule

(4.9

Caled. dimensions

Model assumed 2a(d) 2b(R) p = aib

Sphere 1,050,000 126 126 1
Unhydrated prolate

ellipsoid 81,000 250 25 10
Unhydrated oblate

ellipsoid 81,000 5.4 168 (31)7!
Hydrated prolate

ellipsoid 171,000 220 38 6
Hydrated oblate

ellipsoid 171,000 12 165 (14)7!
Hydrated prolate

ellipsoid 130,000 235 33 7

The volume of the sphere follows directly from
the rotational diffusion constant since this quan-
tity depends only upon the radius of the sphere,
the temperature and the viscosity, A spherical
shape is clearly improbable as it would require
hydration of about 10 g. H;O/g. protein, which is
excessive. The hydration is about 0.5 g. H,O/g.
protein, according to results of Ritland, Kaesberg
and Beeman,® Champagne®® and Buchanan and
co-workers.??

. The volume of the unhydrated molecule, 81,000
A.* was calculated from the partial specific volume
of 0.734'° and the molecular weight of 67,00(),16,50--32

(23) M. Champagne, J. chim. phys., 54, 393 (1957).

(24) P. A. Charlwood and A. Ens, Can. J. Chem., 35, 99 (1957).

(25) H. A. Saroff, G. 1. Loeb and H. A. Scheraga, THis JOURNAL,
77, 2908 (1955).

(26) P. Bro, S. J. Singer and J. M. Sturtevant, ¢bid., TT, 4924 (1955).

(27) F. Perrin, J. phys. rad., 5, 497 (1934).

(28) H. N. Ritland, P. Kaesberg and W. W. Beeman, J. Chem. Phys.,
18, 1237 (1950).

(29) T. J. Buchanan, G. H, Haggis, J. B. Hasted and B. (. Robin-
son, Proc. Roy, Soc. (London), A218, 379 (1952).

(30) V. L. Kcenig and J. D. Perrings, Arch, Biochemn. Biophys., 41,
367 {1952).

(31) H. Gutfreund, T'rans. Faraday Soc., 80, 628 (1954).

(32) M. F. Malette, Arch. Biockemn. Biophys., 48, 318 (1954).
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Higher molecular weights have been reported for
BSA,%#~% but in those studies no attempt was made
to correct for the heavier impurity. The volume
of 171,000 A.? for the hydrated ellipsoid was taken
from Champagne,?® whose value is based on sedi-
mentation constant, intrinsic viscosity and trans-
lational diffusion measurements. Recently, Cham-
pagne®® found a volume of 130,000 A.? for the RSA
molecule at pH 5.1 by low angle X-ray scattering.
It 1s interesting that the essentially equal value of
137,000 A.® is computed if one employs the hydra-
tion value®*? of (0.5 g. of HyO/g. protein, assuining
the density of hydrated water is unity. The un-
hydrated models of Table I are not realistic but
are mcluded to illustrate the rather small de-
pendence of the longer dimension upon the degree
of hydration. The longer dimension is about 200
A. whether the ellipsoid is oblate or prolate. The
prolate model is strongly preferred for reasous
discussed below, and the last model of Table T is
our best estimate of the molecular size and shape.

Tanford and Buzzell®*~# concluded from a cou-
parison of their intrinsic viscosity data on BSA
with other hydrodynamic data, such as transla-
tional diffusion coefficient, in the manner suggested
by Scheraga and Mandelkern,** that BSA is either
not rigid or cannot be an ellipsoid of revolution.
There is a factor, 8, in the Scheraga and Mandel-
kern treatment, which has a minimum value of
2.12 X 10% for spheres and increases for both
prolate and oblate ellipsoids. For BSA, g =
(2.04 =+ 0.06) X 10% Loeb and Scheraga*?
also found a low value of § using some of their
own measurements, and assumed that BSA was a
sphere. Champagne,?® on combining her data for
intrinsic viscosity, sedimentation constant and
translational diffusion coefficient, found an anoma-
lously low value for a factor similar to 3. She
attributed this to experimental error, although ad-
mitting that BSA might not be an ellipsoid of revo-
lution at all and assumed a spherical shape for
BSA. Harrington and colleagues®® have sug-
gested that the anomalously low value of the
Scheraga and Mandelkern coefficient was caused
by approximations in the equation for intrinsic
viscosity, rather than an odd shape of the BSA
molecule.

Non-hydrodynamic methods give non-ellipsoidal
shapes for BSA. Low?* on the basis of X-ray
measurements on crystalline human serum albumin,
which is very similar to BSA in most physical prop-

(33) W. F. Harrington, P, Jolinson aud R. H. Ottewill, Binchem. J_,
62, 569 (1956).

(34) J. M. Creeth, ¢bsd., 51, 10 (1852).

(35) W. B. Dandliker, TH1s JoURNAL, 76, 6036 (1954).

(36) G. Scatchard, A. C. Batchelder and A, Brown, idi/., 68, 2320
(1946).

(37) M. Halwer, G. C. Nutting and B. A. Brice, ibid., T3, 2786
(1951).

(38) S. M. Klainer and G. Kegeles, Arch. Biochem. Biophys., 68, 247
(1956).

(39) M. Champagne, V. Cuzzati and A. Nicolaieff, TH1S JOURNAL,
80, 1002 (1958).

(40) C. Tanford and J. G. Buzzell, J. Phys. Chem., 60, 225 (1956).

(41) C. Tanford amd J. . Buzzell, Tuis Jourxar, 76, 3336
(1954).

(42) H. A. Scheraga and L. Mand=lkern, ibid., 75, 179 (1953).

(43) G. I. Loeb and H. A. Scheraga, J. Phys. Chem.. 60,
(1956).

(44) B. W. Low, THis JOURNAL, T4, 4830 {1952).

1633



Oct. 5, 1959

erties,® attributed an asymmetic form with a pre-
ferred length of 138 A. to this molecule. Anderegg,
Beeman, Shulman and Kaesberg,® in order to
reconcile Low’s X-ray studies with their own work
on BSA solutions by low angle X-ray scattering,
proposed a rectangular parallelepiped structure for
BSA with dimensions 82.5 X 22.5 X 63 A.; they
suggested that the best equivalent ellipsoid was
oblate with axial ratio (3.5)~!. The former study
is in better accord with our result, as it is clear that
the longest dimension must be greater than 126
A., the diameter of the rigid sphere in Table I.

If BSA has a shape less smooth than that of an
ellipsoid of revolution, its longest dimension would
be somewhat smaller than the 235 A. calculated
for the prolate ellipsoid, because of more resistance
from the surrounding medium during rotation.

Comparison of Fluorescence Depolarization, Di-
electric Dispersion and Birefringence Relaxation
Studies.—The rotational diffusion constants of
BSA were determined from dielectric dispersion
measurements by Oncley.¥ Analysis of the dis-
persion data gave dielectric relaxation times of
0.36 and 0.075 wsec. Assuming these correspond
to rotation of a prolate ellipsoid of revolution about
the minor and the symmetry axes, respectively,
Oncley found an axial ratio of 6. The agreement
of this value with the one in Table I calculated
from completely independent results for the hy-
drated prolate ellipsoid suggests that the prolate
ellipsoid is better than the oblate model. It was
pointed out®# that there may be important
contributions to the dielectric dispersion from
polarization of the ion atmosphere about poly-
electrolytes; this might have invalidated Oncley’s
analysis, in which this effect was ignored. For
example, the shorter relaxation time, not ob-
served in birefringence, might be caused by ion
atmosphere relaxation, It is possible that the
amplitude of the ion atmosphere contribution is
not great enough in BSA to cause difficulty in com-
puting the axial ratio.

Edsall and Foster*® studied the streaming bire-
fringence of BSA in 88.45%, glycerol solution.
From their measurements, the expected birefring-
ence relaxation time at 25° in water solution can be
estimated, assuming the solvent may be treated as
a continuum and that the macromolecule in glycerol
solutions has the same hydrodynamic dimensions
as in water. This gives 0.17 usec., in remarkably
good agreement with the experimental value of
this study.

The harmonic mean of the (dielectric) rotational
relaxation times of BSA was found by the tech-
nique of fluorescence depolarization by Weber,* 5!
Steiner’? and Harrington and colleagues.?® The
value of 0.124 usec. at pH 7.3 reported by Harring-

(45) J. T. Edsall, in “The Proteins,”” Vol. I, Part B, Ed. by H,
Neurath and K. Bailey, Academic Press, Inc., New York, N, Y., 1953,
p. 721,

(46) J. W, Anderegg, W. W. Beeman, S. Shulman and P. Kaesberg,
TH1s JOURNAL, T7, 2927 (1955).

(47) J. L. Oncley, Chem. Revs,, 30, 433 (1942),

(48) C. T. O'Konski, J. Chem. Phys., 28, 1559 (1955);
Chem., 63, in press (1959).

(49) J. T. Edsall and J. F. Foster, THIS JOoUurRNaAL, 70, 1860 (1948),

(50) G. Weber, Biochem. J., 51, 145, 155 (1952).

(61) G. Weber, Disc. Faraday Soc., 18, 33 (1953).

(562) R. F. Steiner, Arch. Biochem. Biophys., 46, 291 (1953).
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ton and colleagues is probably the most accurate
one, since these workers used two fluorescent dyes,
made direct measurements of the lifetime of the
fluorescent molecules in the protein-conjugate
state and employed these values in their calcula-
tions. Assuming the second hydrated prolate
model of Table I for BSA, the dielectric relaxation
time of the short axis can be calculated from Perrin’s
equations.”” This value is 0.11 usec. The 0.20
usec. birefringence relaxation time of the long
axis corresponds to a dielectric relaxation time of
0.60 usec. The harmonic mean of the three di-
electric relaxation times for the prolate ellipsoid is
0.15 usec. For the oblate hydrated ellipsoid, the
harmonic mean would be close to 0.60 usec., so
the prolate model is better. The discrepancy
between the measured value (0.124 usec.) and the
one calculated here for the hydrated prolate model
(0.15 usec.) may be considered an indication that
BSA is not completely rigid or not an ellipsoid of
revolution.

Relaxation Time in Acid Solution.—It was found
in this work that the birefringence relaxation time
of BSA decreased, ¢.e., the rotational diffusion con-
stant increased, in going from pH 5.1 to 2.58.
The relaxation time for BSA at 30° at pH 5 was
0.20 =+ 0.01 usec., corresponding to a rotational
diffusion constant of 0.83 X 108 sec.™!, whereas in
the acid solution, it was 0.16 =+ 0.01 usec., cor-
responding to a rotational diffusion constant of
1.04 X 10°% sec.7!. The change is just outside
experimental error. In the absence of other data,
this might be interpreted as a contraction or a dis-
sociation of the molecule or as a result of
decreased hydration. However, numerous work-
ers,8.22-24.43,55~61 have interpreted the titration
curves, the viscosity and the optical rotation prop-
erties of BSA in acid solution in terms of an expan-
sion of the molecule. For example, Reichmann and
Charlwood®® showed that although the increase
in viscosity and sedimentation constant in BSA
solutions at low ionic strength and at pH 1.9 was
accompanied by a change in molecular weight, as
determined from light scattering, an expansion
of the molecule was necessary to explain the data
in solutions containing excess salt at the same pH.
In the latter solutions, the light scattering of BSA
indicated no aggregation. The authors suggested
that the viscosity and sedimentation constant in-
creases could not be due to aggregation of the BSA
but were probably the result of an expansion or an
increase in axial ratio or both,

Weber,®5! Steiner’?#? and Harrington and col-
leagues®® found that the mean relaxation time
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6414 (1955).
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found for BSA in acid solution by fluorescence
depolarization, 0.06 or 0.08 usec. depending on
the fluorescence conjugate, was less than that
found in more neutral solution, pH 7.3, 0.124
usec. This 409, decrease in relaxation time was
considered too great to be attributed only to the
electroviscous effect. Weber attributed the de-
crease to dissociation of the BSA in acid solution,
but Harrington and colleagues, in view of the other
physical properties of BSA in acid solution,
ascribed the lowered relaxation time to sub-unit
rotation in the BSA molecule in acid solution. The
increased intrinsic viscosity was attributed to the
weakening of the secondary bonds holding the
BSA molecule rigid in more neutral solution, thus
allowing more water to penetrate into the molecule.
Tanford, et al.,! and Hill® suggested that the swell-
ing of the BSA molecule in acid solution could be
due to the breaking of some of the crosslinks in the
molecule. Harrington, et afl., remarked that the
breaking of secondary bonds and the onset of
sub-unit rotation could account for the hydrody-
namic properties in acid solutions of BSA. The
decrease of the relaxation time at pH 2.58 found in
the present work is consistent with an increase of
molecular flexibility. Alternatively, it is possible
that rupture of secondary bonds allows the molecule
to become slightly shorter, 7.e., assume a more
symmetric form with a shorter relaxation time,
Then the increase of viscosity could be due to
expansion transverse to the long dimension.

Specific Kerr Constants.—In Fig. 6, it is seen
that the specific Kerr constants of untreated and
deionized BSA approach each other at infinite
dilution, but there is an increase with concentra-
tion for the deionized material and a decrease with
concentration for the untreated material. The
opposite signs of the slopes of the K, vs. C curves
are considered to reflect qualitatively different
modes of interaction between BSA molecules for
the two cases, For example, the deionized material
might interact so as to produce parallel alignment
of permanent electric dipoles or reinforcement of
principal electric polarizabilities, with the inter-
acting molecules becoming more strongly aligned
in the applied field, thus giving rise to an increase
of Ksp with C; the reverse might be true with the
untreated material. As mentioned above, pre-
vious workers have suggested that fatty acids are
removed by deionization, and aggregation appears
to be decreased with deionized preparations. The
present results indicate significant interactions at
relatively low concentrations even in deionized
preparations.

It appears from the data shown in Fig. 7 that the
specific Kerr constant of BSA has a minimum near
the isoelectric point of BSA, that is, near pH 5.

(63) T. L. Hill, J. Phys. Chem., 60, 1953 (1956).
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This minimum can be explained as follows: the
increase in charge of the BSA molecules as the pH
departs from the isoelectric pH could have two
effects which would tend to increase the specific
Kerr constant of the solution. First, if the charged
groups are not situated symmetrically to the center
of rotation of the molecule, the dipole moment
can increase with increasing ionization. Secondly,
the increasing macromolecular charge can cause
an increase in specific Kerr constant as a result of
the increased counterion atmosphere, which is
polarizable.?? On the basis of the present results,
it is not possible to evaluate the relative importance
of the two effects.

Figure 8 shows that the specific Kerr constant of
BSA decreases with increasing ionic strength, that
is, increasing solution conductivity, at constant pH.
This is in accord with qualitative predictions® for
an ion atmosphere polarization mechanism; a
more quantitative treatment for large macro-
molecules supports this prediction.%

Although potassium ions are not bound by BSA®%
whereas zinc ions are bound,’ the specific Kerr
constants of their solutions were essentially the
same. The only solution exhibiting anomalous
behavior was one containing CuCl, (see Fig. 7).
Klotz and co-workers® found that cupric ion caused
slow changes in the spectrum of BSA which they
attributed to unspecified irreversible changes in the
structure of the molecule. Saroff and Choate®®
found by ultracentrifugation that concentrations
of cupric ion higher than those investigated by
Klotz caused reversible aggregation of BSA.
The increase in the Kerr constant would be con-
sistent with aggregation, but structural changes
are not ruled out by the datum, A detailed bire-
fringence study, including relaxation analyses,
undoubtedly would shed further light on the Cu++-
BSA interaction.
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