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By means of the magnetic float method, the partial specific volumes of edestin and gelatin have been redetermined. The

new values fit the general pattern of agreement between observed and calculated partial specific volumes of proteins.

Since

this correspondence depends on neglecting electrostriction, measurements were made at different values of pH, and also in

urea solution, on gelatin, ovalbumin and serum albumins.

The findings are consistent with the hypothesis that compact

protein molecules contain an “‘excluded volume,” which may alter in size under different conditions.

Accurate measurements of the partial specific
volume 7 of a protein have hitherto been difficult to
make.® They are important in the calculation of
molecular weight M from ultracentrifuge data, be-
cause an error of 19, in 9 results in one of at least
3% in M. In the absence of complicating factors,
it should be possible to calculate § from the amino
acid composition of a protein.45 When this was
done, calculated and observed values were the
same® with a few exceptions, notably those for
edestin and gelatin. However, it was necessary
to ignore electrostriction to reach this agreement.

The present study was designed to take advan-
tage of the high accuracy to which density deter-
minations may be made by the float method in ex-
ploring the relation between & and amino acid com-
position. The effect of environment (pH and sol-
vent composition) was examined, and particular
attention given to those proteins for which the cal-
culated values did not agree with experimental
ones available in the literature.

Materials

Two samples of high quality gelatin were used, both pre-
pared by Eastman Kodak Co. One was derived from calf-
skin, the other from pigskin. The ash content was found to
be less than 0.04% in both cases. A stock solution was pre-
pared by dissolving gelatin in warm water, pouring the
solution into a dialysis bag, and dialyzing for some days at
5° against a large volume of water. About 24 hours before
measurements were begun, the flask was transferred to a
room at 30° where subsequent weighing and adding opera-
tions were carried out,

Three preparations of edestin were made. Ultracentrifu-
gal analysis of the first, I, which was made from hemp seed
by the inethod of Bailey,® showed a niain peak with two
sinaller peaks. Preparation 11, made by a procedure similar
to that of Goring and Johnson,” gave an ultracentrifuge
pattern containing one major and one minor component.
A sample of edestin from Nutritional Biochemicals Corp.
(lot 1341) was purified by similar methods until the minor
heavy coinponent was almost eliminated (preparation III).

Lysozyme was obtained from Armour and Co. (lot 003
L1), and from Dr. L, R. Wetter (lot L.R.W.). It was dis-
solved in and dialyzed against phosphate buffer (pH 6.8,
ionic strength 0.1), the small amount of insoluble material
being filtered off before dialysis. Since some loss of lyso-
zynie occurs through ordinary niemibranes, and only 300 mg.
of lot L.R.W. was available, dialysis of this particular solu-
tion was restricted to 24 hours at room temperature,
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JourraL, T4, 2515 (1952).
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Samples of lot 003L1 were dialyzed for 24 or 48 hours.
Electrophoresis of this lot in phosphate buffer (ionic strength
0.1, pH 7.0) gaverise to a single peak.

The majority of experiments on bovine serumn albumin
were done on lots N67210 and P67403 (Armour and Co.), but
lot A1201 (Pentex Inc.) was used in two series. The usual
small amounts of heavy component were detectable in the
ultracentrifuge patterns. In the absence of added salt,
albumin solutions became turbid at about pH 2, presumably
due to separation of free fatty acid. Samples to be used at
low pH were dialyzed to pH 2 (at about 7%, concentration)
against very dilute hydrochloric acid. After filtration
through fine sintered glass, they were then dialyzed back to
about pH 5 in water.

The human seruni albumin was produced by Cutter
Laboratories, according to method 6 of Cohn, ¢! ¢/.2 Both
sedimentation and electrophoresis revealed a small amount
of contaminating globulin.

Horse serum albumin was prepared by the niethod of
Kekwick.? A mixtnre of fractions A and B was finally
made, as the yield was too low to enable the fractions to be
studied separately. There was only a very small aniount of
globulin impurity, as shown by sedimentation and by
electrophoresis.

Ovalbumin was obtained from Nutritional Biochemicals
Corp. (lot 7030) and Pentex, Inc. (lot B4902). A small
amotint of insoluble material, apparently produced by sur-
face denaturation, was removed by nieans of a Spinco pre-
parative ultracentrifuge before the solutions were dialyzed.

Potassium chloride, used to check the calibration of the
differential refractometer and the performance of the den-
sity apparatus, was purified in the way described by Mac-
Innes and Dayhoff.®® Otherwise, reagent grade chemicals
were used.

Methods

Density Apparatus.—This closely resembled that de-
scribed by Maclnnes, ef a¢l.!? The thermoregulator consisted
of a 2.5 cni. diameter straight glass tube (containing about
120 ml. of mercury) surmotunted by a capillary in which a
nickel wire formed the upper contact. The regulator was
mounted on the same bracket as the stirrer, since slight vi-
bration improves the stability of regulation. Absolute tem-
perature measurements were made with a platinum resist-
ance thermometer and Mueller bridge. This thermometer
was supplemented by a Beckmann, which provided a quick,
although less accurate, check on fluctuations. Temperature
was steady to ==0.001° during measurements, althougl
slightly larger changes occurred over long time intervals.
Readings were all made in the ranges 25.000 == 0.005° or
30.000 = 0.005°, henceforth referred to merely as 25 or 30°,
respectively.

The Alnico magnets for the floats were reduced in strength
by means of a solenoid carrying alternating current. The
applied voltage was critical and slightly different for each
magnet. Cells and floats were cleaned in cold chromic acid.
which had no detectable effect on the float characteristics.
Although the current used during measurements never ex-
ceeded 100 ma., up to 500 ma. could be passed (iu the re-
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verse direction) as a guide to the final weights required.
Weights lighter than 20 mg. were dropped through the neck
of the cell on to the float, their fall guided by a glass tube.
As larger weights tended to bounce off the float, a special
glass device was constructed which enabled weights to be
released only a short distance above the top of the float.
It was not suitable, however, for the smaller weights, which
required momentum to break through the liquid surface.

Since air bubbles on the float would vitiate accurate meas-
urements, final dialysis was done slightly above the working
temperature. This was not necessary when the dialysate
was water alone, as excess dissolved air could be removed
under vacuum without significant effect on the density of
the water.!?

The density apparatus, when tested with potassium chlo-
ride solutions, gave results which agreed to within 2 or 3
parts per million (p.p.m.) with figures calculated from eq.
4 and 6 of MacInnes and Dayhoff.?? However, the results
of preliminary experiments with bovine serum albumin and
gelatin showed more spread than was expected. The posi-
tive correlation between the spread and the concentration
of stock solution suggested that this scatter was due to two
factors associated with the use of weight burets. These are
the uncertainties due to solution splashing into inaccessible
parts of the cell, and the difficulty of ensuring efficient mix-
ing. Reduction in the concentration of stock solutions pro-
duced a marked improvement,

Comparative series were carried out as follows. Stock
protein solution was dialyzed near the isoelectric point
against water, and part of the solution was used for a set of
measurements in this water. A second cell was filled either
with water adjusted to just below pH 2 with hydrochloric
acid or with a buffer solution, After the density of this had
been determined, several additions of stock protein solution
were made. The proportion of water thus added being
known, the composition of the effective solvent at each
stage could be calculated, and the density either measured
in a separate experiment or deduced on justifiable assump-
tions. When buffer was absent, conditions were chosen so
that the change of pH produced by each addition of stock
solution involved alterations of charge on the proteins which
were negligible so far as this investigation was concerned.

Normally, the weight of solvent (approx. 200 g.) initially
in the cell had to be known to only 50 mg., but strong urea
solutions had to be weighed on a balance capable of ten
times this accuracy at the same load. For experiments with
urea, mixtures were made up individually by weight from
water and stock solutions of protein and urea. The effec-
tive solvent in each case was almost the same, but there were
inevitably slight differences in the relative amounts of water
and urea. Experiment showed that adequate allowance
could be made by using the equations of Gucker, ¢t al.,?
to interpolate the variations in the density of urea solutions
over the small ranges involved.

All calculations of apparent specific volume were made
with the equation

¢p = 1/p0 {1 ~ (p ~ po)/mp)} (H

wliere p = density of solution, p; = density of effective sol-
vent, and # is the weight fraction of protein. Usually ¢,
= j for proteins.?

Protein Concentratiotis.—These were mainly determined
directly by drying samples of stock protein solutions for 48
hr. in a convection oven at 105-110°. When buffer solu-
tions were used, corrections were made, assuming that the
mass of salts present was the same in equal volumies of di-
alysate and dialyzed protein solution.

Use of refractometer measurements either as a substitute
for or as a check on the drv weights was originally intended.
Since, however, there are discrepancies in published specific
refractive incremment values,!* it was deemed necessary
to make fresh determinations of these. The differential
refractometer used!® was calibrated by means of data for

(12) J. W. Mellor, **Treatise on Inorganic and Theoretical Chemis-
try,”’ Vol. 1, Longmans, Green and Co., London, 1922, p. 416.

(13) F.T. Gucker, Jr., F. W. Gage and C. E. Moser, THIS JOURNAL,
60, 2582 (1938).

(14) G. E. Perlmann and L. G. Longsworth, 7bid., 70, 2719 (1948).

(15) M. Halwer, G. C. Nutting and B. A. Brice, sbid., 78, 2786
(1951).

(16) B. A. Brice and M, Halwer, J. Op¢. Soc. Amer., 41, 1033
(1951).
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potassium chloride solutions at 5461 A." Refractometer
measurements at 5780 A., and parallel dry weight experi-
ments, led to the figures shown in Table I. Since Halwer,
el al.,'s assessed the accuracy of their results as no better
than =0.49%, and the measurements in this work were done
in a similar manner, the two sets agree within experiniental
error. There seems to be no obvious reason why Perlmann
and Longsworth!4 should have obtained consistently higher
results. The figures in the last column of Table I were
used whenever protein concentrations were determined
solely in the refractometer during the density work.

TaBLE I
SpECIFIC REFRACTIVE INCREMENTS (X 10%) AT 5780 A. anp
25°
Observers
Perlmann
and

Longs- Halwer, This

worth!t ¢ gl bo work
Lysozynie 1875 1882°
Bovine serunt albuniin 1867 1841 1850
Bovine serum albumin in 0.1

M NaCl or KC! 1887 1841 1850

Human serum albumin 1854 1840°
Horse serum albumin 1831 1810°
Ovalbumin 1851 1807 1809
B-Lactoglobulin 1842 1809

_ o
% These meastrements, made at 5461 A,, have been cor-

rected to 5780 A. by use of the dispersion results of Perlmanu
and Longsworth.!* ? Single measurement.

Consideration of Errors in §.—The limits of error in the
density measurements have been dealt with by MacInnes,
et al.tt Here attention will be directed to the uncertainties
arising in the partial specific volume from errors in density
and protein concentration measurements, and from the
Donnan effect when dialysis is not done at the isoelectric
point. The effect of deficiencies in the knowledge of amino
acid composition and the volume contributions of particular
amino acid residues on the ‘‘theoretical’’ values of § also will
be dealt with.

Since the quantity actually measured is (p — pp) = Ap,
eq. 1 niay be rewritten

dp = 1/po {1 — ap/n(po + Ap)} (2)

Differentiation of eq. 2 with respect to py shows that ¢, is
relatively insensitive to errors in py, which need not be con-
sidered further.

Equation 2 shows that if ¢, = 7, the partial specific vol-
ume is most accurately assessed by calculating the regres-
sion of Ap/(po + Ap) on n. The slope of this line is equal
to (1 — popp), and the standard error of slope a measure of
internal consistency of a series, As a slightly less informa-
tive quantity we can use the mean deviation of points from
the regression line.

The effect of an error in Ap on the value of ¢, calculated
from a single measurement is obtained by differentiation of
eq. 2

d¢p/A(Ap) = ~1/n(ps + Ap)t = ~1/n  (3)

Thus, an error of 1 p.p.m. in Ap will caitse ¢, to be incorrect
to the extent of 0.0001 and 0.001 at protein concentrations
of 1.0 and 0.19, respectively.

The effect of concentration errors is estimated as
dpp/On = Ap/nipo(po + Ap) = (1 —~ pogpp)/mpo

= (1~ ¢p)/n (4)

This relation shows that it is the relative error in tlie deter-
mination of # which is significant. Since errors in weighing
the burets are negligible, it is essentially the errors in deter-
mining the concentration of stock solution that are effective,
and create the same uncertainty independent of the absolute
concentration in the cell. A relative error of 0.59, in con-
centration causes an error of about 0.0013 iut ¢, in dilute salt
solutions.

Experience has shown that tlie maximumi errors in ¢,
arising froni density and concentration errors are generally
about 0.001 and 0.002, respectively. Thus the maximum

(17) L. J. Gosting, THIS JoUrnaL, T2, 4418 (1950).
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TapLe 11
PARTIAL SPECIFIC VOLUMES OF GELATIN, EDESTIN AND LYSOzZYME
Temp., Stock Concen, Mean Av. dev.
Sample °C. concn. (%) range (%) Solvent pH & {p.p.m.)
Calfskin gelatin 30 2.368 0.11-1.06 Water 4.9 0.6935 1.4
Calfskin gelatin 30 2,450 .15-1.00 Water 4.9 .695¢ 2.2
Calfskin gelatin 30 2.450 .15-1.03 Water 1.9-2.7 L7047 3.3
Calfskin gelatin 30 3.888 .35-0.95 6.0 M urea 5.7-6.3 .69%¢ 16.7
Calfskin gelatin 30 3.524 .12-0.91 Water 5.0 .6935 2.3
Calfskin gelatin 30 3.524 .30-0.80 6.0 M urea 5.5-7.4 .6994 19.1
Calfskin gelatin 30 3.81g .38-1.04 7.0 M urea 5.7-6.1 . (6984 6.4
Calfskin gelatin 30 4.378 L19-1.25 Water 5.0 .6957 1.3
Calfskin gelatin 30 4.378 .31-1.01 7.5 M urea 6.0-6.4 .699¢ 5.3
Pigskin gelatin 30 2.557 .11-1.23 Water 5.5 .6963 2.8
Pigskin gelatin 30 2.089 .11-0.97 Water 5.4 6961 4.2
Pigskin gelatin 30 2.083 L11- .95 Water 1.7-2.1 L7045 2.2
Edestin, batch I 25 4.02¢6 .33- .86 0.75 M NaCl + 7.5 7250 2.2
Edestin, batch II 25 1.579 .07- .38 0.25 ionic strength 7.5 L7207 1.2
Edestin, batch I1I 25 1.247 .10- .57 phosphate 7.1 L7274 1.3
Lyvsozyme (L.R.W.) 25 .10 0.1 ionic strength 6.8 L7234
Lysozyme (lot D03L1) 25 3.913 .22- .84 phosphate 6.8 L7138 0.8

total from these causes is 0.003, but the standard error is
usually about 0.002., However, when the sanie stock solu-
tion has been used to obtain comparative values under dif-
ferent conditions, the accuracy of the difference is limited
almost entirely by errors in Ap.

Unless the protein has been dialyzed close to the isoelec~
tric point, the Donnan effect may cause anomalies, since the
electrolyte concentration will differ on the two sides of the
membrane, whereas it is assumed to bhe the same for the
purposes of determining protein concentration by dry weight
or refractometry, and for the purpose of measuring 4p. In
the present work edestin and lysozyme were not dialyzed
at tlieir isoelectric points, Approximate calculations of the
Donnan effect indicated that there would be a partial can-
cellation of tlie various volume effects, so that the error
would not be excessively large. One sample of bovine
serum albumin dialyzed at pH 3.2 (Table 111) gave results
which showed that, it that case, errors arising from the Don-
nan effect were small.

The apparent specific volume of a protein may be calcu-
lated by the formula

¢p = ZiWi/ZW (3)
where ¢;, W; are, respectively, the apparent specific volume
and weight percentage of a conustituent amino acid residue.

¢p/O¢; = Wi/ZW, (6)
and
O'»*)D/OVVi = (d’izn’yi - 2¢1W1)/22PV1 =

(o1 — ¢p)/ZW; (7)

Equations 6 and 7 were used to estimate errors in the ‘‘theo-
retical’’ value of ¢, on the basis of composition figures given
by Tristram,!® probable errors of aniino acid analysis,*® and
probable errors it ¢;.Y A standard error of about 0.004 was
arrived at. A small amount of protein impurity, when
present, will contribute errors to the composition figures,
but the effect on ¢, will clearly be small.

Results

The values of 9 obtained with the gelatins are
shown in Table IT. Both samples, at the iso-
electric point, gave a value of about 0.695, sub-
stantially greater than 0.682 found by Krishna-
murti and Svedberg,' and 0.680 given by Krae-
mer,® but still lower than the theoretical figure of
0.707.% (Kraemer used 2 M potassium thiocyanate
as solvent, and reported concentration dependence

(18) G. R. Tristram, in **The Proteins,” Vol. 1A, ed. by H. Neu-
rath and X. Bailey, Academic Press, Inc., New York, N. V., 1933, p.
181,

(19) K. Krishnamurti and T. Svedberg, TuiS Journar, 652, 2897

1930).
( (‘.5’!); . O. Kraemer, J. Phys. Chem., 46, 660 (1941),

of 9, the figure of 0.680 being obtained by extrap-
olation to infinite dilution.) At pH 2 the volume
was about 1.29%, greater than at pH 5. The scatter
of measurements in urea, at first very great, was
much reduced by use of the more accurate balance
for weighing out the mixtures. However, the
mean values of § were the same, all apparently
slightly higher than in water at pH 5.

The figures obtained with edestin (Table II)
showed a relatively large spread between prepara-
tions, although there was no correlation with the
proportion of heavy components present. Tle
spread is probably due to the difficulty of getting
accurate dry weights in the presence of so much
salt, but there are also slight uncertainties arising
from the Donnan effect. The highest value (for
batch III) is 1.29, greater than the theoretical
value of 0.719,° whereas the only other figure
available, 0.744,%*! is much higher, although meas-
ured under similar conditions.

Lysozyme (lot 003L1) gave ¢ = 0.7138 alter
dialysis for 48 hours (Table II), whereas Colvin?®?
found 0.688 for this lot. Single measurements on
samples dialyzed for only 24 hours gave values
agreeing with 0.713% within experimental error.
The value for batch L.R.W., 0.723, refers to a single
measurement at a low concentration, and is hence
much less reliable. It is in good agreemeunt with
0.722 which was obtained pycnometrically on the
samelot.?® Allmeasurements made here were quite
close to the calculated value of 0.717,% but, as with
edestin, there are residual uncertainties in the dry
weights and Donnan effects.

Thus, the values of # found here for edestin and
gelatin are appreciably different from those re-
ported previously, both being closer to the theo-
retical, and thus bringing these substances into
line with the general pattern of approximate agree-
ment between theoretical and experimental fig-
ures.®  The new figures for lysozyme confinu that
it is no exception either.

(21) T. Svedberg and A. ]J. Stamm, THIs JournaL, B1, 2170 (1829},

(22) J. R. Colvin, Can. J. Chem., 30, 831 (1952).

(23) 1. R. Wetter and H. F. Deutsch, J. Biol. Chem., 193, 237
(1051).
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TasLE III
PARTIAL SPECIFIC VOLUMES OF BOVINE SERUM ALBUMIN AT 25°

Stock Conen. Mean Av. dev.
Lot no. conen. (%) range (%) Treatment B (p.p.m.)
N67210 4.155 0.14-1.07 Dialyzed in water, pH 4.9 0.738;1 2.1
N67210 2.603 .13-0.85 Dialyzed in water, pH 5.1° 7357 1.8
N67210 3.08p .11-1.06 Dialyzed in 0.1 M KCJ, pH 5.0 .7357 4.6
N67210 3.08p .13-1.06 Dialyzed in 0.1 M KCI, pH 5.0 and measured at pH 2.0-2.6 .7448 2.7
N67210 1.611 .09-0.38 Dialyzed in 0.1 M KCJ, pH 5.1° 7325 1.2
N67210 1.611 .10- .39 Dialyzed in 0.1 M KC}, pH 5.1° and nieasured at pH 1.8-2.1 .7414 2.2
P67403 2.505 13- .67 Dialyzed in water, pH 4.9 .7338 2.1
P67403 2.127 .18- .57 Dialyzed in 0.1 M KCl, pH 5.3 .7363 0.7
P67403 2.059 L18- .62 Dialyzed in water, pH 5.1° 7302 0.6
P67403 2.897 .16- .62 Dialyzed in 0.1 M KCJ, pH 5.2° .7325 2.6
P67403 2.897 .22- .61 Dialyzed in 0.1 M KCl, pH 5.2* and measured at pH 1.9-2.4 .7390 2.0
P67403 2.847 .22- .68 Dialyzed in 0.1 M KCJ, pH 3.2° .738¢ 5.0
A1201 4.118 .15- .89 Dialyzed in water, pH 4.8 .7349 1.2
A1201 4.118 .17- .96 Dialyzed in water, pH 4.8 and measured in borate buffer (0.02- .7505 6.9

0.025 M borax adjusted to pH 10.0)
P67403 3.458 .10- .89 Dialyzed in water, pH 5.1 .7382 1.0
P67403 3.458 .11- .83 Dialyzed in water, pH 5.1 and measured in borate buffer (0.02- .7523 3.0
0.025 M borax adjusted to pH 10.6)

P67403 .5167 Dialyzed in water, pH 5.0 and measured in 8.0 M urea, 0.05 M . 7460
P67403 .9223 borax and 0.005 M p-chloromercuribenzoate (pH 9.8- .7463
P67403 1.332 9.9) . 7459

@ These samples were pretreated at pH 2 (see text).

The results obtained with bovine serum albumin
are given in Table III. They show good agree-
ment with the figure of 0.7343 obtained near the
isoelectric point by Dayhoff, et al.* There may be
a slight difference between the batches, and also a
small decrease in ¥ after pretreatment at pH 2, but
these apparent effects are of the order of experi-
mental error. In lots N67210 and P67403 the
partial specific volume near pH 2 was approxi-
mately 19 greater than near the isoelectric point.
Lots P67403 and A1201 gave values near pH 10.5
and pH 10.0, respectively, which were 29, higher
than at the isoelectric point. In 8 M urea, at pH
9.8-9.9, in the presence of p-chloromercuriben-
zoate, an apparent increase in § with time was found
to be due entirely to a small decrease in the density
of solvent with time. In this solution the protein
possessed a # about 19, lower than it did at the
same pH in the absence of urea.

The results of experiments on human serum al-
bumin near the isoelectric point (Table IV) may
be compared with 0.736,** 0.733% and 0.729.%
The change of § between pH 5 and pH 2 was the
same as for bovine serum albumin,

Horse serum albumin gave & = 0.734; (Table
IV), close to the values for the other albumins, but
considerably lower than 0.748 often quoted.” The
change of 9 between pH 5 and pH 2 was again al-
most identical with that observed for the other
albumins,

The results of experiments on ovalbumin are
given in Table IV. The mean value near the iso-
electric point, 0.7461, was in good agreement with
0.7479 obtained by Dayhoff, et al.? At pH 2 there

(24) K. Q. Pedersen, ""Ultracentrifngal Studies on Serum and Serum
Fractions,” Almquist and Wiksells Boktryckeri AB, Uppsala, 1945.

(25) J. L. Oncley, G. Scatchard and A, Brown, J. Phys. Colloid
Chem., B1, 184 (1047),

(26) G. S. Adair and M. E. Adair, Proc. Roy. Soc. (London), A190,

341 (1947).
(27} T. Svedberg and B. Sjégren, THIS JoURNAL, 50, 3318 (1928).

was an increase of about 1.5%,, whereas in 8 M
urea solution there was a decrease of about 1.39,

Discussion

Isoelectric Conditions.—It has been shown that
the “‘theoretical” values of 9 are probably fairly
accurate, but experimental values quoted by Mec-
Meekin and Marshall® are more difficult to assess,
as in many cases details of the methods used, and
probable error, are inadequate, or lacking entirely.
Nevertheless, the correspondence between ‘‘theo-
retical” and observed values is reasonably good.
So far, however, the effects of electrostriction have
been ignored in this comparison. This question
has been discussed by Edsall® and Waugh.®
Unless most of the carboxyl ions and charged
amino groups are involved in the formation of
internal salt linkages, normal electrostriction must
occur. The evidence against such linkages has
been discussed by Jacobsen and Linderstrgm-
Lang.® Except for some groups in hemoglobin,?
all the polar groups in proteins are so readily ac-
cessible for titration that they are not likely to be
involved in strong internal bonds. Presumably,
therefore, the effect of electrostriction is masked
by a compensating factor. It seems most likely
that this is a steric effect, due to the manner of the
folding and packing of the peptide chains, whereby
a small volume, the excluded volume, is rendered
inaccessible to solvent.?.?®

Table V shows estimates of the excluded volume,
obtained by taking the cobserved 9 and subtracting
the “‘theoretical”’ less electrostriction. This last
was calculated from composition figures,!® assum-

(28) J.T. Edsall in "*The Proteins,” Vol, IB, ed, by H. Neurath and
K. Bailey, Academic Press, Inc., New York, N. V., 1953, p. 549.

(29) D. F. Waugh, Advances in Protein Chem., 9, 325 (1954).

(30) C. F. Jacobsen and K. Linderstrgm-Lang, Nature, 164, 411
(1949).

(31) J. Steinhardt and E. M. Zaiser, J. Biol. Chem., 190, 197
(1951).
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TABLE IV
PARTIAL Sprcrrrc VoLUMES oF HUMAN AND HORSE SERUM ALBUMINS anD OVALBUMIN, AT 25°
. Stock Conen. Mean Av. dev,
Sauple conen. (%) ratiges (%) Solvent pH (p.p.us)
1lmman serwn albunin 3.173 0.13-0.8% Water 5.4 0.7362 1.9
Human sertun albuntin 3.173 J14- .00 Water 1.8-2.3 .7435 3.0
Horse serum albuniin 1.747 L09- .46 Water 4.8 7345 0.5
Horse serunt albumin 1.747 08— .40 Water 1.8-2.0 .740¢ 0.7
Ovalbumin, lot 7030 3.766 .12-1.00 Water 4.8 L7461 3.2
Ovalbumin, lot 7030 3.76¢g .13-0.91 Water 1.9-2.3 L7540 1.9
Ovalbumin, lot 7030 3.76g .22- .63 8 M urea 6.6-6.9 .7375" 6.4
Ovalbumin, lot B4902 2.695 12— .68 Water 5.6 7469 1.4
Ovalbumin, lot B4902 2.695 (13- .68 Water 1.6-1.8 .7H84 2.3
e 1.5 lir. after mixing,
TaBLE V
PARTIAL SPECIFIC VOLUME DIFFERENCES
7 (Isoelectric point)
Caled. (electro- Electro- Excluded
striction striction vol, p (pH2) — & (pHS)
Protein sample neglected) Obsd. (caled.) (deduced) Caled. Obsd.
Edestin 0.719 0.724° 0.024 0.029
Lysozyme—(lot 003L1) 717 714 .022 .019
Gelatin (calfskin) 707 694 .016 .003 0.010 0.009
Gelatin (pigskin) .707 .696 .016 .005 .010 .009
Bovine serum albumin—(lot N67210) 734 ,\735° .026 .027 .016 009
(lot P67403) 734 .733° 026 .025 .016 .007
Human serum albumin .738 736 026 024 .016 007
Horse serum albumin 734 017 .006
Ovalbumin—(lot 7030) .738 746 .016 .024 .010 .008
(lot B4902) .738 746 .016 .024 .010 .012

¢ Mean value for all three batches near pH 7.
near pH 5, in water and in 0.1 A potassium chloride.

ing a volunie decrease of 18 ml. per charge pair per
mole.”8

The following points emerge from Table V.
Edestin, ovalbumin, human serum albumin and
bovine serum albumin, which are generally be-
lieved to have comipact molecules (in water, near
the isoelectric point), show an excluded volume of
3-49, consistent with their probable structure.
(No estimate is possible for horse serum albumin, as
insufficient details of its composition are available.)
On the other hand, gelatin, which behaves in many
respects rather like a random coil,3*%® has little, if
any, excluded volume, as might be anticipated.

Acid or Alkaline Conditions.—Titration curves of
the proteins used here® —% indicate that, at the
isoelectric point, all cationic groups are charged.
The carboxyl groups, also mostly charged at this
point, react with hydrogen ions at low pH. This
elimination of part of the electrostriction corre-
sponds to a volume increase of about 11 ml./g.
equivalent.®® This increase has been calculated
for the gelatins and albumins for comparison with
experimental values (Table V). Ovalbumin and
gelatin show satisfactory agreenient with expecta-
tion, but the three serum albumins give a much

(32) 7. W. Williams, W. M. Saunders and J. 8. Cicirelli, J. Phys.
Chem., 68, 774 (1954).

(33) H. Boedtker and P. Doty, ¢bid., b8, 968 (1954).

(34) E. J. Cohn, Physiol. Revs., 5, 349 (1925).

(35) D. I. Hitchcock, J. Gen. Physiol., 16, 125 (1932),

(23} R, K. Cannan, A. Kibrick and A, H. Palmer, Aun. N. Y.
Arad. Sci., 41, 243 (1941},

(37) C. Tanford, Tuis JournaL, 72, 441 (1950),

(38) C. Tanford, S. A. Swanson and W. S. Shore, 1b7d., T7, 6414
(19553,

(39, K. II Weber, Biochem. 7.. 218, 1 (1030).

b Figures relate to pH 6.8, not to the isoelectric point.

¢ Mean values

smaller effect than the calculations suggest. Chlo-
ride binding could not account for this, since it
would operate in the opposite direction. Hence, it
seems necessary to assume that the excluded volume
of the serum albumins decreases at low pH.

The above observations accord with what is
known of the behavior of these proteins. It has
been shown that the bovine serum albumin mole-
cule undergoes pronounced changes at low pH.4.4!
The large expansion or unfolding which occurg??3
would be expected to facilitate penetration by the
solvent. The ovalbumin molecule is known to be
much less affected by low pH.¥ Recent sedi-
mentation studies*! afford confirmatory evidence
for these opinions. With gelatin the possible
change of excluded volume is only of the order of
experimental error. If real, it is in the direction
expected, as a random coil molecule, at low pH,
would be in a more expanded, readily permeable
form.

McMeekin, et al.,* working with casein, and at
much higher concentrations, found a variation of
apparent specific volume with concentration at pH
3. The result they obtained by extrapolation to
zero protein concentration did not differ signifi-

(40) G. Weber, Biochem. J. (London), 81, 155 (1952).

(41) H. Gutfreund and J. M. Sturtevant, THIS JOURNAL, 78, 5447
(1953).

(42) M. E. Reichmann and P. A. Charlwood, Can. J. Chem., 33,
1092 (1954).

(43) C. Tanford, J. G. Buzzell, D. G. Rands and S. A. Swanson.
THIs JoURNAL, T7, 6421 (1955).

(44) P. A. Chariwood and A, Ens, Can. J. Chem. in press.

(45) T. L. McMeekin, M. L.. Groves and N. J. Hipp, Tu1s Journar,
71, 3298 (1949).
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cantly from the normal 9. If their extrapolation is
reliable, this would indicate that, in casein, the
volume increase due to diminished electrostriction,
and the decrease resulting from a smaller excluded
volume effect, are almost of the same magnitude.
If this is so, the alteration in excluded volume
should be reflected in variations in other properties
of the molecule at low pH.

The interpretation of results obtained under alka-
line conditions is more complicated, as several dif-
ferent types of groups are titrated above the iso-
electric point. An estimate was made, using the
data of Weber® on the volume changes accompany-
ing the reactions of these groups, and the titration
figures of Tanford, e al.,% of the change in 9 to be
expected between pH 5 and pH 10.0-10.5. For
bovine serun: albumin this was 0.0168 ml./g.,
compared with the observed change of 0.0141-
0.0155 ml./g. (Table III). Thisis quite good agree-
ment, in view of the uncertainties. Moreover,
this finding is also in accord with recent sedimen-
tation measurements,

Urea Solutions.—Neurath and Saum* and
McMeekin, et al.,% could find no difference be-
tween the partial specific volumes in water and
urea solutions for horse serum albumin and casein,
respectively, and McKenzie, et al.,*” reported nor-
mal values for ovalbumin and bovine serum al-
bumin in urea. All these workers used the pycno-
metric method. On the other hand, Christensen4
and Simpson and Kauzmann,* using dilatometers,
observed a decrease in volume for 3-lactoglobulin
and ovalbumin, respectively, when solutions of
these proteins were exposed to urea. The figure
given for ovalbumin®® is about 300 ml./mole in 6
to 8 M urea at 30°. The corresponding figure cal-
culated from the results in Table IV is about 380

(46) H. Neurath and A. M. Saum, J. Biol. Chem., 128, 347 (1939).

(47) H. A, McKenzie, M. B. Smith and R, G. Wake, Nature, 176,
738 (1955).

(48) L. K. Christensen, Compt. rend. irav. lab, Carlsberg, Ser, chim.,
28, 37 (1952).

(49) R. B. Simpson and W. Kauzmann, Tuis Journ~aL, 75, 5139
(1953).
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ml./mole. Since the accuracy of this estimate is
not likely to be better than 15%, and it refers to
slightly different conditions, the agreement may
be considered quite satisfactory. The direction of
the change is consistent with the idea of an open-
ing out of the molecule under the action of urea,
the excluded volume thereby being partly elim-
inated.

The effect of urea on the partial specific volume
of bovine serum albumin (Table III) was quanti-
tatively almost the same as with ovalbumin. This
is consistent with other observations® which were
interpreted as indicating some unfolding of the pro-
tein molecule in urea solution.

The effect of urea on gelatin is less easy to assess,
because of the larger experimental errors. The
apparent slight increase in # is possibly not signifi-
cant. Since the gelatin molecule possesses little
organized structure, it would not be anticipated
that urea would profoundly influence its properties.

The results obtained in this work are consistent
with our knowledge of the composition and struc-
ture of the proteins used, and to that extent con-
firm current views. It would be desirable to ex-
amine other proteins listed by McMeekin and Mar-
shall® to see whether there are any exceptions to the
general pattern established for those proteins stud-
ied recently in the magnetic float apparatus. It
would also be interesting to study the behavior of
suitable synthetic polyampholytes.
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