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1 . Introduction

The most general theory for the analysis of electric
birefringence decay observed with macromolecular
solutions was presented by Ridgeway [1,2] for a
monodisperse suspension of rigid particles of arbitrary
shape. For this general case, the birefringence decay is
given as
F=(N/2n1)(A+ exp-6B+t+A_exp-60_t),

	

(1)

where N is the density of particles in suspension, nI is
the index of refraction of the suspending medium, and
A,, are functions which depend on the initial orienta-
tion of the particles and their dielectric and diffusion
properties. However, Ridgeway states that more must
be known about the local field within the polymer be-
fore it would be useful to evaluate eq . (1) for meaning
of the coefficients A,. . The relaxation times r, . =1/69 ± ,
depend only on the temperature, solvent viscosity and
terms of the rotational diffusion tensor of the particle .
Ridgeway also points out that since at most two relax-
ation constants may be observed for any monodisperse
suspension of rigid particles, it is not possible to infer
the shape class of the suspended particles from the re-
laxation curve along . However, it is possible to test
proposed structures for those cases where the elements
of the diffusion tensor have been calculated in terms
of the particle shape parameters . Such structures in-
clude the sphere, calculated by Einstein [31, the right
circular cylinder of large axial ratio, calculated by
Burgers [41, and finally, the asymmetric ellipsoid cal-
culated by Perrin [5] .
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Ridgeway [6] considers four specializations of the
general solution. The first is the suspension of a single
type of spheroid (two axes equal) of isotropic mate-
rial. The decay of birefringence is simple exponential
and is in agreement with the earlier treatments of
Benoit [71, O'Konski and Zimm [8], and Tinoco 191 .
The second case is that of a suspension of two or
more types of spheroids of isotropic material . This
corresponds to a polydisperse system of particles de-
scribed by case one. In this case, the motions of indi-
vidual particles are assumed to be independent of one
another so that the superposition of the individual
contributions of each particle to the birefringence re-
sults in a mixed exponential decay curve of the form

n

	

R

r = ri = E ri(0) exp -6Di t,

	

(2)
i=1

	

i=l

where Di is the rotational diffusion coefficient for ro-
tational motion about one of the cross-axes of the
spheroid- The third case is that of a spheroid of aniso-
tropic material, for which a mixed exponential curve
with two terms is observed, of which, that with the
smaller exponent is the one which would be observed
if the material of the particle were isotropic . The
fourth case is the asymmetric ellipsoid of unequal
axes of an anisotropic material . Ridgeway points out
that it is not possible to distinguish experimentally
whether a double exponential decay curve indicates
the second or the fourth case described here, because
any ratio of the two exponents is acceptable in either
case. Ridgeway further states that the third case leads
to a specific ratio of the exponents and should be de-
tectable as such. An additional case, which we shall



refer to as case five, is that of a heterogeneous suspen-

sion of anisotropic spheres. Each sphere contributes a
simple exponential decay to the birefringence .

Accordingly, a mixed exponential decay of bire-

fringency may be due to a suspension of two aniso-
tropic spheres of different radii; to a suspension of
two isotropic spheroids of different axial ratios ; to a
mono disperse suspension of an anisotropic spheroid,
and finally an asymmetric ellipsoid .

Cases one and two have been investigated by sever-

al researchers including Benoit [7], Krause and

O'konski [10], Pytkowicz and O'Konski [11], and
Ingram and Jerrard [12] . Case three has been investi-

gated by Wright and Thompson 113], who measured
a mixed exponential decay in birefringence for bovine

serum albumin . The two measured relaxation times

were in agreement with the predicted values according
to eq- (3), for the prolate ellipsoid model with major

axis 140 A and minor axis 40 A, which has been pro-

posed by Squire et al. 114), and Rosseneu-Motreff
et al. [15] .Case four has been investigated by

Ridgeway [21 in terms of the birefringence relaxation

data for Helix pomatia hemocyanin, which was re-

ported by Pytkowicz and O'Konski and interpreted by
them in terms of cases one and two above .

The purpose of this paper is to investigate, for com-

pleteness, the application of the remaining models,
which may account for the mixed exponential bire-

fringence decay, to the data of Pytkowicz and

O'Konski. Specifically, the suspension of two aniso-

tropic spheres and the anisotropic spheroid will be

used to interpret particle shape, and the results will be

compared to the models calculated by Pytkowicz and

O'Kanski for case two, and by Ridgeway for case four .

The resulting models will be used to predict hydrody-

namic parameters obtained from other experimental

methods.

2. Theory

The decay constants for a spheroid of anisotropic

material are given by Ridgeway [ 1 ] as

B+=Rt,

	

0_ =(R1 +2R3)/3,

	

(3)

where R1 denotes the rotational diffusion coefficient

for rotation of the symmetry axis about a cross-axis,

and R3 that for rotation about the symmetry axis .
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Wright et al. [161, have shown that R1 and R3 are

consistent with the hydrodynamic theory of
Scheraga-Mandelkern [171, and therefore contain in-

formation for the dimensions of the equivalent ellip-

soid of revolution. The iteration procedure developed
by Wright et al- to approximate the inversion of the

Perrin equations for R, and R3 is based on the ratio

R3/R1 which is tabulated in their table I for several

arbitrary eccentricities . For the prolate ellipsoid, this

ratio is seen to be a continuous, monotonic increasing

function of tht eccentricity. This ratio is directly re-

lated to that suggested by Ridgeway, since

0-/0+=(R1+2R3)/3R1=(1t2R3/R1)/3 .

	

(4)

Although 0 _/8, is indeed a specific ratio for a given

ellipsoid of revolution, this by itself is not sufficient

to yield estimates of the particle dimensions without a

procedure similar to that presented by Wright --t al.

It is therefore meaningful to apply case three to bi-

refringence decay data which are obviously a mixed

exponential of the form

r =A exp -t/7f +B exp -t/7-S,

where 7f and ; denote the fast and slow relaxation
times, respectively . For prolate ellipsoids, R1 <R3,
therefore

rs= 1/6R1, rf= 1/2(R1 +2R3) .

	

(5)

Thus, R1 and R3 may be estimated from a given pair

of relaxation times .

3. Application

The birefringence decay for Helix pomatia hemo-

cyanin dissolved in distilled water at 25°C, reported

by Pytkowicz and O'Konski 1111, was interpreted as

a mixed exponential decay . The linear coefficients of

the two exponential terms are obtained from the data

to be 0.0069 and 0.023 radians, from which A_ may

he calculated. However, for the reason discussed in
the Introduction, these coefficients will not be eval-

uated. The observed relaxation times for the mixed

exponential decay curve axe rf = 11 .5 X 10-6 s and

s5 = 55 X 10-6 s. In the case of the suspension of

anisotropic spheres, the relaxation times are evaluated

according to eq. (2), where the two exponential para-

meters correspond to the rotational diffusion coefft-
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bents for the respective spheres . The radius of a given
sphere, a, i° calculated from the rotational diffusion
coefficient, R o, by means of the expression derived
by Einstein [31, RO = kT/(8rrva3 ). Thus, the solution
conditions of temperature and viscosity must be speci-
fied. The concentration of the H . pomatia hemocyanin
solution reported by Pytkowicz and O'Konski was
5 mg/ml in distilled water at 25°C. Since the relaxa-
tion data were not extrapolated to zero protein con-
centration, the solution viscosity is used to calculate
the radius, instead of the solvent viscosity. Konings
et al. [18] reported an intrinsic viscosity for native
Helix pomatia a-hemocyanin of 7 .7 ml/g. This value
was determined from viscosity measurements on con-
centrations varying between 5 and 20 mg/ml in
10-2 M phosphate buffer, pH 7. Since the reduced vis-
cosity over this concentration range appeared to be in-
dependent of the protein concentration, the intrinsic
viscosity was used to calculate the solution viscosity
at the concentration specified by Pytkowicz and
O'Konski_ The viscosity of water, nw50 = 0.8937 centi-
poise, and the specified intrinsic viscosity are used to
calculate the solution viscosity, 0.928 centipoise, for
H. pomatia hemocyanin. Thus, the two relaxation
times stated above yield the values for the radii of two
anisotropic spheres of 230 and 387 A .

In the case of the anisotropic spheroid, the two re-
laxation times are evaluated by means of eq. (5), yield-
ing the rotational diffusion coefficients R I =
3.03 X 103 s 1 and R 3 = 20.22 X 103 $-1 . The re-
duced coefficients, R' = 167rnR/3kT according to
Wright et al . [161, for the solution conditions stated
above, are calculated to be R'1 = 11 .453 X 1015 CM-3
and R3 = 76.432 X 10 15 cm3 . These yield the ratio
R3/R 1 = 6.6735 . By means of the linear interpolation
procedure presented by Wright et al., the coordinates
shown in fig. 1 are calculated . The point of intersection
of the two straight lines, (681, 135), correspond to
the first order estimates of the semi-major and semi-
minor axes in angstroms, for the equivalent ellipsoid of
revolution for H. pomatia hemocyanin, according to
Ridgeway's case three. The values of the semiaxial
lengths after 17 iterations, described by Wright et al .,
are 680.66 A and 134.76 A. These values indicate the
suitability of the linear estimates, due to the rapid rate
of convergence of the estimating procedure . These
values correspond to a prolate ellipsoid of length
1362 A and diameter 270 A, whose axial ratio is 5 .04.

a

130

no

100
680 720 760

	

Sao
A3 (Angstroms)

840

Fig. 1 . Graphic analysis of linear estimates of semiaxial length
of H. pomatia hemocyanin .

The same data have been analyzed by Ridgeway
[2] in terms of case four of his generalized theory.
The model calculated by Ridgeway for the hydrated
protein is an asymmetric ellipsoid whose axial lengths
are 83 .4 X 408.3 X 1540 A.

The final model is that proposed by Pytkowicz and
O'Konski who performed the original experiment .
Their interpretation is in agreement with Ridgeway's
case two, with respect to mixtures of particles contrib-
uting to the transient birefringence. The mixture cor-
responds to whole monomer and its end-to-end dimes
of lengths 850 and 1550 A, respectively . The diameter
of these particles, assumed to be right circular cylin-
ders, was given as 105 A [191 .

Table 1 lists the possible structures for H . pomatia
hemocyanin which are consistent with the mixed ex-
ponential decay observed by Pytkowicz and O'Konski .
Based on this information alone, it is impossible to dis-
tinguish which case is more representative of the true
structure. In order to make such a distinction, we need
to compare the cases listed in table 1 with other meas-
ured hydrodynamic parameters. For this purpose, we
will consider the hydrodynamic parameters of viscos-
ity and sedimentation velocity, in addition to electron
micrographs, and small angle X-ray scattering .
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Table 1
Structural models for Helix pomatia hemocyanin consistent
with mixed exponential birefringence decay

Case a) Model

	

Dimensions (A)

five

	

two anisotropic spheres radii 230, 387

two

	

two isotropic cylinders

	

850 X 105
1550 x 105

three one anisotropic spheroid 1362 X 270
four

	

one asymmetric ellipsoid 1540 X 408.3 x 83.4

a) The case number refers to those discussed in the Introduc-

tion-

4. Viscosity

An independent value of the axial ratio for an ellip-
soid of revolution may be calculated from the viscosity

data of Konings et al . [181, by means of the equation

relating the intrinsic viscosity to the asymmetry factor

v, for rigid ellipsoids, given by equation (234) of

Tanford [20]

~n1 = 2 + 61v?),

where U2 denotes the partial specific volume of the

solute, S 1 denotes the hydration factor, and a? de-

notes the specific volume of pure solvent . Simha [21 ]

calculated the dependence of the asymmetry factor on

the axial ratio for rigid ellipsoids of revolution . Substi-

tution of the values for [iii and v2 reported by

Konings et al. into the above equation, and an assump-

tion of a hydration of 0S yields a value of 6 .4 for the
asymmetry factor for H. pomatia hemocyanin . From

a graph of h versus axial ratio for prolate ellipsoids,

taken from the tabulated values given by Cohn and

Edsall [221, a value of v = 6 .4 corresponds to an axial

ratio 5.4. This is in good agreement with, the value

5.04 determined above. If a hydration of 0 .6 is as-

sumed, then the axial ratio is determined to be 5 .04.

This is identical to that calculated for the ellipsoid of

revolution based on case three of Ridgeway's theory,

which is independent of any assumptions concerning

hydration.

5. Sedimentation

The sedimentation coefficient corresponding to the

derived equivalent prolate ellipsoid of axial ratio 5 .04

may be calculated by combining the Svedberg equa-

tion [23]

S =M(1 - vp)lN0f

	

(6)

and the equation for the ratio of the frictional coeffi-

cient of a prolate ellipsoid, f, to that which would be

observed for the equivalent sphere, fo, 1201 . The ra-

dius of the sphere, r0, is calculated according to eq.

(7),

3 Afhvh 113
r0 C47F No I I (7)

where Mh denotes the molecular weight of the hy-

drated particle, and ul, denotes its partial specific vol-

ume. These quantities are git en as Mh =M(l + iv) and

vh = (v + w/p)/(1 + w). A derivation for the latter re-

lation is given in the appendix. The anhydrous molec-

ular weight for H . pomatia hemocyanin was reported

by Brohult [19] to be S .9 X 106 dalton. The values
for v and w are those given in the previous section .

For the derived axial ratio, 5 .04, the ratio f/f0 is

calculated to be 1 .25 . This is in agreement with the

value reported by Cohn and Edsall [22), The calcu-

lated value for f0 is 29 .3 X 10-8 poise cm, and the

corresponding value for f is 36 .7 X 10- g poise cm .

Substituting this value for f in the Svedberg equation

yields a value for the sedimentation coefficient of
106 svedberg. This is in good agreement with the value

103 svedberg experimentally determined by Brohult

[191, as well as the values 104 .2 S and 105 .7 S, re-

ported by Witters and Lontie [24], for a- and a-hemo-
cyanin, respectively. Thus, under the above assump-

tions, the prolate equivalent ellipsoid derived accord-

ing to case three is in agreement with sedimentation

velocity data for H. pomatia hemocyanin .

To test the hypothesis of ?ytkowicz and O'Konski

[111 that H. pom:.tia hemocyanin at low ionic

strengths is no longer homogeneous, but rather is com-

vosed of a mixture of monomers and dieters, samples

were subjected to sedimentation velocity under solu-

tion conditions of low ionic strength . At a concentra-

tion of 5 mg/ml in 10-4 M sodium phosphate buffer,

pH 6.1, HM pomatia hemocyanin sedimented as a

single, symmetrical boundary of s20,w = 100 S. Under

solution conditions which others have demonstrated

to yield only monomeric hemocyanin, i.e . sodium
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(a)

(e)
Fig. 2. The Van Bruggen model for Helix pomatia hemocyanin [27] (reprinted
London).

phosphate buffer, pH 6.12, I = 0. 1, H. pomatia hemo-
cyanin at a concentration of 5 mgjml again exhibited
a single boundary of s20,w = 101 .3 S.

These sedimentation velocity results strongly sug

(b)

(d)

gent that at low ionic strengths, as were the solution
conditions for the birefringence relaxation measure-
ments on H. Pomatia hemocyanin [I I], the protein
remains as a monodisperse solution of 100 S particles .
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This is further substantiated by the low angle X-ray
scattering results of Pilz et al. [251 which demon-
strated that H . pomatia hemocyanin was a monodis-
perse solution of particles of molecular weight
8 .95 X 106 (100 S) in distilled water .

6. Electron microscopy

Electron micrographs of undissociated H . pomatia
hemocyanin of molecular weight 8 .9 X 106 , have been
interpreted as an aggregate of subunits arranged as a
right circular cylinder of height 400 A and diameter
ranging from 350 to 400 A [261 . The cylinder is com-
posed of six layers of circular cross section which show
both ten-fold and five-fold symmetry about the axis .
Fig. 2 shows a tentative model for H. pomatia hemo-
cyanin, proposed by Van Bruggen [27] - By the sym-
metry of this model it is possible to specify the mass
centers of the individual subunits in terms of cylindri-
cal coordinates. By geometry, the radial coordinates
are given by p 1 = 3.236x, p2 = 5_236r, and p 3 =6.156r,
the angular coordinates increment 18 degrees, and the
axial coordinates increment by 2r, where r denotes
the radius of the identical spherical subunits. Given
the coordinates of the mass centers, it is possible to
calculate the distance between any two subunits, Ry .
-According to Kirkwood [291, the translational

frictional coefficient for a structure of n subunits is a
function of the reciprocal distance between subunits,
summed over all values i and f [29] . Thus, according
to the model shown in fig . 2, a value for the frictional
coefficient of 37-56 X 10-8 poise cm is calculated for
subunits of radius 33 A (a radius of 33 A would pro-
vide the required height of 400 A for 6 layers). Substi-
tuting this value into the Svedberg equation, given by
eq. (6), yields a sedimentation coefficient of 104 S.
This value is in excellent agreement with the experi-
mentally determined values reported from several la-
boratories and given in the previous section . The
height of the cylinder is 396 A, and the diameter,
given by 2p3 , is 406 .A, for subunits of radius 33 A-
These values also agree with those estimated from elec-
tron micrographs.

A recent report by Mellema and Klug [30] using
the technique of three-dimensional image reconstruc-
tion from electron micrographs reveals a structure for
H. pomatia hemocyanin similar to that proposed by

0.0 0.1 h
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Fig. 3_ Experimental scattering curve for H. pomatia hemo-
cyanin (curve 1). Theoretical scattering curves : (2) Pilz et al .
model, (3) Van Bruggen model, and (4) helical form of Van
Bruggen model- (Curves 1, 2, and 3 reprinted with permission
of the authors and Verlag Z. Naturforschung).

Van Bruggen [27] - This report suggests an additional
structural element for the molecule, i.e ., the subunits
of the cylindrical wall are arranged in a helical pattern
whose axes coincide with the cylinder axis . The Van
Bruggen model can be made to display such helices by
the axial rotation through 18° of alternate layers . The
calculated sedimentation coefficient for the helical
form of the Van Bruggen model is 103 .9 S . Obviously,
the calculated sedimentation coefficient is insensitive
to the differences between the two models .

7 . Small-angle X-ray scattering

Pilz et al. [31 ] reported small angle X-ray scattering
data for monodisperse, 100 S, H . pomatia hemocyanin .
Additionally, they calculated the theoretical scatter-
ing curve for the Jan Bruggen model shown in fig . 2,
as well as for a model they propose . The Pilz et al .
model is a right circular cylinder composed of 360 sub-
units, in contrast to the 180 subunits of the Van
Bruggen model. The overall dimensions of the Pilz
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model agree with those of the Van Bniggen model .
Their data and calculated curves are shown in fig . 3 .

In order to account for the helical form reported
by Mellema and Klug [301, we have calculated the
theoretical scattering curve for the helical form of the
Van Bniggen model discussed in the previous section,
according to eq. (8)

I=F(h) ZX (sin hR1 )/hRi1 .

	

(8)
i i

P(h) is the scattering function for uniform spheres of
fixed radius, and is given by eq. (3) of Anderegg et al .
[321 . R11 has been previously defined, and h is the
usual function of the Bragg angle- The results of the
calculation are shown as curve 4 of fig. 3.

Pilz et al . [311, and Pilz [331 have used the lack of
fit of curve 3 to rule out the Van Bru _!~_en model in
favor of their double layer model of 360 subunits,
which gives a reasonable fit to the data, as seen from
curve 2. However, curve 4 shows an equally reasonable
fit to the data . Therefore, small angle X-ray scattering
also shows agreement with the previously discussed ex-
perimental results in support of the helical form of the
Van Bruggen model .

8. Discussion

All cases for which theory exists describing tran-
sient birefringence for protein solutions in terms of
model particles have been applied to the observed re-
laxation times for Helix pomatia hemocyanin. In the
absence of additional information concerning the
structure of this protein, the four different models,
shown in table 1, are all equally likely. However, given
the additional information yielded by sedimentation
velocity, viscosity, electrom microscopy, three-dimen-
sional image reconstruction, and small angle X-ray scat-
tering, only one model satisfied all experimental ob-
servations. This model is the hydrodynamic equivalent
prolate ellipsoid of axial ratio 5 .04. This model ac-
counts for the observed intrinsic viscosity, and sedi-
mentation coefficient, as well as the observation that
the protein solution is monodisperse under the condi-
tions for which the birefringence relaxation times were
observed. The model possesses cylindrical symmetry
about the long axis, in agreement with the symmetry

observed in electron micrographs of this protein. Such
symmetry is not in agreement with the asymmetry in-
trinsic to the model of case four.

A theoretical calculation of the sedimentation co-
efficient for a model particle composed of identical
spherical subunits is in agreement with the experimen-
tally observed value, which supports the actual struc-
tural model of a right circular cylinder. The fact that
the length of the hydrodynamic equivalent ellipsoid
is four times as great as the height of the actual cylin-
drical molecule may be a result of the effect of the
blunt ends of the cylinder on the hydrodynamic
stream lines. The net effect would be to make the
particle appear, hydrodynamically, more asymmetric .

Such an effect has been considered by Broersma
[341 who states that contributions due to sharp edges
tend to be underestimated, and that at points of large
curvature the velocity gradient is large so that dissipa-
tion can be considerable .

For purposes of comparing the two structures, the
translational friction coefficient for the ellipsoid is
compared to that for a right circular cylinder of the
dimensions given above- The frictional coefficients
for the cylinder are calculated according to :
(a) Kirkwood's theory [281, (b) the cylindrical shell
model of Bloomfield et al . [351, and (c) the cylindri-
cal model of Broersma [36,37) . The frictional coef-
ficient for Broersma's model is based on the distinct
frictional coefficients for a cylinder whose height and
diameter are 400A (this calculation was done by
Broersma [37) )_ The results are : feltipsoid =
36.7 X 10-8 poise cm, AKirkwood theory =
37.6 X 10,8 poise cm, f Broersma eq = 42.9 X
10-8 poise cm, fcyfindr ;cai shell = 32_7 X 10-8 poise cm.
It should be noted that the calculation based on the
cylindrical shell model was based on eq. (39) of ref.
[351, which involved an approximation of first order in
b/a. This approximation may not be valid for b/a = 1 .
The agreement of the calculated frictional coefficient
for the equivalent ellipsoid and frictional coefficients
for short cylinders calculated by three different theo-
ries is taken as support for the equivalent ellipsoid
model of the right circular cylinder for H. pomatia
hemocyanin .

From the considerations discussed above, two
points of interest arise : first, the actual protein con-
figuration cannot be inferred from the dimensions of
the hydrodynamic equivalent ellipsoid as was stated



by Scheraga and Mandelkern [171, and second, the
calculation of the Stokes radius for a dissolved pro-
tein is most meaningful when based on the hydrated
molecular weight and hydrated partial specific volume
(the relation for the hydrated partial specific volume
has been rederived in the appendix, according to the
scheme used by Yang (281) . Based on these two
points, it is possible to state that the dimensions of
the equivalent ellipsoid do not represent these of the
actual protein configuration when the volume of the
equivalent ellipsoid differs from that for the Stakes
sphere whose radius is calculated according to eq_ (7).
If these two volumes agree, then the particles may
coincide, but not necessarily so_

In conclusion, we have demonstrated that the tran-
sient birefringence results obtained for H_ pomatia
hemocyanin by Pytkowicz and O'Konski [ 111 are
consistent with an equivalent prolate ellipsoid whose
predicted hydrodynamic properties agree with experi-
mentally determined values for both the sedimenta-
tion coefficient and intrinsic viscosity. Additionally,
the hydrodynamic model is supportive of the model
proposed from electron microscopy .
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Appendix: Hydrated partial specific volume

Yang [381 considered the problem of hydration in
a protein and water mixture . Mathematically, he con-
sidered the volume, V, of the solution as a function
of the concentrations of dry solute, m, and solvent,
m0 ; the latter being the sum of free solvent, ma, and
bound solvent, mp. Thus, V = V(m, m0) =
V(m, mo + m;). Yang considered the differential re-
lation din"' =w din where w is the grams of solvent
bound to I gin of solute . By partial differentiation
Yang observed

(a v/am)mo = v + %V/P ,

which he identified with the partial specific volume
of the hydrated protein . The identification of the
above partial derivative with the partial specific vol-
une of the hydrated protein is not rigorous, and
forms the basis for the present derivation .

In an analogous manner, consider the solution as a
function of the concentrations of hydrated solute,
mh , and free solvent, m4, where the total solvent is
given as the sum of free and bound solvent, mo =
mo +in" . Thus, V= V(mh , ma) = V(?n+ ino, ma). By
partial differentiation,

d V=
ka- I

dnrh
+ ~an"~ I dma-

h mo

	

0 nth

Let dm" = w din, and since dmh = dm + data, we
have dmh = ( l + w) dtn. Therefore,

d V = (1 + iv) a~

	

dm + (air' ) d m`
I

	

o-
4t ma

	

Q mh

At constant mo, this equation reduces to ;

kam! -(1+1p) lah)M o

	

'n a

We note that the partial derivative on the right is by
definition the partial specific volume of the hydrated
protein. The partial derivative on the left of the equa-
tion is identical to that obtained by Yang, and there-
fore the two derivatives may be equated. Thus, we ob-
tain the value for the hydrated partial specific volume :

Oh = (v + IV/p)/(1 + w)-

This value for the partial specific volume of the hy-
drated protein differs from Yang's by the factor in
the denominator but is identical to that obtained
earlier by a different argument by Lansing and
Kraemer [391 -
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