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Proteins in solution are known to produce! remarkably large increments
in the dielectric constant of water. These increments have been con-
ventionally attributed to large permanent molecular electric dipole mo-
ments, which are partially oriented by an external electric field. An
alternative mechanism of dielectric polarization of macromolecules con-
taining a large number of loosely bound ions, for example, protons, is
provided by the migration of the small ions within the molecule under the
action of the external field. For proteins, containing a number of neutral
and negatively charged basic sites, such as —NH,; and —COO~, to which
protons are bound, this mechanism might be especially significant. Except
in highly acid solutions, the number of basic sites generally exceeds the
average number of protons bound to the molecule, so that there exist
many possible configurations of the protons, differing little in free energy.
Fluctuations in the configuration of the protons should be associated with
a non-vanishing mean square electric dipole moment, even if the mean
permanent moment were zero. In the present article we shall investigate
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the contribution to the dielectric polarization of protein molecules arising
from fluctuations in charge and configuration of mobile protons in the
. molecule. We shall show that the dielectric increments of many proteins
can be entirely accounted for by this mechanism of polarization without
postulating the existence of permanent electric moments. Fluctuations
in the charge and configuration of mobile protons also make an important
contribution to the force between protein molecules. A theory of inter-
molecular forces of this new type will be presented in a later article.
For liquid solutions of high dielectric constant, the theories of Onsager?
and Kirkwood? lead to the following relation between the dielectric con-
stant D and the molar polarizations P; of the several components,

D=1+2%p,
25

Py =T (o + (uthe /3T 0

where a; is the optical polarizability and (u,?).. is the mean square of
the dipole moment of a molecule of type j. Correlations in the orientation
of neighboring molecules, treated in the theory of Kirkwood, will be
neglected here, an approximation adequate for protein molecules in
aqueous solution. For the mean square dipole moment of a protein
molecule, averaged over-all configurations of its mobile protons, we shall
write,
<ﬂ2>av. = (v>av.2 + Au?
’ Ap? = ((!! - <l‘>av.)2>a.v. (2)

where (u)av. is the mean permanent dipole moment and Ap? is the dipole
moment fluctuation associated with fluctuations in charge and configura-
tion of the mobile protons.

We consider a protein molecule containing » basic groups of intrinsic
charges, e;, situated at points R, relative to the molecule center of mass.
We define a proton occupation variable x; for each basic group to be unity
when that group is occupied by a proton and zero otherwise. The electric
moment u of the molecule, its mean value (u)av, and fluctuation Au? may
then be expressed in the form,

v = ‘z::l(et + ex)R,
B)av. = ’g)l(ei + e(x:)av. )Ry

Mt = e ,,7: Getedor, = (. (52 )ov R R @)
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where e is the protonic charge, and the averages are to be taken over all
distributions, %, * - - x, of the protons among the basic sites of the molecule.
It is to be remarked that neither (y )ay. nor Au?are independent of the origin
to which they are referred, even at the isoionic point, because of fluctua-
tions in net charge. They should properly be referred to the center of
drag of the molecule, which is here assumed identical with the center of
mass, which is true if non-linear hydrodynamic terms are neglected.

1
<xl )a.v. = Z xiep[Aa — We(x1:--2y)
x1ooxy =0 .
1 4 ”
<xixk)gv, = E x{xkeﬁ[ e — We(x1-+x)
X1 Xy = 0
1
e—ﬂAe — E c—ﬂW (x1+ %)
x1eeexy =0
8 = 1/kT ©

where W (x;. . .x,) is the local free energy of proton configuration, x;. . .x,,
and 4, is the total configurational free energy. - The pertinent mean values
(®1)av. and (% )av. Over-all proton configurations may be calculated by
methods previously developed by Kirkwood* in the theory of acid-base
equilibrium of ampholytes.

Olog G
Eedav. = 0 log A
(X% av. = Ay %G
vk /av. — G a)“b)\k
1 3 x8
G= Y . B(x;. . .x,) [Hﬂ,-;l
B(xl. . .x,.) — [ I )\tx‘] e—a[‘;l (es + exi):l Je?
i=1
A= (Kte+a)—l
_ e? 1
* = ODBRT 1 + xb ®)

where b is the radius of the protein molecule, assumed spherical, K, is
the intrinsic dissociation constant of the acid conjugate to the basis group
i, [H*] is the hydrogen ion activity, and « is the ionic strength parameter
of the Debye-Hiickel theory. If electrostatic interaction between the
protons is neglected, we obtain the simple result,
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1
<xi>av. = I +
1+ K,/[H]

<xixk>av. - <xi>av.<xk>av. = 0; i #= k
o 1

2 — . 2 =
<xz >av. <xz>nv. 2 + Kz/[II+] + [II+]/Kl (6)
In this approximation, the dipole moment fluctuation becomes
v Ri2
Ay’ = o2
W= Ly K + UK, @

If there are v, equivalent basic groups of type a in the molecule we may
write,

M= X K + YK,

(8)

where R_.? is the mean square distance of groups of type a from the molec-
ular center of mass. A further simplification is possible, if we assume
that all basic groups are uniformly distributed on the surface of the mole-
cule, considered as a prolate ellipsoid of revolution.

Va
But = PO Y SR ) + UK.,

o (0 + DV = 1 4 00> + 4 sec. "
4 02\/0‘-’ — 1+ otsec.7l o

c=a/b by = (ab?)l/3

(9)

P =

where ¢ is the axial ratio of the ellipsoid and b, is the radius of the equiv-
alent sphere.

We present in table 1 calculations of dipole moment fluctuations, based
on equation (9), for some representative proteins. It will be remarked
* that only those groups with pK values nearly equal to the pH of the solu-
tion contribute significantly to Au® At the pH values in question for
the four proteins, B-lactoglobulin, ovalbumin, horse hemoglobin, and
human serum albumin, only the carboxyl and histidyl groups make ap-
preciable contributions. For each protein, two values of Au® are pre-
sented, one for the molecule considered as a sphere, and one for the mole-
cule considered as an ellipsoid. The values are compared with (u® dav.”,
calculated from Oncley’s! measurements of the dielectric increments of
the several proteins. The experimental values are subject to considerable
uncertainty and will doubtless undergo revision on the basis of more pre-
cise measurements. Nevertheless, it will be observed that the calculated
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values of Au are of the same magnitude as the experimental values of
(4?)ay.”*.  Only in the case of B-lactoglobulin does it seem to be necessary
to postulate the existence of a permanent dipole moment in order to account
for the observed value of (u?)sy,.”*. The dielectric constant increments
of ovalbumin, hemoglobin and serum albumin are all adequately accounted

TABLE 1
D1poLE MOMENT FLUCTUATIONS WITHOUT ELECTROSTATIC INTERACTION

HORSE HUMAN

B-LACTO- OVAL- HEMO- SERUM
PROTEIN GLOBULIN BUMIN GLOBIN ALBUMIN

Molecular weight 37,000 46,000 68,000 69,000

Dissociating groups per molecule*

Arginine (pK = 12.5) 6 15 14 25
Histidine (pK = 6.0) 4 7 36 16
Lysine (pK = 10.5) 29 20 38 58
Tyrosine (pK = 10.1) 8 9 11 18
Free carboxyl (pK = 4.0) 59 51 53 93
pH 5.6 4.8 6.4 5.0
bo (A.) 24 26 30 30
a/b 5 4 5 5
{u?)av.'/* Debye units (experimental) 700 260 480 380°
Au (sphere) 170 320 390 430
Ap (ellipsoid) 270 440 620 680

o G. R. Tristram, Advances in Protein Chem., 5, 84 (1949).

b This experimental dipole moment is for horse serum albumin. Professor J. L.
Oncley has informed us that recent measurements of the dielectric increment of serum
albumin lead to a value of 700 Debye units for (u2)av. /2.

TABLE 2 .
D1PoLE MOMENT FLUCTUATIONS WITH ELECTROSTATIC INTERACTION

ﬂ-LAC‘l‘O- OVAL- HEMO- SERUM
PROTEIN GLOBULIN BUMIN GLOBIN ALBUMIN
pH 5.6 4.8 6.4 5.0
Au (sphere) 360 330 300 320
Au (ellipsoid) 560 460 480 510
TABLE 3

. ErreCT OF PH ON THE DIPOLE MOMENT FLUCTUATION OF OVALBUMIN

pH............ 2.0 4.0 4.8 6.0 8.0 10.0
Ap. oo 449 390 330 224 163 5

for on a semiquantitative basis, by the calculated values of Au? arising
from fluctuations in charge and. configuration of the mobile protons.

The effect of electrostatic interaction between the protons has been
calculated numerically at zero ionic strength with the use of equation (5)
in its complete form, for the four proteins. The results are presented in
table 2. It will be remarked that Ay is closer to the experimental value
of (u2)ey.”* for B-lactoglobulin than without interaction. Although the
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FIGURE 1.
The effect of pH on the dipole moment fluctuation of ovalbumin without electrostatic
interaction.
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FIGURE 2.
The effect of pH on the dipole moment fluctuation -of ovalbumin with electrostatic
interaction.
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influence of interaction is by no means negligible, it does not affect the
magnitude of the dipole moment fluctuation. Electrostatic interaction
causes configurations of low net charge to be favored and is most important
at values of pH departing from the isoionic point.

From equations (3) and (4), we obtain the following expression for the
mean dipole moment, with the neglect of electrostatic interaction between
the protons, *

v eRi
@h. =w+ X Tk H

i=1

14

Yo = .El eR, (10)
i<

where y is the permanent dipole moment of the fixed charges of the mole-
cule, exclusive of that of the protons. Unless each type of basic group
is distributed on the surface of the molecule with a center of symmetry,
to does not vanish and (u ).y, cannot vanish at all pH. Indeed at high
values of pH, (u)... approaches uo. If o is opposite in sign to the second
terms of equation (10), as would be expected to be the case if all basic
groups are either neutral or negatively charged, the absolute magnitude
of (u)av. would be a monotonically increasing function of pH. The dipole
moment fluctuation, Au? on the other hand, possesses maxima at pH values
coincident with the pK of the conjugate acids and minima at intermediate
values, as illustrated by figure 1, for ovalbumin. Away from the isoionic
point, the effect of electrostatic interaction suppresses the maxima and
minima in Ap? as illustrated for ovalbumin in table 3 and figure 2. It
will be observed that Au? is a monotonically decreasing function of pH,
diminishing from a high value at pH 2 to a value effectively zero at pH 10.
The experimental data relating to the effect of pH on the dielectric incre-
ment of Shutt® and of Oncley, Bateman, Pecher and Melin! are too frag-
mentary and contradictory to justify an attempt at quantitative inter-
pretation by means of the present theory. Since the effect of pH provides
an important criterion for determining the relative importance of the con-
tributions of (u)av.2 and Au? to the dielectric increment, additional experi-
mental data would be highly desirable.

The theory which has been presented here relates only to the dielectric
:ncrements of proteins under the action of static electric fields. A theory
of dielectric dispersion and absorption by the proposed mechanism of
fluctuations in proton configuration remains to be developed. The re-
laxation time spectrum of an ellipsoidal molecule will be determined not
only by external rotatory diffusion but also by the diffusion of the mobile
protons on the surface of the molecule. This means that the structural
interpretation of dielectric dispersion will be considerably more com-
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plicated than for a molecule possessing a permanent dipole moment with-
out fluctuation. Qualitative considerations, however, lead to the con-
clusion that internal relaxation times of the order of magnitude of those
observed are not inconsistent with the proposed mechanism. For example,
for a sphere of radius b, on the surface of which protons possess a trans-
latory diffusion constant D, a relaxation time of the order of magnitude
of 5?/D should control the distribution of protons. With b equal to
30 A., the radius of a sphere of volume equal to that of a serum albumin
molecule and with D equal to 10~® cm.?/sec., a relaxation time of the
order of 10~% sec. is obtained, which agrees in order of magnitude with
those observed for representative proteins.

According to the present theory, the structural significance of the
dielectric increments of proteins is subject to rather drastic reinterpreta-
tion. While many proteins doubtless possess permanent electric dipole
moments of considerable magnitude, they cannot be determined un-
ambiguously from measurements of the dielectric increment, since the
dipole moment fluctuation, arising from the mobile proton distribution
has been shown to make a contribution to the increments, which is equiv-
alent to that of a permanent moment of large magnitude. The influence
of fluctuations in the charge and configuration of mobile protons on the
forces between protein molecules, which is of greater significance than the
effect on the dielectric increment, will be treated in a later article.

* This investigation was in part supported by the office of Naval Research.
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