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Abstract

The effects of thermodynamic non-ideality on the forms of sedimentation equilibrium distributions for several
isoelectric proteins have been analysed on the statistical-mechanical basis of excluded volume to obtain an estimate
of the extent of protein solvation. Values of the effective solvation parameter 3 are reported for ellipsoidal as well as
spherical models of the proteins, taken to be rigid, impenetrable macromolecular structures. The dependence of the
effective solvated radius upon protein molecular mass exhibits reasonable agreement with the relationship calculated
for a model in which the unsolvated protein molecule is surrounded by a 0.52-nm solvation shell. Although the
observation that this shell thickness corresponds to a double layer of water molecules may be of questionable
relevance to mechanistic interpretation of protein hydration, it augurs well for the assignment of magnitudes to the
second virial coefficients of putative complexes in the quantitative characterization of protein—protein interactions
under conditions where effects of thermodynamic non-ideality cannot justifiably be neglected. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction fect of thermodynamic non-ideality on protein
self-association [1-4] and interaction between dis-

In the past 20 years there has been a growing similar proteins [5,6]. This has necessitated the
interest in quantitative interpretation of the ef- assignment of a solvated volume (or radius for a

spherical protein) to each interacting species so

that the effects of thermodynamic non-ideality
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coefficient for a stable non-associating solute [9]
provides an unequivocal estimate of the required
radius, the paucity of reliable estimates of second
virial coefficients has usually necessitated substi-
tution of the Stokes radius for the effective ther-
modynamic radius of a solvated protein.

Because its magnitude emerged from the con-
centration dependence of the reciprocal of the
apparent molecular mass in sedimentation equi-
librium studies [10], the second virial coefficient
has been reported for many proteins. However,
apart from the report of its magnitude as the
slope of the concentration dependence used to
evaluate the molecular mass of the protein, little
attention has been paid to its molecular signifi-
cance. Indeed, there have been relatively few
studies in which the magnitude of the second
virial coefficient has been subjected to
statistical-mechanical interpretation [11-15].

This investigation explores the possibility that
measurement of the second virial coefficient by
sedimentation equilibrium [14,15] may provide a
convenient means of assessing the effective sol-
vated volume of a globular protein; and hence
provide information on the extent of protein sol-
vation. Being mindful of the concerns expressed
by Ogston [16,17] about the meaning of macro-
molecular hydration, we trust that we are not
introducing yet another sense in which the term
protein solvation is used. However, the results of
experiments thus far seemingly indicate that the
effective thermodynamic radius being measured
closely resembles its hydrodynamic counterpart;
and that it is therefore providing information on
protein solvation as defined by Oncley [18] and by
Kauzmann in a footnote to an ultracentrifugal
study by Schachman and Lauffer [19]. By ‘protein
solvation’ we mean solvent that is associated with
the protein. Although such solvent association
(water plus small electrolyte in the case of aque-
ous systems) is a dynamic process in that there is
a continual exchange of free solvent with associ-
ated solvent, the effective time-averaged volume
of a protein is larger than its anhydrous volume
insofar as hydrodynamic and thermodynamic
properties are concerned.

2. Theoretical basis of the approach

For 30 years the nature of the thermodynamic
activity applied to sedimentation equilibrium ex-
periments remained unresolved. However, it has
now been demonstrated [15,20,21] that the
parameter governing the solute distribution is the
molar thermodynamic activity, z,, defined under
conditions of constant temperature (7) and
chemical potential of solvent (p,). Consequently,
sedimentation equilibrium distributions for single
protein species may be used to determine osmotic
virial coefficients, which are amenable to inter-
pretation on the statistical-mechanical basis of
excluded volume.

2.1. Osmotic virial coefficients and thermodynamic
activity

The osmotic pressure, 11, of a solution of single
solute species A may be expressed as the fol-
lowing series in molar solute concentration C,.

[II/(RTD)]rp, = —(py — 1,2 /(RTV,)
=Cp+ B CiT+ ... (1)

where B,, is the second virial coefficient describ-
ing non-associative interaction between molecules
of the single species A [9,20]: R is the universal
gas constant, 7' the absolute temperature, p° the
standard state chemical potential of solvent and
V, its molar volume. This expression for the
chemical potential of solvent as a function of
solute concentration now needs to be related to
the corresponding relationship for the chemical
potential of solute as a function of concentration,
namely,

(k)1 = (W7, + RTInz,

= (up)1,, + RTIn(y,C,) 2
where (w,°)y, is the standard state chemical
potential of solute and vy, =z,/C, is the molar

activity coefficient.
On the basis of the Gibbs—Duhem equation
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(Xw;dn; = 0) Hill [22] has established that
(AI1/0C, )1, = Cp(dpp /IC) )7 ., 3)

Differentiation of Egs. (1) and (2) with respect
to C, to obtain the required partial derivatives
then leads to the conclusion [22] that

Iny, = 2BypCp + ... (4)

The expression relating the molar activity to the
molar concentration of solute is therefore

z, = Caexpl2B \Cp + ...] Q)

Measurement of the molar activity of a protein
as a function of its molar concentration thus
offers a potential means for evaluating the magni-
tude of the second virial coefficient.

2.2. Measurement of the second virial coefficient by
sedimentation equilibrium

The application of Eq. (5) for the determina-
tion of second virial coefficients requires mea-
surements in which the molar activity and molar
concentrations are the dependent and indepen-
dent variables, respectively. In sedimentation
equilibrium of a single solute species at constant
temperature (7) and angular velocity (o) the
molar activity, z,(r), at radial distance r is re-
lated to that, z,(rg), at a selected reference radial
distance rp by the expression [3]

ZA(F) =ZA(I’F)llJA(l’) (63—)

U (r) = exp[MA(l —Dypw’(r? — r%)/(ZRT)]
(6b)

where M, is the molecular mass of the protein
with partial specific volume 7,; and where p, is
the solvent density. The dependent variable, z,(r),
has thus been expressed in terms of a constant
thermodynamic activity, z,(rz), and a dependent
variable, {s,(r). Combination of Egs. (4), (6a) and
(6b) then yields the relationship [15]

UA(r) = [Co(r) /2, (rp)1exp[2 B\aCA(r) + ... 1]
@)

which, in principle, allows second virial coeffi-
cients to be obtained by non-linear curve-fitting
of [{,(r), C,(r)] data to this expression.

Alternatively, from the viewpoint that ,(r)
may also be regarded as an acceptable transform
of the independent variable r, Eq. (5) can be
replaced by the corresponding expression for
molar concentration as a function of molar activ-
ity, namely [7]

Co(r) =z,(Pexpl —2B,zA(r) + ...1] (8a)

=2,(r) = 2Bz (1) + ... (8b)

Substitution of Eq. (6b) for z,(r) then gives rise
to the expression

Co(r) =z, (r)U,(r) = 2B A z4(re) U, ()T + ...
9)

The constant parameter z,(rg) and the second
virial coefficient may thus be evaluated as the two
curve-fitting parameters to emerge from non-lin-
ear regression analysis of the dependence of C,(r)
upon ,(r) in accordance with Eq. (9).

2.3. Statistical-mechanical interpretation of the
second virial coefficient

Consideration of thermodynamic non-ideality
on the statistical-mechanical basis of excluded
volume [9] gives rise to the expression [1]

Z2(1+2kR,)

Bux = 16TNRS /3 + SA— T ZRTAL
s AT @D +«R,)

(10)

for the second virial coefficient of a rigid, impene-
trable spherical solute with radius R, and net
charge Z, distributed uniformly over its surface.
Avogadro’s number (N) is included to express
B,, on a molar rather than a molecular basis.
The inverse screening length, k, is calculated as
3.27 x 107/ (cm ™) from the molar ionic strength
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I (mol /1). Although Eq. (10) affords, in principle,
the prospect of evaluating R, from the magni-
tude of B,, obtained under any conditions, the
current unavailability of methodology for de-
termining the net charge Z, has necessitated
restriction of this investigation to sedimentation
equilibrium studies of each protein at its isoelec-
tric point (Z, =0) so that 2B,, becomes the
co-volume, 4wNQ2R,)? /3 = 8V, where V,, is the
solvated (hydrated) volume of the protein
molecule.

For uncharged, impenetrable ellipsoids of revo-
lution with semi-major and semi-minor axes a
and b, respectively, the co-volume (twice the sec-
ond virial coefficient) is [23]

1

3 sin” e
2B =V [2+5{14+ —————
AT 2{ e(1 —82)1/2}

(1-¢%)
2¢e

x{1+ I (HS)} (11)

"a=o

where & = (1 —b?/a*)"/?. V,, the solvated volume
of the molecule, is 4wNab?/3 for a prolate ellip-
soid and 4wNa*b/3 for an oblate ellipsoid of
revolution. Extraction of the solvated solute di-
mensions is facilitated by the availability of covoL
[24], a software program that also allows rationali-
sation of B,, in terms of a triaxial ellipsoid, for
which all three semi-axes can differ and for which
the requisite co-volume expression is also avail-
able [25].

Evaluation of a magnitude for B,, allows cal-
culation of a molar solvated volume (V, ml/mol)
for an assigned regular shape of the protein

Table 1

molecule. For a spherical solute 2B,, =8V,
whereas for an ellipsoid of revolution the corre-
sponding relationship is evident from Eq. (11).
The ratio 2B,,/V,, termed the reduced co-
volume, u,4, in COVOL [24], has a minimum value
of 8 (the value for a spherical solute). A magni-
tude for this reduced co-volume parameter is
obtained by applying covoL to the semiaxial ra-
tios a/b, b/c for the triaxial ellipsoid that are
deduced by ELLIPSE [26] for the protein molecule
from the atomic structural co-ordinates [27] listed
in the X-ray crystallographic database. On the
grounds that the difference between V), and the
unsolvated volume, V, = M,v,, represents the in-
crease in volume arising from solvation, the hy-
dration parameter 9 is taken as

d=,=Vp,/M, (12)

where the molecular mass and solvent density are
introduced to accord the extent of solvation its
usual dimensions (g/g).

3. Experimental

Bovine pancreatic ribonuclease A, bovine ery-
throcyte carbonic anhydrase, ovalbumin (chicken
egg), bovine serum albumin, rabbit muscle crea-
tine phosphokinase and rabbit muscle aldolase
were commercial preparations obtained from ei-
ther Sigma—Aldrich or ICN Biochemicals. Solu-
tions (200 w1, 20 mg/ml) of the various proteins
in the appropriate buffer were subjected to zonal
chromatography at 0.2 ml/min on a 600 X 7.8
mm Biosep-SEC-3000 column (Phenomenex, Tor-

Experimental details for sedimentation equilibrium studies of various proteins under isoelectric conditions

Protein M, Isoelectric conditions Reference Rotor speed
(kDa) (rev./min)
Ribonuclease A 13.7 Ethanolamine-chloride, pH 9.5,10.2 [29] 45K
Carbonic anhydrase 28.9 Acetate-phosphate, pH 5.3, 10.1 [30] 32K
Ovalbumin 44.0 Acetate-chloride, pH 4.6, 1 0.1 [31,32] 23 K
Bovine serum albumin 66.0 Acetate-chloride, pH 4.6, 1 0.1 [33] 21K
Creatine phosphokinase 81.0 Phosphate, pH 6.08,1 0.1 [34] 21K
Aldolase 160 Phosphate, pH 6.05,10.1 [35] 13K
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rance, CA), pre-equilibrated with the same buf-
fer. This exclusion chromatography step served
not only to remove any contaminating material
with markedly different molecular mass but also
to provide a solution in dialysis equilibrium with
the buffer to be used in the ultracentrifuge stud-
ies. The resulting protein solutions (approx. 2
mg/ml) were then subjected to sedimentation at
20°C in a Beckman XL-I analytical ultracen-
trifuge operating at a rotor speed commensurate
with generation of equilibrium distributions of
the meniscus-depletion type [28]. The rotor speed
for each protein is listed in Table 1, which also
details the isoelectric conditions used and the
source of that information.

The resulting sedimentation equilibrium dis-
tributions, recorded by the Rayleigh interference
optical system, were corrected for baseline varia-
tion on the basis of a minor linear radial depen-
dence of the absolute fringe displacement. These
distributions in terms of Rayleigh fringe displace-
ment, J(r), were then converted to the corre-
sponding weight-concentration distributions by
assuming a common value for the refractive index
increment of proteins — a frequently used ap-
proximation in ultracentrifuge studies. Specifi-
cally, the weight-concentration of protein at each
radial distance, c,(r), was then calculated as
cA(r) =J(r)/3.33 [36] and converted to a molar
concentration C,(r), on the basis of the molecu-
lar mass listed in Table 1. Non-linear regression
analysis of the [C,(r), r] distribution according to
Eq. (7) and /or Eq. (9) with rp = 7.05 cm was then
used to obtain z,(rp) and B,, as the two curve-
fitting parameters. In that regard the value of
UA(r) was based on the buoyant molecular mass,
M,(1 —7,p,), obtained from absorption optical
records (A,,) of sedimentation equilibrium ex-
periments with lower protein concentrations and
lower angular velocities — a protocol introduced
to obviate the assignment of magnitudes to the
protein partial specific volume and the buffer
density for the determination of ys,(r).

4. Results

Procedural aspects of the evaluation of the

solvation parameter are illustrated by the analysis
of sedimentation equilibrium results obtained for
isoelectric carbonic anhydrase (Fig. 1). The left-
hand panel (Fig. 1a) presents the results (o) of a
low-speed (15000 rev./min) sedimentation equi-
librium experiment [37] in which the enzyme con-
centration ranged between 0.03 and 0.22 mg/ml
across the distribution. Also shown is the best-fit
description (—) in terms of Egs. (6a) and (6b)
with z,(r) and z,(rg) replaced by the respective
absorbances at 280 nm [r; = 7.0000 cm, A(rp) =
0.201]. Such treatment of the sedimentation equi-
librium distribution yielded a buoyant molecular
mass of 7420 (+80) Da, which on combination
with a partial specific volume of 0.735 ml /g signi-
fies a molecular mass of 28.5 (+0.3) kDa — a
value comparing favourably with that of 28.9 kDa
deduced from the amino acid sequence. The
right-hand panel (Fig. 1b) presents the Rayleigh
interference record of a meniscus-depleted sedi-
mentation equilibrium distribution (obtained at
32000 rev. /min) in which the concentration range
sufficed for determination of the second virial
coefficient. Analysis of those results in terms of
Egs. (7) and (9) with rp=6.9998 cm are sum-
marised in Fig. 2a,b, respectively. Whereas a ref-
erence thermodynamic activity, z,(rg) and co-
volume, 2B, ,, of 5.36 (+0.01) uM and 326 (£ 18)
1/mol, respectively, emanate from Fig. 2a, the
corresponding estimates (+2 S.D.) from Fig. 2b
are 5.35 (+£0.01) pM and 293 (+12) 1/mol. Ei-
ther analysis clearly suffices; and for illustrative
purposes we shall proceed with further analyses
on the basis of co-volumes (2B, , ) determined by
the latter procedure [Eq. (9)]. To complete the
evaluation of 8 we note that the X-ray structure
of carbonic anhydrase can be represented as a
triaxial ellipsoid with dimensions 55 X 42 X 39 A
[38], or, with reasonable approximation, as a pro-
late ellipsoid with a/b =1.36 (b/a = 0.736). On
the grounds that u,., [the term within square
parentheses in Eq. (11)] is 8.201, V;, = 35.6 1 /mol,
which exceeds the anhydrous volume, (M, 0, =
21.21/mol) by 14.4 1/mol. A solvation parameter,
d of 0.50 (4+0.05) g/g is then obtained from Egq.
(12).

This analysis of the sedimentation equilibrium
experiment presented in Fig. 2 is summarised in
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Table 2, together with that of a duplicate experi-
ment on carbonic anhydrase and a range of corre-
sponding studies on other isoelectric proteins. In
that regard it should be noted that thermody-
namic rigor concludes at column 6 — the report
of the second virial coefficient (2B,, to be pre-
cise). Thereafter the analysis on the statistical-
mechanical basis of excluded volume is clearly
model-dependent and hence devoid of thermody-
namic rigor. Nevertheless, as emphasised by
Eisenberg [45], such departure from thermody-
namic rigor is justified provided that it leads to
greater appreciation of events at the molecular
level.

Interpretation of the difference between 2B,, /
u,.q and M,0, in terms of Eq. (12) leads to the
values of the solvation parameter & reported in
columns 7 and 8 for the respective spherical and
ellipsoidal models of the proteins. Inasmuch as
U, is minimal (4, =8) for a spherical solute,
the values of the solvation parameter for this
model are greater than those calculated for an
ellipsoidal model of the molecule. The final

06 |
@
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column lists R, the effective thermodynamic ra-
dius of the solvated protein on the basis of its
depiction as a rigid, impenetrable sphere — the
thermodynamic parameter that finds hydrody-
namic equivalence in the Stokes radius.

In a departure from the customary convention
of expressing protein solvation as a fixed amount
of solvent per gram of protein, we examine solva-
tion in the light that most (if not all) of the
solvation is external to the protein [13,19] — a
time-averaged solvation layer (averaged over the
dynamic interchange between free and associated
solvent). From the viewpoint of predicting the
magnitude of R, from the anhydrous molar
volume (V, = M,0,), the question at issue is the
number of layers of solvent that comprise the
putative shell. We note that the difference
between the effective solvated thermodynamic ra-
dius (R,) deduced from the co-volume of the
solute (2B, /8), and the anhydrous radius (R,)
determined from M,0, is approximately 0.5 nm;
and therefore explore the possibility that the ef-
fective solvated thermodynamic radius (R,) may

24 T
(b)
16 |- -]
S
8 - p=
Ta 3
0
6.8 7.0 7.2
r (cm)

Fig. 1. Sedimentation equilibrium distributions used in the evaluation of the second virial coefficient for isoelectric carbonic
anhydrase (pH 5.3, I 0.1). (a) Low-speed (15000 rev./min) sedimentation equilibrium distribution used to determine the magnitude
of the buoyant molecular mass, M,(1 — 0, p,), required for the calculation of the psi function. (b) Rayleigh interferometric record of
the high-speed (32000 rev./min) sedimentation equilibrium distribution used to evaluate the second virial coefficient.
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Fig. 2. Determination of the second virial coefficient for iso-
electric carbonic anhydrase by sedimentation equilibrium. (a)
Plot of results from Fig. 1b in accordance with Eq. (7). (b)
Corresponding analysis in terms of Eq. (9).

be predicted with reasonable precision by regard-
ing the solvated molecule as its unsolvated coun-
terpart surrounded by a halo of solvent corre-
sponding to two water molecules.

The dependence of the experimental estimate
of the effective solvated radius (R, ) upon protein
molecular mass is summarised in Fig. 3a, together
with the theoretical relationship (—) for proteins
with 0, = 0.735 ml/g and a 0.56-nm solvent shell
(equivalent to two water molecules with a radius
of 0.14 nm). Solid symbols denote effective ther-
modynamic radii determined in this study,
whereas open symbols refer to estimates of R,
from reported second virial coefficients for pro-
teins. From the viewpoint of determining the

magnitude of the second virial coefficient, B,,,
via R, for a protein with known M,, the agree-
ment between experimental and predicted sol-
vated radii seems to suffice — an important con-
sideration in allowance for effects of thermody-
namic non-ideality on the characterization of re-
versible association [3,6,8,46]. Extension of this
comparison to co-volumes measured for a wider
range of proteins is dependent upon refinement
of methods for net charge determination in order
to eliminate the current restrictive requirement
that the sedimentation equilibrium study be con-
ducted under isoelectric conditions.

Unfortunately, the situation is not so clear from
the viewpoint of understanding what is meant by
the extent of protein solvation. The present mag-
nitudes of the solvation parameter (Table 2) are
in general larger than the value of 0.3 g/g as-
signed to & by Oncley [18] on the basis of hydro-
dynamic parameters, and supported to some ex-
tent by the NMR studies of Kuntz [47,48]. In that
regard we note that the concept of a ‘time-aver-
aged’ solvation shell with finite average thickness
is inconsistent with a common value of 8, which is
instead predicted to decrease with increasing size
of the protein (Fig. 3b). Our decision to restrict
such considerations to spherical geometry for the
model of the rigid, impenetrable protein reflects
avoidance of a dilemma encountered in applying
the same approach to ellipsoidal models. The
assignment of a solvation shell with fixed thick-
ness necessitates account to be taken of the con-
sequent changes in the axial ratios a/b and b/c
from those pertinent to anhydrous protein. Alter-
natively, consideration of solvation to be without
effect on the axial ratios implies a solvation shell
of varying thickness. Only for spherical geometry
does this dilemma disappear.

From the viewpoint of excluded volume, pro-
tein solvation may be taken into account satisfac-
torily by considering the unsolvated protein to be
surrounded by a shell approximately two water
molecules thick — a concept that is clearly
reminiscent of the solvation model in which the
protein is surrounded by a shell of structured
water [49-51]. However, although consistent with
such a proposition, R, is merely an effective
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Table 2

Second virial coefficients and extents of protein solvation determined by sedimentation equilibrium

Protein M, Dp Ellipsoidal Ured 2B,,° 3(g/9) R,

(kDa) (ml/g) shape® (1/mol) Sphere  Ellipse (nm)

Carbonic anhydrase 28.9 0.735 Prolate [38] 8.201 292 (+14) 0.53 0.50 243
314 (+14) 0.62 0.59 2.50

Ribonuclease A 13.7 0.703 Triaxial [39] 8.692 204 (+14) 1.16 1.01 2.17

Ovalbumin 44.0 0.735 Prolate [40] 8.891 480 (+30) 0.61 0.47 2.88
440 (£10)° 0.50 0.38 2.80
500° 0.69 053 2.92

Bovine serum albumin 66.0 0.734 Oblate [41] 10.262 640 (+£27) 0.48 0.21 3.17

Creatine phosphokinase 81.0 0.743 Prolate [42] 8.506 691 (+72) 0.39 0.26 3.25

Aldolase 160 0.742 Oblate [43,44] 8.222 1570 (+30) 0.48 0.45 4.27

“Reference to crystal structure denoted in square parentheses.

®Uncertainties quoted as (+2 S.D.)
“Value reported in Wills et al. [15].
dValue reported in Jeffrey et al. [11].

thermodynamic radius; and hence not amenable
to detailed mechanistic interpretation.

Ra (nm)

15 . ' |
0 50 100 150 200
Ma (kDa)
15 T T T
10 | -
B
3 (0)
© 05} -
0 ! [ |
0 50 100 150 200
Ma (kDa)

Fig. 3. (a) Comparison of the experimental dependence of the
effective solvated radius, R, upon protein molecular mass (e)
with the theoretical relationship (—) predicted on the basis of
the anhydrous molecular volume and a 0.52-nm solvation
shell. (b) Corresponding dependence of the predicted magni-
tude for the solvation parameter 3.

5. Concluding remarks

This investigation has re-emphasised the valid-
ity and simplicity of using sedimentation equilib-
rium for the evaluation of second virial coeffi-
cients describing the non-associative self-interac-
tion of proteins [11,14,15]. By restriction of the
study to sedimentation equilibrium studies of iso-
electric proteins, the second virial coefficient so
determined is related directly to the co-volume,
which is amenable to statistical -mechanical inter-
pretation without any need for considering the
contribution stemming from charge-charge repul-
sion.

Statistical-mechanical interpretation of the
magnitudes of second virial coefficients in terms
of the size of the solvated protein has led to a
magnitude of the solvation parameter that is
larger than the usually assumed value of 0.3 g/g
for 8. Inasmuch as the present results are seem-
ingly consistent with interpretation in terms of a
model in which the unsolvated protein is sur-
rounded by a solvation shell with a thickness
equivalent to two water molecules (Fig. 3), the
concept of an invariant value for 8 becomes open
to question. Although the present estimates of
solvated protein radii are thermodynamically
(statistical-mechanically) based, their magnitudes
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follow reasonably closely their hydrodynamic
counterpart (the Stokes radius). The characteriza-
tion of thermodynamic non-ideality arising from
non-associative self-interactions of proteins may
therefore provide a readier means of appraising
the extent of protein solvation.
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