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We use accurate thermodynamic derivatives extracted from high-precision measurements of the four volume-
fixed diffusion coefficients in ternary solutions of lysozyme chloride in aqueous NaCl, NH4Cl, and KCl at
pH 4.5 and 25°C to (a) assess the relative contributions of the common-ion and nonideality effects to the
protein chemical potential as a function of salt concentration, (b) compare the behavior of the protein chemical
potential for the three salts, which we found to be consistent with the Hofmeister series, and (c) discuss our
thermodynamic data in relation to the dependence of the protein solubility on salt concentration. The four
diffusion coefficients are reported at 0.6 mM lysozyme chloride and 0.25, 0.5, 0.9, 1.2, and 1.5 M KCl and
extend into the protein-supersaturated region. The chemical potential cross-derivatives are extracted from
diffusion data using the Onsager reciprocal relation and the equality of molal cross-derivatives of solute
chemical potentials. They are compared to those calculated previously from diffusion data for lysozyme in
aqueous NaCl and NH4Cl. We estimate the effective charge on the diffusing lysozyme cation at the experimental
concentrations. Our diffusion measurements on the three salts allowed us to analyze and interpret the four
diffusion coefficients for charged proteins in the presence of 1:1 electrolytes. Our results may provide guidance
to the understanding of protein crystallization.

Introduction

Enzymatic activity, binding of species to proteins, confor-
mational change, and “preferential hydration”1 are some aspects
of protein behavior affected by direct interaction of proteins
with either small molecules (e.g., blood gases, ligands, denatur-
ants, precipitants)2,3 or other macromolecules.4 Thermodynamics
lies at the heart of understanding these interactions. In addition,
through the dependence of chemical potentials on concentration,
thermodynamics is central to understanding both diffusive mass
transport of proteins to and in cells, as well as active transport
across cellular, nuclear, and organelle membranes.5

At the organ, tissue, cellular, or organelle level, in vivo
systems involve very large numbers of components. Even in
the laboratory, aqueous protein solutions nearly always consist
of at least three components, including the solvent. Historically,
thermodynamic data for such multicomponent systems have
been scarce, hard to acquire, and not very precise. Lack of such
data has posed significant obstacles to the development and
validation of theory.

Using the first precision measurements of the full set of
diffusion coefficients in a multicomponent system involving a
protein,6-8 we have shown how to use the Onsager reciprocal
relation (ORR) to extract thermodynamic data from diffusion

measurements in ternary aqueous solutions of lysozyme chloride.
These include aqueous NaCl at two pH values and NH4Cl at
one of these pH values. Specifically, for each salt, we extracted
thecross-deriVatiVesof the protein and salt chemical potentials
with respect to concentration of the other component, which
we used to estimate the lysozyme chloride’s “effective charge”.
Integration with respect to salt concentration (at constant
lysozyme concentration) yielded the dependence of the lysozyme
chemical potential on salt concentration, within a constant of
integration.7

A thermodynamic basis for understanding diffusive transport
in ternary lysozyme solutions is potentially important for other
proteins, in reducing the current degree of empiricism in
developing procedures for (a) growth of protein crystals for
structural determinations9,10and (b) separation of proteins from
multicomponent solutions in manufacturing and research ap-
plications. In such separations, salt-induced precipitation is
frequently the first step in purification of proteins from
fermentation broths or from plant and animal extracts.11

Here, we report diffusion and thermodynamic data for
lysozyme chloride in aqueous solutions of KCl. We use these
data, together with those for NaCl and NH4Cl, to study behavior
for all three salts, considered as a Hofmeister series.

In this paper, our first main objective is to provide reliable
thermodynamic data that will serve as a firm thermodynamic
underpinning for understanding several phenomena (including
crystallization) in multicomponent protein solutions. To do this,
we apply to ternary aqueous solutions of lysozyme chloride in
KCl the same method7 for extracting thermodynamic data from
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measured multicomponent diffusion coefficients that we previ-
ously applied in the NaCl7 and NH4Cl8 cases. We then compare
the extracted data to those of our earlier measurements for those
salts, as well as to data obtained from classical equilibrium
measurements, including solubility data. The precision of both
our extracted data and their concentration dependence also
allows us to quantitatively separate thecross-deriVatiVes into
contributions corresponding to the common-ion effect and
nonideality. For each salt, we also estimate the “effective”
protein charge and compare our values with those obtained
directly from titration.

Extraction of thermodynamic data from diffusion measure-
ments, necessarily performed away from equilibrium, has the
key advantage that one can access the supersaturated region.
This provides thermodynamic data in portions of the phase
diagram in which traditional “direct” equilibrium measurements
(e.g., of equilibrium dialysis) are extremely difficult or impos-
sible due to precipitation. The resulting thermodynamic data
are of particular interest in understanding salt-specific effects
on crystallization. Moreover, our method is sensitive to protein
mass concentration. This is an important advantage with respect
to colligative-property measurements (e.g., vapor pressure
osmometry),3 which are not directly sensitive to the typical low
molar concentration of proteins.

Our second objective is to discuss the extracted thermody-
namic data in relation to the effectiveness of salts in the protein
precipitation process, including the Hofmeister cation series.
To date, thermodynamic data relevant to the Hofmeister series
have largely been limited to solubility measurements and
determinations of the second virial coefficient (B2), with their
inherently limited precision. Moreover, it is known12 that the
“accessible window”13 of B2 is an imperfect predictor of
favorable crystallization conditions. Precise values of the
derivative of the protein chemical potential with respect to salt
concentration lead to the dependence of the lysozyme chemical
potential itself on salt concentration. The comparison of these
quantities for all three salts is consistent with the Hofmeister
series of solubilities.

Our third major objective is to analyze and interpret the
dependence of the four multicomponent diffusion coefficients
on the nature and concentration of the salt for aqueous solutions
of lysozyme chloride and NaCl, NH4Cl, or KCl. Multicompo-
nent diffusion effects (specifically, departures from the simple
approximation of pseudo-binary diffusion) are known to be
important in separation of proteins by ultrafiltration and other
methods.14 Understanding the salt and concentration dependence
of the diffusion coefficients (a) allows us to better understand
the relative magnitudes of the diffusion coefficients and their
dependence on protein charge and (b) lays the groundwork for
predicting the four diffusion coefficients as functions of
concentration for systems containing other 1:1 salts. The four
multicomponent diffusion coefficients also allow us to estimate,
for each salt, the large number of moles of salt transported with
each mole of diffusing protein.

Finally, we consider some thermodynamic and crystal growth
applications of the results.

The approaches demonstrated for lysozyme in aqueous
solutions of these three salts are generally applicable to ternary
systems in which one solute concentration greatly exceeds that
of the other, as in many systems involving proteins or other
biological macromolecules.7

Relations for Isothermal Ternary Diffusion. Diffusion can
be described relative to different reference frames.15 We report
isothermal diffusion coefficients for the volume- and solvent-

fixed frames. In the volume-fixed frame, the fluxes of the
components of a ternary system satisfy (J0)VVh0 + (J1)VVh1 +
(J2)VVh2 ) 0; in the solvent-fixed frame, we have (J0)0 ) 0.
Here,Ji andVh i are the molar flux and partial molar volume of
componenti, respectively. The subscript V denotes the volume-
fixed frame. The subscript 0 denotes the solvent component
when appended directly to a flux and denotes the solvent-fixed
frame when appended outside the parentheses to an already-
subscripted flux or diffusion coefficient. Subscripts 1 and 2 refer
to the protein and salt components, respectively.

Since concentration differences are small and volume changes
on mixing are negligible, our measurements correspond, to an
excellent approximation, to the volume-fixed frame.15 For
isothermal diffusion, the matrix form of Fick’s first law in this
frame in one dimension is

Here, theCi are molar concentrations and the (Dij)V are volume-
fixed diffusion coefficients.

The linear laws of irreversible thermodynamics for isothermal
diffusion in terms of the Onsager diffusion coefficients (ODCs)
(Lij)0 are simpler in the solvent-fixed frame.16-18 In this frame,
the fluxes for a ternary system can be written as

where the solvent-fixed (Dij)0 are calculated from the(Dij)V and
Vh i

16-18 and µi is the chemical potential of theith component.
The ORR16-18 in the solvent-fixed frame is

We can use eq 2 to relate the solvent-fixed diffusion
coefficients and ODCs according to

where the derivatives are defined byµij ≡ (∂µi/∂Cj)T,p,Ck,k*j,
whereT is the temperature andp the pressure.7

Each main-term diffusion coefficient (Dii)0 is related to main-
term (µii) and cross-term (µji, j * i) thermodynamic derivatives.
For the ternary systems considered here, each (Dii)0 is found to
be dominated by the product ofµii and the corresponding main-
term ODC (Lii)0.

In multicomponent systems, each cross-term diffusion coef-
ficient (Dij)0 (i * j) links the gradient of one component to the
flux of another and can be written as a sum involving main-
and cross-term ODCs. For (D21)0 in our ternary systems, we
will see that the contribution of (L21)0µ11 is very small compared
to that of (L22)0µ21. In contrast, for (D12)0, the contributions of
(L12)0µ22 and (L11)0µ12 are similar in magnitude but opposite in
sign.

Materials and Methods

The Gosting diffusiometer and its modifications, other
apparatus, solution preparation, pH adjustment, temperature

[-(J1)V

-(J2)V
] ) [(D11)V (D12)V

(D21)V (D22)V
][∂C1/∂x

∂C2/∂x] (1)

[-(J1)0

-(J2)0
] ) [(D11)0 (D12)0

(D21)0 (D22)0
][∂C1/∂x

∂C2/∂x] )

[(L11)0 (L12)0

(L21)0 (L22)0
][∂µ1/∂x

∂µ2/∂x] (2)

(L12)0 ) (L21)0 (3)

(D11)0 ) (L11)0µ11 + (L12)0µ21 (4a)

(D12)0 ) (L11)0µ12 + (L12)0µ22 (4b)

(D21)0 ) (L21)0µ11 + (L22)0µ21 (4c)

(D22)0 ) (L21)0µ12 + (L22)0µ22 (4d)
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control at 25 °C, methods of measurement, and data re-
duction procedures were described in our previous papers.6-8

Solutions were prepared from Mallinckrodt 99.9% analytical
reagent grade KCl dried at 400°C overnight and from
Seikagaku-lyophilized 6× recrystallized lysozyme (lot #E96Y03).
As in our earlier work, lysozyme chloride was manipulated in
a drybox, and solutions with volumes of 50-70 mL were
prepared by weight (corrected to mass) with(0.1 mg precision,
based on molecular masses ofM1 ) 14 307 g mol-1 for
lysozyme,19 M2 ) 74.551 g mol-1 for KCl, and 18.015 g mol-1

for H2O. A Corning 135 pH meter with an Orion 8102 ROSS
combination pH electrode, standardized with Corning reference
solutions, was used to measure the pH both for solutions used
for diffusion measurements and for determining the protein
charge by titration methods.20 Experimental details on the
determination of ternary diffusion coefficients are available as
Supporting Information.

Results and Discussion

Ternary Diffusion Results. Table 1 lists the volume-fixed
(Dij)V values calculated18,21,22with data from all four experiments
at each of the five mean KCl concentrations (see Supporting
Information). This table also includes the densityd and the
partial molar volumesVh1, Vh2, andVh0 obtained from volumetric
measurements and the (Dij)0 values for the solvent-fixed
reference frame, calculated from the volume-fixed (Dij)V and
Vh i using eq 2 in ref 16.

Figure 1 show the (Dij)V as functions ofC2 at constantC1

for all three salts. Figure 1d also shows the binary diffusion
coefficientDV for each salt.

Extraction of Thermodynamic Properties. Here, we show
how several thermodynamic properties of these ternary solutions
can be extracted from the measured diffusion coefficients, in
some cases with considerably greater precision than obtainable

TABLE 1: Ternary Diffusion Data for 0.6 mM Lysozyme Chloride -KCl -H2O at pH 4.5 and 25°C
C2 ) 0.25 M C2 ) 0.50 M C2 ) 0.90 M C2 ) 1.20 M C2 ) 1.50 M

(D11)V (10-9 m2 s-1) 0.1281( 0.0001 0.1237( 0.0001 0.1203( 0.0001 0.1181( 0.0001 0.1155( 0.0001
(D12)V (10-9 m2 s-1) 0.000044( 0.000002 0.000049( 0.000001 0.000056( 0.000002 0.000058( 0.000002 0.000062( 0.000002
(D21)V (10-9 m2 s-1) 11.8( 0.3 16.9( 0.2 26.1( 0.3 33.4( 0.1 41.9( 0.1
(D22)V (10-9 m2 s-1) 1.817( 0.001 1.829( 0.001 1.863( 0.001 1.891( 0.001 1.922( 0.001
d (g cm-3) 1.011227 1.022756 1.040803 1.054176 1.067450
Vh1 (cm3 mol-1) 10191 10138 10258 10224 10190
Vh2 (cm3 mol-1) 28.549 28.916 29.701 30.303 30.610
Vh0 (cm3 mol-1) 18.065 18.062 18.052 18.041 18.033
(D11)0 (10-9 m2 s-1) 0.1291 0.1248 0.1216 0.1195 0.1171
(D12)0 (10-9 m2 s-1) 0.00007581 0.00008170 0.00009068 0.00009427 0.00009963
(D21)0 (10-9 m2 s-1) 12.22 17.79 27.97 36.18 45.79
(D22)0 (10-9 m2 s-1) 1.830 1.856 1.915 1.964 2.016

Figure 1. Volume-fixed diffusion coefficients for the ternary system lysozyme chloride+ MCl + H2O as a function of MCl concentration,C2, at
C1 ) 0.6 mM, pH 4.5, and 25°C: (a) (D11)V, (b) (D12)V, (c) (D21)V, (d) (D22)V andDV; b, M ) Na; 9, M ) K; [, M ) NH4. The solid curves
are smoothed through the ternary experimental points, and the dashed curves are smoothed through the omitted binary diffusion coefficients,DV,
from the literature.57-59
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by other approaches. The extracted data provide the basis for a
firm thermodynamic understanding of diffusion and crystal-
lization in ternary aqueous solutions of lysozyme chloride and
a 1:1 chloride salt, corresponding to our first main objective.

Chemical Potential DeriVatiVes.The thermodynamic deriva-
tivesµ12 ) ∂µ1/∂C2 andµ21 ) ∂µ2/∂C1 for ternary solutions are
extracted from diffusion data using

which are obtained from the ORR and the cross-derivative
relation (∂µ1/∂m2)T,p,m1 ) (∂µ2/∂m1)T,p,m2,7 where mi is the
molality of componenti. We make extensive use of the
derivative expressions for theµij,23 which for a ternary solution
of zp:1 and 1:1 electrolytes having a common anion are

wherezp is both the effective charge on the lysozyme cation
and the effective stoichiometric coefficient of chloride in
lysozyme chloride andy1 and y2 are the molar mean ionic
activity coefficients of the lysozyme chloride and salt compo-
nents, respectively.7

Successful use of these equations depends on appropriately
good estimates ofµ11 andµ22, as discussed below. In turn, these
are possible in the “asymmetric” case of smallC1 andC2 large
compared toC1, which occurs in many systems of biochemical
interest.7

For the ternary protein solutions with 1:1 salts that we have
studied, terms involvingµ11 contribute only 1-2% to the
calculated values ofµ12 andµ21 in eq 5a and eq 5b. Furthermore,
estimates24,25 of the second virial coefficient show that the
activity coefficient term in the expression forµ11 in eq 6 does
not exceed 20% ofµ11. Therefore, negligible error inµ12 and
µ21 (<0.4%) will result from approximatingµ11 by its first two
terms in eq 6.

Estimates ofµ22 in this system are based on the expectation
that while µ2 should depend on protein concentration, its
deriVatiVe µ22 should be close to (∂µsalt/∂Csalt)T,p for thebinary
salt case because of the low concentration of protein relative to
the salt. Furthermore, the data show that (D22)V for diffusion
of each salt due to its own concentration gradient is just 1-2%
lower than the diffusion coefficient in its aqueous binary

solution,DV, at the corresponding salt concentration (see Figure
1d). Since diffusion is driven by chemical potential gradients,
the near equality of (D22)V and DV for the salt component in
the ternary and binary systems is strong evidence that taking
µ22 ) (∂µsalt/∂Csalt)T,p is an excellent approximation.

Since protein-salt thermodynamic interactions are described
by the cross-chemical potential derivatives based on molality:
µ12

(m) ≡ (∂µ1/∂m2)T,p,m1 ) (∂µ2/∂m1)T,p,m2,26 we report their
relationship with theµij

23

Our use of multicomponent diffusion coefficients to extract
thermodynamic properties allows us to accurately determine the
dependence ofµ12 and µ21 on salt concentrationC2 and to
examine common-ion and nonideality effects.27

The quantitiesµ11 and µ22 are estimated following the
procedure described in ref 7 and summarized above. Activity
coefficient derivatives for binary aqueous KCl at 25°C were
taken from ref 28. In Table 2, we show the estimated values of
µ11/(RT) andµ22/(RT) and extracted values ofµ12/(RT) andµ21/
(RT). The latter two values are also shown in Figure 2, which
include, for comparison, our reported values ofµ12/(RT) and
µ21/(RT) for C1 ) 0.6 mM at pH 4.5 and 25°C for lysozyme
chloride (C1 ) 0.6 mM) in aqueous NaCl6 and NH4Cl7 at several
salt concentrations.

Figure 2 shows thatµ12 andµ21 are positive and decrease as
salt concentration increases. This is easily understood from eq
6, in which zp/(zpC1 + C2) is a dominant term that varies
approximately aszp/C2. This contribution is related to the
polyelectrolyte nature of the electrically neutral protein com-
ponent, consisting of a lysozyme cation andzp chloride
counterions. However, chloride is also the common anion of
the added salt, and the chloride concentration depends strongly
on C2. In eq 6, we see that the other terms are related to
nonideality. The precision of ourµ12 andµ21 values allows us
to estimate the effective protein chargezp and to distinguish
and quantify the common-ion and nonideality contributions.

Protein Charge.We can regress the expressions ofµ12 and
µ21 in eq 6 to estimatezp in aqueous solutions of lysozyme in
KCl, as shown earlier for NaCl7 and NH4Cl.8 We expand both
activity coefficient derivatives as polynomials in solution
normality zpC1 + C2 for each salt over its experimental
concentration range. Retaining only linear terms yields

To determine the number of fitting parameters sufficient for
regression, we first retained onlya12 anda21 in eqs 8a and 8b,
respectively, and then included the higher-order parametersb12

and b21 for comparison. For KCl, this inclusion led to a
significantly improved regression of eqs 8a and 8b and,
consequently, better accuracy ofzp, as previously found for
NaCl7 but not for NH4Cl.8 For KCl, the experimental error is
somewhat higher than that for the other two salts, and retaining

TABLE 2: Chemical Potential Derivatives for 0.6 mM Lysozyme Chloride-KCl -H2O at pH 4.5 and 25°C
C2 ) 0.25 M C2 ) 0.50 M C2 ) 0.90 M C2 ) 1.20 M C2 ) 1.50 M

µ11/RT(M-1) 1918 1793 1737 1720 1709
µ22/RT(M-1) 7.130 3.598 2.052 1.579 1.300
µ12/RT(M-1) 31.5 17.4 11.9 10.5 10.5
µ21/RT(M-1) 49.7 35.6 30.6 29.7 30.0

µ12 )

µ11[C1Vh2(D22)0 - (1 - C1Vh1)(D12)0] - µ22[C2Vh1(D22)0 - (1 - C1Vh1)(D21)0]

(1 - C2Vh2)(D22)0 - (1 - C1Vh1)(D11)0

(5a)

µ21 )

µ11[C1Vh2(D11)0 - (1 - C2Vh2)(D12)0] - µ22[C2Vh1(D11)0 - (1 - C2Vh2)(D21)0]

(1 - C2Vh2)(D22)0 - (1 - C1Vh1)(D11)0

(5b)

[µ11 µ12

µ21 µ22
] )

RT[ 1
C1

+
zp

2

zpC1 + C2
+ (zp + 1)

∂ ln y1

∂C1

zp

zpC1 + C2
+ (zp + 1)

∂ ln y1

∂C2

zp

zpC1 + C2
+ 2

∂ ln y2

∂C1

1
C2

+ 1
zpC1 + C2

+ 2
∂ ln y2

∂C2

]
(6)

µ12
(m) )

1000d - C1M1 - C2M2

1000
(µ21(1 - C1Vh1) - µ22C2Vh1)

(7)

(zp + 1)(∂ ln y1/∂C2) ) a12 + b12(zpC1 + C2) (8a)

2(∂ ln y2/∂C1) ) a21 + b21(zpC1 + C2) (8b)
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only a12 anda21 in eqs 8a and 8b gave satisfactory estimates of
zp. Values ofzp, a12, a21, b12, andb21 obtained by regression for
the NaCl and NH4Cl cases7,8 are included in Table 3 with those
for KCl. Uncertainties of the coefficients are also reported, as
well as the root-mean-square error of each regression. Agree-
ment betweenzp values calculated fromµ12 andµ21 is a test of
our data and assumptions and is very good for each salt.

The zp values calculated using eqs 8a and 8b correspond to
the protein cation’s “effective charge” and are lower than the
“net titration charge”.29 This is expected, since the latter is based
only on the degree of protonation and does not account for
counterion binding. For all three salts at pH 4.5, our titrations30

showed that this net charge ranges from 10.8 to 11.2 atC2 )
0.25 and 0.9 M, in agreement with the results of Tanford and
Wagner.20 By comparison, the calculated effective charges are
approximately 8.6, 5.5, and 7.8 for NaCl, NH4Cl, and KCl,
respectively.

Impact of Common-Ion Effect.It is usually assumed that the
common-ion effect is significant only at low salt concentra-
tions.31 Consequently, at higher salt concentrations, the increase
of protein chemical potential with salt concentration is usually
described only in terms of deviation from ideality, i.e., by
preferential exclusion of salt from the protein surface (by
preferential hydration). However,a12 andb12 values for all three
salts in Table 3, together with eq 6, show that the common-ion
contribution to the derivativeµ12 is still dominant atC2 ) 0.25
M. At the highest salt concentration, this contribution is reduced
to about 50% of the total.

Thus, for lysozyme chloride, our results clearly show that
the common-ion effect is still very important at the higher salt
concentrations relevant to crystallization and, therefore, plays
a significant role in determining both the dependence of protein
solubility on salt concentration and the effectiveness of the salt
as a precipitant. Reailleau et al.32 have shown the importance
of the protein net charge and long-range electrostatic interactions
for protein solubility. Furthermore, studies from the group of
Ducruix33-35 and Tardieu36,37have demonstrated that lysozyme
solubility is significantly affected by the nature of salt anions
(i.e., the common ion). Our results are consistent with their
findings and represent a new important contribution to previous
work. This point will be further discussed in relation to protein
solubility (see Thermodynamic and Crystal Growth Applica-
tions).

Protein-Salt Thermodynamic Interactions. We now address
our second objective. In Table 4, we report the values of
µ12

(m)/RT obtained using eq 7.38 We observe that they are
approximately equal to the corresponding values ofµ12/RT as
expected. The cross-derivativeµ12

(m) (or µ12) describes the effect
of a given salt in changing the lysozyme chemical potential and
thus represents the protein-salt thermodynamic interaction in
solution.26 Our positive values ofµ12

(m) can be used to rank the
three salts with respect to their effectiveness inincreasingthe
lysozyme chemical potential and thus favoring protein precipita-
tion. Examination of Table 4 (forµ12

(m)/RT) and Figure 2a (for
µ12/RT) shows that the corresponding values increase in the
sequence NH4Cl < KCl < NaCl for a given salt concentration
with C2 < 0.9 M. ForC2 g 0.9 M, the values ofµ12/(RT) for
KCl and NaCl become approximately equal, while the corre-
sponding values for NH4Cl remain somewhat lower (see Figure

Figure 2. Cross derivatives of the chemical potential as a function of MCl concentration,C2, at pH 4.5 and 25°C: (a) µ12/(RT), (b) µ21/(RT); b,
M ) Na; 9, M ) K; [, M ) NH4. The curves (s, M ) Na; - - -, M ) K; - - -, M ) NH4) are fitted to the data using eqs 7a and 7b. The fitting
parameters are given in Table 3.

TABLE 3: Parameters from Fits of µ12/(RT) and µ21/(RT)
versus Salt Concentration

Parameters forµ12/(RT)

salt zp a12 (M-1) b12 (M-2) RMSEa

NaCl 8.5( 0.3 1.5( 1.2 1.5( 0.9 0.35
NH4Cl 5.7( 0.4 4.4( 0.9 1.12
KCl 7.7 ( 0.2 0.5( 0.6 3.2( 0.4 0.17

Parameters forµ21/(RT)

salt zp a21 (M-1) b21 (M-2) RMSEa

NaCl 8.6( 0.3 18.9( 1.2 4.2( 0.9 0.34
NH4Cl 5.3( 0.3 24.0( 0.6 0.74
KCl 7.9 ( 0.1 17.6( 0.3 4.7( 0.2 0.10

a Denotes root-mean-square error.

TABLE 4: Chemical Potential Derivatives, µ12
(m)/RT for 0.6

mM Lysozyme Chloride in the Presence of NaCl, KCl, and
NH4Cl-H2O at pH 4.5 and 25°Ca

C2 (M) µ12
(m)/RT(NaCl) µ12

(m)/RT(KCl) µ12
(m)/RT(NH4Cl)

0.25 34.3 30.7 25.6
0.5 18.7 16.7 16.3
0.65 14.9 (13.6) (12.4)
0.9 11.3 11.1 9.9
1.2 (9.8) 9.7 8.7
1.3 9.5 (9.6) (7.4)
1.5 (9.0) 9.4 6.1

a The values in parentheses are obtained by interpolation.
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2a). We also observe that sinceµ1(C2) for the three salts must
approach the same common valueµ1(0) asC2 f 0, our results
imply that µ1(C2) ) µ1(0) + ∫0

C2 µ12(C2) dC2 also increases in
the sequence NH4Cl < KCl < NaCl at any given concentration
within the experimental domain. This ranking of the three salts
is consistent with the order of the Hofmeister solubility series.

Interpretation of Ternary Diffusion Coefficients. In this
section, we analyze and interpret the dependence of the four
ternary diffusion coefficients on salt concentration, correspond-
ing to our third main objective. The analysis is partly qualitative
and partly quantitative. It provides new insight into charge and
common-ion effects, into the cross-terms characterizing coupled
transport in aqueous solutions of globular proteins, and more
generally into the transport of other macromolecules.

We restate the important fact that our systems are “asym-
metric”, in the sense that the molar concentration of salt is much
larger than that of the protein. We will consider the protein-
salt transport properties in light of this asymmetry.

Modeling Considerations.We first discuss the Stokes-
Einstein approximation to the effect of viscosity on the diffusion
coefficient of Brownian particles and then consider the ternary
Nernst-Hartley equations, both of which we use to interpret
the measured multicomponent diffusion coefficients.

At infinite dilution, diffusion coefficients of Brownian
particles in a continuum fluid are frequently approximated using
the Stokes-Einstein equation29 D ) kBT/(6π rH

eqη), wherekB is
the Boltzmann constant,rH

eq is the equivalent hydrodynamic
radius, andη is the viscosity of the continuum fluid, which in
this case is the interstitial aqueous salt solution. The prediction
that the macromolecular diffusion coefficient, which is small
compared to that of the small ions, will decrease as one increases
the viscosity of the surrounding continuum of solvent and small
ions, is borne out even at nonzero concentrations of the
macromolecular component.

We now consider the electrolyte nature of the system. The
four diffusion coefficients of the solutes depend in part on the
mobilities of the constituent ions, constrained by the requirement
of electroneutrality. The Nernst-Hartley (N-H) equations for
electrolyte systems describe this coupled transport of ions only
at infinite dilution and do not account for thermodynamic
nonideality and Onsager-Fuoss electrophoretic effects.39

Gosting40 discussed application of the N-H equations to protein
solutions.

For our ternary electrolyte system, the N-H equations are

where our denominator∆ ) zp
2C̃pD̃p + C̃MD̃M + C̃ClD̃Cl is

equivalent to that of Gosting,40 whose equations are written in
terms of electroneutral components. Since the N-H equations
pertain only at infinite dilution, where the solvent- and volume-

fixed frames coincide, theDij require no reference-frame
subscripts. In eq 9,D̃p, D̃M, and D̃Cl are the infinite dilution
tracer diffusion coefficients of the protein cation, salt co-ion
(Na+, NH4

+, or K+), and chloride ion (the common ion),
respectively, andC̃p, C̃M, and C̃Cl are the corresponding
concentrations. The value ofD̃p for the lysozyme cation in water
at pH 4.5, determined using the Gosting diffusiometer, is 0.132
× 10-9 m2 s-1.30

The tracer diffusion coefficients for small ions have been
calculated41 from limiting ionic mobilities39 and thus pertain to
infinitely dilute aqueous solutions. For Na+, NH4

+, K+, and
Cl-, they are 1.33, 1.96, 1.96, and 2.03× 10-9 m2 s-1,
respectively. For our systems, we havezp

2C̃pD̃p , C2(D̃M +
D̃Cl) (consistent withzpC̃1 , C2), so that to good approximation
in very dilute solutions, the N-H equations in our case become

where we have usedC̃p andC1 and C̃M ) C̃C1C2.
From eq 10, we see thatD11 is larger than the infinite-dilution

tracer diffusion coefficient of the protein cation,D̃p.
A gradient of component 1 gives gradients of lysozyme

cations and chloride anions. To preserve electroneutrality, the
faster chloride counterions will electrostatically drag the slower
lysozyme cations, thereby generating a flux of lysozyme
chloride, corresponding toD11 > D̃p. However, as the concen-
tration of salt (component 2) increases, the counterions will drag
lysozyme cations and co-ions according to their relative
concentrations and charges. AsC̃2 continues to increase, i.e.,
aszpC1/C2 decreases, chloride ions will overwhelmingly drag
co-ions, so that in the limit lysozyme will diffuse following its
intrinsic mobility D̃p.

In eq 10, we have assumed that the salt is present in relatively
large excess with respect to the protein. Consequently, as
expected, the N-H expression forD̃22 is the same as that for
the diffusion coefficient in the corresponding binary salt solution.

Onsager Diffusion Coefficients.The transport coefficients
(Lij)0, also called “diffusion Onsager coefficients”, are in the
solvent-fixed frame of reference and can be calculated after
inverting eqs 4a-d (see eq 7 in ref 7). Our results are reported
in Table 5. We observe that the accuracy of the three ODCs
(L11)0 and (L12)0 ) (L21)0 is directly related to the accuracy of
µ11. The (Lij)0µjk contributions to the experimental diffusion
coefficients can be estimated from eqs 4a-d. We call the
comparison of the sizes of these contributions the “ODC
analysis”; it will be used for the interpretation of thecross-
diffusion coefficients.

Examination of(D11)V. Values of (D11)V for aqueous lysozyme
chloride at 0.6 mM and various concentrations of MCl (M)
Na, NH4, or K) at pH 4.5 are shown in Figure 1a. In each case,

TABLE 5: Onsager Transport Coefficients for Given KCl Concentrations (C2) for 0.6 mM Lysozyme Chloride-KCl -H2O at
pH 4.5 and 25°C

C2 ) 0.25 M C2 ) 0.50 M C2 ) 0.90 M C2 ) 1.20 M C2 ) 1.50 M

RTL11/(zpC1) (10-9 m2 s-1) 0.01577 0.01593 0.01605 0.01611 0.01631
RTL12/(zpC1) (10-9 m2 s-1) -0.068 -0.072 -0.084 -0.095 -0.116
RTL22/(zpC2) (10-9 m2 s-1) 1.033 1.035 1.039 1.039 1.037

[D11 D12

D21 D22] )

[D̃p[1 +
zp

2C̃p

∆
(D̃Cl - D̃p)] D̃p

zpC̃p

∆
(D̃Cl - D̃M)

D̃M

zpC̃M

∆
(D̃Cl - D̃p) D̃M [1 +

C̃M

∆
(D̃Cl - D̃M)] ] (9)

[D11 D12

D21 D22] )

[D̃p[1 +
zp

2C1

C2

(D̃Cl - D̃p)

D̃M + D̃Cl
] D̃p

zpC1

C2

D̃Cl - D̃M

D̃M + D̃Cl

zp

DM(D̃Cl - D̃p)

D̃M + D̃Cl

2D̃MD̃Cl

D̃M + D̃Cl

] (10)
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the diffusion coefficient (D11)V decreases as salt concentration
increases. The decrease is larger for lysozyme chloride in
aqueous NaCl than in aqueous KCl and, in turn, is larger in
aqueous KCl than in aqueous NH4Cl.

The decrease of (D11)V with C2 can be ascribed to at least
two factors. One is the electrostatic coupling between the
macroion and the common anion, predicted by N-H as discussed
above. A second important factor is the increase of solution
viscosity with increasingC2 (according to the Stokes-Einstein
equation). To evaluate this effect, we multiply the (D11)V values
by η/η0, the relative viscosity of each binary saltwater sys-
tem,42,43 whereη is the viscosity of the interstitial binary salt
solution, andη0 is the viscosity of water. Comparing Figures
1a and 3 shows that over the range ofC2, (D11)Vη/η0 varies
considerably less for KCl than does the measured (D11)V. Figure
3 also shows that (D11)Vη/η0 values for NaCl and KCl are nearly
identical over the entire range ofC2, strongly suggesting that
the increasing divergence between the (D11)V values as the
concentrations of these two salts increase is due almost entirely
to viscous effects (plots of (D11)0η/η0 for each salt are nearly
identical to those shown in Figure 3). These results suggest that
asC2 increases, effects other than viscosity contribute signifi-
cantly to divergence between measured values of (D11)V in
aqueous NH4Cl on one hand and in aqueous NaCl or KCl on
the other. Possible contributors are more specific short-range
protein-salt interactions affecting both thermodynamic factors
and protein mobilities.

Examination of(D22)V. Values of ternary (D22)V versusC2

are shown in Figure 1d for aqueous lysozyme chloride solutions
with NaCl, NH4Cl, and KCl, along with values ofDV for the
corresponding binary systems. We find that (D22)V is only 1-2%
less than the correspondingDV. This is not surprising, because
in our ternary systems the salt behaves essentially as it does in
the corresponding binary system. This small difference is
consistent with an expected small obstruction effect of the
protein macromolecules on the motion of the small salt ions.

Examination of(D12)V. For each salt at each concentration,
values of (D12)V shown in Figure 1b are much smaller than the
other three diffusion coefficients. Both the magnitude of (D12)V

and its dependence on salt concentration differ among the three
salts. We find that at low salt concentrations, the values of (D12)V

follow the decreasing order NaCl. KCl > NH4Cl. The
difference between (D12)V for NaCl and KCl is dramatically
reduced as salt concentration increases, with (D12)V being
somewhat lower for NH4Cl. As C2 increases, Figure 1b shows
that (D12)V decreases for NaCl andincreasesfor KCl and
NH4Cl. Since (D12)V is the only diffusion coefficient for which

the behavior is so qualitatively different among the three salts,
understanding these experimentally observed differences is of
interest.

Some features of the dependence of (D12)V on the nature and
concentration of the salt can be qualitatively understood on the
basis of N-H considerations. The approximate N-H equation,
eq 10, shows that the magnitude of (D12)V is inversely
proportional toC2, qualitatively consistent with the experimental
behavior in aqueous NaCl, and is directly proportional to the
differenceD̃Cl - D̃M, which is 0.70× 10-9 m2 s-1 for NaCl,
versus 0.07× 10-9 m2 s-1 for KCl and NH4Cl.

For KCl and NH4Cl, D̃Cl and D̃M are very close. Thus, the
Coulombic mechanism, accounted for by the infinite-dilution
N-H equations, does not provide even a qualitatively correct
estimate of either (D12)V at low concentrations or theC2

dependence of (D12)V. This suggests that when the magnitude
of D̃Cl - D̃M is small, other factors not accounted for by the
N-H equations determine the dependence of (D12)V on C2 at
any nonzeroC1.

To understand the observed concentration dependence of
(D12)V, we need a more general description than the N-H
equations, which are strictly valid only in the limit of infinite
dilution. We thus proceed with an ODC analysis. We note that
(L11)0µ12 ≈ -(L12)0µ22, so that, considering eq 4b, (D12)0, and
thus (D12)V, is a small difference between two larger contribu-
tions. Therefore, an attempt to understand the behavior of (D12)0

using only eq 4b would seem unfeasible. Nonetheless, we find
that if eq 4b is rearranged in the form of a product, we can
interpret the behavior of (D12)0. We write eq 4b as

The factor (L11)0, directly related to the transport of the protein,
is approximately constant asC2 is increased at constantC1 (see
Table 4). Moreover, the (L11)0 value7,8 is not sensibly affected
by the nature of the salt. These observations allow us to relate
the relevant variation of (D12)0 to only µ12 and the factorW
defined by the second equality in eq 10.

Equation 11 permits us to focus, using theµ12 andW factors,
on the very different low-concentration behavior of (D12)0 for
the NaCl case in comparison to the KCl and NH4Cl cases.

In the previous subsection, we found thatµ12 decreases
significantly with C2 for all three salts and attributed the
decreases to the contribution of the common-ion term in eq 6.
Because theµ12 (Figure 2a) and (D12)0 (Figure 1b) values have
different qualitative behaviors for the three salt systems,µ12

cannot account for the significant differences between the NaCl
case and the KCl and NH4Cl cases.

The quantityW can be obtained from eq 10, where (L11)0

and (L12)0 are taken from Table 5. Note that since (L12)0/(L11)0

depends only very weakly onµ11, the accuracy of this ratio is
improved compared to (L12)0 alone. At low salt concentrations,
W is a measure of the electrostatic coupling between the protein
and the salt. In the limit, whereC2 f 0 andC1/C2 f 0, we can
use eq 28 of ref 44 with the limiting values to obtain

Equation 12 shows thatW will reach a finite limit asC2 f 0,
which suggests thatW can be expanded in a power series in
C2. Using eq 11, we find thatW increases with salt concentration
for each salt and can be closely approximated by a linear
functionW(C2) ) W(0) + (dW/dC2)C2. We find that the slopes

Figure 3. The product (D11)Vη/η0 as a function of MCl concentration,
C2, at pH 4.5 and 25°C: b, M ) Na; 9, M ) K; [, M ) NH4. The
curves are smoothed through the data.

(D12)0 ) (L11)0µ12{1 + [(L12)0/(L11)0]µ22/µ12} ) (L11)0µ12W
(11)

Wlim )
D̃Cl - D̃M

D̃Cl + D̃M

(12)
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for the three salts are approximately equal. The intercept,W(0),
is about 0.05 for NaCl, and virtually zero for KCl and NH4Cl
as expected from eq 12 becauseD̃Cl ≈ D̃M. This is the main
factor distinguishing the (D12)0 behavior for NaCl from that for
KCl and NH4Cl.

To examine the dependence of (D12)0 onC2, we approximate
eq 11 by

where the coefficientsa12 and b12 (describing the activity
coefficient derivative forµ12) are shown in Table 3, and we
have neglectedzpC1 in the second factor. From eq 13, we see
that if W(0) is significant, then the (L11)0W(0)zp/C2 term, which
is inversely proportional toC2, will be significant. This is the
case for NaCl. However, ifW(0) is negligible, then (D12)0 will
increase with increasing salt concentration. This increase is
related to the positive nonideal term ofµ12. The numerical
differences in the dependence of (D12)0 on salt concentration
between NH4Cl and KCl appear to be due to the differences in
the C2 dependence ofµ12.

Examination of (D21)V. Values of (D21)V for NaCl, NH4Cl,
and KCl at pH 4.5 are shown in Figure 1c. These are the largest
of the four diffusion coefficients at each salt concentration. For
each salt, (D21)V increases roughly linearly withC2 at C1 ) 0.6
mM and is considerably larger than both main terms. At higher
salt concentrations, (D21)V is more than 10 times the main-term
coefficient (D22)V and approximately 100 to 350 times (D11)V.
Thus, when the three salt systems have a uniform salt
concentration but have a gradient of protein concentration,
roughly 100 mol of salt will be transported with each mole of
protein at the lower end of ourC2 range and up to 350 mol per
mole of protein at the higher end. Among other effects, this
will lead to an increase in salt transport to the interface of a
growing crystal, where the higher salt concentration can lead
to increased inclusion of salt in the crystal. We note that the
pseudo-binary approximation cannot predict or interpret such
results.

The experimental plots of (D21)0/(D22)0 vs C2 for the three
salts are nearly linear and parallel (see Figure 4). A thermody-
namic explanation of this behavior follows.

An ODC analysis shows that in all cases (D21)0 is dominated
by (L22)0µ21, with the (L21)0µ11 term being negative and about
2-5% of the total. Similarly, (D22)0 is dominated by (L22)0µ22.
Therefore, we can closely approximate (D21)0/(D22)0 by µ21/
µ22. Tables 1 and 2 support this, since the calculated ratios of
(D21)0/(D22)0 to µ21/µ22 are 0.97( 0.01. Furthermore, Table 1
shows that [(D21)V/(D22)V]/[(D21)0/(D22)0] ) 0.956 ( 0.02.
Therefore, in our concentration range, (D21)V/(D22)V is also
closely approximated by the thermodynamic ratioµ21/µ22. We
also expect that (D21)0/(D22)0 will be close toµ21/µ22 for a broad
class of ternary systems in which a macromolecular polyectro-
lyte has a large molar volume and a small concentration with
respect to a salt having a common ion.

The expression relating theµij (eq 8 of ref 7), can be solved
for µ21/µ22 giving

Examining the magnitudes of the various terms for NaCl
(6,7), NH4Cl (7), and KCl (Table 1), we find thatVh2 varies
between 0.018 and 0.038 dm3 mol-1 atC1 ) 0.6 mM. Therefore,

the results in Tables 1 and 2 show that the third term of the
right-hand side (RHS) is very small compared to the others (not
exceeding about 1% of their sum). Consequently, it is an
excellent approximation to ignore this term.

The second term on the RHS of eq 14 essentially accounts
for the difference betweenµ21 andµ12 and is equal to-(∂C2/
∂C1)m2 where m2 is the molality of the salt.23 This quantity
describes the change of the molar concentration of the salt, since
addition of lysozyme chloride at constantm2 (i.e., at constant
salt/solvent ratio) increases the total volume of the system.
Importantly, the significant increase in total volume is due to
the large volume of the lysozyme molecules. In this case,m2

characterizes the composition of the saltwater medium sur-
rounding the large protein molecules better thanC2 does.

To examine the dependence ofµ21/µ22 on C2, we note that
theCiVh i terms are small compared to unity. Therefore, we can
approximate the first term of the RHS of eq 14 byµ21/µ22 and
the second term byCiVh i. From eq 6, we can write, in the limit
zpC1 , C2

Our experimental data show thatµ12/µ22 can be roughly
approximated by the linear relationzp/2 + ωC2, whereω > 0
accounts for the effect of salt on the lysozyme chloride activity
coefficient. Furthermore,Vh1 ≈ 10.2 dm3 mol-1, nearly inde-
pendent of salt and salt concentration. Therefore, the second
term on the RHS of eq 14 is proportional toC2. Consequently

To understand the physical basis of eq 16, we first note that
the intercept zp/2 is related to the electrostatic coupling between
protein and salt. Indeed, the intercept can be directly obtained
using relations forD21 andD22 shown in eq 10. We also observe
thatVh1 is responsible for more than 80% ofω + Vh1, the slope
of (D21)0/(D22)0. This is again due to the large volume of the

(D12)0 ≈ (L11)0[zp/C2 + a12 + b12C2][W(0) + (dW/dC2)C2]
(13)

µ21

µ22
)

µ12

µ22

1 - C2Vh2

1 - C1Vh1

+
C2Vh1

1 - C1Vh1

-
µ11

µ22

C1Vh2

1 - C1Vh1

(14)

Figure 4. The ratio (D21)0/(D22)0 as a function of MCl concentration,
C2, at pH 4.5 and 25°C: b, M ) Na; 9, M ) K; [, M ) NH4. The
curves (s, M ) Na; - - -, M ) K; - - -, M ) NH4) are linear fits to
the data. They yield:zp/2 ) 4.1, 3.5, and 3.3 for NaCl, NH4Cl, and
KCl, respectively, atC2 ) 0, consistent with thezp values tabulated in
Table 3. Slopes (ω + Vh1) for the three salts are 11.4, 11.5, and 12.8
M-1, respectively. Corresponding plots (not shown) of (D21)V/(D22)V

exhibit similar behavior.

µ12

µ22
)

zp + C2(zp + 1)(∂ ln y1/∂C2)

2[1 + C2(∂ ln y2/∂C2)]
(15)

(D21)0

(D22)0

≈ µ21

µ22
≈ zp

2
+ (ω + Vh1)C2 (16)
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lysozyme molecules. The near constancy ofVh1 and the ap-
proximately linear variation ofµ12/µ22 with C2 for each salt
jointly explain why over our concentration range the three
(D21)0/(D22)0 curves differ, to a good approximation, by only
an additive constant (see Figure 4). The small offsets are due
to differences in the constant termzp/2 in eq 16.

For ternary solutions involving one large solute, a (D21)V

larger than that calculated from a purely N-H analysis can be
qualitatively explained using excluded volume concepts. Con-
sider a solution in which the salt has a uniform stoichiometric
concentrationC2 and a macromolecule has a concentration
gradient. Because the macromolecules occupy space in the
solution, the “effective” salt concentration in the interstitial
volume surrounding them will exceed the stoichiometric value
C2 and will increase as the protein concentration increases along
its gradient. Therefore, in such a lysozyme chloride-saltwater
solution with no gradient of the stoichiometric salt concentration
C2, a gradient of lysozyme chloride will produce an “effective
gradient” of salt in the same direction. This resulting effective
concentration gradient of salt will drive a salt flux and lead to
increases to the (already positive) values of (D21)0 and (D21)V.

Thermodynamic and Crystal Growth Applications. Here,
we consider the implications of the reported measurements, as
well as overall approaches for several problems of interest.

Protein Solubility. Lysozyme is one of several proteins for
which chloride salts are good precipitants,45 so that understand-
ing how the relevant thermodynamic properties depend on the
nature and concentration of the three salts is of direct interest.
Here, we show how theµ12 dependence on salt concentration
can be used to establish the dependence of protein solubility
on salt concentration,S1(C2).

At equilibrium, the protein chemical potential in the liquid
phase,µ1, is equal to the protein chemical potential in the solid
phase,µ1

s. The variation of protein solubility with salt concen-
tration is given by dµ1

s ) dµ1 ) µ11 dC1 + µ12 dC2. Therefore,
at equilibrium (S1 ) C1)

To first order with respect to the protein concentrationC1, we
haveµ11/(RT) ) [1 + O(C1)]/C1 andµ12/(RT) ) zp/C2 + a12 +
b12C2 + O(C1). SinceS1 ) C1 at equilibrium, we obtain

It is usually assumed that the solid protein either is a pure
crystalline phase or at least contains no salt. However, as earlier,
we have so far made no assumptions about the solid phase of
the protein other than that its properties are independent of the
nature and concentration of the salt, i.e., dµ1

s ) 0. In that case,
the slope of the logarithm of the solubility, d lnS1/dC2, would
be approximately equal to-µ12/(RT), and thus

We now address the issue of how our values ofµ12 obtained
at C1 ) 0.6 mM can be used to test eq 19. We expect that if
the solubility of the protein is small with respect to the salt
concentration within the experimental range of interest (C2 g
0.25 M), thenµ12 will not significantly depend onC1.

Slopes calculated from lysozyme chloride solubility measure-
ments in aqueous NaCl32,46,47 are only about 25% of those
predicted from ourµ12 values. This percentage is estimated to
be at most 30% when the predicted values include terms higher

order inC1 in the expression forµ11. Thus, the approximation
µ11/(RT) ) 1/C1 does not account for the large difference
between d lnS1/dC2 and-µ12/(RT). These results thus imply
that the approximation dµ1

s ) 0 is not valid. Since d lnS1/dC2

> -µ12/(RT) (eq 19), we conclude thatµ1
s increases asC2

increases.
We now qualitatively discuss the behavior ofµ1

s(C2). It has
been experimentally found that marked salt repartitioning
between the liquid and the solid phase occurs.48,49 Since small
ions penetrate into the solid phase, Donnan equilibrium will be
established between the solution and the crystal “channels” as
discussed by Warren.50 Due to the large amount of protein
cations inside the solid phase, an excess of chloride anions51-53

will be responsible for crystal electroneutrality as in the case
of polyelectrolyte gels. Thus, the chemical potential of the
protein component,µ1

s, is expected to increase with the solid-
phase concentration of chloride ions, which, in turn, increases
with C2 due to repartitioning. That the analysis of the (liquid-
phase)µ12 values correctly predicts the Hofmeister series of
solubilities suggests that, althoughµ1

s is in fact a function of
the salt concentration, the effects of the salttypeon µ1

s are too
small to affect the Hofmeister solubility ordering. On the other
hand, quantitative prediction of solubility has not yet been
realized.

We now discuss the implications of eq 19 with a commonly
used solubility relationship. At relatively high salt concentra-
tions, the dependence of protein solubility on salt concentration
is commonly approximated by32,54

whereK > 0 is the salting-out constant. Equation 20 neglects
the Debye-Huckel square-root term, which affects the solubility
only at very low salt concentrations.

However, integration of eq 18 with respect toC2 gives four
terms: a constant and terms linear, quadratic, and logarithmic
in C2. Since we have found thatzp/C2 is a large contributor to
µ12, we expect that azp ln C2 contribution from the common-
ion effect should be very significant. Interestingly, plots of
ln S1 vs ln C2 are significantly more linear than those of lnS1

vs C2 reported in refs 32, 46, and 47 (based on eq 20).
Parts a and b of Figure 5 show plots of solubility data from

ref 40, using eq 20 and the equation

respectively, with the parameters determined in each case by
linear least squares. We considered only data satisfyingS1 ,
C2, for which the approximationµ11/(RT) ) 1/C1 is valid. The
plots, correlation coefficients, and root-mean square errors all
show that eq 21 gives a significantly more linear relationship,
and hence better represents the data, than does eq 20. We find
similar improvement for other solubility data.46,47

We suggest that, in the case of a highly charged macroion
such as the lysozyme cation at pH values far from the isoelectric
point, eq 21 describes the dependence of the solubility of the
macromolecular component on salt concentration better than
eq 20 does. This is corroborated not only by the dependence of
protein solubility on salt concentration but also on the depen-
dence ofK̂ on pH. If we examine solubility data of lysozyme32

at different pH values using eq 21, we conclude thatK̂ increases
as pH decreases away from the isoelectric point. This is
consistent with a corresponding increase of lysozyme net charge.
This has important implications on the pH dependence of protein
solubility at constant salt concentration. It is generally expected

(dS1/dC2) ) -(µ12/µ11) + (dµ1
s/dC2)/µ11 (17)

(d ln S1/dC2) ) -(zp/C2) - a12 - b12C2 + (dµ1
s/dC2)/RT

(18)

(d ln S1/dC2) ) -(zp/C2) - a12 - b12C2 (19)

ln S1 ) A - KC2 (20)

ln S1 ) Â - K̂ ln C2 (21)
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that protein solubility monotonically increases as pH moves
away from the isoelectric point, due to a corresponding increase
of the protein net charge.29,31 As shown by Retailleau et al.,32

this is true for lysozyme only at low NaCl concentration. Indeed,
at high NaCl concentration (C2 > 0.6 M), lysozyme solubility
decreasesas pH decreases from 8.7 to 3.3.32 This inversion is
a consequence of the pH dependence ofK̂. Thus our results are
consistent with the experimental evidence that protein solubility
can decrease even when the protein net charge increases (at
constant salt concentration).

Salt Ion Insertion in Crystals. We speculate that the magni-
tude and sign of (D21)V may have implications for crystal growth
under diffusion control. At the solid-liquid interface, precipita-
tion of protein induces a protein concentration gradient between
the interface and the bulk solution, which in turn will drive a
flux of salt toward the crystal.55 This can enhance salt ion
insertion into the solid phase. Salt ions in the interior can
significantly affect the morphology of protein crystals52 and
might ultimately be responsible for compromising crystal
chemical and mechanical properties, and hence crystal quality.49

On the other hand, for the small values of (D12)V reported here,
there is little protein backflux from the induced salt gradient.
However, the small increase in salt concentration at the surface
will increase the degree of supersaturation, which is the driving
force for crystal growth. We note that at the high salt
concentrations relevant to crystal growth, transport of salt to
the interface, and the resulting change in salt concentration there,
has very little effect on the numerical values of the multicom-
ponent diffusion coefficients (Dij)V, as shown in Figure 1.

Implications for Nucleation and Cluster Dynamics. The
coefficient (D12)V might play a significant role in protein crystal
growth. Initial clustering of lysozyme cations will increase the
protein concentration and decrease the salt and water concentra-
tions in the volume of the cluster. If one considers the lysozyme
chloride flux (eq 1), a positive (D12)V will contribute to a protein
flux toward the cluster interior. This will tend to counter the
effects of the positive (D11)V term that drives a flux of lysozyme
chloride away from the interior of the cluster. While direct
quantitative application of the macroscopic Fick’s law to
microscopic systems is questionable, thedirection of the
counterflux predicted by this argument would seem to be correct,
at least for an ensemble of clusters. This suggests that in a series
of aqueous salt solutions of a protein, larger values of (D12)V/
(D11)V at supersaturation increase the likelihood that protein will

be transported to the cluster and that nucleation will occur. It
is interesting to note that NaCl has been the precipitant that
works well for lysozyme and is used commercially, and that of
the three salts considered NaCl has the highest ratio (D12)V/
(D11)V at nucleation conditions.

Thermodynamics of Hydrated Proteins. When a protein
precipitates, considerable water is usually included in the solid
phase, with the mass fraction of water being 30-40% for
lysozyme (depending on crystal habit) and in the range of 25-
65% for other proteins.56 In addition, salt ions, other small
molecules, or larger molecules (including other proteins or other
polyelectrolytes) are frequently included in the solid phase.
Some included small molecules (e.g., water) are sometimes
associated with particular sites in the protein,51,52 while other
species are included more irregularly, possibly “in solution” in
“included water”.

As noted above, included species are expected to affect the
protein chemical potential in the solid phase and hence the
chemical potential of protein in the aqueous phase with which
it is in equilibrium. Our technique for acquiring relatively high
precision thermodynamic data in “asymmetric” multicomponent
solutions,7 especially in the supersaturated region, together with
solubility data, opens the door to better understanding the
thermodynamics of hydrated protein crystals and, more gener-
ally, of protein crystals that include other species.

Conclusions

For lysozyme chloride in aqueous salt solutions at pH 4.5
and 25 °C, we have shown that the common-ion effect
dominates the chemical potentialderiVatiVes at low salt
concentration and still accounts for about 50% ofµ12 even at
the highest concentrations considered, contrary to common
belief.

We have discussed the values ofµ12
(m) for the three salts and

shown that the chemical potentialµ1(C2) increases in the
sequence NH4Cl < KCl < NaCl, consistent with the order of
the Hofmeister series. The results indicate that liquid- and solid-
phase lysozyme chlorides are at equilibrium at salt concentra-
tions that increase in the order NaCl, KCl, NH4Cl.

That the common-ion contribution dominates the dependence
of the protein chemical potential on salt concentration has
important implications for salt effects on protein solubility. It
provides a lnC2 term to the lnS1 expression. Indeed, we have

Figure 5. Semilogarithmic (a) and logarithmic (b) plots of lysozyme chloride solubility,S1, vs NaCl concentration,C2, at 18°C and pH) 4.3. The
data are taken from Retailleau et al.,32 to which the lines are fitted by least squares (r2 ) 0.929 and 0.988, and root mean square deviations of 0.463
and 0.194 for the semilogarithmic and logarithmic plots, respectively).
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suggested that, for a highly charged protein such as lysozyme,
ln S1 ) Â - K̂ ln C2 should describe the behavior of the
solubility better than lnS1 ) A - KC2. Moreover, by comparing
d ln S1/dC2 and our values ofµ12/RT, we have deduced that the
protein chemical potential in the solid phase depends signifi-
cantly on salt concentration. This is consistent with the capability
of protein crystals to accommodate salt ions and indicates that
salt concentration plays a crucial role in crystal quality.

We have demonstrated the predictability of (D11)V and (D22)V

and developed a basic understanding of the relation of these
main-term diffusion coefficients to chemical potential deriva-
tives. For each salt, the dependence of (D11)V on salt concentra-
tion correlates with the concentration dependence of the viscosity
of the binary salt solution. At each salt concentration, values
of (D11)V η/η0 are similar for NaCl and KCl but are larger for
solutions in NH4Cl. The least predictable diffusion coefficients
are (D12)V and the derived (D12)0. At low salt concentrations,
long-range electrostatic effects can account for the salt-specific
differences in their dependence on salt concentration. Our
thermodynamic analysis demonstrates that the concentration
dependence of (D21)0/(D22)0 (and hence (D21)V/(D22)V) is
primarily related to the large molar volume of the protein. We
show that an appropriate extrapolation of this quotient versus
salt concentration from measurements made forC1 , C2 yields
about one-half the protein charge,zp/2.

We suggest how the cross-diffusion coefficients may play a
role in crystallization kinetics, with salt-ion insertion into the
crystalline phase being enhanced during crystal growth due the
magnitude and sign of (D21)V. The other cross-coefficient,
(D21)V, might be important in initial clustering of lysozyme
cations during nucleation.
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