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The Effect of Salt on Protein Chemical Potential Determined by Ternary Diffusion in
Aqueous Solutions

Introduction

Enzymatic activity, binding of species to proteins, confor-
mational change, and “preferential hydratibate some aspects
of protein behavior affected by direct interaction of proteins
with either small molecules (e.g., blood gases, ligands, denatur-
ants, precipitantdf or other macromoleculésThermodynamics
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.

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 suc
data has posed significant obstacles to the development an
validation of theory.

Using the first precision measurements of the full set of
diffusion coefficients in a multicomponent system involving a
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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 NaCICNtnd KCI 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 KCI 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 NEI. 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.

measurements in ternary aqueous solutions of lysozyme chloride.
These include aqueous NaCl at two pH values and @t

one of these pH values. Specifically, for each salt, we extracted
thecross-deriativesof 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’

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 determinatioA4®and (b) separation of proteins from
multicomponent solutions in manufacturing and research ap-

lications. In such separations, salt-induced precipitation is
$equently the first step in purification of proteins from
ermentation broths or from plant and animal extrdéts.

Here, we report diffusion and thermodynamic data for
lysozyme chloride in aqueous solutions of KCI. We use these

protein®& we have shown how to use the Onsager reciprocal data, together with those for NaCl and k¢, to study behavior

relation (ORR) to extract thermodynamic data from diffusion

for all three salts, considered as a Hofmeister series.
In this paper, our first main objective is to provide reliable

*To whom correspondence should be addressed: phone, (817) 257-thermodynamic data that will serve as a firm thermodynamic

6215; fax, (817) 257-5851; e-mail, O.Annunziata@tcu.edu. underpinning for understanding several phenomena (including
. L‘;’i‘\f‘:rsﬁtgrésit;\?;‘pg{i"Vers'ty- crystallization) in multicomponent protein solutions. To do this,
s University of lllinois at Urbana-Champaign. we apply to ternary aqueous solutions of lysozyme chloride in
'Lawrence Livermore National Laboratory. KCl the same methddor extracting thermodynamic data from
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measured multicomponent diffusion coefficients that we previ- fixed frames. In the volume-fixed frame, the fluxes of the
ously applied in the NaCland NH,CI® cases. We then compare = components of a ternary system satisly)(Vo + (Ji)vVi1 +
the extracted data to those of our earlier measurements for thos€J,)vV> = 0; in the solvent-fixed frame, we havédyfp = O.
salts, as well as to data obtained from classical equilibrium Here,J; andV, are the molar flux and partial molar volume of
measurements, including solubility data. The precision of both component, respectively. The subscript VV denotes the volume-
our extracted data and their concentration dependence alsdixed frame. The subscript O denotes the solvent component
allows us to quantitatively separate tbmss-deriativesinto when appended directly to a flux and denotes the solvent-fixed
contributions corresponding to the common-ion effect and frame when appended outside the parentheses to an already-
nonideality. For each salt, we also estimate the “effective” subscripted flux or diffusion coefficient. Subscripts 1 and 2 refer
protein charge and compare our values with those obtainedto the protein and salt components, respectively.
directly from titration. Since concentration differences are small and volume changes
Extraction of thermodynamic data from diffusion measure- On mixing are negligible, our measurements correspond, to an
ments, necessarily performed away from equilibrium, has the excellent approximation, to the volume-fixed frafteFor
key advantage that one can access the supersaturated regio[iﬁotherma| diffusion, the matrix form of Fick’s first law in this
This provides thermodynamic data in portions of the phase frame in one dimension is

diagram in which traditional “direct” equilibrium measurements _
(e.g., of equilibrium dialysis) are extremely difficult or impos- (Jl)V] = D1y (D1l ’ggllgxl (1)
sible due to precipitation. The resulting thermodynamic data —(Jy (D2)v (Dzpy ol 0x

are of particular interest in understanding salt-specific effects Here, theC,
on crystallization. Moreover, our method is sensitive to protein fixed,diffus
mass concentration. This is an important advantage with respect
to colligative-property measurements (e.g., vapor pressure
osmometryf 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 ’—(Jl)o] _ [(D1po (Dlz)o] [3C1/3X

are molar concentrations and th&;}y are volume-
ion coefficients.

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

precipitation process, including the Hofmeister cation series. | —(J,),| ~ [(Ds1)o (Da)o||9CHX| —

To date, thermodynamic data relevant to the Hofmeister series (Lo (Lyo)o][Bu/ox
have largely been limited to solubility measurements and 1o -1 0”8 18 ] 2)
determinations of the second virial coefficieBy), with their (L21)o (L22)o il O

‘i‘nherent'ly Iimit.ed precision. Moreovgr, it is knoG\?rthat the where the solvent-fixedX;)o are calculated from thB)y and
accessible window*® of B is an imperfect predictor of  {16-18 and; is the chemical potential of thith component.
favorable crystallization conditions. Precise values of the 1o ORR6-18in the solvent-fixed frame is

derivative of the protein chemical potential with respect to salt

concentration lead to the dependence of the lysozyme chemical (L12)o = (Lo 3)
potential itself on salt concentration. The comparison of these ) o
quantities for all three salts is consistent with the Hofmeister W& can use eq 2 to relate the solvent-fixed diffusion

series of solubilities. coefficients and ODCs according to
Our third major objective is to analyze and interpret the (D120 = (Lipoits1 T (Lipgtor (4a)

dependence of the four multicomponent diffusion coefficients
on the nature and concentration of the salt for aqueous solutions (D120 = (Liott1n T (LiDattzo (4b)
of lysozyme chloride and NaCl, N§&l, or KCI. Multicompo- _
nent diffusion effects (specifically, departures from the simple (D210 = (Logottas T (Lagtoy (4c)
approximation of pseudo-binary diffusion) are known to be

PP P 4 ) (D)o = (Lopattaz T (Lodattno (4d)

important in separation of proteins by ultrafiltration and other

methods* Understanding the salt and concentration dependencewhere the derivatives are defined y = (3ui/dC))Tp,cikess

of the diffusion coefficients (a) allows us to better understand whereT is the temperature arplthe pressuré.

the relative magnitudes of the diffusion coefficients and their ~ Each main-term diffusion coefficienb(), is related to main-
dependence on protein charge and (b) lays the groundwork forterm (4;) and cross-termj, j = i) thermodynamic derivatives.
predicting the four diffusion coefficients as functions of For the ternary systems considered here, eBgly (s found to
concentration for systems containing other 1:1 salts. The four be dominated by the product @f and the corresponding main-
multicomponent diffusion coefficients also allow us to estimate, term ODC ()o.

for each salt, the large number of moles of salt transported with  In multicomponent systems, each cross-term diffusion coef-

each mole of diffusing protein. ficient (D)o (i = j) links the gradient of one component to the
Finally, we consider some thermodynamic and crystal growth flux of another and can be written as a sum involving main-
applications of the results. and cross-term ODCs. FoD{1)o in our ternary systems, we

The approaches demonstrated for lysozyme in aqueousWill see that the contribution oté)qu is very small compared
solutions of these three salts are generally applicable to ternaryt0 that of (22)quz1. In contrast, for D12)o, the contributions of
systems in which one solute concentration greatly exceeds that(L12)ou22 @nd (a1)quaz are similar in magnitude but opposite in
of the other, as in many systems involving proteins or other SI9n.
biological macromolecules.

Relations for Isothermal Ternary Diffusion. Diffusion can
be described relative to different reference fraftaale report The Gosting diffusiometer and its modifications, other
isothermal diffusion coefficients for the volume- and solvent- apparatus, solution preparation, pH adjustment, temperature

Materials and Methods
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TABLE 1: Ternary Diffusion Data for 0.6 mM Lysozyme Chloride —KCI—H,0 at pH 4.5 and 25°C

C,=0.25M

C;=0.50M

C,=0.90M

C;=120M

C,=150M

(D11)V (109 m? Sfl)
(D1g)v (10°°m?s7)

0.1281+ 0.0001
0.000044+ 0.000002

0.1237 0.0001
0.000044 0.000001

0.1203t 0.0001
0.000054: 0.000002

0.118H 0.0001
0.000058&: 0.000002

0.1155t 0.0001
0.000062- 0.000002

(Dag)v (109m2sY)  11.840.3 16.9+ 0.2 26.1+£0.3 33.4+0.1 41.9+0.1
(Dagv (10°m2sh)  1.817+ 0.001 1.829+ 0.001 1.863+ 0.001 1.89H 0.001 1.922+ 0.001
d(gcm?) 1.01122 1.02275% 1.0408Q 1.0541% 1.0674%

Vi (crm® mol2) 10191 10138 10258 10224 10190

Va (e mol2) 28.549 28.916 29.701 30.303 30.610

Vo (cm® mol2) 18.065 18.062 18.052 18.041 18.033

(D10 (10°m?s™Y)  0.1291 0.1248 0.1216 0.1195 0.1171

(D12)o (10°m?s™Y)  0.00007581 0.00008170 0.00009068 0.00009427 0.00009963
(D)o (10°m2s7l)  12.22 17.79 27.97 36.18 45.79

(D22)o (10°m2s™%)  1.830 1.856 1.915 1.964 2.016

control at 25°C, methods of measurement, and data re- Results and Discussion

duction procedures were described in our previous p&pérs.
Solutions were prepared from Mallinckrodt 99.9% analytical

reagent grade KCI dried at 400C overnight and from

Seikagaku-lyophilized % recrystallized lysozyme (lot #E96Y03).
As in our earlier work, lysozyme chloride was manipulated in

a drybox, and solutions with volumes of 5@0 mL were
prepared by weight (corrected to mass) witB.1 mg precision,
based on molecular masses M = 14 307 g mot? for
lysozymel® M, = 74.551 g mot? for KCI, and 18.015 g mol*

for H,O. A Corning 135 pH meter with an Orion 8102 ROSS

Ternary Diffusion Results. Table 1 lists the volume-fixed
(Djj)v values calculatéd?1?2with data from all four experiments

at each of the five mean KCI concentrations (see Supporting

Information). This table also includes the densityand the
partial molar volume¥/1, V,, andV, obtained from volumetric

measurements and théj)o values for the solvent-fixed

reference frame, calculated from the volume-fix&g)( and

V; using eq 2 in ref 16.
Figure 1 show the[§;)v as functions ofC, at constaniC,

combination pH electrode, standardized with Corning reference for all three salts. Figure 1d also shows the binary diffusion
solutions, was used to measure the pH both for solutions usedcoefficientDy for each salt.

for diffusion measurements and for determining the protein  Extraction of Thermodynamic Properties. Here, we show
charge by titration method®. Experimental details on the how several thermodynamic properties of these ternary solutions
determination of ternary diffusion coefficients are available as can be extracted from the measured diffusion coefficients, in

Supporting Information.

some cases with considerably greater precision than obtainable
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Figure 1. Volume-fixed diffusion coefficients for the ternary system lysozyme chlotiddCl + H,O as a function of MCI concentratiof;, at

C; = 0.6 mM, pH 4.5, and 25C: (a) D11)v, (b) D12v, (c) D21)v, (d) (D22)v andDy; ®, M = Na; i, M = K; ¢, M = NH,. The solid curves
are smoothed through the ternary experimental points, and the dashed curves are smoothed through the omitted binary diffusion &gfficients,
from the literaturé?’—°
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TABLE 2: Chemical Potential Derivatives for 0.6 mM Lysozyme Chloride—KCI —H,0 at pH 4.5 and 25°C

C,=0.25M C,=0.50M C,=0.90M C,=1.20M C;=150M
H1/RT(M™Y) 1918 1793 1737 1720 1709

12 RT (ML) 7.130 3.598 2.052 1.579 1.300
11 RT(M™2) 315 17.4 11.9 10.5 10.5
H2/RT(M~2) 49.7 35.6 30.6 29.7 30.0

by other approaches. The extracted data provide the basis for asolution,Dy, at the corresponding salt concentration (see Figure

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 Deriatives.The thermodynamic deriva-
tivesui2 = du1/9C, anduo1 = du2/dC; for ternary solutions are
extracted from diffusion data using

U=
ﬂn[cl\_/z(Dzz)o -(1- Cl\_/l)(Dl2)0] - ﬂzz[cz\_/l(Dzz)o -(1- C1\71)(D21)o]
(1- szz)(Dzz)o -1~ Clvl)(Dll)O

(5a)
U=
ﬂn[cl\_/z(Dn)o -(1- CZ\_/Z)(D].Z)O] B /422[C2\71(D11)0 -(1- CZ\_/Z)(DZI)O]
(1- Cz\_/z)(Dzz)o -(1- C1\71)(D11)0

(5b)

which are obtained from the ORR and the cross-derivative
relation Qui/omp)rpm = (du2ldM)tpm,’ Where my is the
molality of componenti. We make extensive use of the
derivative expressions for thg,2® which for a ternary solution

of z::1 and 1:1 electrolytes having a common anion are

Ha1 Hap| _
Ho1 U

2
1 z dIny, % diny,
1y % g+ — P 4 (z,+1)
G 7CTC @GtD5e" ze+G aC,
z, alny, i.,. 1 ainy,
zC,+C, “aC, C, zC,+C, G,
(

wherez, is both the effective charge on the lysozyme cation
and the effective stoichiometric coefficient of chloride in
lysozyme chloride ands and y, are the molar mean ionic
activity coefficients of the lysozyme chloride and salt compo-
nents, respectively.

1d). Since diffusion is driven by chemical potential gradients,
the near equality of¥,,)y and Dy for the salt component in
the ternary and binary systems is strong evidence that taking
22 = (QusaldCsan)T,p iS an excellent approximation.

Since proteir-salt thermodynamic interactions are described
by the cross-chemical potential derivatives based on molality:
WD = (Qualdmp)rpm = (Jualdm)pm,2® We report their
relationship with they;?

100al — C,M, — C,M
1000

(m)

2 _ _
(Ua1(1 = CVp) — 15,CoVs)
(7)

Our use of multicomponent diffusion coefficients to extract
thermodynamic properties allows us to accurately determine the
dependence ofi1> and uz; on salt concentratior€, and to
examine common-ion and nonideality effe¢ts.

The quantitiesu;; and uz, are estimated following the
procedure described in ref 7 and summarized above. Activity
coefficient derivatives for binary aqueous KCI at 25 were
taken from ref 28. In Table 2, we show the estimated values of
w11/ (RT) anduz/(RT) and extracted values @fio/(RT) anduzy/

(RT). The latter two values are also shown in Figure 2, which
include, for comparison, our reported valuesu@$/(RT) and
u21/(RT) for C; = 0.6 mM at pH 4.5 and 28C for lysozyme
chloride C; = 0.6 mM) in aqueous Na€and NH,CI” at several
salt concentrations.

Figure 2 shows that;> anduz; are positive and decrease as
salt concentration increases. This is easily understood from eq
6, in which z/(z,C; + Cp) is a dominant term that varies
approximately aszy/C,. This contribution is related to the
polyelectrolyte nature of the electrically neutral protein com-
ponent, consisting of a lysozyme cation amgl chloride
counterions. However, chloride is also the common anion of
the added salt, and the chloride concentration depends strongly
on C,. In eq 6, we see that the other terms are related to
nonideality. The precision of ouri> andu»; values allows us
to estimate the effective protein charggand to distinguish

Successful use of these equations depends on appropriately,nq quantify the common-ion and nonideality contributions.

good estimates qf;; anduay, as discussed below. In turn, these
are possible in the “asymmetric” case of sn@llandC; large
compared taC;, which occurs in many systems of biochemical
interest’

For the ternary protein solutions with 1:1 salts that we have
studied, terms involvingu11 contribute only +2% to the
calculated values af;, anduz; in eq 5a and eq 5b. Furthermore,
estimate¥"25 of the second virial coefficient show that the
activity coefficient term in the expression fag; in eq 6 does
not exceed 20% ofi1;. Therefore, negligible error ipi, and
21 (<0.4%) will result from approximatinga; by its first two
terms in eq 6.

Estimates ojuy; in this system are based on the expectation
that while u», should depend on protein concentration, its
derivative i, should be close t0dftsaif9Csan)T,p for the binary

Protein ChargeWe can regress the expressionsugf and
U21in eq 6 to estimate, in agueous solutions of lysozyme in
KClI, as shown earlier for NaChand NH,CIl.8 We expand both
activity coefficient derivatives as polynomials in solution
normality z,C; + C, for each salt over its experimental
concentration range. Retaining only linear terms yields

(z, + 1@ Iny,/0C) = aj, + b (7,C; +C))  (8a)

2(3 I y,/dCy) = ay; + by (7,C; + Cy)) (8b)

To determine the number of fitting parameters sufficient for
regression, we first retained ondy» anday; in eqs 8a and 8b,
respectively, and then included the higher-order parambters
and b,y for comparison. For KCI, this inclusion led to a

salt case because of the low concentration of protein relative to significantly improved regression of eqs 8a and 8b and,

the salt. Furthermore, the data show thas.fy for diffusion
of each salt due to its own concentration gradient is jus2%
lower than the diffusion coefficient in its aqueous binary

consequently, better accuracy gf as previously found for
NaCl’ but not for NH,CI.8 For KCI, the experimental error is
somewhat higher than that for the other two salts, and retaining
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Figure 2. Cross derivatives of the chemical potential as a function of MCI concentraiomt pH 4.5 and 25C: (a) u1d(RT), (b) u24/(RT); @,
M = Na; 1, M = K; ¢, M = NH,4. The curves{, M = Na; — — —, M =K; - - -, M = NH,) are fitted to the data using eqgs 7a and 7b. The fitting
parameters are given in Table 3.

TABLE 3: Parameters from Fits of u1,/(RT) and u,1/(RT)

. TABLE 4: Chemical Potential Derivatives, u{J/RT for 0.6
versus Salt Concentration

mM Lysozyme Chloride in the Presence of NaCl, KCI, and
NH4Cl—H,0 at pH 4.5 and 25°C?

Parameters fau1/(RT)
salt Z az(M)  bp(M?  RMSE C:(M)  @PRT(NaCl)  uPIRT(KC) PR (NHLCI)
NaCl 8.5+ 0.3 15+1.2 1.5+ 0.9 0.35 0.25 34.3 30.7 25.6
NH.CI 57+04  4.4+0.9 1.12 0.5 18.7 16.7 16.3
KCl 7.7+0.2 0.5+ 0.6 3.2+ 0.4 0.17 0.65 14.9 (13.6) (12.4)
0.9 11.3 11.1 9.9
Parameters fouo./(RT) 1.2 (9.8) 9.7 8.7
- > 1.3 9.5 (9.6) (7.4)
salt Z, a1 (MY b1 (M~2) RMSE 15 (9.0) 94 6.1
NaCl 8.6+ 0.3 18.9+ 1.2 42+0.9 0.34 _ _ ) _
NH.CI 53+03 24.0+ 0.6 0.74 2The values in parentheses are obtained by interpolation.
KCI 7.940.1 17.6+0.3 47+0.2 0.10

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
only a;» anday; in egs 8a and 8b gave satisfactory estimates of a significant role in determining both the dependence of protein
z,. Values ofz,, az», az1, bio, andby; obtained by regression for  solubility on salt concentration and the effectiveness of the salt
the NaCl and NKCI case$®are included in Table 3 with those  as a precipitant. Reailleau et®lhave shown the importance
for KCI. Uncertainties of the coefficients are also reported, as of the protein net charge and long-range electrostatic interactions
well as the root-mean-square error of each regression. Agree-for protein solubility. Furthermore, studies from the group of
ment betwee, values calculated fromi, anduo; is a test of Ducruix®®~35 and Tardie8f3”have demonstrated that lysozyme
our data and assumptions and is very good for each salt. solubility is significantly affected by the nature of salt anions

Thezp values calculated using eqs 8a and 8b Correspond to(i.e., the common ion). Our results are consistent with their
the protein cation’s “effective charge” and are lower than the findings and represent a new important contribution to previous
“net titration charge®® This is expected, since the latter is based Work. This point will be further discussed in relation to protein
only on the degree of protonation and does not account for Solubility (see Thermodynamic and Crystal Growth Applica-
counterion binding. For all three salts at pH 4.5, our titratins ~ tions).
showed that this net charge ranges from 10.8 to 11@,at Protein-Salt Thermodynamic Interaction&/e now address
0.25 and 0.9 M, in agreement with the results of Tanford and OUr second objective. In Table 4, we report the values of
Wagner2° By comparison, the calculated effective charges are u{3/RT obtained using eq ¥ We observe that they are
approximately 8.6, 5.5, and 7.8 for NaCl, NEl, and KCI, approximately equal to the corresponding valuegofRT as
respectively. expected. The cross-derivatiyg) (or u12) describes the effect

Impact of Common-lon Effedt.is usually assumed that the ~ of a given salt in changing the lysozyme chemical potential and
common-ion effect is significant only at low salt concentra- thus represents the proteisalt thermodynamic interaction in
tions3! Consequently, at higher salt concentrations, the increasesolution?® Our positive values of{) can be used to rank the
of protein chemical potential with salt concentration is usually three salts with respect to their effectivenessicreasingthe
described only in terms of deviation from ideality, i.e., by lysozyme chemical potential and thus favoring protein precipita-
preferential exclusion of salt from the protein surface (by tion. Examination of Table 4 (fo,u(l’;‘)/R'l) and Figure 2a (for
preferential hydration). Howevesy, andbs, values for all three 112/RT) shows that the corresponding values increase in the
salts in Table 3, together with eq 6, show that the common-ion sequence NECI < KCI < NacCl for a given salt concentration
contribution to the derivative;. is still dominant alC, = 0.25 with C; < 0.9 M. ForC; = 0.9 M, the values ofi12/(RT) for
M. At the highest salt concentration, this contribution is reduced KCI and NaCl become approximately equal, while the corre-
to about 50% of the total. sponding values for NkCI remain somewhat lower (see Figure

a Denotes root-mean-square error.
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TABLE 5: Onsager Transport Coefficients for Given KCI Concentrations (C;) for 0.6 mM Lysozyme Chloride—KCIl—H,0 at
pH 4.5 and 25°C

C,=0.25M C.=0.50M C,=0.90M C.=1.20M C.=1.50M
RTL1/(2,Cy) (10° m2 s ?) 0.01577 0.01593 0.01605 0.01611 0.01631
RTL/(z,Cy) (10°° m? s77) —0.068 —0.072 —0.084 —0.095 —0.116
RTLA(2,C2) (10° m?s77) 1.033 1.035 1.039 1.039 1.037

2a). We also observe that sinegCy) for the three salts must  fixed frames coincide, theD; require no reference-frame
approach the same common vatug€0) asC, — 0, our results subscripts. In eq 9D, Dy, and D¢ are the infinite dilution
imply thatu1(Cy) = u1(0) + fOCZ 112(Cp) dC; also increases in  tracer diffusion coefficients of the protein cation, salt co-ion
the sequence NIEI < KCI < NaCl at any given concentration ~ (Na*, NH4*, or K*), and chloride ion (the common ion),
within the experimental domain. This ranking of the three salts respectively, andC,, Cu, and C¢ are the corresponding
is consistent with the order of the Hofmeister solubility series. concentrations. The value B, for the lysozyme cation in water

Interpretation of Ternary Diffusion Coefficients. In this at pH 4.5, determined using the Gosting diffusiometer, is 0.132
section, we analyze and interpret the dependence of the fourx 1079 m2 s71.30
ternary diffusion coefficients on salt concentration, correspond- ~ The tracer diffusion coefficients for small ions have been
ing to our third main objective. The analysis is partly qualitative calculated! from limiting ionic mobilities®® and thus pertain to
and partly quantitative. It provides new insight into charge and infinitely dilute aqueous solutions. For NaNH,*, K*, and
common-ion effects, into the cross-terms characterizing coupledCl—, they are 1.33, 1.96, 1.96, and 2.03 10°° m? s},
transport in agueous solutions of globular proteins, and more respectively. For our systems, we haxfCp,D, < Cy(Dv +
generally into the transport of other macromolecules. Dcj) (consistent withg,C; < Cy), so that to good approximation

We restate the important fact that our systems are “asym- in very dilute solutions, the N-H equations in our case become
metric”, in the sense that the molar concentration of salt is much
larger than that of the protein. We will consider the protein D;; Dy
salt transport properties in light of this asymmetry. D,, D,,

Modeling ConsiderationsWe first discuss the Stokes ! _ ~ "
Einstein approximation to the effect of viscosity on the diffusion - szCl (Do —Dp|  ~ zCDg
coefficient of Brownian particles and then consider the ternary Dy|1+ C R .8 Dp?~—
Nernst-Hartley equations, both of which we use to interpret 2 Dy +Dg 2 Dy
the measured multicomponent diffusion coefficients. Dy(Dg — f)p) 2D,,D,

At infinite dilution, diffusion coefficients of Brownian - <~
particles in a continuum fluid are frequently approximated using Dy + D¢ Dy + Dg
the Stokes Einstein equatio?? D = kgT/(6m r;), whereks is ' . B B
the Boltzmann constant{® is the equivalent hydrodynamic ~ Where we have used, andC, andCy = CciCo.
radius, and; is the viscosity of the continuum fluid, which in From eq 10, we see thBk; is larger than the infinite-dilution
this case is the interstitial aqueous salt solution. The prediction tracer diffusion coefficient of the protein catioDy.
that the macromolecular diffusion coefficient, which is small A gradient of component 1 gives gradients of lysozyme
compared to that of the small ions, will decrease as one increase$ations and chloride anions. To preserve electroneutrality, the
the viscosity of the surrounding continuum of solvent and small faster chloride counterions will electrostatically drag the slower
ions, is borne out even at nonzero concentrations of the lysozyme cations, thereby generating a flux of lysozyme
macromolecular component. chloride, corresponding tD11 > Dp. However, as the concen-

We now consider the electrolyte nature of the system. The tration of salt (component 2) increases, the counterions will drag
four diffusion coefficients of the solutes depend in part on the lysozyme cations and co-ions according to their relative
mobilities of the constituent ions, constrained by the requirement concentrations and charges. &s continues to increase, i.e.,
of electroneutrality. The NernsHartley (N-H) equations for ~ @5%Cy/C; decreases, chloride ions will overwhelmingly drag
electrolyte systems describe this coupled transport of ions only €0-ions, so that in the limit lysozyme will diffuse following its
at infinite dilution and do not account for thermodynamic intrinsic mobility Dy,

3

+
O
o}

(10)

nonideality and OnsagefFuoss electrophoretic effect®. In eq 10, we have assumed that the salt is present in relatively
Gosting® discussed application of the N-H equations to protein 1arge excess with respect to the protein. Consequently, as
solutions. expected, the N-H expression fbr; is the same as that for

For our ternary electrolyte system, the N-H equations are  the diffusion coefficient in the corresponding binary salt solution.
Onsager Diffusion CoefficientSThe transport coefficients

D, Dy, (Li)o, also called “diffusion Onsager coefficients”, are in the
D,, D,,| ~ solvent-fixed frame of reference and can be calculated after
- inverting eqs 4ad (see eq 7 in ref 7). Our results are reported
~ szfl ~ ~ . Zpép ~ _ in Table 5. We observe. the}t the accuracy of the three ODCs
Dp|1+ A p(DCI —Dp D, T(Du — Dy) (L11)o and (12)0 = (L21)o is directly related to the accuracy of
N N 9) u11. The (j)aui contributions to the experimental diffusion
5 Zp_CM(D ~ D) 5 [1+&(D ~B,) coefficients can be estimated from eqs—ha We call the
MoA VTC p M A ¢d M comparison of the sizes of these contributions the “ODC
analysis”; it will be used for the interpretation of tleeoss
where our denominatoA = z,2C,D, + CyDwm + CcDq is diffusion coefficients.
equivalent to that of Gostinf,whose equations are written in Examination ofD11)y. Values of D11)v for agueous lysozyme

terms of electroneutral components. Since the N-H equationschloride at 0.6 mM and various concentrations of MCI €M
pertain only at infinite dilution, where the solvent- and volume- Na, NH,, or K) at pH 4.5 are shown in Figure 1a. In each case,
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Figure 3. The product D11)vn/no as a function of MCI concentration,
Cy atpH4.5and 25C: ®, M = Na; i, M = K; ¢, M = NH,. The
curves are smoothed through the data.

the diffusion coefficientD11)y decreases as salt concentration

increases. The decrease is larger for lysozyme chloride in

J. Phys. Chem. B, Vol. 110, No. 3, 2008411

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

Some features of the dependence®f,}y 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 dDif)y is inversely
proportional toCs, qualitatively consistent with the experimental
behavior in aqueous NaCl, and is directly proportional to the
differenceDg — Dw, which is 0.70x 107® m2 s 1 for NaCl,
versus 0.07x 109 m? s~1 for KCI and NH,CI.

For KCI and NHCI, D¢ andDy 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 012y at low concentrations or th&,
dependence ofifi2)yv. This suggests that when the magnitude
of Dey — Dy is small, other factors not accounted for by the
N-H equations determine the dependencef)y on C, at
any nonzercCs.

To understand the observed concentration dependence of

aqueous NaCl than in aqueous KCI and, in turn, is larger in (D;,),, we need a more general description than the N-H

aqueous KCI than in aqueous NE.
The decrease ofl)1)v with C, can be ascribed to at least

equations, which are strictly valid only in the limit of infinite
dilution. We thus proceed with an ODC analysis. We note that

two factors. One is the electrostatic coupling between the (Lij)qui» &~ —(L1z)quzz SO that, considering eq 4 {2)o, and
macroion and the common anion, predicted by N-H as discussedthus D1,)v, is a small difference between two larger contribu-
above. A second important factor is the increase of solution tions. Therefore, an attempt to understand the behavidofy

viscosity with increasin@; (according to the StokesEinstein
equation). To evaluate this effect, we multiply tii® {)v values

by n/no, the relative viscosity of each binary saltwater sys-
tem{243wherey is the viscosity of the interstitial binary salt
solution, andy is the viscosity of water. Comparing Figures
la and 3 shows that over the range@f (D11)vn/no varies
considerably less for KCI than does the measubegd)(. Figure

3 also shows thaDu1)vy/1o values for NaCl and KCl are nearly
identical over the entire range @b, strongly suggesting that
the increasing divergence between tli®fy values as the

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 ofY12)o. We write eq 4b as

(D12o = (LiotsA 1 + [(Li)o/ (Lialuadits = (Lygdgus W
(11)

The factor [11)o, directly related to the transport of the protein,
is approximately constant & is increased at consta@t (see
Table 4). Moreover, thel§1)o value8 is not sensibly affected

concentrations of these two salts increase is due almost entirelydy the nature of the salt. These observations allow us to relate

to viscous effects (plots oD(11)on/no for each salt are nearly

the relevant variation ofl§12)o to only x#12 and the factoW

identical to those shown in Figure 3). These results suggest thatdefined by the second equality in eq 10.

asC, increases, effects other than viscosity contribute signifi-

cantly to divergence between measured valuesDaf){ in
aqueous NEHCI on one hand and in agueous NaCl or KCI on

the other. Possible contributors are more specific short-range

Equation 11 permits us to focus, using the andW factors,
on the very different low-concentration behavior &f;§)o for
the NaCl case in comparison to the KCI and )X cases.

In the previous subsection, we found that, decreases

protein—salt interactions affecting both thermodynamic factors Significantly with C; for all three salts and attributed the

and protein mobilities.
Examination of(D2y)y. Values of ternary D,,)y versusC,

decreases to the contribution of the common-ion term in eq 6.
Because thai, (Figure 2a) and@12)o (Figure 1b) values have

are shown in Figure 1d for aqueous lysozyme chloride solutions different qualitative behaviors for the three salt systems,

with NaCl, NH,Cl, and KCI, along with values dDy for the
corresponding binary systems. We find tHas)y is only 1-2%
less than the correspondily. This is not surprising, because

cannot account for the significant differences between the NaCl
case and the KCIl and Nj@I cases.
The quantityW can be obtained from eq 10, whetei{)o

in our ternary systems the salt behaves essentially as it does irAnd (12)o are taken from Table 5. Note that sindgo/(L11)o-

the corresponding binary system. This small difference is depends only very weakly qm, the accuracy of this ratio is
consistent with an expected small obstruction effect of the improved compared td {;)o alone. At low salt concentrations,
protein macromolecules on the motion of the small salt ions. Wis @ measure of the electrostatic coupling between the protein

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

and its dependence on salt concentration differ among the three

salts. We find that at low salt concentrations, the value®ed)(
follow the decreasing order NaCH KCI > NH4Cl. The
difference betweenO,)y for NaCl and KCI is dramatically
reduced as salt concentration increases, wibhy)( being
somewhat lower for N&CI. As C; increases, Figure 1b shows
that (D12)v decreases for NaCl anicreasesfor KCI and
NH4CI. Since D1o)v is the only diffusion coefficient for which

and the salt. In the limit, wher& — 0 andC,/C, — 0, we can
use eq 28 of ref 44 with the limiting values to obtain

I5(:| - DM

——c 12
De + Dy (12)

lim

Equation 12 shows tha will reach a finite limit asC, — 0,
which suggests thatv can be expanded in a power series in
C,. Using eq 11, we find thal/ increases with salt concentration
for each salt and can be closely approximated by a linear
functionW(C;) = W(0) + (dW/dC,)C,. We find that the slopes
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for the three salts are approximately equal. The interdg(t),
is about 0.05 for NaCl, and virtually zero for KCIl and NEi
as expected from eq 12 becausg ~ Dy. This is the main
factor distinguishing thel§1,)o behavior for NaCl from that for
KCI and NHCI.

To examine the dependence Bf;f)o on C,, we approximate
eq 11 by

(D120 ~ (L19)o[z/C; + a3, + by,Co[W(0) + (dWIAC,)C
(13)

where the coefficients;, and by, (describing the activity
coefficient derivative forui2) are shown in Table 3, and we
have neglected,C, in the second factor. From eq 13, we see
that if W(0) is significant, then theL§1)oW(0)zy/C, term, which

is inversely proportional t&,, will be significant. This is the
case for NaCl. However, #\(0) is negligible, then12)o will

Annunziata et al.
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increase with increasing salt concentration. This increase is Figure 4. The ratio D21)o/(D22)o as a function of MCI concentration,

related to the positive nonideal term pf,. The numerical
differences in the dependence @f)o on salt concentration
between NHCI and KCI appear to be due to the differences in
the C, dependence afi,.

Examination of (Bi)y. Values of D)y for NaCl, NH,CI,

C,, atpH4.5and 25C: ®, M = Na; i, M = K; ¢, M = NH4. The
curves -, M =Na; — — —, M =K; - - -, M = NH,) are linear fits to
the data. They yield:z/2 = 4.1, 3.5, and 3.3 for NaCl, N4€lI, and
KClI, respectively, aC, = 0, consistent with the, values tabulated in
Table 3. Slopesdf + Vi) for the three salts are 11.4, 11.5, and 12.8
M™1, respectively. Corresponding plots (not shown) Bffv/(D22)v

and KCl at pH 4.5 are shown in Figure 1c. These are the largestexhibit similar behavior.

of the four diffusion coefficients at each salt concentration. For
each salt,[D,1)y increases roughly linearly wit@, atC; = 0.6

mM and is considerably larger than both main terms. At higher
salt concentrationsPk;)y is more than 10 times the main-term
coefficient O22)v and approximately 100 to 350 timed4()y .
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 o, range and up to 350 mol per
mole of protein at the higher end. Among other effects, this

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 betweem,: andu;, and is equal to-(3Cy/
dC1)m, Where my, is the molality of the saR® This quantity
describes the change of the molar concentration of the salt, since
addition of lysozyme chloride at constam (i.e., at constant

will lead to an increase in salt transport to the interface of a salt/solvent ratio) increases the total volume of the system.
growing crystal, where the higher salt concentration can lead Importantly, the significant increase in total volume is due to
to increased inclusion of salt in the crystal. We note that the the large volume of the lysozyme molecules. In this case,

pseudo-binary approximation cannot predict or interpret such characterizes the composition of the saltwater medium sur-

results.

The experimental plots 0fD1)¢/(D22)o Vs C, 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 cas&{)o is dominated
by (L22)guo1, with the (L21)qu11 term being negative and about
2—5% of the total. Similarly, D22)o is dominated byl(,2)qu22.
Therefore, we can closely approximat@z()o/(D22)o by w21/

uz2. Tables 1 and 2 support this, since the calculated ratios of

(D21)o/(D22)o to uz1/u22 are 0.97+ 0.01. Furthermore, Table 1
shows that [D21)v/(D22)v]/[(D21)o/(D22)o] = 0.9% £ 0.02.
Therefore, in our concentration rang®),{)v/(D22)v is also
closely approximated by the thermodynamic rati@/u,,. We
also expect that{,1)o/(D22)o Will be close tauzi/u2» 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 the (eq 8 of ref 7), can be solved
for u21/uz giving

;4_21_/4_121— C2V2+ CV; U C,\V,

U Up1—-CV, 1-CV, H21-C\V,

(14)

Examining the magnitudes of the various terms for NaCl
(6,7), NH,Cl (7), and KCI (Table 1), we find tha¥, varies
between 0.018 and 0.038 dmol~! atC; = 0.6 mM. Therefore,

rounding the large protein molecules better ti@&mdoes.

To examine the dependence mfi/u22 on Cy, we note that
the CiV; terms are small compared to unity. Therefore, we can
approximate the first term of the RHS of eq 14 joy/u», and
the second term by:i\_/i. From eq 6, we can write, in the limit
7,C < G

Ho_ %t Cy(z, + 1)@ In y,/0Cy)

Uz B 2[1 + Cy(d In y,/aC))]

(15)

Our experimental data show that;»/u,, can be roughly
approximated by the linear relatiag’2 + wC,, wherew > 0
accounts for the effect of salt on the lysozyme chloride activity
coefficient. Furthermorey; ~ 10.2 dn? mol~%, nearly inde-
pendent of salt and salt concentration. Therefore, the second
term on the RHS of eq 14 is proportional @. Consequently

(Bar)o 42 7
(Do M2 2

+ (0 + V))C, (16)

To understand the physical basis of eq 16, we first note that
theintercept g/2 is related to the electrostatic coupling between
protein and salt. Indeed, the intercept can be directly obtained
using relations foD>; andD2, shown in eq 10. We also observe
thatV; is responsible for more than 80% of+ Vi, the slope
of (D21)o/(D22)o. This is again due to the large volume of the
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lysozyme molecules. The near constancyVafand the ap-
proximately linear variation ofi12/uz, with C, for each salt
jointly explain why over our concentration range the three
(D21)o/(D22)o curves differ, to a good approximation, by only
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order inC;y in the expression for11. Thus, the approximation
u1/(RT) = 1/C; does not account for the large difference
between d InS/dC; and —u12/(RT). These results thus imply
that the approximation,ds = 0 is not valid. Since d It5,/dC,

an additive constant (see Figure 4). The small offsets are due> —u12/(RT) (eq 19), we conclude that;® increases a£;
to differences in the constant terzgy, in eq 16. increases.

For ternary solutions involving one large solute, Ry We now qualitatively discuss the behaviorigf(Cy). It has
larger than that calculated from a purely N-H analysis can be been experimentally found that marked salt repartitioning
qualitatively explained using excluded volume concepts. Con- between the liquid and the solid phase ocd@r8.Since small
sider a solution in which the salt has a uniform stoichiometric ions penetrate into the solid phase, Donnan equilibrium will be
concentrationC, and a macromolecule has a concentration established between the solution and the crystal “channels” as
gradient. Because the macromolecules occupy space in thediscussed by Warrel. Due to the large amount of protein
solution, the “effective” salt concentration in the interstitial cations inside the solid phase, an excess of chloride aHicAis
volume surrounding them will exceed the stoichiometric value will be responsible for crystal electroneutrality as in the case
C, and will increase as the protein concentration increases alongof polyelectrolyte gels. Thus, the chemical potential of the
its gradient. Therefore, in such a lysozyme chloridaltwater protein componeniyS, is expected to increase with the solid-
solution with no gradient of the stoichiometric salt concentration phase concentration of chloride ions, which, in turn, increases
C,, a gradient of lysozyme chloride will produce an “effective with C, due to repartitioning. That the analysis of the (liquid-
gradient” of salt in the same direction. This resulting effective phase)u, values correctly predicts the Hofmeister series of
concentration gradient of salt will drive a salt flux and lead to solubilities suggests that, although® is in fact a function of
increases to the (already positive) valuesfifo and O21)v. the salt concentration, the effects of the $gtteon ;5 are too

Thermodynamic and Crystal Growth Applications. Here, small to affect the Hofmeister solubility ordering. On the other
we consider the implications of the reported measurements, ashand, quantitative prediction of solubility has not yet been
well as overall approaches for several problems of interest.  realized.

Protein Solubility Lysozyme is one of several proteins for We now discuss the implications of eq 19 with a commonly
which chloride salts are good precipitafitso that understand-  used solubility relationship. At relatively high salt concentra-
ing how the relevant thermodynamic properties depend on thetions, the dependence of protein solubility on salt concentration
nature and concentration of the three salts is of direct interest.is commonly approximated B%>*

Here, we show how thgi, dependence on salt concentration
can be used to establish the dependence of protein solubility
on salt concentratior§(Cy).

At equilibrium, the protein chemical potential in the liquid
phaseyu;, is equal to the protein chemical potential in the solid
phaseusS. The variation of protein solubility with salt concen-
tration is given by @:% = du1 = u11 dCy + 12 dCy. Therefore,
at equilibrium & = Cy)

(dS/dCy) = —(usoltt1y) + (duy 7dCo)uy;

To first order with respect to the protein concentration we
haveu11/(RT) = [1 + O(Cy)])/Cy andu1/(RT) = Zp/CZ +ap+
b;12C; + O(C1). SinceS, = C; at equilibrium, we obtain

InS, =A-KGC, (20)
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@s gives four
terms: a constant and terms linear, quadratic, and logarithmic
in C,. Since we have found thay/C; is a large contributor to
u12, we expect that &, In C; contribution from the common-
ion effect should be very significant. Interestingly, plots of
In S vs In C; are significantly more linear than those of &
vs C; 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

(17)

InS,=A-KInC, (21)

(dInS/dC)) = —(z/C)) — a, — b ,C, + (du,7dCy)! l?]T8)
It is usually assumed that the solid protein either is a pure respectively, with the parameters determined in each case by
crystalline phase or at least contains no salt. However, as earlierJinear least squares. We considered only data satisfging
we have so far made no assumptions about the solid phase ofC;, for which the approximatiop1/(RT) = 1/C; is valid. The
the protein other than that its properties are independent of theplots, correlation coefficients, and root-mean square errors all
nature and concentration of the salt, i.e;;5= 0. In that case, show that eq 21 gives a significantly more linear relationship,
the slope of the logarithm of the solubility, d 8/dC,, would and hence better represents the data, than does eq 20. We find
be approximately equal te.u12/(RT), and thus similar improvement for other solubility dat&*”

We suggest that, in the case of a highly charged macroion
(dInS/dCy) = —(z/Cp) — a, — b ,C, 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 ofK on pH. If we examine solubility data of lysozy#iie
at different pH values using eq 21, we conclude thatcreases

Slopes calculated from lysozyme chloride solubility measure- as pH decreases away from the isoelectric point. This is
ments in aqueous Na&i*®47 are only about 25% of those consistent with a corresponding increase of lysozyme net charge.
predicted from oug2 values. This percentage is estimated to This has important implications on the pH dependence of protein
be at most 30% when the predicted values include terms highersolubility at constant salt concentration. It is generally expected

(19)

We now address the issue of how our valueggfobtained
at C; = 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 inter€st £
0.25 M), thenus, will not significantly depend orc;.
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Figure 5. Semilogarithmic (a) and logarithmic (b) plots of lysozyme chloride solubiftyys NaCl concentratiorG,, at 18°C and pH= 4.3. The
data are taken from Retailleau et &ltp which the lines are fitted by least squares< 0.929 and 0.988, and root mean square deviations of 0.463
and 0.194 for the semilogarithmic and logarithmic plots, respectively).

that protein solubility monotonically increases as pH moves be transported to the cluster and that nucleation will occur. It
away from the isoelectric point, due to a corresponding increaseis interesting to note that NaCl has been the precipitant that
of the protein net charg®:3! As shown by Retailleau et &, works well for lysozyme and is used commercially, and that of
this is true for lysozyme only at low NaCl concentration. Indeed, the three salts considered NaCl has the highest r&tig)/
at high NaCl concentratiorC, > 0.6 M), lysozyme solubility (D11)v at nucleation conditions.
decreasesis pH decreases from 8.7 to 323This inversion is Thermodynamics of Hydrated Proteing/hen a protein
a consequence of the pH dependenck.ofhus our results are  precipitates, considerable water is usually included in the solid
consistent with the experimental evidence that protein solubility phase, with the mass fraction of water being—30% for
can decrease even when the protein net charge increases (dysozyme (depending on crystal habit) and in the range ef 25
constant salt concentration). 65% for other protein& In addition, salt ions, other small
Salt lon Insertion in CrystalsWe speculate that the magni- molecules, or larger molecules (including other proteins or other
tude and sign offd,1)y may have implications for crystal growth  polyelectrolytes) are frequently included in the solid phase.
under diffusion control. At the solidliquid interface, precipita- Some included small molecules (e.g., water) are sometimes
tion of protein induces a protein concentration gradient between associated with particular sites in the prot@if2 while other
the interface and the bulk solution, which in turn will drive a species are included more irregularly, possibly “in solution” in
flux of salt toward the cryst&® This can enhance salt ion  “included water”.
insertion into the solid phase. Salt ions in the interior can As noted above, included species are expected to affect the
significantly affect the morphology of protein cryst&#sand protein chemical potential in the solid phase and hence the
might ultimately be responsible for compromising crystal chemical potential of protein in the aqueous phase with which
chemical and mechanical properties, and hence crystal qéflity. it is in equilibrium. Our technique for acquiring relatively high
On the other hand, for the small values Dfif)y reported here,  precision thermodynamic data in “asymmetric” multicomponent
there is little protein backflux from the induced salt gradient. solutions? especially in the supersaturated region, together with
However, the small increase in salt concentration at the surfacesolubility data, opens the door to better understanding the
will increase the degree of supersaturation, which is the driving thermodynamics of hydrated protein crystals and, more gener-
force for crystal growth. We note that at the high salt ally, of protein crystals that include other species.
concentrations relevant to crystal growth, transport of salt to
the interface, and the resulting change in salt concentration there Conclusions
has very little effect on the numerical values of the multicom- o .
ponent diffusion coefficientsY;)y, as shown in Figure 1. For lysozyme chloride in aqueous salt solutlons' at pH 4.5
Implications for Nucleation and Cluster Dynamiche and 25°C, we have shown that the common-ion effect
coefficient O12)v might play a significant role in protein crystal domlnates_ the Cher_‘nlcal potentialerivatives at low salt
growth. Initial clustering of lysozyme cations will increase the concentration and still accounts for about 50%uef even at
protein concentration and decrease the salt and water concentrate highest concentrations considered, contrary to common
tions in the volume of the cluster. If one considers the lysozyme belief.
chloride flux (eq 1), a positived;2)v will contribute to a protein We have discussed the values@) for the three salts and
flux toward the cluster interior. This will tend to counter the shown that the chemical potentiah(C;) increases in the
effects of the positivel§;;)y term that drives a flux of lysozyme  sequence NEC| < KCI < NaCl, consistent with the order of
chloride away from the interior of the cluster. While direct the Hofmeister series. The results indicate that liquid- and solid-
quantitative application of the macroscopic Fick's law to phase lysozyme chlorides are at equilibrium at salt concentra-
microscopic systems is questionable, tHi&ection of the tions that increase in the order NaCl, KCI, NH.
counterflux predicted by this argument would seem to be correct, That the common-ion contribution dominates the dependence
at least for an ensemble of clusters. This suggests that in a seriesf the protein chemical potential on salt concentration has
of aqueous salt solutions of a protein, larger valuesDab)(/ important implications for salt effects on protein solubility. It
(D11)v at supersaturation increase the likelihood that protein will provides a InC, term to the InS, expression. Indeed, we have
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suggested that, for a highly charged protein such as lysozyme,
In S, = A — K In C, should describe the behavior of the
solubility better than I, = A — KC,. Moreover, by comparing
d In S;/dC; and our values gf12/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 Bi{)y and O22)v
and developed a basic understanding of the relation of these
main-term diffusion coefficients to chemical potential deriva-
tives. For each salt, the dependenceldf;}y 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 n/no are similar for NaCl and KCI but are larger for
solutions in NHCI. The least predictable diffusion coefficients
are D12)v and the derived¥;2)o. 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 concentrationy,

dependence of O21)o/(D22)o (and hence M21)v/(D22)v)
primarily related to the large molar volume of the protein. We
show that an appropriate extrapolation of this quotient versus
salt concentration from measurements madé€jox C; yields
about one-half the protein chargg/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 ofD1)y. The other cross-coefficient,
(D21)v, might be important in initial clustering of lysozyme
cations during nucleation.
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