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To investigate the effect of calcium salts on the thermodynamic and transport properties of aqueous solutions
of proteins, we report ternary diffusion coefficients for the lysozyr@aCL—water ternary system at 2&

and pH 4.5. We have used our ternary diffusion coefficients to calculate preferential-interaction coefficients
as a function of salt concentration. This has allowed us to characterize preadtithermodynamic interactions.

We have observed the presence of large common-ion effects by examining the dependence of the diffusion
coefficients on salt concentration. Our results are compared to those previously reported for the lysozyme
MgCl,—water ternary system. We have found that the common-ion effect is essentially the same for both salt
cases. On the other hand, by examining the dependence of the preferential-interaction coefficient on salt

concentration, we have found that salt preferentially interacts with the protein in the lyseGa@b—
water system, whereas water preferentially interacts with the protein in lysezvig€l,—water system.
This is consistent with the known generally larger affinity of ¥Mdor water, as compared to &a and the

different roles that these two divalent metal ions play in biochemical processes. We remark that neglecting

the common-ion contribution of the preferential-interaction coefficient can lead to qualitatively inaccurate
descriptions of proteinsalt aqueous systems, even at high salt concentrations. Indeed, for the lysozyme

CaCl system, this approximation would lead to interpretations inconsistent with the known destabilizing
effect of calcium ions on proteins.

Introduction the local domain is lower than that of the bulk domain, protein
preferential hydration occurs. In this case, the preferential-

The chemical potential of proteins in aqueous solut|on_ 'S interaction coefficient is negative. On the other hand, a positive
perturbed by the presence of osmolytes, such as salts, nonionic

; Value of this coefficient is obtained if the protein preferentially

polymers, sugars, denaturants, and other small organic moléctiles. . . L
The primary thermodynamic effects of these additives are known m_teracts W'th the osmolyte. Osmolytes th_a_t preferentlall_y mter_a ct
to be protein preferential hydration, protein binding, molecular with proteins are also known'to destabilize the protein native
crowding, and Donnan equilibrium. Understanding how the structure and promote uthId'ﬁ@_' )
protein chemical potential is affected by the concentration and Among all osmolytes, inorganic salts have been extensively
nature of osmolytes is a necessary step for elucidating the used in several biochemical and biotechnological applications
mechanism of interaction between protein and osmolyte and related to proteing*However, for salts, preferential-interaction
for osmolyte applications to modulating protein unfolding, coefficients cannot be entirely interpreted in terms of salt
protein-ligand binding, protein solubility, protein self-assembly, ~enrichment or reduction in the local domain. Since proteins are
and enzyme catalysisio normally charged, a common-ion effect exi&421516This

Protein-osmolyte preferential-interaction coefficients, which  introduces a negative contribution to the experimentally deter-
are thermodynamically linked to the dependence of the protein mined preferential-interaction coefficierts,which may be
chemical potential on osmolyte concentration, are the primary Significant even at high salt concentratidrid?® Hence, when
thermodynamic parameters used to characterize protasin preferential-interaction coefficients are examined, it is important
molyte interactiond! These coefficients have been interpreted to be able to quantitatively separate the common-ion contribution
in terms of models based on the existence of two dom&ins. from salt-specific effects. Neglecting the common-ion effect may
The first domain is represented by the watesmolyte layers lead to inaccurate interpretation of protesalt interactions. This
surrounding the protein macromolecules. This local domain is is particularly critical for salts that are known to promote protein
in chemical equilibrium with a bulk domain, representing the unfolding, for which negative values of preferential-interaction
water—osmolyte remaining solution. Since proteins interact with coefficients may be apparently inconsistent with the protein-
the osmolyte and water molecules in their vicinity, the concen- destabilizing effect of the salt.
tration of osmolyte in the local domain is different from that of  protein-salt thermodynamic interactions are also central for
the unperturbed bulk domain. If the osmolyte concentration in ynderstanding diffusive mass transport of proteins. Indeed, a
PE— y gradient of salt concentration can generate a gradient of protein
cor P o mancb e (©17 257 chemical potentil responsible for protein diftusion and vice

T Texas Christian University. versa. This implies that the diffusion of salt and protein are

* Universitadi Napoli Federico II. coupled!®1920 |n the case of a ternary proteisalt—water
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TABLE 1: Ternary Diffusion Coefficients for the Lysozyme—CaCl,—H,0 System at 25°C and pH 4.5

C1 (mM) 0.5999 0.6000 0.6003 0.6014 0.6016

C> (M) 0.0700 0.1500 0.5003 1.0020 2.3060

Vo (cn? mol-) 18.067 18.065 18.046 18.012 17.847

V1 (cm® mol?) 10180 10220 10240 10250 10330

V (cm® mol-1) 20.68 21.60 24.52 26.88 32.16

(D), (102 m? 1) 0.1316:+ 0.0003 0.1227% 0.0001 0.1062 0.0001 0.0914: 0.0002 0.0604: 0.0002
(Do) (1072 m2 577 0.986- 0.009 0.447+ 0.007 0.176+ 0.002 0.149¢ 0.006 0.160+ 0.006
(D), (109 M2 s°1) 3.2+0.2 3.9+ 0.1 75+0.1 13.7+£ 0.1 31.5+0.2
(D22), (1079 m? s71) 1.121+ 0.002 1.102% 0.001 1.136+ 0.001 1.205¢ 0.002 1.295+ 0.002
(D12)o (102 m? 1) 0.1325 0.1235 0.1075 0.0922 0.0615
(D12)o (1072 M2 577 1.006 0.464 0.194 0.170 0.188
(D21)o (102 M2 s°1) 3.3 4.1 8.2 15.1 35.6

(D22)o (102 M2 s°1) 1.123 1.106 1.151 1.240 1.404

solution, proteir-salt-coupled diffusion is described by a matrix Methods. The Gosting diffusiometer and its modifications,
of four diffusion coefficients and is described by the extended density measurements, solution preparation, pH adjustment, and

Fick’s first law:1.22 data reduction procedures are described in our previous pa-
B persi®19in brief, solutions for diffusion measurements were
—J1 =D VC; + D,VG, (1a) prepared by adding known weights of lysozyme and gatolck
—J,=D,,VC, + D,,VC, (1b) solutions. Water was then used to dilute the solution almost to

the final volume. The pH of the solution was then adjusted to

Here,C, andC, are molar concentrations of the two solutgs, ~ 4-5 by using few drops of a HEwater stock solution (pH 1.2).
andJ; are the corresponding molar fluxes, and the fByis A Corning 135 pH meter with an Orion 8102 ROSS combination
(with ij = 1,2) are the diffusion coefficients. Main-diffusion ~PH electrode, standardized with Corning reference solutions,
coefficients,D1; and D,,, describe the flux of a solute due to  Was used to measure the pH. The final volume was then reached
its own concentration gradient, whereas the cross-diffusion by adding water, and the pH was remeasured to confirm its
coefficients D1, andD,s, are responsible for the flux of a solute ~ Value of 4.5. o »
due to the concentration gradient of the other solute. Ternary mutual diffusion coefficients were measured at

Clearly, the diffusion matrix can be used to probe protein ~ 25.00 °C with the Gosting diffusiometer operating in the
salt interactions. We have, indeed, used ternary diffusion Rayleigh interferometric optical mode. The refractive-index
measurements for determining the effect of several salts (NaCl,Profile inside a diffusion cell is measured as described in ref
KCI, NH4CI, and MgC}) on the lysozyme chemical potential 27 and references therein. We obtained 50 refractive-index
and to extract preferential-interaction coefficieHt&7.1823The profiles during the course of each experiment. Experiments were
examination of the four diffusion coefficients together with the Performed by the free-diffusion method in a 10 cm vertical
extracted thermodynamic properties has allowed us to revealdiffusion cell with a 2.5 cm horizontal optical path length and
the presence of a significant common-ion effect, even at high & 0.3 cm width. The temperature was regulatee-001°C
salt concentrations. precision andt0.01°C accuracy. Initial step-function distribu-

To elucidate the effect of destabilizing salts on both the tions of solute concentrations were prepared with the boundary
transport and thermodynamic properties of protein agueous!ocated at the center of the cell. All experimental data were
solutions, we report here ternary diffusion measurements on theobtained before detectable concentration changes occurred at
lysozyme-CaCb—water system at 25C and pH 4.5. We have  the top and bottom ends of the cell, consistent with the free-
chosen CaGlbecause the calcium ion is known to preferentially diffusion boundary condition. A minimum of two experiments
promote protein unfolding®24Experiments were performed at S required for determining the four diffusion coefficients at a
0.6 mM (8.6 mg/mL) lysozyme, and 0.62.3 M CaC} given set of mean concentrations (@, in Table 1). These

concentrations. two experiments must have different combinations of solute

Our experimental results for the lysozym@aCh—water concentration differences across the diffusion boundary. To
system are also compared with those previously obtained for Verify reproducibility, two other duplicate experiments were
the lysozyme-MgCl,—water systent® Since both C& and performed at each set of mean concentrations.

Mg?* ions are known to play crucial roles in cellular functions,
the observed differences between the two investigated systemdResullts
correlate with the very different roles that these two divalent e report diffusion coefficients relative to volume-fixed

cations play in the biological processes. (subscript V) and solvent-fixed (subscript 0) frami&Biffusion
coefficients are measured in the laboratory-fixed frame, which
is an excellent approximation of thBi()v values in the volume-
Materials. Six-times recrystallized and lyophilized egg-white fixed frame within our experimental conditions. THg;fovalues
lysozyme (HEWL) was purchased from Seikagaku America and are easily calculated (eq 2 of ref 29) from tHi&;)y values and
used without further purification. A proteirwater stock solution ~ the partial molar volumes, ;Vobtained from density measure-
was prepared by weight using double-distilled water. The ments. In Table 1, we report the volume-fixeljfv values
molecular weight of HEWL was taken to be 14 307 g mol calculated with data from all four experiments at each of the
Corrections were made for the chloride ion weight fraction in five CaCh concentrations. Table 1 also includes the density,
the HEWL samples as shown in ref 19. Mallinckrodt EM GaCl  and the partial molar volume¥, V», Vo, obtained from density
2H,0 was used without further purification. A CaClwater measurements. Tables with detailed results for each diffusion
stock solution was prepared, and its density was carefully experiment are available as Supporting Information.
measured at 25.00C. This density value was used to calculate In Figure 1la-d, we show the four diffusion coefficients as
CaCl concentration from the available densityoncentration functions of C, at C; = 0.6 mM for the CaCl case. For
relation2é comparison, we include the previously report&)( values

Materials and Methods
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Figure 1. Volume-fixed diffusion coefficients as functions of salt concentraticy, for the lysozyme-CaCk—H,O (M) and the lysozyme
MgCl,—H,0 (O) systems a€; = 0.6 mM, pH 4.5, and 28C: (a) D11)v; (b) (D12)v; (€) (D21)v; (d) (D22)v. The solid curves are smoothed through

the ternary experimental points. The dashed curves are smoothed through the omitted binary diffusion coefficients for the salt components; data
taken from ref 26 (CaG) and ref 30 (MgGl).

for the MgCl case. In Figure 1d, we include binary saltater includes the calculated values of the Onsager diffusion coef-
data (dashed curve®)¥ together with thel,)y ternary results.  ficients, (j)o, obtained using eq 7 of ref 10.
The ternary values are just-2% lower than the corresponding In Figure 2a, b, we report the calculated cross-chemical

binary values. This small difference can be related to the protein potential derivativeg:/RT andu,1/RT for the CaC} case as a

obstruction effect on the salt-ion mobilit} We shall examine  function of salt concentration. In the same figure, we include

the behavior of the other three diffusion coefficients in the our results for the MgGlcase. At low salt concentrations, the

following section. values ofu1/RTandu,1/RTsharply decrease. This is consistent
From irreversible thermodynamics, the fundamental driving with the presence of the common-ion effect that varies ap-

forces for diffusion are the chemical potential gradients of the proximately asz,/C,.1" In the following section, we will use

mixture components. Thus, ternary diffusion coefficients can these cross-chemical-potential derivatives to calculate preferential-

be described in terms of the Onsager diffusion coefficients interaction coefficients.

(ODCs) Lj and the chemical potential derivatives; =

(uil 0C) T p,Gok=j, WhereT is the temperature arpis the pressure.  Discussion

For solvent-fixed Dj)o, we can write . . - . e .
Dido In this section, we will first examine the diffusion properties

= of the lysozyme-CaCb—water system and compare them with
(Ouo = (addotas + (Laddottzr (22) those previously characterized for the lysozyrivgCl,—water
(D190 = (L1po12 T (L1D)gt2n (2b) system at the same pH and temperature. Examination of the
diffusion coefficients will allow us to probe the presence of
(D210 = (Lypgttar T (Lopgtton (2¢) common-ion effects and the differences in transport behavior
between these two divalent salts. We will then examine pretein
(D2o)o = (Lopotss T (Lopgttor (2d) salt thermodynamic interactions using the extracted preferential-
interaction coefficients.
and (12)0 = (L21)o represents the Onsager reciprocal relatiopt: Ternary diffusion of charged macromolecules in the presence
Equations 2a&d can be solved with respect ta, anduz;. In of salts can be discussed in terms of the four Nerhdrtley

Table 2, we report the values @fii/RT, u2J/RT, u1/RT, and (N—H) equationg! According to these equations, the four
u21/RT obtained using the procedures described in refs 10 anddiffusion coefficients of two ionic components with a common
17. The values ofu2J/RT were calculated using activity- ion are related to the ionic mobilities of the three constituent
coefficient data of the binary saltvater systeni® Table 2 also ionic species. Due to electrostatic coupling (i.e., electroneutral-
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TABLE 2: Chemical Potential Derivatives and Onsager Diffusion

Annunziata et al.

Coefficients for the Lysozyme CaCl,—H,O System

C, (M) ‘Lt;[l/RT (M 71) ﬂzz/RT (M 71) /tlleT(Mfl) ‘1121/RT(M71) RT(L]_l)o/Cl (109 m?2 Sfl) RT (L12)0/C1 (109 m? Sfl) RT(L22)0/C2
0.070 2007 35.414 86.7 1125 0.131 —0.27 0.459
0.150 1828 17.223 41.0 67.7 0.125 —0.25 0.431
0.500 1715 6.232 13.0 45.1 0.110 —0.18 0.370
1.002 1687 4.149 8.0 50.7 0.095 —-0.11 0.298
2.306 1673 3.537 53 89.7 0.061 0.00 0.172

ity), the three ionic species cannot move independently.
Although the N-H equations are only exact in the limits of
bothC; andC; approaching zero, they still provide an important
reference model for interpreting our experimental results. Due
to their explicit dependence on ionic mobilities and protein

protein charge; (2) the ratiD,1/D2; is approximately equal to
2,3, since ) < D¢;. Our experimental results at the lower salt
concentrations are, indeed, consistent with these predictions.

We will now examine our ternary diffusion coefficients. We
will address the behavior of the solvent-framBj)p's in

charge, they are very valuable for assessing the presence oparticular, due to their more direct connection to our thermo-

significant common-ion effects.

One important feature of our protetsalt systems is that the
molar concentration of lysozyme is significantly lower than the
salt concentration; that ig,C1 < 2C,. This condition will be
used throughout our discussion. As shown in ref 18, theHN
equations for lysozyme in the presence of divalent metal
ions are

Dy, =DB,(1+ ZSZCC: % (3a)
D=2 % (30)
D,y = % (3d)

where Dy, Dy, and D are, respectively, the tracer diffusion
coefficients of the protein cation, salt co-ion @ar Mg?"),
and common ion (Ci). The value ofD, = 0.132 x 107 m?
s 1 for lysozyme (in aqueous NaCl at pH 4.5 and 25, was
taken from ref 27. The tracer diffusion coefficients for the small
ions have been calculated from limiting ionic mobilities at
25 °C. For C&", Mg?*, and CI, they are 0.792, 0.706, and
2.03 x 107° m? s71 respectively?®

Equations 3ad explicitly show the dependence of the four
diffusion coefficients on the salt concentration. According to
these equations, we can predict that (1) the coefficiBatgnd
D, are expected to sharply decreas&€aincreases due to the
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Figure 2. Chemical potential cross-derivatives as a function of salt
MgCl,—H,0 (@) systems. The solid curves are fits to the data descr

dynamic results. Nevertheless, the difference between the values
of (Djj)v and Oj)o is small and irrelevant for the interpretations
reported below.

Examination of D1;. Values of D11)v for the lysozyme-
CaC} and lysozyme-MgCl, systems are shown in Figure la.
For both salt cases, the diffusion coefficiedi; (i.e., D11)v
and Q11)o) significantly decreases as the salt concentration
increases. AC, ~ 2 M, Dy; reduces tox50% of its value at
the lowest salt concentrations. We note that the decred3g in
for the CaCj case is somewhat smaller than that for the MgCl
case. Part of the observed dependende;@bn salt concentra-
tion can be related to solution viscosity. According to the
Stokes-Einstein equatiof® we expect théD;; decreases as the
solution viscosity increases. To examine the effect of viscosity,
we consider the producDga)o(/70), Wheren is the viscosity
of the corresponding binary saftvater systent§ andzq is the
viscosity of water. In Figure 3, we ploDg1)o(17/70) as a function
of C,. Clearly, the viscosity correction removes much of the
D11 dependence on salt type. Indeed, at low salt concentrations,
the two curves virtually overlap, and remarkably, their difference
is always <2% within the whole experimental concentration
domain.

At low salt concentration, the observed sharp decrease of
(D11)o(n/no) is consistent with eq 3a. Furthermore, using il
equations, we predict that thel0% difference in ionic mobility
between the two metal ions have a negligible effeed.(%)
on the difference between the two correspondhg curves.
This is consistent with our experimental findings.

Interestingly, both curves in Figure 3 display a minimum at
C, ~ 1 M. If conformational-change effects dD, are not
significant, our results at high salt concentrations can be related
to an increase inui1 (see eq 2a) due to thermodynamic
nonideality. This result is consistent with the general observation

120 ] 1 T T
(b)
MgCl,

100 | -
= cacl,
£
~ | .
c 80
CN

60 | -

40 1 1 1 1
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concentraiigrfor the lysozyme-CaCh—H,O (M) and the lysozyme
ibed in refs 10, 17, 18.
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0.140 . : : . TABLE 3: Thermodynamic Parameters for the
Lysozyme—CaCl,—H,0 System
= WORT - uWIRT
b 04135 - C: (M)  (D2)d/(D22o  poluze  —Tu, (kgmol?t) (kg mol?)
,I,E 0.070 2.94 3.18 245 85.65 34.993
e 0.150 3.71 393 238 40.35 16.959
~ 04130 | J 0.500 7.12 7.24  2.08 12.56 6.031
= 1.002 12.18 1222  1.92 7.50 3.904
€ 2.306 25.36 2536 1.49 4.53 3.038
= CaCl,
g 0125 L - tration. Hence, the corresponding thermodynamic driving force
o responsible for the protein flux will also increase.
gCl, . .
Examination of Dy;. Values of D2j)y for the lysozyme-
0120 L =l L L T 25 CaCb and lysozyme-MgCl, systems are shown in Figure 1c.

The Dy; values increase with salt concentration in both cases.
Since the salt component is present in large exd@ssshould

not depend orC,, according to eq 3c. However, contrary to
the N—H prediction,D,; significantly increases witkC,. This
salt-concentration dependence can be explained by excluded-
volume effects of the protein molecules on the salt ions; that
is, a gradient of protein concentration in a solution in which

C, (M)

Figure 3. Viscosity-corrected M11)o(17/70) as a function of salt
concentrationC,, for the lysozyme-CaCb—H.O (l) and the lysozyme
MgCl,—H,0 (@O) systems. The solid curves are smoothed through the
ternary experimental points. The viscosity coefficients of the binary
salt-water systems were taken from ref 36.

3.5 T T T T the salt component has a uniform stoichiometric concentration
a0 C, will produce a gradient of interstitial salt concentrati§n.
0 ' We further observe that the valuesidf; for CaCl are higher
E 25 than those obtained for Mg&IThis is expected, sincB; is
g proportional toD,, according to eqs 3a, d. Thus, a better
S 20 comparison between the two salt cases is provided by the
;° examination of the rati®,1/D,,. We have previously shown
= 15 that (consistent with our data in Table 3a, b) this ratio can be
1S used to directly probe the thermodynamic behavior of the
£ 10 system. This is becaude®
Q o5} i D10 Mo @

0.0 L L 1 L (D22)0 M2z

0.0 0.5 1.0 1.5 2.0 2.5

This important result is related to the relatively low mobility

of proteins. That is, we can approximately describe our system

as one in which the lysozyme molecules occupy fixed positions

and the fast salt ions partition between high and low protein

concentration. When the salt component (and the solvent)

reaches equilibriumu, constant) within this “fixed” gradient

of protein, we reachJ)o = 0. Then, according to eq 1b, this

gives O21)o/(D22)0 = —(dCA/IC1),, = u21lu22, consistent with

our findings. This argument shows the direct relation of ternary

diffusion to equilibrium dialysis. In the latter case, the salt

partitions f«, constant) between two domains of different protein

lysozyme is affected by the salt concentration gradient. In concentrations separated by a membrane that does not allow

Figure 1b, we can see th@t, sharply decreases &5 increases the protein to diffuse through. It is important to remark that we

for both salt cases. This behavior is qualitatively predicted by Use rigorous equations to determpg andu2: (egs 12a, b of

eq 3b. ref 10). Yet, the above description provides the rationale on
On the basis of eq 3b and the effect of the ViSCOSit)&Bn Why ternal‘y diffusion is valuable in determining protemlt

a quantitative comparison between the two salt cases can beghermodynamic interactions.

performed by introducing the normalized diffusion coefficient ~ In Figure 5, we report thel1)o/(D22)o values for both salt

(D12)o(n/10)/Wo, whereWp = (Dci — Dw)/(2Dm + D) is the cases as a function o€, The corresponding curves are

mobility ratio of eq 3b.7-18 Indeed, Wy and the viscosity ~ approximately linear. We have previously shown that this

Correction, 0/7]0), are the On|y two properties that exp“cmy behavior can be rationalized by USing the fOIIOWing relaﬁ%n,

depend on the type of salt. In Figure 4, we can see that there is

virtually no detectable difference iD{2)o(n/70)/Wo between (D210 ~ % +CV

the two salt cases at any given concentration within the (Dyy)y 3 27ex

experimental range. The observed increaseDiny)§(7/70)/Wo

at high salt concentrations can be attributed to the large where the intercepip/3, is related to the polyelectrolyte nature

thermodynamic nonideality of the two salvater binary of the protein and, consequently, the common-ion effect. The

systemg®39which affects in the same way baoth, andus; in slope,Vey is the excluded volume due to presence of the protein

eq 2b. In other words, the ratio of salt activity to salt macromolecules. This value is comparable to the protein partial

concentration gradient significantly increases with salt concen- molar volume,V;. For both salt cases, we obtain the same

C, (W)

Figure 4. Corrected cross-diffusion coefficienD{2)o(1/10)/Wo as a
function of salt concentratior,, for the lysozyme-CaCb—H>0O (M)
and the lysozymeMgCl,—H,O (d) systems. The solid curves are
smoothed through the ternary experimental points.

that divalent metal ions induce proteiprotein repulsive
interactions at high salt concentraticiis.

Examination of Dj,. Values of D1y)y for the lysozyme-
CaCb and lysozyme-MgCl, systems are shown in Figure 1b.
This cross-diffusion coefficient describes how the flux of

(%)
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Figure 6. Preferential-interaction coefficients reported-ak,, as a
function of salt molality,m, for the lysozyme-CaCb—H,O (M) and
the lysozyme-MgCl,—H,0O (O) systems.

intercept value within the experimental error (see Figure 5). On For ternary systems in which at least one solute is a nonelec-

the other hand, the slope for the CaCase is~10% smaller
than that for the MgGlcase. This represents the most important
difference in diffusion properties between the two ternary
systems. Due to the thermodynamic nature of the rd&ig){/
(D22)o, we will discuss this difference in terms of preferential-
interaction coefficients.

Preferential-Interaction Coefficients. Protein—salt thermo-

trolyte (e.g., the osmolyte is glycerol, urea, or a zwitteribn),
eq 8 reduces td,, = —y21mp andI,, approaches zero when
mp — 0.

Equation 8 is consistent with our experimental intercept
values. For both salt cases, we figgl= 7 £ 1 by linear
regression. Thig, value is lower than the valug = 11 obtained
by titration38 This is expected, since the latter is based only on

dynamic interactions are conveniently described by the prefer- the degree of protonation and does not account for counterion

ential-interaction coefficienf,,**??

(E)mz) Y V)
— =-lim—
3m1 Tr/"z m—0 #(an)

whereulD = (8ua/dMp)tpm, = (2l OMu)Tpm, aNduly = (ual
dmp)tpm are the chemical potential derivatives of the salt
chemical potential with respect to the molalitlesandn,. The
expression for the salt chemical potential used here is

(y — u,"™)/RT=Inm, + 2 In(2m, + zzm)) + 3Iny, (7)

whereu,*™ andy, are, respectively, the salt standard chemical
potential and the mean activity coefficient based on molality.
The values ofi{D andu{) for the lysozyme-CaCh system,

r,=lim
Uy mli,o

(6)

binding.

The second term in eq 7 represents the nonideality contribu-
tion due to proteir-salt specific interactions. According to our
results,y21 is approximately constant. This is consistent with
the two-domain model12 As described in the introduction, this
model assumes the local domain of the protein molecules to be
in chemical equilibrium with a bulk unperturbed domain. Record
and Andersok applied this model to macromolecules in the
presence of 1:1 electrolytes. A generalization to electrolytes with
polyvalent cations is reported in the Appendix. Here, we
introduce the partitioning constant

o = (NN
(my/my)

(9)

which were obtained using eqs 16a,b of ref 18, are reported in wheremy = 55.51 mol kg?, N, = (Nc + Ny)/3, andNc, Ny,

Table 3 together witlt",, calculated using eq 6. It is important
to remark that all values df,, are negative. Figure 6 shows
the dependence af,, on salt concentration for the Calase
together with that previously obtained for the lysozynvgCl,

andNo are, respectively, the number of chloride ions, divalent
metal ions, and water molecules of one protein layer. Wiaen
< 1, salt is preferentially excluded from the protein domains.
On the other hand, whea > 1, salt preferentially interacts

system. We can see that the two curves are approximately linearwith the protein molecules. Within the two-domain mogel,
For both salt cases, we obtain the same intercept within the can be related to. by (see Appendix)

experimental error. However, the slope is negative for the £aCl
case, whereas it becomes positive for the Mg&lse.

To gain insight into the observed behavior, we report an
expression foll',, from differentiation of eq 7 at constapb.
In the limit of smallmy, we obtain

L,= _%p ~ XMy 8

where y21 = (8 In y2/d my),,. Similar equations have been
previously reported using a membrane equilibrium apprdach.

—% 1- 10
X21—mo( ) (10)

Since water is the component present in large exdéssyill

not significantly change with salt concentration. This implies
that y»1 is approximately constant. Applying linear regression
to our experimental’,, values, we obtairy,; = —0.38 &+
0.05 mof? kg for the CaCJ case angz; = —1.0+ 0.2 moi?

kg for the MgC} case. We therefore conclude that protein

The first term of eq 8, which represents the common-ion salt preferential interaction occurs for the CaCase and not
contribution, is negative. We remark that this term is a general for the MgCh case. This is consistent with the known
characteristic of ternary electrolyte systems with a common ion. destabilizing effect of calcium ions on proteins.
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We can now explain the observed differenceiaifo/(D22)o is consistent with the generally larger affinity of Kgfor water
between the two salt cases. as compared to Gaand the stronger protein-binding properties

By examining the relation between the molality-based and of C&". Finally, it is important to remark that assuming that
the molarity-based chemical potential derivatives, we have found I, can be entirely described in terms of protegalt partitioning
thatusi/uzs ~ =Ty, + CoV1.28 This result, together with eqs 4 at the surface of the macromolecule by neglecting the common-
and 8 and the approximatiam, ~ C,, yields ion effects (i.e.,y21 ~ —TI,,/my) may lead to qualitatively

inaccurate interpretations of the experimerdial
(DZI)O

(D22)o

Hence, the difference in slope between the tWg;)o/(D22)o

z

~ —

3 + (\_/1 + 2%20C;

(11) Appendix

Two-Domain Model for Electrolytes with Polyvalent
Cations in the Presence of Positively Charged Macromol-

curves in Figure 5 is directly related to the corresponding
difference iny2; between the two salt cases.

ecules.According to the two-domain model, partitioning of
water molecules and ions between the protein layers and the
bulk phase are described by the following three mass balances

We finally remark that neglecting common-ion effects can
be highly inaccurate for proteirsalt aqueous systems. This is
especially true for the lysozymeCaCl system (away from the
isoelectric point), where the approximatipn ~ —I,,/m, would
be clearly misleading. Furthermore, our results show that the

on the total number of moleculesiy, nc, andng partitioning
between the protein layer domainsly, Nc, andNo, and the
bulk phase:n, n® andn®.

common-ion contribution i, is larger than 50%, even at salt Ny nd®
concentrations as high as2 M. Hence, the examination of the — =Ny +— (A1)
I',, dependence on salt concentration is crucial for assessing ! !
the nature of proteirsalt specific interactions. Ne n®
The difference between CaChnd MgC} in their net —=Nc+— (A2)
interaction with lysozyme is consistent with the generally larger N n
affinity of Mg2* for water compared to Ga. Indeed, the )
magnesium ion has a larger and tighter hydration layer due its @ . ni (A3)

higher charge density. This also correlates with their generally n 0
very different roles in biochemical processes. Calcium ions are

usually involved in protein binding to modulate conformational Equation A3 can be solved with respectrtp By inserting
changes. On the other hand, magnesium ions are usuallythe obtained expression of into the right side of eqs Al and

involved in binding negatively charged phosphate groups and A2, we can obtain explicit equations for the bulk molalities of
inholding water molecules close to the catalytic site of the jonsm® andm®

enzymes?

Summary and Conclusions

We have reported ternary diffusion coefficients for the
lysozyme-CaCh—water system. A comparison with previous
results on the lysozymeMgCl,—water ternary system has also
been included. At low salt concentrations, the protein main-
diffusion coefficient,D11, and cross-diffusion coefficienD»,
show the presence of a large protesalt common-ion effect.
At high salt concentrations, strong positive deviations from
solution ideality are observed for these two coefficients. The
salt diffusion coefficient ratid,1/D»; is essentially a thermo-
dynamic property describing proteisalt interactions. This

ratio, which linearly increases with salt concentration, can be
separated into two parts. The first part, which is independent
of salt concentration, can be related to the common-ion effect.

The second part of this ratio, which can be related to pretein

salt specific interactions and excluded-volume interactions, is

directly proportional to salt concentration. We have found that
the differences ifD;; andD;, between the Caghnd the MgCJ

cases can be explained by taking into account the difference in

mobility between the two metal ions and viscosity of binary
salt-water systems. On the other hand, the differencBi

D,, between the two salt cases is directly related to the
corresponding difference in protetsalt preferential coef-
ficients, I',,. By examining the dependence ©f, on salt

mg’,
my — Nym,
D= = - A4
=1 No(m,/my) (A4)
(b) _ Mg — Nemy A5
e 1 — Np(my/my) (A5)

where we have substituted both the total and bulk molecular
ratios with the corresponding molality ratios. The bulk domain,
which is not assumed to be electroneutral, can be thought to be
in Donnan equilibrium with a binary sattvater solution with
molality m(zb). If zy is the charge of the salt cation, the molality
of the binary salt-water solution is

(b) (b)ZM 1izy+1

myMe
zy
o)

We can then replace? and m® with m® by taking the
product of eqs A4 and A5 according to eq A6. This yields

my’ = (A6)

Z'\Amz(b)(ZM+1) — (rq\/l - NMml)(rnC _Ncml)ZM
(1= Nomy/mg)®™™

Sincemy = mp andme = zym, + zpmy, eq A7 yields to first
order inm.

2 (A7)

concentration, we have found that (1) the common-ion effect
is essentially the same for both salt cases; and (2) salt

b b
preferentially interacts with the protein in the lysozynt@aCb— m mF? ) — % ﬁ _ Ny + Ne (A8)
water system, whereas water preferentially interacts with the m, zy+1 %' my zyt+1

protein in lysozyme-MgCl,—water system. The difference

between CaGland MgC} in their net interaction with lysozyme  In the limit of my — 0, I, = (mp — m®)/my, and m® = my.
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This finally yields

m, Ny +Nc
T

_ 5
Fﬂz_zM+1

+N (A9)
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