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ABSTRACT Protein solubility in aqueous solutions depends in a complicated and not well understood way on pH, salt type,
and salt concentration. Why for instance does the use of two different monovalent salts, potassium thiocyanate and potassium
chloride, produce such different results? One important and previously neglected source of ion specificity is the ionic dispersion
potential that acts between each ion and the protein. This attractive potential is found to be much stronger for SCN� than it is for
Cl�. We present model calculations, performed within a modified ion-specific double-layer theory, that demonstrate the large
effect of including these ionic dispersion potentials. The results are consistent with experiments performed on hen egg-white
lysozymes and on neutral black lipid membranes. The calculated surface pH and net lysozyme charge depend strongly on the
choice of anion. We demonstrate that the lysozyme net charge is larger, and the corresponding Debye length shorter, in
a thiocyanate salt solution than in a chloride salt solution. Recent experiments have suggested that pKa values of histidines
depend on salt concentration and on ionic species. We finally demonstrate that once ionic dispersion potentials are included in
the theory these results can quantitatively be reinterpreted in terms of a highly specific surface pH (and a salt-independent pKa).

INTRODUCTION

Salt-induced precipitation is an important method frequently

used as an initial step to purify proteins, for example to

separate proteins from blood plasma. Although industrially

a very important method, which has been used for more than

100 years (Hofmeister, 1888), protein solubility is certainly

not well understood. Ion-specific salt-induced interactions

play an important role in protein-protein interactions in

aqueous solutions at biological and higher concentrations,

i.e., at all concentrations relevant for protein precipitation.

Lewith (Lewith, 1888) and Hofmeister demonstrated that the

precipitation of proteins in salt solutions depends not only on

the salt concentration, but also on protein concentration and

the specific salt used. It has for a long time been a great

mystery why protein-protein interactions, protein net charge,

precipitation, and cloud-point temperature depend so criti-

cally on the choice of background salt (Baldwin, 1996;

Melander and Horvath, 1977; Curtis et al., 1998, 2002;

Grigsby et al., 2001; George and Wilson, 1994). The same

phenomenon is observed for the formation and stability of

protein-coupled receptors (Vogel et al., 2001) and for the

apparent pKa values of histidine (Lee et al., 2002). Due to the

lack of understanding for protein precipitation and crystal-

lization it is difficult to select optimal conditions to target a

specific protein. We demonstrate here that many of these

phenomena can be better understood once we take into

account the previously neglected ionic dispersion potential

that acts between each salt ion and the protein.

It is well known that membrane (including protein

membrane) biology often can be described surprisingly well

using the electrostatic mean-field double-layer theory

(Ninham and Parsegian, 1971; Parsegian, 1974;McLaughlin,

1989; Belloni, 1998; Ji et al., 1993) (and its extensions used

to consider detailed molecular interactions (Ben-Tal et al.,

1996; Pandit and Berkowitz, 2002) or nonuniform charge

effects (Grant, 2001)). The only ionic property included in

this theory is the ionic charge. There is nothing specific in

this theory that can explain why proteins interact differently

in thiocyanate than in chloride salt solutions. One important

source of ion specificity missed in the classical double-layer

theory is the ionic dispersion potential that acts between an

ion and an interface. Ions have in general a different polariz-

ability than the surrounding water (specific for each ion) and

hence experience a very specific dispersion potential near an

interface (Ninham and Yaminsky, 1997; Netz, 2001). At

high salt concentrations, where electrostatic potentials be-

come more and more screened, these ionic dispersion

potentials dominate the interaction completely. We have in

a series of publications demonstrated the importance of in-

cluding these ionic dispersion potentials to obtain correct

results for the highly ion specific surface tension increment

with added salt at an air-water interface (Boström et al.,

2001a; Karraker and Radke, 2002; Weissenborn and Pugh,

1996; Aveyard et al., 1977), double-layer forces (Boström

et al., 2001b; Pashley et al., 1986; Dubois et al., 1998), ion

condensation on micelles (Boström et al., 2002a; Brady et al.,

1986) and polyelectrolytes (Boström et al., 2002b), binding

of peptides to membranes (Boström et al., 2002c; Ben-Tal

et al., 1996), and pH measurements (Boström et al., 2003.)

In this paper we examine how the dispersion force

between a protein and the surrounding ion cloud affects the

nature of this cloud, the protein charge, and the Debye length
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of the solution. This in turn gives us a partial understanding

of the forces between two identical protein particles and

allows a similar understanding of the Hofmeister series. We

do not claim at this point, that ionic dispersion forces give

a full picture in detail of the Hofmeister effect, but our

calculations clearly show they are a very important part of

the explanation, and probably contain all the basic physics

needed. The outline is as follows. In the Theory section, we

describe the ion specific double-layer theory that we use to

model the electrostatic properties of a single globular protein

(here hen egg-white lysozyme) in a salt solution. We then

give an example of ion specificity, not for proteins but for the

surface potential of neutral black-lipid membranes deduced

from conductance measurements (McLaughlin et al., 1975).

We calculate the lysozyme net charge and surface pH in the

Lysozyme Hofmeister Effects section. We show why the

protein net charge is different in the presence of chloride and

thiocyanate salt solutions. The anions are attracted toward

the protein surface by electrostatic forces. But ionic

dispersion forces that are more attractive for thiocyanate

than for chloride also influence them. As we will see this can

explain why the lysozyme net charge (Curtis et al., 1998) and

membrane potential (McLaughlin et al., 1975) are both

larger in the presence of a thiocyanate salt than with a

chloride salt. We then demonstrate that the difference in

protein charges gives rise to highly ion specific Debye

lengths in highly charged protein solutions (even at the

lowest protein concentration used by Hofmeister). This is

one reason why protein-protein interactions are more

attractive in a thiocyanate salt than in a chloride salt (Curtis

et al., 1998, 2002). It could also be one reason why the cloud-

point temperature for lysozymes is higher in a NaNO3

solution than in a NaCl solution (Grigsby et al., 2001) (NO�
3

is more polarizable than Cl�). The apparent experimental

pKa values of ionizable groups (for example histidine) have

been shown to depend on salt concentration and ionic

species. We interpret the experimental observation in terms

of concentration and ion specific surface pH (and a constant

pKa). Finally, we end with a few concluding remarks.

THEORY

We consider an aqueous solution of negatively charged

anions and positively charged cations each with bulk con-

centration c and charge e outside a globular protein. The

protein is modeled as a dielectric sphere of radius rp (16.5 Å

(Grant, 2001)) with ionizable surface groups. The electro-

static potential on the model protein is averaged over the

spherical surface. On a real protein charges are localized and

there will be distinct tangential variations in charge density.

Counterions will cluster at the specific localized charges of a

real protein. This is an effect that goes beyond the scope of

the present paper.

The calculations that we present are for a hen egg-

white lysozyme at 25 8C, in a sodium acetate buffer

(cB6ð‘Þ ¼ 40mM), and pH 4.3. pH is defined as �log10(cH
gH), where cH is the hydronium bulk concentration and gH is

the activity coefficient. Following Parsegian (1974) we

neglect any changes in the hydronium ion bulk activity

coefficient (i.e., we take H1
s � H1

r expð�befÞ, and

H1
r � 10�4:3 M). The lysozyme has the following basic

charge groups (Grant, 2001): 1 a-NH1
3 (pKa ¼ 9.2); 6 lysine

(pKa ¼ 10.8); 11 argines (pKa ¼ 12.5); and 1 histidine (pKa

¼ 6.0). The lysozyme furthermore has the following acid

charge groups: 1 a-COO� (pKa ¼ 2.0); 2 glutamic acids

(pKa ¼ 4.3); 7 aspartic acids (pKa ¼ 3.9); and 3 tyrosines

(pKa ¼ 10.9). Although the pK values of the ionizable

groups may well change with salt concentration (Lee et al.,

2002; Kuehner et al. 1999), this effect is neglected since we

here focus on other effects of added salt. We will

demonstrate in ‘‘Are histidines pKa values really salt

tolerant?’’ that the experimentally observed concentration

and ion dependent pKa values to a large degree are

a theoretical artifact. The average charge of an acid group

(q�) is given by the fractional dissociation of the group

q� ¼ �eKa=ð½H1�s1KaÞ. Similarly, the average charge of

a basic group is q1 ¼ e½H1�s=ð½H1�s1KaÞ. The net protein

charge, and the surface concentration of hydronium ions

([H1]s), must be determined self-consistently with the

nonlinear Poisson-Boltzmann equation,

e0ew
r
2

d

dr
r
2 df

dr

� �
¼ �e½c1 ðrÞ � c�ðrÞ1 c

B

1 ðrÞ � c
B

�ðrÞ�;
(1)

with the ion concentrations given by

c6ðrÞ ¼ c expð�b½6ef1U6ðrÞ�Þ; (2)

with similar expressions for the sodium acetate buffer

(cB6ðrÞÞ. Here b ¼ 1/kBT, kB is Boltzmann constant, T is

temperature, and ew is the dielectric constant of salt solution.

Furthermore, f is the self-consistent electrostatic potential

experienced by the ions, andU6(r) is the interaction potential
experienced by the ions. The purpose here is to demonstrate

qualitative effects of including previously ignored ionic dis-

persion potentials between the ions and the interface (in

general there will also be contributions from image poten-

tials, and from electrostatic, hard-core and ionic dispersion

interactions between ions). Here we have included the dis-

persion potential that acts between an ion and the spherical

interface. The boundary conditions follow from global charge

neutrality. The first boundary condition is that the electric

field vanishes at infinity faster than 1/r2. The second is that

ðrp 1 rionÞ2 df
dr r¼rp1rion

¼ � +
i

q
i

6

� �
4pe0ew: (3)

Here we have made the plausible assumption that the ions

cannot get any closer to the effective protein surface than one

ion radius (rion). Usually, the difference in ion size for similar

ions is quite small, and to highlight the effects of dispersion
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potentials we take it to be the same for all ions (2 Å). The

nonretarded dispersion interaction between a point particle

and a sphere can within the pair summation approximation

be written

U6 ¼ B6

ðr � rpÞ3½11 ðr � rpÞ3=ð2r3pÞ�
; (4)

where the dispersion coefficient (B6) will be different for

different combinations of ion and spherical protein mem-

brane. When retardation is neglected we can calculate the

dispersion coefficients from the corresponding planar inter-

face as a sum over imaginary frequencies (ivn ¼ i2pkBTn/�h,
where �h is Planck’s constant) (Ninham and Yaminsky, 1997)

B6 ¼ +
‘

n¼0

ð2� dn;0Þa6ðivnÞ½ewðivnÞ � eoilðivnÞ�
4bewðivnÞ½ewðivnÞ1 eoilðivnÞ� : (5)

We have neglected the ionic dispersion potential acting on

hydronium ions. The inclusion of this potential produces a

small, constant shift in surface pH. We recently showed that

the surface tension of different salts could be accounted for

when ionic dispersion potentials were included (Boström

et al., 2001a; Karraker and Radke, 2002). The increment of

the refractive index of water when a salt solution is added is

different for different salt solutions (Wolf et al., 1982). The

refractive index of pure water is nw ¼ 1.3333, for a 0.051 M

KSCN solution the refractive index has increased to n ¼
1.3339. For a 0.067 M KCl solution the refractive index has

increased to n¼ 1.3337. (Similarly, to increase the refractive

index of a salt solution up to 1.3404 one must add 0.763 M

KCl, whereas if KSCN is used it suffices to add 0.419 M).

The sum of static excess polarizabilities for thiocyanate and

potassium (or chloride and potassium) can then be estimated

from the following approximation

n
2 � n

2

w 1 4pcionða1 ð0Þ1a�ð0ÞÞ: (6)

We find that the sum of static excess polarizabilities is

�3.68 Å3 for KCl, and �6.22 Å3 for KSCN. Anions with

additional electrons are expected to be more polarizable than

cations (cations may well even have a negative excess

polarizability). If we assume that the static excess polariz-

ability of Cl� is at least as large as K1, the static excess

polarizability of SCN� should be;4.4 to 6.2 Å3. We model

the excess polarizability as

a6ðivnÞ ¼ a6ð0Þ=ð11v
2

n=v
2

0Þ: (7)

The effective resonance frequencies (v0) for different ions

are not known, but should typically be in the range 1–5 3
1016 rad/s (Mahan, 1982). Using the model dielectric

functions given by Nir (1976) for calf serum protein (which

should be similar to the hen egg-white lysozyme since most

proteins have similar densities and composition) and for

water we find that the dispersion coefficient for SCN� should

be of the order �5 to �253 10�50 J m3. Similar but smaller

values (in magnitude) are expected for potassium and

chloride. Considering the many approximations used these

values can obviously only give us an order of magnitude

estimate. The point is that we can estimate the ionic dis-

persion potential acting on the different ions. There should

be a reasonably large attractive dispersion potential acting on

the SCN� ion, whereas the dispersion potentials acting on

Cl� and K1 must be substantially smaller. Although the

difference in van der Waals force due to changes in refractive

index is very small indeed, the difference in the double-layer

related properties (double-layer force, surface pH, net charge

of the protein, and so on) due to ionic dispersion potentials

can be very large. Here we first explore what happens in a

model system, an uncharged spherical membrane. In the next

section we explore how the inclusion of these ionic dis-

persion potentials influence the lysozyme net charge, lyso-

zyme surface pH, and the Debye length of protein solutions.

We first consider an uncharged spherical membrane, in

0.25 M salt solution of the same size as the charged

lysozyme that we consider later. This system is chosen, as an

introduction to the protein problem, and because there are

measurements for this kind of system by McLaughlin et al.

(1975). These measurements are actually for flat membranes,

but the differences caused by geometry will only be very

slight. As in all calculations presented here there is also a 40

mM sodium acetate buffer. Acetate has a much smaller static

excess polarizability than thiocyanate. The ionic dispersion

potential acting on the acetate ion (with almost the same

electron density as water) is neglected. We also assume that

the ionic dispersion potential acting on the cations can be

neglected. For the example considered here (an uncharged

membrane) this approximation is certainly questionable.

However, the dispersion potential acting on potassium

should certainly be much smaller than the corresponding

potential acting on thiocyanate. To neglect ionic dispersion

potentials acting on the cations will be a much better

approximation when we consider a highly charged protein in

the next section (model calculations have revealed only

minor co-ion (cation) effects). When anions and cations

experience different ionic dispersion potentials near a charge-

neutral membrane a double layer is set up. The self-

consistent electrostatic potential is shown in Fig. 1. We

consider three different cases: B� ¼ �10 3 10�50 J m3

(dotted line); B� ¼ �153 10�50 J m3 (dashed line); and B�
¼ �20 3 10�50 J m3 (solid line). McLaughlin et al. (1975)

used conductance measurements to deduce the electrostatic

potential in planar black lipid membranes in different salt

solutions. In a 0.25 M sodium perchlorate solution the

deduced surface potential was �25 mV. Although sodium

thiocyanate gave virtually the same surface potential, no

surface potential was found in a sodium chloride solution

(i.e., McLaughlin et al. observed no change in the

conductance with added NaCl). They also measured the

zeta potential for the same systems and found them to be

�14 mV (perchlorate), �11 mV (thiocyanate), and �1 mV

(chloride), respectively. Theoretically, it is quite common to
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compare the zeta potential with the electrostatic potential

found a distance 2 Å away from the interface. As we see in

Fig. 1 the experimentally deduced surface potential is only

slightly lower than the surface potential calculated for the

largest attractive ionic dispersion potential considered here

(B� ¼ �20 3 10�50 J m3). The experimental zeta potential

compares better with the theoretical result if we take B� ¼
�15310�50 J m3. The important point is that both these

ionic dispersion potentials have exactly the same magnitude

and sign that we previously estimated for SCN� near a

protein surface above. Since the optical properties of a black

neutral lipid membrane (formed from phosphatidylcholine)

and a hen egg-white lysozyme can clearly be different one

should not have been surprised if there had been no agree-

ment at all. Indeed, when lipid membranes (formed from

either phosphatidylcholine or phosphatidylethanolamine)

were replaced with glycerol mono-oleate membranes much

smaller surface potentials were found. AlthoughMcLaughlin

et al. at the time had no explanation for this, it is much easier

to understand now. The ionic dispersion potential at different

oil-water interfaces can be very different reflecting the fact

that dielectric properties of different oils are different (it is

for instance known that the chemical potential of oil on water

can change sign as we go from long to short chain hydro-

carbons (Richmond et al., 1973; Hauxwell and Ottewell,

1970)). The fact that we here considered a spherical mem-

brane (rather than a planar) turns out to be of no real import-

ance. We have done exactly the same calculation for a planar

charge neutral membrane with virtually the same result. We

observe that our result also should be relevant for the

permeability of human red cell which follows the same

Hofmeister series (Wieth, 1970).

Lysozyme hofmeister effects: net charge,
surface pH, and debye length

The pH-dependent lysozyme net charge in potassium

chloride solutions has been deduced from titration experi-

ments (Kuehner et al., 1999; Haynes et al., 1994). If

allowance is made for changes in pKa values agreement can

be found between the theoretical and experimental lysozyme

net charge as a function of pH. However, there is nothing

in the ordinary double-layer theory that explains why the

lysozyme net charge at pH 4.5 is 10 for 0.1 M KCl and 10.5

for the same concentration of KSCN (Curtis et al., 1998), nor

why the protein-protein interaction should be more attractive

when it takes place in a thiocyanate salt than in a chloride

salt. As we will demonstrate a new understanding begins to

emerge when we include ionic dispersion potentials.

We now consider a charged lysozyme under the con-

ditions described in Sec. 2. The electrostatic potential and

charge distribution outside the lysozyme for a 0.1 M salt

solution are shown in Figs. 2 and 3. We consider four

different cases: B� ¼ 03 10�50 J m3 (solid line); B� ¼ �10

3 10�50 J m3 (dashed line); B� ¼ �15 3 10�50 J m3

(dashed-dotted line); and B� ¼ �20 3 10�50 J m3 (dotted
line). Clearly the surface concentration of highly polarizable

anions can be very large. Moderately large attractive ionic

dispersion potentials acting on the anions can even cause

a charge reversal in as far as the electrostatic potential and

ionic charge distribution some distance away from the

surface behave as if the protein is negatively charged (i.e.,

a negative electrostatic potential and positive charge

distribution). The calculated surface pH and net protein

valency (Zp) as a function of salt concentration are shown in

Figs. 4 and 5 (for the same 4 model salts as in Figs. 2 and 3).

At low concentrations we observe that the surface pH for all

these salts are higher than the bulk pH of 4.3 (shown as

a solid line in Fig. 4). But as the salt concentration enters the
so-called biological regime (around 0.1 M and higher) some

salts, such as thiocyanate, can produce a surface pH lower

than the pH of the bulk reservoir. Also there is a very large

degree of ion specificity found for the net protein charge. The

cross (circle) in Fig. 5 represents the experimentally obtained

FIGURE 1 Theoretical electrostatic potential outside a charge neutral

membrane in a 0.25 M salt solution set up by unequal ionic dispersion

potentials acting on cations (B1 ¼ 0 3 10�50 J m3) and anions. Three

different examples of ionic dispersion potentials acting on the anions are

considered here: B� ¼�103 10�50 J m3 (dotted line), B� ¼�153 10�50 J

m3 (dashed line), and B� ¼ �20 3 10�50 J m3 (solid line).

FIGURE 2 Theoretical electrostatic potential outside a charged lysozyme

(pHr ¼ 4.3, 0.1 M salt concentration). Ionic dispersion potentials acting on

cations are neglected. Four different examples of ionic dispersion potentials

acting on the anions are considered here: B� ¼ 0 3 10�50 J m3 (solid line),

B� ¼ �10 3 10�50 J m3 (dashed line), B� ¼ �15 3 10�50 J m3 (dash-

dotted line), and B� ¼ �20 3 10�50 J m3 (dotted line). More details are

given in the text.
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net charge of lysozyme at pH 4.5 in a 0.1 MKCl (KSCN) salt

solution. We see again that inclusion of the ionic dispersion

potential acting on thiocyanate (with values in the range

estimated in the previous section) can by itself explain the

experimental ion specific results.

We can now explore, in the most primitive way, what

these results mean for the forces between two proteins in

solution. It is ultimately these forces that are needed for a full

explanation of the Hofmeister effect, since a small double-

layer repulsion will promote precipitation of the protein. We

examine the forces by first calculating the Debye length. The

measured Debye length in highly charged protein solutions

has been found to be in close agreement with the asymptotic

form derived by Mitchell and Ninham (Mitchell and

Ninham, 1978; Kekicheff and Ninham, 1990; Nylander

et al., 1994 Waninge et al., 1998). As an example Kekicheff

and Ninham demonstrated that the experimental Debye

length in a 4.1 3 10�6 M 12:1 electrolyte was 10.0 nm, in

close agreement with the predicted value of 10.5 nm

(Kekicheff and Ninham, 1990). The corresponding classical

Debye length is substantially higher (17.0 nm). The sensitive

dependence of the Debye length upon the protein charge has

also been exploited to estimate the net protein charge

(Nylander et al., 1994). We will here, for the purpose of

demonstration only, assume that the protein charge on each

protein does not change as we increase the protein con-

centration. This means that we can estimate the Debye length

of protein solutions using the calculated net charge shown in

Fig. 5. Expressed on a molar basis the decay length in an

asymmetric electrolyte is (Mitchell and Ninham, 1978,

Nylander et al., 1994)

k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NAe

2

kBTe0ew
+
n

i¼1

ciz
2

i

s
; (9)

where NA is Avagadros number and k�1
0 is the classical

Debye length. We show in Fig. 6 the Debye length, for the

same model salt solutions as in Fig. 5, as a function of salt

concentration in a 5 g/l (M ¼ 14500 g/mol) lysozyme

solution. This was the lowest protein concentration used in

FIGURE 3 Theoretical ionic charge density distribution outside a charged

lysozyme (pHr ¼ 4.3, 0.1 M salt concentration) for the same system

considered in Fig. 2.

FIGURE 4 Theoretical surface pH of lysozyme as a function of salt

concentration (pHr ¼ 4.3). Ionic dispersion potentials acting on cations are

neglected. Four different examples of ionic dispersion potentials acting on

the anions are considered here: B� ¼ 03 10�50 J m3 (solid line), B� ¼ �10

3 10�50 J m3 (dashed line), B� ¼ �153 10�50 J m3 (dash-dotted line), and
B� ¼ �20 3 10�50 J m3 (dotted line).

k
�1 ¼ k

�1

0 11

ffiffiffiffiffiffi
NA

p
lnð3Þ

32p

e
2

kBTe0ew

� �3=2+
n

i¼1

ciz
4

i +
n

i¼1

ciz
2

i � +
n�1

i¼1

+
n

j¼i11

cicjz
2

i z
2

j ðzj � ziÞ2

+
n

i¼1

ciz
2

i

� �3=2

2
6664

3
7775

�1

; (8)

FIGURE 5 Theoretical netcharge of a lysozyme globular protein as

a function of salt concentration for the same system considered in Fig. 4. As

comparison we have added two experimental data points (at pH ¼ 4.5) for

the netcharge in 0.1 M KCl (cross) and 0.1 M KSCN (circle).
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the classical Hofmeister experiment (Hofmeister, 1888). We

have also added the Debye length at zero protein

concentration (long dashed line). For comparison we also

added the classical (but incorrect) Debye length (k�1
0 ) shown

as crosses. All four salts gave very similar Debye lengths

within this approximation and for the sake of clarity we only

show the result for one of them.

The inclusion of ionic dispersion potentials, that is

required for thermodynamic consistency, fundamentally

alters the double-layer force (Boström et al., 2001b). It is

not simply a matter of changing the charge of the proteins

and Debye length of protein solutions to obtain the correct

double-layer force between proteins. However, this is clearly

one effect. The classical electrostatic double-layer repulsion

between two proteins derived from Debye-Hückel theory is:

WeðRÞ �
Z
2

pe
2
exp½�kðR� 2rpÞ�

4pe0ewRð11 krpÞ : (10)

The salt specific increase in protein net charge, when we

replace NaCl with NaSCN, has then (at least) two effects on

the electrostatic repulsion. Since it increases the charge the

repulsion is larger at small protein separations. However, it

also decreases the Debye length which at any protein con-

centration relevant for precipitation leads to a reduced repul-

sion at large protein separations.

Are histidine pKa values really salt sensitive?

As we demonstrated in the previous section surface pH of

proteins depends sensitively on salt concentration and on

ionic species following a Hofmeister series. It is the surface

pH, rather than bulk pH, that is important for groups localized

to the surface (Gibson et al., 1999; Wang et al., 2002). Lee

et al. (2002) carefully investigated experimentally the appar-

ent pKa values of histidines. They found that it depends on

both salt concentration and ionic species. Since we have

demonstrated that surface pH depends on both salt concen-

tration and ionic species it is natural to question the origin

of the salt sensitivity of the pKa values. Table 1 shows the

experimentally observed apparent pKa values from Lee et al.

(Lee et al., 2002) for His-46 and His-121 in SNase, measured

as a function of KCl and KSCN concentration. The last

column of Table 1 shows the result of model calculations that

will be described later. The apparent pKa increase with added

salt for all considered histidines. The effect of adding 0.1 M

KSCN is, for both histidines, very similar to that of adding

0.5 M KCl. As a preliminary comparison it is interesting to

compare with the calculated surface pH presented in Fig. 4:

adding 0.5 M of the salt represented by the solid line (which

we can compare with chloride) had virtually the same effect

as adding 0.1 M of the salt represented by the dashed line (to

be compared with thiocyanate).

We will now explore in some detail how the average net

valency (z1) of the histidine charge group in our model

globular protein (lysozyme), as a function of bulk pH, varies

with the choice of salt and with concentration. (Although one

can expect some differences between lysozyme and SNase,

they are both highly charged proteins with similar compo-

sition and density). The average net valency is

z1 ¼ 10
�pHs

10
�pHs 1 10

�pKa
; (11)

where as before we take the pKa ¼ 6.0. The average net

valency as a function of pH in the bulk reservoir is shown in

Fig. 7. We consider two different model salt solutions (as

before we take B1 ¼ 0 3 10�50 J m3) and two different

concentrations: B� ¼ 03 10�50 J m3 (circles); B� ¼ �203
10�50 J m3 (squares); 0.1 M (solid symbol) and 0.5 M (open
symbol). For comparison we have also added the corre-

sponding curve when the surface pH is replaced with the

bulk pH (shown as crosses). If Fig. 7 had shown ex-

perimental titration curves the natural conclusion (Lee et al.,

FIGURE 6 Debye length, for the same model salt solutions as in Fig. 5, as

a function of salt concentration in a 5 g/l (M ¼ 14500 g/mol) lysozyme

solution. We also show the Debye length at zero protein concentration (long-

dashed line), and for comparison the classical (but incorrect) Debye length

(crosses). Details are given in the text.

TABLE 1 The experimental apparent pKa values of histidines

in SNase as a function of KCl and KSCN concentration

Salt concentration His-46* His-121* Model calculation His-46

0.02 M KCl 5.71 6 0.02 4.91 6 0.03 5.70

0.10 M KCl 5.86 6 0.04 5.30 6 0.06 5.83

0.50 M KCl 5.95 6 0.02 5.56 6 0.02 5.99

1.50 M KCl 6.10 6 0.04 5.85 6 0.03 6.08

0.10 M KSCN 6.01 6 0.04 5.53 6 0.04 5.98

0.50 M KSCN 6.30 6 0.03 6.12 6 0.03 6.24

*Values from Lee et al. (2002).

We have also added the result of model calculations described in the text.

For the theoretical calculations the salt labeled KCl (KSCN) represents B�
¼ 03 10�50 J m3 (B� ¼ �103 10�50 J m3). In the theoretical calculations

the actual (salt independent) pKa ¼ 6.25 of histidine was chosen to get

agreement with the experimental result for His-46 in 0.02 M KCl.
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2002) would have been to assume that the histidine pKa

(note: pHs ¼ pKa when z1 ¼ 1/2, the apparent pKa can

be taken to be equal to pHr at this point) depend on

concentration and on the ionic species. We now know better,

but these curves are in fact even too salt sensitive compared

to the experimental titration curves for chloride and

thiocyanate salts. However, the values for B� that we found

could accommodate the net charge of lysozyme much better,

were �10 3 10�50 J m3 (shown as solid symbols in Fig. 8)

for thiocyanate and 0 3 10�50 J m3 (shown as open symbols
in Fig. 8) for chloride. It is unlikely that there should be no

dispersion interaction acting on chloride, but for our

purposes it suffices to know that it must be substantially

less attractive than for thiocyanate. We show the calculated

histidine net valency, for these two model salts, for three

different concentrations in Fig. 8: 0.02 M (circle); 0.1 M

(triangle); 0.5 M (square). The apparent pKa values deduced

from our Fig. 8 are given in Table 2. We have also performed

identical model calculations for the case that the anions

experience a slightly more attractive ionic dispersion

potential (B� ¼ �15 3 10�50 J m3). The apparent pKa

values from these calculations are also shown in Table 2.

Considering that the experimental values given in Table 1

were measured under different experimental conditions (e.g.,

in SNasa rather than in a globular lysozyme) than our model

calculations, and that none of their histidines even at low salt

concentrations give exactly the same apparent pKa values as

our model histidine, the agreement is really very good.

Let us pursue the comparison between theory and

experiment in more detail. One can back out a theoretical

pKa value for histidine (keeping the same pKa as before for

the other ionizable groups) that gives exact agreement with

the experimental result for His-46 in the presence of 0.02 M

KCl. A simple way to do this is to first assume that surface

pH does not change dramatically when we change pKa

slightly. Within this approximation one can then use the

previously obtained values for pHs to find which pKa value

that reproduce the experimentally observed apparent pKa.

Using this value for pKa we then repeated the calculation for

the 0.02 M salt with B� ¼ 03 10�50 J m3 and found that the

result agreed well with the experimental result for KCl. One

can then test this value for different salts and different

concentrations. The result is shown in the last column of

Table 1. Where the salts labeled KCl (KSCN) for the

theoretical calculation represents B� ¼ 0 3 10�50 J m3 (B�
¼ �10 3 10�50 J m3). As can be seen we find a remarkably

good agreement between theory and experiment for both

salts at all concentrations considered if we take pKa ¼ 6.25.

We are not saying that the pKa values of histidine and

other ionizable charge groups on proteins never change with

added salt, or that they cannot follow a Hofmeister series.

But concentration and ion specific surface pH changes due to

ionic dispersion potentials can clearly by itself account for

the entire experimental observation. One very important

reason that the apparent pKa values are consistently higher in

thiocyanate than in chloride is that thiocyanate anions are

much more attracted by ionic-dispersion potentials toward

the protein surface than chloride. These attractive ionic-

dispersion potentials reduce surface pH, so that one must go

to a higher bulk pH to obtain the same effect. The importance

of consistently including ionic-dispersion potentials be-

comes increasingly important as the salt concentration

increases, consistent with the observation that Hofmeister

FIGURE 7 The average net valency of histidine as a function of pH in the

bulk reservoir. We consider two different model salt solutions (as before we

take B1 ¼ 0 3 10�50 J m3) and two different concentrations: B� ¼ 0 3
10�50 J m3 (circles), B� ¼ �20 3 10�50 J m3 (squares), 0.1 M (solid

symbol), and 0.5 M (open symbol). For comparison we have also added the

corresponding curve when the surface pH is replaced with the bulk pH

(shown as crosses).

TABLE 2 Theoretical apparent pK values of a histidine in

lysozyme as deduced from the pH that give z1 5 0.5

Salt

concentration

B� ¼ 0 3 10�50

J m3

B� ¼ �10 3 10�50

J m3

B� ¼ �15 3 10�50

J m3

0.02 M 5.45 5.51 5.61

0.10 M 5.58 5.72 5.90

0.50 M 5.74 5.98 6.20

The actual pK value used to model the histidine was 6.0.

FIGURE 8 The average net valency of histidine as a function of pH in the

bulk reservoir. We show the result for two different ionic dispersion

potentials acting on the anions: �103 10�50 J m3 (shown as solid symbols)

and 03 10�50 J m3 (shown as open symbols). Three different concentrations

are considered: 0.02 M (circle), 0.1 M (triangle), and 0.5 M (square).
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effects become more and more important at biological and

higher concentrations.

CONCLUSIONS

An understanding of the Hofmeister series is finally

emerging when ionic-dispersion potentials are included in

the theory of charged proteins. We have demonstrated that

ionic-dispersion potentials (that are not only consistent with

the surface potential of lipid bilayers, but also for example

with surface tension of salt solutions and ion binding to

micelles) can explain the observed ion specificity of globular

proteins such as hen egg-white lysozyme. There may of

course be other effects that can influence the Hofmeister

effect. A few examples include: water structure (Marrink and

Marcelja, 2001); different ion size; ion specific solvation

energy; co-ion and counterion exclusion (Woelki and

Kohler, 2000); and dissolved gas (Alfridson et al., 2000).

However, our results have clearly demonstrated the im-

portant, and often dominating, role for ionic-dispersion po-

tentials behind the Hofmeister effect.

Financial support from the Australian Research Council is gratefully
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