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Abstract: Specific-ion effects are ubiquitous in nature; however, their underlying mechanisms
remain elusive. Although Hofmeister-ion effects on proteins are observed at higher (>0.3M) salt

concentrations, in dilute (<0.1M) salt solutions nonspecific electrostatic screening is considered to

be dominant. Here, using effective charge (Q*) measurements of hen-egg white lysozyme (HEWL)
as a direct and differential measure of ion-association, we experimentally show that anions

selectively and preferentially accumulate at the protein surface even at low (<100 mM) salt

concentrations. At a given ion normality (50 mN), the HEWL Q* was dependent on anion, but not
cation (Li1, Na1, K1, Rb1, Cs1, GdnH1, and Ca21), identity. The Q* decreased in the order F2 > Cl2

> Br2 > NO�
3 ~ I2 > SCN2 > ClO�

4 � SO2�
4 , demonstrating progressively greater binding of the

monovalent anions to HEWL and also show that the SO2�
4 anion, despite being strongly hydrated,

interacts directly with the HEWL surface. Under our experimental conditions, we observe a

remarkable asymmetry between anions and cations in their interactions with the HEWL surface.

Keywords: ion–protein interactions; protein charge; Hofmeister series; electroselectivity series;

specific-ion effects

Introduction

First reported by Hofmeister in the 1880s,1 specific-

ion effects play an ubiquitous role in modulating

myriad biological and chemical processes. However,

the underlying mechanism(s) governing ion-specific

effects are yet to be fully understood and remain

a subject of significant interest.2 The namesake

‘‘Hofmeister effect’’ is observed at moderate to high

(>0.3M) salt concentrations, wherein ‘‘kosmotropic’’

ions, classically postulated to form water structure,

are observed to decrease protein solubility and

increase conformational stability, whereas ‘‘chaot-

ropic’’ ions, postulated to disrupt water structure,

have the opposite effects.3 Ion partitioning studies

with model nonpolar (e.g., benzene) and polar, pep-

tidyl compounds provide evidence in support of the

Hofmeister effect occurring by salting-out nonpolar

groups through ion-specific increases in the surface

tension of water4,5 and by salting-in the peptide

backbone via ion binding.4,6

The effects observed at high salt concentrations,

however, may not be applicable to lower, physiologically

relevant, salt concentrations. Below salt concentrations

of 0.1M, protein–ion interactions are thought to be pre-

dominantly governed by nonspecific, electrostatic inter-

actions/screening.7,8 Yet, there are numerous reports
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in literature describing ion-specific effects on protein

self-association,9 solubility,10,11 thermal stability,12

viscosity,13 and aggregation kinetics14 in this concen-

tration range. In addition, below the protein pI, kos-

motropic anions have been reported to increase pro-

tein solubility while chaotropic ions are effective

salting-out or crystallizing agents, which results in

an apparent inverse ranking of the Hofmeister

monovalent anions.10,15

Through a series of articles, Collins15–18 pro-

posed that ion effects on water structure are limited

to only the first hydration shell and that ions may

interact directly with proteins. Inner-sphere ion pairs

are proposed to be formed preferentially by ions of op-

posite sign and similar size. Chaotropic ions, having

low charge density, interact poorly with water and

are able to reduce the number of ion–water interac-

tions through ion pairing. In contrast, kosmotropic

ions are able to form more energetically favorable

electrostatic interactions with other kosmotropes

than with water due to the short interatomic distan-

ces and high charge density of anion–cation pairs.

Consistent with this qualitative description of ion

interactions, simulations, and spectroscopic studies

with aqueous halide solutions indicate that ion effects

on water structure may be limited to the first hydra-

tion shell.2,19 Per the Collins model, the positively

charged amines and backbone amide nitrogens on

proteins are weakly hydrated and interact preferen-

tially with weakly hydrated anions, whereas the

strongly hydrated side-chain carboxylates and back-

bone carbonyls are predicted to interact preferentially

with similarly strongly hydrated cations.

Anion binding to proteins was first proposed by

Scatchard and Black in the 1940s on the basis of a

systematic increase in pH (Cl� < I� < SCN�) on salt

addition to isoionic solutions of bovine serum albu-

min (BSA).20 Any ion binding or association to the

protein surface should accordingly modulate protein

charge, and this effect was exploited to examine

anion binding near the isoionic points of b-lactoglo-
bulin and BSA by Longsworth and Jacobsen.21 In

our studies, we employed protein effective charge

(Q*) measurements to directly probe specific-ion inter-

actions between hen-egg white lysozyme (HEWL) and

Hofmeister salt solutions, up to concentrations of

100 mM. The Q* of a protein (in elementary charge

units, e) in a given solution and temperature (T) is

related to its electrophoretic mobility (l), translational
diffusion coefficient (Dt), and the Boltzmann’s con-

stant (kB), by Eq. (1).22

Q� ¼ l � kB � T
Dt

(1)

Thus, the dependence of Q* on ion-identity under

equivalent conditions reflects differential interaction

of the ion with the protein.

Results
The Q* of HEWL (pI ¼ 10.7) was measured in 10 mM

acetate at pH 5.0 in the presence of two series of

monovalent Hofmeister salts; an anion series (NaF,

NaCl, NaBr, NaI, NaNO3, NaSCN, and NaClO4),

and a cation series (LiCl, NaCl, KCl, RbCl, CsCl,

and GdnHCl). The HEWL Q* was also determined

in the presence of two divalent salts, CaCl2 and

Na2SO4. Two comparable22 free-solution techniques,

capillary zone and membrane-confined electrophore-

sis, have been described for measuring l. The former

was utilized with an amine-coated capillary to calcu-

late l from the velocity of HEWL relative to a neu-

tral, electro-osmotic flow marker under an applied

electrical field [Fig. 1(A)]. Sedimentation velocity

analytical ultracentrifugation (SV-AUC) was used to

obtain the Dt of HEWL from its sedimentation coeffi-

cient [Fig. 1(B)].

The Q* decreased for all the salts tested with

increasing salt concentration; however, the magni-

tude of the decrease was dependent on the identity

of the anionic, but not the cationic, component of the

salt [Fig. 2(A)]. This observation was consistent for

the entire set of salts tested [Fig. 2(B)]. At a fixed

ion normality of 50 mN, the HEWL Q* decreased

from 3.7e to 1.7e in the order F� > Cl� > Br� >

NO�
3 � I� > SCN� > ClO�

4 � SO2�
4 . The trend in the

Q* data shows progressively greater association of the

monovalent anions and HEWL and also demonstrates

that the SO2�
4 anion, despite being strongly hydrated,

interacts directly with the protein surface. In contrast,

there was no effect of cation identity on the effective

charge of HEWL; it remained essentially unchanged

(3.4e) over the entire set of cations studied.

The classical Debye-Hückel-Henry (DHH) model

provides an approximation to estimate the formal pro-

tein charge (Q) by accounting for counter-ion size,

bulk electrostatic screening, and the electrophoretic

effect.23 The DHH model was applied in an attempt to

correct for the observed anion-specific changes in Q*

(Table I). However, a similar decrease was observed in

HEWL charge as a function of anion identity.

We evaluated the charge heterogeneity of the

HEWL surface using the Molecular Operating Envi-

ronment (MOE) software and a 0.65 Å HEWL crys-

tal structure. The solvent accessible surface area

was calculated to be 6,530.5 Å2. The MOE software

was used to assign partial charges at pH 5.0 using

the AMBER99 force-field. A cartoon of the electro-

static surface is shown in Figure 3. Using a conserv-

ative cutoff of 1800 mV at 1.4 Å from the van der

Waals surface and Poisson-Boltzmann electrostatics,

41 charged regions were identified, distributed heter-

ogeneously over 19.0% of the molecule. Positive

regions (19) covered 4.6% of the molecule, whereas

negative regions (22) covered 14.3%. One large region

(negative) was identified, covering 472 Å2. The

remaining regions averaged 19 Å2 with a standard
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deviation of 18 Å2, and ranged from 6.13 Å2 to 94.6

Å2. Despite the prevalence of negative regions in

terms of area, the protein was calculated to have a

net-positive potential.

Discussion

Salts are routinely used for protein denaturation

and crystallization at molar concentrations, and the

literature is replete with studies of salt effects on

Figure 2. The effective charge (Q*) of hen-egg white lysozyme (HEWL) in different Hofmeister salt solutions. Panel A: The

HEWL Q* in NaCl ( ), NaNO3 ( ), NaClO4 ( ), Na2SO4 ( ), CsCl ( ), GdnHCl ( ), and CaCl2 ( ) as a function of ion

normality. Note that the NaCl, CsCl, GdnHCl, and CaCl2 data coincide. The lines through data series are presented as guides

to the eye only. Panel B: At 50 mM ion normality, Q* is dependent on anion but not cation, identity. Panel C: Plotting HEWL

Q* in NaCl ( ) and CaCl2 ( ) versus ionic strength (I) results in a higher Q* in CaCl2, suggestive of calcium binding to HEWL;

however, the trends coincide when plotted versus ion normality (Panel A).

Figure 1. Representative electropherogram (A) and c(s) sedimentation coefficient distribution (B) of HEWL in 10 mM acetate,

50 mM NaCl at pH 5.0. The electrophoretic mobility was calculated using the elution times of the EOF marker, (tEOF) and

HEWL (tHEWL), using Eq. (2). The c(s) distribution of HEWL shows a single peak at 1.9 s with no evidence of aggregation at

higher s values. The diffusion coefficient was calculated using the sedimentation coefficient Eq. (3).
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protein solubility and stability at high salt concen-

trations.3,4 Our experimental approach enabled us to

directly probe ion–protein interactions in the physio-

logically relevant, low salt concentration regime of

<0.1M. A protein surface is chemically heterogene-

ous, composed of a complex set of charged, polar,

and apolar groups, capable of interacting with ions

by different mechanisms depending on the salt con-

centration. Ramos and Baldwin,24 in their study of

salt effects on ribonuclease A (RNase A) stability,

provide an elegant, systematic framework for discus-

sing ion–protein interactions in terms of (i) electro-

static screening, (ii) specific-ion binding, and (iii) the

Hofmeister effect. We follow a similar approach in

the discussion of our results. The first two effects

can be expected to be important under dilute salt

conditions with the Hofmeister effect becoming

increasingly important at higher salt concentrations.

Electrostatic screening

The HEWL charge in the presence of various sodium

salts (I ¼ 0.05M) estimated using the DHH model

varies from �9 in the presence of F� to �5 in SO2�
4

(Table I). The DHH model accounts for counter-ion

screening due to the protein’s charge, thus the reduc-

tion inQ from its expected value of þ11 at pH 5.0 must

result from anion binding to HEWL. In this context,

binding includes any ions exceeding the Debye-Hückel

ion-cloud that traverse with the protein (i.e., are

within the Stokes radius) and does not distinguish

between specific sites of anion interaction.

The positively charge HEWL can be envisioned to

be surrounded by a Debye-Hückel ion-cloud predomi-

nantly composed of anions at pH 5.0. The observed in-

dependence of Q* on cation identity may thus be rec-

onciled on the basis of a depleted cation concentration

in the immediate vicinity of the molecule. However,

such an explanation is simplistic given that HEWL is

not uniformly charged at pH 5.0 but has a heteroge-

neously charged surface (Fig. 3) capable of supporting

a corresponding localization of counter-ions.

The anion and CaCl2 Q* data raise an impor-

tant question about the appropriateness of compar-

ing ion-specific effects of mono- and multivalent

salts by normalizing to ionic strength (I). Plotting

HEWL Q* versus I [Fig. 2(C)] resulted in higher Q*

values in CaCl2 versus NaCl at a given I suggesting

the possibility of either Ca2þ association to the

HEWL surface or an inhibitory effect of Ca2þ on Cl�

association. However, the Q* values in both CaCl2
and NaCl are nearly coincidental when plotted

against ion normality or Cl� concentration [Fig.

2(A)], demonstrating negligible effect of the divalent

Ca2þ on the Q* of HEWL at pH 5.0. Our interpreta-

tion of the calcium data is consistent with the recent

calorimetric ion binding studies of HEWL under

similar conditions, which show negligible binding of

Ca2þ to HEWL compared with anions at pH 4.6.25

Anions selectively and directly interact

with the HEWL surface

The HEWL effective charge data in sodium salts

provide compelling, direct experimental evidence of

preferential accumulation of anions at the protein

surface even under dilute (<0.1M) salt conditions.

Our work finds support in X-ray crystallographic

studies of HEWL. Specific-ion binding to HEWL was

proposed by Ries-Kautt and coworkers based on the

ability of anions to aid in crystallization of this basic

enzyme under acidic (pH 4.5) conditions.26 Specifi-

cally, larger monovalent anions were observed to be

Table I. Calculated Formal Protein Charge (Q) for
Hen Egg-White Lysozyme (HEWL) as a Function of
Anion Identity at an Ionic Strength (I) of 0.05 M Using
the Debye–Hückel–Henry (DHH) Model

Ion Q* (e) Ionic radius44 Å Q (e)

F� 3.6 1.66 8.9
Cl� 3.4 1.21 8.2
Br� 3.2 1.18 7.6
NO�

3 3.0 1.29 7.3
I� 3.0 1.20 7.1
SCN� 2.8 1.40 6.7
ClO�

4 2.7 1.37 6.5
SO2�

4 2.1 2.30 5.1

Figure 3. Two views of the HEWL electrostatic surface,

rotated 180� along the horizontal axis. The surface is

heterogeneous with respect to charge. The largest charged

region (negative, red) appears as part of the cleft in the upper

structure. Positively charged regions are shown in blue.
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more effective in crystallizing HEWL, consistent

with the Q* data, which show greater interaction of

these anions with the HEWL surface. More recently,

anion effects on the HEWL cloud-point in sodium

salts (<0.2M) have similarly been interpreted in

terms of surface charge neutralization by anion

binding.11 Further, numerous cocrystal structures of

HEWL-salts depict various anions namely chloride,

bromide, iodide, nitrate, and thiocyanate localized

on the protein surface.27–30 Our work demonstrates

that direct anion–protein interactions occur in free

solution even under dilute salt conditions.

Our results are also consistent with Collins’16 the-

oretical proposition and with recent molecular dynam-

ics simulations that predict preferential interactions of

weakly hydrated anions with the protein surface.31

However, direct anion–protein interactions may not be

limited to large, weakly hydrated monovalent anions.

Based on ion hydration, Collins has also proposed that

the strongly hydrated, divalent SO2�
4 anion (grouped

with F� in the Hofmeister-ion series) interacts mini-

mally with proteins.15 In contrast, the Q* values indi-

cate significant interaction of SO2�
4 with HEWL.

Recent simulations also predict strong ion-pairing

interactions of SO2�
4 with ionized basic side-chains.32

The Hofmeister and electroselectivity

series of anions

The placement of F� and SO2�
4 on opposite ends of

the sodium-salt series is an important result of this

study. The sulfate ion was observed to be more effec-

tive at reducing HEWL charge than the chaotropic

ClO�
4 ion. The distinctly different order results from

differential anion binding to HEWL and is not to be

misinterpreted as the ‘‘inverse’’ Hofmeister series.

In the Hofmeister-anion series, F� and SO2�
4 are

grouped together, as kosmotropes. In addition to this

grouping, the Hofmeister-ion effect has another

characteristic feature: the effect varies monotoni-

cally with ion normality and continues to very high

ion-normalities (>1N). At high salt concentrations,

differential effects on the bulk surface tension of the

solvent become increasingly important along with

ion-binding to the peptide backbone (4). A good

example is studies on the effect of the sulfate-ion on

RNase A stability,24 which show stabilization of this

enzyme by sulfate via anion-specific binding at

dilute concentrations (0–0.1M) and via the Hofmeis-

ter effect at higher concentrations (0.1–1.0M). Our

studies provide direct experimental evidence in sup-

port of such anion-specific binding under dilute con-

ditions. We must point out that the anion series

observed in this work (F�, Cl�, Br�, NO�
3 , I

�, SCN�,
ClO�

4 , SO
2�
4 ) has also been termed as the electrose-

lectivity series in the literature. The series, based

on strong (SO2�
4 > SCN� > I�) or weak (F� < Cl� <

Br�) interaction of the anions with an anion-

exchange resin, appears to be used to differentiate

from the Hofmeister-ion series. Whenever an anion-

specific dependence following the electroselectivity

series in processes such as protein aggregation

and fibrillation,14,33 and protein stability34 has been

observed, the results have been interpreted in terms

of anion-binding. Our demonstration of direct sulfate

ion–protein interactions is also consistent with the

sulfate ion, and other related but possibly weakly

hydrated sulfated glycosaminoglycans35 accelerating

protein fibril formation, attributed to direct sulfate–

protein interactions.36–38

Cations do not interact with the HEWL surface

Contrary to the Collins model of strongly hydrated

cations (i.e., Liþ and Naþ) interacting preferentially

with the protein carboxylates, the HEWL Q* was

insensitive to cation identity. Although a strong

anion-dependence was observed in the sodium salt se-

ries, no dependence on cation identity was observed

in the chloride salt series. We also recently reported

asymmetric binding of anions to three IgG2 monoclo-

nal antibodies.12 The effective charge data for HEWL

in sodium-cation salts in dilute salt solutions is con-

sistent with our previous observations with monoclo-

nal antibodies and a fusion protein that showed inde-

pendence of cation identity in the modulation of

precipitation, aggregation and apparent melting tem-

perature,10 and oligomerization9 under similar condi-

tions (<0.1M). In contrast, Benas et al. reported

increased HEWL solubility in CsCl relative to RbCl

at higher salt concentrations (0.6–1.0M).39 Solubility

could be further increased with the use of MnCl2 or

YbCl3; the increases could not be explained solely

based on the change in chloride concentration. The

observations can be rationalized by a transition in

the importance of ion-binding effects versus Hofmeis-

ter-type taking place at the higher salt concentration.

No evidence of preferential GdnHþ accumula-

tion was observed at the HEWL surface up to

concentrations of 100 mM. The comparability of

guanidinium (GdnHþ) to other cations is also sur-

prising. Mande and Sobhia40 have identified two

GdnHþ binding sites on HEWL under acidic condi-

tions (pH 4.6); in addition, structural perturbations

caused by binding at one of these sites introduced a

Naþ binding site.40 The HEWL crystal was produced

in 0.1M acetate, 2M NaCl, and 1.2M GdnHCl, pH

4.6. Our data, also under acidic but dilute salt condi-

tions, shows no response to GdnHþ (or Naþ) relative
to other cations. The charge measurement method

we used would not necessarily be able to discern the

binding of anions or cations to a small number of

high affinity sites on the protein surface, because

these could become saturated at <1 mM salt concen-

trations. Alternatively, the crystallization of HEWL

in the presence of high-concentrations of GdnHþ

may lead to the observation of even low affinity

interactions that would not necessarily be favorable
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under dilute solution conditions. Our interpretation

of the cation data and is that in the low-salt regime

(�0.1M), differential specific-ion binding to the pro-

tein surface is essentially restricted to anions and is

supported by recent calorimetric binding studies of

Hofmeister ions and HEWL.25 However, there are

exceptions; cation-specific effects under dilute salt

solutions have been reported in molecules bearing a

high density of anionic residues (e.g., DNA and

tubulin), and through the chelation of multivalent

metal ions by proteins.17,41

Conclusions

Our studies with HEWL, consistent with the pio-

neering work of Scatchard20 and Longsworth,21 pro-

vide direct experimental evidence for anion associa-

tion to the protein surface. Furthermore, the data

point to a remarkable asymmetry between anions

and cations for this interaction in a low-concentra-

tion salt regime considered to be dominated by non-

specific, electrostatic interactions. However, studies

on a set of proteins with measurements made above

and below the pI will shed further light on the rela-

tive propensity of cations and anions for interaction.

Our results underscore the importance of consider-

ing ion-specific effects at low salt concentrations and

have broad significance for biological function, bio-

chemical processes, and disease.

Material and Methods

Sample preparation

Hen-egg white lysozyme (HEWL) was obtained from

Sigma-Aldrich (catalog #L7651) and dissolved in a 10

mM acetic acid, pH 5.0 (adjusted with NaOH) buffer

(10A5) to an approximate concentration of 70 mg/mL.

The dissolved HEWL was buffer exchanged into the

10A5 buffer using gel-filtration to remove any extrane-

ous ions. Briefly, 0.5 mL of the 70 mg/mL HEWL solu-

tion was applied to a NAP5 gel-filtration column (GE

Healthcare, NJ) pre-equilibrated with the 10A5 buffer,

and subsequently eluting with 0.95 mL of 10A5.

The concentration was determined using an extinction

coefficient of 2.65 mL/mg cm, yielding a buffer-

exchanged stock HEWL solution at �30 mg/mL.

Stock salt solutions were prepared at 200 mM

concentrations in 10A5. Analytical samples were pre-

pared by combining the 10A5, the buffer-exchanged

stock HEWL solution (�30 mg/mL), and a stock salt

solution in appropriate ratios to yield HEWL solu-

tions with desired protein and salt concentrations.

Electrophoretic mobility measurements

The electrophoretic mobility of HEWL in the differ-

ent salt solutions was measured using a Beckman

Coulter PA 800 instrument and a 60 cm, 50-lm ID,

eCap amine capillary. Protein samples were pre-

pared at 0.3 mg/mL and were injected immediately

after the injection of an electroosmotic flow (EOF)

marker using hydrodynamic injection (0.5 psi for

3 s). For most solutions, 0.02% (v/v) DMSO was used

as the EOF marker with detection at 214 nm. For

solutions containing iodide or thiocyanate, the pro-

tein concentration was increased to 1 mg/mL and

0.2% (v/v) benzyl alcohol was used as the EOF

marker with detection at 280 nm. The EOF was

slower in higher concentration salt solutions, neces-

sitating a higher applied field to prevent excessive,

>60 min, run times. The applied voltages ranged

from 8,000 to 23,000 volts in reverse polarity. The

correlation between the current and applied voltage

remained constant (r2 ¼ 0.99), even at the highest vol-

tages used. For each salt and concentration, measure-

ments were made using four different applied fields in

a 6,000 volt range (e.g., 11,000, 13,000, 15,000, and

17,000 volts). The value of l was determined by linear

regression using the relationship in Eq. (2), in which

tEOF and tHEWL are the elution times of the EOF

marker and HEWL, Ct is the total capillary length, Cd

is the capillary length before the detector (the distance

traversed by the marker/protein before detection), and

P is the applied potential.

l ¼ Cd

tEOF
� Cd

tHEWL

� �
Ct

P

� �
(2)

Diffusion coefficient measurements
The diffusion coefficient (Dt) was measured using

sedimentation velocity analytical ultracentrifugation

(SV-AUC) experiments. The Dt is related to the sedi-

mentation coefficient (s), universal gas constant (R),

molecular weight (Mw), partial specific volume (v), and

solvent density (q) by the Svedberg equation [Eq. (3)].

Dt ¼ sRT

Mwð1� �vpÞ (3)

Sedimentation coefficients were obtained using

a Beckman Coulter (Fullerton, CA) XL-I centrifuge.

Samples were loaded into two-sector sedimentation

velocity centerpieces and equilibrated to 20�C before

being centrifuged at 50,000 rpm. Sedimentation was

monitored using 280 nm absorbance scans. The

resulting data were analyzed using the program

SEDFIT42 to obtain c(s) distributions to ensure sam-

ple stability with respect to aggregation and to

obtain weight average sedimentation coefficients.

The different solution conditions had a negligible

effect on HEWL sedimentation coefficient, and the

range of measured s values was within instrument

variability. There was no systematic effect of ion-size

on s. For this reason, an average value (1.9 6 0.1 s),

obtained from all studied conditions was used in the

calculation of Dt. A value of 0.715 mL/g was used for

v, derived from the published primary structure of
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HEWL (PDB 2VB1). The solvent density values used

in the calculation of Dt were obtained, when possi-

ble, using the program SEDNTERP v. 1.09.43 For

salts not available in SEDNTERP (NaI, NaClO4,

NaSCN, Na2SO4, LiCl, KCl, and RbCl), values were

obtained by measuring protein-free 10A5 salt solu-

tions in an Anton Paar GmbH (Graz, Austria) DMA

5000 densitometer, calibrated to air and water.

Application of the DHH model

The DHH model22 was applied to Q* values using

Eq. (4) to correct for ionic radii and ionic strength

effects. In the equation, j is the inverse Debye

length, a is the combined Stokes radii of HEWL (1.9

nm) and the salt anion, and f(ja) is Henry’s function.

The ionic radius was calculated based on literature

diffusion values for each anion.44 The Debye length

and the Henry’s function were estimated using a

program, developed at the University of New Hamp-

shire, called ZUTILITIES.

Q ¼ Q� ð1þ jaÞ
f ðjaÞ (4)

Modeling of HEWL surface charge

heterogeneity
The HEWL surface at pH 5.0 was modeled using the

MOE software package produced by The Chemical

Computing Group (Montreal, Canada) and a 0.65 Å

HEWL crystal structure (triclinic), PDB accession

number 2VB1.
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