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► This work analyzes salt effects in the
model enzyme Ribonuclease t1.
► Salt ions located at the protein-water
interface induce image charges of the
same sign in the low dielectric protein
medium.
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tween salt ions and their induced point
charges majorly contribute to protein
stability.
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Salt ions affect protein stability in a variety of ways. In general, these effects have either been interpreted
from a charge solvation/charge screening standpoint or they have been considered to be the result of ion-
specific interactions with a particular protein. Recent theoretical work suggests that a major contribution
to salt effects on proteins is through the interaction of salt ions that are located near the protein surface
and their induced point image charges that are located in the low-dielectric protein cavity. These interactions
form the basis of “salting-out” interactions. Salt ions induce an image charge of the same sign in the low
dielectric protein medium. The interaction between the induced charge and its mirror charge is repulsive
and consequently thermodynamically destabilizing. However, a folded protein that has a much smaller surface
area will be less destabilized than the unfolded state. Consequently, the folded state will be stabilized relative to
the unfolded state. This work analyzes salt effects in the model enzyme ribonuclease t1, and demonstrates that
interactions between salt ions and their induced point charges provide amajor contribution to the observed salt-
induced increase in protein stability. This work also demonstrates that in the case of weakly-binding ions (ions
with binding constants that are in the order of 50 M−1 and less), salting-out effects should still be considered in
order to provide amore realistic interpretation of ion binding. These results should therefore be consideredwhen
salt effects are used to analyze electrostatic contributions to protein structure or are used to study the thermo-
dynamics of proteins associated with halophillic organisms.

© 2011 Elsevier B.V. All rights reserved.
of Manitoba UMRG funding.
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1. Introduction

Salts are an essential component of living systems. In most systems
the concentrations of ionic species such as sodium, potassium and
chloride within extracellular and intracellular fluids vary between
1 and 200 mM [1]. At these concentrations, salts can have a sizable
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impact on the stability of biomolecules. In the case of highly charged
polyelectrolytes such as nucleic acids, the highly negative net charge
can destabilize conformations [2]. The presence of a salt can screen
these repulsive interactions and increasing the ionic strength of the
aqueous solvent stabilizes nucleic acid conformations in solution
[2]. The building blocks of proteins are more diverse than those of
nucleic acids and the net charge of proteins is much lower than
that of nucleic acids of comparable size. The effect of salt on protein
conformation and stability is therefore much more complex than
that on nucleic acids, and differs in various proteins [3,4].

Perhaps the first systematic studies of salt effects on proteins were
done by Hofmeister in the late nineteenth century [5]. In these studies
Hofmeister discovered that the addition of salt decreases the solubility
or “salts-out” the protein, and, that the efficacy of salting-out depends
on the nature of the salt. The tabulation of these results led to the
now ubiquitous “Hofmeister salt series” for protein stabilization.
Subsequently, Kirkwood and Tanford applied a more rigorous statistical
mechanical analysis to the salting-out problem [6,7]. In their analysis,
the protein is modeled as a low-dielectric sphere with embedded
charges. Based on their analysis, the existence of charges in the protein
and ions in the solvent will have following effects on the protein–water
system. First, a charge placed in a high dielectric medium (water)
will induce an image charge of the same sign in the low dielectric
medium (protein). The interaction between the charge and its image
is unfavorable, adding salt will increase the number of unfavorable
interactions causing protein aggregation — this phenomenon has
been called “salting-out”. Second, charged residues that are already
placed within the low dielectric protein medium will induce an
image charge of opposite sign in the high dielectric aqueous solvent
medium; the interaction between charged protein residues and
their image charges in the high dielectric solvent is thus favorable.
The addition of salt can increase the magnitude of favorable interac-
tions between charged protein residues and their image charges in
the high dielectric solvent leading to an enhancement in protein
solubility as the salt concentration is increased, this effect will be
called “salting-in” — this “salting-in” is different from the effects
of chaotropes such iodide and thiocyanate. However, because proteins
have limited numbers of charges and large surface areas, at high enough
concentrations of salt the number of salt ions near the protein surface
will exceed the number of charged protein residues and lead to a
preponderance of unfavorable interactions. These unfavorable inter-
actions can be minimized by protein aggregation and precipitation,
thus causing the protein molecules to always salt-out of solution at
high enough salt concentrations.

Salts can also stabilize the folded relative to the unfolded states
of proteins via the same interaction principles. Increasing salt con-
centration magnifies salting-out interactions. However, because
the unfolded state has a larger surface area than the folded state,
salting-out interactions will destabilize the unfolded state to a larger
extent than the folded state. This leads to a net increase in the folding
free energy of the protein. Increasing salt concentrations also stabilize
salting-in interactions for both the folded and unfolded states: in the
unfolded state, the charged residues can be modeled as point charges,
adding salt increases the solvation energy of the point charges and
screen charge–charge interactions; in the Kirkwoodmodel of the folded
state, salts increase the solvation energy of the sum of protein charges
and screen the interactions that exist between charges embedded in
the low dielectric protein medium.

In the last two decades, vast improvements in computational
methodologies have led to great advances in our understanding of
the electrostatic properties of proteins. Based on this sizable body of
work, currently we have a better understanding of a variety of elec-
trostatic biophysical phenomena such as the nature of charge solva-
tion and charge interactions in proteins and the effects of salts on
these interactions. The mechanism of the effects of salts on the pKa
of charges residues [8–10] and how salts affect the strength of salt-
bridges [11,12] in proteins is now much better understood. This
being said, it is interesting that although salting-in and salting-out ef-
fects are one of the oldest observed phenomena in the field of pro-
tein–salt interactions, the nature of these effects is still not well
understood. Most theoretical studies on Hofmeister phenomena
have focused on how various salts affect the structure of water, and
how this perturbation influences various interactions (most notably
the hydrophobic effect) [13–16] that stabilize the protein fold. In con-
trast, until recently, little theoretical analysis has been done on how
induced charges in the low-dielectric protein cavity effect the salting-
out process.

Recently, using a Kirkwood style analysis coupled with a continuum
model description of the electrostatics, Zhou has suggested a theoretical
analysis for the salting-out effect, [17] establishing that the work re-
quired for salting-out a protein from solution has a quadratic depen-
dence on the square root of the ionic strength. This relationship
was used to rationalize the salt dependencies of the stability of cold
shock proteins [18] and human FKBP12 protein, [19] demonstrating
that salting-out interactions between salts and their induced image
charges in the protein cavity significantly contribute to the stability
of these proteins under high ionic strength conditions. This work
uses this theoretical analysis to investigate this class of interactions
by studying the effects of various chlorides on a well characterized
protein system ribonuclease t1 (RNAse t1), a system whose spectro-
scopic and thermodynamic properties are very well understood
[20–25]. We have observed that increasing the ionic strength leads
to a significant enhancement of the folded state of RNAse t1. The results
indicate that although monoprotic chlorides significantly enhance
the stability of RNAse t1 at high salt concentrations, these effects
cannot always be analyzed meaningfully by applying classical bind-
ing models. In contrast, we have shown that for non-interaction
ionic species, our measured salt effects on RNAse t1 stability closely
follow the trends predicted by salting-out theory, [17] further con-
firming the theoretical analysis done on cold shock and human
FKBP12 proteins [19]. This underlines the importance of considering
the effects of point induced image charges on protein stability when
salt effects are used to analyze electrostatic contributions to protein
structure.
2. Materials and methods

2.1. Materials

Ribonuclease t1 (RNase t1) solution in 2.8 M ammonium sulfatewas
purchased from Worthington Biochemicals Corporation (Lakewood,
NJ). Urea (ultragrade) was purchased from Sigma (St-Louis, MO).
All experiments were performed at pH 7.0 in 10 mM bis-tris buffer
from Sigma (St-Louis, MO). All salts were purchased from Fisher
Scientific (Fair Lawn, NJ). To eliminate the effect of ammonium sulfate
on the enzyme RNase t1 storage solution, the enzyme was dialyzed as
described previously [23]. To verify the quality of the enzyme, activity
measurements were made prior to its use [23], the results were
then compared to fresh, non-dialyzed enzyme, which was used as a
standard.
2.2. Fluorescence spectroscopy

Steady-state fluorescence spectra were measured on a Fluorolog-3
Horiba Jobin Yvon spectrofluorometer (Edison, NJ). The sample was
held in a 10×4 mm2 quartz cuvette. The data were analyzed with
Sigma Plot (Point Richmond, CA) software. All measurements were
performed at room temperature in 10 mM bis-tris buffer from Sigma
(St-Louis, MO). The samples were excited at 290 nm, the excitation
and emission silts were set to a 4 nm bandpass.
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Fig. 1. a) The fluorescence spectrum of RNAse t1 in the folded state (solid line) and in the
unfolded state (dashed line), showing the Raman peak; b) the fluorescence spectrum of
RNAse t1 in the folded state and absence of ZnCl2 (solid line), in the presence of 50 μM
ZnCl2 (dashed line), in the presence of 50 μM ZnCl2 and 100 mM MgCl2 (dotted line),
the inset fits the zinc chloride quenching data to a hyperpolic binding curve (we
have corrected for the Raman peak); c) the pH dependence of the dissociation constant
Kd of the Zn2+ ligand in micromolar units, log(Kd)=6-log(Kb). All measurements were
performed at room temperature in 10 mM bis-tris buffer, the pH in 1a and 1b is set to
7.7. The samples were excited at 290 nm, the excitation and emission silts were set to a
4 nm bandpass. The concentration of protein is always 0.5 μM.
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2.3. Measurement of protein unfolding free energy

The unfolding free energy was measured by urea denaturation
following the technique developed by Pace [25]. In this method a
separate series of 1 mL samples, with a final concentration of 0.2 uM
RNase t1, was prepared for each predetermined concentration of salt
and urea. Every sample was prepared in triplicate for each concentra-
tion of urea. The salt concentrations were varied from 50 mM to 1 M.
The samples were then left to stand overnight to ensure adequate
time for unfolding. The concentration of the stock urea solution was
verified by measuring its refractive index on an 115 V AC/DC Refrac-
tometer from Fisher Scientific [25].

The extent of denaturation was followed by fluorescence. The
parameter characterizing denaturation is the ratio of fluorescence
intensities at 330 and 350 nm F330 nm

F350 nm
. This ratio was plotted as a

function of urea concentration to yield the unfolding curves. In
order to determine the thermodynamic folding parameters we
have used the method of Bolen and Santoro [26] fitting the data
via non-linear least square minimization using the software Curve
Expert (Chattanooga, TN) to Eq. (1):

F330 nm

F350 nm
¼ y ¼

yf þmf urea½ � þ yu þmu urea½ �ð Þ exp − ΔG0
unfolding−m urea½ �

RT

� �

1þ exp − ΔG0
unfolding−m urea½ �

RT

� �
ð1Þ

where yf and mf, yu and mu are the slope and intercept of the pre-and
post-transition baselines, [urea] is the urea concentration,ΔGunfolding

0 stan-
dard free energy for protein unfolding in the absence of urea and m is a
measure of the dependence of ΔGunfolding

0 on urea concentration, i.e. the
cooperativity.

3. Results

3.1. Fluorescence spectroscopy

The fluorescence spectrum of RNAse t1 is sensitive to its structure,
and can thus be used to monitor the urea-induced unfolding of the
protein. Fig. 1a depicts the fluorescence spectrum of RNAse t1 in the
folded (solid line) and urea-induced unfolded state (dashed line).
The folded state has an emission peak at 320 nm and as the urea
unfolds the protein the emission peak shifts to 350 nm [27]. In
order to avoid the effects of the water Raman band which also occurs
at 320 nm (when the sample is excited at 290 nm), the unfolding of
the protein has been followed by using the ratio of fluorescence inten-
sities measured at 330 nm (F330) and 350 nm (F350). Monitoring the
fluorescence changes between these two wavelengths has been
successfully used by several to characterize the unfolding of RNAse
t1 [21,24,25,28–35]. The addition of salts has no effect on the fluo-
rescence spectrum of folded RNAse t1, with the exception of ZnCl2
which is the only salt that quenches the fluorescence of the protein
(Fig. 1b), this quenching follows a hyperbolic binding profile (Fig. 1b,
inset).

3.2. The unfolding of RNAse t1 at low ionic strength

The unfolding of RNAse t1 can be monitored by recording the ratio
F330
F350

. Fig. 2 plots the changes in the F330
F350

ratio of RNAse t1 as a function of
denaturant concentration in order to obtain the unfolding curve of
RNase t1 in pH 7 buffer at low ionic strength. The data demonstrate
that this ratio changes from ~1.5 for the folded state to ~0.7 for the
unfolded state. Because the unfolding of RNAse t1 has been shown
to closely approach a two-state mechanism, [24,25] the free energy
of RNAse t1 unfolding (ΔGunfolding

0 ) can be easily obtained from the
unfolding data in Fig. 2 by using Eq. (1). The data are well correlated
(coefficient of determination, R2>0.999). This fit yields the following pa-
rameter values and their defined uncertainties:

ΔG0
unfolding

RT ¼ 10:01� 0:01;
m
RT ¼ 2:012� 0:001and urea½ �1

2¼5:10�0:05 M= , where urea½ �1
2=
is the mid-

point concentration of the unfolding curve. It must be emphasized that
because these unfolding experiments are done on samples that are
prepared and left to stand for 12 h, issues of sample variation and re-
producibility become important. In order to check for reversibility,
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multiple (about 20)measurements of the unfolding of RNase t1 in pH 7
buffer at low ionic strength have been performed. All these results are
extremely well correlated with Eq. (1) and the following mean values
for Eq. (1) parameters for RNAse t1 in pH 7 buffer at low ionic
strength are obtained accompanied by their standard deviations:
ΔG0

unfolding

RT ¼ 9:6� 0:5; m
RT ¼ 2:9� 0:1 and urea½ �1

2¼5:2�0:3 M= . These values
are consistent with the literature values [36,37].
[urea](M)
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Fig. 3. a) Unfolding profiles for RNAse t1 in various NaCl solutions, the pH of all solutions

are maintained at 7 using 10 mM tris buffer; b) the dependence of
ΔΔG0

unfolding

RT on ionic

strength for various NaCl solutions, the solid line is the fit obtained to Eq. (2); c) b) the

dependence of
ΔΔG0

unfolding

RT on the square root of the ionic strength for various NaCl solutions,

the solid line is the fit obtained to Eq. (4).
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Fig. 4. a) Unfolding profiles for RNAse t1 in various KCl solutions, the pH of all solutions

are maintained at 7 using 10 mM tris buffer; b) the dependence of
ΔΔG0

unfolding

RT on ionic
strength for various KCl solutions, the solid line is the fit obtained to Eq. (2); c) b)

the dependence of
ΔΔG0

unfolding

RT on the square root of the ionic strength for various KCl
solutions, the solid line is the fit obtained to Eq. (4).
3.3. The effect of the monoprotic chlorides on the unfolding of RNAse t1

Figs. 3a, 4a and 5a show the effects of the monoprotic salts NaCl,
KCl and LiCl on the unfolding profile of RNAse t1 as defined by the
ratio E330 nm

F350 nm
. The addition of these salts significantly influences the sta-

bility of the protein. All data have been fitted to Eq. (1) and the values

of R2,
ΔG0

unfolding

RT and m
RT have been tabulated in Table 1 for the different

monoprotic salt species at various concentrations. In addition the

values of
ΔΔG0

unfolding

RT

� �
¼ ΔG0

unfolding

RT − 9:6� 0:5ð Þ— i.e. the salt contributions

to the standard unfolding free energy — are also given in this table. In

reporting
ΔΔG0

unfolding

RT

� �
values, its associated error of reproducibility has

also been propagated as pointed out earlier.
Figs. 3b and 4b and 5b depict the dependence of

ΔΔG0
unfolding

RT

� �
values

on the ionic strength (I). Often the free energy of folding is correlated
linearly with the ionic strength [38–40]. The solid line in these figures
is the best fit to the equation:

ΔΔG0
unfolding

RT

 !
¼ a � I ð2Þ

The results of this linear correlation are listed in Table 3. The

values of
ΔΔG0

unfolding

RT

� �
for NaCl and KCl are well correlated linearly,

while the LiCl data show larger scatter. Because in monoprotic salts
the numerical values of the ionic strength and salt concentration
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are maintained at 7 using 10 mM tris buffer; b) the dependence of
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strength for various LiCl solutions, the solid line is the fit obtained to Eq. (2); c) b)

the dependence of
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unfolding

RT on the square root of the ionic strength for various LiCl so-

lutions, the solid line is the fit obtained to Eq. (4).

Table 2
The effect of diprotic salts on the unfolding profile of RNAse t1; all parameters are de-
fined in the text.

ΔG0
unfolding

RT
m
RT R2 ΔΔG0

unfolding

RT

[MgCl2] (M)
0.05 11.90±0.01 2.071±0.002 0.996 2.3±0.5
0.2 14.02±0.03 1.923±0.003 0.998 4.4±0.5
0.4 16.04±0.01 2.042±0.001 0.999 6.4±0.5
0.8 18.60±0.03 1.926±0.004 0.999 9.0±0.5
1.0 19.92±0.01 2.023±0.001 0.997 10.3±0.5

[ZnCl2] (M)
0.0001 10.02±0.01 2.010±0.001 0.999 0.4±0.5
0.0002 10.45±0.02 2.012±0.003 0.999 0.9±0.5
0.0004 11.02±0.01 1.946±0.001 0.999 1.4±0.5
0.0006 12.85±0.03 1.861±0.004 0.999 3.3±0.5

Table 3
Parameters obtained from fitting the data in Tables 1 and 2 to Eq. (2).

Salt A R2

NaCl 8.5±0.1 0.992
KCl 7.5±0.1 0.992
LiCl 4.8±0.2 0.966
MgCl2 3.8±0.4 0.844
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are equal, the depiction in Figs. 3b and 4b and 5b can also be used to
investigate the applicability of binding models to this salt-induced in-
crease in protein stability. If a ligand selectively binds to the folded
Table 1
The effect of monoprotic salts on the unfolding profile of RNAse t1; all parameters are
defined in the text.

ΔG0
unfolding
RT

m
RT R2 ΔΔG0

unfolding
RT

[NaCl] (M)
0.1 10.64±0.01 1.882±0.002 0.999 1.0±0.5
0.2 11.51±0.02 1.851±0.003 0.998 1.9±0.5
0.4 13.07±0.01 1.862±0.001 0.999 3.5±0.5
0.6 15.24±0.03 2.014±0.004 0.998 5.6±0.5
0.8 16.14±0.02 1.991±0.002 0.997 6.5±0.5
1.0 18.04±0.01 2.121±0.001 0.999 8.4±0.5

[KCl] (M)
0.05 10.02±0.01 2.010±0.001 0.999 0.4±0.5
0.1 10.45±0.02 2.012±0.003 0.999 0.9±0.5
0.2 11.02±0.01 1.946±0.001 0.999 1.4±0.5
0.4 12.85±0.03 1.861±0.004 0.999 3.3±0.5
0.6 14.55±0.02 2.102±0.001 0.999 5.0±0.5
1.0 16.85±0.02 2.031±0.002 0.999 7.3±0.5

[LiCl] (M)
0.05 9.98±0.01 1.734±0.002 0.999 0.4±0.5
0.1 10.04±0.01 1.701±0.003 0.998 0.5±0.5
0.2 11.12±0.04 1.737±0.001 0.996 1.5±0.5
0.6 12.75±0.01 1.830±0.004 0.995 3.2±0.5
0.8 13.75±0.03 1.962±0.002 0.997 4.2±0.5
1.0 13.95±0.02 1.993±0.005 0.996 4.9±0.5
form of a protein, an increase in ligand concentration stabilizes the
protein folded state via the following equation: [34]

ΔΔG0
unfolding

RT

 !
¼ Δn ln 1þ K � ligand½ �ð Þ ð3Þ

where in this equation Δn is the number of ligand binding sites on
the protein and K is the average binding constant of each site. If it
is assumed that the salt cations are binding ligands, the data can
be analyzed using Eq. (3). The results for this fit are shown in
Table 4. The data are indeed correlated with this equation; however,
as shown in the Discussion section, interpreting our results on the
basis of Eq. (3) is problematic.

3.4. The effect of ZnCl2 on the unfolding of RNAse t1

It is well known that zinc ions specifically interact with RNAse t1
and inhibit catalysis through a pH dependent mixed mechanism at
micromolar concentrations [41,42]. The binding of zinc ions quenches
RNAse t1 fluorescence (Fig. 1b). The addition of zinc quenches the
fluorescence but does not change the shape of the protein fluores-
cence spectrum, indicating that it is unlikely that the metal causes a
great structural perturbation. The zinc quenching profile follows a
simple ligand binding profile (Fig. 1b inset), with a binding constant
of 29,000±2000 M−1 at room temperature at pH 7.7. This value is
close to the enzyme binding constants determined via inhibition assays.
The quenching most likely occurs via an electron-transfer mechanism
because: a) there is no spectral overlap between the absorbance on
ZnCl2 and the protein fluorescence, thereby ruling out FRET; b) zinc
has an ionization potential of ~9.39 eV [43] and therefore can accept
an electron from an excited tryptophan that has an ionization potential
of ~7.8 eV [44].

In our studies of zinc ion binding, the data show strong temperature
dependence. Between 5 and 40 °C, the binding constant Kb at pH 7
follows linear Van't Hoff behavior expressed by the linear equation
“lnKb ¼ − 13000� 2000ð Þ � 1

T þ 35� 4ð Þ”. We only observe this strong
temperature dependence in zinc ion binding, indicating a strong
enthalpic contribution to binding. The binding constants also exhibit
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Parameters obtained from fitting the data in Tables 1 and 2 to Eq. (3).

Salt ΔN K (M−1 ) R2

NaCl 12±3 0.2±0.1 0.995
KCl 9±3 0.4±0.1 0.997
LiCl 1.8±0.3 1.9±0.4 0.990
MgCl2 1.9±0.2 10±2 0.992
ZnCl2 Set to 1 6000±200 0.980
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strong pH dependence. This pH dependence is shown in Fig. 1c. The
data from Fig. 1c demonstrates that the binding of zinc involves a moi-
ety having a pKa close to 7.7; this is far removed from the pKa values of
surface carboxylates (less than 4).1 Therefore, because RNAse t1 lacks
free cysteines, we suggest that it may be likely that histidine residues
are involved in the zinc binding process.

The effect of ZnCl2 on the RNAse t1 folding profile is shown in Fig. 6a.
The addition of zinc increases stability of RNAse t1. The amounts of
ZnCl2 added are less than 1 mM; such low salt concentrations cannot
electrostatically affect the protein, therefore, the observed increase in
stability is not due to electrostatic or salting-out effects, but rather is a
consequence of zinc ion binding. The unfolding data are fitted to

Eq. (1) and have tabulated values of R2,
ΔG0

unfolding

RT ,
ΔΔG0

unfolding

RT

� �
and m

RT in

Table 2. The values of
ΔΔG0

unfolding

RT as a function of ZnCl2 concentration are

plotted in Fig. 6b. The data are fitted to Eq. (3), with only one binding
site yielding a binding constant K=6000±200 (M−1) for zinc ion
that is very close to the results in Fig. 1c (fitting parameters to Eq. (3)
are given in Table 4). In all measurements the concentrations of zinc
ion have been kept below the solubility limit of zinc hydroxide.
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Fig. 6. a) Unfolding profiles for RNAse t1 in various ZnCl2 solutions, the pH of all solutions

are maintained at 7 using 10 mM tris buffer; b) the dependence of
ΔΔG0

unfolding

RT on ZnCl2 con-
centration, the solid line is the fit obtained to Eq. (3).
3.5. The effect of MgCl2 on the unfolding of RNAse t1

Fig. 7 demonstrates the effect of MgCl2 on the unfolding profile of
RNAse t1. MgCl2 salts significantly influence the stability of the protein.

All data are fitted to Eq. (1) and the values of R2,
ΔG0

unfolding

RT ,
ΔΔG0

unfolding

RT

� �
and

m
RT are given in Table 1b. The effect ofMgCl2 on the fluorescence spectrum
of RNAse t1 has also been investigated in this work. As it can be observed
in Fig. 1b, the addition of 100 mM MgCl2 to a solution of RNAse t1 that
contains 50 μM ZnCl2 leads to a 30% recovery of protein fluorescence.
The addition of none of the monoprotic salts causes such a recovery of
fluorescence. Because the species Mg+2 cannot receive an electron
from excited tryptophan, it is likely that this fluorescence recovery is
caused by the magnesium ions replacing some of the zinc quenchers.
This demonstrates that Mg2+ ions behave similarly to Zn+2 and
also specifically bind RNAse t1. This is confirmed by fitting the

ΔΔG0
unfolding

RT

� �
data to the classical ligand binding model. Fig. 8 plots

ΔΔG0
unfolding

RT

� �
as function of MgCl2 concentration. The data show rea-

sonable (R2>0.992) correlation with Eq. (3) and the results of this
fit are shown in Table 4 , from this a binding constant of approxi-
mately 10 M−1 is obtained for the magnesium ion.
1 One potential complication in interpreting this data is that the prevalent form of zinc
ion in solution [Zn(H20)6]2+ may participate in the equilibrium[Zn(H20)6]2+ ←

→ [Zn
(H20)5OH]++H+ that has a pKa≈9 [56]. This may complicate the interpretation, but
does not strengthen the case for the participation of carboxylates. If carboxylates
are involved in zing binding they must replace one of the ligands of zinc. Water is
the most labile ligand, however the cost of replacing one of the waters of [Zn
(H20)5OH]+ with carboxylate is much more than that of [Zn(H20)6]2+, because the
carboxylates must overcome repulsion from the hydroxyl groups. Therefore, if car-
boxylates are involved, one would expect to see an increase in binding as the pH is
lowered, which is the opposite of what we observe.
4. Discussion

The data demonstrate that the addition of monoprotic chlorides,
NaCl, KCl and LiCl to the protein solvent stabilizes the folded form
of RNAse t1. Based on the crystal structure of Saenger [21,45], it has
been suggested that the cations bind to surface carboxylates, with
the carboxylate replacing one of the coordinating ions of the cations.
Although traditionally cation binding has been invoked to explain this
additional stability [21,36,45], the results of this work tend to argue
against this interpretation. First, in the case of sodium and potassium,
the binding constants are extremely small and the total number of
binding sites is rather large; while lithium has only two binding
sites with a somewhat larger binding constant. Therefore, a paradox
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Fig. 7. a) Unfolding profiles for RNAse t1 in variousMgCl2 solutions, the pH of all solutions
are maintained at 7 using 10 mM tris buffer.
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unfolding
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Table 5
Parameters obtained from fitting the data in Table 1 to Eq. (10-a).

Salt B C R2

NaCl 1.0±0.3 7.3±0.4 0.995
KCl 0.7±0.3 6.7±0.3 0.994
LiCl 1.5±0.4 3.1±0.4 0.982
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seems to exist: namely, that the weaker interacting the ion is, it interacts
with a larger number of sites. Secondly, the pH-dependent studies of
Zn2+ binding indicate the low probability of carboxylate involvement
in cation binding for zinc and magnesium ions, and perhaps other
cations.2 If, on the other hand, we simplify Eq. (3) by applying the linear
approximation at small K we obtain:

ΔΔG0
unfolding

RT

 !
¼ Δn ln 1þ K � ligand½ �ð Þ≈Δn � K � ligand½ � ð3aÞ

which is equivalent to the linear relationship of Eq. (2), the slope of the
equation being equal to Δn∗K; this kind of a linear relationship with
the ionic strength is often seen in salt studies of proteins [38–40,46].
The values of Δn∗K would therefore be equal to parameter (a) of
Table 2 and our measured values of a follow the order aNaCl>aKCl>aLiCl.
In the case where the value of Δn is taken to be equal for all monopro-
tic salts, the values of K will follow: KNaCl>KKCl>KLiCl; these values
seemmore reasonable, because it is less likely that the number of sur-
face sites available for the small penetrable lithium ion is significantly
less than sodium— in fact, a reasonable fit (R2>0.97) is also obtained
if the LiCl data is fitted to the classical binding equation and the Δn is
constrained to be larger than 7. If the Δn is considered to be 10 (the
average of sodium and potassium), the values of K for all monoprotic
salts would be smaller than 1 M−1. When the values of K are this low
it is more appropriate to consider them as solvent exchange constants
as opposed to binding constants [47,48]. Applying classical binding
models to these cases often lead to non physical results, and the en-
hanced protein stability that we observe is the result of salt exchang-
ing with the water molecules of the protein hydration sphere as
opposed to any specific salt protein interaction [49].

As it has been pointed out in the Introduction, the placing of a
point charge in the near vicinity of the low-dielectric protein cavity
will lead to increased salting-out effects. However, this exchange pro-
cess is also accompanied by an increase in the ionic strength of the
solvent. We can now discuss the involvement of salting-in and salting-
out interactions in the stabilization of the folded form of RNAse t1. In
the absence of any specific interactions, the salt contribution to the
2 We may suggest that the crystallographic data suggesting that the coordination of
Zinc is via a surface Asp15 carboxylate and to six water molecules forming a dodecahe-
dron of square anti-prismatic form [36,45] in inapplicable to this work. The reason for this
is that Saenger obtained his crystals at pH 5, in which according to Fig. 6 and enzyme in-
hibition studies, zinc binding is at a minimum (crystals can not be collected at neutral pH
because zinc ion precipitates out as zinc hydroxide at millimolar concentrations).
standard unfolding free energy
ΔΔG0

unfolding

RT

� �
can be broken down to the

following components:

ΔΔG0
unfolding

RT

 !
¼ salting−out foldedð Þ þ salting−out unfoldedð Þ

þ salting−in foldedð Þ þ salting−in unfoldedð Þ ð5Þ

The salting-in contributions of Eq. (5) is due to Debye–Hückel type
interactions [17,19,50,51]. These interactions have two aspects: First,
each charged residue induces a counterion cloud in the solvent and
therefore has a stabilizing interaction with the salt ions (charged res-
idue solvation by salts); secondly, salts can weaken interactions be-
tween charged residues (charge screening by salts). The first aspect
can be analyzed using the generalized Born model [51], the solvation
energy of a charged group has the form:

Aq2

r
1− e−κr

εs

� �
· f ð6Þ

where A is a unit dependent constant, q is the magnitude of the
charge, εs is the dielectric constant of the solvent, r is the Born radius
of the charge group, κ ¼ 0:3

ffiffi
I

p
is the Debye screening parameter (I is

the ionic strength) and f is the fraction of the area of the charged
group that is solvent accessible. In the unfolded state the charges
are more accessible to solvent and the increase in solvent accessibility
coupled to an increase in the local dielectric constant experienced by
the charge would cause the induced solvent counterion cloud to
stabilize the unfolded state more than the folded state [19], causing

a reduction of the magnitude of ΔΔG0
unfolding

RT

� �
and will reduce thus reduce

the stability of the folded state relative to the unfolded state.
In contrast, the second aspect of salting-in, i.e. the interactions

between two charged groups will have the form:

B
q1q2
d

1− e−κd

εs

 !
ð7Þ

where B is a unit dependent constant, q1 and q2 are the magnitude of
each charge, κ is the Debye screening parameter, d is the distance
between the charges and εs is the dielectric constant of the solvent.
Because the distances between charges are much less in the folded
state than in the unfolded state charge-charge interactions will be
much stronger in the folded state, and salts will have a larger screen-
ing effect on these interactions in the folded state [19]. RNAse t1 has
a large number of charged residues (~16) and 12 of these residues
are negatively charged. The overall charge of the protein is negative
and repulsion is the dominant charge–charge interaction in the
folded state of this protein. The introduction of salt can screen
these repulsive interactions in the folded state, causing an increase

in the magnitude of ΔΔG0
unfolding

RT

� �
, thereby enhancing the stability of

the folded state relative to the unfolded state. Therefore, the net
salting-in effect on highly charged proteins {(salting− in folded)+
(salting− in unfolded)} is a sum of interactions that stabilize both
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the folded and unfolded forms to almost the same extent in opposite
directions. This contribution is clearly ionic strength dependent:

salting−in f oldedð Þ þ salting−in unf oldedð Þf g ¼ F
ffiffi
I

p� �
≈ α

ffiffi
I

p
þ βI þ ::::

ð8Þ

The functionF
ffiffi
I

p� �
depends on ionic strength. Because F

ffiffi
I

p� �
is sig-

nificantly smaller than either of the component
ΔΔG0

unfolding

RT

� �
terms, we

can expand it as a polynomial in I. What must be emphasized is that
in the derivation above none of the coefficients of Eq. (8) are depen-
dent on the nature of the salt and the salting-in interactions only de-
pend on the ionic strength.

In the case of salting-out interactions, because the salt accessible
surface area of the unfolded state is much larger than that of the folded
state, it can be assumed that the magnitude of (salting-out folded) is
much smaller than that of(salting-out unfolded). Theoretical calculations
[17] suggest that (salting-out unfolded) follows the form:

salting�out unf oldedð Þ ¼ b �
ffiffi
I

p
þ c � I ð9Þ

The parameter b is dependent on the “exclusion diameter” of the
monoprotic salts and decreases while the exclusion diameter increases,
while c is not size-dependent [17]. Therefore, the total salt contribution
to the standard unfolding free energy can be expressed as:

ΔΔG0
unfolding

RT

 !
¼ b

ffiffi
I

p
þ cI þ α

ffiffi
I

p
þ βI þ…

� �
ð10Þ

In Figs. 3c, 4c and 5c the dependence of
ΔΔG0

unfolding

RT

� �
on the square

root of the ionic strength is shown. The data are fitted to a quadratic
of the form:

ΔΔG0
unfolding

RT

 !
¼ b0 �

ffiffi
I

p
þ c0 � I ð10� aÞ

where I is the ionic strength and b ' and c ' are constants. The lines in
Figs. 3c, 4c and 5c are obtained by fitting the data to Eq. (4) and the
results are shown in Table 5. All ΔΔG0

unfolding

RT

� �
data are well expressed

by a quadratic equation in
ffiffi
I

p
indicating that the contribution of higher

terms in Eq. (8) is most likely negligible. According to Eq. (10) the
experimentally determined coefficient b 'is a sum of b (from salting-
out) and α (from salting-in). The parameter b decreases as the salt
exclusion diameter increases [17] while α is solely a function of ionic
strength and is not dependent on salt type. In the continuum model
the salt exclusion diameter dex, has been taken to be ~1.25 d, [17]
where d is the Pauling diameter of the salt [52]. This trend is indeed
observed in the monoprotic data where the trend in b ':

b0KCl 0:7ð Þb b0NaCl 1:0ð Þ b b0LiCl 1:5ð Þ ð11aÞ

Follows the opposite trend in dex:

dexLiCl 3:18 A
�� �
b dexNaCl 3:52 A

�� �
b dexKCl 3:98 A

�� � ð11bÞ

The fact that this trend is observed indicates that the interaction be-
tween the ions in the near vicinity of the protein and their mirror in-
duced charges in the protein medium is a significant contributor to
the observed salt-induced stability of the protein.

For a series of monoprotic chlorides, the theoretical model pre-
dicts that c must not significantly change with the nature of the salt,
while our derivation earlier indicates that β like α should only depend
on ionic strength. However, the experimental parameterc ' follows the
following trend:

c0NaCl 7:3ð Þ≈ c0KCl 6:7ð Þ > c0LiCl 3:1ð Þ ð12Þ
This trend is different from the prediction of theory [17] and the
values of c 'are not constant. On the other hand, this trend follows the
Hofmeister series (i.e. NaCl stabilizes proteins more or less equal to
KCl and more than LiCl). Because the effect described by the theoretical
model [17] is only the effect of point charges, any differences observed
in the c ' values are likely due to salt specific effects. These effects are
still weak and are therefore still due to salt exchanging for solvent
water molecules in the hydration shell. Because the chloride is the
common ion in all three salts, these differences must be to a large part
due to the nature of the cation.

What distinguishes lithium from the other two cations is that it
has been shown that it can participate in a variety of weak interac-
tions with various segments of the protein. For example, lithium
ions have been shown to weakly interact with the amide bond of
the polypeptides [53] and with hydrophobic groups [54] and thus
help solubilize these moieties. These weak interactions are not local-
ized to specific protein locations and are of the samemagnitude of the
interaction of water molecules with the amide bond. Conceptually,
this property of Li+ may be considered to be similar to that of urea:
urea has also been shown to weakly interact with amide bonds [55]
but these interactions cannot considered to be site specific, but are
rather thought to be a sum of a large number of weak interactions
spreading the whole hydration surface of the protein. Thus, when LiCl
replaces solvent water in the protein hydration sphere, two competing
weak interactions are affecting the stability of the protein folded state:
the stabilizing effect of salting-out interactions and the destabilizing
effect of solubilizing amide bonds and hydrophobic moieties. This
can be represented as:

ΔΔG0
unfolding

RT

 !
LiCl

¼ ΔΔG0
unfolding

RT

 !
electrostatic

þ ΔΔG0
unfolding

RT

 !
solubilization

ð13Þ

This can be re-written as:

ΔΔG0
unfolding

RT

 !
¼ b0 �

ffiffi
I

p
þ c0 � I þ ΔΔG0

unfolding

RT

 !
solubilization

ð13aÞ

The contribution of
ΔΔG0

unfolding

RT

� �
solubilization

is destabilization and de-

creases the magnitude of
ΔΔG0

unfolding

RT

� �
as the concentration of LiCl in-

creases. At low LiCl concentrations, this parameter can be assumed

to be linearly dependent on salt concentration
ΔΔG0

unfolding

RT

� �
solubilization

¼
−σ � I yielding:

ΔΔG0
unfolding

RT

 !
¼ b0 �

ffiffi
I

p
þ c0−σ
� � � I ð13bÞ

Thereby, providing an explanation for the observed inequality
expressed in Eq. (12).

Interpreting the effects of the divalent salts on RNAse t1 stability is
simpler. The ZnCl2 salt data follow the classical binding model in a
straightforward fashion. In the case of MgCl2, the binding model results
in the following fit:

ΔΔG0
unfolding

RT

 !
¼ 1:9 � ln 1þ 10cð Þ ð14Þ

This implies that RNAse t1 has two binding sites with an average
binding constant of 10 M−1. However, the binding model does not con-
sider the consequences that exchanging one formal unit of MgCl2 with
one molecule of water may have on the thermodynamics of the folded
state of the protein. The presence of a small highly charged ion like
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Mg2+ ion in the near vicinity of the protein will definitely stabilize the
folded state via salting-out interactions, while solubilizing interactions
similar to that of Li2+ may cause the folded state to become less stable.

Because the theoretical model described earlier has been derived
using the Poisson-Boltzmann distribution, it may not be appropriate
to apply this model to a multivalent high-charge-density system
like MgCl2. However, the effects of point image charges or solubilizing
interactions are still the result of a summation over a large number of
weak interactions. Therefore, in the case of low salt concentrations
we can modify Eq. (14) to:

ΔΔG0
unfolding

RT

 !
¼ Δn � ln 1þ Kcð Þ þ ϕ � c ð15Þ

where the first term is the contribution of binding and the second
term is a linear term that approximates the effects of exchanging
MgCl2 for water molecules in the solvent shell. If the binding site is
limited to one, the values of K=24±1 (M−1), ϕ=2.7±0.3 are
obtained from a fit having an R2=0.997, which results in as good a
fit as before (Fig. 8), without the necessity to postulate any additional
binding sites than the zinc binding site. Therefore, it is very likely that
MgCl2 stabilizes the protein both through binding and through
salting-out interactions.

5. Conclusions

This work has investigated the hypothesis that a major contributor
to the salt-induced stability of RNAse t1 folded state is the interaction
between ions located near in the protein–water interface and their
point image charges located in the low-dielectric protein cavity. The
analyzed data for monoprotic salts is consistent with following pre-
dictions of theoretical models that relate salting-out interactions
with protein stability: first, the salt effects on RNAse t1 manifest
themselves via exhibiting a quadratic dependence of the folding free
energy on the square root of the ionic strength; second, because
RNAse t1 is highly charged, this quadratic stabilization has manifested
itself in only positive coefficients; third, the stabilization free energy
does follow the dependence on salt exclusion diameter as predicted
by theory.

As a control, binding models have also been considered for analyz-
ing the results of this work. In the case of ZnCl that contains a tightly
binding metal ion, classical binding models adequately describe the
enhanced stability. In contrast, applying classical binding models to
monoprotic salt thermodynamic data yield binding constants that
are so small that they ought to be considered as solvent exchange
constants. In these cases it is difficult to definebinding sites in a classical
sense, therefore the application of classical binding models in these
cases lead to non-realistic results. The weakly interacting salt MgCl2
presents a special case inwhich both binding and salting-out contribute
to the observed stability.

It must also be emphasized that “goodness of fit” is not the criterion
used for discarding the classical binding model for monoprotic salts. If
anything, from a statistical standpoint, Eq. (3) gives an equivalent or
somewhat better-correlated fit to the data in this work. However, as
the example of LiCl points out, applying classical binding models to
solvent exchange processes leads to well correlated but physically
unrealistic results, because these models do not consider the effects
of solvent exchange. On the other hand, the simple continuum
model [17] provides a first principles description of the electrostatic
interactions that occur when a formal unit of salt replaces a water
molecule. The fact that the salt-induced stabilization of the protein
is satisfactorily correlated with the predictions of theory indicates
that it is likely that the description of the salt-induced electrostatic
interactions is realistic. In other words, interactions between salt ions
and their induced image charges in the protein medium are important
contributors to the observed salt induced stability.

Understanding how salts influence protein stability has important
implications, in the interpretation of protein structure, function and
dynamics. Electrostatic interactions play an important role in stabilizing
protein structure and can be the origin of many dynamic motions in
proteins. Studying the effects of salts on various dynamic motions has
been used to probe the roles these interactions play in the stability of
proteins. However, until now, the major interpretation of salt effects
has been based on how salts screen charge-charge interactions and
often neglect salting-out effects caused by the interaction of salts
and their induced image charges. Our results show the significance
of these salting-out interactions in the stability of the protein folded
state, pointing out that any analysis of salt effects on protein thermo-
dynamics is incomplete without considering these interactions. In
fact, neglecting salting-out effects may lead to overestimating (in the
case of repulsive forces) or underestimating (in the case of attractive
forces) the importance of various charge-charge interactions.

Finally, a better understanding of salting-out effects may also prove
useful for understanding the thermodynamics of proteins associated
with halophillic organisms. Extensive work on halophilic enzymes has
demonstrated that the mechanisms by which salts affect halophilic
and mesophilic variants of the same enzyme are similar in nature
(e.g., charge–charge screening and Hofmeister effects) and are not spe-
cific to the halophile [40,46]. However, high concentrations of salt cause
mesophilic enzymes to inactivate while halophilic enzymes are activat-
ed by high concentrations of salt. It is possible that this difference is
caused by salting-out interactions having different effects on the
mesophilic and halophilic proteins, meriting further study in this
regard.
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