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ABSTRACT: The influence of external cosolutes on the thermal stability of the B1 domain of protein L
(ProtL) has been studied by circular dichroism, fluorescence spectroscopy, and differential scanning
calorimetry. The thermal denaturation midpoint is effectively modulated by the addition of a suite of
anions and follows the Hofmeister series. The maximum increase in thermostability (corresponding to 14
°C) was observed in the presence of 1 M sodium sulfate. After conversion of the experimental data into
the change in the virial coefficient, a mechanistic model was used to estimate the relative contributions
from excluded volume and preferential anion solvation for each anion. As expected, the excluded volume
term stabilizes the native conformation of ProtL for all the cosolutes, but opposite effects on protein
stability arise from the anion’s solvation depending on their tendency to interact with or to become excluded
from the protein surface. This behavior is in agreement with the results of independent NMR
experiments: the anions that strongly interact with the protein surface produce significant perturbations
in the amide protein chemical shift (∆d23

HN). A correlation obtained between∆d23
HN and the temperature

coefficients for the different amide protons provides qualitative information about the structural determinants
for the interaction between the protein surface and the cosolute.

Cosolutes present in the highly crowded cell environment
drastically affect the constitutive properties of the solvent
and ultimately its effect on protein stability. Pioneering works
by Hofmeister and others underlined the influence of
inorganic salts on protein solubility (1, 2) and stability (3),
ranking the compounds according to their salting out
properties (the Hofmeister series). According to their effect
on protein stability, cosolutes can be either stabilizing
(kosmotropic) or destabilizing (chaotropic). The Hofmeister
effects become important at moderate to high salt concentra-
tions (0.01 to 1 M) and cannot be explained solely by an
increase in the ionic strength or by steric exclusion (crowding
effects). Much effort has been made to understand protein
properties in the presence of crowding agents (4) and
osmolites (5) at the same time as a plethora of experimental
evidence has linked many properties to the Hofmeister effects
(6). Important theoretical and experimental contributions
reported in the literature resulted in the identification of some
key factors for the influence of cosolutes on protein stability,
like protein-cosolute interactions and the excluded volume
effect (7, 8). Despite all this effort, the mechanism by which
cosolutes stabilize proteins is not yet totally clear.

The early experimental characterization of cosolute effects
on protein stability involved the determination of a prefer-
ential binding coefficient using high-precision densitometry
(9), but more recently, differential scanning calorimetry (10)
and vapor pressure osmometry (11) have been used, among
other techniques, for the same purpose. The majority of these
experimental techniques provide very valuable information
about the overall system thermodynamics, although it would
also be desirable to obtain complementary experimental data
with higher structural resolution. Nuclear magnetic resonance
is a very versatile spectroscopic technique that allows the
study of macromolecules at atomic resolution. NMR has
proven to be very useful in the study of water-protein
interactions (12), and there are examples reported in the
literature in which different NMR observables have been
used to study weak protein-cosolute interactions (13-15).

In this contribution, we report a detailed experimental and
mechanistic study of the influence of a suite of inorganic
salts on protein stability, using the IGg binding domain of
B1 protein L fromStreptococcus magnus(ProtL)1 (16) as a
protein model. ProtL thermal unfolding has been extensively
studied in the literature and shows a well-defined, reversible,
two-state transition at 70.9°C (17). Thermal denaturation
experiments, monitored by circular dichroism, fluorescence
spectroscopy, and differential scanning calorimetry, have
been used to quantify the variation of the protein thermo-
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dynamic parameters induced by the presence of a set of
inorganic salts. The combination with the cosolute chemical
shift perturbation obtained by NMR spectroscopy results in
a useful strategy for gaining insight into the specific
mechanism by which each of the anions in the Hofmeister
series exerts its effects.

MATERIALS AND METHODS

Circular Dichroism (CD) and Fluorescence Experiments.
The thermal stability of ProtL has been tested in the presence
of seven different anions (chloride, fluoride, nitrate, per-
chlorate, phosphate, sulfate, and thiocyanate), with sodium
as the counterion in all cases. Conditions for protein
purification and sample preparation are described elsewhere
(18). Experiments have been monitored by circular dichroism
(CD) and fluorescence spectroscopy, sampling cosolute
concentrations in a range between 100 and 800 mM. CD
experiments were conducted at a protein concentration of 4
µM, employing the experimental protocol detailed in ref18.
Thermal denaturation curves monitored by fluorescence
spectroscopy were collected at a concentration of 1µM, with
measuring conditions equivalent to those of the CD experi-
ments except for the use of a 4 nm excitation bandwidth
centered at 280 nm and the recording of the emission at 350
nm. In all cases, the temperature range was sufficient for a
proper determination of the baselines in both the folded and
unfolded states. Selected samples were measured in duplicate,
changing the detection technique, to obtain estimations of
the experimental error in the thermal melt determination.
Refolding curves starting from the thermally denatured state
were recorded to check the degree of reversibility of the
ProtL unfolding process. In all cases that were tested, the
CD signal was recovered up to more than 95% of the original
value, indicating that ProtL unfolding is highly reversible.
A two-step reversible model for ProtL unfolding is consistent
with other studies reported in the literature (16, 17). For the
data fitting, we have employed in-house-built scripts based
on the linear extrapolation method (19) to determine the
midpoint denaturation temperature (Tm) and the unfolding
enthalpy atTm (∆Hm).

Differential Scanning Calorimetry.Samples containing
sodium nitrate (250, 500, and 750 mM) as well as control
experiments in the absence of cosolute were tested by
differential scanning calorimetry in a MicroCal VP-DSC
microcalorimeter. For each different cosolute concentration,
the calorimeter was equilibrated overnight prior to data
collection. ProtL samples were at a concentration of either
150 µM (experiments in 20 mM sodium phosphate) or 250
µM (experiments with sodium nitrate). All experiments were
conducted from 283 to 363 K at a scanning rate of 60 K/h.
A measure of ProtL in 20 mM phosphate buffer at pH 6.0
yielded exactly the same midpoint denaturation temperature
(Tm) when compared to the one obtained by CD and a very
close value for the enthalpic contribution atTm (∆Hm; see
below). The error determination in the samples with sodium
nitrate was obtained from duplicates, measured in both cases
by differential scanning calorimetry.

Experimental Data Analysis and Model Fitting.Equilib-
rium denaturation experiments with guanidinium chloride at
several temperatures (278, 285, 295, 303, 310, 318, and 328
K) and the thermal denaturation data in the absence of

denaturant were simultaneously fit to the Gibbs-Helmholz
equation to define the temperature dependence free energy
curve for ProtL (see Figure S1 of the Supporting Information
for details). The resulting values for the change in heat
capacity upon unfolding (∆Cp) and for the enthalpic contri-
bution atTm (∆H°m) were 877 cal mol-1 K-1 and 53 kcal/
mol, respectively. The∆Cp value is consistent with the
predicted value from the change in solvent accessible area
upon unfolding (20). Integration of the differential scanning
calorimetry curve in the absence of cosolute [20 mM
phosphate buffer (pH 6.0)] yielded a value of 55 kcal/mol,
in very good agreement with the value obtained from the
CD data analysis.

Thermal denaturation experiments at different cosolute
concentrations were used to evaluate the effect of the cosolute
on ProtL’sTm and∆Hm. At each cosolute concentration, both
Tm and the enthalpy contribution atTm (∆Hm) were deter-
mined by fitting the experimental data assuming a two-state
process (19). For each of the different salts that were
considered, the plots of∆Hm versusTm were linear, providing
values for the apparent heat capacity change in the presence
of cosolute (∆C*p) and for the enthalpy at the midpoint
denaturation at a concentration of 1 M of the cosolute (∆
Hm

1M). Plots of ∆Hm versus Tm and the ∆C*p values
employed in the calculations are reported in the Supporting
Information.

We have calculated the excluded volume terms following
the detailed protocol described by Schellman (21), using ASC
version 2.1 (22) and the coordinates of 2PTL (23) and
employing the following thermochemical radii for the
different anions: 1.68 Å for chloride, 1.26 Å for fluoride,
2.00 Å for nitrate, 2.25 Å for perchlorate, 2.13 Å for
phosphate, 0.95 Å for sodium, 2.18 Å for sulfate, and 2.09
Å for thiocyanate. The reported excluded volume is the
average of the independent determination for the 15 lowest-
energy structures, and the individual results were used to
obtain the error bars shown in Figure 2B. For the estimation
of the unfolded state properties, we have used the method
proposed in ref21 with the upper values reported by Rose
and co-workers (24). We have arbitrarily assigned a null
contribution to the preferential solvation term (ΣK′) of the
cation, following a previously described procedure (21). The
solvent accessible area has been calculated from the high-
resolution structure (2PTL) (23), using ASC (22) with a
sphere radius of 1.4 Å.

NMR Experiments.All experiments were conducted in a
Bruker Avance 600 MHz spectrometer, at 298 K unless
otherwise indicated. NMR sample conditions were as fol-
lows: ProtL (200µM) isotopically enriched with15N, 10%
D2O, 0.03% sodium azide in 20 mM phosphate buffer at
pH 6.0, and a variable concentration of the salt being
considered (0, 250, 500, 750, and 1000 mM). The chemical
shifts were estimated from the two-dimensional heteronuclear
single-quantum correlation spectra (1H-15N HSQC) by
interpolation of the peak center using nmrPipe (25) and in-
house-built scripts. Generally, the amide proton chemical
shift exhibited a linear behavior with the cosolute concentra-
tion, and the slope rendered the observed anion-induced
chemical shift modulation term (∆d23

obs). An additional
factor affecting equally all residues arises from the influence
of the cosolute on the water chemical shift (∆d23

H2O). The∆
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d23
H2O term was independently determined with samples

containing 1,4-dioxane as the internal reference, and it was
found to be significant for all salts but sodium fluoride. The
salt-induced change in the chemical shift experienced by each
amide proton (∆d23

HN) can then be calculated from the
following expression:

For the determination of the temperature coefficients,1H-
15N HSQC spectra were recorded in the absence of cosolute
at five different temperatures: 278, 288, 298, 308, and 318
K. The temperature coefficients were determined from the
slopes obtained from the linear fits of the temperature
dependencies of the chemical shift. The reported∆d2

T

values correspond to the measured data minus a constant
value (9.95 ppb/K) that accounts for the water chemical shift
variation with temperature. A second set of temperature
coefficients were recorded in the presence of 1 M sodium
thiocyanate, rendering equivalent results (see Figure S2 of
the Supporting Information).

RESULTS AND DISCUSSION

Mechanistic Analysis of the Effect of Kosmotropic and
Chaotropic Anions on ProtL Stability. To investigate the
mechanism by which cosolutes modulate protein stability,
we have expanded previously published work with sodium
phosphate and sodium chloride (18) by measuring the
changes in ProtL thermal midpoint denaturation (Tm) induced
by the presence of five additional inorganic anions: sulfate,
fluoride, nitrate, thiocyanate, and perchlorate, all in the form
of sodium salts. Thermal denaturation curves were monitored
by fluorescence spectroscopy and circular dichroism except
for the nitrate anion where, due to strong background
absorption, differential scanning calorimetry was used in-
stead. For all the ions that were studied, we obtained linear
dependencies between the salt concentration andTm, with
varying m23 slopes (Figure 1). We employ the Scatchard
terminology that designates 1 to water, 2 to the protein, and

3 to the added cosolute (26). The nearly zero slope obtained
with sodium chloride excludes an electrostatic mechanism
derived from an increase in the ionic strength. Instead, the
observed stabilizing effects are highly ion dependent and
follow the Hofmeister series (sulfate> phosphate> fluoride
> chloride> nitrate> perchlorate> thiocyanate) (1). The
linear behavior observed with the cosolute molar concentra-
tion is also a good indicator of the existence of Hofmeister
effects (6, 27, 28).

We have estimated the contribution to the free energy of
unfolding induced by the presence of 1 M cosolute (at the
melting temperature in the absence of cosolute,Tm°) using
the Gibbs-Helmholtz equation (29, 30):

where Tm
1M and ∆Hm

1M are the melting temperature and
enthalpy in the presence of 1 M cosolute, respectively, and
∆C*p is the apparent heat capacity change in the presence
of the cosolute, all of them calculated from experimental
data (see Materials and Methods for details).

At this point, we have employed the linear extrapolation
model (LEM) (31), which assumes a linear dependence of
the free energy of unfolding with the cosolute concentration.
LEM approximation has proven useful in the thermodynamic
analysis of several proteins (32, 33), and it is consistent with
the observed linear dependencies between∆Hm and the
cosolute concentration in ProtL (data not shown). Under these
conditions, the variation of the free energy of unfolding with
the cosolute concentration (∂∆G2/∂C3) is equivalent to∆
G2

1M(T°m) since the free energy in the absence of a cosolute
[∆G°2(T°m)] is zero by definition. Thus, changes in the
second virial coefficient,∆B23, for the unfolding process can
be calculated according to the following expression (20, 34):

Figure 2A shows a histogram with the estimated values
of ∆B23 for the different cosolutes. Theses values decrease
with an increase in the chaotropic tendency of the anion.
Different models for rationalizing virial coefficients have
been suggested. Some of the models differentiate a local
domain with characteristic thermodynamic (11, 35) and
dynamic (36) properties. This strategy, after including the
exposed surface area (20), has been successfully employed
for the interpretation of the slope in the equilibrium
denaturation experiments with guanidinium chloride and urea
(37). Alternatively, models based on changes in solvent
surface tension (38), electrostatic models of the Hofmeister
effect (39, 40), expanded electrostatic models including
dispersion forces (41), and group transfer free energy models
in the presence of osmolites (42, 43) have also been
described. In most of the models mentioned above, competi-
tion between water and cosolute for weak binding to surface
loci (preferential anion solvation) (44) is assumed. However,
it has also been suggested that steric repulsions between

FIGURE 1: Dependence of ProtL mid-denaturation temperature (Tm)
on the concentration (0-800 mM) of different sodium salts: sulfate
(4, solid line), phosphate (b, dotted line), fluoride (0, dashed line),
chloride (O, dashed-dotted line), nitrate (2, dashed line), perchlo-
rate (9, dotted line), and thiocyanate (O, solid line). TheTm values
correspond to the mean values of the two independent techniques
(circular dichroism and fluorescence spectroscopy) except for the
sodium nitrate case, where differential scanning calorimetry alone
was used. The average differences between two duplicate measure-
ments are 0.74 (sulfate), 0.28 (phosphate), 0.42 (fluoride), 0.28
(chloride), 0.42 (nitrate), 0.84 (perchlorate), and 1.13°C (thiocy-
anate).
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solute and cosolute (excluded volume effect) may be large,
and it should also be taken into consideration (45, 46).
Theoretical approaches have been proposed to combine both
effects in a quantitative description of the effects of osmolites
on protein stability (47, 48). In particular, Schellman has
proposed that the virial coefficient∆B23 can be considered
as the difference of two contributions (21):

where∆X is the change in excluded volume upon unfolding
and can be estimated from the protein structure coordinates
and the cosolute properties (see Materials and Methods).ΣK′
is the contribution from the preferential interaction of the
cosolute with the protein with respect to water, and it is
obtained from eq 4. For the suite of anions that were
considered, panels B and C of Figure 2 report the determined
values for∆X andΣK′, respectively.∆X contributions are
large and positive for all the anions, stabilizing the protein
due to the smaller volume of the folded conformation.
Variations among the∆X values for the different salts reflect
their distinct radii.

According to our model analysis, sulfate and phosphate
anions present a negative value for theΣK′ term, indicating
a certain degree of preferential exclusion from the protein
surface. In the model presented here, it is not possible to
disentangle the contribution of the anion and the cation from
ΣK′ (see Materials and Methods), introducing an inaccuracy
in the determination ofΣK′ that affects more severely the
salts with a cation-to-anion concentration ratio of>1
(phosphate and sulfate at pH 6.0). However, inspection of
Figure 2 indicates that steric repulsion between solute and
cosolute constitutes the main contributor to the observed
changes in ProtL stability in both anions, in agreement with
the proposed mechanism for the stabilization of yeast
ferrocytochromec by a set of oligosaccharides (47). Nitrate,

thiocyanate, and perchlorate operate as destabilizing agents
because the preferential solvation contributions for these ions
(ΣK′) largely exceed their excluded volume terms, in a
mechanism equivalent to the one proposed for classic
denaturants like urea or guanidinium chloride (21). The
chloride anion has a very weak effect on ProtL stability,
attributed to a large compensation of the two contributions.

Changes in the second virial coefficients (∆B23) show a
monotonic decay when anions are ordered following the
Hofmeister series (Figure 2A). Nevertheless, our model
analysis indicates that this simplicity is apparent, arising from
the combination of two terms, each of them with a
characteristic dependence on the position in the series. The
model succeeded in attributing large contributions to the
preferential solvation term for destabilizing anions, a concept
suggested by many authors in the literature (8, 44). Both
terms, excluded volume and preferential anion solvation,
reflect the nonidealities of the solution embraced in the virial
coefficient, altering the properties and the composition of
the solvent layers surrounding the protein and ultimately
affecting its intrinsic stability.

Chemical Shift Perturbation and the Anion’s Preferential
SolVation. Results shown in the previous section allow
discrimination of the anions according to their tendency to
become accumulated in (ΣK′ > 0) or excluded from (ΣK′ <
0) the protein surface. The preferential solvation contribution
accounts for the relative population of cosolute molecules
in the protein-solvent interface. Since the chemical shift is
a property sensitive to changes in the local environment, we
have employed high-resolution NMR to evaluate the effects
of the inorganic salts on a per residue basis, using the changes
in the amide proton chemical shift as the experimental
observable. Heteronuclear correlation experiments (1H-15N
HSQC) were conducted at five different salt concentrations
(0, 250, 500, 750, and 1000 mM), for each of the seven
cosolutes that were considered. Figure 3 shows an overlay
of spectra recorded in the presence of increasing concentra-
tions of two representative inorganic salts: sodium sulfate
(kosmotrope) and sodium thiocyanate (chaotrope). Aligned
peaks are observed in the overlay of spectra, a strong
indication that a single mechanism may be responsible for
the chemical shift modulations. Results shown in Figure 3
are extensive to all the salts considered in this study,
producing measurable changes in the chemical shift for the
vast majority of the amide groups of the protein.

For a given residue, the chemical shift was found to vary
linearly with salt over the whole concentration range, with
no evidence of saturation. The corresponding slopes (∆d23

HN;
see Materials and Methods for details) are shown in Figure
4 for each amide proton in ProtL. Most of the chemical shift
perturbations are measurable but small, consistent with the
idea that the interaction between the cosolute and the protein
surface is characterized by a weak binding. Inspection of
Figure 4 shows that an important number of the chemical
shift perturbations (including the majority of the large
changes) are positive. Although it is difficult to rationalize
the chemical shift perturbations, a cosolute-induced deshield-
ing of the proton would be consistent with a transient
interaction, e.g., via a hydrogen bond, with the anion.
Perchlorate and thiocyanate, which induce a large number

FIGURE 2: Results of thermodynamic data conversion and model
analysis for the different anions: (A) changes in the second virial
coefficient upon unfolding (∆B23), (B) calculated excluded volume
(∆X), and (C) preferential anion solvation (ΣK′). Errors are obtained
from the propagation of the experimental error (A), the standard
deviation from the independent results obtained for the 15 lowest-
energy structures (B), and the propagation of the error in eq 4 (C).

∆B23 ) ∆X - ∑K′ (4)
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of positive shifts exceeding 0.1 ppm/mol (gray area), display
the largest values ofΣK′.

Amide protons displaying the most prominent cosolvent-
induced shifts are mainly associated with specific secondary
structure elements and in the case of the secondâ-sheet are
clearly associated with one of the sides. However, no
correlation has been found with the solvent accessible area
for the amide proton, indicating that the cosolute-induced
chemical shift perturbation is not related to the exposed area
and is more likely connected to the bonding properties of
the involved hydrogen bond. Local variations in hydrogen
bond length and strength associated with secondary structure
elements can often be detected by measuring amide proton
temperature coefficients,∆d2

T (49-51). Temperature coef-
ficients reflect the strength of the intramolecular hydrogen
bond involved (52): a large (small) value for∆d2

T corre-
sponds to a weak (strong) hydrogen bond for the amide
proton under consideration.

Figure 5A shows a good correlation between the salt-
induced (∆d23

HN) and temperature-induced (∆d2
T) chemical

shift perturbations for perchlorate and thiocyanate: the more
negative the∆d2

T, the more positive the corresponding∆
d23

HN value. According to the most widespread interpretation
for the temperature coefficients (52), correlation in Figure
5A reveals that amide protons involved in weaker hydrogen
bonds are more prone to interacting with the cosolute and
vice versa. These results suggest that both∆d23

HN and ∆d2
T

are related to the bonding characteristics of the amide proton,
providing a qualitative model for the interaction between the
amide proton and the anion in the protein surface. To
compare with kosmotropic anions, Figure 5B shows the same
correlation for sulfate and phosphate. Inspection of Figure
5B clearly shows that the chemical shifts induced by these
anions are too small to disclose any correlation with the
temperature coefficients.

In summary, we report a comprehensive analysis of the
effect of the anion Hofmeister series on protein stability. Our
results show that both mechanisms suggested in the literature
(excluded volume effects and preferential interactions) are
active in modulating ProtL stability. The inferred values of
ΣK′ are consistent with the corresponding∆d23

HN data,
particularly for the anions that exhibit a higher degree of

FIGURE 3: Expansion of a region in the1H-15N HSQC spectrum of ProtL in the presence of increasing concentrations of two representative
cosolutes: sodium thiocyanate and sodium sulfate. The overlay of the spectra covers the cosolute range from no added salt (black) to 1 M
salt (lightest gray) with intermediate points corresponding to salt concentrations of 250, 500, and 750 mM.

FIGURE 4: Representation of∆d23
HN values for the different

residues of ProtL in the presence of the seven cosolutes that were
considered: chloride, 35% gray circles; fluoride, black triangles;
nitrate, white circles; perchlorate, black squares; phosphate, white
squares; sulfate, 45% gray diamonds; and thiocyanate, 85% gray
circles. The area corresponding to∆d23

HN values of>0.1 ppm has
been highlighted. The secondary structure of the protein is
represented at the top of the figure (R, R-helix; â, â-sheet; and 310,
310-helix).

FIGURE 5: Correlation obtained between the induced chemical shift
perturbation (∆d23

HN) and the temperature coefficient (∆d2
T) for

ProtL in the presence of (A) chaotropic cosolutes sodium perchlorate
(O) and sodium thiocyanate (B) and (B) kosmotropic cosolutes
sodium sulfate (9) and sodium phosphate (0).

Effect of Hofmeister Anions on Protein Stability Biochemistry, Vol. 46, No. 3, 2007921



preferential solvation (perchlorate and thiocyanate). The
correlation between∆d23

HN and ∆d2
T in ProtL provides

insight into the differences between the residues among the
surface that interact with the cosolute.
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SUPPORTING INFORMATION AVAILABLE

ProtL unfolding free energy as a function of temperature
(Figure S1), comparison between the∆δ2

T values obtained
when no cosolute has been added and in the presence of 1
M sodium thiocyanate (Figure S2), and representation of the
obtained values forTm and∆Hm at the different concentra-
tions that were tested, for each cosolute (Figure S3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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