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Abstract: It is of great interest to determine how solutes such as urea, sugars, guanidinium salts, and
trimethylamine N-oxide affect the stability, solubility, and solvation of globular proteins. A key hypothesis
in this field states that solutes affect protein stability indirectly by making or breaking water structure. We
used a new technique, pressure perturbation calorimetry, to measure the temperature dependence of a
solute’s partial compressibility. Using fundamental thermodynamic relations, we converted these data to
the pressure dependence of the partial heat capacity to examine the impact of protein stabilizing and
denaturing solutes on water structure by applying the classic two-state mixture model for water. Contrary
to widely held expectations, we found no correlation between a solute’s impact on water structure and its
effect on protein stability. Our results indicate that efforts to explain solute effects should focus on other
hypotheses, including those based on preferential interaction and excluded volume.

Introduction

Globular proteins, nature’s most functionally diverse macro-
molecules, are only marginally stable. Even under physiological
conditions, a delicate balance of forces combine to give proteins
a maximum stability of only a few kilocalories per mole,1 a
value near the dissociation energy of a few hydrogen bonds.2

Solutes can have large effects on proteins.3 For instance, urea,4,5

urea derivatives,4 and guanidinium chloride6 denature proteins,
while sugars7,8 and glycine derivatives7,9 can double a protein’s
stability. It is important to understand the mechanism by which
solutes exert these large effects. One fundamental and recurring
hypothesis is that solutes act by altering water structure.2,10-17

We test this hypothesis by applying thermodynamic analysis

to calorimetric data on aqueous solutions of protein stabilizers
and denaturants and by using a two-state mixture model for
water.

Water can be conceptualized as a mixture of two rapidly
interconverting species; a less dense, more structured species,
and a more dense, less structured species.18-24 Although this
two-state mixture approximation has been criticized for its
simplicity,25,26 it has proven useful in understanding the volu-
metric properties of solutions.23 According to this model and
Le Chatelier’s principle, increasing either the temperature or
the pressure increases the fraction of the more dense, less
structured species at the expense of the other species.20,21,27

Because it takes heat to break the structure, a decrease in
structure will decrease the heat capacity,Cp, of pure water,
makingCp inversely proportional toP at constantT [(∂Cp/∂P)T

< 0].
An analogous idea applies to a solute’s effect on water

structure. One model of solute hydration states that the differ-
ences between bulk water and hydration water arise from a
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varying ratio between the more dense and the less dense water
species.23 A “structure-making” solute increases the fraction of
the less dense species at the expense of the more dense species
in the solute’s hydration water. A “structure-breaking” solute
has the opposite effect. The sign of (∂Ch p/∂P)T, where Ch p

represents the partial molar heat capacity, indicates whether a
solute makes [(∂Ch p/∂P)T < 0] or breaks [(∂Ch p/∂P)T > 0] water
structure.21 For example, increasing the pressure shifts the
equilibrium of a structure-making solute’s hydration water
toward the denser, less structured species. This shift decreases
the structure-making solute’sCh p, making (∂Ch p/∂P)T negative.
Conversely, increasing the pressure leaves a structure-breaking
solute less bulk water structure to break, makingCh p negative
and (∂Ch p/∂P)T positive. As shown by Loren Hepler21 and as
reiterated in the Supporting Information, relating (∂Ch p/∂P)T to
the partial specific volume,Vh, and temperature,T, gives the
thermodynamic relation21

Hepler used eq 1 to assess a solute’s effect on water structure
in 1969,21 and Neal and Goring performed a similar analysis
the next year,28 but little progress has been made because the
measurements to obtain (∂Vh/∂T)P and its derivative are tedious.
Pressure perturbation calorimetry (PPC),22 a new technique, is
superior to previously employed methods because it allows the
collection of large amounts of highly accurate data in a short
time. In PPC, a N2 pressurization device is fitted to a differential
scanning calorimeter, and pressure pulses of∼350 kPa are
alternatively applied to the sample and reference cells. The
differential heat provides information about the difference in
compressibility between the sample and the reference and,
hence, aboutRj of the sample. Data are collected as a function
of temperature to provide the coefficient of thermal expansion,
Rj ) 1/Vh(∂Vh/∂T)p, as a function of temperature.22 Defining
equations for PPC have been presented,22,29 and are available
in the Supporting Information. MeasuringRj simplifies the
determination of (∂Chp/∂P)T. Substituting the definition ofRj into
eq 1 gives

Several hypotheses have been offered to explain a solute’s
effect on protein stability, here defined in terms of the
equilibrium constant for the reaction N/ D, where N represents
the native, biologically active state, and D represents the
denatured, inactive state.30,31One of these hypotheses states that
stabilizers and destabilizers of globular proteins act indirectly
by altering water structure.2,10-17 According to this hypothesis,
structure makers decrease protein stability and structure breakers
increase stability. Despite the popularity of the water structure
hypothesis,2,10-17 there is a lack of data that quantifies a solute’s
effect on water structure. To test the hypothesis, we used PPC
and various thermodynamic relations to determine the sign of

(∂Ch p/∂P)T and its temperature dependence for a number of
protein stabilizers and denaturants.

Experimental Section

Solutes were purchased from Fisher, Sigma, and Mallinckrodt and
dissolved in distilled deionized water. Density measurements were made
on a vibrating tube densitometer (DMA 5000, Anton Paar). PPC was
performed on a MicroCal VP-DSC, equipped with a pressurizing
system.22 PPC data were reproduced at least once. The∆P used in
PPC experiments was 350 kPa. Origin 5.0 software (Microcal) was
used for data integration to give the∆q (see Supporting Information
for more detail). SigmaPlot 2000 (SPSS) was used for analysis ofVh,
Rj, and-T(∂(VhRj)/∂T)P. Vh values were obtained from literature values32,33

and from the concentration dependence of the density.32 These values,
as well as values ofRj at 25 °C are compiled in the Supporting
Information. PPC data were collected for all the solutes at a concentra-
tion of 20.0 g/L. We also made measurements for 2.00 M solutions of
(NH4)2SO4, guanidinium SCN, sucrose, and trimethylamineN-oxide
(Supporting Information, Figure 1s). The temperature dependence of
Vh was small (increase ofe15% from 20 to 70°C), and therefore it
was not included in data analysis.Vh was assumed to equal the partial
specific volume at infinite dilution because apparent partial volumes
at concentrations below a few percent are close to the partial volume
at infinite dilution.22

Results

The 17 solutes chosen for study were (NH4)2SO4, NH4Cl,
guanidinium Cl, guanidinium SCN, sarcosine, urea, glucose,
trehalose, sucrose, betaine, glycerol, stachyose, melezitose, 1,3-
dimethylurea, trimethylamineN-oxide dihydrate, 1,3-diethylurea,
and 2-propanol. Most solutes were chosen for their known
stabilizing or destabilizing effects. Literature citations concerning
the effects of the solutes on protein stability are given in Table
1. 2-Propanol was chosen because it is a clear example of a
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Table 1. Solute Effects on Protein Stability and (∂Ch p/∂P)T at 25 °C

compound
effect on
stability a

(∂Chp/∂P)T × 10-10 at 25 °C,
cal × atm-1 × K-1 b

(NH4)2SO4 ++c 11.1
NH4Cl +c 8.89
guanidinium Cl - -c,d 6.35
guanidinium SCN - - -c 6.39
N-methylglycine (sarcosine) ++e,f 4.74
urea -g,h 4.88
glucose +i 2.62
N-trimethylglycine (betaine) ++f 2.34
trehalose +i,j 1.62
sucrose +e,i 1.72
glycerol +,-i 1.68
stachyose +i 1.30
melezitose +i 0.44
1,3-dimethylurea -g -0.32
trimethylamine +++f -2.08
N-oxide dihydrate
1,3-diethylurea -g -1.44
2-propanol k -6.50

a (+) indicates stabilizing, (-) indicates destabilizing. The number of
symbols is related to the magnitude of the effect.b Uncertainty is(0.2×
10-10 cal × atm-1 × K-1. c Reference 16.d Reference 6.e Reference 7.
f Reference 9.g Reference 4.h Reference 5.i Reference 8.j Reference
35. k Not applicable because 2-propanol is not commonly used to affect
protein stability.
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structure maker;28 it is not commonly used to affect protein
stability. The urea derivatives were chosen to compare a known
stability trend4 with effects on water structure. Most of the other
solutes have been extensively studied; there is a limited amount
of work on the effects of urea derivatives4 and guanidinium
SCN16 on protein stability.

The temperature dependence of∆q(sample/H20) (Supporting
Information, eq 18s) was measured for the solutes by using PPC.
These data were converted toRj versus temperature and then to
(∂Ch p/∂P)T versus temperature by using equations given in the
Supporting Information. Representative plots ofRj versus
temperature are presented in Figure 1. Plots of (∂Chp/∂P)T versus
temperature for 16 solutes are presented in Figure 2. Stachyose
is not shown in Figure 2 because its (∂Chp/∂P)T values are within
the error of other sugars. Representative plots of (∂Ch p/∂P)T

versus temperature for 2.00 M solutes and the raw data used in
preparing Rj versus temperature plots are provided in the
Supporting Information. Table 1 shows the (∂Ch p/∂P)T values
for all 17 solutes at 25°C. Our results are in accord with those
of Hepler21 and Neal and Goring28 for the solutes common
between the studies (glucose, sucrose, urea, and 2-propanol).

As explained in the Introduction, a positive (∂Ch p/∂P)T

indicates solute-induced structure breaking, and negative values
indicate structure making. By these criteria, at 25°C trimethyl-
amineN-oxide, 1,3-dimethylurea, 1,3-diethylurea, and 2-pro-
panol are structure makers, and the 13 other solutes are structure
breakers. Experiments conducted at a higher solute concentration
(2.00 M) do not change our conclusions (Supporting Informa-

tion). Inspection of Table 1 shows no correlation between
stability effects and the sign of (∂Ch p/∂P)T. Comparing the (∂Ch p/
∂P)T data in Table 1, specific for 25°C, with the full range of
temperatures (Figure 2) shows that this lack of correlation is
not an artifact of the temperature selected to compile Table 1.

The water structure hypothesis2,10-17 predicts that structure-
breaking solutes stabilize proteins and that structure-making
solutes destabilize proteins. Our data show that this prediction
is not borne out whether we consider related solutes or look at
the solutes as a whole. As previously reported,4 urea is a stronger
denaturant than 1,3-dimethylurea, which is a stronger denaturant
than 1,3-diethylurea, but all three are weaker than guanidinium
salts. If the water structure hypothesis were true, urea and its
two derivatives would be structure makers, and urea would be
a stronger structure maker than either of its derivatives. Our
data show that urea breaks water structure and that both 1,3-
dimethylurea and 1,3-diethylurea make structure in water. If
the water structure hypothesis were correct, the zwitterionic
solutes would have different effects. TrimethylamineN-oxide,
because it is a structure maker, would destabilize proteins, while
the two glycine derivatives, because they are structure breakers,
would stabilize proteins. Yet all three stabilize proteins. Again,
if the hypothesis were true, guanidinum chloride and guanidinum
thiocyante would have the same (stabilizing) effect. However,

Figure 1. Plots ofRj versus temperature for 20 g/L aqueous solutions of
(NH4)2SO4 (b), guanidinium Cl ('), sucrose (]), 1,3-dimethylurea (<),
trimethylamineN-oxide dihydrate (T), and 2-propanol (|).

Figure 2. (∂Ch p/∂P)T and its temperature dependence for 20 g/L aqueous
solutions of (NH4)2SO4 (b), NH4Cl (9), guanidinium Cl ('), guanidinium
SCN (2), sarcosine (3), urea ([), glucose (×), betaine (O), sucrose (]),
trehalose (0), glycerol (4), melezitose (#), 1,3-dimethylurea (>), trimethy-
lamineN-oxide dihydrate (T), 1,3-diethylurea (]), and 2-propanol (|). A
smoothed curve of no theoretical significance has been drawn through the
data. The symbols only serve as a guide to the eye. Datapoints and the fit
are shown in Supporting Information. The error bars shown for NH4Cl are
representative of the uncertainty in all samples and were determined from
repetition of the experiment. Data begin at 7.5°C.
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both compounds are known to be destabilizing, and guanidinum
thiocyanate is known to be more destabilizing than guanidinum
chloride. Also, both the protein-stabilizing chaotrope, (NH4)2-
SO4,34 and the protein-destabilizing kosmotrope, guanidinium
SCN,34 are structure breakers. This is significant because the
words “chaotrope” and “kosmotrope” were introduced to signify
a structure-breaking salt or a structure-making salt, respec-
tively.34 Finally, trehalose, despite claims of its “exceptional”
structuring of water when compared with other carbohydrates,35

has about the same effect as sucrose. In summary, our data show
there is no direct correlation between a solute’s effect on water
structure, as defined by the simple two-state model for water,
and its effect on protein stability.

Discussion

The data in Table 1 and Figure 2 indicate that a solute’s effect
on water structure is not the determining factor in its effect on
protein stability. There are, however, other hypotheses for
explaining a solute’s effect on protein stability. One hypothesis
considers the volume occupied by the solute. Every solute
molecule takes up space in the solution, leaving less space for
the protein. Referred to as the excluded volume effect, this
decrease in the space available to the protein shifts the N/ D
equilibrium toward the state with the least surface area.36,37

Because N has less surface area than D, the excluded volume
effect is always stabilizing. This effect is colligative; a protein
destabilizer must overcome it.

Another hypothesis considers the solute’s affinity for a
protein’s surface. If this affinity is energetically favored over
solute hydration, the N/ D equilibrium will be shifted to the
protein state with the most surface area. Because D has more
surface area, a solute interacting more favorably with a protein’s
surface than with water will destabilize a protein.38-41 Con-

versely, a solute whose hydration is energetically favored over
its affinity for a protein’s surface will indirectly stabilize a
protein through the excluded volume effect.7,40 A third hypoth-
esis concerns a solute’s ability to attenuate or accentuate the
hydrophobic effect by increasing or decreasing the solubility
of a protein’s hydrophobic core. Urea decreases a protein’s
stability by increasing the solubility of a protein’s hydrophobic
core.42-44 The final effect of a solute on protein stability is
probably a combination of all the effects described above.

In conclusion, we have shown that there is no direct
correlation between a solute’s effect on water structure and its
effect on protein stability. Future efforts to explain solute effects
should focus on other hypotheses, including those based on
preferential interaction and excluded volume.
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