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Abstract

The effects of sucrose and fructose on the free energy of unfolding, ΔGN→D, and on the change in hydrodynamic radius, RH, upon unfolding
were measured for RNase A and α-lactalbumin. Recently we analyzed the results for RNase A and showed that the effects of the carbohydrates on
the protein's thermal stability can be accurately accounted for by scaled particle theory (SPT), and are thus largely entropic in nature. In this paper
we extend this analysis to α-lactalbumin and demonstrate the generality of this finding. We also investigate the relationship between SPT and the
thermodynamic formalism of preferential interactions. The preferential binding parameters calculated using SPT are in excellent agreement with
experimentally measured values available in the literature. This agreement is expected to hold as long as enthalpic interactions between the
cosolute and the protein are not important, as appears to be the case here. Finally we use the experimental data and SPT to calculate the change in
the number of sugar molecules excluded from the protein surface during unfolding from knowledge of the preferential binding parameter for the
native and denatured state of the protein.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding how a protein's environment in solution
affects its stability and thus its activity is important because the
production, processing, and utilization of proteins in nature and
biotechnology occur under solution conditions far removed
from dilute aqueous buffers. Nature uses high concentrations of
organic molecules, including carbohydrates, to protect organ-
isms from environmental stresses [1]. Biomolecular interactions
in vivo occur in crowded intracellular environments [2,3].

Carbohydrates are a class of organic molecules that have
been shown to preferentially increase the stability of the native
state of proteins over that of their denatured states [4]. This
enhancement of stability typically increases with concentration
of the sugar. The mechanisms by which these molecules
increase protein stability are not fully understood.

Timasheff has described the effects of cosolutes, including
carbohydrates, on protein stability in terms of preferential
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interactions between the protein, water, and the cosolute [5,6].
When a cosolute is added to a protein solution there is a
perturbation in the chemical potentials of the protein and
cosolute, which Timasheff has labeled the preferential interac-
tion parameter. The observable manifestation of the change in
chemical potential is the preferential binding parameter,
ðAm3=Am2ÞT ;P;l3 where m is the molality of species i. Subscript
2 refers to the protein; water and the cosolute are represented as
components 1 and 3, respectively, in accordance with the
Scatchard notation [7]. The binding parameter is a measure of
the difference in the cosolute concentration in the vicinity of the
protein compared to the bulk solution [5]. It has been shown that
molecules that are classified as protein stabilizers (including
carbohydrates) are generally excluded from the protein surface:
i.e. the concentration of the stabilizer is higher in the bulk
solution then near the protein [8–10]. Preferential interaction is
a thermodynamic formalism and does not by itself provide a
molecular understanding of why some molecules are preferen-
tially excluded from a protein's surface.

One potential explanation is molecular crowding. Minton
has shown that high fractional volume occupancy has a
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significant effect on the rates and equilibria of macromolecular
reactions including protein folding [11,12]. These effects arise
from nonspecific excluded volume interactions. These interac-
tions progressively inhibit, with increasing extent of crowding,
any conformational change of a protein that increases its
effective volume, such as protein unfolding [12]. Molecular
crowding theories are entropic in nature and do not consider
enthalpic interactions between the crowding species and the
protein.

Recently researchers have attempted to dissect the experi-
mentally measured increase in stability into entropic and
enthalpic components [4,13,14]. Schellman has described the
impact of cosolutes on protein stability as a balance between
contact interaction and excluded volume. In this approach, the
entropic contribution to the incremental change in the free
energy of denaturation upon the addition of sugar is viewed as
being solely due to the excluded volume interactions, while the
enthalpic contribution is due to a solvent exchange mechanism.
To quantify these effects Schellman demonstrated that both the
excluded volume and direct interaction could be extracted in a
unified manner from the McMillan–Mayer formula for the
second virial coefficient [14]. In this work the change in
excluded volume upon unfolding was estimated from changes
in solvent-accessible surface area (SASA). The SASA for the
native states was calculated from the protein crystal structure,
while the SASA for the denatured states was taken from the
estimates developed by Creamer et al. [15].

Davis-Searles et al. and Saunders et al. used scaled particle
theory (SPT) to calculate the entropic component of the effect of
carbohydrates on protein stability [4,13]. SPT predicts the free
energy of solvation of the protein in terms of the work of
forming a cavity in the solution large enough to accommodate
the protein, where the solution is modeled as mixture of hard
spheres of different sizes [16]. The enthalpic contribution was
then calculated by subtracting the entropic contribution from the
measured change in stability [4,13]. SPT requires the hard
sphere radii for the protein in both the native and denatured
states. In the aforementioned studies, protein radii were
estimated from SASA [4,13]. Radii of the native proteins
were calculated from SASA estimated from crystal structures,
while those of denatured proteins were calculated assuming
SASA twice as large as those of the native protein. Both of these
studies found that excluded volume interactions contribute to
the stabilization of the native state and direct interactions
between the protein and cosolute contribute to destabilization
[4,13,14].

Other studies have shown that in the case of carbohydrates
the major contribution to the cosolute's impact on protein
stability is entropic in nature, while enthalpic interactions play
only a minor role. Winzor and coworkers have had some
success predicting the impact of carbohydrates on the stability
and binding of proteins by including only the excluded volume
interaction term of the second virial coefficient [17]. In a
previous study we demonstrated that the effects of sucrose and
fructose on the thermal stability of RNase A can be accurately
accounted for by SPT, and are thus entropic in nature [18]. We
used experimentally determined values of the effective
hydrodynamic radius, RH, as estimates of the hard sphere
radii of native and denatured proteins [18]. The use of measured
radii is important because the conformation of the denatured
state can change significantly with solution conditions (pH,
ionic strength, temperature, and concentration of chemical
denaturants). This analysis was performed using a combination
of capillary electrophoresis (CE) and protein charge ladders
[19], collections of protein derivatives that differ incrementally
in the number of chemically modified charge groups [18]. This
approach provides information on both the thermodynamics
(i.e., ΔGN→D) and structural changes (i.e., RH of proteins in
both the native and denatured states) associated with stability, in
a single set of experiments [18,20].

In this paper we have extended these experiments to another
protein, α-lactalbumin, to demonstrate the generality of our
previous finding. Secondly, we demonstrate the relationship
between SPT and the thermodynamic formalism of preferential
interactions. The preferential binding parameters calculated
using SPT are in excellent agreement with experimentally
measured values available in the literature. Thus we show that
SPT provides a useful microscopic model of experimental
preferential interaction parameters for carbohydrates. This
model will be valid only when enthalpic interactions between
the cosolute and the protein are not important, as appears to be
the case with carbohydrates. Finally we calculate the change in
the number of sugar molecules excluded from the protein
surface during unfolding from the preferential binding param-
eter for the native and denatured state of the protein.

The paper is structured as follows. In the section titled
Experimental methods we summarize the techniques used to
measure ΔGN→D, and the change in RH of the protein upon
unfolding. In Results we compare data for these quantities
measured in the presence of sucrose and fructose for both
RNase A and α-lactalbumin. In the Discussion section these
results are analyzed using SPT and the robustness of this
analysis is examined, the importance of the denatured
conformation and the formation of a protein-solvent interface
in determining a sugar's impact on protein stability are shown,
and preferential binding parameters are calculated using SPT.
The main findings are summarized in the Conclusions section.

2. Experimental

2.1. Materials

Fused silica capillaries (i.d. = 50 μm) were obtained
from Polymicro Technologies (Phoenix, AZ). α-lactalbumin
(α-LA) (type I, from bovine milk, calcium saturated),
Ribonuclease A (RNase A), Trizma base, and glycine were
purchased from Sigma (St. Louis, MO). Poly-diallyldimethy-
lammonium chloride (PDADMAC) (high molecular weight,
20 wt.% solution), acetic anhydride, 1,4-dioxane, and p-
methoxybenzyl alcohol (PMBA) were purchased from
Aldrich (Milwaukee, WI). Sodium chloride and 1 N NaOH
were obtained from Fisher Scientific (Fair Lawn, NJ). All
chemicals were used as received and all solutions were made
using 18 MΩ deionized water.
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2.2. Synthesis of charge ladders

Protein charge ladders of α-LA and RNase Awere made by
the selective acetylation of Lys ε-amino groups at pH 12 [19].
Proteins were dissolved in water at a concentration of
∼0.1 mM, and 10 vol.% of 0.1 N NaOH was added to bring
the pH to ∼12. 5 μL of a 1 vol.% acetic anhydride solution (in
1,4 dioxane) were added to 100 μL of the protein solution. The
reaction products were analyzed by capillary electrophoresis
without further purification. The change in charge due to
acetylation, ΔZ, of Lys ε-NH3

+ groups (pKa≈10.4) is ∼1 at the
pH of our experiments (pH 8.4). We characterized the charge
ladders of α-LA using the first six (out of 13) rungs of the
ladder. Later rungs were excluded due to lower concentrations
and a greater degree of peak broadening, relative to the earlier
rungs of the ladder. The charge ladders of RNase A were
characterized using the first three rungs of the ladder because
subsequent rungs were oppositely charged and were not
detected.

2.3. Capillary electrophoresis

Capillary electrophoresis (CE) experiments were run on a
Beckman P/ACE 5000. The intrinsic capillary cooling system
was redirected through an external bath that was operated
between 20 and 90 °C. The coolant used was Flourinert-77,
purchased from 3M (St. Paul, MN). Capillaries ranging in total
length from 27 to 47 cm were used. Proteins were denatured by
increasing the temperature of the capillary.

The electrophoresis buffer for experiments conducted with
α-LA was 25 mM Tris, 192 mM Gly (pH 8.4), 25 mM NaCl,
35 μM CaCl2, and varying concentrations of carbohydrates
(ranging from 0 to 30 wt.%) while the run buffer for RNase A
experiments was 25 mM Tris, 192 mM Gly (pH 8.4), 30 mM
NaCl, and varying concentrations of carbohydrates (ranging
from 0 to 25 wt. %). The interactions between RNase A and the
negatively charged silica had to be minimized because the
protein is positively charged at the pH at which the experiments
were conducted. To reduce these interactions, PDADMAC was
physically absorbed on to the walls of the capillary. The coating
procedure has been detailed elsewhere [21]. Capillaries coated
in this manner underwent separations in the “reverse polarity”
mode with the cathode at the inlet.

An injection sample, with a total volume of 100 μL, was
prepared by diluting the charge ladder 10-fold in electrophoresis
buffer. PMBA was added to the injection sample at a con-
centration of 0.0025 vol.% as a neutral marker of electroosmotic
flow. Injection time was varied from 4 to 6 s to account for the
increase in viscosity due to the addition of carbohydrates.
Separations were performed at an applied potential of 15 kV.
Values of electrophoretic mobility were determined from velec=
(ltlO /V )(1 / tnm−1 / tp), where tp is the migration time of
the protein, tnm is the time of emergence of the neutral marker,
lt is the total length of the capillary, lo is the length to the
detector, and V is the applied voltage. Values of mobility were
corrected for changes in viscosity due to changes in tem-
perature by multiplying the measured mobility by η(T ) /ηo
where η is the viscosity of the electrophoretic run buffer at the
given temperature and ηo is the viscosity of the run buffer at
25 °C. Viscosity values were measured with a capillary
viscometer.

2.4. Analysis of protein charge ladders

The effective hydrodynamic radius of a protein, RH, is
defined as the radius of a sphere that has the same translational
coefficient of friction as the protein. Plots of velec of the rungs of
the charge ladder vs nΔZ at a given temperature were fit using a
combination of Debye–Hückel theory and Henry's model of
electrophoresis [22]

vnelec ¼
eðZCE þ nDZÞ

6pgRH

f1ðjRHÞ
1þ jRH

ð1Þ

In the above equation, velec
n is the electrophoretic mobility of

the nth rung of the charge ladder, ZCE is the net effective charge
that gives rise to the electrophoretic motion of the protein, nΔZ
is the total change in charge due to acetylation for nth rung of
the charge ladder, RH is the effective hydrodynamic radius of
the protein, κ the inverse Debye length, η the viscosity of the
buffer, e is the fundamental unit of charge, and f1 is a function
of κRH that describes the effects of the protein on the local
electric field. f1=1 when κRHb1 (the Hückel limit) and f1=3 /2
when κRHN10 (the Hückel–Smoluchowski limit). Between the
two limiting cases, f1 is calculated using Eq. (2) [22].
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The slope of the best-fit velec
n vs. nΔZ line provides RH for

the unmodified protein. Eqs. (1) and (2) were solved together
using a trial and error approach.

An assumption inherent in this analysis is that this size and
shape of the protein does not change upon the acetylation of the
amino groups on the protein's surface. This assumption has
been called into question [23] in view of the fact that different
mutants with the same net charge exhibit different electropho-
retic mobilities [24]. However it has been shown that increasing
the molecular weight and thus the size of the acetylating agent
has no effect on the electrophoretic mobility of the different
rungs of the charge ladder [25]. This finding indicates that the
chemical modification of the protein's surface has little to no
effect on the protein's size and shape.

2.5. TaylorTs analysis of dispersion

Sharma et al. have described a method for measuring the
diffusivity of solutes using Taylor's analysis of dispersion in a
commercial CE instrument [26]. All experiments were con-
ducted on a Beckman P/ACE 5510 CE instrument. Capillaries
ranging in length from 27 to 37 cm with an inner diameter of
50 μm were used. For analysis of solution fronts the inlet end of
the capillary was transferred to the vial containing the solute in



Fig. 1. Temperature dependence of the electrophoretic mobility of A) RNase A and B) α-lactalbumin in buffer solution and in the presence of sucrose and fructose. The
measured electrophoretic mobility has been corrected for changes in viscosity with temperature by multiplying the mobility by η(T ) /ηo where η is the viscosity of the
electrophoretic run buffer at the given temperature and ηo is the viscosity of the run buffer at 25 °C.
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solution and a pressure drop of 0.5 psi was applied across the
capillary. The mean residence time, tR, and σ, a measure of the
sharpness of the front, are determined by fitting the normalized
concentration profile to the following equation [27].

C
Co

¼ 1
2
F
1
2
erf

ðt−tRÞ
r
ffiffiffi
2

p
� �

ð3Þ

The diffusivity of the solute, D, can then be determined from
Eq. (4) if two conditions are met [28]: (i) the dimensionless
residence time, τ=DtR/RC

2 N1.4 and (ii) the Péclet number,
Pe=uoRc /DN70 where Rc is the radius of the capillary and uo the
mean fluid velocity,

D ¼ R2
c tR

24r2
ð4Þ
The diffusivity is related to RH through the Stokes–Einstein
equation:

RH ¼ kT
6pgD

ð5Þ

In the above equation k is Boltzmann's constant and T is the
absolute temperature.

Values of Rc were determined using a volumetric technique.
Water was pressurized through a capillary of total length LT
for a period of at least 20 min to minimize effects of the
initial ramp in fluid velocity. The volumetric flow rate, Q,
was obtained by measuring the mass of water that passed
through the capillary in the allotted time for a given pressure
drop, Δp, and then using the density of water to convert to



Table 2
Effects of carbohydrates on the stability and hydrodynamic radius of RNase A
and α-lactalbumina

Tm (°C) ΔGN→D (kcal/mol) RH,N (Å) RH,D (Å)

RNase A
Buffer 62.6 (0.1) 8.2 (0.2) 21.2 (0.3) 27.5 (0.3)
0.15 M sucrose 63.6 (0.1) 9.1 (0.2)
0.31 M sucrose 64.7 (0.2) 9.5 (0.2) 21.9 (0.3) 28.2 (0.3)
0.47 M sucrose 65.9 (0.1) 10.2 (0.2)
0.63 M sucrose 66.5 (0.2) 10.6 (0.2) 22.2 (0.3) 28.0 (0.3)
0.80 M sucrose 67.1 (0.2) 11.1 (0.2)
0.29 M fructose 63.9 (0.1) 9.1 (0.2)
0.57 M fructose 64.5 (0.2) 9.5 (0.2) 21.7 (0.3) 28.0 (0.3)
0.89 M fructose 66.0 (0.2) 10.1 (0.2)
1.21 M fructose 66.5 (0.1) 10.5 (0.2) 22.0 (0.3) 28.0 (0.3)
1.52 M fructose 68.0 (0.2) 11.2 (0.2)

Δ-Lactalbumin
Buffer 56.1 (0.1) 3.3 (0.2) 21.4 (0.5) 27.5 (0.5)
0.15 M sucrose 56.3 (0.1) 3.8 (0.2)
0.31 M sucrose 57.5 (0.1) 4.6 (0.2) 21.0 (0.5) 27.7 (0.5)
0.47 M sucrose 59.0 (0.2) 5.3 (0.2)
0.63 M sucrose 60.5 (0.2) 5.7 (0.2) 21.5 (0.5) 28.4 (0.5)
0.96 M sucrose 62.4 (0.2) 7.0 (0.2)
0.57 M fructose 60.0 (0.1) 4.5 (0.2) 21.4 (0.5) 27.7 (0.5)
1.21 M fructose 61.6 (0.2) 5.6 (0.2) 21.2 (0.5) 28.2 (0.5)
1.83 M fructose 63.2 (0.2) 6.9 (0.2)

aTm is the melting temperature,ΔGN→D is the free energy of unfolding at 25 °C,
RH,N is the hydrodynamic radius of the protein in the native state and RH,D in the
denatured state. Values in parentheses are estimates of standard error of the data.
Hydrodynamic radius measurements of RNase A were made using charge
ladders while hydrodynamic radius values for α-lactalbumin were determined
using dispersion analysis.
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volume. The radius of the capillary was then determined
using the Hagen–Poiseuille law.

Rc ¼ 8LTgQ
pDp

� �1
4

ð6Þ

3. Results

3.1. Thermodynamic results

Recently a growing number of studies have utilized CE to
monitor the folding/unfolding transitions of proteins [20,29–
36]. CE offers the advantages of high sensitivity, minute sample
size, quick analysis time, and high resolution [37]. Thermody-
namic parameters determined from CE have been shown to be
in good quantitative agreement with those determined from CD
and calorimetry [30,31]. In this study the effects of sucrose and
fructose on the thermodynamics of unfolding of RNase A and
α-LA were measured by monitoring the electrophoretic
mobility (νelec) of the two proteins as a function of temperature.
Fig. 1 shows shifts in the thermal transition curves of the two
proteins upon the addition of sugar. The values of νelec plotted
in Fig. 1 have been corrected for changes in viscosity with
temperature by multiplying the measured mobility by the ratio
of η(T ) /ηo where η is the viscosity of the electrophoretic run
buffer at the given temperature and ηo is the viscosity of the run
buffer at 25 °C. Upon the addition of sugar, the mobility curves
are shifted to lower values because the viscosity of the run
buffer increases.

We assumed that the thermal unfolding of both proteins
could be approximated as a two-state transition. It has been
shown that α-LA forms a molten globule under acidic
conditions [38,39]. The conditions used in the present
experiments, higher values of pH and an excess concentration
of CaCl2, suppress the formation of the molten globule and shift
α-LA to a two-state folding pathway [40]. The temperature
dependence of νelec for the pre-transition and post-transition
regions was estimated by fitting the data to a line [41]. The pre-
transition and post-transition baselines are shown in Fig. 1. The
pre- and post-baselines are different for each sugar concentra-
tion. Even if the mobility is adjusted for changes in viscosity
upon the addition of sugar, the baselines are still different
because the addition of sugar changes other solution properties
such as the dielectric constant that affects velec of the protein.

The equilibrium constant (K ) for the unfolding reaction at a
given temperature is then described by the following equation,
Table 1
Comparison of thermodynamic data obtained from DSC and CE

RNase A α-Lactalbumin

DSCa CE b DSCc CEb

ΔHm (kcal/mol) 102.3 (5.1) 98 (4.9) 70 (3.5) 69 (1.0)
Tm (K) 334.8 (0.2) 335.6 (0.2) 337.3 (0.2) 329.1 (0.2)
ΔCp (kcal/mol K) 1.15 (0.06) 1.3 (0.7) 1.7 (0.2) 2.1 (0.45)
a pH 7. Ref. [42].
b pH 8.4. This work.
c pH 8 Ref. [43].
where velec
N (T ) and velec

D (T ) are the mobilities of the native and
denatured protein, respectively, at that temperature.

KðTÞ ¼ mNelecðTÞ−melecðTÞ
melecðTÞ−mDelecðTÞ

ð7Þ

The values ofΔGN→D can be easily calculated from values of
K and are assumed to follow the Gibbs–Helmholtz equation,
Eq. (8), the underlying assumptions for which are that the
unfolding reaction is a two-state process, and the change in heat
capacity upon unfolding, Δcp, is independent of temperature.
Three thermodynamic parameterswere used to fit each data set: the
enthalpy of melting, ΔHm, the melting temperature, Tm, and Δcp.

DGNYDðTÞ ¼ �RT lnK ¼ DHmð1−T=TmÞ
þ Dcp½ðT−TmÞ−T lnðT=TmÞ� ð8Þ

Table 1 compares the thermodynamic parameters for the
unfolding of RNase A and α-LA at pH 8.4 obtained from CE
to literature values at pH 7 for RNase A and pH 8 for α-LA
obtained using differential scanning calorimetry (DSC)
[42,43]. For RNase A there is excellent agreement between
the values of ΔHm and Tm measured using the two techniques.
In the case of α-LA, there is excellent agreement between the
values of ΔHm but the Tm values differ by ∼8 K. This is due
to the difference in the concentration of calcium ions used in
Ref. [43] and in our experiments. As explained in Ref. [43],



Fig. 2. Values of ΔΔG, the difference in ΔGN→D measured in the presence of sugars and in buffer, for RNase A and α-lactalbumin as a function of molar
concentration of sugar at three different temperatures: 25 °C, 35 °C, and 50 °C. Lines are predictions using scaled particle theory with fitted values of effective sugar
radii shown in each case.
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Fig. 3. A) The hydrodynamic radius of α-lactalbumin in pH 8.4 buffer as a
function of temperature, measured using charge ladders and dispersion analysis.
B) The hydrodynamic radius of RNase A in pH 8.4 buffer as a function of
temperature, measured using charge ladders.
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the Tm of α-LA is a sensitive function of calcium ion
concentration. There is also very good agreement between the
two values of Δcp. We note, however, that the appreciable
uncertainty in the value of Δcp determined using CE is
indicative of the difficultly of obtaining reliable heat capacity
values from a two-state fit. As previously noted [44], methods
that fit experimental data to a two-state model provide
accurate values of Tm and ΔHm, given that the assumption of
two-state folding is realistic, but less accurate values of Δcp.
Values of ΔHm are determined from the slope of the
experimental data while values of Δcp are related to the
second derivative of the curve fit to the experimental data.

Values of Tm and ΔGN→D for both proteins in the presence
of different concentrations of sucrose and fructose are listed in
Table 2. The addition of both carbohydrates results in a shift in
the Tm of RNase A and α-LA to higher values, and an increase
in the free energy barrier to unfolding at 25 °C. Sucrose and
fructose increased the Tm of RNase A by 5.6 °C and 3.6 °C per
mole of sugar added, respectively, and that of α-LA by 6.6 °C
and 3.9 °C per mole of sugar added, respectively. ΔGN→D

increases approximately linearly with concentration of sugar;
thus, the degree to which a cosolute impacts the change in free
energy can be quantified by the slope of ΔGN→D with respect
to sugar concentration. Doing so yields values for RNase A of
3.6 kcal/mol per mole of sucrose and 2.0 kcal/mol per mole of
fructose, and, for α-LA, 3.8 kcal/mol per mol of sucrose and
1.9 kcal/mol per mole of fructose. Both measures of stability
(Tm and ΔGN→D) show that, on a per mole basis, the
disaccharide sucrose stabilizes both proteins to a greater extent
than the monosaccharide fructose. To further quantify the
effects of sugars on stability, ΔΔG was calculated by
subtracting values of ΔGN→D for the protein in buffer without
carbohydrates from the corresponding quantity obtained in the
presence of sugar. In Fig. 2A and B values of ΔΔG are plotted
as a function of molar concentration of sugar for RNase A and
α-LA, respectively.

3.2. Structural results

Wemeasured values of RH for the native and denatured states
of both proteins, using a combination of CE and charge ladders
or dispersion analysis as described in the experimental methods
section. The results are presented in Table 2. Fig. 3 shows a
comparison of RH values measured using charge ladders to those
determined through dispersion analysis for α-LA in buffer. The
two methods are in excellent agreement for the native state and
within 5% of each other for the denatured state of the protein. It is
not surprising that there is a greater discrepancy for the
denatured state, which probably deviates to a greater extent
from the spherical geometry assumed in the models.

There are small increases in the RH of the native state of both
proteins upon the addition of sugar, as measured by the com-
bination of CE and charge ladders. This trend is not reproduced
by dispersion analysis, which showed no change in RH of the
native state of α-LA upon the addition of sugar. It is our
contention that there is no actual change in the hydrodynamic
size of the two proteins studied upon addition of sugar. The
differences between the two measurements can be rationalized
by considering the assumption that the change in charge upon
acetylation, ΔZ, is −1. Inherent in this statement is the
assumption that changing the charge of one residue on the
surface of a protein has no effect on the pKa of the surrounding
ionizable residues. There have been several studies that
demonstrate that, due to charge regulation [21,45], this is not
always the case. Upon addition of 20 wt.% sugar the dielectric
constant of the solution, as calculated by a simple mixing rule,
decreases by approximately 20%. Thus the strength of
electrostatic interactions should increase by a corresponding
amount. This could cause ΔZ to deviate further from −1, which
would result in an increase in the value of RH.

To test this hypothesis, charge ladder experiments were
conducted at several higher concentrations of salt at a given
sugar concentration. Increasing the salt concentration increases
the inverse Debye length, and thus the length over which
electrostatic interactions are important is decreased. This will
reduce deviations of ΔZ from −1 due to charge regulation.
Values of RH so obtained decreased as the concentration of salt
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increased until they leveled off at a value in good agreement
with the value of RH obtained in buffer using both charge
ladders and dispersion analysis (data not shown). The advantage
of using charge ladders compared to dispersion analysis is that it
yields information about RH and the net charge of the protein in
a single set of electrophoresis experiments. This information has
made charge ladders extremely useful in determining the role of
electrostatics in protein folding [20], and protein-ligand binding
[46,47]. From the results presented here it appears that ΔZ is
close −1 for both proteins in their respective buffers, but begins
to deviate from this value upon addition of sugar.

The results from both charge ladders and dispersion show no
change in the values ofRH for the denatured states of both proteins
upon the addition of carbohydrates. Bolen has shown that the
denatured state of reduced and carboxamidated RNase A
contracts in the presence of protecting cosolutes [48]. We see
no evidence of this effect over the range of sugar concentrations
used in this study. We note, however, that the two proteins
investigated have four disulfide bonds each and these remain
intact in the denatured state under the conditions explored here.
These disulfide bonds do not prevent the proteins from expanding
upon denaturation, as we indeed measure an increase in RNase
A's and α-LA's RH upon unfolding. We do observe, however,
more compact denatured states than are commonly measured in
the absence of disulfide bonds [48]. It appears that this more
compact denatured state is resistant to further compression due to
the presence of increasing concentrations of these sugars.

In general there is less concern about ΔZ deviating from −1
in the denatured state because charged residues are further apart
than in the native state. In support of this line of reasoning, the
RH values for the denatured state of RNase A are unchanged
when the concentration of salt is increased at a given sugar
concentration. Also, the measurements made using charge
ladders report the same trend as those made using dispersion
analysis, which is free from any assumption about values ofΔZ.

4. Discussion

4.1. Analysis of results using Scaled Particle Theory (SPT)

To rationalize the effects of carbohydrates on the thermal
stability of the two proteins studied we used a simple physical
picture of the free energy of solvation of proteins: contributions
of sugars to the enthalpy of solvation are ignored and only
entropic effects are considered. SPT, which models the solution
as a mixture of hard spheres, was used to calculate these entropic
effects [16]. SPT predicts the free energy of solvation of the
protein in terms of the work of forming a cavity in the solution
large enough to accommodate the protein. The reversible work
of cavity formation, w, is expressed as a third-order polynomial
in the radius of the cavity, R and is given by

w
kT

¼ −lnð1−S3Þ þ 6S2
ð1−S3ÞRþ 12S1

ð1−S3Þ þ
18S22

ð1−S3Þ2
" #

R2

þ 4
3
p
PR3

kT
ð9Þ
where P is the pressure and Sj is given by

Sj ¼ p
6

Xm
i¼1

qið2RiÞ j; j ¼ 1; 2; 3 ð10Þ

In Eq. (10), ρi and Ri are the number density and the hard
sphere radius of species i. The number density of water was
adjusted as a function of cosolute concentration as prescribed by
Berg [49].

We used Eq (9) to calculate the difference in w for the protein
in water and in the sugar solution. In the application of Eq. (9)
the true pressure of the solution (1 atm) is used instead of the
hard sphere pressure. P is then the same for water and the sugar
solution and thus the term proportional to R3 cancels. We
calculated ΔΔG as the difference in values of (wD−wN) in the
presence of sugar and in water. SPT thus predicts the change in
stability of the protein due to the contributions that the sugars
make to the entropy of solvation of the native and denatured
states of the protein.

In the version of SPT used in this study water is treated
explicitly [49]. This approach requires values of the hard sphere
radii for water, sugars, and for the protein in both the native and
denatured states. We used experimentally determined values of
RH for both proteins in their native and denatured states as
estimates of their hard sphere radii. We used 1.38 Å for water's
hard sphere radius [13]. Sugar radii were fitted to the
experimental data for the two proteins independently. The fits
of the model to the experimental data are shown in Fig. 2. This
analysis yielded values of 4.3 Å for sucrose and 3.25 Å for
fructose for the stabilization of RNase A, and 4.5 Å for sucrose
and 3.3 Å for fructose for the stabilization of α-LA. These
results are in good agreement with values reported previously
[50] of 3.9–4.5 Å for sucrose and 3.2–3.9 Å for glucose, a
monosaccharide similar in size to fructose. SPT analysis of the
impact of sucrose and fructose on the stability of the two
proteins was also conducted at 35 °C and 50 °C. These results
are also shown in Fig. 2. The values of sugar radii obtained at
the higher temperatures from the SPT fit to the thermodynamic
data differ only slightly from those obtained at 25 °C. The
average values of the sugar radii were determined to be 4.4 Å
and 3.25 Å for sucrose and fructose, respectively.

Clearly, neither water nor the sugars are realistically spheres
with no enthalpic interactions with the protein, which is also
non-spherical, especially in the denatured state. In addition, the
picture of proteins as impenetrable hard spheres is also an
idealization. In spite of these simplifications, SPT is able to
describe quantitatively the effects of these sugars on the stability
of both RNase A and α-LA, as is shown in Fig. 2. These results
suggest that geometric differences between carbohydrates play
a predominant role in determining their relative ability to
stabilize proteins against thermal denaturation.

4.2. Sensitivity of SPT to model parameters

Tang and Bloomfield have examined the uncertainty in
predicted values of w due to the uncertainties in the model's
parameters [50]. They have shown that calculated values of w
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are very sensitive to the radii and densities of the solvent
molecules. Here we examine how uncertainties in these
parameters affect the results presented in this paper.

There is an appreciable range of experimental and theoretical
values for the hard sphere radii of both fructose and sucrose:
3.2–3.9 Å for fructose and 3.9–4.5 Å for sucrose [50]. This
range is probably due to the fact that the geometry of both
sugars is non-spherical. Thus different methods for calculating
the hard sphere radius yield different results. We examined the
impact of this variation by using the lower and upper bounds of
the sugars' radii to calculate values of ∂ΔG/∂C3 for the
unfolding of RNase A. The calculated effect of fructose on
RNase's stability ranges from 1.9 to 2.9 kcal/mol per mole of
sugar, while that of sucrose varies from 3.0 to 4.1 kcal/mol per
mole of sugar, depending on the value of sugar radius used.
Comparing these values to the experimental values of 2.0 and
3.6 for fructose and sucrose, respectively, we conclude that the
analysis of the data using SPT yields results that do not vary by
appreciable amounts when the radius of the carbohydrate is
varied across its full range of reported values.

4.3. Comparison with published data

The experimental observations that the enhancement of
stability increases with carbohydrate concentration and size are
in agreement with published data [13,51]. The effects of sugars
on protein stability have been previously explained in terms of
excluded volume interactions. Shearwin and Winzor were able
to predict the impact of sucrose on ΔGN→D for the acid
unfolding of RNase A by considering only the excluded volume
contribution to the second virial coefficient [17]. In the case of a
dilute protein solution ΔΔG can be expressed in terms of the
cross term second virial coefficient for the denatured and native
protein, B23D and B23N respectively [52].

DDG ¼ RTðB23;D−B23;N ÞC3 ð11Þ

where C3 is the molar concentration of the cosolute. For an inert
cosolute B23,i is the covolume of the cosolute and the protein in
state i. For spherical cosolutes B23,i is given by

B23;i ¼ 4=3pNðR2;i þ R3Þ3 ð12Þ

where R2,i and R3 are the radius of the protein in state i and the
cosolute respectively and N is Avogadro's number.

Sasahara et al. were able to calculate the increase in stability
of the molten globule state of cytochrome c compared to the
completely unfolded protein in the presence of dextran, a
carbohydrate polymer [44]. The approach used by Sasahara and
coworkers was similar to the one used by Shearwin and Winzor
except that dextran was treated as a cylinder instead of a
spherical cosolute. The change in stability of 0.04 kJ/mol per g
of dextran [44] is comparable to the values of 0.044 kJ/mol per g
of sucrose and 0.046 kJ/mol per g of fructose measured in the
present study. This suggests that the magnitude of the change in
conformation upon unfolding is similar for the proteins in the
two studies. This point will be discussed further in Section 4.4.
The good agreement between the predicted impact of dextran
on the stability of cytochrome c and measured values might be
due to the large size of the carbohydrate dextran. It was found
that quantitative agreement between the covolume analysis and
experimental data improved as the size of the sugar increased
[53]. For the case of smaller cosolutes the covolume approach
has been shown to significantly overestimate the impact of
polyols on ΔGN→D including the impact of glycerol on the
thermal unfolding of RNase A [17] and the effect of several
sugars on the acid stability of ferricytochrome c [53]. This is in
agreement with our calculations, which showed that the
covolume analysis overpredicted values of ∂ΔΔG /∂C3 by a
factor of 50.

The explicit version of SPT has also been previously used to
quantify the impact of sugars on protein stability due to
excluded volume interactions. The predictions from this version
of SPT have been in better quantitative agreement with
experimental data [13,53]. Saunders et al. found there was
still a discrepancy between calculated and measured values of
∂ΔΔG /∂C3 for the thermal and acid unfolding of ferricyto-
chrome c in the presence of various sugars [13]. The magnitude
of this difference ranged between 1 and 4 kcal/mol for sucrose
and was attributed to enthalpic interactions between the protein
and carbohydrate molecules. Better quantitative agreement was
achieved in the present study by using experimentally measured
RH values as estimates of the size of the denatured state. In
previous studies the size of the denatured state was calculated
from estimates of the solvent-accessible surface area (SASA)
[13,53]. Even though better quantitative agreement was found
using the current approach, the modeling of the denatured state
in excluded volume calculations is still an open question [54].

Analyzing the changes in ΔGN→D using SPT along with the
experimentally measured RH values as estimates of the size of
the native and denatured states of the protein has yielded values
of sugar radii within the range of previously reported values for
two different sugars with two different proteins at three different
temperatures. However, the uncertainty in the SPT parameters,
such as the value of the sugar radius, does not allow one to rule
out the possibility that enthalpic interactions might play a role in
the effect of sucrose and fructose on the thermal stability of
RNase A and α-lactalbumin. It is interesting to note that in the
case of sucrose these enthalpic interactions would be stabilizing
and for the case of fructose, destabilizing.

4.4. Importance of the denatured state

Interactions between the denatured protein and the solvent
are as important as those between the solvent and the native
protein in determining stability. In order to predict the impact of
changing solvent conditions on the stability of a protein, one
needs information about its denatured state. The denatured state
in general can′t be thought of as a random coil but instead
consists of residual secondary structure and the structural
properties of this state depend on the solvent conditions [55].

Both protein charge ladders and analysis of dispersion allow
for the efficient determination of the hydrodynamic radius of a
denatured protein under a wide variety of solution conditions.
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These experiments provide low-resolution structural informa-
tion that can be used to estimate the change in solvent accessible
surface area (SASA) upon denaturation. This information is
important because most models that aim to predict the impact of
cosolutes on protein stability, including SPT, have the change in
RH or SASA upon denaturation as a key parameter. Thus the
effect of a sugar on the stability of the protein is dependent upon
the denatured configuration under a given set of conditions.

One example of the importance of the denatured configuration
is the fact that the experimentally measured impact of the
disaccharide sucrose on the stability of RNase A (ΔΔG of
3.6 kcal/mol per mole of sugar) is almost twice the previously
reported value for sucrose (ΔΔG of 2.1 kcal/mol per mole of
sugar) [8] and the disaccharide trehalose (ΔΔG of 1.9 kcal/mol
per mole of sugar) [9]. Sucrose and trehalose are very similar in
size, and thus, according to SPT, they should have the same
impact on the stability of RNase A. The discrepancy between the
values of ΔΔG measured by Timasheff and coworkers [8,9] and
those reported in this study can be accounted for by the difference
in the denatured state of RNase A under the solution conditions in
which the different measurements were made. The sucrose and
trehalose measurements reported in Refs. [8,9] were made under
acidic conditions, where the radius of RNase A in the denatured
state has been measured as 23.5 Å [56]. We measured the RH of
the thermally denatured state at pH 8.4 to be 27.5 Å. If we use
values of 23.5 Å for the denatured state and 4.3 Å for the
disaccharide, SPT predicts aΔΔG value of 1.9 kcal/mol per mole
of disaccharide, in agreement with the reported values [8,9]. As
shown, varying solution conditions can alter the denatured state of
the protein, and thus can have a significant effect on the impact a
cosolute has on the protein's stability.

4.5. Importance of the protein-solvent interface

The SPT expression for work of cavity formation can be
rewritten as shown in Eq. (13).

w ¼ Aþ BRþ CR2 þ 4
3
pR3p ð13Þ

In Eq. (13) the R3 term represents the volume work required
to create a cavity where p is the pressure of the fluid. The R2

term is associated with surface free energy contribution. The R
term represents the effect of the cavity's curvature on the
surface free energy contribution and A is the work of inserting a
point molecule into the solution [57]. Analyzing the relative
contributions of the different terms in the SPT expression shows
that the term associated with the surface work contributes 90–
95% of the total value of w. The volume work doesn′t
contribute to w because the p of the solution is the same in
water and the water–sugar mixture. According to the model
sucrose has a greater impact on ΔGN→D than fructose at the
same molar concentration because the larger sugar, sucrose,
makes a greater contribution to the unfavorable entropy of
interface formation.

This result is consistent with previous observations that
values of w are approximately proportional to the area of the
protein-solvent interface [58,59]. Timasheff and coworkers
have demonstrated that the denaturation of RNase A in the
presence of carbohydrates occurs at a constant surface energy.
They showed that the surface tension of the solution at the
protein's Tm was constant [8,58]. In this work we have focused
on another parameter of the protein's stability, ΔGN→D at
25 °C, and have used a microscopic model instead of a
macroscopic solution property to describe the effects of sugars
on the unfolding reaction. Despite the different approaches we
arrive at the same conclusion: the increase in stability observed
in the presence of sugars is primarily due to the increase in the
free energy of creating the protein-solvent interface.

4.6. Calculation of preferential binding parameters

Timasheff developed a thermodynamic formalism that treats
the effects of cosolutes on protein stability in terms of
preferential interactions [5,6,8,9]. In the case of protein
stabilizers, the cosolute is preferentially excluded from the
protein's surface. The cosolute's concentration near the protein
surface is lower than in the bulk. Any process such as unfolding,
that increases the protein's solvent-exposed surface area is
disfavored because exclusion of the cosolute from a larger
surface area entails a correspondingly larger free energy cost.
The amount of cosolute removed from the protein's vicinity is
given by the preferential binding parameter, ðAm3=Am2ÞT ;P;l3
where m is the molality of species i, subscript 2 denotes the
protein, and subscripts 1 and 3 denote water and cosolute,
respectively. For cosolutes that are preferentially excluded this
derivative is negative. The binding parameter is equal to the
quantity measured experimentally by dialysis equilibrium within
the approximation that ðAm3=Am2ÞT ;P;l3 ¼ ðAm3=Am2ÞT ;l;l3 [5].
The effect of a cosolute on the folding equilibrium is given by the
difference in this parameter between the native and denatured
states of the protein.

Due to the experimental difficulty associated with measuring
the binding parameters for the denatured and native protein at
the same conditions, Timasheff and coworkers have reported
only values of the preferential binding parameter for the native
state. The assumption is commonly made that the preferential
binding parameter will scale with surface area as the protein
unfolds. Implicitly this assumes that the chemical differences in
the protein's surface between the native and denatured states are
irrelevant. In fact, a cosolute being preferentially excluded from
the native state doesn′t always result in the stabilization of that
native state, as Timasheff has pointed out [60]. It is the
difference in the preferential binding of a cosolute to the native
and denatured states of a protein that determines its effect on
stability. 2-Methyl-2,4-pentanediol and MgCl2 have been
shown to be preferentially excluded from the native state of
proteins but these two cosolutes act as destabilizers because of
their favorable interactions with the denatured state [60].
Therefore in order to determine a cosolute's impact on stability
we need to either devise clever experiments to measure the
preferential binding parameter for the denatured protein or we
need to develop models that can predict the binding parameter
for both states of the protein.



Fig. 4. The preferential binding parameter for RNase A with aqueous sugar
solutions at 25 °C. Experimental data for the preferential binding of sucrose and
trehalose (both disaccharides and thus similar in size) to native RNase A was
taken from Refs. [8,9]. The dashed lines represent values of the binding
parameter calculated using SPT for both the native and denatured states of
RNase A using a sugar radius of 4.3 Å.
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The preferential binding parameter can be calculated from
SPT. To this end, one uses the thermodynamic identity [5]

Am3

Am2

� �
T ;P;l3

¼ −
ðAl2=Am3ÞT ;P;m2

ðAl3=Am3ÞT ;P;m2

ð14Þ

where μi and mi are the chemical potential and molality of
species i. SPT allows the calculation of the change in free
energy of solvation of the protein with concentration of
cosolute, i.e. the numerator of Eq. (14). The denominator of
Eq. (14) represents the self-interaction of the cosolute. For
sucrose, values of ðAl3=Am3ÞT ;P;m2

were taken from the work of
Timasheff, who calculated this parameter from osmotic
coefficient values of sucrose–water solutions [8]. Thus SPT
along with knowledge of the cosolute's nonideality can be used
to calculate the preferential binding parameter for both the
native and denatured states of the protein. The binding
parameter was calculated for RNase A in the presence of
sucrose for both the native and denatured states. These results
are shown in Fig. 4 along with experimentally determined
values of the binding parameter for native RNase A in the
presence of sucrose and trehalose. The calculated results are in
excellent agreement with the experimentally determined values
for the native state. There are no experimental data for
denatured RNase at the same conditions to compare to the
calculated values from SPT.

Both the experimental and theoretical values for the binding
parameter are negative. This analysis shows that the sugar raises
the chemical potential of the protein: ðAl2=Am3ÞT ;P;l1N0. The
presence of a cosolute molecule raises the protein's chemical
potential, thus establishing a plausible driving force for its
exclusion from the protein's surface. Fig. 4 shows that this
effect is larger for the denatured protein: the preferential binding
parameter is more negative and thus the number of sugar
molecules excluded from the denatured state is greater. SPT
explains this as being due to the fact that as the protein increases
its surface area during unfolding, the free energy cost of
inserting the protein into the sugar–water solution increases.

The preferential binding parameter can be related to the
number of cosolute and water molecules found on average in
the vicinity of the protein's surface, N3 and N1, respectively
[61,62].

Am3

Am2

� �
T ;P;l3

¼ hN3i1;N1
−
m3

m1
N1 ð15Þ

In the above equation, hN3i1;N1
denotes the mean number of

cosolute molecules in a control volume containing 1 protein
molecule and N1 solvent molecules. In other words the
probability of having multiple protein molecules in a volume
containing N1 water molecules is negligible. When comparing
the native and denatured state of the protein the minimum
number of water molecules needed to define such a volume may
be different. However we are free to choose N1 for the native
and denatured state of the protein to be equal as long as the
chosen N1 is greater than the minimum N1 for both states and
the probability of finding multiple protein molecules in the
defined volume remains negligible. Then the difference in the
preferential binding parameter for the native and denatured state
of the protein is equal to the change in the number of sugar
molecules excluded from the protein surface during unfolding,
ΔN3. From this analysis we calculate that in the presence of 1 M
sucrose approximately 6–7 more sucrose molecules are
excluded from the denatured state of RNase A compared to
the native state.

5. Conclusions

Our findings show that SPT, despite its idealizations, is able
to quantitatively describe the effects of sucrose and fructose on
the thermal stability of RNase A and α-LA. The increase in
stability in the presence of sugar, according to SPT, is due to an
increase in the free energy of protein-solvent interface
formation. We have also demonstrated that the magnitude of a
sugar's impact on stability is highly dependent upon the
denatured configuration of the protein. The conformation of
denatured proteins can change significantly with solution
conditions (pH, temperature, and ionic strength). The experi-
mental techniques of CE, protein charge ladders, and dispersion
analysis provide both thermodynamic and structural informa-
tion that is essential for the microscopic interpretation of the
effects of sugars on protein stability.

SPT can also be used to calculate preferential binding
parameters in the case where enthalpic interactions between the
protein and the cosolute are not important. The calculated
binding parameters of sucrose to the native state of RNase A are
in excellent agreement with experimental data. In addition we
used SPT, and experimentally determined values of RH to
calculate values of the preferential binding parameter for
sucrose to the denatured state of RNase A. This allows us to
estimate the difference in number of sucrose molecules
excluded from the denatured state compared to the native
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state. Through the combination of experimental measurements
of ΔGN→D and the change in protein configuration upon
denaturation, and statistical mechanical analysis we have gained
insight into the nature of the interactions between carbohydrate
molecules and proteins in solution. This information can help
guide the rational design of the formulation of protein
pharmaceuticals and biocatalysts for improved shelf-life and
stability.

The present work focuses on a class of cosolute molecules
over a concentration range where the interactions between the
protein and cosolute are predominantly entropic in nature.
These entropic interactions are nonspecific in nature and do not
depend upon the chemical nature of the cosolute molecule. Of
course, enthalpic interactions cannot in general be ruled out.
There are classes of cosolute molecules, most notably
denaturants, where enthalpic interactions between the cosolute
and the protein predominate. In the future we hope to combine
our present experimental approach with a statistical mechanical
analysis that combines entropic and enthalpic interactions to
gain insight into the interactions between proteins and a broader
range of cosolute molecules.
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