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ABSTRACT: The reversible thermal denaturation of apo α-
lactalbumin and lysozyme was monitored via measurement of
changes in absorbance and ellipticity in the presence of varying
concentrations of seven mono- and oligosaccharides: glucose,
galactose, fructose, sucrose, trehalose, raffinose, and stachyose.
The temperature dependence of the unfolding curves was
quantitatively accounted for by a two-state model, according to
which the free energy of unfolding is increased by an amount
that is independent of temperature and depends linearly upon
the concentration of added saccharide. The increment of
added unfolding free energy per mole of added saccharide was
found to depend approximately linearly upon the extent of
oligomerization of the saccharide. The relative strength of stabilization of different saccharide oligomers could be accounted for
by a simplified statistical−thermodynamic model attributing the stabilization effect to volume exclusion deriving from steric
repulsion between protein and saccharide molecules.

Over the course of its lifetime, an organism may experience
significant variation in environmental parameters such as

temperature, pressure, salinity, and pH. A change in any of
these variables is known to affect the functional properties of
biological macromolecules and could in principle interfere with
or inhibit essential processes necessary for the sustenance of
life.1−4 The process of evolution has therefore resulted in a
variety of strategies for the protection of macromolecules from
deleterious effects arising from environmental stress. One of
these strategies is the accumulation of small organic molecules
termed osmolytes5−9 within cells and in extracellular fluids. In
vitro experiments have shown that these molecules provide
increased stability to proteins and other cell components
against various stress conditions and maintain the normal
functioning of the organism.6,10,11 Chemically, osmolytes are
classified into (i) amino acids and their derivatives, (ii)
methylamines, and (iii) sugars and polyols.6,12

The mechanism underlying the stabilization of proteins by
osmolytes has been the subject of extensive study.10,13−25 On
the basis of measurements of the free energy of transferring
amino acid side chains and the peptide backbone from water to
an osmolyte solution, Bolen and co-workers proposed a
generalized physicochemical mechanism for the stabilization
of proteins by osmolytes termed the “osmophobic effect”.19−24

This effect derives from a highly unfavorable interaction of
osmolytes with peptide backbone. Because unfolding of the
protein results in an increased level of exposure of the

backbone to solvent, the free energy of the denatured state is
increased relative to that of the native state, shifting the
equilibrium between native and denatured states toward the
native state.
In 1981, Lee and Timasheff26 reported the first quantitative

study of the thermal stabilization of three proteins, α-
chymotrypsin, chymotrypsinogen, and ribonuclease, by a
saccharide, sucrose. Each of the proteins appeared to behave
in accordance with a model in which the protein exists as a
mixture of two thermodynamic states, native and unfolded, in
dynamic equilibrium. The temperature at which each protein
was observed to be half-folded, i.e., at which the equilibrium
constant for unfolding was equal to unity, was observed to
increase linearly with sucrose concentration. A van’t Hoff
analysis of the temperature dependence of the equilibrium
constant for unfolding at different sucrose concentrations
indicated that sucrose did not significantly alter the enthalpy
change accompanying unfolding of any of the three proteins;
i.e., within experimental precision, the change in stability was
due entirely to a decrease in the entropy change associated with
unfolding. Careful measurement of the dependence of the
partial specific volume of protein upon sucrose concentration
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indicated that the concentration of sugar in the solvent
immediately adjacent to the surface of each protein was lower
than that in bulk solution (far from protein), in qualitative
agreement with the osmophobic hypothesis. The authors
concluded that the source of the stabilizing effect was a sugar-
induced increase in the surface tension of the water/sugar
solvent, i.e., the free energy of creating an interface between the
sugar/water solution and any nonattracting medium, including
the surface of a protein molecule. Because the unfolding of a
globular protein is associated with an increase in solvent-
accessible surface area, the free energy of unfolding is increased,
shifting the equilibrium between native and unfolded states
toward the native state.
More recently, Pielak, Erie, and co-workers characterized the

effect of mono- and oligosaccharides on the stability of
ferricytochrome c with respect to denaturation by temperature
or by acidification at a constant temperature.10,11 They reported
that the increase in the free energy of two-state unfolding
(ΔΔGNU) in the presence of saccharide was proportional to the
molar concentration of saccharide, and that the derivative of the
free energy change with respect to sugar concentration
(dΔΔGNU/d[saccharide]) was similar for two monosacchar-
ides, similar and larger by a factor of ∼2 for two disaccharides,
and slightly larger for a trisaccharide. They proposed that the
observed phenomena could be qualitatively or semiquantita-
tively ascribed to a combination of a repulsive excluded volume
interaction between protein and saccharide and a partially
compensating weakly attractive chemical interaction. Most
recently, O’Connor et al.27,28 studied the effect of sucrose and
fructose on the thermal stability of ribonuclease A and α-
lactalbumin and reported that the stabilization of both proteins
by both sugars could be quantitatively accounted for by a
simple excluded volume model.
This work was undertaken to further explore the stabilization

of proteins by saccharides and to ascertain in greater detail the
extent to which the magnitude of the stabilizing effect depends
upon the chemical composition, size, and shape of the
saccharide. Our results are qualitatively consistent with the
results of prior investigations and support the general nature of
the concept of osmophobicity. We demonstrate that the
stabilizing effects of seven mono- and oligosaccharides upon
two proteins may be accounted for quantitatively by a simple
model with a very small number of adjustable parameters, based
upon the assumption that the only significant interactions
between all of the saccharides studied and both proteins are
excluded volume interactions deriving from steric repulsion.
The statistical−thermodynamic formulation of the effect of

volume exclusion upon chemical equilibria in the presence of a
high concentration of chemically inert background molecules
termed crowders has been summarized by Minton.29 Over and
above the qualitative prediction that volume exclusion by
macromolecular crowders is expected to penalize the formation
of the added solvent-accessible surface area associated with
unfolding, the statistical−thermodynamic treatment makes
specific predictions regarding the dependence of the magnitude
of the stabilizing effect upon the size and shape of cosolute
relative to that of the protein. To apply this formalism to the
analysis of the effect of small molecule crowders in addition to
macromolecular crowders, a semiempirical modification of the
theory is proposed to allow for the diminution of the excluded
volume effect as the size of a crowder molecule becomes
smaller and approaches that of solvent molecules.

■ MATERIALS AND METHODS

Materials. Commercially lyophilized hen egg white
lysozyme and bovine α-lactalbumin, sodium cacodylate
trihydrate, and all sugars used in this study were purchased
from Sigma Chemical Co. and used without further
purification. Guanidinium chloride (GdmCl) was the ultrapure
sample from MP Biomedical. All chemicals and reagents used
were of analytical grade.
Lysozyme and holo α-lactalbumin were dialyzed extensively

against 0.1 M KCl, at pH 7.0. The apo form of α-lactalbumin
(α-LA) was prepared by adding 5 mM EGTA to the solution of
holo α-lactalbumin during dialysis. Protein stock solutions were
filtered using a 0.22 μM Millipore syringe filter. Concentrations
of lysozyme and α-LA were determined experimentally using
molar absorbance coefficient (ε) values of 39000 M−1 cm−1 for
lysozyme30 and 29210 M−1 cm−1 for α-LA31 at 280 nm.
Concentrations of sugars (glucose, fructose, and sucrose)32 and
GdmCl33 stock solutions were determined by refractive index
measurements. However, concentrations of galactose, trehalose,
raffinose, and stachyose were determined by dissolving a known
amount of the respective sugar in the buffer. All measurements
were taken in the degassed 0.05 M sodium cacodylate buffer
containing 0.1 M KCl (pH 7.0). Because of the high stability of
lysozyme in this buffer, we could not acquire an entire
denaturation curve within the range of accessible temperatures.
Lysozyme was therefore destabilized by addition of 2 M GdmCl
to the buffer to allow an entire thermal denaturation curve to be
measured within the range of accessible temperatures.

Experimental Methods. Absorption measurements were
taken in a Jasco V-660 UV/vis spectrophotometer equipped
with a Peltier-type temperature controller (ETCS-761).
Thermal denaturations of α-LA and lysozyme were monitored
by following changes in ε at 295 and 300 nm, respectively. The
change in absorbance was monitored as a function of
temperature in the range from 20 to 85 °C with a heating
rate of 1 °C min−1, an appropriate heating rate for providing
adequate time for equilibration. Protein concentrations used for
absorbance measurements were 0.4 and 0.5 mg mL−1 for α-LA
and lysozyme, respectively. The raw absorbance data for each
sample were converted into the change in molar extinction
coefficient (Δε, M−1 cm−1) at a given wavelength λ, where
Δε(T) = ε(T) − ε(20 °C).
Because fructose used in our experiments absorbed in the

near-UV region, the thermal denaturation of α-LA and
lysozyme in the presence of fructose could not be monitored
by absorption measurements in the near-UV region. Denatura-
tion in the presence of fructose was, therefore, followed by
changes in ellipticity at 222 nm, as measured in a Jasco J-715
spectropolarimeter equipped with a Peltier-type temperature
controller (PTC-348 WI). Thermal denaturation curves of both
proteins in fructose are thus presented as plots of the CD signal
at 222 nm as a function of temperature in the range of 20−85
°C. It should be noted that protein samples were heated at a
rate of 1 °C min−1. The protein concentration used for CD
measurement was 0.3 mg mL−1. The raw CD data were
expressed in terms of mean residue ellipticity [θ]λ (degrees per
square centimeter per decimole) at a given wavelength λ using
the relation

θ θ=λ λM lc[ ] ( )/(10 )0 (1)

where θλ is the observed ellipticity in millidegrees at wavelength
λ, M0 is the mean residue weight of the protein, c is the protein
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concentration in milligrams per milliliter, and l is the path
length in centimeters.
The reversibility of thermal denaturation was ascertained by

cooling the heated solution of denatured protein to 25 °C and
comparing its optical signal to that of the protein prior to
heating (Supporting Information Figure 1).

■ DATA ANALYSIS
Two-State Model for the Dependence of the

Spectroscopic Signal upon Temperature in the Pres-
ence of Varying Concentrations of a Cosolute. It is
assumed that under the conditions used in our experiments, the
reversible thermal denaturation of α-LA and lysozyme in the
absence of added sugar may be described by a two-state
mechanism:

← →⎯⎯⎯N U
K T( )U

0

(2)

where N and U denote the native and unfolded states of
proteins, respectively, and KU

0 (T) is the equilibrium constant
for unfolding at temperature T, given by

= −ΔK T G T RT( ) exp[ ( )/ ]U
0

U
0

(3)

where R is the molar gas constant, and the temperature
dependence of the free energy of unfolding (ΔGU

0 ) is given by
the Gibbs−Helmholtz relation:34

Δ = Δ − − Δ − +G T H T T C T T T

T T

( ) (1 / ) [( )

ln( / )]

T pU
0

m
0

m
0

m
0

m
0

(4)

where T denotes the absolute temperature, ΔGU
0 is the

temperature-dependent free energy change accompanying
unfolding in the absence of added sugar, Tm

0 is the temperature
at which the protein is half-unfolded in the absence of sugar,
ΔHTm

0 denotes the enthalpy change at Tm
0 , and ΔCp is the heat

capacity change accompanying unfolding, which is assumed to
be independent of temperature. Equations 2−4 have been
applied to previous studies of reversible two-state thermal
unfolding.35−38

According to first-order excluded volume theory,29 the effect
of adding sugar is given by

α= +K T K T cln ( ) ln ( )U U
0

S (5)

where cS is the concentration of sugar and the parameter α is a
temperature-independent function of the sizes and shapes of
the protein and sugar, the molecular interpretation of which
will be described subsequently. It follows from eqs 2−5 that the
dependence of the fraction of unfolded protein ( f U) upon
temperature and sugar concentration is given by

α
α

=
+

=
+

+ +
f T c

K T
K T

K T c
K T c

( , )
( )

1 ( )
exp[ln ( ) ]

1 exp[ln ( ) ]U S
U

U

U
0

S

U
0

S
(6)

The change in any measurable property S of a protein
undergoing a two-state transition from N to U is then given as a
function of temperature by

= − +S T f S T f S T( ) (1 ) ( ) ( )U N U U (7)

where SN(T) and SU(T) denote the temperature-dependent
properties of the N and U states, respectively. In our
experiments, the signal S is an optical property (either
absorbance or ellipticity) at a specific wavelength, measured

as a function of temperature in the absence and presence of
various concentrations of different sugars. The dependence of
SN and SU upon temperature at a specific wavelength λ is
described by the empirical function39

λ λ λ λ= + +S T a a T a T( , ) ( ) ( ) ( )N 1 2 C 3 C
2

(8a)

λ λ λ λ= + +S T a a T a T( , ) ( ) ( ) ( ) CU 4 5 C 6 9
2

(8b)

where TC denotes the temperature in degrees Celsius (T = TC
+ 273.15).

Equivalent Hard Particle Model for the Dependence
of α upon the Degree of Oligomerization of Saccharide.
The following is a highly simplified structural model based
upon excluded volume theory that attempts to account for the
dependency of stabilization parameter α upon a particular
protein−sugar pair in terms of the relative size and shape of
each. The thermodynamic equilibrium constant for two-state
unfolding is given by

γ
γ

= =K
a
a

c

cU
0 U

N

U U

N N (9)

where aX, γX, and cX denote the thermodynamic activity,
thermodynamic activity coefficient, and molar concentration of
species X, respectively. We can then define the experimentally
accessible apparent equilibrium constant:

γ
γ

≡ =K
c
c

KU
U

N
U
0 N

U (10)

which is equivalent to

γ γ= + −K Kln ln ln lnU U
0

N U (11)

The logarithm of the activity coefficient of each solute
species in the solution containing multiple solute species may
be expanded in a power series of the concentration of all
solutes:29

∑ ∑ ∑γ = + +B c B c cln ...i
j

ij j
j k

ijk j k
(12)

Bij and Bijk denote two- and three-body interaction coefficients,
respectively. In this instance, the concentration of protein is so
small that self-interaction between protein molecules may be
neglected. In general, when the interaction between a
macromolecule and small molecule is being assessed, three-
body and higher-order interactions may be neglected, so that
the small molecule has only a linear effect on the logarithm of
the activity coefficient of the macromolecule. Thus, eq 12
reduces to the following expressions applying to the native and
unfolded states of the protein in the presence of sugars:

γ = B cln N NS S (13a)

γ = B cln U US S (13b)

Equation 11 then reduces to

= + −K K B B cln ln ( )U U
0

NS US S (14)

Comparison of eqs 5 and 14 leads to

α = −B BNS US (15)

Coefficients BNS and BUS are thermodynamic parameters that
are functions of the potential of mean force acting between a
molecule of native protein and a molecule of sugar and between
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a molecule of unfolded protein and a molecule of sugar,
respectively.40 In what follows, we attempt to approximate the
potential of mean force by means of a simple structural model,
according to which each molecule is represented by an
equivalent hard convex particle that resembles the actual

molecule in size and shape. Hard particles are defined as
impenetrable bodies that do not interact at distance greater
than their contact distance. Equivalent hard particle models
have proven to be useful in estimating the magnitude of
nonspecific intermolecular interactions in a variety of macro-

Figure 1. Representation of structural models. (a) The sphere represents the structure of the protein molecule containing the atomic structure of the
protein. (b) Monosaccharides. Spheres represent the monosaccharides (glucose, galactose, and fructose), and each sphere contains the cyclic
structure of the monosaccharide that exists in aqueous solution. (c) Disaccharides. Two units of monosaccharides constitute the disaccharide
(glucose and fructose constitute sucrose), whereas in the case of trehalose, two molecules of glucose are covalently linked. (d) Trisaccharide.
Raffinose, in which three monosaccharides (glucose, galactose, and fructose) are covalently linked. (e) Tetrasaccharide. Stachyose, in which four
monosaccharide units (glucose, two galactoses, and fructose) are covalently linked. The full arrow in each sphere represents the radius of that sphere,
and the dashed arrow in the spherocylinder represents the radius of the hemisphere.
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molecular solutions.41 By adopting an equivalent hard particle
model, we achieve a great simplification, because in the case of
interactions between hard particles:

=B Vij ij (16)

where the quantity Vij, called the co-volume of particles i and j,
is the volume excluded by particle i to the center of mass of
particle j, equal to the volume excluded by particle j to the
center of mass of particle i.29 We propose equivalent hard
particle representations of all molecular species as follows.
Native State of Proteins. α-LA and lysozyme are compact

globular proteins of nearly identical size, crudely resembling
prolate ellipsoids of rotation with an axial ratio of <2:1.42 Their
volumes (V, cubic centimeters per mole) are estimated
according to

= ̅V Mv (17)

where M is the molar mass in grams per mole and v ̅ is the
partial specific volume in cubic centimeters per gram. For the
purpose of estimating co-volumes, the native state of both
proteins is represented by an equivalent sphere of equal
volume, as indicated in Figure 1a.
Unfolded “State” of Proteins. From a theoretical point of

view, this is the most difficult state to model as an equivalent
hard particle, because we know that it exists as a manifold of
conformations, and none of these conformations can be
described as compact or globular.43,44 The only assertion that
can be made with confidence is that the radius of gyration of
the unfolded protein is certain to be larger than that of the
native protein. For the sake of simplicity, we shall model the
unfolded state as an equivalent hard sphere with a radius given
by

=r f rU exp N (18)

for example, a radius equal to that of the radius of the native
state (rN) times an expansion factor fexp that is >1. In fact, an
expression mathematically equivalent to eq 18 may be derived
from a more detailed treatment of the interaction of a hard
particle crowder with an unfolded protein.44 According to that
treatment, the unfolded protein may be represented as a soft or
porous sphere or, alternatively, a “cloud” of amino acid
residues. The parameter fexp is a function of the extent to which
the hard particle crowder may penetrate into the element of
volume occupied by the unfolded protein. As we have no way at
present of estimating the value of this parameter a priori, it will
be allowed to vary to achieve a best fit to the data.
Mono- and Oligosaccharides. The monosaccharides

(glucose, galactose, and fructose) are represented by an
equivalent sphere with a radius, denoted by rS, equal to the
hydrodynamic radius (i.e., 4 Å) calculated from measurements
of diffusion.45 Disaccharides (sucrose and trehalose), trisac-
charides (raffinose), and tetrasaccharides (stachyose) are
represented by an equivalent spherocylinder (a cylinder capped
with two hemispheres) with a radius equal to rS. The ratio of
cylindrical length to diameter Ln of each oligosaccharide, where
n denotes the degree of oligomerization, is calculated such that
the volume of the spherocylinder representing the n-mer is
equal to n times the volume of a monomer, for example

= −L r n4 ( 1)/3S S (19)

Note that for n = 1, the equivalent spherocylinder reduces to
the sphere as originally defined. Panels b and c of Figure 1
schematically depict the model structures of monosaccharides

(glucose, galactose, and fructose) and a disaccharide (sucrose),
respectively, and panels d and e of Figure 1 depict the model
structures of a trisaccharide (raffinose) and a tetrasaccharide
(stachyose), respectively.
To examine whether it is important to take into account

deviations from quasi-sphericity of oligosaccharides, a second
simpler model for oligosaccharides was also formulated.
According to this model, each oligosaccharide is represented
by a spherical particle with a volume equal to n times the
volume of the monosaccharide, i.e., rS(n) = n1/3rS (1) and LS(n)
= 0.
The co-volumes of the native or unfolded protein and each

saccharide are calculated by observing that the co-volume Vij of
a sphere or spherocylinder representing species i and a sphere
representing species j is the volume of a virtual particle that has
the shape of species i but whose radius in all directions has been
incremented by the radius of species j, as shown schematically
in panels a and b of Figure 2, leading to

π π= + + +V r r r r L4 ( ) /3 ( )NS N S
3

N S
2

S (20a)

π π= + + +V r r r r L4 ( ) /3 ( )US U S
3

U S
2

S (20b)

where VNS and VUS denote the co-volume of the native state
and a sugar molecule and the co-volume of the unfolded state
and a sugar molecule, respectively. Combination of eqs 15 and
16 leads to the relation

α = −V VNS US (21)

This expression would be correct if the reaction N↔ U were
taking place in the gas phase. However, the effect that we wish
to model is the effect of a differential excluded volume in an
aqueous solution. It is clear that the N and U states will exclude
different volumes to the solvent (water) as well as the sugar. If
one were to select a hypothetical crowder molecule that had
roughly the same size and shape as a water molecule, the
protein would exclude the same volume to both, and therefore,
one would expect there to be no effect of the hypothetical small
crowder on the unfolding equilibrium, which contradicts eq 21.
Pielak and co-workers11 attempted to address this difficulty by
adopting an excluded volume model due to Berg,46 in which
the system is represented as a single large sphere representing
protein (either N or U) and a variable concentration of smaller
spheres representing saccharide within a dense fluid of even
smaller spheres representing solvent (liquid water). The
treatment of liquid water as a dense hard sphere fluid is highly
questionable because of the neglect of strong hydrogen
bonding interactions between water molecules. Hence, we
adopt a simpler approximate correction that makes no
assumptions regarding water−water interactions. This correc-
tion is based upon the observation, noted above, that a cosolute
molecule having the same co-volume with protein as a water
molecule should have no effect due to differential volume
exclusion on the unfolding equilibria; i.e., for that “water-sized”
cosolute, α = 0. Equation 22 is therefore generalized to

α = − − −V V V V( ) ( )NS US NH UH (22)

where VNH and VUH denote the co-volumes of native and
unfolded states and a water molecule, respectively. For the
purpose of estimating VNH and VUH, we represent the water
molecule by an equivalent hard sphere of radius rH = 1.4−1.6
Å.47 The co-volumes of N and U with water are then calculated
according to
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π= +V r r4 ( ) /3NH N H
3

(23a)

π= +V r r4 ( ) /3UH U H
3

(23b)

Given values of rN, rS, and rH in angstroms and the unitless
parameter fexp, eqs 18−20, 22, and 23 may be used to calculate
the value of α (in units of cubic angstroms per molecule) as a
function of n, the degree of oligomerization of saccharide. Unit
conversion leads to

α α= × ×−(1/mol) 6.02 10 (Å /molecule)4 3
(24)

■ RESULTS
To measure the effect of different sizes of sugars on the
thermodynamic stability of proteins, we conducted reversible
thermal denaturations of apo α-lactalbumin (α-LA) and
lysozyme in the presence of different concentrations of three
monosaccharides (glucose, galactose, and fructose), two
disaccharides (sucrose and trehalose), a trisaccharide (raffi-
nose), and a tetrasaccharide (stachyose) at pH 7.0. As described

in Materials and Methods, the extent of denaturation as a
function of temperature was monitored by following Δε295 with
increasing temperature for α-LA and Δε300 for lysozyme, in the
absence and presence of all sugars except fructose. Thermal
denaturation of both proteins in the presence of fructose was
measured by monitoring the change in [θ]222. It was ascertained
that all of the denaturations of α-LA and lysozyme performed
as described in Materials and Methods were reversible over the
entire range of sugar concentrations by cooling the heated
solutions to the initial temperature (25 °C) and remeasuring
the optical signal (Figure S1 of the Supporting Information).
The measured dependence of absorbance or ellipticity of α-LA
solutions upon temperature in the absence and presence of
various concentrations of each saccharide is plotted in Figure
3A−G. Analogous data obtained from lysozyme solutions are
plotted in Figure 4A−G.
The excluded volume model described in Materials and

Methods (eqs 3−8) was fit to the combined dependence of the
absorbance or ellipticity of each protein upon temperature, in
the absence and presence of all concentrations of each sugar via
nonlinear least-squares minimization to obtain best-fit values of
the 10 adjustable parameters defined in the description of the
model: Tm

0 , ΔHTm
0 , ΔCp, a1−a6, and α. The best-fit values of Tm

0 ,

ΔHTm
0 , and ΔCp obtained from the thermal denaturations of α-

LA and lysozyme at pH 7.0 under our experimental conditions
are listed in Table 1. The indicated uncertainties in Tm

0 ,
ΔHTm

0 and ΔCp correspond to one standard error of the
estimate. Denaturation curves calculated using eqs 3−8 with
the best-fit values of all adjustable parameters are plotted
together with the data in Figures 3 and 4. The best-fit value of α
obtained for each protein−sugar pair is given in Table 2 and
plotted as a function of the degree of oligomerization of the
saccharide in Figure 5. Indicated uncertainties in the measure-
ment of α correspond to ±2 standard errors of the estimate
(i.e., 95% confidence limits).
The structural model for the dependence of α for each

protein−sugar pair on the degree of oligomerization described
in Materials and Methods (eqs 15−23) was fitted to the data
for each protein plotted in Figure 5, allowing only the value of
parameter fexp to vary to minimize the sum of squared residuals.
The dependence calculated using the best-fit values of fexp for
each protein given in the figure caption is plotted together with
the data in Figure 5. The solid line is the best fit of the version
of the model in which oligosaccharides are represented as
equivalent spherocylinders, and the dashed line is the best fit of
the version in which oligosaccharides are represented as
equivalent spheres. While the data obtained from lysozyme
solutions are described roughly equally well by both
representations of oligosaccharide, the data obtained from the
α-LA solutions seem to be significantly better described by the
version of the model in which oligosaccharides are represented
by spherocylinders.

■ DISCUSSION

The two-state model for the dependence of the spectroscopic
signal on temperature presented here is based upon the
following assumptions. (1) Tm

0 , ΔHTm
0 , and ΔCp are assumed to

be common to all data sets obtained for a particular protein
under the conditions of our experiments, described in Materials
and Methods, because they are properties of that protein in the
experimental buffer in the absence of sugar. (2) The ai values

Figure 2. Representation of co-volumes of the protein and sugar
molecules. (a) Co-volume of the protein with radius rP and a
monosaccharide with radius rS represented by a dashed line sphere
with radius rS + rP. (b) Co-volume of the protein with radius rP and an
oligosaccharide, represented by a spherocylinder with radius rS and
length LS, will be a larger spherocylinder (dashed line) with radius rS +
rP and length LS.
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are assumed to depend only upon the property measured
(absorbance or ellipticity) and to be independent of sugar
composition or concentration. (3) The effect of each sugar on
the stability of each protein is quantified by the single
temperature-independent parameter α defined in eq 5. Using
this model, we can describe all denaturation curves obtained for
an individual protein in multiple concentrations of multiple
saccharides within experimental uncertainty with only 22
adjustable parameters (Tm

0 , ΔHTm
0 , ΔCp, two sets of a1−a6 for

absorbance and ellipticity measurements, and one value of α for
each saccharide). This is to be contrasted with the conventional
description of individual two-state thermal denaturation
curves,36,39,48−50 which requires seven to nine adjustable
parameters per curve, or at least 238 adjustable parameters
for all 34 data sets obtained from α-LA solutions, and an equal
number for all data obtained from lysozyme solutions.
The success of this model in providing an accurate yet

extremely parsimonious description of the data argues for the
validity of the assumption that the addition of a saccharide to
either of the proteins examined stabilizes that protein by
decreasing the entropy change associated with unfolding
without significantly affecting the enthalpy change.
The plot of best-fit values of α versus n, the degree of

saccharide oligomerization (Figure 5), indicates that the value
of α is insensitive to the sequence of saccharide subunits in an
oligomer and depends approximately linearly upon the degree
of saccharide oligomerization up to n = 4.

The equivalent hard particle model for excluded volume
interaction between saccharide and protein was found to
provide a reasonably accurate description of the dependence of
α upon n for each protein, with only a single adjustable
parameter for each protein, fexp. The representation of the
oligosaccharide as an equivalent spherocylinder seems to model
the data slightly better than the representation of oligosacchar-
ide as an equivalent sphere, although these structural models
are as a whole so approximate that the difference may not be
significant. Interestingly, the best-fit values of fexp are smaller
than one might expect for a fully unfolded random coil protein
and probably indicate that the four sulfhydryl cross-links in
each protein greatly reduce the extent of expansion
accompanying thermal unfolding, as suggested by Golden-
berg.51

While the simplifying assumptions upon which these models
are based are evident, we believe that they do not render invalid
the derived conclusions. The assumption that the interaction
between saccharides and these proteins is essentially entirely
due to excluded volume (i.e., an entropic effect) is consistent
not only with the data reported here but also with the earlier
finding26 that added sucrose stabilized α-chymotrypsin,
chymotrysinogen, and ribonuclease against thermal unfolding
without significantly altering the enthalpy change associated
with unfolding of any of the three proteins. The use of
equivalent hard particle models to estimate the energetic
consequences of excluded volume interactions has provided

Figure 3. Representative curves of thermal denaturations of α-LA in the absence and presence of different concentrations of mono- and
oligosaccharides at pH 7.0. Data sets in each panel from left to right correspond to incrementally increasing molar concentrations of saccharide
denoted by the notation a:b:c, where a is the lowest molar concentration, b the increment, and c the highest concentration of saccharide: (A) glucose
0:0.5:2.0, (B) galactose 0:0.25:1.0, (C) fructose 0:0.5:2.0, (D) sucrose 0:0.25:1.5, (E) trehalose 0:0.25:1.5, (F) raffinose 0:0.1:0.4, and (G) stachyose
0:0.1:0.4. Solid curves are plotted according to eqs 3−8 using the values of α for each saccharide plotted in Figure 5. Although all denaturation curves
were measured in the temperature range of 20−85 °C, for the sake of clarity, some denaturation curves are shown over expanded temperature
ranges.
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physically reasonable quantitative and semiquantitative inter-
pretations of the dependence of many experimentally observed

Figure 4. Representative curves of thermal denaturations of lysozyme in the absence and presence of different concentrations of mono- and
oligosaccharides at pH 7.0. The panels correspond to the same saccharides and concentration ranges as in Figure 3. (In panel E, the data set
corresponding to no added saccharide was deleted as a statistically significant outlier indicating systematic error of measurement.) Solid curves are
plotted according to eqs 3−8 with best-fit values of α for each saccharide plotted in Figure 5. Although all denaturation curves were measured in the
temperature range of 20−85 °C, for the sake of clarity, some denaturation curves are shown over expanded temperature ranges. Thermal
denaturations of lysozyme were conducted in the presence of 2 M GdmCl (the reason for the addition of 2 M GdmCl is given in Materials and
Methods).

Table 1. Thermodynamic Parameters Obtained from
Thermal Denaturations of α-LA and Lysozyme in the
Absence of Sugar at pH 7.0a

protein Tm
0 (°C) ΔHm

0 (kcal mol−1) ΔCp (cal mol−1 K−1)

α-LA 42.3 ± 0.04 69.2 ± 0.30 830 ± 14
lysozymeb 59.4 ± 0.20 51.4 ± 0.61 1035 ± 60

aIndicated uncertainties correspond to ±1 standard error of the mean.
bThermodynamic parameters of lysozyme in the presence of 2 M
GdmCl (for details, see the text).

Table 2. Values of Stabilization Parameter α for α-LA and
Lysozyme in the Presence of Different Sugars at pH 7.0a

−α (L mol−1)b

sugar α-LA lysozyme

glucose 1.85 ± 0.20 1.03 ± 0.26
galactose 1.80 ± 0.30 0.99 ± 0.20
fructose 1.45 ± 0.20 1.06 ± 0.30
sucrose 3.28 ± 0.30 1.49 ± 0.20
trehalose 3.43 ± 0.30 1.74 ± 0.30
raffinose 3.75 ± 0.80 1.81 ± 0.36
stachyose 5.25 ± 1.00 2.17 ± 0.40

aIndicated uncertainties correspond to ±2 standard errors of the
estimate (95% confidence limits). bThe negative sign indicates the
exclusion of saccharide from the protein surface.

Figure 5. Plot of the dependence of stabilization factor α upon the
degree of oligomerization (n) of α-LA and lysozyme: (circles) glucose,
(triangles) fructose, (diamonds) galactose, (empty triangles) sucrose,
(squares) trehalose, (hexagons) raffinose, and (pentagons) stachyose.
Curves are best fits of equivalent hard particle models described in the
text. Solid lines are best fits of the model with saccharides represented
by equivalent hard spherocylinders, calculated using best-fit values of
fexp for α-LA and lysozyme equal to 1.16 ± 0.01 and 1.07 ± 0.015,
respectively. Indicated uncertainties represent 95% confidence
intervals. Dashed lines are best fits of the model with saccharides
represented by equivalent hard spheres, calculated using best-fit values
of fexp for α-LA and lysozyme equal to 1.17 and 1.09, respectively.
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solution properties upon the composition dependence of these
solutions.29,52,53 The ability of these models, and the models
presented here in particular, to account quantitatively for large
bodies of data in a parsimonious fashion provides strong
evidence that an atomistic representation of molecules is not
required to obtain reasonably accurate estimates of the
magnitude of excluded volume interactions between them.
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