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ABSTRACT To investigate the glass transition behaviors of a 20% (w/w) aqueous solution of bovine serum albumin, heat
capacities and enthalpy relaxation rates were measured by adiabatic calorimetry at temperatures ranging from 80 to 300 K. One
series of measurements was carried out after quenching from 300 down to 80 K and another after annealing in 200240 K. The
quenched sample showed a heat capacity jump indicating a glass transition temperature Ty = 170 K, and the annealed sample
showed a smaller jump with the T4 shifted toward the higher temperature side. The temperature dependence of the enthalpy
relaxation rates for the quenched sample indicated the presence of two enthalpy relaxation effects: one at around 110 K and the
other over a wide temperature range (120—190 K). The annealed sample showed three separate relaxation effects giving 1) T, =
110 K, 2) 135 K, and 3) temperature higher than 180 K, whereas nothing around 170 K. These effects were thought to originate,
respectively, from the rearrangement motions of 1) primary hydrate water forming a direct hydrogen bond with the protein, 2)

part of the internal water localized in the opening of a protein structure, and 3) the disordered region in the protein.

INTRODUCTION

A fully hydrated protein at room temperature is known to
undergo conformational changes over time. These confor-
mational changes are directly related to the biological acti-
vity; therefore, understanding the dynamic properties of the
hydrated protein is a key area of interest in protein sciences
(1-3).

The conformational perturbation is known to weaken
upon decreasing the temperature. Further, at ~160-200 K,
the dynamic behavior of the protein suddenly changes from
anharmonic (like a liquid) to harmonic motions (like a solid).
This phenomenon is understood as the glass transition and/or
dynamical transition of the protein molecule. The biological
activity of the protein ceases in the glassy state because the
conformational perturbation of the protein is frozen. The
glass transition of proteins has been demonstrated through a
change in the temperature dependence of the mean-square
displacement of the atoms using Mossbauer spectroscopy
(4), neutron scattering (5—7), and x-ray scattering (3,8). Infra-
red spectroscopic (9-18), dielectric (19), and calorimetric
(9,20-27) approaches have also been applied to examine the
glass transition. Based on these experimental observations,
the glass transition of a hydrated protein is thought to depend
strongly on the dynamic property of the solvent and occurs
over a wide temperature range as a result of the wide dis-
tribution in the structural relaxation times of molecules. This
broad distribution is attributed to the formation of numerous
different configurations among the protein and solvent
molecules. However, the majority of the research in this
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area has reported results of multicomponent systems, such as
those including buffer reagents. The included extra compo-
nents potentially affected the original glass transition be-
havior of the hydrated protein. Thus the glass transition
property of a purely hydrated protein, that is, a binary system
consisting of a protein and water, has not been investigated
enough. Furthermore, the broad and weak glass transition of
the hydrated protein has only been determined to take place
in rough temperature intervals because of the limits in ex-
perimental precision. As a result, little is known about the
fundamental nature of the glass transition that occurs over a
wide temperature range.

Adiabatic calorimetry works as a kind of low frequency
spectrometry operating in a time domain roughly from 10° to
10% s. The low frequency character is important in that the
lower the frequency, the more clearly the different molecular
rearrangement processes are potentially separated. Consider-
ing that all of the configurational degrees of molecular aggre-
gation contribute to thermodynamic quantities, it is worth
noticing that any process can be detected as long as the
configurational change concerning the process contributes
appreciably to heat capacity (C,) at the glass transition
temperature (T,). In addition, the enthalpy relaxation rates,
which are evaluated by measuring a series of C, values, enable
continuous and sensitive detection of the glass transition
behavior. The detectable limit of the enthalpy relaxation rates
depends on the amount of the sample used in the calorimetric
experiment; an enthalpy relaxation rate measurement with a
larger amount of sample is more effective for a detailed
investigation of a minute glass transition behavior, such as
B-relaxation process (28) or rearrangement of water molecules
confined within silica gel pores (29). However, few studies
have applied this method to a protein aqueous solution.

doi: 10.1529/biophys;.105.075986
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The purpose of this investigation was therefore to evaluate
the glass transition behavior of a protein aqueous solution
through precise measurements of enthalpy relaxation rates
using adiabatic calorimetry with a large amount of sample
and to examine the effect of hydration on the glass transition
behavior of the hydrated protein. Thus, a 20% (w/w) aqueous
solution of bovine serum albumin (BSA) was used as a
typical hydrate protein system. The absolute values of the
Cp and the enthalpy relaxation rates of two samples with dif-
ferent degrees of hydration were investigated in 80-300 K;
one was quenched and the other annealed in the temperature
range at which water tends to crystallize into ice.

MATERIALS AND METHODS

Determination of the presence of a glass
transition with enthalpy relaxation rates

The relaxation accompanying a glass transition is from nonequilibrium to
equilibrium states. Therefore, the enthalpy relaxation rate is affected by the
thermal history such as the precooling rate. This thermal history depends on how
the sample was brought to the nonequilibrium glassy state and how far it is from
the equilibrium state. To explain the way of determining the presence of a glass
transition based on the systematic temperature dependence of an enthalpy
relaxation rate, the general relation among the relaxation time of molecular
rearrangement (7), the enthalpy (/), and the enthalpy relaxation rate (—dH/dr)
for the glass transition of a liquid with a single molecular relaxation process is
illustrated in Fig. 1. When the liquid vitrifies through rapid cooling, the H
becomes much higher than the equilibrium one. With increasing the temperature
of the glass, the 7 becomes short and gradually approaches a calorimetric
timescale between 10° and 107 s. Then, first, an exothermic enthalpy relaxation
effect is observed as the H starts to relax toward its equilibrium value; the —dH/
dtincreases with increasing the temperature. Further increase in the temperature
brings the H to cross the equilibrium line at around 7 and to turn to a lower state
than the equilibrium one; the —dH/dt exhibits a positive peak and then becomes
a negative value. As the temperature increases furthermore, the T becomes
shorter than 10% s and the liquid exhibits no relaxation phenomenon in the
calorimetric timescale; the —dH/dt returns to zero while the glass reaches its
equilibrium state within the duration of the order of 107 s. On the other hand,
when the liquid vitrifies through slow cooling, the H is considerably lower than
that of the rapidly cooled liquid. On heating it, an endothermic enthalpy
relaxation appears after the H crosses and becomes lower than the equilibrium
one with increasing temperature; the —dH/dt exhibits a negative peak giving a
top at around the T,. As the 7 becomes shorter with increasing temperature, the
H, which has once departed downward from the equilibrium line, approaches
gradually and gets on the curve at essentially the same temperature as for the
rapidly cooled liquid.

The height of —dH/dt peaks observed depends not only on the magnitude
of Cp, jump in the glass transition, but also on the difference between the rates
of precooling and heating for measurement. Moreover, the width of the tem-
perature range where the relaxation is observed depends on the distribution
of 7s. Thus, the enthalpy relaxation measurements enable us to detect an
obscure glass transition sensitively and continuously. As has been noted, the
observation of a set of exothermic and endothermic —dH/dt for the rapidly
and slowly cooled samples indicates the existence of a glass transition. Then,
the T, at which the T becomes 10% s has been determined empirically as the
temperature at which the endothermic relaxation rate for the slowly cooled
sample shows its maximum (28-30).

Preparation of BSA sample

BSA (initial fractionation by heat shock, fraction V, above 98% purity by
electrophoresis) was purchased from Sigma-Aldrich (St. Louis, MO). The
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FIGURE 1 General relation found among the relaxation time (7) (a),
enthalpy (H) (b), and enthalpy relaxation rate (—dH/dt) (c) in the case of
a glass transition due to freezing of a single relaxation process.

contents of small particles such as salt ions potentially present were reduced
by dialyzing 10% (w/w) aqueous BSA against distilled water for 3 days at
278 K. The BSA aqueous solution thus purified was lyophilized at 10~* Pa
over 2 days with warming gradually from 233 to 298 K. A 20% (w/w)
aqueous solution of BSA (pH = 6.1) was prepared by dissolving a specified
quantity of the lyophilized BSA into distilled water.

Heat capacity and enthalpy relaxation
measurements with an adiabatic calorimeter

The 20% (w/w) aqueous BSA sample was loaded into a calorimetric cell.
The mass of the sample used was weighed to be 10.54 g. The heat capacities
were measured using an intermittent heating method with an adiabatic
calorimeter (30). The average heating rate for measurements was ~0.1
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Kmin~'. The dH/dr was evaluated based on the following experimental
principle. When spontaneous heat evolution or absorption takes place due to
glass/phase transitions of a sample, a corresponding spontaneous temper-
ature rise or fall in the calorimetric cell is observed in the thermometry
period. The temperature drift rate (d7/dt) can be transformed to the dH/dt per
mole of BSA using the following expression.

dH (dT /dr)
- = Cgmssiﬂ

dt Npsa
where ngga is the quantity of the BSA used, and a minus sign on the left-
hand side indicates the correlation between the spontaneous temperature
rise/fall of the cell and the enthalpy decrease/increase in the sample,
respectively. A value of 66,267 g mol ™' was used as the average molecular
weight of BSA in this work (31).

Cp and the —dH/dt were measured for the two kinds of BSA samples;
they were quenched and annealed, respectively, in advance resulting in
different hydration degrees. The temperature sequence for the quenched
BSA sample is shown in Fig. 2 a. The sample was cooled rapidly from 300 K
down to 80 K at ~10 Kmin_l, and the Cp and the —dH/dt measurements
were executed up to 190 K, above which water crystallization potentially
occurs. The sample was then recooled slowly from 190 K down to 80 K at
20 mein’l, and the C,, and the —dH/dt were measured from 80 K up to
300 K. On the other hand, the temperature sequence for the annealed sample
is shown in Fig. 2 b. The annealed sample was cooled rapidly from 300 K
down to 80 K at ~10 Kmin ' and heated up to 200 K. Then, the sample was
annealed in 200-240 K to reduce the degree of hydration due to
enhancement of the water crystallization. The annealed sample was cooled
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FIGURE 2 Temperature sequence in C, and —dH/dt measurements for
quenched sample (a) and annealed sample (b).
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rapidly down to 80 K at ~10 Kmin ™', and the Cp and the —dH/dt were then
measured up to 240 K, above which ice melting potentially occurs. The
sample was recooled slowly from 240 K down to 80 K at 20 mKmin ', and
the C,, and the —dH/dt were measured from 80 K up to 300 K.

RESULTS

Heat capacities of the quenched and
annealed samples

The C, data of the quenched sample are plotted with open
circles in Fig. 3. The effect of the cooling rate below 190 K
on the C, was rather small, and thus only the results of the
measurements after the slow cooling are shown there. A
gradual jump in the C;, was observed over a range of 170—
200 K, as shown in the inset of the figure. This jump was
thought to be caused by a glass transition. The transition
temperature, evaluated as the point of the onset of the jump,
was T, = 170 K. This result is in good agreement with values
previously reported; Inoue and Ishikawa investigated the
glass transitions of 40%, 30%, and 20% (w/w) aqueous
solutions of BSA using DSC, and the T, values were esti-
mated to be 172—177 K (26). Similarly, Sartor et al. reported
the T, values of well-hydrated metmyoglobin, methemoglo-
bin, and lysozyme quenched using DSC as 172, 167, and 162
K, respectively (20,25). Further, Green et al. reported those
of well-hydrated myoglobin and cytochrome c as 150-170 K
(24). Thus, the value of T, = 170 K for the quenched
aqueous solution of BSA obtained in this work was thought
to be within a reasonable range.
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FIGURE 3 Heat capacities of the quenched (circle) and annealed (square)
samples. The inset shows the heat capacities on an enlarged vertical scale
for the region T = 80-250 K. For clarity, the C, data of the annealed
sample have been shifted upward by 10 kJK~'BSA-mol " in the main figure
and 5 kJK " 'BSA-mol " in the inset. Arrow indicates the T,.
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The C, data of the annealed sample are presented with
open squares in Fig. 3. For clarity, the data are shifted up-
ward compared with those of the quenched sample by 10
kJK 'BSA-mol ' in the main figure and by 5 kJK 'BSA-
mol ' in the inset. The C,, data for the annealed sample was
rather independent of the cooling rate, and thus the results of
the measurements after slow cooling are shown there. Further,
the jump in the C}, was significantly smaller than that for the
quenched sample. The temperature range of the jump shifted
toward the higher temperatures by a few tens of Kelvin.
These observations were also consistent with those reported
by other researchers (20-22,25,27).

Enthalpy relaxation rates of the quenched and
annealed samples

Fig. 4 shows the —dH/dt data for the quenched sample. Open
and solid circles represent the results of the measurements
after rapid cooling from 300 K to 80 K and after slow cooling
from 190 K to 80 K, respectively. The inset shows them on
an enlarged scale in 80-200 K. The —dH/dt data of the
quenched sample after rapid cooling and after slow cooling
showed two sets of peaks below 200 K that were positive
and negative, respectively. A large exothermic effect was
observed due to the crystallization of freezable water above
200 K. The systematic cooling-rate dependence of the —dH/
drs indicated the existence of two glass transitions: the first in
the range between 90 and 120 K, and the second over a wide
range between 120 and above 190 K. The T, of the first glass
transition was determined to be 110 K, the temperature at
which the endothermic effect showed its maximum. It should
be noted that, as far as the authors know, this glass transition
has not been reported previously. The second glass transition
exhibited a wide distribution in relaxation times, namely in
the circumstances where rearranging units were located.
Moreover, since the endothermic effect due to the glass tran-
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FIGURE 4 Temperature dependence of —dH/dt for the quenched sample.
Horizontal bar and arrow indicate the glass transition region and the Ty,
respectively. Inset shows enlargement of 7 = 80-200 K region.
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sition overlapped with the exothermic peak due to the crystal-
lization of freezable water, the T, could not be determined as
a single characteristic temperature. However, judging from
the temperature range of the exothermic/endothermic effects
observed, the second glass transition was thought to be as-
sociated with the C,, jump observed in 170-200 K.

Fig. 5 shows the —dH/dt data for the annealed sample.
Open and solid circles represent the result of the measure-
ments after rapid cooling and after slow cooling, respec-
tively. The large endothermic effect starting at around 250 K
upon heating was attributed to the melting of ice. Three glass
transitions were observed, as shown in Fig. 5. The enthalpy
relaxation behavior of the glass transition occurring at
around 110 K was in a similar temperature range as that for
the quenched sample but was sharper and clearer in com-
parison. The subsequent enthalpy relaxation over the wide
range above 120 K in the quenched sample almost dis-
appeared and split into two regions. A small enthalpy relax-
ation effect appeared in one region of 120-160 K, indicating
a transition at T, = 135 K and a broad relaxation effect in the
other region starting at 180 K. It was difficult to determine
accurately the T, because the effect of ice melting above 250
K overlapped with the glass transition effect. The second
glass transition was related to the small C;, jump observed at
around 190 K.

DISCUSSION

The observations based on the C}, measurements are in good
agreement with those reported for other hydrated proteins
(20-22,25,27). Unlike these studies, however, this study
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FIGURE 5 Temperature dependence of —dH/dt for the annealed sample.
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obtained the temperature dependence of the enthalpy relax-
ation effects for samples subjected to different precooling
treatments. A glass transition that has not been observed
using other techniques was identified at around 110 K, as
shown in Figs. 4 and 5. Further, the enthalpy relaxation effect
ranging 120-190 K clarified the presence of an extremely
broad distribution of relaxation times. This broad distribu-
tion reflects the presence of a variety of circumstances of the
rearranging molecules. Furthermore, it was disclosed that the
annealing induces the broad distribution to partition into two
groups; one undergoes a glass transition at 135 K and the
other at above 180 K. Discussion of the origins of these glass
transitions follows.

The BSA aqueous solution used in this study was dialyzed
extensively in the sample preparation. Nevertheless some
kinds of ions would remain essentially in the system. The
amount of residual ions was estimated roughly from the
relationship between the pH of the dialyzed solution and
the concentrations and dissociation constants of the NH; " and
COO™ groups in BSA molecules to be only one ion per
hundreds of water molecules. Since the enthalpy relaxation
signals were found clearly in the present measurements with a
large amount of sample, it is thought that the existence of the
residual ions little affects the results and the enthalpy relaxation
effects are attributable to the spectrum of relaxation times of
the rearrangement motions of water and protein molecules.

The enthalpy relaxation observed above 180 K for the
annealed sample is attributed, based on the observed temper-
ature, to the glass transition of an amorphous peptide chain
within the BSA molecule that is plasticized by water. Globular
proteins including BSA are primarily composed of two dif-
ferent polypeptide regions: an ordered region (e.g., a-helix)
and an amorphous region (i.e., random coil). The amorphous
polypeptide within a globular protein molecule is expected to
show the glass transition above the temperature at which the
surrounding water molecules start to rearrange. However, the
T, depends on the water content, similarly to the dependence
observed in water-soluble amorphous polymers. The pres-
ence of such glass transitions has been confirmed in globular
proteins at moisture levels below 45% (w/w) (32-35). The
heat capacity jump associated with the glass transition has
been demonstrated to increase with decrease in the folding
region of the protein, which corresponds to increase in the
amorphous polypeptide regions within the protein molecule
(32,33,35). In an aqueous solution of the protein, the amor-
phous polypeptide region is in a more fluid state, giving rise
to a glass transition at lower temperatures. However, the crystal-
lization of water during cooling and further annealing of the
solution induces a freeze concentration of hydrated protein
including the amorphous region. Consequently, the T, of the
amorphous region of the hydrated protein would increase up
to above 180 K upon reduction in the degree of hydration.
The change in glass transition temperature that proceeds with
freeze concentration is well known as a common feature of
aqueous solutions of glass-forming solutes; the T, is com-
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monly marked as T, (36,37). Therefore, the glass transition
observed for the annealed sample beginning at 180 K cor-
responds to the T," of aqueous BSA.

The origins of the enthalpy relaxation effects observed in
90-120 K for both the quenched and annealed samples, in
120-190 K for the quenched sample, and in 120-160 K for
the annealed sample are discussed in the following. Consid-
ering that the amorphous polypeptide regions within the pro-
tein molecule are immobile at such low temperatures, these
glass transitions are thought to originate from freezing of the
motion of water molecules. In reality, similar low-T, glass
transitions for water confined within silica gel pores have
been reported. Maruyama et al. investigated the glass
transition behavior of water confined within silica gel pores
(sizes 3—50 nm) by monitoring the enthalpy relaxation rates
using an adiabatic calorimeter (29). Two glass transitions
were observed in their work at 132-115 K and 160 K. The
former transition was interpreted to originate from freezing
of the motion of the interfacial water molecules interacting
with silanol groups, and the latter from freezing of the
motion of the internal water interacting only with other water
molecules. They suggested that interfacial water always
exists irrelevantly to the treatments of quenching or annealing
of the sample and turns into a glassy state at low temper-
atures. On the other hand, internal water generally crystal-
lizes, whereas some internal water that exists within a narrow
pore remains vitreous, exhibiting a glass transition. Although
the water in hydrated proteins does not behave in completely
the same manner as the water confined within silica gel
pores, similar behaviors are expected.

As well known, water molecules around a protein mole-
cule exist as a shell, namely, a ‘‘hydration shell’’ (38-42). A
water molecule in the primary hydration shell, which is
denoted as primary hydrate water here, is strongly fixed by a
direct hydrogen bond with hydrophilic groups on the protein
molecule and never crystallizes, even if kept for a long
period at subzero temperatures. Only the primary hydrate
water is formed in the hydration range up to 0.3-0.4 g per
gram of protein (20,23,25,43). Meanwhile, the secondary
hydration shell indicates the water molecules of some layers
around primary hydration shell. The molecules are locked by
the hydrogen bonds with those in the primary hydration shell
but are able to diffuse over a long period of time. Although
they fall completely into a glassy state upon quenching, they
are ordinarily drawn out of the narrow region to form a larger
aggregate of water molecules and then crystallize over the
course of warming up to 200 K or during annealing above
this temperature. The secondary hydration shell is consti-
tuted in the hydration range between 0.4-0.7 g per gram of
protein (20,23,25,43). Bulk water appears above this hydra-
tion range, and abrupt increase in the diffusion rate in the
system and in the critical cooling rate necessary for vitri-
fication is observed. Consequently, in such protein aqueous
solutions when cooled down to subzero temperature, almost
all the water molecules in the secondary shell crystallize
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together with bulk water. However, the primary hydrate water
and the *‘vitreous, but freezable water’’ left within small pore
regions remain as unfrozen water. The vitreous, but freezable
water indicates unfrozen water except the primary hydrate
water and corresponds with the nearest neighbors to the
primary hydration shell and the water confined within a small
opening of protein structures (20,25,43). The existence of
such water molecules or water clusters was pointed out by
Saenger; he described the characteristic water molecules as
““internal water’” and suggested that the internal water is an
integral part of a protein structure (44). It is expected that most
of the internal water is crystallized by the annealing treatment
but that part of the internal water remains within the small
pores depending on the location of rugged protein structure.
From the above viewpoint, it should be noted that the
primary hydrate water and internal water localized in the
opening of a protein structure are intimately connected with
the interfacial and internal water molecules confined within
silica gel pores, respectively. Then, the enthalpy relaxation
effects in 90-120 K for both the samples and in 120-190 K
for the quenched sample and/or in 120-160 K for the
annealed sample are interpreted reasonably as originating from
the glass transitions of the primary hydrate water and the
internal water, respectively. This interpretation is reasonable
based on two considerations. The first consideration is based
on consistency with the experimental results. Quenching
brings numerous internal water molecules into the vitreous
state, and these water molecules show glass transitions.
Thus, it is thought that the relaxation effects at 90-120 K and
120-190 K for the quenched sample are connected with the
motions of the primary hydrate water and the internal water,
respectively. On the other hand, annealing treatment crys-
tallizes the numerous internal water molecules and decreases
the distribution of molecular relaxation times. Hence, the
annealed sample was thought to exhibit a drastic decrease in
the enthalpy relaxation effect in 160-180 K and a sharpening
of the effect around 110 K, as compared with those in the
quenched sample. And also, the small enthalpy relaxation
effects in 120-160 K would be due to the glass transition of
the internal water that has been kept from the crystallization,
for example, the internal water confined within the small
pores depending on the location of rugged protein structure.
The other consideration is based on differences in develop-
ment of the hydrogen-bond network of water molecules. The
relaxation time for the rearrangement of water molecules at
some temperature is determined by the activation energy and
largely by the energy of breaking the hydrogen bonds in the
rearranging process. The number and strength of the bonds to
be broken depend on the development of the network: The
more developed the network, the larger the activation energy
and the higher the glass transition temperature. In the aqueous
solution at room temperature, the water in a primary hydra-
tion shell is thought to form hydrogen bonds with fixed hydro-
philic groups on the protein molecule, whereas the water in a
secondary hydration shell and analogously bulk water are
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thought to be mobile. However, this trend is expected to
change at low temperatures: The hydrogen-bond network of
the water molecules in a primary hydration shell does not
change significantly and remains incomplete even at low tem-
peratures. This is thought to arise because the arrangement of
the hydrophilic groups of the protein is fixed independently
of the temperature, indicating rather temperature-independent
activation energy. On the other hand, water molecules that
are surrounded by other water molecules tend to form four
tetrahedral hydrogen bonds and thus an extended hydrogen-
bond network. This network is observed even in the liquid
state, in which the water molecules change their positions to
develop a more tightly bound network of hydrogen bonds.
This indicates a remarkable increase in the activation energy
with decreasing temperature. Therefore, at low temperatures,
the internal water is expected to be more immobile than the
hydrate water. Thus, the primary hydrate water shows its
glass transition at comparatively lower temperatures.

The so-called solvent-slaved glass transition has been
mentioned in relation to the glass transition of atoms in a
protein molecule; the word “‘slaved’” indicates that the motion
and thus freezing depend strongly on the solvent (14,15,45).
Such motions are thought to be active above the glass tran-
sition temperatures of the molecular rearrangements of both the
primary hydrate water and internal water. The rearrangement
dynamics of hydrated proteins and water is frozen below the
temperature of the glass transition (110 K) due to the primary
hydrate water.

CONCLUSIONS

The dissolution of proteins into a large amount of water
enables the formation of numerous different protein-water
configurations. Further, this dissolution enables the protein
molecule to be mobile at room temperature. These properties
give rise to a wide distribution in the relaxation times for the
conformational changes. The present investigation on the
enthalpy relaxation in a 20% (w/w) aqueous solution of BSA
revealed that three distinguishable glass transitions exist in
the subzero temperature range and that the primary hydrate
water becomes perfectly immobile below 110 K. These
findings will help in further understanding protein dynamics
and will provide important insights into the low-temperature
molecular dynamics of other biological systems.

The authors are grateful to Mr. Satoshi Maruyama for technical support and
advice.

K. Kawai gratefully acknowledges financial support from a Grant-in-Aid
for JSPS fellows provided by The Ministry of Education, Culture, Sports,
Science, and Technology.

REFERENCES
1. Careri, G., E. Gratton, P.-H. Yang, and J. A. Rupley. 1980. Correlation

of IR spectroscopic, heat capacity, diamagnetic susceptibility and
enzymatic measurements on lysozyme powder. Nature. 284:572-573.

Biophysical Journal 90(10) 3732-3738



3738

13.

14.

16.

17.

18.

20.

21.

22.

23.

. Frauenfelder, H., S. G. Sligar, and P. G. Wolynes. 1991. The energy

landscapes and motions of proteins. Science. 254:1598—1603.

. Rasmussen, B. F., A. M. Stock, D. Ringe, and G. A. Petsko. 1992.

Crystalline ribonuclease A loses function below the dynamical
transition at 220 K. Nature. 357:423-424.

. Lichtenegger, H., W. Doster, T. Kleinert, A. Birk, B. Sepiol, and G.

Vogl. 1999. Heme-solvent coupling: a Mdssbauer study of myoglobin
in sucrose. Biophys. J. 76:414-422.

. Doster, W., S. Cusack, and W. Petry. 1989. Dynamical transition of

myoglobin revealed by inelastic neutron scattering. Nature. 337:754-756.

. Paciaroni, A., S. Cinelli, and G. Onori. 2002. Effect of the environment

on the protein dynamical transition: a neutron scattering study. Bio-
phys. J. 83:1157-1164.

. Weik, M. 2003. Low-temperature behavior of water confined by

biological macromolecules and its relation to protein dynamics. Eur.
Phys. J. E. 12:153-158.

. Teeter, M. M., A. Yamano, B. Stec, and U. Mohanty. 2001. On the

nature of a glassy state of matter in a hydrated protein: relation to
protein function. Biochemistry. 98:11242-11247.

. Doster, W., A. Bachleitner, R. Dunau, M. Hiebl, and E. Liischer. 1986.

Thermal properties of water in myoglobin crystals and solutions at
subzero temperatures. Biophys. J. 50:213-291.

. Young, R. D., and R. Scholl. 1991. Proteins as complex systems.

J. Non-Cryst. Solids. 131-133:302-309.

. Mayer, E., and G. Astl. 1992. Limits of cryofixation as seen by Fourier

transform infrared spectra of metmyoglobin azide and carbonyl hemo-
globin in vitrified and freeze-concentrated aqueous solution. Ultra-
microscopy. 45:185-197.

. Mayer, E. 1994a. “‘Freezing-in’’ of carbonylhemoglobin’s CO con-

former population by hyperquenching of its aqueous solution into the
glassy state: an FTIR spectroscopic study of the limits of cryofixation.
J. Am. Chem. Soc. 116:10571-10577.

Mayer, E. 1994b. FTIR spectroscopic study of the dynamics of confor-
mational substrates in hydrated carbonyl-myoglobin films via temperature
dependence of the CO stretching band parameters. Biophys. J. 67:862-873.
Demmel, F., W. Doster, W. Petry, and A. Schulte. 1997. Vibrational
frequency shifts as a probe of hydrogen bonds: thermal expansion and glass
transition of myoglobin in mixed solvents. Eur. Biophys. J. 26:327-335.

. Kaposi, A. D., J. M. Vanderkooi, W. W. Wright, J. Fidy, and S. S.

Stavrov. 2001. Influence of static and dynamic disorder on the visible
and infrared absorption spectra of carbonmonoxy horseradish perox-
idase. Biophys. J. 81:3472-3482.

Stavrov, S. S., W. W. Wright, J. M. Vanderkooi, J. Fidy, and A. D.
Kaposi. 2002. Optical and IR absorption as probe of dynamics of heme
proteins. Biopolymers. 61:255-258.

Kaposi, A. D., N. V. Prabhu, S. D. Dalosto, K. A. Sharp, W. W.
Wright, S. S. Stavrov, and J. M. Vanderkooi. 2003. Solvent dependent
and independent motions of CO-horseradish peroxidase examined by
infrared spectroscopy and molecular dynamics calculations. Biophys.
Chem. 106:1-14.

Cupane, A., M. Leone, and V. Militello. 2003. Conformational sub-
strates and dynamic properties of carbonmonoxy hemoglobin. Biophys.
Chem. 104:335-344.

. Morozov, V. N,, and S. G. Gevorkian. 1985. Low temperature glass

transition in proteins. Biopolymers. 24:1785-1799.

Sartor, G., A. Hallbrucker, K. Hofer, and E. Mayer. 1992. Calorimetric
glass-liquid transition and crystallization behavior of a vitreous, but
freezable, water fraction in hydrated methemoglobin. J. Phys. Chem.
96:5133-5138.

Barkalov, I. M., A. 1. Bolshakov, V. I. Goldanskii, and Yu. F. Krupyanskii.
1993. Vitrification effects in water-protein systems. Chem. Phys. Lett. 208:1-4.
Miyazaki, Y., T. Matsuo, and H. Suga. 1993. Glass transition of
myoglobin crystal. Chem. Phys. Lett. 213:303-308.

Sartor, G., E. Mayer, and G. P. Johari. 1994. Calorimetric studies of
the kinetic unfreezing of molecular motions in hydrated lysozyme,
hemoglobin, and myoglobin. Biophys. J. 66:249-258.

Biophysical Journal 90(10) 3732-3738

24.

25.

26.

217.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Kawai et al.

Green, J. L., J. Fan, and C. A. Angell. 1994. The protein-glass
analogy: some insights from homopeptide comparisons. J. Phys. Chem.
98:13780-13790.

Sartor, G., A. Hallbrucker, and E. Mayer. 1995. Characterizing the
secondary hydration shell on hydrated myoglobin, hemoglobin, and
lysozyme powders by its vitrification behavior on cooling and its
calorimetric glass— liquid transition and crystallization behavior on
reheating. Biophys. J. 69:2679-2694.

Inoue, C., and M. Ishikawa. 2000. The contribution of water to the
specific heat change at the glass-to-rubber transition of the ternary
system BSA-water NaCl. J. Food Sci. 65:1187-1193.

Miyazaki, Y., T. Matsuo, and H. Suga. 2000. Low-temperature heat
capacity and glassy behavior of lysozyme crystal. J. Phys. Chem. B.
104:8044-8052.

Mizukami, M., H. Fujimori, and M. Oguni. 1996. Possible emergence
of plural sets of a- and B-glass transitions in orientationally disordered
crystal, cyclohexanol. Solid State Commun. 100:83-88.

Maruyama, S., K. Wakabayashi, and M. Oguni. 2004. Thermal
properties of supercooled water confined within silica gel pores. In
Slow Dynamics in Complex Systems. Third International Symposium
on Slow Dynamics in Complex Systems. M. Tokuyama and I
Oppenheim, editors. American Institute of Physics, New York.
675-676.

Fujimori, H., and M. Oguni. 1993. Construction of an adiabatic
calorimeter at low temperatures and glass transition of crystalline
2-bromothiophene. J. Phys. Chem. Solids. 54:271-280.

Peters, T. Jr. 1985. Serum albumin. Adv. Protein Chem. 37:161-245.

Sochava, I. V., and O. I. Smirnova. 1993. Heat capacity of hydrated
and dehydrated globular proteins. Denaturation increment of heat
capacity. Food Hydrocol. 6:513-524.

Sochava, I. V. 1997. Heat capacity and thermodynamic characteristics
of denaturation and glass transition of hydrated and anhydrous proteins.
Biophys. Chem. 69:31-41.

Shamblin, S. L., B. C. Hancock, and G. Zografi. 1998. Water vapor
sorption by peptides, proteins and their formulations. Eur. J. Pharm.
Biopharm. 45:239-247.

Tsereteli, G. I, T. V. Belopolskaya, N. A. Grunina, and O. L.
Vaveliouk. 2000. Calorimetric study of the glass transition process
in humid proteins and DNA. J. Therm. Anal. Calor. 62:89-99.

Franks, F. 1990. Freeze drying: from empiricism to predictability.
Cryo-Lett. 11:93-110.

Levine, H., and L. Slade. 1988. Principles of ‘‘cryostabilization’’
technology from structure/property relationships of carbohydrate/water
systems—a review. Cryo-Lett. 9:21-63.

Cooke, R., and L. D. Kuntz. 1974. The properties of water in biological
systems. Annu. Rev. Biophys. Bioeng. 3:95-126.

Franks, F. 1977. Solvation interactions of proteins in solution. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 278:89-96.

Harvey, S. C., and P. Hoekstra. 1972. Dielectric relaxation spectra of
water adsorbed on lysozyme. J. Phys. Chem. 76:2987-2994.

Kimmich, R., T. Gneiting, K. Kotitschke, and G. Schnur. 1990.
Fluctuations, exchange processes, and water diffusion in aqueous
protein systems, a study of bovine serum albumin by diverse NMR
techniques. Biophys. J. 58:1183-1197.

Kotitschke, K., R. Kimmich, E. Rommel, and F. Parak. 1990. NMR
study of diffusion in protein hydration shells. Prog. Colloid Polym. Sci.
83:211-215.

Sartor, G., and E. Mayer. 1994. Calorimetric study of crystal growth
of ice in hydrated methemoglobin and of redistribution of the water
clusters formed on melting the ice. Biophys. J. 67:1724-1732.

Saenger, W. 1987. Structure and dynamics of water surrounding
biomolecules. Annu. Rev. Biophys. Biophys. Chem. 16:93-114.

Ringe, D., and G. A. Petsko. 2003. The ‘glass transition’ in protein
dynamics: what it is, why it occurs, and how to exploit it. Biophys.
Chem. 105:667-680.



