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ABSTRACT To clarify mechanisms of folding and unfolding of proteins, many studies of thermal denaturation of proteins
have been carried out at low protein concentrations because in many cases thermal denaturation accompanies a great
tendency of aggregation. As small-angle x-ray scattering (SAXS) measurements are liable to use low-concentration solutions
of proteins to avoid aggregation, SAXS has been regarded as very difficult to observe detailed features of thermal structural
transitions such as intramolecular structural changes. By using synchrotron radiation SAXS, we have found that the presence
of repulsive interparticle interaction between proteins can maintain solute particles separately to prevent further aggregation
in thermal denaturation processes and that under such conditions the thermal structural transition of hen egg-white lysozyme
(HEWL) holds high reversibility even at 5% w/v HEWL below pH ;5. Because of the use of the high concentration of the
solutions, the scattering data has enough high-statistical accuracy to discuss the thermal structural transition depending on
the structural hierarchy. Thus, the tertiary structural change of HEWL starts from mostly the onset temperature determined
by the differential scanning calorimetry measurement, which accompanies a large heat absorption, whereas the intramolec-
ular structural change, corresponding to the interdomain correlation and polypeptide chain arrangement, starts much prior to
the above main transition. The present finding of the reversible thermal structural transitions at the high protein concentration
is expected to enable us to analyze multiplicity of folding and unfolding processes of proteins in thermal structural transitions.

INTRODUCTION

Many calorimetric studies were carried out to clarify the
thermodynamic basis of the stability of the conformational
states of proteins (Tanford, 1968, 1970; Pfeil and Privalov,
1976a,b,c), and now it is widely considered that under
equilibrium conditions the thermal transitions of single-
domain proteins in solutions are usually two-state where
only the fully folded and unfolded states are populated
(Privalov and Gill, 1988; Privalov, 1989). Calorimetric
studies suggested that hen egg-white lysozyme (HEWL) is
a typical protein showing a cooperative two-state thermal
transition without an intermediate state, whereas hydrogen
exchange experiments using two-dimensional nuclear mag-
netic resonance (NMR) have suggested that HEWL consists
of the two structural domains that differ significantly in the
folding pathway and that these different parts are expected
to be stabilized with very different kinetics (Miranker et al.,
1991; Radford et al., 1992a,b; Buck et al., 1993).

Despite these results, the x-ray scattering method, which
is known to provide direct information about the solute
particle structure, has been rarely applied to the thermal
structural transition studies of proteins in comparison with
folding and unfolding studies of proteins under the presence
of various denaturants (Kataoka et al., 1995). As x-ray
scattering studies of protein structures in solutions need

relatively high-concentration samples in comparison with
other spectroscopic studies, such as circular dichroism, it is
usually very difficult to determine degree of thermal tran-
sition of both tertiary and intramolecular structures of pro-
teins by using x-ray scattering because of a great tendency
of aggregation. To suppress such an aggregation effect in
the denaturation processes, in many cases x-ray scattering
experiments are carried out by reducing protein concentra-
tions as low as possible, and an extrapolation method using
the Zimm plot is used (Kataoka et al., 1995; Kataoka and
Goto, 1996). However, this method done by lowering solute
concentration is applicable only to scattering data restricted
in a very small-angle region with relatively high statistical
accuracy, which gives us only structural information such as
gyration radius. Therefore, we tend to discard an intramo-
lecular structural information obtained from wide-angle
scattering data owing to very low statistics.

By the way, under the conditions far from an isoelectric
point, proteins exist in solutions as positively or negatively
changed macro-ions, such as ionic micelles (Hirai et al.,
1996a,b). To conquer the above conflicting demand for
x-ray scattering studies of thermal structural transitions of
proteins, namely, to obtain wide-angle scattering data with
high-statistical accuracy under unaggregative conditions,
the repulsive interactions between proteins through Cou-
lomb potential can be positively used to prevent some
aggregation. By using the synchrotron radiation small-angle
x-ray scattering (SR-SAXS) method we have successfully
observed the highly reversible thermal structural transition
of HEWL even at high concentration. The present finding
will provide us with a new aspect of the intramolecular
structural transition of protein in the unfolding and folding
process under heating and cooling.
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MATERIALS AND METHODS

Samples

The protein used was HEWL, three times crystallized, purchased from
Sigma Chemical Co. (St. Louis, MO). As a repulsive interparticle interac-
tion between proteins is greatly weakened by the electric-shielding effect
of the presence of counterions surrounding the protein, we solubilized
lysozyme in water for which the pH had been adjusted only by adding HCl
before solubilization. Final pH values of the solutions were determined to
be 2.8, 4.8, and 7.2 by using a digital pH meter HM-60V from TOA
Electronics Ltd. For the SAXS experiments, the concentration of the
lysozyme solution was varied from 0.5% w/v to 20% w/v. The concentra-
tion of the samples used for the temperature dependence measurements
were 5% w/v.

Small-angle x-ray scattering measurements

X-ray scattering experiments were carried out with a small-angle scattering
spectrometer (Ueki et al., 1985) installed at the 2.5 GeV storage ring in the
Photon Factory, Tsukuba, Japan. A one-dimensional position-sensitive
proportional counter detected the scattering intensity. The wavelength used
was 1.49 Å, and the sample-to-detector distance was 60 cm. A sample cell
composed of a pair of mica windows with 1-mm path length contained the
lysozyme solution, which was placed in a thermostatted cell holder with a
precision below 0.1°C. The sample solution was heated stepwise from
20°C to 80°C with the temperature interval of 5°C. After the first heating,
the sample solution was immediately cooled to 20°C and kept at this
temperature for 1 h, when the second heating was started. The temperature
of the samples was monitored by using a thermocouple device attached
directly to the sample cell. The exposure time for one-shot measurement
was 4 min, and the integrated exposure time for one sample was 52 min.

Differential scanning calorimetry measurements

The differential scanning calorimetry (DSC) measurements were done by
using a differential scanning calorimeter PC DSC7 from Perkin Elmer Co.
To compare SAXS data with DSC data directly, the samples of the DSC
measurements were prepared in the same way used for the protein solutions
in the scattering measurements (5% w/v). Scanning rate was 3°C/min in the
temperature range from 10°C to 80°C. After the first heating, the sample
was cooled to 10°C and kept at this temperature for 1 h when the second
heating measurement was started.

Scattering data analysis

The following analyses were done. The distance distribution functionp(r)
was calculated by the Fourier inversion of the scattering curveI(q) as

p~r! 5
2

p E
0

`

rqI~q!sin~rq!dq, (1)

where q is the magnitude of scattering vector defined byq 5 (4p/
l)sin(u/2) (u, the scattering angle;l, the wavelength). Thep(r) function
reflects the particle shape, the intraparticle scattering density distribution,
and the interparticle correlation (Glatter, 1982). The maximal diameter
Dmax of the particle was estimated from thep(r) function satisfying the
conditionp(r) 5 0 for r . Dmax. To reduce the Fourier truncation effect on
the calculation of thep(r) function, the extrapolation of the small-angle
data sets by using the least-squares method for the Guinier plot (ln(I(q)) vs.
q2) and the modification of the scattering intensity as

I9~q! 5 I~q!exp~2kq2! (2)

(k is the artificial damping factor) were employed. As the use of the Guinier
approximation for the determination of gyration radiusRg is known to lead
to inherent systematic errors and similar difficulties caused by concentra-
tion or aggregation effect, we used the following equations (Glatter, 1982)
to reduce such artifacts for the estimation ofRg:

I total 5 E
0

Dmax

p~r!dr (3)

and

Rg
2 5

*0
Dmaxp~r!r2dr

2*0
Dmaxp~r!dr

(4)

Equation 3 was used for normalization of thep(r) functions.

RESULTS AND DISCUSSION

Fig. 1 shows the concentration dependence of the scattering
curve I(q) of the lysozyme solution at pH 7.0 in 50 mM
Hepes buffer as the concentration was varied from 0.5% w/v
to 20% w/v. The abrupt decrease of the scattering intensity
below q ' 0.02 Å21 results from the beam stopper. As is
well known, the scattering curveI(q) contains the structural
information with different real-space distance depending on
the observedq range. In the present case the broad peak at
q ' 0.07 Å21 is evidently attributable to the interparticle
correlation under repulsive Coulomb potential, whose width
and height depend on the effective charge of the protein
surface (Hirai et al., 1996a). Except for a highly concen-
trated system composed of large anisotropic-shaped parti-
cles forming liquid crystal ordering (Hirai et al., 1995,
1997), for globular particle systems in solutions the repul-
sive interaction between the particles usually produces only
a broad single peak at the smallq region owing to a large
thermal energy of Brownian motion, which scarcely affects
the scattering curve in theq region above the peak position

FIGURE 1 Concentration dependence of the scattering curveI(q) of the
HEWL solution in 50 mM Hepes buffer at 25°C. The concentration was
varied from 0.5% w/v to 20% w/v. The scattering curves were normalized
by the concentrations.
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(Hirai et al., 1996a). Fig. 1 clearly shows such a situation.
Thus, the scattering curveI(q) in theq range of 0.1–0.2 Å21

mostly reflects the tertiary structure of lysozyme in the real
space distance of;30–60 Å, such as molecular shape and
dimension, and theI(q) in the q range of 0.3–0.6 Å21

mostly reflects the intramolecular structure in the real space
distance of;10–20 Å, such as structural domain correla-
tion and polypeptide arrangement.

Fig. 2 shows the temperature dependence of the scattering
curvesI(q) of the lysozyme solutions at different pH, where
A–Ccorrespond to pH 7.2, pH 4.8, and pH 2.8, respectively.
For all solutions the change of the scattering curve in theq
range of 0.3–0.6 Å21 starts gradually from 20°C. On the
other hand, the change of the scattering curve in theq range
of 0.1–0.2 Å21 starts from a higher temperature that de-
pends on pH. This shows that with elevating temperature the
intramolecular structural fluctuation or rearrangement starts

prior to the major change of the tertiary structure. The above
changing tendency is also indicated by the Kratky plots
(q2I(q) vs.q) shown in Fig. 3. As is well known, the Kratky
plot reflects the short-range interactions acting along the
polymer chain from neighbor to neighbor, such as bond
forces and hindrance of rotation, and also shows a certain
rigidity of polymer chains (Kratky and Porod, 1949; Kriste,
1967; Kriste and Oberthu¨r, 1982; Hirai et al., 1993, 1994).
In Fig. 3 the temperature dependence of the Kratky plot in
the q range of 0.4–0.6 Å21 well indicates that the gradual
change of the intramolecular structure starts from 20°C,
namely, that the polypeptide chain changes its conformation
from a persistent chain with a rigid persistent curvature to a
persistent chain with less persistent curvature (Kriste and
Oberthür, 1982; Hirai et al., 1993, 1994). The broad peak at
q ' 0.12 Å21 in the Kratky plot, which is different from the
interparticle correlation peak in Figs. 1 and 2, shows that the

FIGURE 2 Temperature dependence of the scattering curvesI(q) of the
HEWL solutions (5% w/v) at different pH values. (A) pH 7.2; (B) pH 4.8;
(C) pH 2.8. The temperature was elevated stepwise from 20°C to 80°C with
the temperature interval of 5°C. The solid lines withF correspond to the
lysozyme solutions that were cooled to 20°C after the first heating and kept
at this temperature for 1 hour.

FIGURE 3 Temperature dependence of the Kratky plots (q2 3 I(q) vs.q
plots) of the scattering curves in Fig. 2.A, B, andC and the solid lines with
F are as in Fig. 2.
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proteins hold compact structures because the position and
height of the peak mostly reflect the dimension and com-
pactness of the tertiary structure of the protein (Kataoka et
al., 1995; Kataoka and Goto, 1996). In comparison with the
gradual changes of the Kratky plots in theq range of
0.4–0.6 Å21, the peaks atq ' 0.12 Å21 in Fig. 3 change
drastically at higher temperatures for all pH values. The
above changing tendencies both in the scattering curve and
in the Kratky plot at the differentq ranges strongly suggest
that the intramolecular structural change proceeds gradu-
ally, such as a second-order transition, and that the tertiary
structural change occurs such as a first-order transition. We
can also recognize an evident pH dependence of the chang-
ing tendency of the Kratky plot in theq range of 0.1–0.6
Å21. At pH 7.2 and 4.8, the change of the broad peak atq '
0.12 Å21 occurs drastically in comparison with that at pH
2.8. Especially at pH 7.2 the large shift of the peak position
occurs at a temperature between 70°C and 75°C, suggesting
that the thermal denaturation of lysozyme accompanies an
aggregation at pH 7.2, which makes the thermal structural
transition irreversible. In the scattering curve and the Kratky
plot the thermal reversibility aboveq ' 0.3 Å21 is higher
than that belowq ' 0.15 Å21, suggesting that the intramo-
lecular structural change is essentially reversible below pH
4.8 under the present conditions.

Fig. 4 shows the distance distribution functionsp(r) cal-
culated by the Fourier transform of the scattering curves at
pH 2.8 and 7.2 in Fig. 2. The variation of thep(r) profile

depending on temperature well reflects the thermal change
of the tertiary structure. Clearly, the structural change is
highly reversible at pH 2.8, whereas at pH 7.2 the structural
change is remarkably irreversible owing to the aggregation.
Fig. 5 shows the temperature dependence of the radius of
gyrationRg obtained by using Eq. 5. In Fig. 5 theRg begins
to increase from;65°C at pH 2.8 and 7.2 and from;70°C
at pH 4.8. The increment of theRg value by elevating
temperature from 20°C to 80°C is from 16.2 Å to 19.8 Å at
pH 2.8 and from 16.3 Å to 19.5 Å at pH 4.8, indicating the
expansion of the tertiary structural dimension. At pH 7.2 the
remarkable increase of theRg from 16.4 Å to 26.9 Å results
from the aggregation in the thermal denaturation process,
which is also shown by the drastic increase of the maximal
diameterDmax estimated from Fig. 4.

As shown in Figs. 2, 3, and 4, the reversibility of the
thermal structural transition mostly holds at low pH, espe-
cially at pH 2.8. To compare the SAXS results with the DSC
ones, it is important to carry out the DSC measurements
under the same solution condition of the SAXS measure-
ments. In Fig. 6 the thermograms of the first and second
heating scans at pH 7.2 and 2.8 are shown. The reversibili-
ties of the thermal structural change shown in Figs. 2 and 3
are in good agreements with those observed in the DSC
thermograms in Fig. 6. The onset and midpoint tempera-
tures observed in the DSC thermograms are 64°C and 73°C
at pH 2.8, 70°C and 77°C at pH 4.8, and 66°C and 73°C at
pH 7.2, respectively. These values mostly agree with the
temperatures where the significant changes of the tertiary
structures were observed by the SAXS measurements in
Figs. 2, 3, and 4. The decrement of the transition enthalpy of
the second heating scan compared with that of the first
heating one is;25% at pH 7.2 and below 1.3% at pH 4.8
and 2.8.

The present results clearly indicate that the tertiary struc-
tural change accompanies a large heat absorption, whereas
that the intramolecular structural change, namely, the pre-
transition observed in theq ranges of 0.3–0.6 Å21 starts

FIGURE 4 Distance distribution functionsp(r) calculated by the Fourier
inversion of the scattering curves in Fig. 2. (A) pH 7.2; (B) pH 2.8. The
solid lines withF are as in Fig. 2.

FIGURE 5 Temperature dependence of the radius of gyrationRg of the
HEWL solutions (5% w/v) at different pH values.Rg values were estimated
from the distance distribution functions by using Eq. 4 to thep(r) functions
in Fig. 4.

Arai and Hirai Reversibility and Hierarchy of Transition 2195



mostly without a heat absorption before the above main
transition. These results agree with our recent paper treating
the thermal structural transition of HEWL under the differ-
ent solvent conditions, where we also compared the thermal
structural transition process of HEWL with that ofa-lact-
albumin (Hirai et al., 1998). Such differences between the
tertiary and intramolecular structural changes suggest that
the multiplicity of the thermal transition of HEWL strongly
depends on the structural hierarchy and stability, which
would agree with the evidence of the multiple pathways in
folding observed in two distinct folding domains of ly-
sozyme (Miranker et al., 1991; Radford et al., 1992a,b;
Buck et al., 1993). In other words, in the case of HEWL the
thermal transition of the tertiary structure accompanies the
thermodynamic-microstate transition with a significant
change of Gibbs free energy, and the transition of the
intramolecular conformation in the polypeptide chain ar-
rangements proceeds without or with a minor change of
Gibbs free energy such as a second-order transition. In
addition, the structural transition feature would strongly
couple the thermal stabilities of distinct folding domains,
such asa and b domains, as suggested by the pH depen-
dence of the intramolecular structural change. The above
results agree with the thermodynamic consideration that the
collapse of the tertiary structure would induce a significant
change of the water-accessible area of the protein surface
between the native state and the denatured state, resulting in
changes of hydration of amino acid residues upon heating
that accompany changes of heat capacity (Privalov and
Makhatadze, 1990). Under theoretical bases of thermody-
namics, the advanced algorithms for the analysis of DSC
curves (Filimonov et al., 1982; Kidokoro and Wada, 1987;
Kidokoro et al., 1988) were shown to give us not only
thermodynamic functions but also the fractions of the ther-
modynamic microstates as an ensemble of microstates at
equilibrium. On the other hand, the SR-SAXS method has a
great advantage to determine directly spatial-conforma-

tional states of macromolecules, although this method has
been rarely applied to discuss quantitatively those states
(Lattman, 1994; Kataoka and Goto, 1996) by the occurrence
of aggregation in the structural transition of proteins. The
reversibility of the thermal structural transition of the pro-
teins, which was observed in the present SAXS experiments
in the wideq range by preventing aggregation, would enable
us to compare directly the spatial-conformational states
observed by SAXS with the thermodynamic microstates
observed by DSC. Accordingly, we can develop further
discussion of the folding and unfolding mechanism of pro-
teins, especially structural energetics of the molten globule
state (Mark and Gunsteren, 1992; Haynie and Freire, 1993;
Hilsner and Freire, 1996). A theoretical study of protein
folding using the lattice Monte Carlo simulation method has
shown that the folding ability of the polypeptide chain can
be characterized entirely in terms of two intrinsic charac-
teristic temperatures (Klimov and Thirumalai, 1996). One
of them is the collapse transition temperature above which
the chain takes an extended random coil structure; the other
is the folding transition temperature below which the chain
takes a folded structure. The tertiary and intramolecular
structural transitions observed separately in the present ex-
periments would correspond to the above transitions in their
theoretical work. As suggested by our present and previous
experiments, gradual transitions occurring in intramolecular
structures would weakly depend on solvent conditions and
depend on the presence of structural domains that have
different inherent structural stabilities. A new method of
SAXS data analysis to examine the multiplicity of the
structural transition of proteins has appeared elsewhere
(Hirai et al., 1999), where we have compared directly a
spatial-conformational-state transition observed by SAXS
with a thermodynamic-microstate transition observed by
DSC. We are now continuing experiments to confirm mul-
tiplicities of thermal transitions of other proteins depending
on structural hierarchy and stability.
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