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ABSTRACT: Hierarchical features of the thermal unfolding-refolding structural transition of hen egg white
lysozyme (HEWL) have been studied in the temperature range from 13 to 84°C by using high-resolution
wide-angle X-ray scattering (WAXS) measurements at a third-generation synchrotron source. We have
gathered high-statistic WAXS data of the reversible unfolding-refolding process of HEWL in theq range
from ∼0.05 to∼3 Å-1 [q ) (4π/λ) sin(θ/2), whereθ is the scattering angle andλ the wavelength]. This
measuredq range corresponds to the spatial distance from∼2 to ∼125 Å, which covers all hierarchical
structures of a small globular protein such as HEWL, namely, tertiary, domain, and secondary structures.
Because of this, we have found that the pH dependence of the thermal structural transition of HEWL is
well characterized by the various hierarchical levels and the transition concurrence among them. In this
report, we present a new hierarchical map depiction of unfolding-refolding transitions. Using scattering
with various ranges ofq values, we determine the molar ratio of native-like protein structure defined by
the data in each range, thus producing a map of the amount of native-like structure as a function of the
hierarchical level or resolution. This map can visualize a detailed feature of the unfolding-refolding
transition of a protein depending on various structural hierarchical levels; however, the exact meaning of
the map will await sharpening by additional works.

The mechanism of protein folding is one of the major
problems in structural biology. Numerous studies on protein
folding have been executed through advances both in
experimental methods and in theoretical approaches (1).
Especially the “folding funnel” or “energy landscape” model
presented by theoretical studies affords us important physical
insight into protein folding kinetics and stability (1-3). For
clarifying how proteins actually fold into those native
structures, it is important to observe the detailed nature of
the folding-unfolding processes. The experimental resolu-
tions in time and space have also been improving continu-
ously. In one such experimental improvement, high-brilliant
X-ray radiation from a third-generation synchrotron radiation
(SR)1 source has opened a new horizon not only in protein
crystallography but also in protein structure analyses in
solutions. A recent time-resolved small-angle X-ray scattering
(SAXS) study using a third-generation SR source has
successfully demonstrated that a collapse process of a folding

protein at unequilibrium can now be observed at time and
spatial resolutions of∼1 ms and∼30 Å, respectively, in
conjunction with a special microfabricated fluid mixing
technique (4), where the spatial resolution is defined by 2π/
qmax (qmax is a maximum measured value). Despite the use
of high-brilliant SR X-ray radiation, their experiment would
suggest some difficulty in folding kinetics studies in obtain-
ing internal structural information about proteins in solutions.
This difficulty could be attributed to an intrinsic feature of
structural factors of proteins, namely, to∼100-fold damping
of scattering intensities at high-angle scattering regions.
Alternatively, even by using high-brilliant X-ray radiation
in protein folding studies, the experimental demand for the
time resolution still competes with that for the spatial
resolution. On the other hand, under equilibrium conditions,
high-spatial resolution scattering data of proteins in solutions
can be measured by using X-rays from a third-generation
SR source. We have recently shown that SR wide-angle
X-ray scattering (SR-WAXS) curves of several typical
globular proteins in solutions characterize well not only
overall structures (molecular size and shape) but also
intramolecular structures such as intradomain structures,
domain-domain distance correlation, and secondary struc-
tures (5). We have also shown that the full-range experi-
mental SR-WAXS curves of the proteins were mostly
comparable with the theoretical ones calculated from the
atomic coordinates of the proteins.

In this report, we treat the thermal structural transition of
hen egg white lysozyme (HEWL). Calorimetric studies
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clarified the thermodynamic basis of the conformational
stability of proteins at equilibrium states. They showed that
the thermal transitions of proteins, especially single-domain
proteins, are essentially two-state where only fully folded
and unfolded states are populated (6-10). Those studies
suggested that HEWL is a typical protein showing a
cooperative two-state thermal transition, whereas later spec-
troscopic studies showed that HEWL consists of the two
structural domains which differ in the folding pathway and
kinetics (11-16). In the previous studies using small- and
medium-angle X-ray scattering methods combined with the
calorimetric measurements, we showed that the thermal
unfolding transition of HEWL greatly depends on pH and
on its structural hierarchy (17-20); however, the spatial
resolution was greater than∼12 Å. For a detailed under-
standing of the thermal unfolding-refolding transition of
HEWL, it is necessary to obtain X-ray scattering data with
much higher statistical and spatial resolution which covers
the whole structural hierarchy under equilibrium conditions.
Then we have carried out the SR-WAXS experiments on
the thermal unfolding-refolding process of HEWL at various
pH values under the stepwise heating and cooling conditions.
We have successfully observed the high-statistic and high-
resolution WAXS data of the thermal unfolding-refolding
transition of HEWL with a high reversibility. These observed
WAXS data covering the spatial resolution from∼2 to∼125
Å have directly afforded us several features of the thermal
unfolding-refolding structural transition for various hierar-
chical levels and for the transition concurrence and cooper-
ativity among those levels at equilibrium. In addition, we
propose a new hierarchical map for analysis of unfolding-
refolding transitions of proteins, which will show further
applicability of the SR-WAXS method in protein folding
studies at equilibrium.

MATERIALS AND METHODS

Materials. Hen egg white lysozyme (crystallized three
times) was purchased from Sigma Chemical Co. and was
used for WAXS measurements. In the unfolding and/or
refolding process of proteins, some aggregation tends to
occur in many cases. As reported previously (17-21), to
obtain high-statistic WAXS data of unfolding-refolding
structural transitions of proteins while avoiding some ag-
gregation, repulsive interparticle interaction between proteins
through Coulomb potential can be productively used. Then
we dissolved the protein in a low-ionic strength water solvent
whose pH was adjusted by adding HCl before the dissolution.
The final pH values of the protein solutions were determined
by using a digital HM-60V pH meter from TOA Electronics
Ltd. The pH values of the protein solutions used for the
thermal transition measurements were 2.2, 3.1, 3.6, and 4.5.
The concentrations of the samples were 5% (w/v) for the
thermal unfolding-refolding measurements and 1% (w/v)
for the pH dependence measurements.

X-ray Scattering Measurements. Wide-angle X-ray scat-
tering experiments were carried out by using an X-ray
scattering spectrometer installed at BL-40B2 of the 8 GeV
synchrotron radiation source in the Japan Synchrotron
Radiation Research Institute (JASRI, Harima, Japan). The
sample-to-detector distance was 41 cm. The X-ray wave-
length was 0.729 Å. The beam size at the sample position
was∼0.1 mm× 0.1 mm in the full width at half-maximum.

X-ray scattering intensity was detected with an imaging plate
(30 cm× 30 cm in area) system from RIGAKU (R-AXIS
IV). Incident and transmitted X-ray beam intensities were
monitored with a pair of ionization chambers. The details
of the spectrometer were described previously (22). The
sample solutions were contained in the sample cell with a
path length of 1 mm and a pair of thin quartz windows. In
the thermal unfolding-refolding measurements, the temper-
ature of the sample was changed stepwise from∼13 to∼84
°C. The time of exposure to X-rays at each temperature was
30 s. The sample solution was slightly moved in the cell for
each measurement. This oscillatory movement of the solution
was enough to avoid some radiation damage on the sample
due to the small beam size (∼0.1 mm× 0.1 mm). After a
beam center had been determined using a standard sample,
silver behenate (23), two-dimensional scattering data re-
corded on IP were transformed to a one-dimensional scat-
tering intensity profile I(q) by using a circle-averaging
program. Theq values were calibrated with the diffraction
data of the standard sample described above.

Scattering Data Analysis. In WAXS data analyses of
diluted solutions containing such proteins, the correct
subtraction of a solvent scattering from a solution one is very
important in obtaining a net scattering from solute particles.
The structure factor of water increases above aq of ∼0.8
Å-1 and shows a broad correlation peak at∼2.0 Å-1 (24).
In the experiments described herein, the position of the
correlation peak shifted from 1.95 Å-1 at 13°C to 2.05 Å-1

at 84°C. Then in the background correction of WAXS data,
we took into account both the excluded volume effect of
protein molecules and the correlation peak of water mol-
ecules at each temperature. The following equation can be
used to obtain the scatteringI(q) from the proteins (5).

whereIsol(q), Isolv(q), Icell(q), Bsol, Bsolv, Bcelll, Tsol, Tsolv, and
Tcelll are the observed scattering intensities, the incident beam
intensities, and the transmissions of the solution and solvent
samples at each temperature and the sample cell, respectively.
Ipeak
sol and Ipeak

solvl are the water correlation peak intensities of
the solution and solvent samples and the solvent, respectively.
c andVa are the concentration of the protein molecule and
its partial specific volume, respectively. AVa value of 0.712
mL/g was used for lysozyme (25). After these data correc-
tions had been executed, the radius of gyrationRg was
determined by using the following equation (26).

where thep(r) is the distance distribution function calculated
by the Fourier inversion of the scattering curveI(q) as
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and Dmax is the maximum diameter of the solute particle
determined by thep(r) function satisfying the conditionp(r)
) 0 whenr > Dmax. In the estimation ofRg, the use of eq 2
is known to reduce some inherent systematic errors caused
by concentration or aggregation effects in comparison with
the use of the Guinier approximation (27). In previous
reports, we showed that the following method, called
transition-multiplicity analysis (TMA) (18), can be applied
well in analyzing a hierarchical feature of a structural
transition of proteins.

whereI(q,TN), I(q,TU), andI(q,T) are the scattering profiles
at the initial, final, and intermediate temperatures in a defined
q range ofqi-qj Å-1, respectively. In this case, for each pH
the scattering curveI(q,T) in a defined q range at an
intermediate temperature was fitted by using a linear
combination of theRI(q,TN) and (1- R)I(q,TU) at initial
and final temperatures. The factorR is determined by
minimizing the∆ij value in eq 4. Therefore, the determined
R and 1 - R values at the intermediate temperatureT
correspond to the molar fractions of the spatial conformations
of the proteins at initial and final temperature states in the
definedq range ofqi-qj. Alternatively, we assume that at
equilibrium the structural transition of the proteins at the
transition intermediate can be described by a population of
the proteins at folded (N-state) and unfolded (U-state) states;
therefore, the molar fractionR was 1 at the initial temperature
and 0 at the final temperature. As previously discussed in
detail with the SAXS and differential scanning calorimetry
(DSC) experiments (18), the use of eq 4 is comparable with
the use of the van’t Hoff equation in DSC analyses that
clarify thermodynamic functions and the fractions of the
thermodynamic microstates as an ensemble of microstates
at equilibrium (28-30).

Theoretical Scattering CurVe Calculation.To simplify the
explanation of WAXS curves of proteins, we will omit the
description of the presence of solvent that gives a solute
particle an excess average scattering density, so-called
contrast (31). Then, the theoretical WAXS curve of a protein
can be calculated by using the following Debye equation
(32) and the atomic coordinates of the protein in the Protein
Data Bank (PDB).

wherefi andfj are the atomic scattering factors ofith andjth
atoms, respectively, in a molecule composed ofn atoms and
rij is the interatomic distance between theith andjth atoms.
According to the convolution theorem, the scattering am-
plitude A(q) of a protein composed of two domains (R-

domain andâ-domain in a protein such as HEWL) is given
as

where/ is the convolution integral,Fi and r i represent the
electron density distribution function and its center coordinate
of the ith atom in the protein, respectively, andr R and r â

are the electron density center coordinates of theR- and
â-domains, respectively. For proteins randomly oriented in
solutions, an observed scattering curve is obtained by
averaging the scattering intensityI(q) over the solid angle
in reciprocal space as follows.

where the broken brackets indicate the spherical average
integral andAR(q) andAâ(q) are the scattering amplitudes
of the two domains. The first and second terms in eq 7 are
also given by the following Debye equations for two
domains.

The third term in eq 7 represents the correlation scattering
function between the domains whererRâ ()|r R - r â|) is the
distance between the electron density centers of theR- and
â-domains. This term is an oscillation function with both
positive and negative values. On the basis of a theoretical
scattering curve calculation using the formulations described
above, we are able to discuss qualitatively characteristics of
WAXS curves depending on structural hierarchy, especially
for small proteins that are composed of a few domains
structured separately such as HEWL. It should be mentioned
that in many cases theoretical scattering curves using the
Debye equation cannot quantitatively reproduce experimental
ones for small- and medium-angle scattering regions (q <
∼0.5 Å-1). This is because the PDB data contain the atomic
coordinates of a limited number of hydrated waters and
because the Debye equation is hard to take into account for
both contrasts of a protein and its hydration shell in an
appropriate way. Experimental scattering curves are most
appropriately reproduced by theoretical ones using a well-
known program called CRYSOL (33). This program using
the multipole expansion method (31) takes into account of
the existence of a solvent and hydration shell based on the
PDB atomic coordinates of a protein (33, 34).

RESULTS

WAXS CurVes and Hierarchical Structures of Proteins.
As reported previously for several typical proteins in
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solutions (5), a WAXS curve of a protein mostly reflects
the characteristics of hierarchical structural levels within the
protein. Figure 1 shows the theoretical WAXS curves of
several globular proteins with the HEWL schematic three-
dimensional structure. The WAXS were simply calculated
by using eq 5 and the atomic coordinates of the proteins in
the PDB. The proteins were selected according to the
database of Structure Classification Of Proteins called SCOP
(36). Namely, hemoglobin (1HDA) (37) and myoglobin
(1WLA) (38) are classified as all-R proteins,R-chymotrypsin
(4CHA) (39) and staphylococcal nuclease (1STN) (40) as
all-â proteins, phoshoribosyl anthranilate isomerase (1NSJ)
(41) and flavodoxins (1AG9) (42) as R/â proteins, and
lysozyme (6LYZ) (43) and ribonuclease A (7RSA) (44) as

R+â proteins (PDB entries used for the theoretical calcula-
tions). The previous experimental WAXS curves (5) and the
theoretical ones in Figure 1 suggest that the scattering curves
in the ranges of∼0.8-1.1 and>1.9 Å-1 are less sensitive
to the characteristics of the internal structures of proteins.
The regions in the theoretical scattering curves are roughly
assigned to the typical intramolecular distances of the
different hierarchical structural levels in the HEWL three-
dimensional structure. In the case of HEWL, the scattering
curves in theq range of less than∼0.2 Å-1, in theq range
of ∼0.25-0.8 Å-1, and in theq range of∼1.1-1.9 Å-1

mostly correspond to the different hierarchical levels, namely,
to the tertiary structure, the interdomain correlation and
intradomain structure, and the secondary structures and the
closely packed side chains in the hydrophobic cores,
respectively.

For many proteins, the theoretical scattering curves given
by the CRYSOL program are in agreement with the
experimental WAXS ones over a wideq range (5) since this
program takes into account contrast and hydration shell (33,
34). Figure 2 shows the theoretical scattering curves of
HEWL using the CRYSOL program. In the program, we
used 50 spherical harmonics and other default parameters,
and PDB entry 6LYZ of HEWL was used. The inset in
Figure 2 shows good agreement of the experimental WAXS
curve [5% (w/v) HEWL at pH 4.5 and 24°C] with the
theoretical one using this program, where only a limited
number of experimental data points are plotted. This would
ensure the reasonability of the following hierarchical analyses
for HEWL structure and stability. According to the SCOP
database (36), HEWL is in theR+â group of proteins and
is known to be composed of two structural domains, that is,
the R-domain with exclusivelyR-helical structure and the
â-domain with predominantlyâ-structure. The theoretical
scattering curves in Figure 2 were calculated by using the
atomic coordinates of the HEWL whole structure, the
R-domain, and theâ-domain. In the scattering curve of the
R-domain, the damped trapezoidal profile in theq range of

FIGURE 1: Theoretical WAXS curves, obtained by the Debye
equation, of several proteins in different structural classification
categories. Typical intramolecular distances within the HEWL
molecule are shown schematically in its three-dimensional rendering
using MolScript (68). The scattering curves in the regions of parts
A (q < ∼0.2 Å-1), B (∼0.25 Å-1 < q < ∼0.5 Å-1), C (∼0.5 Å-1

< q < ∼0.8 Å-1), and D (∼1.1 Å-1 < q < ∼1.9 Å-1) mostly
correspond to different hierarchical structure levels, that is, to the
quaternary and tertiary structures, the interdomain correlation and
intradomain structure, and the secondary structures, including the
closely packed side chains, respectively. The schematic picture and
the WAXS curve of HEWL are reproduced from our previous report
(5).

FIGURE 2: Theoretical scattering curves of the HEWL whole
structure (thick line), theR-domain (thin line), and theâ-domain
(dotted line) which were obtained by using CRYSOL. The inset
shows the observed WAXS curve [5% (w/v) HEWL at pH 4.5 and
24 °C] with the theoretical one calculated by the program fitting
the experimental data: experimental data (O) and theoretical curve
(s).
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∼0.27-0.7 Å-1 with a maximum around∼0.36 Å-1

characterizes the internal structure such as theR-helix
packing. The scattering curve of theR-domain in theq range
of ∼1.2-2.0 Å-1 has a round hump, which can be seen in
several proteins with exclusivelyR-helical structures, such
as in all-R proteins (5). On the other hand, the scattering
curve of theâ-domain is simply dumped in theq range of
∼0.27-0.7 Å-1 without any correlation peak. This would
reflect the fact that theâ-domain is a small domain with
less secondary structure packing correlation. In theq range
of ∼1.2-2.0 Å-1, the scattering curve of theâ-domain has
a broad hump with a maximum around∼1.4 Å-1. Similar
maxima are found in several all-â proteins (examples in
Figure 1). The scattering curves in Figure 2 can be explained
theoretically by using eqs 6-8 based on the convolution
theorem. Thus, the scattering curves of theR-domain and
â-domain in Figure 2 correspond to the first and second terms
in eq 7 (namely, in eq 8), respectively. The scattering curve
of the whole molecule in Figure 2 corresponds to the
summation of all terms in eq 7. Noticeably, the scattering
curve of the HEWL whole structure in thisq region is mostly
given by the simple summation of the scattering curves of
the R- and â-domains, and the maximumq characterizing
theâ-domain is∼1.4 Å-1. The maximumq of ∼1.4 Å-1 is
actually observed in the experimental scattering curve in the
inset. This is because the interdomain correlation function
of the third term in eq 7 has a factor of sin(qrRâ)/qrRâ which
damps faster againstq than the first and second terms in eq
7 given by eq 8. From the theoretical scattering curves in
theq range of 1.2-2.0 Å-1, we can estimate separately the
contributions of three scattering terms (R-domain,â-domain,
and the correlation between them) in eq 7 to the total
scattering intensity in this region. Those values are 61.8%
for the R-domain, 38.3% for theâ-domain, and-0.1% for
the correlation. It would also explain the simple summation.
The above characterizations of the WAXS curve of HEWL
are important in the following analyses.

pH Dependence of HEWL Structure. Figure 3 shows the
pH dependence of the WAXS curveI(q) of 1% (w/v) HEWL
at 25°C and pH 1.9-6.3, where the inset shows the Kratky

plots of I(q). HEWL consists of two structural domains
whose average distance is∼18 Å (35). As described above,
the broad humps around 0.34 and 0.62 Å-1 mostly reflect
the domain-domain correlation and the internal structures
of the domains. Despite the change in pH, in Figure 3 the
I(q) profiles at all pH values mostly agree with each other,
indicating that the pH variation from 6.3 to 1.9 at 25°C
slightly affects the whole HEWL structure. There is a minor
change in the scattering curve depending on pH. At pH 4.6-
1.9, the slopeI(q) when q < ∼0.15 Å-1 becomes smaller
with a slight decrease in the zero-angle scattering intensity
I(0). I(0) is proportional ton(FjV)2, wheren is the number of
solute particles,Fj the contrast of solute particles, andV the
particle volume (31). The radius of gyrationRg decreases
from 15.6( 0.4 to 15.1( 0.3 Å, accompanying the∼14%
decrease inI(0). As is well-known (31), theRg value depends
not only on the molecular size and shape but also on the
scattering density distribution within the molecule. In addi-
tion, a hydration shell density of a protein also affects both
Rg and I(0) values (34). As reported previously (20), an
interparticle interaction does not affect the scattering curve
when q > ∼0.05 Å-1 at <1% (w/v) HEWL. Then the
observed changes in theRg andI(0) values could be attributed
to a change in the tertiary structure, the hydration shell, or
both. In the Kratky plots in the inset, a slight decrease in
the peak height whenq ∼ 0.12 Å-1 from pH 4.6 to 3.5 might
indicate a slight change in the compactness of the protein
structure (45, 46). This accompanies a slight damping of the
ripple profiles whenq ∼ 0.2-0.7 Å-1, suggesting that the
pH variation induces a minor change both in the interdomain
correlation and the internal structures of the domains. The
scattering intensity whenq ∼ 1.5 Å-1 tends to decrease
below pH 3.5, which suggests some change in the secondary
structure and the closely packed side chains. However, these
changes depending on pH are relatively small at pH>2,
which results from an intrinsic characteristic of HEWL, in
contrast to the cases of other acid-denatured proteins at low
pH (47-49). Thus, under the experimental conditions
presented here, the observed WAXS curves show that the
HEWL retains mostly its native-like structure even at low
pH.

Thermal Unfolding and Refolding of HEWL Hierarchical
Structure. Protein solutions with low concentrations are
usually preferable for avoiding some effect of interparticle
interaction on scattering data, especially for the small-angle
scattering region. However, in Figure 3 the signal-to-noise
(S/N) ratio of the WAXS data whenq > 1 Å-1 is not
sufficiently high at 1% (w/v) HEWL. To examine the
detailed features of the structural transition of HEWL using
the WAXS method, scattering data covering the secondary
structural level should be collected at a higher S/N ratio under
unaggregative conditions. Then we used 5% (w/v) HEWL
solutions for the thermal transition measurements. Figure 4
shows the temperature dependence ofI(q) at different pH
values, where labels A-C correspond to pH 2.2, 3.6, and
4.5 and labels a and b correspond to the heating (unfolding)
and cooling (refolding) processes, respectively. The broad
peak atq ∼ 0.08 Å-1 is ascribed to the repulsive interparticle
interaction among HEWL molecules. As shown experimen-
tally (20), this correlation peak hardly affects the WAXS
profile aboveq ) ∼0.1 Å-1 for 5% (w/v) HEWL solutions.
At pH >5, the complete refolding of HEWL in the cooling

FIGURE 3: pH dependence of the WAXS curveI(q) of 1% (w/v)
HEWL at 25°C. The pH was varied from 1.9 to 6.3, and the inset
shows the Kratky plots ofI(q).
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process was disturbed by the creation of some aggregates
of unfolded HEWL molecules at the initial temperature (∼84
°C) (20). At pH <5, the scattering profile of HEWL shows
a high thermal reversibility between the heating and cooling
processes, as shown in Figure 4. On the other hand, we can
recognize a significant difference in the changing manners
of the I(q) curves at different pH values. Thus, when the pH
is reduced, theI(q) changes rather gradually with temperature
in comparison with that at pH 4.5.

To consult this feature in detail, panels A-C of Figures 5
(heating process) and 6 (cooling process) display separately
theI(q) curves at pH 2.2 and 4.5 in three different scattering
regions: q < ∼0.2 Å-1, ∼0.25 Å-1 < q < ∼0.7 Å-1, and
∼1 Å-1 < q < ∼3 Å-1, respectively. These selectedq
regions mostly correspond to the different hierarchical
structure levels of HEWL as mentioned above. In Figures 5
and 6, oneI(q) curve at 13°C and fiveI(q) curves around
the transition midpoint temperatures are plotted. TwoI(q)
curves plotted in thick lines show the maximum temperature
differential value defined by∆I(q)/∆T. Here we tentatively
define the intermediate value between the temperatures of
the two curves as the transition midpoint temperature for
eachq region. In the heating process, at pH 4.5 the transition
midpoint temperatures for all different regions are the same
(∼77 °C) and at pH 2.2 the transition midpoint temperatures
depend on the regions:∼54 °C for q < ∼0.2 Å-1, ∼46 °C
for ∼0.25 Å-1 < q < ∼0.7 Å-1, and∼22 °C for ∼1 Å-1 <

q < ∼3 Å-1, respectively. At all pH values, the transition
midpoint temperatures in the cooling process for different
regions are mostly the same in the heating process. At pH
3.1 (data not shown), the transition midpoint temperatures
in the heating and cooling processes are as follows:∼68
°C for q < ∼0.2 Å-1, ∼64 °C for ∼0.25 Å-1 < q < ∼0.7
Å-1, and∼27 °C for ∼1 Å-1 < q < ∼3 Å-1; at pH 3.6
(data not shown), the transition midpoint temperatures are
mostly the same (∼74 °C) for all q regions. In other words,
Figures 5 and 6 suggest that the thermal transition for each
q region, namely, for each hierarchical level, proceeds
reversibly at all pH values, and that the transition co-
operativity or concurrency among the different hierarchical
levels tends to be lost with a reduced pH.

Radius of Gyration and Transition Temperature of the
Tertiary Structure.Figure 7 shows the temperature depen-
dence of the radii of gyrationRg at different pH values
obtained from eq 2. AnRg obtained by SAXS is usually used
to estimate a compactness of tertiary structure of proteins in
folding studies (45, 46). From Figure 7, we determined the
apparent values of the onset temperatureTo and the midpoint
temperatureTm of the tertiary structure transition. TheTo

value was estimated from the temperature around a first
increase inRg beyond the experimental error by sight. The
Tm value was determined by the temperature at the inter-
mediate value between the averageRg values at the lowest
and highest temperatures. As reported previously (17, 18,

FIGURE 4: Temperature dependence of the WAXS curveI(q) of 5% (w/v) HEWL at different pH values. Labels A-C correspond to pH
2.2, 3.6, and 4.5 and labels a and b to the heating (unfolding) and cooling (refolding) processes, respectively.
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20), To andTm values determined from the change inRg are
strongly coupled with those values determined from dif-
ferential scanning calorimetry (DSC) thermograms. The
apparentTo andTm values from Figure 7 are∼66 and∼76
°C at pH 4.5,∼62 and∼73 °C at pH 3.6,∼59 and∼71 °C
at pH 3.1, and∼45 and∼53 °C at pH 2.2, respectively.
The Tm values mostly agree with the transition midpoint
temperatures obtained fromI(q) for q values of less than
∼0.2 Å-1 in Figures 5 and 6. Thus, the collapse and
regeneration of the HEWL tertiary structure proceed revers-
ibly for all pH values under these conditions. The pH
dependence ofTo and Tm suggests that the intramolecular
interactions stabilizing the tertiary structure are weakened
with a reduced pH, which would result in a loss of a
cooperativity among the hierarchical levels in the unfolding-
refolding transition as mentioned above.

Polypeptide Chain Characteristic Depending on Temper-
ature. By using the Kratky plots [q2I(q) vs q], we can see
the temperature-dependent characteristics of the polypeptide
chain as a polymer. The Kratky plots, often used in polymer
science, are known to reflect interactions between polymer
elements, local conformations, and a certain rigidity within
polymer chains (50-52). Figure 8 shows the Kratky plots
at pH 2.2 and 4.5 in heating and cooling processes, where
labels A and B are for pH 2.2 and 4.5 and labels a and b are

for heating and cooling, respectively. We can also easily
recognize the high reversibility of the structural transition
under these experimental conditions. The Kratky plot atq
< ∼0.2 Å-1 indicates the collapse and regeneration of the
tertiary structure and the retention of some compact tertiary
structure at even the highest temperature (45, 46). The profile
of the Kratky plot atq > ∼0.2 Å-1 is altered reversibly from
an oscillating curve to an asymptotic slope in heating and
cooling, which is quite different from the Kratky plot of
proteins in a highly denatured state (45, 46, 49). This
indicates that in the thermal unfolding and refolding transi-
tions the polypeptide conformation changes from a persistent
chain with persistence of direction and curvature to a
persistent chain with only persistence of direction (so-called
Kratky-Porod chain) (52). Above∼1 Å-1 there still exists
a broad hump as shown the inset in Figure 8, suggesting
that a short-range interaction between structural elements
holds in thisq range at even the highest temperature. It
should be noted that an asymptotic slope continues up to
∼1 Å-1. This suggests that the Kratky plot analysis for
polypeptide chains in proteins would be available up to∼1
Å-1. Polypeptide chains in proteins are typical heteropoly-
mers containing various amino acid residues that have quite
different physicochemical characteristics and average radii
ranging from∼2.5 to∼3.8 Å (53). Due to this fact and to

FIGURE 5: Selected WAXS curvesI(q) at pH 2.2 and 4.5 around the transition midpoint in the heating (unfolding) process. The thick lines
show the maximum temperature differential values [∆I(q)/∆T]. Labels A-C correspond to the scattering curves in the differentq ranges:
q < ∼0.2 Å-1, ∼0.25 Å-1 < q < ∼0.8 Å-1, and∼1 Å-1 < q < ∼3 Å-1, respectively.
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the solvation effect, there is no general equation of WAXS
representing polypeptide chains as perturbed chains. There-
fore, we must await a general formulation treating actual
polypeptide chains on a theoretical basis. However, we can
tentatively say that the plot of∼0.2- 1 Å-1 would reflect
the changes in interactions between the local structural
elements which are larger than polypeptide units.

Molar Fractions of NatiVe-like Structure at Different
Hierarchical LeVels.By using eq 4, we estimated the molar
fractionsR of native-like HEWL structure at an intermediate
temperature for differentq ranges. Figure 9 shows the
temperature dependence ofR values for all pH values in the
heating (unfolding) process. In Figure 9, labels A-D
correspond to theR values estimated from the differentq
ranges: 0.1 Å-1 < q < ∼0.2 Å-1, 0.25 Å-1 < q < 0.8 Å-1,
1.2 Å-1 < q < 1.9 Å-1, and 1.35 Å-1 < q < 1.45 Å-1,
respectively. The former three regions were selected because
they are assumed to be representative regions of the different
hierarchical levels, that is, the tertiary structure, the inter-
and intradomain structures (R- and â-domains), and the
secondary structures in two domains, including the closely
packed side chains, as discussed in the legends of Figures 1
and 2. The fourth region was selected because it is assumed
to be sensitive to a change in theâ-domain, as discussed in
Figure 2.

As shown previously, the molar fractions determined from
the scattering curves in theq range of 0.1-0.2 Å-1 agree
well with those determined from DSC thermograms (18).
The transition midpoint temperaturesTm of the R values in
this q range, determined by the temperatures whenR ) 0.5
in Figure 9A, are∼77 °C at pH 4.5,∼74 °C at pH 3.6,∼71
°C at pH 3.1, and∼53 °C at pH 2.2. These values are quite
close to theTm values determined from theRg values in
Figure 7, and mostly agree with those determined from
Figure 7. The onset temperaturesTo, determined from the
initial temperatures with a large decrease inR, are 70°C at
pH 4.5, 65°C at pH 3.6,∼60 °C at pH 3.1, and∼43 °C at
pH 2.2, respectively. These values mostly agree with theTo

values determined by sight in Figure 7. At pH 2.2 in Figure
9A, we can see that before the main transition a minor
transition already starts from∼25 °C and continues to∼43
°C. It suggests the existence of a pretransition accompanying
a minor change in the tertiary structure. Thus, theR values
in this q range are assumed to reflect well the transition
features in the tertiary structure level. In Figure 9B, theTm

values in theq range of 0.25-0.8 Å-1, mainly corresponding
to the domain regions, are also well-defined as∼75 °C at
pH 4.5,∼72 °C at pH 3.6,∼68 °C at pH 3.1, and∼49 °C
at pH 2.2. TheTm values in Figure 9C, corresponding to
both the secondary structures and the closely packed side

FIGURE 6: Selected WAXS curvesI(q) at pH 2.2 and 4.5 around the transition midpoint in the cooling (refolding) process. The thick lines
show the maximum temperature differential values [∆I(q)/∆T]. Labels A-C correspond to the scattering curves in the differentq ranges
as in Figure 5.

Hierarchical Map of Protein Unfolding and Refolding Biochemistry, Vol. 43, No. 28, 20049043



chains, are estimated to be∼75 °C at pH 4.5,∼71 °C at pH
3.6, ∼50 °C at pH 3.1, and∼40 °C at pH 2.2. Thus, the
reduction of the pH lowers the transition midpoint temper-
atures for all hierarchical levels. At pH 4.5 and 3.6, theTm

values corresponding to the domain and secondary structure
levels are mostly compatible with each other, and are slightly
lower by ∼2-3 °C than those of the tertiary structure. It
indicates that the thermal stability is primarily the same for
all hierarchical structure levels and that the structural
transition proceeds concurrently with high cooperativity
among them, especially between the domain and secondary
structure levels. On the other hand, theTm values at pH 3.1
and 2.2 in Figure 9C descend much more and significantly
deviate from those in panels A and B. It suggests that the
structural transition cooperativity among the different hier-
archical levels becomes weaker, especially for the cooper-
ativity between the domain and secondary structure levels.

As explained in Figure 2, for HEWL at the native state
the scattering curve in theq region of 1.2-1.9 Å-1 is mostly
given by the simple summation of the scattering curves of
R- andâ-domains. For this reason, it might be possible to
compare the thermal stabilities of the two domains to a
certain extent. Thus, theR values, estimated from theq range
of 1.2-1.9 Å-1 in Figure 9C, would reflect the total fraction
of the native-like structures at the secondary structure level
which include R-helices (29%),â-sheets (16%), and ir-
regulars (55%) (54). At pH 3.1 and 2.2, theR values in this

q range begin to decrease gradually from lower temperature
in comparison with those at pH 3.6 and 4.5. On the other
hand, theR values in Figure 9D were estimated from theq
range of 1.35-1.45 Å-1. As shown in Figure 2, thisq range
includes in particular the characteristic maximum of the
â-domain at∼1.4 Å-1. Thus, theR values in Figure 9D are
assumed to be more sensitive to a change in the secondary
structure of theâ-domain. Although the estimatedR values
have large errors and evidently include the contributions from
both domains, theR values seem to decrease from a much
lower temperature at all pH values in comparison to the cases
in Figure 9C. It might suggest that the thermal structural
transition of theâ-domain proceeds prior to that of the
R-domain, especially at low pH. It should be noted again
that theR values in panels C and D essentially reflect the
native-like molar fractions of all structures at the secondary
structure level, not onlyR-helices andâ-sheets but also
irregulars, including the closely packed side chains in the
whole HEWL structure.

Hierarchical Unfolding and Refolding Maps under Ther-
mal Equilibrium. Figure 10 summarizes theR values
depending on both temperature andq range in heating and
cooling processes at pH 2.2, 3.1, 3.6, and 4.5, where we
display theR values with rainbow colors and contour lines.
In other words, Figure 10 represents the temperature
dependence of the molar fraction of native-like structure at
different hierarchical levels in the unfolding-refolding
transition, which we call structural hierarchy (SH) maps from
now on. As shown in Figure 9, the contour line atR ) 0.5
would mostly correspond to the transition midpoint temper-
ature for each hierarchical level. Via a comparison of the
SH map at heating with that at cooling, the reversibility
between the unfolding and refolding transitions at each pH
mostly holds over all the hierarchical levels. In addition, the
SH maps clearly show that the pH variation alters the
unfolding-refolding features significantly, such as the transi-
tion midpoint temperatures for different hierarchical levels.

From the SH map representation, we are able to gain
further information about the structural transitions of proteins.
As shown in Figures 1 and 2, the scattering curves in theq
ranges of∼0.8-1.1 and>1.9 Å-1 are less sensitive to the
characteristics of the internal structures of proteins. In the
case presented here, the contour lines in theseq ranges tend
to be broadened with a reduced pH; however, theR values
take medium values in the wide temperature range at all pH
values and are mostly independent of both temperature and
pH. On the other hand, the SH maps in theq ranges of
<∼0.2, ∼0.25-0.8 Å-1, and ∼1.2-1.9 Å-1 significantly
depend on hierarchical level, pH, and temperature. The
transition midpoint temperatures for different hierarchical
levels can be obtained from the intersections of the contour
lines ofR ) 0.5 in differentq ranges against the temperature
axis. As shown in Figure 9A, both the transition midpoint
and onset temperatures of the tertiary structure transition are
in good agreement with those values determined by theRg

values in Figure 7. The contour lines atq < ∼0.2 Å-1

become closer with an increase in pH, indicating that the
tertiary structural transition becomes sharper and more
cooperative in a case such as a two-state transition. In the
same way, we can estimate the transition midpoint temper-
atures for the respectiveq ranges, namely, for the respective
hierarchical levels.

FIGURE 7: Temperature dependence of the radii of gyrationRg at
different pH values in heating (unfolding) and cooling (refolding)
processes. Empty symbols with solid lines correspond to heating
and filled marks with broken lines to cooling: (O andb) pH 2.2,
(0 and9) pH 3.1, (4 and2) pH 3.6, and (3 and1) pH 4.5. The
empty and filled arrows indicate the apparent temperatures of the
onset and transition midpoint inRg, respectively.
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The extent to which transition cooperativity or concurrency
exists among the hierarchical levels would be also ap-
preciable from the SH maps. At pH 4.5, the contour lines
belowq ∼ 0.8 Å-1 and in theq range of∼1.3-1.7 Å-1 are
densely packed around the same transition midpoint tem-
perature (R ) 0.5) and have relatively small slopes and flat
profiles againstq axis. As also shown in Figure 9A-C, this
indicates that at pH 4.5 the thermal stability for different
hierarchical levels is mostly of the same magnitude, sug-
gesting that the unfolding-refolding transitions for all

hierarchical levels proceed rather cooperatively or concur-
rently. Such transition cooperativity over all the hierarchical
levels tends to be gradually missing with a decrease in pH.
At pH 2.2, the contour lines for the differentq ranges deviate
significantly, suggesting that the thermal stability differs for
each hierarchical level and that the transition over the whole
protein structure proceeds gradually in a case such as a
multistate transition (18, 20).

As shown in Figures 5 and 6, in the unfolding-folding
transition the WAXS profile in theq range of∼1.2-2.0 Å-1

FIGURE 8: Kratky plots at pH 2.2 and 4.5 in heating and cooling processes, where labels A and B correspond to pH 2.2 and 4.5 and labels
a and b to heating and cooling, respectively. The inset shows the plots up toq ) 2.5 Å-1 in panel B(a).

FIGURE 9: Molar fractionsR (R e 1) of native-like HEWL structures at intermediate temperatures in the heating process, which were
determined from the WAXS curves in differentq ranges by using eq 4. Labels A-D correspond to theR values estimated from the
differentq ranges; 0.1 Å-1 < q < ∼0.2 Å-1, 0.25 Å-1 < q < 0.8 Å-1, 1.2 Å-1 < q < 1.9 Å-1, and 1.35 Å-1 < q < 1.45 Å-1, respectively.
The dashed line indicatesR ) 0.5.
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changes most evidently aroundq ∼ 1.4 Å-1, which occurs
very gradually from lower temperatures at pH 2.2. In the
SH maps at high pH values, the contour lines have deep
concave regions aroundq ∼ 1.4 Å-1, which become
shallower with a decrease in pH. With an increase in
temperature, the maximum aroundq ∼ 1.4 Å-1 changes
significantly at low pH values, suggesting the collapse of
the â-domain prior to that of theR-domain. Alternatively,
two domains haveintrinsically different thermal stabilities,
which tend to be enhanced at low pH values. This under-

standing would be consistent with the previous result of the
presence of two domains which differ significantly in folding
and unfolding kinetics (11-14, 55). The recent studies using
CD, 1H NMR, and mass spectroscopies indicate that the
R-domain of HEWL is an independent folding domain at
equilibrium (15, 16), which also agrees with the discrepancy
in thermal stability betweenR- andâ-domains seen in the
SH maps. From early studies (54, 56), CD and Fourier
transform infrared (FTIR) are recognized well as powerful
tools for determining secondary structures of proteins. They
have also been used in many studies of lysozyme folding
and unfolding as well as other spectrometric methods (57).
FTIR studies of the thermal structural transition of HEWL
show evidently denaturation of theâ-sheet even under the
different solvent conditions (56, 58). A study of equilibrium
unfolding of HEWL, under the presence of 0-8 M urea at
pH 2.7, explained consistently the transitions in both tertiary
and secondary structures (59). In this study, the authors
measured SAXS curves ranging from∼0.02 to 0.25 Å-1 and
CD spectra, and they defined the existence of unfolding
intermediates by using the singular-value decomposition
method. They concluded that the initial unfolding in a urea
solution would be correlated with a breakdown of inter-
subunit interactions between theR-domain and theâ-domain
due to the unfolding of theâ-domain. Despite the quite
different denaturation condition, the unfolding scheme would
resemble the results presented here. However, at this stage,
we cannot quantify separately the contents of native-like
secondary structures in theR- andâ-domains. This is because
we have not observed WAXS curves in the fully unfolded
state, compared with the cases of CD and FTIR that are now
well established for determining helix and sheet contents (1).

DISCUSSION

In many SAXS studies of protein folding, radii of gyration
Rg obtained from high-statistic scattering data at small-angle
regions are occasionally used to characterize overall struc-
tures of proteins in native, unfolded, and intermediate states.
However, according to the definition ofRg (31), even for a
monodispersion system, theRg value of a solute particle
depends not only on the particle shape and size but also on
the internal scattering density distribution of the particle.
Actually, in some cases, the structural changes in solute
particles occurred simultaneously in both the shape and the
internal scattering density distribution (60, 61). For example,
when a structural change in a protein occurs in both the size
and the internal scattering density distribution such as
packing geometry of secondary structures, we cannot dis-
tinguish between them. Therefore, for understanding a
detailed feature of the structural transition of a protein, it is
essentially important to obtain high-statistical scattering data
with as wide an angle as possible. In this report, we have
observed the thermal unfolding-refolding transition of
HEWL by using the high-resolution and high-statistic WAXS
measurements at the third-generation SR source. Theq range
measured was from∼0.05 to ∼3 Å-1. This range corre-
sponds to the spatial distanced, defined byd ) 2π/q, from
∼125 to∼2 Å, which covers all hierarchical structures of
HEWL from the tertiary structure to the secondary one. In
the full q range, the experimental WAXS curve of HEWL
in the native state agrees well with the theoretical one using
the CRYSOL program and the atomic coordinates from the

FIGURE 10: Two-dimensional hierarchical maps of unfolding-
refolding transitions of the HEWL structure against temperature
andq value, termed SH maps, which are obtained from the molar
fractionsR of native-like structures for differentq ranges (q intervals
of 0.05 Å-1) in the WAXS curves in Figure 4. TheR values are
displayed with rainbow colors and contour lines. TheR ) 0.5
contour line mostly corresponds to the transition midpoint for each
hierarchical structure.
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PDB. This would ensure the reasonability of the WAXS data
analysis presented here.

The WAXS data observed have enabled us to characterize
the hierarchical features of the thermal unfolding-refolding
transition of HEWL, whereupon we have presented a new
map, termed the SH map. This map can help us to understand
the unfolding-refolding transition of a protein depending
on various structural hierarchical levels. In this case, the SH
map is represented by the contour lines of the temperature
dependence of the molar fractionsR (R < 1) of the native-
like structure as a function ofq range, namely, as a function
of hierarchical level or resolution. The contour lines ofR )
0.5 in the SH maps for differentq ranges correspond to the
transition midpoints for different hierarchical levels. The
density and slope of the contour lines depict the thermal
stability and transition feature for each hierarchical level,
which would relate to the transition cooperativity among
different hierarchical levels. At all pH values from 4.5 to
2.2, the SH maps of HEWL in the unfolding (heating) and
refolding (cooling) processes show high reversibility for each
hierarchical level. At pH 4.5, the contour lines for all
hierarchical levels are crowed and parallel around the same
transition midpoint temperature, suggesting that the collapse
and regeneration of the native structure proceed rather
concurrently or cooperatively for all hierarchical levels in
such a two-state transition. For all hierarchical levels, the
transition midpoint temperaturesTm at pH 4.5 are∼76 °C,
which agree well with those determined by theRg values
and the previous DSC measurements (17, 18, 20). Such a
cooperativity among the different hierarchical levels tends
to be gradually lost with a decrease in pH from 4.5 to 2.2.
The SH map at pH 2.2 shows that the transition midpoints
for each hierarchical level greatly differ from one another,
suggesting that the transition proceeds in a multistate fashion.

A WAXS patternI(q) of a particle in solutions is given
by the spherical average in reciprocal space (q space) of the
square of the Fourier transform of the scattering density
distribution. Then, in general, a simple assignment of specific
regions ofI(q) to a particular distance is dangerous, unless
one is dealing with diffraction peaks. However, for known
proteins, we can discuss qualitatively the extent to which a
particular level of the structural hierarchy dominates scat-
tering in a given range ofq values, which has major
implications for the SH maps. In addition, previous thermo-
dynamic considerations showed that a collapse or a regenera-
tion of a protein tertiary structure induces a significant change
in the water-accessible area of the protein surface between
the native and denatured states with an accompanying large
heat capacity change (62). As shown previously (18), theR
value estimated belowq ∼ 0.2 Å-1 agrees well with the
molar fraction of protein in the native state obtained by DSC.
Therefore, the tertiary structure transition seen in the SH map
belowq ∼ 0.2 Å-1 would correspond to a significant change
in the Gibbs free energy. The intramolecular transitions seen
in the SH map aboveq ∼ 0.2 Å-1 would correspond to minor
changes in the Gibbs free energy. Alternatively, we assume
that SH maps for variousq ranges might be related to a
hierarchical fine structure of a “folding funnel” or “energy
landscape” of a protein (1-3). Nevertheless, the exact
meaning of the SH maps will then be left somewhat fuzzy
and will await sharpening by additional works. Although
there is such an inherent limitation in the structural deter-

mination using the solution scattering method, WAXS data
of proteins using a high-intensity third-generation SR source
would be sufficiently powerful to clarify a detailed transition
feature over all the hierarchical levels at equilibrium.

Finally, we should make a brief comment about another
theoretical and experimental basis for understanding SH
maps. As is well-known, the scattering curve of a solute
particle, including proteins, is given by the summation of
three basic scattering curves which depend on the particle
shape, the fluctuation of the scattering density of the particle
around its mean value, and those cross terms (31). The basic
scattering curves of a protein for X-ray were separated
theoretically and compared with the experimental ones (63,
64). They showed that aboveq ∼ 0.3 Å-1 the scattering
intensity from the intramolecular scattering density fluctua-
tion is several times higher than those from the shape and
the cross term. Belowq ∼ 0.2 Å-1, the scattering intensity
of the basic scattering curve of the molecular shape becomes
dominant in the scattering curve. The basic scattering curves
of HEWL for neutron were obtained experimentally (65),
which also shows that the scattering curves belowq ∼ 0.2
Å-1 and aboveq ∼ 0.3 Å-1 mostly reflect the molecular
shape and the intramolecular structure, respectively. This is
also the case for many other globular proteins, and the
theoretical separation of the simulated wide-angle scattering
curves of∼60 proteins into those basic scattering curves
would support this fact (66). We should mention again that
the SH map analysis using WAXS would be available for
elucidation of hierarchical transition features for known
proteins whose WAXS curves can be characterized to some
extent based on the crystallographic data. Recently, an
advanced approach to classifying unknown protein structures
using experimental WAXS data and the structure classifica-
tion database has been proposed (67), which would also
suggest another prominent potentiality of high-statistic and
high-resolution SR-WAXS studies of proteins in solutions.
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