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ABSTRACT Synchrotron radiation circular dichroism, Fourier transform infrared, and nuclear magnetic resonance spectros-
copies, and small-angle x-ray scattering were used to monitor the reversible thermal unfolding of hen egg white lysozyme.
The results were compared with crystal structures and high- and low-temperature structures derived from molecular-dynamics
calculations. The results of both experimental and computational methods indicate that the unfolding process starts with the loss
of b-structures followed by the reversible loss of helix content from ~40% at 20�C to 27% at 70�C and ~20% at 77�C, beyond
which unfolding becomes irreversible. Concomitantly there is a reversible increase in the radius of gyration of the protein from
15 Å to 18 Å. The reversible decrease in forward x-ray scattering demonstrates a lack of aggregation upon unfolding, suggesting
the change is due to a larger dilation of hydration water than of bulk water. Molecular-dynamics simulations suggest a similar
sequence of events and are in good agreement with the 1HN chemical shift differences in nuclear magnetic resonance. This
study demonstrates the power of complementary methods for elucidating unfolding/refolding processes and the nature of
both the unfolded structure, for which there is no crystallographic data, and the partially unfolded forms of the protein that
can lead to fibril formation and disease.
INTRODUCTION
Lysozyme is a protein that is an important factor in the
innate immune response of higher organisms. It cleaves
sugars of the outer cell walls of bacteria, breaking down
their integrity and the bacteria’s viability. Information on
its thermal stability and folding intermediates may be medi-
cally relevant as the human form of the protein has been
shown to be involved in the formation of amyloid fibers
associated with familial amyloidosis, which has severe
pathogenic consequences (1). Although a great deal is
known from crystal structures at low or ambient tempera-
tures, knowledge about the high-temperature structure and
thermally induced unfolding intermediates and pathways
is much more limited in the absence of crystallographic
data.

Hen egg white lysozyme (HEWL) is a 129-residue
protein that has been classified as ‘‘mostly a’’ in the CATH
structure classification database (2) and as (a þ b) protein
by the SCOP classification system (3). One of its two
domains consists of four a-helices and a 310 helix, and
the other (residues 39–83) has a triple-stranded antiparallel
b-sheet, an irregular loop, and a 310 helix (4) (see Fig. S1 A
in the Supporting Material).

Previous studies have investigated the reversible and irre-
versible thermal denaturation processes of this structure
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using a variety of experimental techniques (e.g., small-angle
x-ray scattering (SAXS) (5–8), quasielastic neutron scat-
tering (9), differential scanning calorimetry (10,11), nuclear
magnetic resonance (NMR) (12–14), Fourier transform
infrared (FTIR) (15), circular dichroism (CD) (16), and
Raman (11) spectroscopies). Despite all of these studies,
however, the mechanism of this process and the forces
that drive it remain unclear. In addition, the results of molec-
ular-dynamics (MD) simulations have not always been
consistent or in agreement with experimental observations
(17–19). In this study, we used synchrotron radiation CD
(SRCD) spectroscopy, which yields highly accurate values
of the helical content of proteins, and NMR to determine
the secondary structure, and SAXS measurements to
examine the tertiary structure and the role of water (and in
particular the hydration shell) in this transition. SAXS and
FTIR spectroscopy were also used to verify the absence of
aggregation.

These methods were combined to examine details of the
unfolding/refolding processes and define the structural
nature of the intermediates. The crystallographic structures
at low temperature were compared with the quantitative
SRCD, NMR, and MD results. They all yielded similar
results, leading to confidence in the accuracy of the
methods. In the absence of a crystallographic structure,
the combined experimental and computational methods
provide a view of the high-temperature form of the protein.
Confidence in this view is reinforced by the correspondence
doi: 10.1016/j.bpj.2010.07.060
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between the experimental SRCD and NMR results and the
MD calculations for the high-temperature structure.

Hence, despite the large differences in the sensitivities
and physical bases of these techniques, the results of all of
the methods and the computational studies are remarkably
consistent.
MATERIALS AND METHODS

Commercial samples of HEWL and standard experimental and computa-

tional procedures (described in the Supporting Material) were used

throughout this study.
RESULTS AND DISCUSSION

Far-ultraviolet SRCD spectroscopy

In addition to a-helices and b-sheet, HEWL contains a large
amount of nonhelical, nonsheet structure in the turns and
loops, as well as regions classified as ‘‘other’’ types of
secondary structure, usually considered to be disordered.
The CD spectrum (Fig. 1, top) is typical of a protein with
a significant helical content but also some b-sheet structure.
The peak at 224 nm is nearly entirely due to the helical
features, whereas the one near 208 nm is due to a mixture
of sheet and helix components. The positive peak near
190 nm has contributions from helix and sheet components
FIGURE 1 (Top) SRCD spectroscopy monitoring HEWL thermal dena-

turation between 25�C and 70�C in steps of 5�C. The largest curve at

191 nm (solid black) represents the spectrum obtained at 20�C, and the

lowest (solid black) represents that obtained at 70�C. The spectra for the

intermediate temperatures are displayed as solid gray curves. The dotted

black curve represents the spectrum after cooling to 20�C and equilibration

for 12 h. (Bottom) Thermal unfolding as in A, except that the highest

temperature was 77�C.
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and decreases as the unfolded component increases due to
the negative contribution of disordered or other structures
at this wavelength. By following the individual behaviors
of these three peaks as a function of temperature, therefore,
one can monitor the loss of helix, the loss of helix and sheet,
and the gain in disordered structure, respectively.

The secondary structure of the protein calculated from the
SRCD data at 20�C before heating is 40% helix, 12% sheet,
plus 33% other secondary structure (Table 1), which corre-
sponds well with the various crystallographic structures.
Upon heating from 20�C to 70�C, the 224 nmpeak decreases,
resulting in a calculated reduction of more than one-third of
the total helical content (Fig. 1, top; Table 1). However, the
protein almost entirely regains its native helical content
when cooled to 20�C (Table 1). The decrease relative to the
initial spectrum is solely due to a small loss of protein as
precipitate that occurs on cooling, which is reflected in the
decrease in the associated high-tension signal, a measure of
the pseudoabsorbance of the sample. The decrease in the
191 nm peak demonstrates that the unfolded helical fraction
is mostly converted to other, or disordered, structure. The
largest change in helical content occurs between 64�C and
70�C (Fig. 2, top), with a further fraction of helix being lost
upon heating to 77�C (nearly 50% of the initial total). After
heating to 77�C followed by cooling, only a fraction of the
initial helical content is recovered (Fig. 1, bottom; Table 1).
This suggests that an irreversible transition occurs between
70�C and 77�C, which results in only the refolding of the
core helical residues, rather than complete refolding of all
the native helical regions.

The normalized root mean-square deviation (NRMSD)
values for the folded and refolded from 70�C samples
(Table 1) are very low, indicating that the spectra are well
TABLE 1 Calculated secondary structures (%) derived from

analyses of SRCD data

Analysis method

CONTINLL SELCON CDDSTR AVG SD

Folded 20�C % Helix 39 40 41 40 1

% Other 35 32 33 33 2

NRMSD 0.023

Unfolded 70�C % Helix 27 27 24 26 2

% Other 39 36 38 38 2

NRMSD 0.141

20�C after 70�C % Helix 36 37 37 37 1

% Other 37 33 35 35 2

NRMSD 0.026

Unfolded 77�C % Helix 20 19 19 19 0

% Other 43 41 40 41 2

NRMSD 0.083

20�C after 77�C % Helix 28 28 29 28 0

% Other 39 38 37 38 1

NRMSD 0.156

NRMSD is the goodness-of-fit parameter, AVG is the average value calcu-

lated by the different algorithms, and SD is the variation (5) between the

secondary structures calculated by the different analysis algorithms.



FIGURE 2 (Top) Changes in the SRCD signals as a function of temper-

ature monitored at three wavelengths (191 nm (:), 207 nm (-), and

222 nm (A)), and the 191 nm signal scaled by a factor of 0.33 (6).

(Bottom) Near-UV CD spectra of HEWL at 20�C (thick solid line), 70�C
(,), 20�C after cooling from 70�C (thin solid line), 77�C (A), and

20�C after cooling from 77�C (dashed line).
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represented by the standard types of secondary structure.
The high NRMSD values for both the unfolded samples
and those refolded from 77�C are characteristic of the pres-
ence of additional nonstandard (disordered or aggregated)
structures.

The spectra at all temperatures between 20�C and 64�C
pass through an isosbestic point near 202 nm, suggesting
that in this temperature range, unfolding is a two-state
process and no significant intermediate structures are
formed. However, the spectra at 70�C and 77�C do not
pass through a common point, pointing to the presence of
at least some proportion of a different structure at these
temperatures. A singular value decomposition analysis of
all spectra obtained from 20�C to 70�C (Fig. S2 A) indicates
that they can be described by only two component curves,
with the first curve mostly due to helical structure and the
second curve representative of a classic disordered spec-
trum, which further suggests that there is no stable unfolding
intermediate. This is further corroborated as the data can be
fit with a second-order function, and in the plot of the
magnitude of the SRCD change versus temperature
(Fig. 2, top) the peaks at all wavelengths appear to decrease
approximately in parallel. The 191 nm peak decreases to
a greater extent as the changes at this wavelength are due
to both a decrease in helix and a concomitant increase in
other structure, both of which decrease the signal. When
scaled to the same relative magnitude change, this curve
virtually overlaps the others, also suggesting that it involves
unfolding directly from helix to unordered in a concerted
manner.

It is important to note that for these studies the use of
SRCD as opposed to conventional CD was important, for
several reasons: 1), the calculated secondary structure corre-
sponds more closely to that determined by crystallography
(40% for SRCD compared to 35% by conventional CD
(data not shown)); 2), the small differences between the
spectra at the intermediate temperatures meant that it was
important to have the higher signal/noise ratio available in
the SRCD spectra; and 3), it was only possible to accurately
measure the data for the 191 nm peak using SRCD (rather
than conventional CD spectroscopy (data not shown)),
because the signal in that wavelength range from conven-
tional CD instruments is too noisy to be reliable for subtle
comparisons, especially at high temperatures.
Near-ultraviolet CD spectroscopy

The near-ultraviolet (UV) region of a CD spectrum (260–
300 nm) arises from the aromatic amino acids in the protein,
with tryptophan contributions dominating this spectral
region. The chiral absorbances of the aromatic transitions
are much less intense than those of the peptide backbone
in the far-UV region. However, with longer-pathlength cells,
they can be measured with conventional CD instruments.

HEWL contains six tryptophan residues (residues 28, 62,
63, 108, 111, and 123). Residues 62 and 63 are in a turn,
and residue 123 is in a 310 helix. Residues 28 and 111 are
located in helix 2 and helix 5, respectively, and residue
108 is buried in the center of the globular structure. In the
crystal structures (20) residue 108 is located between a 310
helix [104–107] and helix 5 [109–115]. The first of these
helices becomes irregular, and the second one is a 310 helix
in the NMR structure at 35�C (21). Loss of the aromatic
signal upon heating (Fig. 2, bottom) and its recovery upon
cooling corroborate the far-UV data in that the latter resi-
dues appear to be located in regions that become unfolded
(i.e., helices) and readopt a helical conformation upon re-
folding. The aromatic signal is also restored when the
protein is cooled from 77�C, although it has a slightly lower
magnitude, suggesting that only the core of the helical
domain where the tryptophans are situated refolds effec-
tively in this case.
FTIR spectroscopy

The effects of a temperature increase up to 80�C and subse-
quent cooling are shown in Fig. 3. The amide I band at 25�C
is characterized by two distinct peaks at 1643 and
1652 cm�1, which have been assigned to 310-helix and
a-helix structure, respectively (15). Note that the intensity
ratio of these peaks corresponds to that previously reported
at 52�C, i.e., after completion of the hydrogen-deuterium
Biophysical Journal 99(7) 2255–2263



FIGURE 3 Temperature-induced changes in the IR spectrum (amide I

band region) of HEWL between 20�C and 80�C. (Top) Deconvoluted

spectra are shown with arrows indicating the direction of the spectral

changes during heating. Bottom: Plot of the intensity change at 1643 cm�1

against temperature during heating (C) and cooling (,).

FIGURE 4 Differences in chemical shift between 37�C and 70�C plotted

2258 Meersman et al.
(H/D) exchange (15). As the temperature increases, the
bands shift to higher wavenumbers without any significant
change in spectral intensity, consistent with a weakening
of H-bonds (Fig. 3). Note the absence of an H/D
exchange-associated transition around 52�C, as the protein
was already fully exchanged before the experiment. Only
between 75�C and 80�C is a clear loss of intensity observed.
It is accompanied by an increase in absorbance above
1665 cm�1 due to the formation of irregular structure.
This is in agreement with previous work (15). However,
the peaks arising from helical structures are still present at
80�C, suggesting that a significant fraction of the helical
structure remains intact and the spectrum is clearly different
from that reported for the unfolded protein (15). Upon cool-
ing, the original spectrum is recovered at 25�C, although the
ratio of the peak intensities at 1643 and 1652 cm�1 is some-
what different, with slightly more intensity at 1643 cm�1

(see Fig. S3 A). This indicates incomplete refolding, with
more 310 helices or disordered structure, which also absorbs
around 1640 cm�1, present after thermal unfolding. Of more
importance, however, is the absence of any aggregation
peaks that were previously shown to appear during cooling
of fully unfolded HEWL (15).
on the native NMR structure of HEWL (PDB entry 1E8L (36)). Blue: Stable

parts of the structure where the 1HN chemical shift differences between

37�C and 70�C (Table S1) are small (i.e., > �0.07 ppm for three or

more consecutive residues). Gray parts are largely unfolded at high temper-

ature, as suggested by the larger random deviations. Red: Clearly observed

native long-range NOEs. Light blue: Disulphide bonds.
NMR spectroscopy

The temperature dependence of the one-dimensional 1H
NMR spectra of HEWL (Fig. S4 A) indicates that the protein
Biophysical Journal 99(7) 2255–2263
is unfolded at 80�C but still partially folded at 70�C.
In general, thermal unfolding is fully reversible but becomes
irreversible after a few hours at 80�C.

The amide proton and 15N chemical shifts at 37�C and
70�C and their differences (D1HN, D15N; Table S1), and
the 15N-1H HSQC spectrum at 70�C (Fig. S5) are given in
the Supporting Material. A superposition of the D1HN

between 37�C and 70�C on the native NMR structure
(PDB: 1E8L; Fig. 4) clearly illustrates that the a-domain,
including the interdomain helix, has more native-like 1HN

shifts than the b-domain at 70�C. NMR spectra obtained
in a previous study suggested that in the unfolded protein
all residues are in a solvent-accessible environment (13).
Of the 45 residues for which protection factors have been
determined at 69�C (12), 19 are associated with large
D1HN-values (Table S1), and of these, nine correspond to
hydrophobic residues. Eleven of the 26 protected residues
that are not associated with large D1HN are hydrophobic.
There is thus no simple correlation between presumed
unfolding and protection against amide proton exchange.

All sheet structures except aa [51–53] are associated with
large D1HN-values. Helix 1 [5–15] has a tendency to unfold
at its N-terminal end, and there are also large D1HN-values
in helix 3 [80–84], at both ends of helix 4 [88–101], and in
helix 5 [109–115] (Table S1). Helix 2 [25–36] seems to be



FIGURE 5 Forward scattering scaled to the effective concentration

(I(0)/c) and Rg of HEWL solutions (50 mg mL�1) as a function of temper-

ature. Note that the values at 20�C before and after unfolding are identical

within experimental error. (Inset) The linearity of the correlation plot of

the integrated intensity in the first maximum of the scattering pattern of
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the most stable one, with only two N-terminal residues
having a large D1HN. The [95–105] region, where a number
of residues have large D1HN-values, is also one in which
larger changes occur in crystals between –178�C and
22�C (22). The remaining total helical content at 70�C is
26% based on the average D1HN for three successive resi-
dues (Table S1), in good agreement with the SRCD results.

Not unexpectedly, the differences between the 1H chem-
ical shifts of the cysteines (Table S1) tend to be smaller than
those of their neighboring residues. The cysteines in the
6–127 bridge are both located in regions of large D1HN-
values. In the 30–115 bridge, the first residue is located in
the central part of helix 2 at the end of a region for which
amide hydrogen-exchange protection factors at 69�C could
be measured. Residue 115 is in a helix in the crystallo-
graphic models (20) but not in the NMR structure (21),
and is also protected. The D1HN-values are small in both
cases. In the 64–80 bridge, the first residue is located in
a sheet and in a protected region, and residue 80 is part of
a 310 helix. Both residues are flanked by aa with larger
D1HN-values at 70�C. The situation is similar in the 76–94
bridge, where the two residues belong to protected regions
and the D1HN-value for residue 94 is particularly small.
HEWL and at the onset of the second maximum indicates that there are

no detectable intermediates during unfolding.

SAXS

The distance distributions calculated from the SAXS
patterns at 20�C and 80�C, and the corresponding models
(Fig. S6 and Fig. S7 A) clearly illustrate the expansion of
the molecule at higher temperatures. The forward scattering
I(0)/c, corrected for the change of density of the solution,
decreases by ~3% (Fig. 5). The glitch between 70�C and
78�C may be due to the influence of repulsive intermolec-
ular forces on the values of I(0)/c for concentrated solutions.
Similar deviations from ideal behavior in the region of
the transition were also observed at lower concentration
(M. Hirai, Gunma University, personal communication,
2009), and in a low-concentration SAXS study of thermal
unfolding of the all-b protein neocarzinostatin, where a 9%
increase in I(0)/c was found between 20�C and 80�C (23).

The CRYSOL (24) fit between the SAXS data at 20�C
and the crystallographic model (PDB entry: 6LYZ (4))
and other PDB entries for HEWL gives an average electron
density of 0.4319 e/Å3 using the electron density of water
(0.3340 e/Å3) for the solvent. Since the electron density of
water drops from 0.3340 e/Å3 to 0.3241 e/Å3 between
20�C and 85�C, with everything else, including the hydra-
tion layer, being equal, this would lead to an increase of
20% of I(0)/c. Because the volume of the protein, or its
specific volume, should not change by >~1% (25), the
lower I(0)/c must result mainly from a decrease in the differ-
ence in electron density between the hydration layer and the
bulk solvent.

The radius of gyration, Rg, values increase slightly up to
~72�C and then more rapidly up to a plateau at 80�C
(Fig. 5). The limits of the transition are in agreement with
thermodynamic data indicating that at 69�C and pH 3.8,
90% of the protein is still in the folded state (12). The line-
arity of the intensity correlation plot (Fig. 5, inset) strongly
suggests that there are no intermediates in the transition
between two states.

It was previously observed (5) that the change in Rg is
independent of pH for 3.8 % pH % 7.2 but increases dras-
tically at pH 2.2, indicating a different transition. The onset
and midpoint of the transition monitored by differential
scanning calorimetry are 70�C and 77�C at pH 4.8, and
66�C and 73�C at pH 7.2. The reversibility of the transition
was found to be higher at pH 3.8 than at pH 7, as also illus-
trated here by the comparison of the SRCD results measured
at pH 7 and those obtained by the other methods at pH 3.8.
The Tm value in D2O buffers is generally 2–3�C higher than
in equivalent H2O buffers (26). However, these differences
should not affect the nature of the unfolded ensemble at
the level of resolution achieved here.

Based on CRYSOL (24) fits of scattering patterns at
different temperatures, it has been proposed that the
decrease in I(0)/c and Rg during thermal unfolding of
HEWL is accompanied by the collapse of the hydration
shell (27). Of course, such fits are only legitimate as long
as the structure does not significantly change with tempera-
ture (T< 55–60�C). An explanation of this effect must take
into account that water in the vicinity of proteins differs
from bulk water at ambient conditions. Although this is
still a controversial subject (28–30), water molecules can
Biophysical Journal 99(7) 2255–2263
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have two environments—one akin to that of high-density
amorphous ice, and one similar to that of low-density amor-
phous ice. The coexistence of these rapidly interconverting
structures has been linked to heat, pressure, and cold dena-
turation (31). It can be assumed that the hydration layer,
which has a higher density than bulk water at room temper-
ature (32), has an H-bond distorted structure resembling
high-density amorphous ice. Its preferential expansion is
expected to reduce the contrast between the shell and bulk
solvent. Rather than collapsing, the more fragile water
network becomes a better solvent and the ratio of protein-
water to protein-protein H-bonds increases. It has been
proposed that, in contrast to the situation in cold denatur-
ation, the water structure has an insignificant role in heat
denaturation (31). This is in contradiction to the stabiliza-
tion of the protein by TMAO, an osmolyte that does not
interact with the protein but strengthens the water network
(33). The midpoint of the heat denaturation transition of
HEWL increases from 75�C in 0.1 M Tris-HCl to 80�C
in buffer containing 1 M TMAO and 83�C at 2 M TMAO
(34), but is insensitive to pH in the range of pH 5–7, over
which the last may be expected to vary due to the tempera-
ture factor of Tris buffer. Unfolding of HEWL in very
concentrated solution (~200 mg mL�1) has been described
as a two-stage process (11) whereby the breaking of the
H-bond network of water above 47�C will induce a change
in tertiary structure with enhanced solvent accessibility, but
not in the secondary structure, which starts collapsing above
67�C. In hydrated HEWL powders, there is an abrupt
change in hydration water dynamics at 675 5�C coinciding
with the onset of reversible denaturation (9). Some caution
is required, however, in the interpretation of results obtained
on systems in which crowding and confinement effects can
alter the properties of the solvent.

The importance of solvent effects is also illustrated by
thermal unfolding of HEWL in the presence of high concen-
trations of glycerol, where unfolding of the tertiary and
secondary structures appears to be decoupled even though
the protein is still hydrated. The influence of long-range
effects due to changes in the water structure may also
explain some of the difficulties involved in reproducing
a sharp transition between two states in MD simulations.
TABLE 2 Helical content and Rg of the initial structure and

nine trajectories after 10 ns

Structure % Helix (a þ 310) Rg (Å)

Initial 37.2 15.0

Run1 23.4 15.6

Run 2 14.9 18.0

Run 3 26.0 15.2

Run 4 27.1 15.4

Run 5 32.3 15.4

Run 6 24.9 16.8

Run 7 27.2 17.3

Run 8 24.6 16.2

Run 9 16.7 16.3
MD simulations

Equilibration at 27�C of the initial crystallographic struc-
ture, which has a total helical content (a þ 310) calculated
by the STRIDE algorithm (35) of 45%, yields a structure
with 37% helix. It should be taken into account, however,
that different secondary structure calculation methods yield
slightly different results, and different crystal structures of
HEWL yield different values for the same algorithm. (For
example, for a crystal structure of HEWL with 1.65 Å reso-
lution (PDB code: 193l (20)) the STRIDE algorithm (35)
gives 45% helix (33% aþ 12% 310) and 7% sheet structure,
Biophysical Journal 99(7) 2255–2263
whereas the DSSP method (36) yields 40% helix (aþ310)
and 6% sheet structure.) The STRIDE value for the NMR
solution structure at 35�C, (PDB entry: 1E8L (21)) is 36%
helix and 8.5% sheet.

After MD equilibration, the short 310 helices [20–22],
[104–107], and [120–123] are lost, and the [80–84] region
oscillates between a 310 and an a-helix. This is in agreement
with the 100-fold lower protection factors of the 310 helix 3
[80–83] compared to other helices in NMR amide
hydrogen-exchange experiments (12), and the absence of
helices [20–22] and [104–107] in the NMR solution struc-
ture at 35�C (21). Identical results were found after indepen-
dent 2 ns equilibrations at 32�C and 37�C, but not at 29�C.
The scattering curve of the initial MD model fits the exper-
imental SAXS data at 20�C and yields an Rg-value of
15.0 Å (Fig. S8 A), which is close to that of the crystallo-
graphic models (15.2(2) Å), the average Rg calculated from
three NMR models (14.95(5) Å), and the value obtained by
SAXS after extrapolation to zero concentration (15.4(2) Å)
(32). In addition, the secondary structure content of the
MD model is close to that obtained from SRCD (Table 1)
and the crystallographic models. The initial MD is thus in
good agreement with the solution structures at both the
secondary and tertiary levels of organization.

To simulate the thermal unfolding process, the initial
structure was equilibrated at 227�C and nine different trajec-
tories were followed. The root mean-square deviation
(RMSD) relative to the initial structure was similar for all
trajectories up to 2 ns (Fig. S9 A), but the later unfolding
differed in each case. The Rg-values of the structures at
the end of 10 ns, calculated using CRYSOL (24) with a
hydration shell density equal to that of bulk solvent (except
for the initial structure), are listed in Table 2. The RMS
average Rg for the nine runs is 16.3 Å. A description of
the time course of the secondary structure in different trajec-
tories, which is not accessible experimentally, is given in the
Supporting Material.

The helical content of the individual a-helices calculated
as averages over the last 2 ns of the trajectories is given in
Table 3, and Fig. 6 illustrates the fate of the secondary struc-
tural elements in the initial structure (Fig. S1) in the final



TABLE 3 Average local helical content during the last 2 ns in

MD

Helix Residues % Helix Notes

1 (A) 5–15 70 N-terminal end is less stable

2 (B) 25–35 67 Center is stable, may open at either

end or both ends

3 (C) 80–84 80 Fluctuates between 310 and a-helix

4 (D) 88–101 71 Center is stable, may open at either

end or both ends

5 109–115 56 Often completely lost, but is regained

Average 66
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MD structures at the end of 10 ns at 227�C in simulation
runs 2 and 7. The correlation map between distances in
the final structures in runs 2 and 7 and in the initial structure
(Fig. S10) illustrates that the difference between the initial
and final structures is much larger in run 2 than in run 7,
where the most important modification concerns the interac-
tion between b-strands and the [83–95] region containing
helix 4.

Nearly a third of the helices are lost on average after
10 ns, leaving an average helical content of 25% for the
nine trajectories in Table 2, which is very similar to the
27% found by SRCD and NMR. The loss of helical content
is accompanied by larger Rg-values that vary between 15 Å
and 18 Å, but only those of runs 2 and 7 are close to the
experimental one at 80�C, whereas in three cases (runs 3,
4, and 5) the Rg remains close to that of the folded structure
FIGURE 6 Models of two of the MD structures obtained after 10 ns at

227�C. The scattering pattern of run 7 (bottom) gives the best agreement

with the experimental data at 80�C, as illustrated in Fig. S11. The color-

coding corresponds to the different structural elements in the initial struc-

ture in Fig. S1. Run 2 is the only trajectory in which helix 4 is completely

unfolded.
even though the b-structures are already lost, as corrobo-
rated by the increase in RMSD (Fig. S8). Note that the
fit to the experimental data at 80�C of run 7 (Fig. S11 A),
which corresponds to the helical content found by SRCD
(27%), is better than that of run 2 (14% helix), where the
side maximum between 0.25 < Q < 0.5 Å�1 in the scat-
tering pattern of the initial structure is replaced by a feature
at lower angles (Fig. S11). The maximum dimension of
the distance distribution function is 55 Å in run 2 and
66 Å in run 7, as opposed to an experimental value of
55–60 Å at 80�C.
In a previous study (17), Rg-values (16.8 Å) significantly

below those observed experimentally at 80�C were also
obtained when unfolding of helices was facilitated by inser-
tion of water molecules into the cavities produced during
MD simulations. The authors predicted that the b-domain
would be stable throughout the unfolding process, and
reported a lower helical content in the unfolded state
(17–22%) than found in our simulations or SRCD and
NMR studies. Another MD study of HEWL unfolding found
that the b-domain unfolded very early on in different trajec-
tories, whereas the a-domain remained structured (19). The
unfolded state (Rg ¼ 17.4 Å) had a total helix content of
34%, which is significantly higher than the value found by
SRCD or NMR (27%).

A simulation at 27�C using an RMSD constraint algo-
rithm reached maximum Rg-values of 16.7 Å (18) and indi-
cated that the unfolding process involves partial unfolding
of the three-stranded b-sheet to a two-stranded one during
a phase in which helices 1–3 remain to a large extent native.
Complete unfolding of the b-domain was accompanied
by partial unfolding of the a-helices, with helices 1 and 2
unfolding through progressive hydration by insertion of
water molecules into their H-bond network.

Taken together, the more-recent MD simulations suggest
that the b-domain unfolds before the a-domain and with
progressive hydration of the helices. The relative stability
of the a- and b-domains may also be related to their hydrop-
athy (Fig. S12 A). The average hydropathy index (38) of
HEWL is �0.47 (�0.54, 0.32, 2.22, 0.46, �0.70 for helices
1–5, respectively, i.e., 0.35 on average) and �1.08 for the
region [37–79], which corresponds to the nonhelical part
of the b-domain (Fig. 6). Helix 3, which is very stable in
the simulations, has the highest index (2.22), and helix 5,
which has a tendency to disappear, has the lowest (�0.70).
CONCLUSIONS

The reversible thermal unfolding of HEWL is a continuous
transition that is not associated with any latent heat (10).
The experiments above confirm that the secondary and
tertiary structures are highly stable against thermal unfold-
ing, with very little change between 20�C and 64�C.
When the temperature is increased to 70�C, the sheet

structures in the b-domain and some of the helical structure
Biophysical Journal 99(7) 2255–2263
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are lost, with a concomitant gain in other or disordered
structure, but the protein can refold. Further unfolding of
the helical structure above 70�C leads to a large increase
in the Rg of the molecule. Only when the temperature is
equilibrated above 80�C does unfolding become irrevers-
ible. The fact that the b-structures are the first to disappear
in these equilibrium unfolding experiments suggests that the
a-helices are both thermodynamically and kinetically more
stable, since upon refolding the a-domain forms first (39).

Previous hydrogen-exchange experiments indicated that
during refolding after guanidinium chloride denaturation
the a-domain refolds before the b-domain (40), but that
during reversible thermal denaturation the two domains
unfold cooperatively (12), and it was estimated from ther-
modynamic data that, at 69�C, 90% of the molecules are still
in the folded state. This implies that at this temperature,
large-scale cooperative structural fluctuations must take
place, not unlike those predicted by the MD calculations.

The spectroscopic experiments examined the ensemble of
molecules and cannot distinguish whether after ‘‘irreversible
unfolding’’ all molecules refold to a nearly native secondary
structure, or whether some fully refold and others remain
unfolded (and aggregated). The latter case is most likely,
given the change in absorbance between the initial far-UV
SRCD spectrum and the refolded one at 20�C, and because
the refolded spectrum in the near-UV is essentially the same
as the initial spectrum, albeit slightly smaller in magnitude.
This phenomenon is probably due to the fact that at pH 5.9
(conditions under which the SRCD measurements were
made), the intermolecular interactions are less repulsive,
which furthers aggregation. This was also previously
observed by differential scanning calorimetry with HEWL
solutions of different pH values (5). Whereas the optical
measurements yield number-averaged signals, SAXS gives
weight average values of I(0)/c and Rg

2, and is thus more
sensitive to aggregation. The fact that the forward scattering
returns to the same value upon cooling (Fig. 5) indicates that
at pH 3.8 there is no loss of material (e.g., through formation
of large aggregates, no longer detectable in SAXS). Note
that due to the disulphide bonds, the number of different
conformations accessible to the molecule remains very
limited in comparison with a free 129-residue excluded
volume chain of Ca-carbons (Fig. S13 A).

Based on the data obtained by the different methods, it
can be concluded that in aqueous solution, unfolding
initially occurs by the loss of sheet structures in the
b-domain and a small part of the helical structures in the
a-domain below 70�C, followed by the concerted unfolding
of ultimately nearly 50% of the helical structure and the
tertiary structures at higher temperatures. The fact that coso-
lutes such as TMAO and glycerol, which are preferentially
excluded from the protein surface (41), have a strong
influence on the reversible thermal unfolding suggests that
the roles of the structure and dynamics of the solvent in
this process have hitherto been underestimated. Since an
Biophysical Journal 99(7) 2255–2263
increase in temperature is expected to diminish the solu-
bility of apolar groups, it seems somewhat contradictory
to regard hydrophobic effects as the main driving force in
protein (un)folding. That other factors are dominant is
also suggested by the fact that the solubility of hydrophobic
residues increases with temperature (42). Based on the
transfer model, it was recently convincingly argued that
folding and unfolding depend mainly on the balance of
solvent-backbone and backbone-backbone H-bonds (43),
which is certainly also influenced by solvent-solvent and
solvent-cosolute H-bonding. The success of this approach
suggests that a better understanding of thermal denaturation,
and possibly also cold denaturation (31), could be obtained
by extending the transfer model to the temperature extrema
of the stability range of proteins.

In summary, in this study we combined several experi-
mental methods and compared the results with crystallo-
graphic structures at low temperatures and the results of
MD simulations. The experimental and computational
methods provide information on the high-temperature struc-
ture, for which there are no crystallographic data, as well as
on the unfolding/refolding process and the secondary and
tertiary structures of the folding intermediates.
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