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ABSTRACT: Here, we show that an unfolded intermediate of canine milk lysozyme is extraordinarily stable
compared with that of the other members of the lysozyme-R-lactalbumin superfamily, which has been
studied previously. The stability of the intermediate of this protein was investigated using calorimetry,
CD spectroscopy, and NMR spectroscopy, and the results were interpreted in terms of the structure revealed
by X-ray crystallography at a resolution of 1.85 Å to anR-factor of 17.8%. On the basis of the results of
the thermal unfolding, this protein unfolds in two clear cooperative stages, and the melting temperature
from the intermediate to the unfolded states is about 20°C higher than that of equine milk lysozyme.
Furthermore, the1H NMR spectra of canine milk lysozyme at 60°C, essentially 100% of which exists in
the intermediate, showed that small resonance peaks that arise from ring-current shifts of aliphatic protons
are still present in the upfield region from 0 to-1 ppm. The protein at this temperature (60°C) and pH
4.5 has been found to bind 1-anilino-naphthalene-8-sulfonate (ANS) with enhancement of the fluorescence
intensity compared with that of native and thermally unfolded states. We interpret that the extraordinarily
stable intermediate is a molten globule state, and the extraordinary stabilization of the molten globule
state comes from stronger protection around the C- and D-helix of the aromatic cluster region due to the
His-21 residue. The conclusion helps to explain how the molten globule state acquires its structure and
stability.

To understand the protein folding mechanism, the concept
of a folding intermediate, such as a molten globule state, is
extremely important. The molten globule state has been
thought to be an equilibrium and kinetic intermediate
between the native and unfolded states of a number of
globular proteins (1-6). For some time, the molten globule
state of a protein has been assumed to be a compact
intermediate that possesses a stable secondary structure
without native tertiary contacts, andR-lactalbumin, cyto-
chromec, apomyoglobin, and several other proteins have
often been utilized as a useful model protein for studying
the folding mechanisms (4-11). However, with the extensive
progress in studying the molten globule state, new evidence
has been accumulated that shows specific tertiary interactions
or nativelike topology within the molten globule state of such
proteins asR-lactalbumin (12-19), apomyoglobin (20-23),
and equine milk lysozyme (EML)1 (24-28).

Canine milk lysozyme (CML) belongs to the family of
calcium-binding lysozymes (29), and its physicochemical
properties are known to be rather different from those of
conventional, non-calcium-binding lysozymes. In particular,
a notable difference has been observed in their unfolding
profiles (30). A stable equilibrium intermediate has been
shown to accumulate during the guanidine hydrochloride-
induced unfolding of CML, although conventional lysozymes
usually unfold in a cooperative two-state manner without
the accumulation of an intermediate. Thus, the unfolding
behaviors of this protein and EML are rather similar to those
of R-lactalbumin, which has been shown to exhibit a well
characterized molten globule state in its equilibrium unfold-
ing (4, 7, 9).

Recently, the expression system for CML has been
established inEscherichia coli(E. coli), and we have found
that the intermediate of this protein shows extraordinary
stabilization (31). In this paper, we show that CML is an
excellent model for elucidating the molecular mechanisms
by which the intermediate is stabilized. To investigate the
stability of the intermediate of CML, its unfolding behavior
was studied by differential scanning calorimetry (DSC),

† This study was supported by Grants-in-aid from the Ministry of
Agriculture, Forestry and Fisheries of Japan and also supported in part
by Tukuba Advanced Research Alliance (TARA) Sakabe project.

‡ The atomic coordinates and observed structure factors of canine
milk lysozyme (apo-type) have been submitted to the Protein Data Bank,
the Research Collaboratory for Structural Bioinformatics (RCSB) (entry
code 1QQY)

§ Graduate School of Science, Hokkaido University.
| Institute for Protein Research, Osaka University.
⊥ Members of the TARA project of Tsukuba University, Japan.
# Graduate School of Science, The University of Tokyo.
* To whom correspondence should be addressed. Telephone:

+81-11-706-2773. Fax: +81-11-706-4992. E-mail: nitta@
sci.hokudai.ac.jp.

1 Abbreviations: ANS, 1-anilino-naphthalene-8-sulphonate; CML,
canine milk lysozyme; CD, circular dichroism;∆Cp, heat capacity
change;∆H, enthalpy change; DSC, differential scanning calorimetry;
EDTA, ethylenediaminetetraacetic acid; EML, equine milk lysozyme;
∆G, Gibbs free-energy change; GPLA, guinea-pigR-lactalbumin; MG,
molten globule; NMR, nuclear magnetic resonance; PEG, poly(ethylene
glycol); ∆S, entropy change;Tm, melting temperature; UV, ultraviolet.

3248 Biochemistry2000,39, 3248-3257

10.1021/bi991525a CCC: $19.00 © 2000 American Chemical Society
Published on Web 03/01/2000



UV-CD spectroscopy, and NMR spectroscopy, and the
results were interpreted in terms of the structure revealed
by X-ray crystallography. Moreover, the 1-anilino-naphthalene-
8-sulfonate (ANS)-binding experiment was also performed
for the purpose of detecting the formation of the loose
hydrophobic core and investigating the hydrophobic surface
accessible to solvent of the intermediate of this protein. The
X-ray crystal structure of this protein was determined by a
molecular replacement method and refined at a resolution
of 1.85 Å to anR-factor of 17.8% (freeR-factor) 21.5%).

From the result of ANS-binding experiment, it appears
that the intermediate has been found to bind ANS with
enhancement of the fluorescent intensity compared with that
of the native and the thermal unfolded states. We interpret
that the extraordinarily stable intermediate of this protein is
a molten globule state, and the extraordinarily stabilization
come from its specific packing interactions in theR-domain.
In support of this interpretation, the1H NMR spectra show
that the ring-current effect is certainly present in the
intermediate of CML. The relevance of the present results
to the physicochemical properties of CML and the structural
origins of the stability of the molten globule state will be
discussed.

MATERIALS AND METHODS

Materials.According to the procedures of Koshiba et al.
(1999), expression and purification of CML were carried out
using the expression system inE. coli (31). EML has been
prepared previously (32). All other reagents were of bio-
chemical research grade.

Preparation of Apo- and Holoproteins.Apo- and holo-
proteins were prepared as described previously (31, 33).

Differential Scanning Calorimetry (DSC).Differential
scanning calorimetry (DSC) measurements of CML were
carried out with an MC-2 microcalorimeter (MicroCal, Inc.,
Northampton, MA) at a scan rate of 1.0 K/min. Sample
solutions for DSC measurements between pH 4.0 and 4.5
were prepared by dissolving the lysozymes in 50 mM sodium
acetate buffer, and solutions between pH 2.5 and 4.0 were
prepared using 50 mM glycine hydrochloride. The lysozyme
concentrations used were 1.2-1.8 mg/mL. The pH of the

sample solution was confirmed before and after each
measurement. Calorimetric enthalpies (∆Hcal) were obtained
using Origin computer software (Microcal, Inc.).

Measurements of CD Spectra.CD spectra of CML and
EML were measured with a Jasco J-500 spectropolarimeter
(Tokyo, Japan). The protein concentrations were 0.5 mg/
mL for all measurements. Far- and near-UV-CD spectra
were measured using a cell with 0.1 and 1 cm optical path
lengths, respectively, at pH 4.5 and three different temper-
atures (9, 63, and 98°C).

Measurements of ANS-binding.Fluorescence spectra of 50
µM ANS in the absence and presence of 25µM apo-CML
were collected using a Hitachi spectrofluorimeter 650-40
(Tokyo, Japan), equipped with a thermostatically controlled
cell-holder to keep the temperature. ANS fluorescence was
measured using an excitation wavelength of 380 nm. The
emission spectrum was recorded over the range of 400-
640 nm. An ANS stock solution was prepared in methanol,
and the concentrations of the ANS stock solutions were
determined using an extinction coefficient of 8.0× 103 M-1

cm-1 at 372 nm in methanol (49). Fluorescence measure-
ments were carried out using a cell with a 1 cmoptical path
length at pH 4.5 and three different temperatures (9, 63, and
98 °C).

One-dimensional1H NMR Spectra.One-dimensional1H
NMR spectra were obtained on a JEOLR-400 spectrometer

FIGURE 1: The thermal unfolding transition of CML in the absence
of calcium ions at various pHs (2.74, 3.00, 3.24, 3.48, and 4.50).
The unfolding transition is expressed by excess heat capacity as a
function of temperature.

FIGURE 2: The thermal unfolding transition of CML in the absence
(apo-type) and presence of 10 mM CaCl2 (holo-type) at pH 4.5.
The unfolding transition is expressed by excess heat capacity as a
function of temperature.

FIGURE 3: Temperature dependence of the populations of the three
states, the native (N), folding intermediate (I), and unfolded (U)
states in the absence (apo-type) of CaCl2 at pH 4.5.
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operated at 400 MHz and several temperatures (30, 40, 50,
60, 65, and 70°C). The sample solution for the1H NMR
measurement was prepared by dissolving lyophilized lysozyme
(of apo-type) in D2O, and the pH was adjusted with small
quantities of NaOD or DCl solution to pH 4.5. In all
experiments, the sweep width was 15.0 ppm, and the digital
resolution was 0.36 Hz/point. The water signal was sup-
pressed by a DANTE pulse-sequence (34).

Crystallization, Data Collection, and Structure Refinement.
A diffraction-quality crystal of apo-CML was obtained by
vapor diffusion of hanging drops using 0.1 M trisodium
citrate buffer (pH 5.6) containing 10 mg/mL protein, 0.2 M
ammonium acetate, 30% (w/v) PEG-4000, and 1 mM EDTA.
After 7-10 days, a crystal with the size of 0.8× 0.2× 0.2
mm3 was obtained. The space group of the crystal wasP61-
22 with cell dimensionsa ) b ) 68.6 Å,c ) 107.1 Å. There

is one monomeric molecule in an asymmetric unit. The X-ray
diffraction data of the apo-CML crystals were collected from
a single crystal at room temperature using a Fuji imaging
plate detector with a Rigaku IPR-4080 imaging scanner and
a Weissenberg camera for macromolecular crystallography
(35) on BL-18B at the Photon Factory, KEK, Japan.
Integrated intensities were obtained with DENZO (36) and
were reduced using a CCP4 package (37). The initial model
of the apo-type CML was obtained by molecular replacement
using the program AMoRe (38). A search model was
constructed from the atomic coordinates of EML (39). The
structural refinements were performed using the program
X-PLOR (40).

Estimation of Protein Concentration.The protein concen-
trations were estimated spectrophotometrically using the

FIGURE 4: CD spectra of (A) CML and (B) EML in the far-UV (left) and near-UV (right) regions at pH 4.5. Three spectra (i, ii, and iii)
were measured at the different temperatures indicated by arrows in Figure 2.
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following extinction coefficients at 280 nm:E1cm
1% ) 23.2

for CML (30) andE1cm
1% ) 23.5 for EML (41).

RESULTS

Differential Scanning Calorimetry (DSC) of CML.To
determine the thermodynamic parameters of thermal unfold-
ing, DSC measurements of the CML were carried out at
acidic pHs between 2.7 and 4.5 in the absence of calcium
ions. Figure 1 shows that the temperature dependence of the
partial heat capacity of CML in acidic solutions without
calcium ions. Under these conditions, CML is in apo-type.
In this pH region, the unfolding of CML is reversible, and
the protein exhibits a cooperative thermal unfolding with two
remarkably positive heat absorption peaks, as previously
reported in EML (25, 26). It is indicating that the first peak
represents the unfolding transition from the native state to
an unfolded intermediate, and the second peak represents
the unfolding transition from the intermediate to the thermally
unfolded state. The melting temperatures (Tm), at which both
heat absorption peaks reach their maximum, decreases at
lower pH values in almost the same manner.

The temperature dependence of the partial heat capacity
of CML in 50 mM sodium acetate buffer in the absence (apo-
type) and presence (holo-type) of 10 mM CaCl2 at pH 4.5 is
shown in Figure 2. In this pH, the thermal stability and
enthalpy of unfolding of CML are insensitive to variations
in ionic strength (sodium acetate buffer; from 10 to 100 mM)
(data not shown). The temperature dependence of the
fractional population of apo-CML at pH 4.5, which was
estimated from Figure 2, is shown in Figure 3. From this
figure, we can easily see that the intermediate is extraordi-
narily stable, and essentially 100% of the protein is in this
state at 60°C, compared with 70% of EML (26). Under the
presence of 10 mM CaCl2 conditions,R-lactalbumin and
EML are known to show a single heat absorption peak caused
by a cooperative transition from the native to the thermally
unfolded states (25, 42-45). However, unlikeR-lactalbumin
and EML, CML shows the second heat absorption peak
centered at 85°C, indicating that there is a stable intermediate
even in the thermal unfolding in the presence of 10 mM
CaCl2. Thus, the comparison of the DSC curves in the apo-
and holo-types of CML also indicates that the extraordinary
stabilization of the intermediate of this protein has led to
the appearance of the second heat absorption peak in the
holoprotein observed above (Figure 2).

Measurements of CD Spectra.The far- (215-250 nm) and
near-UV (250-310 nm) CD spectra of apo-CML and apo-
EML at pH 4.5 and the temperature indicated by arrows (i-
iii) in Figure 2 are depicted in Figure 4a and b. The far-
UV-CD spectrum of apo-CML at 63°C still shows the
presence of the secondary structure, much as in the native
state (i); moreover, the near-UV-CD spectrum at this
temperature shows the presence of elements of a tertiary-
like structure (Figure 4a). In Figure 4b, however, for EML,
we can see that CD intensity around 220 nm at 63°C is half
as much as that of native state (i). Thus, the intermediate of
EML has already started to disorder at this temperature.
Therefore, it appears that the intermediate of CML still
possesses a partially nativelike structure and is highly
populated at elevated temperatures (70-100°C) both in the
absence and the presence of Ca2+ (Figures 2, 3, and 4a).

ANS Binding.The fluorescent hydrophobic molecule,
1-anilino-naphthalene-8-sulfonate (ANS), is commonly used
as a probe of the hydrophobic surface exposed to solvent
(47, 48). The fluorescence spectra of apo-CML at pH 4.5
and the temperatures indicated by arrows (i-iii) in Figure 2
are depicted in Figure 5. The fluorescence intensity of 50
µM ANS in the presence of 25µM apo-CML at 63°C is
greater than that of the temperatures at 9 and 98°C. This is
the characteristics of the molten globule state, which has the
hydrophobic core exposed to solvent (19, 28, 48, 49). The
flexible nature of the molten globule state permits some
internal nonpolar groups to become exposed to solvent, thus
making the surface of this state more hydrophobic than that
of the native or unfolded states (48, 50). Therefore, the result
of ANS-binding measurement indicates that the intermediate
of this protein has a characteristic of the molten globule state.

One-dimensional1H NMR Spectra.Figure 6 shows the
thermal unfolding transitions of apo-CML, which were
monitored with1H NMR. Heating of the apo-CML induced
a major change in the NMR spectra between 40 and 50°C;
this temperature was comparable to the temperature (30-
55°C) at which DSC and CD spectra show their first thermal
transition (Figures 2, 3, and 4a). The highly dispersed

FIGURE 5: Fluorescence spectra of 50µM ANS in the absence (open
symbols) and presence (filled symbols) of 25µM apo-CML at pH
4.5. The spectra of the complex of ANS with apo-CML were
obtained at 9 ([), 63 (b), and 98°C (2). The spectrum of ANS
without lysozyme were obtained at 25°C (O). These three
temperatures are indicated in Figure 2 with arrows.

FIGURE 6: One-dimensional1H NMR spectra (400 MHz) of apo-
CML as a function of temperature at pH 4.5.
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resonances in the chemical shifts from 0 to-1 ppm
corresponding to the native conformation show a decrease
in intensity concurrent with the downfield chemical shift (31).
Similar decreasing in intensity and chemical shift changes
as a function of temperature have been observed inR-lac-
talbumin and EML. However, unlike the1H NMR spectra
of R-lactalbumin and EML, which show no resonances from
0 to -1 ppm above 60°C (25, 28, 51-53), the spectra of
apo-CML show small resonance peaks still present in the
upfield region from 0 to-1 ppm above 60°C (Figure 6).
Thus, the structure of the intermediate of apo-CML is more
order than that of the other members of the lysozyme-R-
lactalbumin superfamily.

X-ray Crystal Structure of apo-CML.Apo-CML was
crystallized in space group ofP6122, and the three-
dimensional structure was determined by a molecular
replacement method. The 1.85 Å structure was refined to
an R-factor of 17.8% (Rfree ) 21.5%). The crystallographic
parameters and refinement statistics are summarized in Table
2.

Figure 7 shows the ribbon diagram of apo-CML. A deep
cleft containing the active site divides the CML molecule
into a large domain (R-domain) and a small domain
(â-domain), both of which are similar to those previously
reported for the lysozyme-R-lactalbumin superfamily (39,
54-59). TheR-domain comprises residues-1-42 and 86-

129, and it is composed of four majorR helices (A-helix,
5-16; B-helix, 25-36; C-helix, 88-100; D-helix, 109-113)
and two short helices (104-107; 123-126). Theâ-domain
is composed of a series of loops and a small three-stranded
antiparallelâ-pleated sheet (S1: 43-45, S2: 51-55, and
S3: 58-61).

The overall structure of the determined apo-CML is shown
in Figure 8, together with those of apo-EML (39) and guinea-
pig R-lactalbumin (GPLA) (58). The three proteins compared
here are very similar to each other, reflecting their high
similarity of their amino acid sequences (Figure 9). The root-
mean-square deviations between CML and EML and be-
tween CML and GPLA for the main-chain CR atoms were
1.294 and 1.950 Å, respectively. Differences in main-chain
conformation are observed in several distinct regions of these
structures, the largest of which being in the regions between
residues 43-55. There are also considerable differences in
the regions between residues 64-75. One of the features of
the crystal structure of apo-CML is that the loop region of
the â-domain (residues 43-55) is much closer to the
R-domain than in EML and GPLA. Therefore, according to
the structure of native CML, it is likely that theâ-domain

Table 1: Thermodynamic Parameters for the Unfolding of CML and EML in the Absence of Ca2+ at pH 4.5

lysozyme type of transitiona Tm (°C) ∆Hb (kcal/mol) T∆Sb (kcal/mol) ∆Gb (kcal/mol) ∆Cp (kcal/mol/K)

at 41.5°C
EMLc N-I 41.5 36.6 36.6 0.0 1.20
CML N-I 39.0 44.6 44.9 -0.3 1.03d

at 66.4°C
EMLc I-U 66.4 29.5 29.5 0.0 0.61
CML I-U 86.9 30.9 28.8 2.1 0.70d

a N, I, and U mean native, intermediate, and unfolded states, respectively.b These values are extrapolated to 41.5 or 66.4°C. c From Griko et al.
(26). d From Koshiba et al. (46).

Table 2: Crystallographic Data, X-ray Processing Statistics, and
Refinement Statistics of the apo-type CML

crystal data collection
space group P 6122
cell constants (Å)

a 68.58
b 68.58
c 107.06

resolution (Å) 100-1.85
no. of measured reflections 199512
no. of independent reflections 13034
Rmerge (%)a 6.00

refinement
resolution used (Å) 8.0-1.85
no. of used reflections (F > 2σ) 12679
data completeness (%) 95.5
∆ bond length (Å) 0.007
∆ bond andle (°) 1.414
averageB-factor (Å2)

main-chain 23.8
side-chain 28.3

R-factor (%)b 17.8
freeR-factor (%)c 21.5

a Rmerge ) ∑|I - {I}|/∑|{I}| × 100%.b R-factor ) ∑|Fo| - |Fc|/
∑|Fo × 100%.c FreeR-factor is the same asR-factor, except for a
10% subset of all reflections.

FIGURE 7: Ribbon model of CML in whichR-helices are
sequentially labeled from A to D. The structure shows a rainbow
color (red to blue) from the N-terminus to the C-terminus (figure
produced using MOLSCRIPT (74)).
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structure of CML may be more stable than those of EML
and GPLA.

DISCUSSION

The purpose of the present study is to elucidate the
relationship between the structure and the thermodynamics
of the intermediate of CML and compare the intermediate
with those of the other members of the lysozyme-R-
lactalbumin superfamily, which have been studied previously.
To fully understand the effect on the conformational stability
of a protein, it is necessary to elucidate the thermodynamic
parameters of the unfolding. The thermodynamic parameters
for the unfolding [∆H(T), T∆S(T), and∆G(T)] of the CML
and EML at 41.5°C (transition from the native state to the
intermediate; N-I transition) and 66.4°C (transition from
the intermediate to the thermally unfolded state; I-U
transition) were obtained according to the following equa-
tions using the data from the DSC measurements in this study
and Griko et al. (26):

whereTm is the melting temperature and∆S(Tm) equals to
∆H(Tm)/Tm. The∆Cp(T) values of CML and EML at these
temperatures were obtained using the data of Koshiba et al.
(46) and Griko et al. (26), respectively. The parameters
obtained are listed in Table 1. The∆G value of the I-U
transition for CML is 2.1 kcal/mol more stable than that of
EML at 66.4 °C, although the∆G values of the N-I
transition between two proteins are quite similar (-0.3 kcal/
mol) to each other at 41.5°C. It is indicating that the thermal
stability of the intermediates between CML and EML is very
different despite the similarity of the N-I transition. In the
I-U transition at 66.4°C, the∆H value for the unfolding
of the intermediate of CML (30.9 kcal/mol) is larger than
that of EML (29.5 kcal/mol). In addition, the entropy term
(T∆S) in the unfolding of the intermediate of CML (28.8
kcal/mol) is smaller than that of EML (29.5 kcal/mol). These
evaluations indicate that both the enthalpy and entropy terms
seem to be the major terms for stabilization of the intermedi-
ate of CML.

From the results of this study, the intermediate of CML
has been shown its extraordinary stabilization, and we
propose that the intermediate is a molten globule state. There
are at least three lines of strong evidence for the identification
of the intermediate of CML as the molten globule state. First,
the intermediate of CML is stably populated at pH 2.0, the
1H NMR spectrum is more similar to the spectrum in the
unfolded state, and the characteristic chemical shift dispersion
has mostly disappeared (31). The spectral width is broader
than those in the native and the fully unfolded states, and
these are characteristics of the molten globule state (25, 53,
80). Second, CML shows a three-state unfolding transition
in guanidine hydrochloride (30) with the unfolded intermedi-
ate state very similar to the intermediate of the thermal
unfolding (this study), and these intermediates are structurally
very similar to the acid state (31). Such unfolding behavior
and the properties of the intermediate or the acid states are
essentially identical to those observed previously inR-lac-
talbumin and EML (4, 7, 9, 26, 27, 60, 61), for which the
unfolding intermediate state has been well-characterized and
identified as the molten globule state. Finally, the results of
the ANS-binding experiment presented in this study show
that the hydrophobic fluorescence probe (ANS) has a
different affinity to various conformations of CML (Figure
5). This probe is not practically bound to fully unfolded
proteins as well as to a number of native protein (48).
Nevertheless, the results of this study show a very good
correlation of the highest protein affinity to ANS with the
conformation of the intermediate. This is a characteristic of
the molten globule state, which has the hydrophobic core
exposed to solvent (19, 28, 48, 49).

Recently, with the extensive progress in the study of the
molten globule state, new evidence has been accumulated
that shows the presence of nativelike tertiary fold within the
molten globule state ofR-lactalbumin (12-19). Peng and
Kim (1994) have shown that the helical domain (R-domain)
of humanR-lactalbumin, in isolation, forms a molten globule
state with the same overall tertiary fold as that found in intact
R-lactalbumin (12). The same group has also reported that
the R-helical domain forms a helical structure with a
nativelike tertiary fold, while theâ-sheet domain is largely
unstructured (14). The studies indicate that the molten
globule state ofR-lactalbumin has a nativelike overall fold,

FIGURE 8: Superimposition of the structures of CML, EML, and
GPLA. A structure of the CR traces of CML (red), EML (green),
and GPLA (blue) are shown after the least-squares superposition.
Every tenth residue of CML is labeled (figure produced using
MOLSCRIPT (74)).

∆H(T) ) ∆H(Tm) + ∫Tm

T
∆Cp(T)dT (1)

∆S(T) ) ∆S(Tm) + ∫Tm

T
∆Cp(T)d lnT (2)

∆G(T) ) ∆H(T) - T∆S(T) (3)
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even though it lacks the extensive fixed tertiary interactions
that are characteristic of native proteins (12, 62).

Furthermore, Dobson and co-workers have revealed that
EML, unlike other lysozymes, can be transformed into the
equilibrium molten globule state (24, 25, 27, 28) and that
this state is more similar to the native state than the
equilibrium state of apo-typeR-lactalbumin, which is usually
regarded as a “classical” molten globule state (62, 63).
Moreover, it has been reported that the molten globule state
of EML is stabilized, at least in part, by nativelike specific
interactions and is more stable than that ofR-lactalbumin
(60). The R-helices A, B, and D of EML are especially
strongly protected in the molten globule state (27, 28).

Thus, the intermediate of CML can be identify as the
molten globule state, and it is thought to be similar to the
molten globule state of EML, which has been distinguished
from a “classical” molten globule state. However, the1H
NMR spectrum of CML at 60°C (Figure 6), the temperature
at which 100% of the protein exists in the stable molten
globule state (Figure 3), has shown interesting characteristics
as compared with that of the other lysozyme-R-lactalbumin
superfamily. Small resonance peaks are still present in the
upfield region from 0 to-1 ppm. These peaks arise from
ring-current shifts of methyl protons and are due to specific
packing interactions of the aliphatic side chains around the
aromatic rings; moreover, this characteristic has previously
been observed in the acidic-folding intermediate (pH 2.0)
(31). Recently, we have sequentially assigned the chemical
shifts of CML using 15N-labeled protein (unpublished
results), and these peaks appear to come from the methyl
protons of Val-98 andâH of Met-105, as shown in Figure
6. Therefore, our NMR studies suggest that the extraordinary
stabilization of the molten globule state of CML is due to
the specific packing interactions of C-helix (Val-98) and Met-
105 around the aromatic rings.

However, why can CML fold to the extraordinarily stable
molten globule state as compared with that of EML? In the

following, we address this question and show possible
reasons that interpret such difference in the molten globule
stability between the proteins.

The Role of His-21 for the Stabilization.The hydrophobic
cluster of CML (Figure 10a), which originates from the
aromatic residues (Tyr-23, Trp-28,-63, -64, -108, and
-111) around Val-98 and Met-105, is compared with that
of EML (Figure 10b). In the crystal structure of CML, His-
21 is located at the turn region between the A- and B-helices
and is close to the C-helix; however, this position in EML
is replaced by glycine (Figure 9). The distance between the
Nε2 atom of His-21 and O atom (CdO) of Val-99 is 3.13 Å,
and a hydrogen bond is formed between these two atoms,
as shown in Figure 11. As a result, the A- and B-helix
become much closer to the C-helix, and hydrophobicity
around this region is increased. Thus, the substitution of Gly-
21 with His-21 can be suggested to have two effects on the
stabilization of the molten globule state. First, by forming a
hydrogen bond between the side chain of His-21 and the
main chain of Val-99, theR-helices A and B are connected
to the C-helix, and these chains become less flexible. Second,
the involvement of the His-21 residue on the hydrophobic
cluster makes the structure more stable, and the molten
globule state of CML is further stabilized. Indeed, substitu-
tions of some residues in theR-domain ofR-lactalbumin with
more hydrophobic amino acids increase the stability of the
molten globule state ofR-lactalbumins (16, 18, 61)

Stability of D-Helix. Residue 109 is located in the
N-terminal of the D-helix; these residues are lysine and valine
in EML and CML, respectively (Figures 9, 10a, and 10b). It
is well-known that a protein is stabilized by an electrostatic
interaction between a negatively charged side chain in a
helical N-terminal and a positively charged side chain in a
helical C-terminal due to theR-helix dipole (64-67). In the
case of EML, these two residues, which are located in the
helical N- and C-terminals of the D-helix, are both lysine
(Lys-109 and 113). From the results of the X-ray structure

FIGURE 9: Amino acid sequences of selected lysozymes andR-lactalbumins. The sequence of CML (29) appears in the single letter code.
The residues present in the rows of other lysozymes (75,76) andR-lactalbumins (77-79) are shown only where are different from the CML
sequence, with identity being indicated by a dot. Dashes indicate deletions relative to the other sequences.
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of EML, the distance between the Nú atom of Lys-109 and
the Nú atom of Lys-113 appears to be 3.08 Å. The pKa value
of lysine residue at 25°C is 10.5 (68), so both lysine residues
(Lys-109 and 113) are protonated under this experimental
condition (acidic pH of 4.5) of DSC (26), UV-CD spectra
(Figure 4b), and1H NMR spectra (25). Thus, these two
positively charged side chains are thought to destabilize the
D-helix due to electrostatic repulsion. However, this helical
N-terminal residue of CML is valine, so that thisR-helix
dipole is thought to give more stability to the D-helix
compared than that in EML. In addition, the distance between
the Câ of Val-109 and the Nú atom of Lys-113 is 5.58 Å,
which might relieve the steric compression (Figure 10a).

Difference of Amino Acid Sequences.Moreover, we have
previously noted the differences between CML and EML in
their amino acid sequences (Figure 9), and these differences

should be responsible for the differences in the stability of
the molten globule state (16, 18, 61, 69-72). CML has 23
amino acid substitutions in comparison with EML. Among
these substitutions, that at residue 93 seems to be important
in relation to difference in the stability of the molten globule
state for the following reason. Residue 93 is located in the
middle position of the C-helix (Figure 10a and b). Residue
93 is serine in EML, and alanine in CML. Alanine is thought
to be more favorable for forming anR-helix than serine when
the alanine residue is located in the central position of an
R-helix (73).

Thus, it seems likely that such substitutions (from Gly-21
to His-21; from Lys-109 to Val-109; from Ser-93 to Ala-
93) in the aromatic cluster around the C-helix and D-helix
increase the stability of the molten globule state of CML.
Therefore, the molten globule state of CML is probably
strongly protected by the aromatic cluster around the C-helix
and D-helix as compared with EML. This is one of the main
reasons why CML has an extraordinarily stable molten
globule state as compared with other proteins in the
lysozyme-R-lactalbumin superfamily.

In conclusion, the thermal unfolding equilibrium of CML
is well-represented by the three-state mechanism in which
only the native, the intermediate, and unfolding states are
populated. Both CD and NMR data indicate that the
intermediate of this protein has secondary structure and
elements of tertiary structure. Moreover, the results of ANS-
binding experiment show the highest affinity of ANS to the
intermediate. From these results, we interpret that the
extraordinarily stable intermediate is a molten globule state.
The molten globule state of this protein is extraordinarily
stable compared with those of the other members of the
lysozyme-R-lactalbumin superfamily, and this stabilization
comes from the stronger protection around the C- and D-helix
of the aromatic cluster region. This molten globule state may
be more appropriate to define as nativelike tertiary folded

FIGURE 10: Conformation of the aromatic cluster around the residues Val-98 and Met-105 within 10 Å in distances from their CR atoms.
The local structures are shown schematically for (A) CML and (B) EML. Two molecules are viewed in the same orientation (figure produced
using MOLSCRIPT (74)).

FIGURE 11: Partial structure of CML around the region of residue
His-21. The broken line indicates hydrogen bond (figure produced
using MOLSCRIPT (74)).
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state. Our structural and thermodynamically information will
facilitate the study of protein folding.
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