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ABSTRACT: The denaturation mechanism of hen egg lysozyme is still
controversial. In this study, Raman spectroscopy was employed to study the
thermal and chemical denaturation mechanisms of lysozyme. All of the Raman
bands were synchronously recorded and analyzed during the denaturation process. It
was found that the Raman bands of the side groups changed before the bands of
skeleton groups. This directly reveals the three-state mechanism of thermal
denaturation of lysozyme. The preferential change of the side groups was also
observed in the chemical denaturation of lysozyme by guanidine hydrochloride.
Moreover, it was found that the Raman bands of the groups on the surface of
lysozyme changed before those of the other groups. This indicates that the chemical
denaturants interact with the protein surface before the protein core in each step and
the chemical denaturation of lysozyme conforms to the multistate and outside-in
mechanisms. The synchronous Raman study not only reveals the multistate
mechanism of lysozyme denaturation but also demonstrates that this synchronous
Raman analysis is a powerful method to study the denaturation mechanisms of other proteins.

■ INTRODUCTION

Protein unfolding is important in biological processes.1−3 It
induces some diseases, such as Parkinson’s disease or
Alzheimer’s disease.4−7 Protein unfolding is described as two-
state and multistate transitions.8,9 The former has an “all-or-
none” unfolding manner without any intermediates. The latter
involves some stable intermediates in the unfolding process.
The absence or presence of any stable intermediate is the key
point to differentiate them. To this end, two or more
independent probes are recorded during an unfolding
transition, as shown in the Scheme 1. If such different probes
provide identical transition curves (Scheme 1a), the unfolding
follows the two-state model.10−12 If not (Scheme 1b), the
process is multistate.11,12 The unfolding processes of small
globular proteins are usually modeled as two-state transi-

tions.13,14 Large proteins follow multistate denaturation
processes because of the anisotropy of proteins.15

Hen egg lysozyme is a small protein with only 129 amino
acids. Previously, the unfolding of lysozyme was considered to
be a two-state process. The mechanism was supported by many
technologies, such as differential scanning calorimetry,16,17

liquid chromatography,18 fluorescence spectroscopy,19 and
Fourier transform infrared (FTIR) spectroscopy.17 These
experimental data were analyzed with a two-state transition.17,20

However, recently, the two-state model has been challenged by
the three-state mechanism through many technologies, such as
FTIR spectroscopy,21 small-angle X-ray spectroscopy,22 Raman
spectroscopy,23 and molecular dynamics (MD) simulation.24 A
molten globular intermediate was obtained in the three-state
process. It was regarded as a molecule with a native-like
secondary structure and elastic tertiary structure. However, the
evidence for the intermediate was doubted.25 A particular
multistate model called the outside-in action was proposed to
explain the chemical denaturation by MD simulations.24,26,27

The outside-in action means the chemical denaturants first
interact with the surface of protein. Very recently, the
mechanism was proved by kinetic fluorescence resonance
energy transfer and far-UV circular dichroism (CD) spectros-
copy,28 and there has been no equilibrium experimental
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Scheme 1. Use of Different Probes to Distinguish Two-State
and Multistate Models
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evidence. In a word, the precise mechanism of lysozyme
unfolding is still controversial.
Raman spectroscopy is a powerful technology to study

protein denaturation. The frequencies, intensities, and
bandwidths of Raman bands are sensitive to the structure and
microenvironments of a protein. Previously, the vibrational
bands of amides I, II, and III were usually used to characterize
the secondary structure.29−32 Recently, the H/D isotopic
exchange on the amide I band combined with the low-
frequency Raman spectra (LFRS) was employed to study the
thermal and chemical denaturation of lysozyme. The results
suggested that the amide I band of protein in heavy water and
the LFRS were sensitive to the changes in the tertiary
structure.23,33−35 Except the Raman band of amide I and the
LFRS, the vibrational bands of the side groups were rarely
applied to study the conformational change of proteins in
denaturation. Recently, the Raman study on the hydration
process of solid lysozyme revealed that the molecular vibration
of side groups could offer more information than that of amide
groups.36 Because the molecular interactions between the side
groups can stabilize the tertiary structure of protein, the Raman
spectra of the side groups may reflect the change of the tertiary
structure. To capture the possible intermediate with the elastic
tertiary structure and native-like secondary structure, the
Raman spectra of the side groups and backbones should be
synchronously monitored and analyzed.
In this study, we recorded simultaneously the Raman spectra

of the molecular skeletons and the side groups during the
thermal and chemical denaturation process of aqueous
lysozyme. It was found that the unfolding curves were different
between the Raman bands of the side groups and skeleton
groups. The difference directly demonstrated the three-state
mechanism of thermal denaturation. Furthermore, in the
chemical denaturation, the Raman bands of the groups on
the surface of lysozyme were found to change preferentially,
providing directly equilibrium evidence for the outside-in action
of denaturants.

■ EXPERIMENTAL SECTION
Chicken egg white lysozyme (activity: 22 800 U/mg) and
guanidine hydrochloride (GuHCl, 99%) were purchased from
Sangon Biotech (Shanghai) Co. Ltd. and Sinopharm Chemical
Reagent Co. Ltd., respectively. They were used without further
purification. In the thermal denaturation experiment, the weight
concentration of lysozyme in water was 10%, which is similar to
that in previous Raman studies.23 The aqueous lysozyme was
held in a cuboid quartz cell (1 mm × 1 mm × 3 mm). It was
heated from 25 to 85 °C with an interval of 5 or 2 °C through a
heating bath (THD-2006; Ningbo). In the mixtures of aqueous
lysozyme and GuHCl, the weight concentration of lysozyme
was maintained at 17% and the weight concentration of GuHCl
was changed from 5 to 44% with an interval of 2 or 1%. The
aqueous GuHCl solutions with the corresponding concen-
trations were prepared to remove the spectral component of
GuHCl from the spectra of mixtures. The temperature of the
GuHCl solutions was maintained at 25 °C.
The experimental setup is same as that in our previous

Raman studies.37−41 We simply described it here. Spontaneous
Raman spectroscopy was used in this study. The backscattering
geometry was employed. A continuous-wave laser (532 nm,
Verdi V5; Coherent) with 1 W power was employed to excite
the aqueous solutions. The laser was linearly polarized through
a Glan-laser prism. Parallel polarization of the laser was

obtained through a half-wave plate. The Raman scattering light
with parallel polarization was selected through a Glan-laser
prism and then depolarized through a scrambler. The scattering
light was dispersed through a triple monochromator
(TriplePro; Acton Research) and then recorded through a
liquid-nitrogen-cooled charge-coupled device detector (Spec-
10:100B; Princeton Instruments). The wavelength of the
scattering light was calibrated through the standard spectral
lines of mercury lamp. The resolution of the spectra is about
1−2 cm−1. The acquisition time of the spectra at a single
temperature was about 30−40 min, and the spectra were same
at the same temperature.
The Raman shifts and the full width at half-maximum

(FWHM) of the Raman bands were obtained through fitting
the bands with the Lorentzian function.40 The temperature- or
concentration-dependent Raman shifts and FWHM were fitted
with a sigmoid function, shown as eq 1.21,23
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In this equation, SN and SD are the spectral parameters (the
Raman shift or FWHM) of the Raman bands of the native and
denatured lysozyme, respectively; B denotes the temperature or
the concentration of GuHCl; Bm is the transition midpoint of
the sigmoid curve; and ΔB denotes half of the transition
interval.

■ RESULTS AND DISCUSSION
Raman Spectra of Lysozyme. Raman spectra of lysozyme

were recorded in the region from 400 to 1800 cm−1 and 2800
to 3030 cm−1. For clarity, Figure 1 shows the spectra of

lysozyme only in water at 25 and 85 °C and in aqueous GuHCl
with the concentration of 40% (m/m) at 25 °C. From the
spectra of lysozyme/GuHCl/water, the spectra of GuHCl are
removed. The spectra of lysozyme/GuHCl/water around 1000
cm−1 are not plotted in Figure 1 because the strong band of
GuHCl is difficult to be removed in this region. The Raman
bands in the regions from 1030 to 1500 cm−1 and above 2900
cm−1 are not analyzed quantitatively because these bands are
extremely overlapped with each other. Other bands are used to
analyze quantitatively the denaturation of lysozyme. They are
classified into vibrational bands of skeletons and side groups of
lysozyme.

Skeletons. In Figure 1, the band at ∼507 cm−1 is assigned to
the stretching vibration of disulfide (SS) bridges.42,43 This band
is sensitive to the conformation of the SS bond. The two bands
at 900 and 935 cm−1 are assigned to the NCαC stretching

Figure 1. Raman spectra of lysozyme in water at 25 °C (black) and 85
°C (blue) and in aqueous GuHCl with the weight concentration of
40% at 25 °C (red).
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vibrations.36,43−46 Both bands are sensitive to the conformation
of NCαC. The band in the 1600−1700 cm−1 region is regarded
as amide I mode, which is the coupling mode of the CO and
C−N stretching vibration and a small amount of N−H in-plane
bending vibration.44,47 The amide I band (1658 cm−1) is
sensitive to the secondary structure of proteins. The frequency
of the amide I vibration of α-helix is usually smaller than that of
random coil and β-sheet structures.36,44 The SS stretching
band, amide I band, and both NCαC stretching Raman bands
are the vibrations of the skeletons of proteins. They are widely
employed to study the skeleton conformation of proteins. In
this study, they are employed to quantitatively monitor the
structural change of skeletons of lysozyme during the thermal
and chemical denaturation processes.
Side Groups. The vibrations of aromatic groups contribute

to several Raman bands in Figure 1. The Raman band at 759
cm−1 is assigned as the benzene and pyrrole in-phase breathing

vibration of tryptophan (Trp).46,48 The band at 1554 cm−1 is
attributed to the C2C3 stretching vibration of the aromatic
ring of Trp.36,49 The bands at 837 and 857 cm−1 are attributed
to the doublet of the Fermi resonance between the ring
breathing mode and the overtone of the out-of-plane ring
deformation of tyrosine (Tyr).36,50 The band at 1005 cm−1 is
assigned to the benzene ring breathing mode of phenylalanine
(Phe).43,44 Besides these vibrational modes of aromatic groups,
the CH stretching band at 2874 cm−1 is also the vibrational
mode of the side groups.51 The changes in these Raman bands
could be employed to monitor the change in the micro-
environment around these side groups, which may reflect the
change in the tertiary structure of proteins.
The Raman shift and the FWHM of the above Raman bands

are employed to quantitatively analyze the structural change of
proteins,36 which are listed in Table 1.

Table 1. Parameters and the Assignments of Raman Bands of Lysozyme

groups freq. (cm−1) assignment parameter

skeletons
SS 507 ν(S−S)42,43 FWHM
NCαC 900 ν(N−Cα−C)44−46 FWHM
NCαC 935 ν(N−Cα−C) (α-helix)36,43,44 frequency
amide 1658 amide I mode44,47 frequency

side groups
Trp 759 symmetric benzene/pyrrole in-phase46,48 FWHM
Trp 1554 ν(C2C3)

36,49 frequency
Tyr 837/857 doublet of the Fermi resonancea36,50 frequency
Phe 1005 benzene ring breathing43,44 FWHM
C−H 2874 ν(C−H)51 frequency

aFermi resonance between the ring breathing mode and overtone of out-of-plane ring deformation.

Figure 2. Raman spectra of the SS (a), NCαC (b), amide I (c), Trp (d, e), Tyr (f), Phe (g), and CH (h) groups of lysozyme at native (25 °C, gray)
and denatured (85 °C, blue) states.
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The Raman bands at the native state (25 °C) and the
denatured state (85 °C) are shown in Figure 2. Figure 2a−c
shows the Raman spectra of skeletons (SS, NCαC, and amide
I). Figure 2d−h shows the Raman spectra of side groups (Trp,
Tyr, Phe, and CH). As shown in Figure 2a, from the native
state to denatured state, the FWHM of the SS stretching band
increases from 8 to 19 cm−1. The broadening of this band
demonstrates that the conformation of the SS band transforms
to a slightly distorted gauche−gauche−gauche structure.52 The
NCαC stretching modes (900 and 935 cm−1)36,43−46 are
sensitive to the secondary structure. As shown in Figure 2b,
from the native state to denatured state, the FWHM of the
NCαC stretching band (900 cm−1) increases from 12 to 27
cm−1 and the other NCαC stretching band shifts from 935 to
939 cm−1. The broadening and blue shift of the NCαC
stretching bands indicate a change in the conformation of
NCαC groups.46 In addition, the amide I band blue-shifts from
1658 to 1667 cm−1 (Figure 2c), which suggests that the α-helix
structure transforms to random coil or β-sheet.34,53

The vibration modes of skeleton groups are sensitive to the
secondary structure; however, the vibration modes of the side
groups should be more sensitive to the conformation and

microenvironments of these groups. As shown in Figure 2d, the
FWHM of Trp band increases from 7 to 12 cm−1, whereas
lysozyme changes from the native state to the denatured state.
The broadening demonstrates that the conformation distribu-
tions of Trp groups are wider at the denatured state.36 The
other Trp Raman band red-shifts from 1554 to 1551 cm−1 in
Figure 2e, which means the dihedral angle of C2C3−Cβ−Cα

is decreased.54,55 Meanwhile, when lysozyme is unfolding, the
Tyr Fermi resonance doublet red-shift from 837 to 831 cm−1

and 857 to 853 cm−1 (Figure 2f) because of the molecular
interactions between Tyr and water molecules.50,56 As shown in
Figure 2g, the FWHM of Phe band is increased from 3 to 4
cm−1 during the denaturation process. Besides these aromatic
vibration modes, the CH band blue-shifts from 2874 to 2877
cm−1, which demonstrates that the CH groups interact with
more water at the denatured state.57,58 As the intermolecular
interactions between the side groups stabilize the tertiary
structure, the Raman bands of these side groups are applied to
monitor the change in the tertiary structures in this study.

Three-State Mechanism of Thermal Denaturation.
Figure 3 shows the FWHM and Raman shifts of the above
Raman bands at different temperatures. Using the sigmoid

Figure 3. (a) Temperature-dependent FWHM of the Raman bands for SS stretching vibration, (b) N−Cα−C stretching vibration, (c) benzene and
pyrrole in-phase breathing vibration of Trp, and (d) benzene ring breathing vibration of Phe; (e) the temperature-dependent Raman shifts of the
Raman bands for CH stretching vibration, amide I mode, C2C3 stretching vibration of Trp, N−Cα−C stretching vibration, and the Fermi
Resonance doublet of Tyr. The sigmoid function was employed to fit these data.
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function to fit these data, the midpoint transition temperature
(Tm) is obtained to be ∼75 °C. This temperature is in
agreement with that in previous studies.17,22,23

The temperature-dependent Raman shifts and the FWHM of
some Raman bands are not identical with each other. For
example, the temperature-dependent Raman shifts of amide I
band are not synchronous with those of the CH stretching
band (Figure 4a). Upon fitting the experimental data with the
sigmoid function, the Tm’s are determined to be 73.4 ± 1 and
76.8 ± 0.5 °C for CH and amide I groups, respectively. The
different Tm values do not conform to the two-state
mechanism, as there is only a single Tm in the two-state
transition. The lower Tm of CH groups suggests that the
microenvironments around CH groups change prior to those
around the secondary structure of lysozyme.
Through fitting the temperature-dependent Raman shifts and

FWHM of all of the Raman bands with the sigmoid function,
10 midpoint transition temperatures are obtained. These Tm’s
are plotted in Figure 4b. They are distributed in two different
regions. The Tm’s from all of the side groups and skeletons of
lysozyme are located in the low- (∼74 °C) and high-
temperature (∼76.5 °C) regions, respectively. The Raman
bands of side groups are Trp (759, 1554 cm−1), Tyr (837, 857
cm−1), Phe (1005 cm−1), and C−H (2874 cm−1). The Raman
bands of skeleton groups are S−S (507 cm−1), N−Cα−C (900,
935 cm−1), and amide I (1658 cm−1). The two-temperature
distribution directly indicates that the thermal denaturation of
lysozyme follows the three-state mechanism. In the first stage
(∼74 °C), the microenvironments of the side groups change.
The intermolecular interactions between the side groups are
weakened, which produces a globular intermediate with a
molten tertiary structure.21−23 In the second stage (∼76.5 °C),
the skeletons of lysozyme change. A similar two-stage
mechanism was also evidenced by the LFRS and H/D isotopic
exchange on the amide I band.23 While the molten tertiary
structure was formed, the heavy water molecules penetrated
into the core of the proteins and then the H/D isotopic
exchange was strengthened. Also because of the molten tertiary
structure, the interaction between the protein and solvents was
evidenced by the LFRS. The temperature interval between two
stages is very small (∼2 °C), which may be the reason why a
number of previous studies supported the two-state mechanism
of thermal denaturation of lysozyme.16−20

Multistate and Outside-In Mechanism of Chemical
Denaturation. There is also a controversy about the
mechanism of chemical denaturation of lysozyme. Both the
two-state59 and multistate24,60,61 models were supported in
previous studies. The synchronous analysis of various Raman

bands is also employed to investigate the mechanism of the
chemical denaturation of lysozyme with GuHCl in this study.
Figure 5 shows the Raman shifts or the FWHM of some Raman

bands of lysozyme at different concentrations of GuHCl. These
data were all fitted with the sigmoid function. As the Raman
bands of Phe (1005 cm−1) and N−Cα−C (900 and 935 cm−1)
are extremely overlapped with the strong Raman band of the
guanidine ion, these three bands are not analyzed. As shown in
Figure 5, the spectral changes in chemical denaturation are
similar to those in thermal denaturation. Therefore, the reasons
for these spectral changes are similar to those in thermal
denaturation.
Although all of the concentration-dependent spectral

parameters obey the sigmoid function, they are not identical
with each other. For example, the concentration-dependent
Raman shifts of the amide I band are much different from those
of the CH stretching band (Figure 6a). The midpoint transition
concentrations (Cm’s) are 30.5 ± 0.1% and 32.9 ± 0.1% for CH
groups and amide I groups, respectively. The different Cm’s do
not conform to the two-state mechanism with single Cm. The

Figure 4. (a) Temperature-dependent Raman shifts of the amide I band (black square) and CH stretching band (blue circle). (b) Midpoint
transition temperatures, which are obtained from the temperature-dependent parameters of side groups and skeletons. The error bars in (b) are the
fitting errors.

Figure 5. (a) Concentration-dependent FWHM of the Raman bands
for SS stretching vibration and (b) the benzene/pyrrole breathing
vibration of the Trp group; (c) the concentration-dependent Raman
shifts of the Raman bands for CH stretching vibration, amide I mode,
C2C3 stretching vibration of Trp, and the Fermi resonance doublet
of Tyr. The sigmoid function was employed to fit these data.
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lower Cm of CH groups suggests that the microenvironments
around CH groups change prior to those around the secondary
structure. The Cm’s for all of the groups are plotted in Figure
6b. Similar to the Tm distribution of thermal denaturation of
lysozyme, the Cm values are distributed roughly in the two
concentration regions. The Cm values from all of the side
groups (CH, Tyr, and Trp) and skeletons (SS and amide I) of
lysozyme are located below and above ∼32%, respectively. This
demonstrates that the conformation and microenvironment of
side groups change prior to those of the skeleton of lysozyme
during chemical denaturation. Furthermore, the Cm values are
different from each other in each region. For example, in the
low-concentration region (<32%), the CH stretching Raman
band changes prior to the C2C3 stretching band of the Trp
group (Figure 6c). In the high-concentration region (>32%),
the SS stretching band changes prior to the amide I band
(Figure 6d). Therefore, the chemical denaturation of lysozyme
follows more than two or three states, which fulfills the
multistate mechanism.
According to the structure of lysozyme,62−64 the Arg, Lys,

and Asn amino acids are mainly located on the surface of
lysozyme (Figure 7). The CH groups of the three amino acids
are dominant in all of the CH groups of the amino residues.
Consequently, the priority of the change of CH groups in the
low-concentration region suggests the preferential interactions
between solvents and the surface of lysozyme. Similarly, the SS

groups are close to the surface of lysozyme (Figure 7); thus, the
priority of the change of SS group in the high-concentration
region implies that the skeleton on the surface changes
preferentially. Therefore, chemical denaturation of lysozyme
obeys the outside-in action. This action was proposed by MD
simulations.24,26,27 According to their description, the outside-
in action means the denaturants preferentially interact with the
residues on the surface of proteins. This interaction could
change the microstructure of the surface of proteins. Then, the
change strengthens the penetration of the solvent to the core of
proteins. Recently, this outside-in action was also observed in
the chemical denaturation process of RNase H protein through
the kinetic fluorescence resonance energy transfer and far-UV
CD spectroscopy.28 Similarly, the preferential interactions
between the denaturants and the residues on the surface of
lysozyme were evidenced by the H/D isotopic exchange on the
amide I band and the LFRS.35 Such as, the hydrogen bonding
between the urea and polar groups was limited on the surface of
lysozyme. Furthermore, many details of the outside-in action
were not observed in previous LFRS. Our Raman spectra offer
the direct evidence of the outside-in action of chemical
denaturants in equilibrium experiment.
The complete chemical denaturation process of lysozyme can

be summarized as the following steps. First, GuHCl interacts
with the side groups (such as Arg, Lys, and Asn) on the surface
of lysozyme, which induce the change of the conformation and

Figure 6. (a) Concentration-dependent Raman shifts of the amide I band (black square) and CH stretching band (blue circle). (b) Midpoint
transition concentrations from the Raman bands of side groups and skeletons. (c) Concentration-dependent Raman shifts of the CH stretching band
(black cycle) and C2C3 stretching band of the Trp group (red square). (d) Concentration-dependent Raman shifts of the amide I band (red
square) and the FWHM of the SS stretching band (black cycle). The error bars in (b) are the fitting errors.

Figure 7. Spatial distribution of the Arg, Lys, Asn, and S−S groups of lysozyme.
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microenvironments around these exterior side groups. Second,
the microenvironments around all of the side groups of
lysozyme change when the concentration of GuHCl increases.
Both steps refer to the change of the tertiary structure of
lysozyme. Third, the skeleton groups (SS) close to the surface
of proteins change. Finally, all of the skeleton groups (amide
group) of lysozyme change. The final two steps refer to the
change in the secondary structure of lysozyme. This complex
denaturation behavior demonstrates that the lysozyme with 129
residues is large enough to reflect the anisotropy of this protein.
The results suggest that the denaturation of a protein with
more residues (such as bull serum albumin17) would follow
more than two steps.

■ CONCLUSIONS
The argument about the precise denaturation mechanism of
lysozyme has continued for decades. In this study, we
synchronously compared the Raman spectra of the side groups
and the skeletons during the denaturation of lysozyme. It is
found that the Raman spectra of side groups change prior to
the spectra of skeletons. This offers the direct evidence to the
three-state mechanism of thermal denaturation of lysozyme. In
the first stage, the tertiary structure of lysozyme changes. In the
second stage, the secondary structure changes. Furthermore,
the Raman data offer the direct equilibrium evidence for the
theoretical outside-in action24,26,27 in chemical denaturation by
GuHCl. It is found that the surface of lysozyme changes prior
to the inside of lysozyme in both the stages, which reflects the
multistate mechanism of chemical denaturation of lysozyme.
According to the midpoint transition temperatures, the
preferential conformational change of CH groups is possible
during the first step of the thermal denaturation. However, the
outside-in action was not declared because of the larger fitting
errors in thermal denaturation. This study not only resolves the
dispute about the mechanism of thermal and chemical
denaturation of lysozyme but also demonstrates that the
synchronous analysis of all of the Raman data is a powerful
method to study the denaturation mechanism of proteins.
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