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2e changes of lysozyme conformation in the absence and presence of luteolin and luteoloside were investigated by spectral
analysis including fluorescence, UV, CD, Raman, and ATR-FTIR, and the biological activity of lysozyme was investigated by
lysozyme assay kit. 2e results showed that the microenvironment hydrophobicity of lysozyme increased and peptide extension
decreased with the addition of luteolin or luteoloside. 2e α-helix of lysozyme might be influenced by luteolin or luteoloside, and
its relative content had a significant difference after adding luteolin or luteoloside by the ATR-FTIR method, which was
reconfirmed by CD and Raman spectra. 2e lysozyme activity changed obviously after adding luteolin or luteoloside. All of the
conclusions above indicated the active site of lysozyme in the α-helix might be influenced by luteolin and luteoloside.

1. Introduction

Lysozyme (LYSO), also calledmuramidase, killing or inhibiting
the bacteria with little drug resistance, is an important immune
factor widely existing in many tissues of the human body [1, 2].
It can lyse cell walls of bacteria [3], without degradation to the
cells in the human body. As early as 2010, the National Health
Commission of P. R. China issued a document allowing ly-
sozyme to be used as a food additive. In addition, lysozyme is
clinically available to promote the repair of injured tissues, to
correct the degree of immune activation, and to reduce the
acute inflammatory reaction, especially in burn wound in-
fection and herpes treatment [4]. Lysozyme has a globular fold
divided into two domains, whose native conformation displays
four α-helix structures and a three-strand antiparallel β-sheet
[5] which consist of 129 amino acid residues, including six Trp
residues, three of which (Trp 62, Trp 63, and Trp 108) locate in
the active pocket of the helices domain of lysozyme [6].
2erefore, it is very meaningful to research the change of
helices domain structure which is closely associated with the

activity of lysozyme. Flavonoids exhibit a wide range of
physiological activity [7, 8], which have specific nutritional and
medicinal values with antioxidant, antiviral, and antibacterial
activities, such as luteolin and its glycoside (luteoloside,
luteolin-7-O-glucoside) (Figure 1) widely distributed in veg-
etables, fruits, and some food-medicine herbs including pepper,
chrysanthemum indicum, honeysuckle, and perilla, approved
by the National Ministry of Health. Although lysozyme,
luteolin, or luteoloside has many biological activities with little
drug resistance, the biological activity of them used alone is
limited. Our previous studies [9] have shown that some fla-
vonoids can form noncovalent complexes with lysozyme, so it
is very necessary to explore whether this combination would
have any influence on the structure-activity of lysozyme.

2e synchronous fluorescence spectrum is used to re-
search the information about the microenvironment in the
vicinity of the chromophores, which has several advantages
including high sensitivity, simplicity, and reducing the in-
fluence of spectral overlap and diffused light [10].2e shift of
the maximum emission wavelength can prove the change of
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amino residues microenvironment polarity of lysozyme in
the absence and presence of luteolin or luteoloside, which is
related to the lysozyme conformation [11].

UV absorption spectrum shows the characteristic peaks
of the peptide bond, tryptophan residues, and tyrosine
residues at about 210 and 280 nm [12].

Circular dichroism (CD) spectrum [13], Raman spec-
trum [14], and Fourier transform infrared reflection (FTIR)
[15, 16] spectrum belong to molecular vibration spectra,
which are usually used to investigate the secondary structure
change of protein. 2e different types of secondary structure
contained in protein produce the characteristic CD spectra
in the far UV [17], primarily from 190 to 230 nm, in which
two negative peaks at about 220 nm and 208 nm caused by a
negative Cotton effect are the main characteristic peaks of
π-π∗ and n-π∗ transitions of peptide bonds in lysozyme
α-helix. In Raman and infrared spectra, we primarily focus
on the amide I (1700–1600 cm−1) and the amide III
(1220–1330 cm−1) bands, which are sensitive to the sec-
ondary structure of protein, caused by C�O stretching, C-N
stretching, and N-H in-plane bending vibration [18]. Raman
spectrum is important to study protein molecular structure,
which overcomes water peak interference and weak signal of
some chromophores [19].2e ranges of 1650–1660 cm−1 and
1260–1300 cm−1 are suitable for the analysis of lysozyme
α-helix [20], for which the shift and intensities of peaks are
sensitive. 2e change of α-helix structure of lysozyme can be
further inferred by combining with FTIR spectra and then
speculating the change of its active site.

FTIR with the attenuated total reflection (ATR) attach-
ment can provide the important structures’ information of
lysozyme solution. 2e absorption bands observed in the
amide I region correspond to α-helix (1642–1660 cm−1),
β-sheet (1613–1637 cm−1 and 1682–1689 cm−1), β-turn
(1662–1700 cm−1), and disordered (1637–1645 cm−1) struc-
tures [21]. In cooperation with the information from CD and
Raman, comparing the changes of lysozyme secondary
structure relative contents in the absence and presence of
luteolin and luteoloside by ATR-FTIR can infer the change of
lysozyme active site.

2e structure of lysozyme is related to the biological
activity and its change may influence the lysozyme biological
function. 2ere are many methods [22–24] to detect

lysozyme activity, including turbidimetry, colorimetry, and
agar plate method, among which turbidimetry is the most
widely used in the detection with rapidness high reliability,
and simple operation. As a classical method, turbidimetry is
also popularized by Pharmacopoeia Commission of PRC. To
confirm whether the lysozyme activity was influenced by
flavonoids, we did the lysozyme activity test with the ly-
sozyme assay kit.

Our previous studies have indicated that when small
molecule compounds combined with lysozyme, lysozyme
usually increased their biological activities, such as lysozyme
enhancing the antibacterial activity of baicalin, baicalein,
and scutellarin and increasing the cytotoxicity of caffeine to
HepG2 cells. But the influence of the combination on the
biological activity of lysozyme is still unclear. 2is paper
focuses on the study of the nonspecific binding of luteolin or
luteoloside to lysozyme to evaluating their application from
the perspective of lysozyme activity, which might provide
important theoretical research for the attempt of combined
utilization between lysozyme and luteolin or luteoloside in
the field of food and health.

2. Materials and Methods

2.1. Materials and Spectral Equipment. Lysozyme was
purchased from China Pharmaceutical Group Chemical
Reagent Co., Ltd. Luteolin and luteoloside were from the
National Institute for the Control of Pharmaceutical and
Bioproducts (China). Lysozyme assay kit (30 T/28S) was
bought from the Nanjing Jiancheng Bioengineering
Institute.

All spectra were mainly measured on F-380 spectro-
fluorometer (China), TU-1901 UV-Vis spectrophotometer
(Purkinje general, China), MOS-450 spectropolarimeter
(Bio-Logic, French), DXR SmartRaman Spectrometer
(2ermo, Germany), and FTIR-8400S spectrophotometer
(Shimadzu, Japan) with the ATR attachment (PIKE, USA).

2.2. Procedures and Methods. Appropriate amounts of ly-
sozyme were dissolved in Tris-HCl buffer solution to
1.0×10−2mmol/L as lysozyme stock solution. Luteolin or
luteoloside solutions were dissolved with 50% methanol-
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Figure 1: Structures of luteolin (a) and luteoloside (b).
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Tris-HCl buffer solution to 1.0mmol/L as stock solution. All
the stock solutions were diluted to the lower concentrations
for actual use with Tris-HCl buffer solution.

2.2.1. Fluorescence Spectrum Analysis. A 2.0mL solution
containing 1.0 μmol/L lysozyme, was titrated by successive
additions of 1.0mmol/L luteolin or luteoloside. 2e final
concentration of luteolin or luteoloside was 6.0 μmol/L at an
increment of 1.0 μmol/L.

Fluorescence spectra were recorded in the range of
290–350 nm with an excitation wavelength of 280 nm. 2e
synchronous fluorescence spectra were obtained by scan-
ning the excitation and emission monochromator simul-
taneously. 2e wavelength interval was set at 60 nm. Both
excitation and emission bandwidths were adjusted at 5 nm.

2.2.2. UV Spectrum Analysis. A 2.0mL solution, containing
1.0 μmol/L lysozyme, was titrated by successive additions of
1.0mmol/L luteolin or luteoloside. 2e final concentration
of luteolin or luteoloside was 1.0 μmol/L.

UV spectra of lysozyme, luteolin, luteoloside, luteolin-
lysozyme, and luteoloside-lysozyme were recorded in the
range of 200–400 nm.2e UV differential spectrum of LYSO
is obtained by subtracting the spectrum of luteolin or
luteoloside solution from that of LYSO in the presence of
luteolin or luteoloside.

2.2.3. CD Spectrum Analysis. Mos-450 + SMF-300 spec-
trometer was used to scan between 185 and 250 nm. 2e
optical length of the sample cell was 1mm, scan speed
100 nm/min, and resolution 0.1 nm. Each sample was
measured three times. 2e final concentration of lysozyme
was 1.0×10−2mmol/L in the presence or absence of
3.0×10−1mmol/L luteolin or luteoloside.

2.2.4. Raman Spectrum Analysis. Raman spectrum of ly-
sozyme solution containing 200 μL lysozyme stock solution
(1.0×10−2mmol/L) and 220 μL Tris-HCl buffer solution was
recorded in the range of 1200–1800 cm−1. Another solution,
containing 400 μL Tris-HCl and 20 μL luteolin or luteoloside
stock solution, was used for the determination of flavonoid
Raman spectrum. 2e last solution, containing 200 μL ly-
sozyme stock solution, 200 μL Tris-HCl, and 20 μL luteolin
or luteoloside stock solution, was used for the determination
of lysozyme-flavonoid Raman spectrum. All the above
measurements were carried out at room temperature with
200 scanning times. 2e interference of the background
solvent should be deducted before the sample is determined.
Spectra processing procedures were followed: spectra of
Tris-HCl buffer solution and lysozyme solution were col-
lected first, and then the spectrum of Tris-HCl buffer so-
lution was subtracted from that of lysozyme solution to
obtain the differential spectrum of lysozyme. We used the
same technique to obtain the differential spectrum of
lysozyme after binding with luteolin (or luteoloside) by
lysozyme-luteolin (or luteoloside) minus luteolin (or
luteoloside).

2.2.5. ATR-FTIR Spectrum Analysis. FTIR absorption
spectra were taken by the ATR-FTIR method with the
resolution of 4 cm−1 and 30 scans. 2e solutions used for the
determination of the infrared spectrum were prepared in the
same way as Raman spectrum analysis. 2e spectrum was
measured without pressure and the IR beam was directly
onto the crystal and the internal reflectance created the
evanescent wave getting through the sample [25]. Spectra
processing procedures were similar to those of Raman
spectrum analysis.

2e FTIR differential spectra were first to be baseline
correction and then were smoothed with the five-point
Savitzky–Golay smooth function through the Origin 9.0.2e
second-derivative spectra were assigned to the different
types of lysozyme secondary structures. Fourier self-
deconvolution with the secondary derivative was used to
estimate the number, position, and width of bands from
1700 to 1600 cm−1 in the amide I region [26].

2.2.6. Lysozyme Activity Assay. 2e lysozyme assay kit was
applied to measure the lysozyme activity. 2e content of the
active lysozyme was calculated according to the assay kit in-
structions. Put 0.2mL distilled water and 2.0mL bacterial
working solution into the control tube. 0.2mL 2.5μg/mL
standard lysozyme working solution and 2.0mL bacteria
working solution were added into the standard tube. 2e
sample lysozyme solutions contained 1.0×10−2mmol/L lyso-
zyme with 0, 1× 10−2, 2×10−2, 3×10−2, 4×10−2, and
5×10−2mmol/L luteolin or luteoloside. 0.2mL sample solution
and 2.0mL bacteria working solution were put into the sample
tube. 2e above tubes were placed in 37°C water bath for 15
minutes and then put in the ice water bath for 3 minutes. We
transferred them in a cuvette with 1 cm light path and mea-
sured the T15 values at 530nm by using the UV-Vis mea-
surement which was adjusted 100% transmittancy with the
distilled water and then calculated the contents of active ly-
sozyme by the equation followed.

Active lysozyme� (UT15–OT15)× lysozyme standard con-
centration (2.5μg/mL)× dilution ratio of sample/(ST15–OT15),
in which UT15 was the transmittancy of sample tube after 15-
minute water bath, OT15 was that of control group, and ST15
standard tube. 2e activity of standard lysozyme is regarded as
1.

2.2.7. Data Analysis. 2e data were processed in SPSS 13.0,
which performed the independent-samples t-test to compare
the difference. If P values< 0.05, it was considered to have
significant differences.

3. Results and Discussion

2e spectra of proteins are closely related to the microenvi-
ronments of luminescent amino acid residues. When proteins
combine with endogenous or exogenous substances, they
usually show changes in spectral behaviors. 2erefore, spec-
trometry is commonly used to study the interaction between
proteins and small molecules.
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3.1. Fluorescence Spectra of Luteolin-Lysozyme System and
Luteoloside-lysozyme System. Trp 62 and Trp 108, located at
the substrate binding sites, are the main fluorophores in
LYSO, whose maximum emission wavelength is closely
associated with the microenvironment [27]. 2e synchro-
nous spectra give the characteristic information of Trp
residues when Δλ was set at 60 nm. 2e maximum emission
wavelength of Trp residues did blue shifts, indicating the
microenvironment hydrophobicity increased and the spread
of peptide strands decreased [28]. 2e fluorescence inten-
sities of lysozyme decreased to 396 regularly with the in-
creasing concentration of luteolin (a2 in Figure 2), and 385
with luteoloside (b2 in Figure 2). Meanwhile, from the
synchronous fluorescence spectra of LYSO-luteolin (a1 in
Figure 2) and LYSO-luteoloside (b1 in Figure 2) when
Δλ� 60 nm, luteolin made the emission peak blue-shift 4 nm
from 286 nm to 282 nm and luteoloside did 2 nm from 285 to
283 nm. Both luteolin and luteoloside could increase hy-
drophobicity and decrease the polarity of the microenvi-
ronment around Trp, but luteolin had more influence on the
microenvironment with a more obvious blue shift than
luteoloside did. In addition, the lysozyme activity might be
influenced, because the Trp residues located in the active site
of lysozyme.

3.2. UV Spectra. 2e difference of peak intensities and shifts
in the UV differential spectra of luteolin (or luteoloside)-
LYSO-luteolin (or luteoloside), UV absorption spectrum of
LYSO, and those of luteolin (or luteoloside)-LYSO system at
about 210 nm and 280 nm suggested the complex formation
between luteolin (or luteoloside) and lysozyme.

2e addition of luteolin or luteoloside made the ab-
sorption peaks of LYSO increase in the luteolin (or luteo-
loside)-LYSO system (Figure 3), which has two main peaks
[29] (208 and 278 nm) in its absorption spectrum, showing
that the peak intensity at 208 increased slightly without shift
and the peak at 278 nm increased 18%with blue shift 3 nm or
8 nm in the presence of luteolin or luteoloside. Compared
with absorption spectra of LYSO, the peak intensity at
208 nm in UV differential spectra decreased 6% or 8%
without shift and the peak at 278 nm decreased slightly
without shift or decreased 25% with blue shift 2 nm.

3.3. Lysozyme Secondary Structure Change. 2e active site of
lysozyme is mainly in the helices region, so we further focus
on studying the change of lysozyme α-helix. 2e spectro-
scopic methods have shown that lysozyme conformation
changed with the addition of luteolin or luteoloside. 2e
hydroxyl group on the benzene ring of flavonoid might
combine with -NH-CO- in lysozyme to change the
stretching vibration of C�O, and the hydrogen on the hy-
droxyl group of benzene ring might form a hydrogen bond
with C-N in lysozyme, changing the stretching vibration of
C-N, which increased lysozyme microenvironment hydro-
phobicity and made the peptide chain structure more
compact. 2ose would influence the secondary structure of
the enzyme and change the spectra characteristics.

3.3.1. Circular Dichroism Spectra. 2e two negative peaks
near 208 and 222 nm are the main characteristic peaks
corresponding to the α-helix structure of protein [17]. 2e
CD spectra of lysozyme in the absence of luteolin or
luteoloside (Figure 4) exhibited two negative peaks at 209
and 222 nm, which was the characteristic peaks of pure
lysozyme α-helix. Although the two negative peaks were at
212 and 220 nm or 214 and 222 nm (Figure 4(B) and
Figure 4(C)), after adding luteolin or luteoloside, the CD
spectra of lysozyme in the absence and presence of luteolin
or luteoloside were similar in shape, suggesting the structure
of lysozyme was also α-helical predominantly. In terms of
significant changes in intensity and position, we inferred the
lysozyme α-helix was influenced by the luteolin and
luteoloside. Besides that, the two negative peaks intensities
of lysozyme increased, indicating the increase of α-helix
content in lysozyme [30].

2e obvious difference in the CD spectra, when luteolin
or luteoloside was added into the lysozyme solution,
reconfirmed the interaction between lysozyme and luteolin
or luteoloside causing the changes in lysozyme α-helix.

3.3.2. Raman Spectra. 2e three peaks [31] at 1653, 1296,
and 1277 cm−1 in amide I band and amide III band are the
main characteristic peaks of lysozyme α-helix in Raman
spectra. A, B, and C in Figure 5 exhibited the intensities and
shifts of three characteristic peaks of lysozyme α-helix
changed after luteolin or luteoloside added, although the
Raman spectra of lysozyme in the absence and presence of
luteolin or luteoloside were similar in shape, from which we
inferred the lysozyme α-helix was influenced by luteolin or
luteoloside.

3.3.3. ATR-FTIR Spectra. According to the above spectra,
the lysozyme α-helix structure might be influenced after
adding luteolin and luteoloside. To further study the changes
of lysozyme α-helix relative content, the ATR-FTIR method
was used to confirm the conjectures of CD and Raman
spectra.

2e absorption bands observed in the amide I region
correspond to α-helix (1642–1660 cm−1), β-sheet
(1613–1637 cm−1 and 1682–1689 cm−1), β-turn (1662–
1700 cm−1), and disordered (1637–1645 cm−1) structures
[21].

2e relative contents of lysozyme secondary structure in
the absence and presence of luteolin and luteoloside are
shown in Table 1. 2e correlative differential spectra and
Gaussian fitting plots of lysozyme, (luteolin-LYSO)-luteolin,
(luteoloside-LYSO)-luteoloside are shown in Figure 6,
respectively.

2e relative contents of lysozyme secondary structure were
changed after adding luteolin and luteoloside. FromTable 1, the
average relative contents of lysozyme α-helix in the presence of
luteolin and luteoloside significantly increased by 43% and 30%
with β-sheet decreasing by 19% and 14%, respectively, indi-
cating the interaction between lysozyme and luteolin or
luteoloside induced conformational compactness of lysozyme
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peptides to increase hydrophobicity of microenvironment,
which were coincident with the conclusions of synchronous
fluorescence spectra.

Luteoloside had less effect on the lysozyme helices
structure than that of luteolin did; maybe a molecule of
glucose on the 7-hydroxyl group of luteoloside impeded the
binding of luteoloside to lysozyme, suggesting the lysozyme
secondary structure was influenced by the steric hindrance.

2ere was a significant difference in the lysozyme α-helix
relative contents after luteolin or luteoloside was added with P

values less than 0.05, which indicated the active site of lysozyme
and the biological function of lysozyme might be affected.

3.4. Lysozyme Activity. 2e change of lysozyme α-helix
relative content might cause the change of lysozyme active
site, and assay kit was used to evaluate the activities of ly-
sozyme in the absence and presence of luteolin and luteo-
loside. 2e lysozyme activity plots (Figure 7) were obtained.
2e lysozyme activity decreased obviously with the addition
of luteolin and luteoloside. 2e change of lysozyme activity
in the presence of luteolin was more obvious than that of
luteoloside, suggesting the steric hindrance might also affect
the lysozyme activity. 2e results indicated the changes of
lysozyme helices structure were closely related to the
changes of the activity.
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Figure 2: Synchronous fluorescence spectra of luteolin-LYSO (a1) and luteoloside-LYSO (b1) and fluorescence quenching spectra of
luteolin-LYSO (a2) and luteoloside-LYSO(b2), when Δλ� 60 nm, T� 298K. From curve 1⟶ 7, C(LYSO) � 1.0 μmol/L,
C(luteolin) �C(luteoloside) � 0, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 μmol/L, respectively.
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Figure 3: 2e absorption spectra of LYSO, luteolin (or luteoloside), and luteolin (or luteoloside)-LYSO system. (a) LYSO, (b)
luteolin (or luteoloside), (c) luteolin (or luteoloside)-LYSO, and (d) luteolin (or luteoloside)-LYSO-luteolin (or luteoloside);
C(LYSO) �C(luteolin) �C(luteoloside) � 1.0 μmol/L.
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Table 1: 2e relative contents of lysozyme secondary structure (n� 3).

α-Helix β-Sheet Disordered β-Turn
LYSO 22.63± 1.561 32.54± 1.056 11.69± 1.299 33.13± 0.933
(Luteolin-LYSO)-luteolin 32.47± 1.726∗ 26.33± 2.718∗ 11.08± 1.500 30.12± 1.218∗
(Luteoloside-LYSO)-luteoloside 29.33± 0.709∗ 27.80± 3.300 9.54± 0.228 33.32± 3.993
∗P< 0.05 compared with lysozyme system.
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4. Conclusions

Fluorescence and UV spectra analyses proved that luteolin
and luteoloside could combine with lysozyme. According to
the ATR-FTIR method, the lysozyme α-helix relative con-
tent had a significant difference in the absence and presence
of luteolin and luteoloside, which confirmed the conjectures
of fluorescence spectra, CD spectra, and Raman spectra.
Lysozyme activity experiment indicated the activities of
lysozyme relating to α-helix structure and the more the
α-helix changed, the more the biological activity
was affected.2e results might provide important theoretical
research for the attempt of combined utilization between
lysozyme and luteolin or luteoloside in the field of food and
health.
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