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The inhibition of Polyphenol oxidase (PPO) in plants has been widely researched for their important roles in
browning reaction. A newly found germin-like protein (GLP) with high PPO activity in Satsuma mandarine was
inactivated by low-frequency high-intensity ultrasonic (20 kHz) processing. The effects of ultrasound on PPO
activity and structure of GLP were investigated using dynamic light scattering (DLS) analysis, transmission elec-
tron microscopy (TEM), circular dichroism (CD) spectral measurement and fluorescence spectral measurement.
The lowest PPO activity achieved was 27.4% following ultrasonication for 30 min at 400 W. DLS analysis showed
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Germin-like protein ultrasound caused both aggregation and dissociation of GLP particles. TEM images also demonstrated protein
Ultrasound aggregation phenomena. CD spectra exhibited a certain number of loss in a-helix structure content. Fluorescence
PPO activity spectra showed remarkable increase in fluorescence intensity with tiny blue-shift following ultrasonication. In

Aggregation, structural change conclusion, ultrasound applied in this study induced structural changes of GLP and eventually inactivated PPO
activity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Citrus are widely cultivated throughout the tropical and subtropical

Abbreviations: PPO, polyphenol oxidase; GLP, germin-like protein; DLS, dynamic light
scattering; TEM, transmission electron microscopy; CD, circular dichroism; Tris,
tris(hydroxymethyl)aminomethane; PSD, particle size distribution.
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regions of the world [1]. Citrus fruits are popular worldwide for their
pleasant flavor and high nutrition. Browning of citrus fruits during stor-
age and juices processing often causes products deterioration in color,
flavor and nutrition. Citrus products browning is usually attributed to
non-enzymatic browning caused by chemical reactions such as
caramelization, ascorbic acid degradation and the Maillard reaction [2].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2014.12.001&domain=pdf
http://dx.doi.org/10.1016/j.bpc.2014.12.001
mailto:wanfenghu@mail.hzau.edu.cn
Journal logo
http://dx.doi.org/10.1016/j.bpc.2014.12.001
Imprint logo
http://www.sciencedirect.com/science/journal/03014622
http://www.elsevier.com/locate/biophyschem

N. Huang et al. / Biophysical Chemistry 197 (2015) 18-24 19

However, many fruits and vegetables exhibit serious enzymatic
browning, such as bananas, apples and potatoes. Enzymatic browning
is usually induced by polyphenol oxidase, which catalyze the oxygen-
dependent oxidation of phenols to quinones, finally causing quality
loss of fruits and vegetables [3] and [4]. Although citrus fruits have high
levels of acid, especially ascorbic acid, which is reported to be good inhib-
itors of enzymatic browning [5], the browning reaction would not be
stopped until all enzymes had been deactivated. Therefore, all PPO
activity should be included when considering enzymatic browning.

A newly found germin-like protein in Satsuma mandarine was re-
ported to have high PPO activity [6], with the kinetic constants being
0.0365 M and 0.0196 M for catechol and pyrogallol as substrates respec-
tively. Even though the protein was extracted from citrus peels, it is
easily to be mixed within juices during processing. Since citrus fruits
contains abundant phenolic compounds [7], the newly found GLP with
high PPO activity may be responsible for diminished quality of citrus
juices.

Recently, low-frequency high-intensity ultrasound in the kHz range
has been investigated as a new technology in food industry. Ultrasound
was applied to induce novel changes in the physicochemical properties
of foods in various areas [8], such as nanoemulsion preparation [9],
ultrasound-assisted extraction [10] and improvement of foaming
properties [11]. Furthermore, food technologists have tried to use ul-
trasound to alter enzyme activities such as pectinmethylesterase [12],
polyphenoloxidases [13] and peroxidases [14] responsible for deterio-
ration of fruit and vegetable juices. As an efficient way to inactivate en-
zymes, ultrasonic processing was reported to have no detrimental effect
on the quality of fruits juices such as orange juice [15] and grape juice
[16]. The inactivation effect of ultrasound is mainly attributed to a
phenomenon called cavitation [17]. When ultrasound travels through
a liquid, tiny gas bubbles will form, grow and collapse due to pressure
changes [14]. Bubble implosion generates extreme physical phenomena
(temperatures over 1000 K and pressures up to 500 MPa) and very high
shear forces at micro-scale [14].

Up to date, inactivation of PPO activity in citrus has rarely been in-
vestigated. According to our previous study [6], the relative PPO activity
of GLP at 85 °C for 5 min was even a little higher than GLP at 25 °C for
5 min, indicating that thermal treatment had weak effect on inhibiting
PPO activity of GLP. On the other hand, in food industry, thermal effect,
which may result in the loss of food color, flavor and nutrition, should be
avoided. Thus, the object of this study was to evaluate the impact of
low-frequency high-intensity ultrasonic processing on the PPO activity
and structural changes of GLP purified from Satsuma mandarine peel.
The structural analysis was conducted using DLS analysis, TEM, CD spec-
tral measurement and fluorescence spectral measurement, aiming to
exploring the mechanism of ultrasonic processing on enzyme activity.

2. Materials and methods
2.1. Materials and reagents

Freshly harvested citrus fruits (S. mandarine) were purchased in
Wenzhou, China, in November 2013. The peels were separated
from the fruits, dried under the sun, and stored at 4 °C until used.
Tris(hydroxymethyl)aminomethane (Tris), crosslinking polyvinyl-
pyrrolidone, ammonium sulfate, pyrogallol were purchased from
Sigma Chemical Co. (St. Louis, USA). All chemicals and reagents
used were of analytical grade purity. DEAE Sepharose Fast Flow and
Sephacryl S200 resin were obtained from GE Healthcare (Milan,
[taly). Water used in buffers were purified with the Milli-Q purifica-
tion system (Millipore Ibérica, Madrid, Spain).

2.2. Protein extraction and purification

The extraction and purification methods were done according to our
previous work [6]. Proteins were precipitated with 80% saturated

ammonium sulfate, dialyzed against 0.5 M Tris-HCI buffer (pH 7.0),
then concentrated using an ultrafilter (Millipore Co., Bedford, MA, USA)
and loaded onto a DEAE Sepharose Fast Flow column (1.6 x 30 cm),
which were pre-equilibrated with 0.05 M Tris-HCl buffer (pH 7.0). Frac-
tions with the highest PPO activity were collected and stored at 4 °C.

2.3. Ultrasonic processing

A 1000 W ultrasonic processor (JY92-2D, Ningbo Scientz Biotechnol-
ogy Co.Ltd, Ningbo, China) with a 0.636 cm diameter probe tip was used
for ultrasonic treatments. The processing was carried out at 20 kHz fre-
quency with pulse durations of 5 s on and 5 s off. The samples were kept
in ice-water bath when treated with ultrasound to maintain the low
temperature. 10 mL protein solutions were prepared in a 25 ml centrif-
ugal tube for sonication. Experiments were set to investigate the effect
of ultrasonic time (10, 20, 30, 40 min at 200 W) and intensity (100,
200, 400 W for 30 min) on GLP. Then all samples treated with ultra-
sound were collected for structural and PPO activity analysis. All treat-
ments were carried out in triplicate.

2.4. Polyphenol oxidase (PPO) activity determination

The PPO activity of native and ultrasonic treated GLPs was assayed
by monitoring the increase in absorbance at 420 nm for pyrogallol
with a UV1800 spectrophotometer (Shimadzu, Kyoto, Japan). The
assay was performed according to Cheng et al. [6] with some modifica-
tions. 0.7 mL of protein solutions (0.067 mg/mL) were added to 1.8 mL
of 0.1 M pyrogallol dissolved in 0.1 M Tris-HCL buffer (pH 7.0), then the
initial linear increase rate at 420 nm was recorded. One unit of the en-
zyme activity was defined as the amount of the enzyme that increases
0.001 of absorbance per minute per milligram of protein solution. In
this study, the relative PPO activity of GLP was calculated using the
following formula:

PPO activity of ultrasonic treated GLP

PPO activity of native GLP
x 100%

Relative PPO activity =

2.5. Dynamic light scattering (DLS) analysis

The particle size measurement was performed using a Zetasizer
Nano-ZS device (Malvern Instruments, Malvern, Worcestershire, U.K.).
Native and ultrasonic treated protein solutions were prepared at ambi-
ent temperature in 50 mM Tris-HCL buffer (pH 6.8). The protein particle
size and distribution were reported as the mean and standard deviation
of at least five readings. All measurements were carried out in triplicate.

2.6. Transmission electron microscopy analysis

The electron microscopy was done at state key laboratory of virology
in Wuhan, China. Proteins in 50 mM Tris-HCL buffer (pH 6.8) were used
for measurement. Electron microscopy(TEM)images of native and ultra-
sonic treated protein solutions were obtained using a 100 kV transmis-
sion electron microscope at75kV excitation voltage (HITACHIH-7000FA,
Hitachi Limited).

2.7. Circular dichroism spectral measurement

Circular dichroism (CD) spectra of native and ultrasonic treated
protein solutions were recorded with a JASCO J-1500 spectropolar-
imeter (Japan Spectroscopic Co., Tokyo, Japan), using a quartz cell
of 1 mm path length at ambient temperature. The protein samples
of 0.067 mg/mL were prepared in 50 mmol/L Tris-HCL buffer (pH
6.8), using protein-free buffer as the blank. CD spectra were scanned
in the far-ultraviolet range from 196 to 260 nm. The scan speed was
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100 nm/min with a bandwidth of 1 nm. The CD data were expressed
in terms of mean residue ellipticity, [ ], in deg cm? dmol ™. The sec-
ondary structure contents were derived from Yang's equation [18].

2.8. Fluorescence spectral measurement

Intrinsic fluorescence spectra of native and ultrasonic treated pro-
tein solutions were performed at ambient temperature using a F-4600
Fluorescence spectrophotometer (Hitachi, Japan). Protein solutions
(0.067 mg/mL) in 50 mM Tris-HCL (pH 6.8) were measured at 350 nm
emission wavelength to obtain the maximum excitation wavelength.
Then the protein solutions were scanned at the maximum excitation
wavelength to record all of the emission spectra. The excitation spec-
trum: Aex:280 nm and Nem:300-400 nm; Both Em slit and Ex slit
were set as 2.5 nm,; scan speed was set as 200 nm/min.

3. Results and discussion
3.1. Effect of ultrasonic processing on the PPO activity of GLP

The relative PPO activity for GLPs subjected to different ultrasonic
time (10, 20, 30, 40 min at 200 W) and intensity (100, 200, 400 W for
30 min) is displayed in Fig. 1(a) and (b), respectively. As it is shown,
the PPO activity of GLP was gradually reduced with increasing ultrasonic
time and intensity. The lowest PPO activity was 27.4%, achieved at ultra-
sonic treatment for 30 min at 400 W. Previous studies showed inverse
and limited inhibitory effect of ultrasound on PPO activity [13] and
[19]. However, protein in our research was identified as a kind of
germin-like protein rather than a genuine PPO as in these two studies.
The peptide sequences and overall structures of the two proteins are dif-
ferent [6 and 20]. Moreover, the samples used in their studies for ultra-
sonic processing were apple discs (5 mm thick, 15 mm diameter) and
crude PPO extract of mushroom, respectively. The reasons could be as-
cribed to sample preparation difference because we collected purified
protein solution for ultrasonic processing. Thus, these purified proteins
could be more likely to suffer from ultrasonic processing without pro-
tection from surrounding substances.

The decrease in enzyme activity probably could be attributed to the
high levels of pressure, temperature, shear forces and free radicals
through sonolysis of water generated by the ultrasonic treatment [14
and 21]. Generally, longer ultrasonic time and higher ultrasonic intensi-
ty resulted in lower PPO activity. Mechanisms involved in these changes
may be longer time, and higher intensity transmits more ultrasonic en-
ergy to the protein solutions, which may induce higher levels of protein
denaturation.
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Fig. 1. The relative PPO activity of ultrasonic treated GLP. (a) Ultrasonic processing at
200 W for 10, 20, 30, 40 min. (b) Ultrasonic processing for 30 min at 100, 200, 400 W.

The PPO activity of native GLP was 4254 + 154 U/mg/min (shown in
Table 1), indicating strong ability to catalyze browning reaction. Even
though GLPs blended in citrus juices might be in low concentration,
their high PPO activity could lead to partly browning of juices. Even
though the reported individual effect of ultrasound on PPO activity
was poor, they did demonstrated synergistic effect with ascorbic acid
[13] and heat [19]. Considering the high acid content in citrus fruits
and heat sterilization in juices processing, simultaneous treatment com-
bined ultrasound with heat could be more efficient.

3.2. DLS analysis of GLPs treated with ultrasound

Fig. 2 shows the particle size distribution (PSD) of the native and ul-
trasonic treated GLP using DLS analysis. As it is shown, the peak diame-
ter of native GLP is 15.7 nm with the peak value of 30.8 in number
fraction. The PSD pattern of native GLP exhibited a relatively narrow
span of 16.5 nm.

The effect of ultrasonic time (10, 20, 30, 40 min at 200 W) on GLP
(shown in Fig. 2a) exhibited initial increase and eventual decrease in
peak particle size. With ultrasonic treated for 10 min, the peak particle
diameter increased to 68.1 nm with the diameter span increased to
46.9 nm. The maximum peak particle size (190.1 nm) and diameter
span (219.6 nm) were obtained with ultrasonic time increased to
30 min. These changes suggested that ultrasound in aqueous system
could promote interactions of protein molecules, leading to parts of
these molecules aggregating and forming some larger particles. Howev-
er, after treated for 40 min, the peak diameter slightly decreased to
164.2 nm with a narrowed span of 132.6 nm. Ultrasonic processing for
this time long probably caused some larger particles dissociated into
smaller ones.

The effect of ultrasonic intensity (100 to 400 W) on the PSD pattern of
GLP subjected to ultrasonic treatment for 30 min are shown in Fig. 2b. As
it is shown, the peak diameter together with the diameter span of ultra-
sonic treated GLP increased following the increase of ultrasonic intensity.
The maximum peak diameter (255.0 nm) and span (294.5 nm) was
achieved after ultrasonic treated at 400 W for 30 min.

In general, all proteins subjected to ultrasonic processing achieved
much larger particle size compared to the native GLP. GLP particles first-
ly aggregated then some larger aggregates dissociated following the in-
crease of ultrasonic time. Ultrasound induced protein aggregation and
dissociation has been reported previously. Sonicated porcine fumarase
appears as fibrous aggregates with a very regular rod-like shape of var-
iable size and thickness [22]. The particle size of bovine serum albumin
increased up to 3.4 times after 90 min of sonication [23]. Defatted wheat
germ proteins were reported to dissociate into smaller size particles
after ultrasonic pretreatment [24]. Proteins may be destabilized at the
air-liquid interface of ultrasonic-induced bubbles [25], resulting in the
aggregation and homogenization of protein particles. The native struc-
ture of proteins, including the subtle balance between many non-
covalent interactions, can be easily disrupted by ultrasonic processing,
resulting in protein denaturation and aggregation [25]. Furthermore,
protein aggregates formed by the non-covalent interactions between
protein molecules such as electrostatic and hydrophobic interactions

Table 1

Secondary structure contents and PPO activity of native and ultrasonic treated GLP.
Ultrasonic Secondary structure contents (%) PPO activity
processing a-Helix 3-Sheet B-Turn Random (U/mg/min)

coil

Native GLP 404 0 10.6 49 4254 £+ 154
200 W 10 min 39.1 0 13 479 3473 £ 63
200 W 20 min 325 0 20.1 474 2130 £ 27
200 W 30 min 31.6 0 26.6 41.8 1765 + 36
200 W 40 min 29.9 0 28.2 419 1484 + 72
100 W 30 min 36.8 189 0 443 2002 + 63
400 W 30 min 35.6 0 6 58.4 1164 + 18
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Fig. 2. Particle size distribution of native and ultrasonic treated GLP. (a) Ultrasonic processing at 200 W for 10, 20, 30, 40 min. (b) Ultrasonic processing for 30 min at 100, 200, 400 W.

[26] could be cut off with excessive ultrasonic duration, leading to GLP
aggregates particle breakage.

Combining the changes in PPO activity and PSD patterns of GLPs, all
ultrasonic treated GLPs exhibited reduced activity along with gradually
increased particle size. The original state of GLPs in aqueous system may
be more suitable for catalytic reactions. Meanwhile, proteins aggregated
together may have their inner structure hindered to interact with
substrates for catalytic reaction.

3.3. Microstructure analysis of GLPs treated with ultrasound

The microstructures of native and ultrasonic treated GLP examined
by transmission electron microscopy are displayed in Fig. 3. The micro-
structure of native GLP (shown in Fig. 3 a) seems to be monodisperse
with the protein particle size mostly around 20 nm. Fig. 3 b and ¢
shows the microstructure of ultrasonic treated GLP for 10 min and
30 min at 200 W, with the primarily particle size approximately
100 nm and 200 nm, respectively. The images also show that GLPs sub-
jected to ultrasonic processing formed a number of ball-shaped aggre-
gates with much larger particle size. Moreover, the protein aggregates
grew bigger following the increase of ultrasonic time and intensity.
These aggregation phenomena are consistent with the results showed
in DLS analysis. However, the dissociation phenomenon obtained in
DLS could not be clearly seen through the TEM images. The result was
acceptable considering the sample pretreatment difference when
using these two measuring instruments as well as the tiny difference
between the two PSD patterns.

3.4. CD spectroscopy analysis of GLPs treated with ultrasound

The secondary structures of GLPs in Tris-HCL buffer were analyzed
through CD spectroscopy. It is a useful method to monitor the confor-
mational changes of protein by CD spectral measurement [21].

The CD spectra of the native and ultrasonic treated GLP are shown in
Fig. 4. Two double-negative slots at 208 and 222 nm of the native GLP
were characterized as typical a-helix conformation in the secondary
structure [27 and 28]. The a-helix content in native GLP was identified
as 40.4%. Generally, the value of the slots decreased in all samples
subjected to ultrasonic processing. These changes suggested that ultra-
sound triggered a-helix conformation loss in the secondary structure of
GLP [21 and 29]. In general, values of the two slots gradually decreased
following the increasing of ultrasonic time and intensity. The secondary
structure of a protein depends not only on the local amino acids se-
quence but also on the interactions of different part of molecular. There-
fore, the interactions of protein moleculars probably were disrupted by
ultrasonic processing, although some of the spectral changes were not
so significant.

The contents of a-helix, B-sheet, p-turn and random coil together
with PPO activity of native and ultrasonic treated GLP are shown in
Table 1. It can be seen that a-helix decreased with a concomitant in-
crease in 3-structure after ultrasonic treatment. The results were consis-
tent with the findings reported by Stathpulos et al. [25]. They studied a
range of structurally diverse proteins aggregates induced by sonication
and found that sonication-induced aggregates have high (3-structure
contents, and proteins with significant native a-helical structure show
increased p-structure in the aggregates. However, proteins subjected
to ultrasonic for 30 min at 400 W exhibited a large number of decrease
in B-structure content and a little decrease in ai-helix content accompa-
nied by high random coil content of 58.4%, making the proteins much
softer and more flexible. Meanwhile, the enzyme activity at this treat-
ment was the lowest among all, suggesting that the regular and tight
structure of proteins was more favorable for catalytic reaction.

PPOs primarily consist of a-helical conformation with the catalytic
center surrounded by four a-helix bundles [30 and 31]. Thus, the high
content of a-helix GLP may constitute the helix bundles of catalytic cen-
ter which is responsible for PPO activity. Ultrasound caused a-helix con-
formation loss, resulting in the inactivation of PPO activity of GLP [32].
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Fig. 3. TEM images of native and ultrasonic treated GLP (markers in the three pictures represent 200 nm) (a) native GLP. (b) Ultrasonic processing at 200 W for 10 min. (c) Ultrasonic

processing at 200 W for 30 min.

3.5. Fluorescence spectroscopy analysis of GLPs treated with ultrasound

In this study, the fluorescence properties of native and ultrasonic
treated GLPs were examined by fluorescence spectroscopy. Fluorescence

spectral is a useful technique to follow tertiary structure transition in
proteins because the intrinsic fluorescence of aromatic amino acid
residues is sensitive to the polarity of microenvironment [33]. The fluo-
rescence spectrum is mainly attributed to Trp, Tyr and Phe residues,

15
10
5
0 SSSSs==s=
% 5 ] —s— native
£ 10 —— 200W10min
] 1 —— 200W20min
i -15 4 —— 200W30min
S .04 —+— 200W40min
8 T T T T T T T T T T T T 1
) 20 200 210 220 230 240 250 260
T 15 ] b
2 10 ()
X 4
@ 5
04
5]
-10 4 —— 100W30min
1 1 —+— 200W30min
-15 7 —— 400W30min
-20 4
T T T T T T T T T T T T 1
200 210 220 230 240 250 260
wavelength(nm)

Fig. 4. CD spectra of native and ultrasonic treated GLP. (a) Ultrasonic processing a
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Fig. 5. Fluorescence spectra of native and ultrasonic treated GLP. (a) Ultrasonic processing at 200 W for 10, 20, 30, 40 min. (b) Ultrasonic processing for 30 min at 100, 200, 400 W.

particularly the Trp residue [34]. The observed maximum emission
wavelength (Amax) for Trp residues in proteins ranges from 308 to
355 nm [35].

Fig. 5 shows the fluorescence spectra of native and ultrasonic treated
GLP. The N\jhax of native GLP is 339 nm with the fluorescence intensity of
231.4, suggesting that Trp residues in GLP were located in non-polar
hydrophobic environment.

The effect of ultrasonic time (10, 20, 30, 40 min at 200 W) on fluores-
cence spectra of GLP are shown in Fig. 5 a. As it is shown, all samples
subjected to ultrasonic processing exhibited remarkable increase in
fluorescence intensity compared to native GLP. Ma et al. [21] also re-
ported increased fluorescence intensity of alcalase after ultrasonic treat-
ment at 80 W for 4 min at 20 kHz. With the increase of ultrasonic time,
the fluorescence intensity gradually increased. The peak fluorescence
intensity value increased from 231.4 (native GLP) to 3301 (ultrasonic
treated for 40 min at 200 W). As to Njmax, 0.2 and 0.4 nm blue shifts
were observed after 30 min and 40 min treatment, respectively. Fig. 4
b exhibits similar trend of the effect of ultrasonic intensity (100,
200,400 W for 30 min) on fluorescence spectra of GLP. Fluorescence
spectra of samples treated at 400 W did not show significant difference
with proteins treated at 200 W.

The increase in emission intensity of ultrasonic treated GLP indicated
that some chromophores were relocated into less polar microenviron-
ment. This may reflect that some Trp residues may have been associat-
ing within non-polar region because of polymerization, aggregation or
peptide-peptide association, consequently leading to the increase in
relative fluorescence intensity [34].

The slight blue shifts (the maximum of 0.4 nm) of ultrasonic treated
GLP indicated that ultrasound induced Trp residues buried a little more
inside the protein, as the more buried Trp residues the more the blue
shifts [35]. The fluorescence quantum yield of aromatic amino acid res-
idues decreases with the increase of their exposure to solvent [24].
Therefore, the fluorescence quantum yield of these residues may be in-
creased for been buried more deeply inside the protein, resulting in
largely increased fluorescence intensity.

As more amino acid residues buried inside ultrasonic treated
GLPs, the tertiary structure conformation of proteins will be less
favorable for the substrates contacting with the enzyme catalytic
center. Thus, the ultrasonic treated GLPs demonstrated reduced
PPO activity.

4. Conclusion

In this study, low-frequency high-intensity ultrasound showed
strong inactivation effect on PPO activity of GLP. Moreover, the relative
activity decreased following the increase of ultrasonic time and intensi-
ty. The mechanisms involved in could be protein aggregation, denatur-
ation in secondary and tertiary structure. Aggregated proteins might
form the structure less favorable for contact with substrates. The subse-
quent conformational changes with loss of a-helical content and more
buried amino acid residues made the catalytic center less matchable
for reaction with substrates.
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