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Microscale isolation of native forms of
lysozyme from chicken egg white by gel
isoelectric focusing

To separate and extract the native states of lysozyme from chicken egg white, a hybrid
method for the mobilization of proteins after non-denaturing gel isoelectric focusing
(IEF) combined with detection of lysozyme activity was developed. When the proteins
in the chicken egg white were first separated using non-denaturing gel IEF, a lysozyme
was obtained at the top of the gel column at the cathode end of the IEF. And, when
the IEF-separated proteins of the egg white were mobilized by replacing the cathodic
sodium hydroxide solution with phosphoric acid solution, an additional active state of the
lysozyme that could be bound to proteins, such as ovotransferrin, was extracted from the
solution. Furthermore, it was shown that the addition of lysozyme, obtained via IEF, to
pure ovotransferrin generated a complex manifesting lysozyme activity, clearly indicating
a successful reconstruction of the lysozyme-ovotransferrin complex in vitro. Therefore,
the obtained results demonstrated that the native states of lysozymes, such as lysozyme
and the lysozyme-ovotransferrin complex, can be effectively separated and extracted using
non-denaturing gel IEF. Thus, this method can be applied to separate and extract different
charge states of native proteins that retain their biological activities.
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1 Introduction

Lysozyme from chicken egg white exists in several states,
including the lysozyme and a complex of lysozyme and ovo-
transferrin (ovt) [1–4]. Since these states of lysozyme pos-
sess different charge states, a separation method that retains
not only the lysozyme activity but also its different states is
required. It has been reported that gel isoelectric focusing
(IEF) can be applied to separate hemoglobin protein com-
plexes, because of which the isoelectric point (pI) values of
single hemoglobin and the hemoglobin–haptoglobin com-
plex are changed [5]. In addition, we reported that the activi-
ties of enzymes such as esterase are retained after separation
by non-denaturing gel IEF [6, 7]. Therefore, non-denaturing
gel IEF is thought to be suitable for examining the different
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charge states of lysozymes while retaining their bacteriolytic
activity. Lysozyme from chicken egg white comprises 129
amino acids, has a molecular mass of 14.3 kDa and a pI of
10.7 [1,2]. Accumulated evidence indicates that the lysozyme
can be purified from egg white using affinity methods in-
volving magnetic beads [8–11]. The lysozyme is thought to
be separated from egg white in the basic area of the IEF gel
and/or at the top of the IEF column at the cathode end be-
cause the pI of lysozyme alone is 10.7. In addition, because
it has been reported that lysozyme activity is kept with 0.1 M
trimethylamine (pH 10.9) [12]. Therefore, the lytic activity of
lysozyme can be retained even after separation in the basic
area of the IEF gel and/or at the cathode end of the IEF gel.
In contrast, other different charge states of lysozymes, such
as lysozyme–ovt complex, are thought to be separated within
the IEF gel. Furthermore, it has been reported that after the
separation by IEF, proteins are mobilized by replacing the
cathodic sodium hydroxide solution by solutions containing
another anion such as phosphoric acid [13]. Owing to this,
proteins such as lysozymes that are separated within the IEF
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gel can migrate to the cathode and can be extracted within
the solution. The extracted lysozyme is thought to retain its
lytic activity because of its separation and mobilization using
non-denaturing IEF. However, due to the fact that the ex-
tracted lysozyme is diluted within the solution, it is necessary
that the protein be concentrated. Polyethylene glycol (PEG)
has been used for protein precipitation in fluidic samples [14].
Thus, lysozymes in solution can be concentrated by PEG pre-
cipitation. After the lysozymes are concentrated, their activity
and structures can be examined. In addition, other native
minor proteins that retain their biological activity, such as
bacteriolytic activity, are concentrated after separation and
mobilization using non-denaturing gel IEF.

The purpose of the present study is to develop a hybrid
method combining the mobilization of proteins after non-
denaturing gel IEF and the measurement of the lysozyme
activity. To this end, different states of lysozyme, such as a
single lysozyme and lysozyme-ovt complex, were extracted
after separation and mobilization using non-denaturing gel
IEF. The activity of the extracted lysozymes was measured by
using specific methods. The outcomes of this research indi-
cate that the developed method can be successfully applied to
separate and extract other proteins that have different states
with the retention of their biological activities, for instance,
bacteriolytic activity.

2 Materials and methods

2.1 Chemicals and sample preparation

Acrylamide, carrier ampholyte (Pharmalyte, pH 3–10) and
polyclonal anti-lysozyme (Hen egg white) antibody were
purchased from Daiichi Pure Chemicals Co. Ltd. (Osaka,
Japan), GE healthcare (Uppsala, Sweden) and Rockland
Inc. (Gilbertsville, PA), respectively. Polyvinylidene difluo-
ride (PVDF) and protein supports were purchased from
Merck-Millipore (Bedford, MA) and Beckman coulter, Inc.
(Brea, CA), respectively. All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO), Wako Pure Chemicals
(Osaka, Japan) and Nacalai Tesque (Osaka, Japan). A freshly–
laid fertilized chicken egg was used for the sample prepara-
tion. For the preparation of 0.1 M Tris-HCl (pH 7.2 and 7.0)
solutions, 0.1 M Tris was adjusted to pH 7.2 and 7.0, respec-
tively, using HCl. To prepare the 50 mM Tris-HCl (pH 7.2)
solution, 0.1 M Tris-HCl (pH 7.2) was diluted by factor of 2
using deionized water. After the yolk and egg white were sep-
arated, the egg white was two-fold diluted with 50 mM Tris-
HCl (pH 7.2). The homogenate was centrifuged for 20 min
at 6000 × g to obtain the cytosol fraction.

2.2 Gel isoelectric focusing of egg white proteins

For separation of chicken egg white proteins by non-
denaturing IEF using a previously reported method [13, 15].
Sucrose was added to egg white at a final concentration of

40% (m/v). For separation of lysozyme from egg white by
non-denaturing IEF, IEF was done on gel column (30 mm
length × 1.3 mm id) within a glass capillary (45 mm
length × 1.3 mm id). A mixed solution of 4 or 8% (m/v)
acrylamide (0.2 or 0.4% (m/v) N,N’-methylenebisacrylamide
(Bis), respectively) containing 5% (v/v) pharmalyte (pH 3–10),
0.05% (m/v) ammonium persulfate and 0.029% (v/v) TEMED
was used. The electrode solutions were 0.04 M NaOH (cath-
ode) and 0.01 M H3PO4 (anode). The protein samples were
applied to cathode or anode end of the IEF gel. Constant
current of 0.1 mA/capillary was applied to reach a voltage
300 V. And, then the constant voltage at 300 V was applied
for 40 min. To determine pI within the non-denaturing IEF
gel, the pH gradient was measured. For this purpose, the gel
was cut into 3-mm segments and each segment was put into
a 0.5 mL microtube. 100 �L aliquot of water was added to the
microtube and incubated for 2 h. Then, the pH of the solution
was measured.

2.3 Cathodic mobilization of protein after gel

isoelectric focusing

To mobilize egg white proteins by non-denaturing IEF using a
previously reported method [13], the 0.04 M NaOH electrolyte
was replaced with 0.01 M H3PO4 after separating egg white
proteins by IEF. During mobilization, a current of 0.1 mA per
non-denaturing IEF gel column was applied, and less than
150 mW of power was used. Proteins (�g) were collected
at the cathode end of the IEF gel after protein mobilization
for 0 (0), 0−5 (5), 5−15 (15), 15−30 (30), 30−60 (60), and
60−90 (90) min. After proteins at the cathode end of the IEF
gel were collected, an equivalent volume of 60% (m/v) PEG
was added to each fraction. The mixture was then kept at 4°C
for more than 2 h, and centrifuged for 30 min at 10 000 × g
for protein precipitation. The precipitate was dissolved in
10 �L of 0.1 M Tris-HCl (pH 7.2) (the cathode end of IEF
fraction). The lysozyme activity and molecular mass of the
obtained precipitate were determined. an equivalent volume
of 60% (m/v) polyethylene glycol (PEG) 4000 was added to the
protein samples. The mixture was then kept at 4°C for more
than 2 h, and centrifuged for 30 min at 10 000 × g for protein
precipitation. The precipitate was dissolved in 10 �L of 0.1 M
Tris-HCl (pH 7.2). The lysozyme activity and molecular mass
of the obtained precipitate were determined.

2.4 Molecular mass determination of the proteins

To determine the molecular masses of the proteins, the
proteins in the obtained samples were separated by one-
dimensional SDS-PAGE containing 14% (m/v) acrylamide
(0.7% (m/v) Bis). The separated proteins in the gel were
stained with 0.1% (m/v) CBB. After 0–2 �g of the puri-
fied lysozyme from chicken egg white was separated using
one-dimensional SDS-PAGE and stained by CBB, the inten-
sity of the lysozyme spots was analyzed using the ImageJ
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program (Rasband, W.S., U.S. National Institute of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/) to
construct the calibration curve. The amounts of lysozyme
within the collected fractions at 0 (0) min and
0−5 (5), 15−30 (30), 30−60 (60) and 60−90 (90) min after pro-
tein mobilization were estimated using the calibration curve.
Spots of ovt on 2-DE were determined after purified ovt and
the mixture of egg white proteins and the purified ovt were
separated using 2DE combined with non-denaturing IEF and
a 2nd-dimensional SDS-PAGE. To identify the lysozyme, im-
munoblotting was performed as follows. The proteins sepa-
rated by one-dimensional SDS-PAGE or 2DE were transferred
from the gel to a PVDF membrane using a semi-dry trans-
blotting apparatus for immobilization [6]. After blotting, the
PVDF membrane was soaked in 5 mL of 1% (m/v) bovine
serum albumin (BSA) in 0.1 M Tris-HCl (pH 7.0) for 1 h. Af-
ter washing with the buffer, a buffer containing polyclonal
anti-lysozyme antibody and BSA was added to the mem-
brane. The membrane was then incubated for more than
2 h at room temperature. After washing with the buffer, the
membrane was incubated with peroxidase-conjugated goat
anti-rabbit antibody (1/100 dilution) for 1 h at room tempera-
ture. After washing in the buffer, immunoreactive spots were
stained with 0.2 mM diaminobenzidine-H2O2 in the Tris-HCl
(pH 7.2) at room temperature. To analyze the specific spots
that reacted to the polyclonal anti-lysozyme antibody, the
membrane was incubated with a peroxidase-conjugated goat
anti-rabbit antibody without incubating with the polyclonal
anti-lysozyme antibody. The stained spots were further ana-
lyzed using diaminobenzidine-H2O2.

2.5 Reconstruction of the protein complex with

lysozyme and ovt

For the reconstruction of the protein complex with the
lysozyme and pure ovt, 20 �g of the purified ovt was added
to 10 �L of the cathode end fraction containing 8–16 �g of
protein and incubated with 50 mM Tris-HCl (pH 7.2) for
longer than overnight at 4°C. Solutions containing 20 �g of
the purified ovt and the fraction containing 8–16 �g of protein
obtained from cathode end were used as controls. After the
addition of sucrose to the protein mixture at a final concentra-
tion of 40% (m/v), the mixtures were allowed to be separated
by non-denaturing IEF. The IEF gel was placed on the top
of a 2-DE, which was then run with 5.7% (m/v) acrylamide
(0.28% (m/v) Bis). The separated proteins in the 2DE gel were
stained with 0.1% (m/v) CBB. To identify ovt and the protein
complex containing ovt in 2DE gel using zinc acetate, 2DE
gel was soaked into 10 mL of 1% (m/v) sodium carbonate
for 15 min. After washing, the gel was soaked into 10 mL
of 4.4% (m/v) zinc acetate solution for 5 min. White bands
were observed on the gel after more than ten washings. To
analyze the constituent proteins and to test the lysozyme ac-
tivities of the protein complexes on the 2DE gel, the proteins
were homogenized with 50 �L of 0.1 M Tris-HCl (pH 7.2)
and extracted from the non-denaturing 2DE in the solutions.

This step was performed after the extraction of the purified
ovt spots stained with zinc acetate that were used as controls.
For the real samples, after proteins obtained from cathode
end, separated by non-denaturing 2DE and stained with zinc
acetate: similar separation area of the 2DE gel was excised,
homogenized with 50 �L of 0.1 M Tris-HCl (pH 7.2) and
extracted in the solution. Lysozyme activity of the obtained
protein mixtures was established on the basis of the degrada-
tion of cell wall structure. To analyze the constituent proteins
involved in the protein complexes on the 2DE gel, they were
separated by SDS-PAGE and stained either with CBB or silver.
For silver staining, gel was washed with water three times.
The gel was soaked in 10 mL of 10% (v/v) glutaralhehyde
solution and incubated for 30 min. After three washes with
water, the gel was further drenched in 10 mL of ammoniacal
silver nitrate solution containing 0.64% (m/v) silver nitrate
and 1% (v/v) ammonium hydroxide and incubated for 5 min.
Next, the gel was again washed with water three times and
soaked in 10 mL of 0.05% (v/v) of formaldehyde solution.
When the protein bands were stained, the gel was drenched
in photographic fixing solution and washed with water.

2.6 Lysozyme activity detection on Petri dishes

The antibacterial activity against Bacillus subtilis, (natto) was
analyzed using the following methods combined with non-
denaturing IEF and culture. After 100 mL of culture medium
containing 0.5 g NaCl, 1.0 g tryptone, 0.5 g dried yeast extract,
1.5 g agar powder, and 0.8 mM NaOH was autocleaved at
123°C for 30 min, it was poured into Petri dishes to a height
of 10 mm. To make a groove of IEF gel, a glass of rod gel was
placed on the surface of the culture medium, and the agar
medium was solidified. To obtain Bacillus subtilis, (natto), a
sample of the race surface was obtained with a cotton bud, and
this was dissolved in sterile water. 200 �L of water containing
Bacillus subtilis, (natto) was then homogeneously spread over
the surface of the medium using a bacterial spreader. The
proteins obtained at the cathode end of the IEF gel were
applied to a piece of filter paper, and the paper was placed
on agar medium containing Bacillus subtilis, (natto) (Fig. 1A).
The IEF gel containing the separated proteins of egg white
was placed on the agar medium containing Bacillus subtilis,
(natto) (Fig. 1B). This was then incubated for longer than
overnight.

2.7 Lysozyme activity analysis using degradation of

cell wall component

To determine the activity of the lysozyme from egg white,
10 �L samples of the obtained precipitate were added to
200 �L of 0.33 mM potassium phosphate buffer (pH 6.2)
containing 0.01% (m/v) Micrococcus luteus suspension, and
changes in absorbance at 450 nm were monitored by UV-
vis spectrometey (Biospec-1600, Shimazu) at 0, 1, 2, 3,
20, and 40 min at 25°C. The absorbance changes in the
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Figure 1. Bacteriolytic activity against Bacillus subtilis (natto) of
the proteins obtained at the cathode end of the IEF gel (A), and
of the proteins within the IEF gel (B) after separation of egg white
proteins by non-denaturing IEF. Growth inhibition of Bacillus sub-
tilis (natto) is shown by arrowheads.

Micrococcus luteus suspension in the absence of samples were
used as controls. The slope (A450 nm/min) of the linear por-
tion of the curve for the absorbance at 450 nm versus time
was used to calculate the biological activity of the lysozyme
in enzyme units (EU). A decrease of 0.001 × A450 nm/min
was defined as 1 EU. To calculate the relative biological ac-
tivity of the lysozyme, the maximum biological activity of
the lysozyme in the fractionated samples was assigned the
value 1.0.

2.8 Identification of lysozyme by MALDI-TOF MS

The peptide mass fingerprinting essentially followed a pre-
viously published protocol [16–18]. The protein spot was
excised from the gel and digested in the gel by bovine
trypsin (12.5 ng/�L) at 37°C for 8 h. The digested polypep-
tides were recovered by 10 �L solution containing 0.1%
(v/v) trifluoroacetic acid (TFA) and 50% (v/v) acetonitrile.
The extracts were concentrated in a vacuum evaporator cen-
trifuge and suspended in 20 �L of 0.1% (v/v) TFA. The
polypeptides obtained were concentrated and desalted us-
ing C18 Zip Tip from Millipore (Bedford) and mixed with
�-cyano 4-hydroxycinnamic acid. Mass analysis was done
using MALDI-TOF MS operating in a positive ion reflec-
tor mode. The spectra were analyzed using the mass values
for monoisotopic peaks that were used for searches (MAS-
COT, http://www.matrixscience.com/) against the Swiss Prot
database. The database was searched using the following
terms: taxonomy (bony vertebrates), trypsin digestion (one
missed cleavage allowed), and mass tolerance of 150 ppm
using internal calibration, oxidation of methionines and car-
bamidomethylation of Cysteine. The criteria used to accept

identification included the extent of sequence coverage, the
number of peptides matched and the probabilistic score (the
required probability for a random match was �0.05). For iden-
tification of lysozyme after separation by one-dimensional
SDS-PAGE, the combined methods of peptide mass finger-
printing and immunoblotting were used in the present study.

3 Results and discussion

3.1 Lysozyme activity of egg white at the cathode

end of non-denaturing IEF after separation by IEF

Bacteriolytic activity against Bacillus subtilis, (natto) is shown
in Fig. 1 after egg white proteins at the cathode end of the
IEF gel (a) and the proteins within the IEF gel (b) were sep-
arated and obtained using non-denaturing IEF gel. Growth
inhibition of Bacillus subtilis, (natto) was clearly achieved with
the proteins at the cathode end (a) and at a pI of more than 8
with the IEF gel (b). The growth inhibition is thought to orig-
inate from the antibacterial activity of egg white lysozyme,
because the basic proteins of egg white retain their activ-
ity after separation by non-denaturing IEF. Figure 2 shows
lysosome activity using Micrococcus luteus (a) and protein sep-
aration using SDS-PAGE (b) after egg white proteins were
separated by IEF and precipitated using PEG. The lysosome
activity in the presence of the proteins obtained at the cathode
end (3.6) was six-fold higher than that in the absence of the
proteins (0.6, control in Fig. 2A). A protein band at 14.4 kDa
was specifically obtained at the cathode end of the IEF gel af-
ter egg white proteins were separated by non-denaturing IEF
(lane 2 in Fig. 2B). Furthermore, monoisotopic peaks at m/z
993 251, 1045 426, 1325 720, 1333 760, 1428 789, 1675 628,
and 1 753 710 were obtained after the protein band at 14.4 kDa

Figure 2. Lysosome activity using Micrococcus luteus (A) and
protein separation using SDS-PAGE (B) when proteins are ob-
tained at the cathode end of the IEF gel and precipitated using
PEG after the separation of egg white proteins by IEF. The lyso-
some activity in the presence of the proteins obtained at the cath-
ode end (cathodic end of IEF) is higher than that in the absence
of the proteins (Control) (A). A protein band at 14.4 kDa is specif-
ically obtained when proteins are obtained at the cathode end of
the IEF gel and precipitated using PEG after the separation of egg
white proteins by IEF (arrow, lane 2 in B). SDS-PAGE of egg white
proteins without IEF separation indicates lane 1 in B.

C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 3. 2DE patterns combined with non-denaturing IEF and SDS-PAGE for the movement of egg white proteins in IEF and the
mobilization steps. When NaOH as catholyte was replaced by H3PO4 after gel IEF separation of egg white proteins, the proteins were
mobilized towards the cathode as time proceeded at 0 min (A), 30 min (B), 60 min (C) and 90 min (D). Arrow indicates ovoalbumin in each
pattern.

was digested with trypsin (Supporting Information Fig. 1).
The peaks corresponded to polypeptides of lysozyme C from
Gallus gallus (LYSC-CHICK, Swiss Prot ID). Thus, lysozyme
that retains its activity can be isolated at the cathode end of
the IEF gel using non-denaturing IEF.

3.2 Mobilization and extraction of egg white

proteins from non-denaturing IEF after

separation by the IEF

Figure 3 shows the movement of egg white proteins in IEF
and the mobilization steps using 2DE combined with non-
denaturing IEF and SDS-PAGE. When NaOH as catholyte
was replaced by H3PO4 after gel IEF separation of egg
white proteins (Fig. 3A), the proteins were mobilized toward
the cathode as time proceeded (Fig. 3B, C, and D). It has
been reported that human plasma proteins move towards
the cathode, retaining their relative positions attained dur-
ing the focusing step [13]. Thus, the proteins separated by

non-denaturing IEF gel are thought to be extracted. The ex-
tracted proteins can retain their physiological functions such
as lysosome activity because the proteins are separated and
extracted under non-denaturing conditions.

Extracted proteins from the IEF gel were collected at cath-
ode end of the IEF gel. Figure 4A shows relative lysozyme
activity within the collected fractions at 0 (0) min and for 0–5
(5), 5–15 (15), 15–30 (30), 30–60 (60) and 60–90 (90) min. The
lysozyme activities decreased over time proceeds; however,
those in each fraction were clearly detected. The protein bands
at 14.4 kDa, which were recognized by anti-lysozyme anti-
body, were clearly obtained when the proteins in the fractions
at 0, 5, 30 and 60 min were separated by SDS-PAGE (Fig. 4B
and C). When 260 �g of proteins obtained from chicken egg
white were applied to non-denaturing gel IEF with 8.8 mm3

of the collected capacity, the estimated amounts of lysozyme
were 13, 2, 0.4 and 0.5 �g within the collected fractions
at 0, 5, 30 and 60 min, respectively. Thus, this method
involves the mobilization and extraction of the proteins within
IEF at the cathode end by replacing the cathodic sodium

Figure 4. Relative lysozyme
activity in the collected frac-
tions with elution times of 0,
5, 15, 30, 60, and 90 min (A).
SDS-PAGE analysis of proteins
in the collected fractions with
elution times of 0, 5, 15, 30, 60,
and 90 min (B). Immunoblot-
ting using anti-lysozyme an-
tibody after separation by
SDS-PAGE of proteins in the
collected fractions with elution
times of 0, 5, 15, 30, 60, and
90 min (C). Arrows indicate a
14.4 kDa protein spot.
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hydroxide solution by phosphoric acid solution. Using this
method, micrograms of lysozyme were obtained. It has been
reported that 100 �g of protein sample can be isolated by
preparative capillary isotachophoresis in column coupling
system, and hundreds of milligrams of biopolymers can be
separated using a continuous free-flow electrophoresis [19].
Herein, using this gel IEF method, the collected capacities
at the top of the gel column can be increased by increasing
the diameter of the gel column and/or length of the collected
space. In addition, it has been reported that protein-protein
binding such as serum haptoglobin and hemoglobin induces
changes in the pI, compared to that of hemoglobin [9]. Thus,
complexes containing lysozyme in egg white can penetrate
the non-denaturing IEF gel, because the pI of the complex
is thought to be lower than that of lysozyme alone. Com-
plexes separated by non-denaturing IEF can be eluted from
the cathode end of the IEF gel. It has been reported that
native proteins and protein complexes in solution can be sep-
arated and extracted by offgel IEF, because a maximum cur-
rent of 50 �A per IEF and 200 mW of power was used in this
method [20–22]. In the present study, a current of 0.1 mA per
non-denaturing IEF gel column was applied, and less than
150 mW of power was used. Thus, after IEF separation and
extraction, proteins can retain their activities and protein–
protein interactions. In addition, the present study firstly in-
dicates that combination of micro-sized non-denaturing IEF
and enrichment culture can be applied to examine the an-
tibacterial activity of native proteins in the IEF gel. Further-
more, it takes from a few hours to 4 days to separate and
extract proteins using offgel IEF [21], while proteins can be
separated and extracted within 100 min when the target pro-
teins are narrowed down.

3.3 Analysis of lysozyme-ovotransferrin complex by

2-DE combined with non-denaturing IEF and

SDS-PAGE

Figure 5 depicts 2-DE pattern (A), immunoblotting us-
ing an anti-lysozyme antibody and peroxidase- conjugated
goat anti-rabbit antibody (B) and immunoblotting using a

peroxidase-conjugated goat anti-rabbit antibody (C) after the
egg white proteins were separated by 2DE combined with
non-denaturing IEF and SDS-PAGE. Several immunoreacted
spots (arrow, * and ** in Fig. 5) were obtained in the 2DE
patterns in (Fig. 5B and C). Spots (* and ** in Fig. 5B
and C) reacted to peroxidase-conjugated goat anti-rabbit an-
tibody, and these reactions are considered to be non-specific
interactions. However, the arrow spot in Fig. 5B specifically
reacted to the anti-lysozyme antibody (Fig. 5B) when the
membrane was incubated. The specifically reacted spot
was located below the ovt spot (Fig. 5A). It has been re-
ported that the interaction of ovt and lysozyme induces
the formation of soluble complexes [3]. Thus, the com-
plex of ovt and lysozyme exists in egg white. The com-
plex can penetrate non-denaturing IEF gel, because the
pI of the complex is thought to be lower than that of
lysozyme. The complex can then be broken down into ovt
and lysozyme during separation by SDS-PAGE. To exam-
ine the reconstruction of the ovt-lysozyme complex in vitro,
lysozyme separated by non-denaturing IEF is mixed with the
purified ovt.

Figures 6A and 6B show CBB and zinc acetate staining,
respectively, after a single lysozyme obtained at the top of
the IEF gel column at the cathode end was mixed with the
purified ovt and separated by non-denaturing 2-DE. Spots at
pI 5.5–7.0 were obtained when the mixture was separated by
non-denaturing 2DE (Fig. 6A, 6B and Supporting informa-
tion Fig. 2A). White colored spots of ovt were obtained on
the non-denaturing 2DE as a result of the bonding formed
between zinc and ovt (Fig. 6B). The constituent proteins were
analyzed by SDS-PAGE, and bands at 76 and 14.4 kDa were
obtained (Fig. 6C) after the excision of the spots at pI 5.5–
7.0. The bands at 76 and 14.4 kDa could be attributed to the
mixed ovt and lysozyme, respectively. In contrast, spots at pI
5.5–7.0 were also obtained when the purified ovt was sepa-
rated by non-denaturing 2DE (Supporting Information Fig.
2B). However, only 76 kDa band was obtained after the spots
at pI 5.5–7.0 were excised and the constituent proteins were
analyzed by SDS-PAGE (data not shown). When a lysozyme
obtained at the top of the IEF gel column at the cathode
end was separated by non-denaturing 2-DE, no spots were

Figure 5. 2-DE pattern (A), immunoblotting using anti-lysozyme and peroxidase-conjugated goat anti-rabbit antibodies (B) and im-
munoblotting using peroxidase-conjugated goat anti-rabbit antibody (C) after the egg white proteins were separated by 2DE combined
with non-denaturing IEF and SDS-PAGE. Spots (* and **) indicate nonspecific reactivity to the peroxidase-conjugated goat anti-rabbit
antibody. Arrow and Ovt indicates lysozyme and ovotransferrin spot, respectively.
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Figure 6. CBB (A) and zinc acetate staining (B), respectively, after a single lysozyme obtained at the top of the IEF gel column at the
cathode end, was mixed with the purified ovt and separated by non-denaturing 2-DE. CBB or silver staining (C) of constitutive proteins
after the excision of spots on non-denaturing 2DE at pI 5.5–7.0 (arrow in b). Lysozyme activities (EU) of the extracted proteins (D) after
the mixture of the purified ovt and the lysozyme obtained at the top of the IEF gel column at the cathode end (ovt + IEF), the purified
ovt (ovt) or lysozyme obtained at the top of the IEF gel column at the cathode end (IEF) were separated by non-denaturing 2DE and zinc
acetate staining, and then, extracted within the solution. Arrow indicates the mixture spot; Arrowhead indicates constituent proteins of
spots at pI 5.5–7.0. *p < 0.05 (Student’s t-test).

obtained (Supporting Information Fig. 2C). It can therefore
be stated that the spots at pI 5.5−7.0 are caused by either the
purified ovt or the complex between the ovt and lysozyme.
Lysozyme activities (EU) of the extracted protein mixture
in the solution are shown in Fig. 6D. They were assessed
after the mixture of the purified ovt and the lysozyme ob-
tained at the top of the IEF gel column at the cathode end
(ovt + IEF), pure ovt (ovt), or lysozyme obtained at the top
of the IEF gel column at the cathode end (IEF) were sep-
arated by non-denaturing 2DE and zinc acetate staining. It
was noticed that the activity of the mixture (ovt + IEF) was
10.5 and 136 times higher than those of the pure ovt, and
proteins in cathode end of IEF (IEF), respectively (Fig. 6D).
When the lysozyme obtained at the top of the gel column at
the cathode end was added to the purified ovt, ovt manifesting
lysozyme activity was obtained. These results indicate that a
complex between lysozyme and ovt can be reconstructed in
vitro, and this complex can retain lysozyme activity even after
separation by non-denaturing 2DE, staining with zinc acetate
and extraction from the gel. It has been previously reported
that lysozyme forms an electrostatically soluble complex with
ovt [3, 4]. Indeed, the present study reinforces the idea of the
reconstruction of ovt–lysozyme complex in vitro. Therefore, it

can be concluded that lysozyme–ovt complex from egg white
was mobilized and extracted from the non-denaturing gel IEF
and its lysozyme activity was retained after the extraction of
the complex.

4 Concluding remarks

In summary, this study emphasized that the native states of
lysozyme, such as a lysozyme and the lysozyme–ovt complex,
can be separated and extracted using non-denaturing gel IEF.
Lysozyme that retains its activity was obtained at the top of
the gel column at the cathode end after the proteins from
chicken egg white were separated using non-denaturing gel
IEF. Lysozyme-ovt complex with lysozyme activity within the
non-denaturing gel IEF was mobilized and extracted at the
cathode end by replacing the cathodic sodium hydroxide so-
lution with phosphoric acid solution; then, the complex was
extracted within the solutions from the gel IEF. On the ba-
sis of the obtained results, it can be admitted that a hybrid
method for the mobilization of proteins after non-denaturing
gel IEF combined with detection of lysozyme activity was de-
veloped. Likewise, this method can be also applied to separate

C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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and extract other proteins that have different states with their
biological activities, for instance, bacteriolytic activity.
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Figure S1. MALDI-TOF MS spectrum of the tryptic peptide mass from spot (arrow) in
Fig. 2b (a). Comparison between the observed mass of the spot and theoretical tryptic
peptide mass of lysozyme from chicken egg white (b).

a b



Figure S2. CBB staining after lysozyme obtained at the top of the IEF gel column at the cathode

end, was mixed with the purified ovt and separated by non-denaturing 2-DE (a), the purified ovt was

separated by non-denaturing 2-DE (b), and lysozyme obtained at the top of the IEF gel column at the

cathode end was separated by non-denaturing 2-DE (c).
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