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Introduction
Selenium (Se) is an essential trace element that plays important 

roles of vital processes in human body. The recommended dietary 
allowance (RDA) of selenium for adults is 55 µg/day with a tolerable 
upper intake level of 400 µg/day [1]. The narrow concentration range 
between essentiality and toxicity requires a thorough understanding 
of selenium. Se is an important part of the antioxidant enzymes that 
protects cells against free radicals. It is also an essential component of 
major metabolic pathways, including the antioxidant defense systems, 
the immune system and thyroid hormone metabolism [2]. An adequate 
intake of selenium can decrease the incidence of diseases like heart 
disease, cancer, cardiovascular sclerosis and diabetes [3-7]. Selenium 
exists predominantly in plants and aquatic products in both inorganic 
forms, such as selenite, selenate, selenide and in organic forms like 
selenomethionine and selenocysteine. Aquatic products are the richest 
source of selenium and possess high nutritional value [8]. They have 
been considered an important source for selenium supplementation for 
decades [9-11].

Loach (Misgurnus anguillicaudatus) is a bottom-feeding freshwater 
fish in the superfamily Cobitoidea and is widely consumed in East 
Asian countries including China, Korea and Japan [12]. It was reported 
in the Dictionary of Chinese Traditional Medicine as a treatment for 
hepatitis, osteomyelitis, carbuncles, inflammations and cancers [13]. 
In our previous research, loach was determined to be a selenium-rich 
aquatic product. The selenium concentration in loach muscle is 0.444 ± 
0.003 mg/kg, which is much higher than many other aquatic products 
[14]. Furthermore, loach possesses high nutritional and medicinal 
values and is an appropriate supplement for dairy products.

Protein-bound selenium has generated particular interest 
due to the important role Se plays in redox systems. Selenium is 

incorporated into proteins mainly in the form of selenomethionine 
(Se-Met) and selenocysteine (Se-Cys) as a part of antioxidant enzymes 
such as glutathione peroxidase (GPx) and selenoprotein-P (Se-P) 
[15]. Selenium is important for antioxidant defense as an essential 
component of these enzymes, and supplementation directly affects 
its activity. In our previous studies, selenium concentration and the 
content of Se-Met and Se-Cys in loach muscle were determined by 
HPLC-ICP-MS and HPLC-ESI-MS/MS. The results demonstrated that 
Se-Met was the predominant selenoamino acid. However, the location 
of selenium within proteins needs further analysis. In other research, 
You and coworkers investigated the antioxidant activity and anti-
fatigue effects of loach protein hydrolysates [16,17]. They focused on 
amino acid analysis and antioxidant peptide identification providing an 
insight of loach protein profile and the connection between selenium 
and loach proteins. In the present study, a sequential extraction method 
was used to recover loach proteins. The protein profile and selenium 
concentration in water, aqueous sodium chloride, ethanol and sodium 
hydroxide fractions were determined. The water soluble protein was 
chosen for ion-exchange separation and further analysis of selenium 
distribution. Selenium containing peptides and proteins in water 
soluble proteins were identified, providing a better understanding of 
how selenium functions in redox system of loach.
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Abstract
Loach (Misgurnus anguillicaudatus) is known as a selenium-rich aquatic product. In present study, a sequential extraction 

method was applied for separation of water, salt and alkali-soluble proteins from loach (Misgurnus anguillicaudatus). The 
extracted proteins (included 12 water-soluble, 4 salt-soluble and 7 alkali-soluble proteins) were subjected to molecular 
weight analysis by SDS-PAGE and MALDI-TOF MS. Then, water soluble proteins were chosen for further ion exchange 
purification after selenium tracking by ICP-MS. The selenium containing peptides in water soluble proteins were identified by 
ESI-MS. Four proteins including creatine kinase, cytochrome P450 aromatase, beta-actin and glyceraldehyde 3-phosphate 
dehydrogenase were identified. Among these proteins, two selenium-containing peptides from beta-actin and cytochrome 
P450 aromatase were identified. The results of proteome analysis provide valuable molecular information of loach proteins. 
Moreover, it helps to understand the effect of selenium on redox systems in loach and its antioxidant functions.
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Live loach (Misgurnus anguillicaudatus) was purchased from a local 
market (Cuiyuan, Hangzhou, China). Fresh edible muscle tissues were 
collected and ground to homogeneity for further analysis. Formic acid 
and acetonitrile were of HPLC grade obtained from Merck (Germany), 
DEAE-Sephacel was obtained from Amersham Bio-Sciences (USA), 
Trypsin was obtained from Sigma (USA). All other chemicals used 
were of analytical grade.

Protein extraction

Loach muscle tissues were sequentially extracted with water, aqueous 
sodium chloride, ethanol and sodium hydroxide. Briefly, tissues were 
defatted twice using -40ºC precooled acetone, then the 20 g defatted 
samples were mixed with deionized water at 4ºC in a ratio of 1:20 (w/v) 
and stirred for 4 h. The supernatant was collected after centrifugation at 
10,000 g at 4ºC for 15 min and -40ºC precooled acetone was added slowly 
to get a final concentration as 80% saturation. The mixture was kept at 4ºC 
overnight. The precipitate was collected after centrifugation at 8,500 g at 
4ºC for 15 min, re-dissolved and dialyzed against deionized water and then 
lyophilized for further purification. The procedure for the extraction of the 
other three protein fractions used the same approach except in place of 
water relied on: 0.5 mol/L sodium chloride for salt-soluble proteins, 75% 
(v/v) ethanol/water for alcohol-soluble proteins, and 0.25 mol/L sodium 
hydroxide for alkali-soluble proteins.

Selenium concentration determination

Selenium concentration was determined by ICP-MS (X-series II; 
Thermo Fisher, USA). Samples (0.25 g for fresh and 0.10 g for dried 
loach tissues) were digested in a mixture of 2 mL hydrogen peroxide and 
4 mL nitric acid solution using a HP 500 vessel in Microwave Digestion 
system (MARS; CEM, USA). The digestion mixture was heated to 
120ºC in 5 min and maintained for 2 min, then heated to 180ºC in 5 
min and maintained for 15 min. Supernatants from the digestion were 
analyzed by ICP-MS under optimum conditions using 72Ge and 89Y as 
double internal standards.

Ion-exchange chromatography of water-soluble protein

The dried water-soluble protein fraction (100 mg) was re-dissolved 
in 20 mmol/L Tris-HCl buffer (pH 8.0) a final concentration of 20 mg/
mL and loaded onto DEAE-Sephacel anion-exchange column, which 
was previously equilibrated with the same buffer overnight. The column 
was eluted at a flow rate of 0.6 mL/min, with a stepwise gradient elution 
of water and 1.5 column volumes each of 20 mmol/L Tris-HCl buffer 
containing 0.1, 0.3, 0.5 and 1 mol/L sodium chloride. Every 6 mL of 
eluted solution was collected and absorbance was monitored at 280 nm. 
The fractions corresponding to the desire peaks were pooled, dialyzed 
(3.5 kDa), concentrated, and lyophilized for further use. The selenium 
concentration of each fraction was determined by ICP-MS.

SDS-PAGE analysis and in-gel digestion

Protein samples were mixed with an equal volume of double 
strength sample loading buffer, and boiled for 3 min. Electrophoresis 
was carried out at room temperature, 80 V in voltage of stacking gel, 
120 V in voltage of running gel, and the gel was stained with Coomassie 

Brilliant Blue R250 for 20 min, followed by Destain in destaining 
solution containing 10% methanol and 10% acetic acid (v/v). In-gel 
digestion was performed by the protocol of Shevchenko [18]. The 
main procedure included excising protein bands from stained gels 
and cutting these into small pieces about 1 mm3, transferring to a 0.8 
mL Eppendorf centrifuge tube, and in-gel reduction and alkylation, 
digested with trypsin overnight, finally the desalted peptide was stored 
for MS analysis.

Mass spectrometry analysis

Four soluble proteins were analyzed by MALDI-TOF/TOF MS. 
Acquisition parameters, resolution and laser energy was optimized 
prior to MS analysis. The instrument was operated in positive 
ionization mode. MS conditions of 1000 shots per spectrum were used 
and MS/MS was performed with 4000 laser shots per spectrum. Water-
soluble protein was analyzed by HPLC-ESI-MS/MS. Chromatographic 
separations were performed on a LC sync system with aqueous buffer 
A (0.1% formic acid) and buffer B (90% acetonitrile in 0.1% formic 
acid) with gradient elution in 40 min. Mass spectra were recorded in 
positive ionization mode. Data were collected in profile mode using one 
Enhanced MS (EMS) scan, followed by an Enhanced Resolution (ER) 
scan and three Enhanced Product Ion (EPI) scans. 

Data analysis

Protein identification was conducted against a database search 
in non-redundant National Center for Biotechnology Information 
(NCBI) using MASCOT.

Results
Protein distribution and selenium concentration after 
sequential extraction

Protein extraction relied on a sequential extraction method. 
Loach muscle tissues were sequentially extracted by water, aqueous 
sodium chloride, ethanol and sodium hydroxide solutions. The protein 
fractions obtained and their selenium concentrations are shown in 
Table 1. The alkali-soluble protein fraction was the most abundant and 
water-soluble protein fraction was the most selenium-rich. No ethanol-
soluble protein was obtained.

SDS-PAGE and protein identification by MALDI TOF MS

The SDS-PAGE analysis results (Figure 1) showed the bands and 
their molecular weights of proteins present in the water, alkali, and salt 
soluble fractions. Based on the bands observed, 7 bands from water-
soluble protein, 6 bands from salt-soluble protein, and 6 bands from 
alkali-soluble protein were recovered for in-gel digestion and mass 
spectrometric analysis. In the water soluble protein fraction, there 
were 12 proteins identified that matched the molecular weight results 
obtained by SDS-PAGE. Three proteins around 42 kDa and three proteins 
around 35 kDa were identified. In the salt soluble protein fraction, only 
4 proteins were identified that matched the results obtained by SDS-
PAGE. In the alkali-soluble protein fraction, the separation was poor 
and the background was complicated, but 7 proteins were matched to 

Loach muscle tissues (15 g)

Water-soluble protein Salt-soluble protein Ethanol-soluble protein Alkali-soluble protein

Extraction times 3 2 1 4
mass (mg) 491.00 247.03 0 1271.11

Selenium concentration (mg/kg, n=3) 0.165 ± 0.001 0.027 ± 0.006 0 0.061 ± 0.009

Table 1: Protein distributions and its selenium concentrations.
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Number Accession Description Mass (Da) Score Peptide no.
Water-soluble proteins

1 gi|4027927 Creatine kinase M2-CK [Cyprinus carpio] 42900.6 460 16

2 gi|307548819 Cytochrome P450 aromatase
[Misgurnus anguillicaudatus] 45206.2 123 12

3 gi|119943232 Beta-actin [Misgurnus anguillicaudatus] 42369.6 109 11
4 gi|658865028 Keratin, type I cytoskeletal 13-like isoform X2 [Poecilia reticulata] 54984 99 28
5 gi|119943230 Glyceraldehydes 3-phosphate dehydrogenase [Misgurnus anguillicaudatus] 35894.8 89 9
6 gi|410922980 Trichoplein keratin filament-binding protein-like [Takifugu rubripes] 61762 74 19

7 gi|55669145 Lactate dehydrogenase B-type subunit
[Cyprinus carpio] 36498 71 16

8 gi|551516116 Zinc finger protein 316-like
[Xiphophorus maculates] 38356 68 19

9 gi|308321302 Parvalbumin beta [Ictalurus furcatus] 11625 68 7
10 gi|528491535 Heme oxygenase-like [Oryzias latipes] 31042 66 17
11 gi|657757727 FGFR1 oncogene partner 2 [Cynoglossus semilaevis] 25687 63 12
12 gi|528516409 Serine/threonine-protein kinase pim-2-like [Danio rerio] 36382 52 12

Salt-soluble proteins
1 gi|658853627 Cellular retinoic acid-binding protein 1 [Poecilia reticulata] 15524 71 12
2 gi|584029529 Protein asteroid homolog 1-like [Neolamprologus brichardi] 58224 66 15

3 gi|542250972 SKI family transcriptional corepressor 1 homolog-B-like isofoerm X2
[Oreochromis Niloticus] 85368 64 10

4 gi|499047087 7SK snRNA methylphosphate capping enzyme-like [Maylandia zebra] 69044 62 15
Alkali-soluble proteins

1 gi|548352670 GTPase IMAP family member 7-like [Pundamilia nyererei] 34822 58 7
2 gi|658884301 Eukaryotic translation initiation factor 2A [Poecilia reticulata] 63920 65 12
3 gi|584005499 Peroxisomal NADH pyrophosphatase NUDT12-like [Neolamprologus brichardi] 50847 53 11
4 gi|657534298 Tropomyosin alpha-4 chain isoform X1 [Stegastes partitus] 32679 52 8
5 gi|410922980 Trichoplein keratin filament-binding protein-like [Takifugu rubripes] 61762 69 18
6 gi|657791047 Dihydropyrimidinase [Cynoglossus semilaevis] 54228 59 11

7 gi|410917574 Gem-associated protein 6-like
[Takifugu rubripes] 18198 61 10

Table 2: Identified loach proteins by MALDI TOF MS.

97.2

44.3

29.0

66.4

14.3

20.1

B-1

B-2
B-3

B-4

B-5

C-1
C-2

C-3

C-4

D-1

D-2

D-3

D-4

A          B                 C                 D
kDa 

Lane A: MW marker
Lane B: Water-soluble protein, proteins identified from bands (indicated with arrows), B-1: Keratin; B-2: Cytochrome P450 aromatase, creatine kinase M2-CK and beta-
actin; B-3: Glyceraldehydes 3-phosphate dehydrogenase, lactate dehydrogenase and zinc finger protein; B-4: FGFR1 oncogene; B-5: Parvalbumin
Lane C: Salt-soluble protein, proteins identified from bands (indicated with arrows), C-1: SKI family transcriptional corepressor; C-2: 7SK snRNA methylphosphate 
capping enzyme; C-3: Protein asteroid homolog; C-4: Cellular retinoic acid-binding protein
Lane D: Alkali-soluble protein, proteins identified from bands (indicated with arrows), D-1: Eukaryotic translation initiation factor; and trichoplein keratin filament-binding 
protein; D-2:Dihydropyrimidinase and peroxisomal NADH pyrophosphatase; D-3: GTPase IMAP family member and tropomyosin alpha-4 chain
Figure 1: SDS-PAGE analysis and identified proteins from three soluble protein extractions.
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the SDS-PAGE analysis. The matched proteins of water, alkali and salt-
soluble protein fractions are shown in Table 2 and Figure 1. 

Purification of water soluble proteins and Se concentration 
in each fraction

Water-soluble proteins were further purified by Ion exchange 
chromatography to determine the relationship between selenium and 
antioxidant proteins. There were six major fractions in water-soluble 
protein after DEAE Sephacel ion exchange chromatography separation 
(Figure 2). The six peaks were labeled W-1 to W-6. The selenium 
distribution in the purified water soluble proteins fractions is presented 
in Figure 3. Selenium concentration reached was the highest, 1.278 ± 
0.005 mg/kg, in W-4, which eluted at 0.1 mol/L sodium chloride. The 
selenium content was lowest, 0.270 ± 0.004 mg/kg and 0.103 ± 0.011 
mg/kg, in W-1 and W-2, respectively. W-3 had the second highest 
selenium content, 0.973 ± 0.006 mg/kg, and W-5 and W-6 followed 
closely at 0.761 ± 0.006 mg/kg and 0.844 ± 0.009 mg/kg, respectively.

Selenium-containing peptides identification by ESI MS 

The W-4 fraction was subject to SDS-PAGE analysis (Figure 4). The 
5 bands were cut and run in-gel digested and analyzed by HPLC-ESI-
MS. Four proteins including: Creatine kinase (43 kDa), Cytochrome 
P450 aromatase and Beta-actin (42-43 kDa) were found in W-4-
1bands, Glyceraldehyde 3-phosphate dehydrogenase (37 kDa) was 
found in W-4-2 band. No protein was identified in W-4-3, W-4-4 and 
W-4-5. Among the 4 identified proteins, two selenium-containing 
peptides from cytochrome P450 aromatase and beta-actin were 
identified from a manual search of the database. The mass spectrum of 
the peptide EITSLAPSTMK, is shown in Figure 5A. The Y3 ion (m/z 
379.20, TMK) was present at m/z 378.9014 in Figure 5B. A selenium 
analogue at M+48/z and its isotopic pattern, corresponding to 78Se 
and 82Se, provide validation based on the selenium isotope pattern, 
m/z 425.1100, 426.8903 and 428.0209, as shown in the inset. The 
fragment of Y4 ion (m/z 466.23, STMK) is shown in Figure 5C with 
m/z 465.8938, its selenium substitute and its isotopes at m/z 511.7456 
and 513.3600. In Figure 5D, the Y5 ion (m/z 563.29, PSTMK) and its 
M+48/z are observed at m/z 611.0918. In Figure 5E, the 6Y ion (m/z 
634.32, APSTMK), 6Y+48/z (m/z 683) and its isotope (m/z 681.9986, 
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Figure 2: Elution curve of water-soluble on DEAE-Sephacel ion exchange 
column.
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Figure 5: Mass spectral analysis of isolated peptide.
(A) Overall view of peptide EITSLAPSTMK by HPLC-ESI-MS.
(B) Y3 ion and isotopes of Y3+48/z in inset.
(C) Y4 ion and isotopes of Y4+48/z in inset.
(D) Y5 ion and isotopes of Y5+48/z in inset.
(E) Y6 ion and isotopes of Y6+48/z in inset.
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Figure 6: HPLC-ESI-MS of peptide ELLKLFEMK.
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683.8201) are observed. Another peptide ELLKLFEMK (Figure 6) from 
cytochrome P450 aromatase was identified using the same methods.

Discussion
A sequential extraction method was applied for loach protein 

isolation. The three proteins obtained were separated by SDS-PAGE and 
identified by MALDI-TOF MS. The selenium content was determined 
by ICP-MS during each step to determine selenium containing proteins 
and identify their selenium containing peptide sequences. Water soluble 
protein fraction was further purified by ion exchange chromatography 
and analyzed by ESI-MS. SDS-PAGE represented the ideal way to 
separate these selenoproteins [19]. While SDS-PAGE affords high 
resolution, there might be several proteins within a single band. This 
is a particular concern for the water-soluble protein fractions where, 
there were three proteins Creatine kinase, Cytochrome P450 aromatase 
and Beta-actin at around 42 kDa and Glyceraldehyde 3-phosphate 
dehydrogenase, Lactate dehydrogenase and Zinc finger protein at 
around 35 kDa.

Among the proteins identified by MALDI TOF MS, we focused 
on Beta-actin and Creatine kinase. Beta-actin is a highly conserved 
eukaryotic protein that exists in different cellular isoforms and its 
expression can change in response to biochemical stimuli during growth 
and differentiation and in disease states that may play a prominent 
role in cancer. Beta-actin constitutes a direct target for oxidative 
modification in pathophysiological states [20]. Glutathionylation 
is an important redox dependent mechanism for the regulation in 
Beta-actin [21]. In our previous studies, we found that loach has 
higher selenium content than other aquatic products. Selenium is an 
important micronutrient in redox center and has significant functions 
best-known for antioxidant activities as a constituent of selenoproteins 
[22]. Beta-actin may be connected to selenium concentration. Creatine 
kinase is an enzyme expressed by various tissues and cell types, it 
catalyses the conversion of creatine and adenosine triphosphate to 
creatine phosphocreatine and adenosine diphosphate. Arthur found 
that selenium status affects plasma creatine kinase activity in calves 
[23]. Keratin is the key structural material making up the outer layer 
of human skin. Sulfur supplements cause skin, hair and nails to grow 
faster, sulfur and selenium are antagonists, so selenium may also 
impact keratin. Lactate dehydrogenase is an enzyme that catalyzes the 
conversion of pyruvate to lactate. Kaur found that a selenium deficient 
diet may be responsible for reduced levels of lactate dehydrogenase [24]. 
Heme oxygenase is an enzyme that catalyzes the degradation of heme. 
Selenium is a novel regulator of cellular heme metabolism inducing the 
microsomal enzyme heme oxygenase [25]. The other proteins identified 
in this study were not known to be involved with selenium metabolism.

The novel findings of the study include manual searching based on 
selenium isotope distributions and the molecular weight differences 
between selenium and sulfur (m/z 48). Before analysis is performed, 
it is necessary to properly prepare samples in high purity without 
changing the chemical forms of the element [26]. In the present study, 
we suitably chose ion exchange chromatography and used ICP-MS 
method for monitoring selenium distribution. Another advantage of 
tracking selenium was choosing selenium-rich protein fractions for 
further identification. As selenium is covalently bound, enzymatic 
hydrolysis has provided a dramatic reduction of selenium-containing 
peptides with negligible degradation [27]. Two selenium peptides 
were found in cytochrome P450 aromatase and beta-actin protein, 
respectively. The mass spectra allow the identification of a selenium-
containing peptide in each fraction due to selenium substitution and 

its isotopes. Selenomethionine (Se-Met) can randomly incorporate into 
proteins and substitute for methionine (Met) through a non-specific 
pathway [28,29]. Thus, the fractions of sulfur-peptide and a subset of 
their selenium analogs co-exist in peptides and their molecular weight 
differ by m/z 48 (32S and 80Se). These are observed in B-ions and Y-ions 
analyzed by nano-HPLC-ESI-MS/MS [30,31]. Selenium also has a 
unique isotope distribution of 74Se (0.89%), 76Se (9.36%), 77Se (7.63%), 
78Se (23.78%), 80Se (49.61%) and 82Se (8.73%) in nature and this provides 
a “finger print” of the presence of Se in peptide [32-34], especially the 
presence of a signal between the peaks corresponding to 78Se, 80Se and 

82Se [35].

As a result, selenium-containing peptides EITSLAPSTMK from 
beta-actin and ELLKLFEMK from Cytochrome P450 arornatase 
were identified. The results provided novel insights into the effect of 
selenium in redox system of loach protein. For peptide from beta-actin, 
experiments have indicated that beta-actin could constitute a direct 
target for oxidative modification in pathophysiological states [20]. 
As to selenium dependent enzymes such as glutathione peroxidases, 
thioredoxin reductases, and iodothyronine deiodinases can protect 
organisms against oxidation damage from free radicals and reactive 
oxygen species. Evidence also showed that selenium was involved in 
the GSH-dependent metabolism of hydroperoxides [36] and that 
glutathionylation is an important redox dependent mechanism of 
regulation in beta-actin. A possible explanation for the molecular 
basis of redox-regulated in beta-actin could be that sulfur had been 
substituted by selenium in peptides. Thus, this protein showed 
significant antioxidant activities. As for the other peptide identified, the 
mechanism of bound selenium remains unclear and requires further 
studies. 

Conclusion
In conclusion, a sequential extraction method was applied for 

loach protein isolation. There were 12 water-soluble, 4 salt-soluble and 
7 alkali-soluble proteins identified by MALDI-TOF MS that matched 
molecular weight analysis by SDS-PAGE. Water soluble protein was 
chosen for further purification after selenium tracking by ICP-MS. 
A novel insight into the effect of selenium in antioxidant of water 
soluble protein was provided and two selenium-containing peptides, 
EITSLAPSTMK from beta-actin and ELLKLFEMK from cytochrome 
P450 aromatase were identified. The results of proteomics provide a 
valuable resource for molecular analysis of loach proteins and help us 
better understand the affect of selenium on redox systems in loach and 
its antioxidant functions.
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