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Abstract 16 

A comprehensive approach that can identify and quantify selenium (Se) in 17 

seleno-proteins in Se-enriched yeast was developed. The Se-containing compounds in 18 

Se-enriched yeast were first extracted, then the fraction of Se-containing proteins in 19 

the supernatant was analyzed by 2-dimensional electrophoresis (2-DE) and 20 

synchrotron radiation X-ray fluorescence (SR-XRF). The detection limits (DL) of 21 

SR-XRF analysis for Se quantification in Se-containing proteins after 2-DE separation 22 

was calculated to be 0.20 µg g
-1
, which is suitable for Se quantification in the 23 

Se-containing spots exhibited on the 2-D gel. After scanned by SR-XRF, Only spots 24 

with a mean Se content exceeding twice the DL of SR-XRF were considered to be 25 

seleno-proteins. In this way, a total of 157 Se-containing spots in the gel were visually 26 

distinguished. Se contents in all the Se-containing proteins of different molecular 27 

weight were quantified. The total Se content on the 2-D gel was calculated to be 28 

126.56 µg g
-1
, which covered most of the seleno-proteins on the 2-D gel.  29 

Keywords: SR-XRF; 2-DE; Se-enriched yeast 30 

31 
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Introduction 32 

Selenium (Se) is an essential micronutrient for living organisms but is toxic at 33 

high concentration.
1, 2 

The deficiency of Se can lead to serious health problems, such 34 

as Keshan disease and Kashin Beck disease.
3 

Various Se-enriched food and 35 

supplement, like Se-enriched rice, yeast, and mushroom are commercially available. 36 

The bioavailability and toxicity of Se are closely correlated with its chemical form.
4, 5

 37 

Speciation analysis of Se in the supplement are necessary and has been carried out by 38 

many researchers.
6-9
 Se-enriched yeast is an attractive Se supplementary source due to 39 

its ability to act as a precursor for selenoproteins synthesis and its high content of 40 

selenomethionine (SeMet), which is a highly bioavailable Se form with low toxicity. 41 

Significant efforts have been made in the development of analytical methods for the 42 

speciation of Se in biological samples in recent years.
10-12

 43 

The separation of Se-containing compounds can be achieved using HPLC, CE or 44 

GC, of which the HPLC is the most frequently used because of its better 45 

reproducibility and higher efficiency.
6, 13, 14

 The HPLC combining with ICP-MS is 46 

mostly used to analyze Se content and speciation in Se-containing compounds, which 47 

can identify Se species at µg g
-1
 level.

8, 15, 16
 However, the HPLC also has its 48 

limitations. For example, reversed phase HPLC (RP-HPLC) can only separate 49 

compounds with no or little polarity and cannot analyze macromolecular compounds 50 

like proteins and polypeptide.  51 

Electrophoresis has a high resolution for the separation of macromolecular 52 

compounds. One-dimensional (1D) electrophoresis is a suitable tool for separation of 53 

macromolecular compounds like proteins and polypeptide, but cannot separate 54 

compounds with molecular weight difference less than 10%. Two-dimensional (2D) 55 

gel electrophoresis, which has higher resolution, better intensity and lower detection 56 

limits than 1-D gel electrophoresis, is a perfect approach to analyze Se-containing 57 

compounds in organisms.
17, 18 

58 

The detection and quantification of metal containing macromolecules in 59 

biological samples has received increasing attentions. In comparison with analysis of 60 

liquid samples by chromatographic technique, the direct analysis of metalloproteins 61 
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on solid samples, like electrophoresis gels, requires specific analytical methods able 62 

to detect metals in situ. Many methods like laser ablation inductively coupled plasma 63 

mass spectrometry (LA-ICP-MS), particle induced X-ray emission (PIXE), and 64 

synchrotron radiation X-ray fluorescence (SR-XRF), as well as X-ray absorption 65 

spectroscopy (XAS) which can provide the local structural environment of metal ions 66 

were suitable to be applied to analysis metals in biomacromolecules on solid 67 

samples.
19-22

 Thereinto, SR-micro (µ)-XRF which has lower detection limit than PIXE 68 

and smaller spatial resolution and less damage to the samples than LA-ICP-MS 69 

should be a potentially promising technique for metal identification after 70 

electrophoresis separation. Gao et al. ever studied the metalloproteins in human liver 71 

cytosol by SR-XRF combined with gel filtration chromatography and isoelectric 72 

focusing separation, and 2 Zn-containing bands, 11 Fe-containing bands and some 73 

Cu-containing bands with specific pI from 4 ~ 7 were successfully detected.
23
 Finney 74 

L. et al.
24,25

 have ever identified a novel periplasmic zinc protein and some other 75 

metal-containing proteins through XRF mapping and mass spectrometry after native 76 

2D gel separation, while without in situ quantification of the metal/metalloid in 77 

specific metal-containing proteins/peptides. 78 

Synchrotron radiation X-ray fluorescence (SR-XRF) is a highly specific and 79 

sensitive method for identification, characterization and distribution analysis of metals 80 

and nonmetals in a biological samples.
26-30

 SR-XRF is capable of microscopic 81 

analysis and can supply information of 2-D distribution of trace element.
31
 With the 82 

advance of the third generation synchrotron radiation sources, the SR-XRF technique 83 

can probe trace elements in biological specimens with high sensitivities (sub-mg 84 

kg
-1
).
30
 Hard X-rays can be focused to submicron, even to nanometer spot size. This 85 

makes it possible and ideal to study the spatial distribution and relative concentration 86 

of trace elements in specific proteins with SR-XRF after electrophoresis separation. 87 

Se, as a trace element in the majority of case, play an important role in the 88 

biological activities by the way of embedding into some critical proteases, like 89 

GSH-Px, Selenoprotein P, etc. The expression of Se-containing proteins as well as Se 90 

contents in specific biomolecules may be quite variable between normal and 91 
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pathological biological tissues. Therefore, identification of Se containing proteins and 92 

precise quantification of Se content in specific biomolecules by effective methods is 93 

beneficial for the diagnosis and prevention of Se or other metal and metalloid related 94 

diseases.
32-34

 In the present study, we took Se-enriched yeast as a simple model 95 

organism to identify Se-containing proteins and quantify Se contents in these 96 

biomolecules with 2DE-SR-XRF. The Se-containing proteins in Se-enriched yeast 97 

were extracted first, then separated by 2-DE and scanned with XR-XRF. Using 98 

SR-XRF technique, Se contents in Se-binding proteins can be readily detected and 99 

quantified with high sensitivity in 2-DE gels with less damage to the primary 100 

separated macromolecules. 101 

Materials and Methods 102 

Reagents and Standards 103 

SelenoPrecise
® 
yeast (S. cerevisiae, Se-enriched yeast) was supplied by Pharma 104 

Nord (Denmark). 3-[(3-holamidopropyl) dimethylammonio]-1-propanesuifonate 105 

(CHAPS), dithioerythritol (DTT), 4-(2-Aminoethyl) benzenesulfonyl fluoride 106 

hydrochloride (Pefabloc
®
SC), DNase I and RNase A, and sodium dodecyl sulfate 107 

(SDS) were purchased form Sigma-Aldrich (St Louis, MO, USA). Pronase E from 108 

Merk (Germany); Methanol from Dikmanpure (USA); Heptafluorobutyric acid from 109 

Fluka (Germany). Nitric acid (65%), hydrogen peroxide (30%) and other reagents are 110 

all of analytical reagent grade and purchased from Sinopharm (China). All samples 111 

and solution were prepared in deionized water obtained from Milli-Q (Millipore, UK). 112 

Determination of the total Se by ICP-MS 113 

The yeast and extracts were digested with a mixture of nitric acid and hydrogen 114 

peroxide (4:1, v/v) at 160℃ for 12 h. The resulting solutions were volatilized at 115 

temperature below 90℃ to a volume of 0.1-0.2 mL, and then diluted with 2% nitric 116 

acid up to 2 mL for Se determination by ICP-MS (Thermo Elemental X 7). A collision 117 

cell technology (CCT) was employed for avoid the 
40
Ar

40
Ar interference. Indium 118 

(SpexCertiprep Corp. USA, 10 µg L
-1
) was used as the internal standard for all sample 119 

solutions. The calibrating standards was prepared by diluting the Se standard stock 120 

solution (100 mg L
-1
 Quality Control Standard 21, SpexCertiprep Co. USA) with 2% 121 
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(v/v) nitric acid and then measured in the same manner with the supernatant.
26,33

 122 

Deionized water was used as reagent blank and a certified reference, bovine liver 123 

CRM (1577a, NBS, USA) with a certified Se value of 0.56 ± 0.07 µg g
-1 
was used to 124 

check the validity of the method. 125 

Extraction of proteins from Se-enriched yeast 126 

Three replicates of 0.4 g Se-enriched yeast were added to 5 mL of extracting 127 

buffer which contains 7 M urea, 2 M thiourea, 4% w/v CHAPS, 1% w/v DTT, 2% v/v 128 

carrier ampholytes pH 3-10, 10 mM Pefabloc
®
sc proteinase inhibitor, 20 129 

µgmL
-1
DNaseI, and 25 µg mL

-1 
RNase A) and ultrasonicated for 30 min in an ice bath. 130 

The mixture was centrifuged (Hitachi CP 80MX, Japan) at 16000 × g for 30 min at 131 

4℃.
14, 35 

The supernatants were collected and then stored at -20℃ until analyzed. The 132 

solid residue was digested with nitric acid and hydrogen peroxide (4:1, v/v) for total 133 

Se analysis by ICP-MS. 134 

The protein contents in the supernatants were quantified by the Bradford method. 135 

Se content in the supernatants and ultimate residue were measured with ICP-MS after 136 

digestion for evaluation of the extracting efficiency and Se recovery. 137 

Separation of Se-containing proteins by 2-D gel electrophoresis 138 

Isoelectric focusing (IF) gel electrophoresis was performed with a Protean II IEF 139 

Cell system (Bio-Rad, USA). The protein content of the macromolecular fraction was 140 

adjusted to 0.2-0.5 mg mL
-1
 with IPG strip rehydration solution (8 M urea, 4% 141 

CHAPS, 65 mM DTT, 0.001% bromophenol blue). Each of 125 µL protein solution 142 

was loaded to the sample channel. Immobilized pH gradient (IPG) gel strips (7cm) 143 

with a linear pH range (3-10) were soaked in the solution for 12 h. Afterwards, IEF 144 

run at 20℃ and 0.05 mA per strip up to 32375V.h, by a stepped manner of an initial 145 

voltage of 250 V for 30 min, and then 500V for 30min, and finally 4000V for 8h.
29
 146 

After focusing, the strips were soaked in the equilibration buffer containing 6 M 147 

urea, 0.375M Tris-HCl (pH 8.8), 20% v/v glycerol and 2% w/v SDS, with the addition 148 

of 2% w/v DTT）for 15min, followed by the same buffer without DTT but with the 149 

2.5% w/v iodoacetamide (ICA) for 15 min. In the second dimension, the strips were 150 

applied to 12% SDS-PAGE gels (20 × 16 × 1 mm) and electrophoresis was performed 151 
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in a Protean II Xi (Bio-Rad, USA) apparatus. The electrophoresis run at 5 mA for 1 h, 152 

then at 20 mA until the dye front reached to the edge of the gel. The separated 153 

proteins were stained by SimplyBlue™SafeStain, Coomassie R-250 (Sigma) and 154 

dried at 80℃ with vacuum gel drying system (583 type, Bio-Rad, USA).
29
 155 

Analysis of Se-containing proteins in the gels by SR-XRF 156 

Se-containing proteins imaging in the unstained 2-DE gel was carried out at 157 

BL-4A in Photon Factory, High Energy Accelerator Research Organization (KEK), 158 

Japan. The storage ring runs at energy of 2.5 GeV with current intensity of 350 ~ 450 159 

mA. A monochromatic SR with photon energy of 13.5 keV and spot size of 1×1 mm
2
 160 

was used to excite the samples. The dried gel was moved along the horizontal and 161 

vertical direction at an interval of 1 mm for each step. The XRF signals were collected 162 

with a Si (Li) detector (PGT Inc. LS 30143-DS) up to 10s for each point. The 163 

fluorescence intensity of Se, Fe, Cu, Zn, Mn and Compton scattering was recorded 164 

and analyzed by 6 SCAs (single channel analyzers, Ortec 550), respectively. The 165 

calibration curve was obtained by preparing 0 (control gel), 0.5, 1, 5 and 10 mg L
-1
 166 

Se-containing gel, of which each was prepared by adding a certain amount of Se to 5.5 167 

mL 12% SDS-PAGE gel (8.6 × 6.4 × 1 mm). All the standard gels were dried at 80℃ 168 

with a vacuum gel drying system (Model 583, Bio-Rad, USA), then they were 169 

analyzed according to the same procedure for SR-XRF analysis of the 2-DE gel of the 170 

Se-containing yeast sample. The element signal intensity of each point in the 171 

Se-containing gel was corrected by subtracting the signal intensity of the control gel 172 

(without Se addition). 173 

In order to correct the effect of the SR beam flux variation on the signal intensity, 174 

the intensity of each pixel (i.e., element) in the gel was calibrated by Compton 175 

scattering, and then used for calculating the Se content according to the calibration 176 

curve. In addition, amounts of Se-containing spots exhibited on the gel are bigger than 177 

1×1 mm
2
 (the beam spot size) in fact, in other words, each protein spots may be 178 

covered by several beam spots. To avoid the determination biases due to unmatched 179 

size between the protein spots and the beam spots as well as inhomogeneous 180 

distribution of Se within the protein, we use the sum of the values of several beam 181 

Page 7 of 18 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

 

spots which can roughly cover the protein spot to obtain the Se content in each protein 182 

spot. 183 

Results and discussion 184 

Extraction of Se-containing proteins from Se-enriched yeast 185 

To evaluate the extract efficiency of the sample preparation procedure, Se 186 

contents in the supernatant and residue were measured with ICP-MS. In a linear rang 187 

of 0-100 µg L
-1
, the regression coefficient (R

2
) is 0.9997. The Se content in the CRM 188 

(1577a, NBS, USA) determined is 0.55 ± 0.05 µg g
-1
,
 
which is corresponding to a 189 

recovery of 98.2%. 190 

The contents of Se in each fractions obtained, along with the Se recovery, were 191 

listed in Table 1. The extracted Se in the supernatant was about 376.5 ± 4.3 µg g
-1
, 192 

with a recovery of about 30%. The low Se recovery of Se-enriched yeast may be 193 

ascribed to the insufficient sonication time for this distinct specimen. 194 

Detection limits for Se quantification in Se-containing spots by SR-XRF 195 

The calibration curve for Se quantification using SR-XRF was shown in Fig. 1. 196 

The detection limits (DL) in SR-XRF analysis for Se quantification in the 197 

Se-containing proteins after 2-DE separation was calculated according to the 198 

following equation 
36, 37

: 199 

Ci
Ni

Nb
DL

3
=  200 

Where DL is the detection limits of element i; Nb is the background count of the 201 

sample with no element i; Ni is the net count of element i in a standard sample; Ci is 202 

the concentration of element i in the standard sample with element i. From the 203 

equation, the decrease of background count and increase of the net count, as well as 204 

the increasing counting time, are all beneficial for improving the sensitivity and 205 

decrease the DL for element i measurement by this technique. In present study, duo to 206 

the low background count value, enough counting time (10s) for each point, the high 207 

luminous flux and collimation of X-ray source of SR, the ratio of signal to noise can 208 

be quite high, and the high sensitivity for Se measure in Se-containing spots can be 209 
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achieved by XRF. The DL of Se exhibited on the gel in this study was about 0.20 µg 210 

g
-1
 (Nb = 23, Ni = 36, Ci = 0.5; mean values of each ten points of the background and 211 

the standard sample), which was ideal for the quantification of Se in the Se-containing 212 

spots exhibited on the 2-DE gel. 213 

In addition, as described in our previous report
38
 the experimental analytical 214 

precision (EAP) of XRF was represented by the standard deviation of 10 times 215 

measurements of the net intensity of the control analyte in the same analytical context 216 

for a 95% confidence level. 217 

 218 

where Im is the m-th measurement of the net intensity of element i;  is the mean 219 

value of the n measured values of the net intensity. The EAP enable us to estimate the 220 

random errors due to the instrument and counting statistics. The uncertainty 221 

introduced by the error source may considerably limit the accuracy and precision of 222 

the analytical results. A procedure was suggested by Rousseau
39
 for evaluating the 223 

uncertainty introduced by the systematic and random errors due to the sample 224 

preparation, which mainly includes: 1) Prepare the control specimens using the same 225 

preparation method as a single sample; 2) Measure the element of interest in each of 226 

10 specimens once using the same analytical program; 3) Measure the element of 227 

interest in one of the specimens 10 times using the same analytical program; 4) 228 

Calculate the relative standard deviation of both series of measurements. If the 229 

relative standard deviation obtained in step 2 is sufficiently low, the sample 230 

preparation method is suitable. For the specific element, if the obtained relative 231 

standard deviation is quite high, the result of step 2 can be compared with that of step 232 

3 for the purpose of determining whether the deviation is introduced by the sample 233 

preparation or by the instrument and counting statistics. 234 

Protein profiles of 2-DE gel and analysis of Se in gel spots with SR-XRF 235 

Proteins in the extract were separated using 2-DE gel electrophoresis. The 236 

protein profile of 2-DE was shown in Fig. 3a, and numerous protein spots could be 237 
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visually exhibited on the gel. 238 

Se in the protein spots on the 2-DE gel were identified and quantified by 239 

SR-XRF. The typical SR-XRF spectra of the control spot and the Se-containing spot 240 

in the 2-DE gels were shown in Fig. 2. From Fig. 2, there was a substantial 241 

strengthened Se-K peak of the Se-containing spot in the 2-DE gels than that of the 242 

control spot. The intensity of each point in the gel was calibrated with I0 and the 243 

Compton scattering. The patterns of Se counts of se-containing protein spots on 2-DE 244 

gel scanned by SR-XRF were shown in Fig. 3b. After calculated to the DL of the XRF, 245 

only spots with a mean Se content exceeding twice the detection limit value of 246 

SR-XRF were considered to be Se-containing spots.
40,41

 In this way, numbers of 247 

Se-containing protein spots and the corresponding Se contents with different 248 

molecular mass were analyzed and shown in Table 2. About a total of 157 249 

Se-containing protein spots in the 2-DE gel can be detected (Fig. 3b). From Table 2, 250 

34 Se-containing protein spots with total Se contents of 23.22 µg g
-1
 with molecular 251 

mass weight range from 60 kDa to 70 kDa, 30 Se-containing spots with total 24.43 µg 252 

g
-1
 Se of molecular mass weight range from 30 ~ 40 kDa, 11 and 10 Se-containing 253 

protein spots with less than 20 µg g
-1
 Se of which molecular mass weigh > 80 kDa and 254 

< 25 kDa were identified. This indicates that most of the Se-containing proteins have 255 

molecular weight between 40 ~ 70 kDa in Se-enriched yeast, with less in > 80 kDa 256 

and < 25 kDa range. The total Se in all Se-containing proteins in the Se-enriched yeast 257 

was calculated to be 126.56 µg g
-1
 according to the calibration curve (Fig. 1). This 258 

value is lower than the total Se content of 376.54 µg g
-1
 in the extract determined by 259 

ICP-MS. This may be ascribed to the losses of the water-soluble small molecular Se 260 

species during the 2-DE procedure, as well as some of the missing Se-containing 261 

proteins when analyzing the Se-containing spots on the 2-DE gel. However, the 262 

quantification of trace element carried out by XRF combining with 2-DE can provide 263 

element content at sub-µg g
-1
 level and high resolution in specific spots in situ of the 264 

electrophoresis gel with less damage to the specimen than LA-ICP-MS, which is 265 

unavailable for other common techniques. 266 

Conclusions 267 
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The Se-containing proteins extracted from the Se-enriched yeast were 268 

successfully separated by 2-DE, and quantified by SR-XRF technique at a high 269 

resolution and sensitivity. SR-XRF combined with 2DE is an advanced method for 270 

identify and quantify multi-element analysis in situ with space resolution of several 271 

µm and sensitivity at sub-µg g
-1 
level of element concentration. 2-DE coupled with 272 

SR-XRF analysis (off line) was successfully used to detect Se in Se-containing 273 

proteins in the present study. After separated by 2-DE, Se in the protein spots was 274 

analyzed in situ by SR-XRF scanning with minor damage to the original samples at 275 

sub-µg g
-1 
resolution level. In other words, based on the in situ imaging of specific 276 

metal-containing proteins by SR-XRF, further identification of the metal-containing 277 

proteins/peptide by the electrospray ionization MS (ESI-MS) or other techniques 278 

should be more feasible in a parallel 2D gel. 279 
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Table 1 Contents of the proteins and Se in extracted fractions from Se-enriched yeast 354 

and the Se recovery 355 

Sample Preparation  protein content(mg) Se extracted(µg g
-1
) Se recovery (%) 

Supernatant 20.42±0.32 376. 54±4.28 26.68 

Solid residue － 879.83±5.32 62.34 

Total  1256.37 89.02* 

*The total Se content in the yeast is 1411.42±10.75 µg g
-1
measured by ICP-MS. 356 

357 
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Table 2 Se-containing protein spots with different molecular mass (Mr) and Se 358 

contents in Se-containing spots measured with XRF 359 

Mr (kD) > 80 70-80 60-70 50-60 40-50 30-40 < 30 total 

number of 

selenoprotein spots 

 

11 

 

17 

 

34 

 

24 

 

19 

 

30 

 

20 

 

157 

Se contents in 

Se-containing spots 

(µg g
-1
) 

 

6.71 

 

10.49 

 

23.22 

 

21.13 

 

22.97 

 

24.43 

 

17.61 

 

126.56 

 360 

361 
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 362 

 363 

      Fig. 1 Calibration curve for Se quantification using SR-XRF 364 

365 
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 366 

Fig. 2 The typical SR-XRF spectra of the control spot and Se-containing spot in 2-DE 367 

gels. The black line was the measurement of the control spot. The red line was the 368 

measurement of the Se-containing spot. 369 

 370 

371 
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 372 

 373 

Fig. 3 Profiles of 2-D gel electrophoresis of Se-enriched yeast proteins (Fig. 3a); 374 

Patterns of Se counts of se-containing protein spots on 2-D gel scanned by SR-XRF 375 

(Fig. 3b). 376 
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