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The use of regular yeast (RY) and selenium-enriched yeast (SEY) as dietary supplement is of
interest because the Nutritional Prevention of Cancer (NPC) trial revealed that SEY but not
RY decreased the incidence of prostate cancer (PC). Using two-dimensional difference in
gel electrophoresis (2D-DIGE)-tandem mass spectrometry (MS/MS) approach, we performed
proteomic analysis of RY and SEY to identify proteins that are differentially expressed as a
result of selenium enrichment. 2D-DIGE revealed 96 candidate protein spots that were dif-
ferentially expressed (p<0.05) between SEY and RY. The 96 spots were selected, sequenced
by LC/MS/MS and 37 proteins were unequivocally identified. The 37 identified proteins were
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verified with ProteinProphet software and mapped to existing Gene Ontology categories.
Furthermore, the expression profile of 5 of the proteins with validated or putative roles in
the carcinogenesis process, and for which antibodies against human forms of the proteins
are available commercially was verified by western analysis. This study provides evidence
for the first time that SEY contains higher levels of Pyruvate Kinase, HSP70, and Elongation
factor 2 and lower levels of Eukaryotic Translation Initiation Factor 5A-2 and Triosepho-
sphate Isomerase than those found in RY.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction for a mean of 4 years) against lung cancer recurrence in patients

with resected stage I non-small cell lung cancer; the results indi-

Several agents including selenium compounds have been
shown to have chemopreventive potential against several ex-
perimental cancers including prostate cancer [1,2]. In preclinical
model systems, we and others have clearly demonstrated that
both dose and form (structure) are critical factors that determine
the chemopreventive efficacy of selenium compounds [3-5]. The
results of previous clinical chemoprevention trials [6-8] suggest
that the effect of selenium may depend on several factors
including the form of selenium, levels of selenium at baseline,
population and genetic makeup, the target organ and the dis-
ease under examination. A recent clinical investigation was
performed to determine the role of SEY (200 pg selenium daily
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cate that SEY had no apparent benefit [6]. However, the Nutri-
tional Prevention of Cancer (NPC) trial showed a 63% reduction
in prostate cancer incidence, as a secondary endpoint, in indi-
viduals that received a daily supplement of SEY (200 pg seleni-
um daily for a mean of 4.6 years) but not RY [7]. The Selenium
and Vitamin E Cancer Prevention Trial (SELECT), a phase III
randomized placebo-controlled study and the largest cancer
chemoprevention trial ever conducted [8], demonstrated that
the oral supplementation of selenium in the form of seleno-
methionine, the major component of selenium in SEY (200 pg
daily for a mean of about 5 years), vitamin E (a-tochopherol
acetate, 400 IU) or selenium +vitamin E did not prevent prostate
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cancer in the generally healthy, heterogeneous population of
35,000 men over age 50, including 79% white, 12.4% African
Americans, and 8.6% other (Hispanics and Asians).

Considering the many potential limitations and pitfalls
inherent in long-term placebo-controlled chemoprevention
trials [8,9], it may be difficult to predict whether SEY - the
form that has been shown to be protective in the NPC trial
[7] - would have been more effective than selenomethionine
[10,11]. However, the results of previous reports [12,13]
indicate that levels of selenium that can reach the prostate
tissue vary following supplementation with different forms
of selenium (SEY vs. selenomethionine). Since some yeast
proteins including Enolase 1 and Enolase 2, superoxide dis-
mutase and Thioredoxin II are reported to be selenium-
containing proteins [14], it is important to determine the
extent to which selenium impacts differential protein expres-
sion in both SEY and RY.

In the present study we tested the hypothesis that SEY
effectively alters the levels of dietary-proteins that may play
a critical role in cancer prevention. We were motivated to
test this hypothesis because majority of studies related to
selenium-rich yeast focus on selenomethionine and the iden-
tification of selenium containing proteins [14-16] and not on
the effect of selenium on global protein expression. Elucidat-
ing the effect of selenium on protein expression, and which
selenium-containing proteins show altered expression is im-
portant because it is known that certain proteins generated
in diets or added to diets can be transferred intact into the cir-
culatory system from the gastrointestinal tract. In fact, the
53 kDa urokinase protein used to treat patients with several
thromboembolic diseases can be detected in blood after oral
administration [17,18]. To test our hypothesis, we have exam-
ined the global protein expression of SEY and RY using the
two dimensional difference in gel electrophoresis (2D-DIGE)-
tandem mass spectrometry (MS/MS) approach and validated
the expression profile of selected proteins by western analy-
sis. We validated the protein identities with ProteinProphet
and performed Gene Ontology classification [19] to define
the potential role of the identified proteins and hence their
potential relevance to prostate cancer prevention.

2. Materials and methods
2.1. Sample procurement

Selenium Yeast (SEY, Lot No. SE-84) and spray dried nutrition-
al yeast (RY, Lot No. 07078) were obtained from Cypress Sys-
tems, Inc. (Fresno, CA); both forms were grown from a single
culture and strain of Saccharomyces cerevisiae. Briefly, the stan-
dardized production process for SelenoExcell® High Selenium
Yeast utilizes the commonly known standard baker’s yeast
strain (S. cerevisiae). These strains are recognized for food
applications and are listed as “Generally Regarded As Safe”
(GRAS) on the FDA list. In addition this specific high Selenium
Yeast has received a GRAS “Letter of No Objection” from FDA.
The product is produced from the introduction of selenium
salt during active, aseptic, aerobic fermentation. During
fermentation the temperature, pH, and percentage growth
are closely regulated to assure proper uptake of selenium.

This process produces a primary grown high protein yeast,
which is fortified with a biologically bound mineral composi-
tion. The resulting product is washed, separated from its
growth media and held in refrigerated storage to assure cell
viability and the absence of any free minerals. Prior to spray
drying the chilled yeast cream is pasteurized through a high
temperature sterilization system to assure that it meets or
exceeds established USDA food grade microbial requirements.
Composite samples are collected during spray drying and
packaging. The collected sample is analyzed for nutrient and
microbial composition by an outside, independent, USDA
approved food and pharmaceutical grade laboratory. Once
product has met all QA/QC requirements it is released for
sale with a supporting Certificate of Analysis. This closely
controlled process produces a product which provides a
100% organically-bound natural food form of selenium. The
level of selenium is 1200 pg/g of yeast and the major form of
selenium is selenomethionine which accounts for about 70%.

2.2. Sample preparation for proteomics

Approximately 150 mg dry weight of SEY and RY was trans-
ferred to separate tubes and suspended in 1 ml ToPI-DIGE™
Buffer — 2 (ITSI — Biosciences, Johnstown, PA) consisting of
7 M urea, 2 M thiourea, 4% CHAPS, 0.5% NP-40, 5 mM magne-
sium acetate, 30 mM Tris-HCl, pH 8.5, and disrupted using a
polytron homogenizer as previously described [20]. After
homogenization, the samples were incubated on ice for
40 min, while vortexing every 10 min, and then centrifuged
at 13,000xg for 10 min at 4 °C. The supernatant was trans-
ferred to a new tube and the total protein concentration was
determined with the ToPA™ total protein assay kit (ITSI —
Biosciences, Johnstown, PA) as previously described [20].
Proteins isolated were used for both comparative proteomics
and Western blot analysis.

2.3. Comparative proteomics by 2D-DIGE

The SEY and RY samples were split into 3 portions each and
analyzed by 2D-DIGE as previously described by our group
[21]. Specifically, 50 pg of total protein from each aliquot was
labeled with 200 pmol Cy dyes (Cy3 or Cy5). Additionally,
50 pg of total protein from all the SEY and RY samples was
pooled to form a universal internal standard and 50 ug was
labeled with Cy2. The Cy2 labeled sample, is added to all gels
to allow comparison across all gels in the batch. Dye swapping
between the SEY and RY samples was performed to compen-
sate for slight differences in intensity that may exist between
Cy3 and Cy5 fluorescent dyes. The Cy3 (e.g. SEY1), Cy5 (e.g.
RY1) and Cy2 (pooled standard) labeled samples were mixed
and subjected to 1st and 2nd dimension electrophoresis sepa-
rations [21]. The 1st dimension separation (Iso Electric Focus-
ing, IEF) was performed on an IPGphor electrophoresis unit
(GE Healthcare) using immobiline dry strips (24 cm, IPG pH
3-10, GE Healthcare) for a total of 65,000 Vh. The focused
strips were equilibrated for 15 min in equilibration buffer con-
taining 0.5% dithiothreitol and then for 15 min in equilibration
buffer containing 4.5% iodoacetamide. The strips were trans-
ferred to large format (20 cmx24 cm) 12.5% SDS-PAGE gels
and electrophoresed for about 4.0 h.
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2.4. Image capture and analysis
After the 2nd dimension, the 3 gels were scanned to capture
the Cy3, Cy5, and Cy2 signals using a DIGE-enabled Typhoon
variable mode imager (GE Healthcare) using the following
excitation/emission wavelengths: Cy2; 488/520 nm, Cy3; 532/
580 nm and Cy5; 633/670 nm. The captured images from the
three gels were imported into DeCyder (Version 6.5) and ana-
lyzed with False Discovery Rate mode enabled. Specifically,
the signals obtained from SEY samples were compared to
the same signals from the RY samples to identify spots that
show ‘true’ differences as a function of selenium enrichment
based on the Mean Fold Difference of triplicate samples
[20]. Candidate protein spots were considered differentially
expressed ONLY if: a) the spot demonstrated >1.2-fold differ-
ence in abundance between SEY and RY, b) the protein spot
occurred in all the gels and c) the difference in abundance
was statistically significant at the 95% confidence level.
Finally, all the spots selected automatically by DeCyder soft-
ware were independently confirmed by manual inspection of
the simulated 3D spot image generated by DeCyder. Spots
that were considered artifacts because of the absence of a
smooth curved surface were excluded.
2.5.  Protein identification by LC/MS/MS

To identify the proteins-of-interest, the spots were picked
from the gels and in-gel digested with trypsin using Ettan
robotic workstations (GE Healthcare) and sequenced by LC/
MS/MS as previously reported by our group [20]. All peptide
digests were sequenced using the LCQ DECA XP Plus mass
spectrometer (ThermoElectron) operating downstream of a
Surveyor LC system (ThermoElectron). The LC system was
configured for nanoflow, and controlled with the Xcalibur 2.0
SR2 software (ThermoElectron). To sequence the peptides, all
the tryptic digested samples were reconstituted with ultra
pure water and loaded onto a PicoFrit column (New Objective
ProteoPep II C18, 100 mm length x.075 mm internal diameter)
using a helium pressure cell operated at 500 psi. A linear

acetonitrile gradient was used from 2 to 30% acetonitrile
over 30 min to flush the peptides into the mass spectrometer
nanospray ion source. The flow rate of the Surveyor LC was
250 pL/min and the flow was split upstream of the column to
achieve a flow rate of 500 nL/min at the spray tip. The mass
spectrometer was operated in the positive ion mode with
spray voltage set at 1.8 kV. Masses were measured from m/z
400 to 1500, and MS/MS data were collected using a “Top
Three” method, in which the instrument was programmed
to automatically perform MS/MS on the three most abundant
ions, to generate fragmentation ions. Trypsin was used for
digestion and for assignment of protein identity to the ac-
quired mass spectra and precursor mass tolerance was set to
1.4 Da and fragment mass tolerance was 1Da. The MS/MS
data obtained were searched against the yeast database
(version 12.2) using Bioworks-SEQUEST version 3.31 (Thermo
Electron) with maximum of two missed cleavage and carba-
midomethyl as the fixed modification. Additionally, search
results were subjected to statistical filtering and validation
using PeptideProphet [22] and ProteinProphet [23] (version
3.0) both under default settings for peptide and protein identi-
fication scoring, respectively. Supplementary Table 1 includes
results from both ProteinProphet and Proteome Discoverer
1.2
2.6. Gene Ontology classification

All identified proteins were assigned molecular functions,
biological processes, and cellular components, based on the
unified Gene Ontology (GO) Consortium classification [19], to
determine their relevance and potential role in the carcino-
genesis process. Five representative proteins that have vali-
dated or putative roles in the carcinogenesis process and for
which suitable antibodies were commercially available were
selected for independent validation by Western blot analysis.
All bioinformatics were performed with caGEDA (http://
bioinformatics2.pitt.edu/GE2/GEDA.html). Briefly, the CY3
and CYS5 data were normalized to CY2 (Standard) data by
ratio (CY3/CY2 and CY5/CY2). To determine spot distribution
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Fig. 1 - Box plots demonstrating the spot intensity (expression values) distribution of the candidate proteins. The “red” plots
show the distribution in SEY ranging from 0.55 to 1.54 and the blue plots show the distribution in RY ranging from 0.50 to 1.54.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1 - Identities, fold difference and Gene Ontology of 11 proteins differentially expressed between SEY and RY.

Number  Master Name Accession number Sequence Xscore delta Peptide Precursor  Missed Ions % Protein
spot no. (GenBank ID) CN charge charge cleavage matched Protein  probability
coverage score

1 71 HSP70 GenBank ID: 349747 DAGTIAGLNVLR 3.79 0.56 2 1199.2537 0 19/22 20.9 1
IINEPTAAAIAYGLDK 4.73 0.65 2 1658.6239 0 22/30
TTPSFVAFTDTER 311 0.55 2 1471.1354 0 15/24
LVNHFIQEFK 2.65 0.45 2 1274.1687 0 13/18
NQLESIAYSLK 3.09 0.34 2 1265.6717 0 12/20
NTISEAGDKLEQADKDTVTK 2.81 0.51 3 2163.1196 2 26/76
FELSGIPPAPR 2.35 0.34 2 1183.0257 0 14/20
SINPDEAVAYGAAVQAAILTGDESSK 2.59 0.34 3 2578.2431 0 22/100
IINEPTAAAIAYGLDKK 2.48 0.32 3 1788.7811 0 21/64
SQVDEIVLVGGSTR 4.36 0.47 2 1458.5471 0 20/26

2 211 Pyruvate Kinase GenBank ID: 259450804 KGDTYVSIQGFK 3.15 0.56 2 1342.1232 0 16/22 12.8 1
AIIVLSTSGTTPR 1.97 0.60 2 1315.4972 0 11/24
KSEELYPGRPLAIALDTK 3.24 0.43 3 2001.7331 0 24/68
TNNPETLVALR 2.53 0.39 2 1226.2019 0 15/20
TSIIGTIGPK 2.47 0.26 2 984.9559 0 12/18

3 248 Glucokinase 1 GenBank ID: 123899 GVLLAADLGGTNFR 3.73 0.56 2 1402.1254 0 19/26 5.8 0.9
SAYLAAVPLAAILIK 2.91 0.50 2 1513.94 0 17/28

4 978 Eukaryotic Translation GenBank ID: 124227 VHLVAIDIFTGKK 4.10 0.60 3 1441.0736 0 25/48 5.1 1

Initiation Factor 5A (IFSA-2)

VHLVAIDIFTGK 3.52 0.52 2 1311.2976 0 18/22
KNGFVVIK 2.84 0.19 2 903.3241 0 13/14
VHLVAIDIFTGK 2.84 0.21 3 1313.7176 0 22/44

5 313 Enolase 2 GenBank ID: 119337 GNPTVEVELTTEK 3.56 0.65 2 1415.5189 0 17/24 17.4 0.9
VNQIGTLSESIK 3.50 0.52 2 1287.4702 0 17/22
TAGIQIVADDLTVTNPK 3.11 0.56 2 1754.3456 0 15/32
NVNDVIAPAFVK 3.93 0.24 2 1285.3824 0 18/22
AVDDFLISLDGTANK 4.99 0.58 2 1577.3934 0 22/28
TFAEALR 1.83 0.45 1 806.5068 0 9/12
GNPTVEVELTTEK 3.56 0.65 2 1415.2809 0 15/24
TAGIQIVADDLTVTNPAR 5.37 0.68 2 1853.7535 0 23/34

6 806 HSP26 GenBank ID: 123568 KIEVSSQESWGN 4.44 0.67 2 1362.3106 0 18/22 58.41 1
NQILVSGEIPSTLNEESK 5.46 0.52 2 1957.6806 0 25/34
NQILVSGEIPSTLNEESKDK 3.25 0.52 2 2200.7336 1 19/38
DIDIEYHQNK 343 0.48 2 1273.2617 0 15/18
VITLPDYPGVDADNIK 2.36 0.43 2 1728.5599 0 14/30
ADYANGVLTLTVPK 3.50 0.40 2 1461.4796 0 18/26
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Av ratio high selenium Ontology Putative or validated
Fold Change p-Value Function Process Component Role in cancer
3.09 8.80E-05 ATP binding SRP-dependent cotranslational protein Cell wall Yes — prostate
targeting to membrane, translocation
ATPase activity Cellular response to heat Chaperonin-containing T-complex
Adenyl nucleotide binding Protein folding Cytoplasm
Adenyl ribonucleotide binding Protein import into nucleus, translocation Extracellular region
Nucleoside binding Protein refolding Fungal-type cell wall
Nucleotide binding Protein targeting to mitochondrion Fungal-type vacuole membrane
Purine nucleoside binding Regulation of transport Nucleus
Unfolded protein binding Response to stress Plasma membrane enriched fraction
Translation
Translational elongation
3.17 1.00E-04 ATP binding Alcohol metabolic process Cytosol Yes — prostate
Catalytic activity Glycolysis Plasma membrane enriched fraction
Kinase activity Nitrogen compound metabolic process
Magnesium ion binding Organic acid metabolic process
Metal ion binding Pyruvate metabolic process
Nucleotide binding Regulation of translation
Potassium ion binding
Pyruvate Kinase activity
Transferase activity
2.32 1.00E-04 ATP binding Alcohol metabolic process Cytosol Yes — apoptosis
Glucokinase activity Cellular carbohydrate metabolic process Plasma membrane enriched fraction
Hexokinase activity Cellular response to heat
Kinase activity Glucose import
Nucleotide binding Glucose metabolic process
Phosphotransferase activity, Glycolysis
alcohol group as acceptor
Transferase activity Mannose metabolic process
Regulation of transport
Response to temperature stimulus
Vacuolar protein catabolic process
-2.06 0.014 Peptidyl-lysine modification Cytosolic ribosome RNA binding Yes — colorectal and ovarian
to hypusine
Positive regulation of Mitochondrion Ribosome binding Cancer
translational elongation
Positive regulation of Translation elongation factor activity
translational termination
Translation
Translational frameshifting
1.15 0.025 Lyase activity Alcohol metabolic process Cytoplasm Yes — breast, colon,
Magnesium ion binding Cellular carbohydrate metabolic process Fungal-type vacuole Pancreatic ductal
Metal ion binding Gluconeogenesis Internal side of plasma membrane Adenocarcinoma, leukemia
Phosphopyruvate hydratase activity =~ Glycolysis Mitochondrion Glioblastoma
Organic acid metabolic process Phosphopyruvate hydratase complex
Regulation of vacuole fusion, non-autophagic Plasma membrane enriched fraction
Soluble fraction
-1.39 0.04 Unfolded protein binding Protein folding Cytoplasm Yes — adenocarcinoma
Response to stress Nucleus Xeroderma pigmentosum
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Table 1 (continued)

Number  Master Name Accession number Sequence Xscore delta Peptide  Precursor Missed Ions % Protein
spot no. (GenBank ID) CN charge charge cleavage matched  Protein  probability
coverage score

RQLANTPAK 2.56 0.39 2 997.3779 0 13/16
RVITLPDYPGVDADNIK 3.08 0.42 3 1885.9811 0 25/64
SVAVPVDILDHDNNYELK 3.56 0.44 2 2040.7787 0 20/34
KDIDIEYHQNK 3.04 0.35 3 1402.8731 0 19/40
NQILVSGEIPSTLNEESKDK 4.44 0.58 3 2201.9696 1 25/76
EVARPNNYAGALYDPR 2.23 0.40 3 1805.8826 0 20/60
LLGEGGLR 1.95 0.33 1 813.5288 0 8/14

7 820 Triosephosphate GenBank ID: 136069 TFFVGGNFK 2.18 0.48 1 1015.5293 0 10/16 39.52 1

Isomerase

ASGAFTGENSVDQIK 4.17 0.59 2 1522.4872 0 20/28
ASGAFTGENSVDQIKDVGAK 3.37 0.56 3 1994.4776 1 29/76
DKADVDGFLVGGASLKPEFVDIINSR 4.74 0.60 3 2763.1661 1 32/100
KPQVTVGAQNAYLK 4.73 0.41 2 1515.6607 0 23/26
ILYGGSANGSNAVTFK 4.09 0.53 2 1598.4782 0 20/30
KPQVTVGAQNAYLK 4.73 0.41 3 1517.4866 0 32/52
SYFHEDDKFIADK 4.06 0.55 2 1613.4413 1 18/24

8 11 Elongation factor 2 GenBank ID: 416935 VHLVAIDIFTGKK 4.10 0.60 3 1441.0736 0 25/48 13.4 1
VHLVAIDIFTGK 3.52 0.52 2 1311.2976 0 18/22
KNGFVVIK 2.84 0.19 2 903.3241 0 13/14
VHLVAIDIFTGK 2.84 0.21 3 1313.7176 0 22/44

9 1417 BMH1 GenBank ID: 728968 IVSSIEQK 3.48 0.30 2 903.51 0 13/14 42.7 0.9
SKIETELTK 3.15 0.49 2 1048.59 0 13/16
EKATNASLEAYK 2.53 0.42 3 1324.67 1 19/44
ATNASLEAYK 3.22 0.57 2 1067.54 0 16/18
TVASSGQELSVEER 4.50 0.64 2 1491.73 0 19/26
YLAEFSSGDAR 3.30 0.54 2 1215.56 0 17/20
TASEIATTELPPTHPIR 4.43 0.55 3 1833.97 0 34/64
ISDDILSVLDSHLIPSATTGESK 2.72 0.25 3 2398.23 1 24/88
LGLALNFSVFYYEIQNSPDK 3.59 0.52 3 2318.17 0 24/76

10 190 Pyruvate decarboxylase = GenBank ID: 1352225 LLDAIPEVVK 1.97 0.17 2 1095.1869 0 10/18 1.8 0.9

isozyme 2

LLTTIADAAK 2.26 0.44 2 1016.2756 0 13/18

11 680 Elongation factor 1-beta  GenBank ID: 68845631  SYIEGTAVSQADVTVFK 4.69 0.68 2 1814.7796 0 25/32 21.85 1
AFQSAYPEFSR 3.58 0.50 2 1302.1446 0 17/20
WFNHIASK 3.26 0.40 2 1001.6286 0 13/14
QLNASLADK 2.09 0.30 2 959.4437 0 11/16
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Av ratio high Ontology Putative or validated
selenium
Fold p-Value Function Process Component Role in cancer
Change
-1.49 0.87 Catalytic activity Alcohol metabolic process Cytoplasm Yes — squamous cell cancers
Isomerase activity Fatty acid biosynthetic process Mitochondrion (SCC) and adenocarcinomas
Triose-phosphate isomerase activity Gluconeogenesis Plasma membrane enriched fraction  (AC), colorectal, lung
Glycolysis Carcinoma, chronic gastritis,
Lipid biosynthetic process Peptic ulcer, and gastric
Metabolic process Carcinoma, breast,
Pentose-phosphate shunt Gallbladder, hepatocellular
Translational elongation Carcinoma, esophageal
2.63 0.032 GTP binding Positive regulation of translational elongation Ribosome Yes — gastrointestinal
Protein binding Translational elongation Cancers, glial, breast,
GTPase activity
Ribonucleoprotein binding
rRNA binding
-1.31 0.0012 DNA replication origin binding Ascospore formation Nucleus Yes — mitosis

3.37 1.50E-06

-1.38 0.0074

Protein domain specific binding

Carboxy-lyase activity
Catalytic activity

Lyase activity

Magnesium ion binding

Metal ion binding

Pyruvate decarboxylase activity
Thiamin pyrophosphate binding
Transferase activity

Guanyl-nucleotide exchange factor activity

Translation elongation factor activity

Cell wall chitin biosynthetic process

DNA damage checkpoint

Glycogen metabolic process

Negative regulation of ubiquitin-protein ligase
activity during mitotic cell cycle
Pseudohyphal growth

Ras protein signal transduction

Signal transduction during filamentous growth
L-Phenylalanine catabolic process

Aromatic amino acid family catabolic process to

alcohol via Ehrlich pathway

Branched chain family amino acid catabolic process

Glucose catabolic process to ethanol
Pyruvate metabolic process
Tryptophan catabolic process

Translational elongation

Plasma membrane enriched fraction

Cytoplasm
Nucleus

Eukaryotic translation Elongation
factor 1 complex
Ribosome

Yes — abnormalities in the livers

Yes — mammary epithelial
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on the gels, Box plots were plotted using caGEDA (by input of
previously normalized data, without additional transforma-
tion/normalization within caGEDA).

2.7. Western blot analysis

Western blot analysis was performed to independently vali-
date the expression profile of 5 proteins that a) were deter-
mined by 2D-DIGE to be differentially expressed between
SEY and RY, b) have a validated or putative role in the carcino-
genesis process and c) antibodies suitable for western analysis
were commercially available. Three different protein aliquots
(30 pg/lane) from RY and SEY were denatured and resolved in
a 10% SDS-PAGE gel and probed with antibodies against five
differentially expressed proteins selected on the basis of
their putative/validated role in the carcinogenesis process.
The antibodies for Pyruvate Kinase (PK), HSP70, Elongation
factor 2 (eEF2), Eukaryotic Translation Initiation Factor 5A
(IF5A2), Triosephosphate Isomerase (TSP isomerase) were
obtained from Abcam, Cambridge, MA. Bands were detected
using enhanced chemiluminescence reagents (ECL, GE
Healthcare) and developed with autoradiography film (Imag-
ing Resources, Inc.), images captured with Bio-Rad’s GS800
Calibrated Densitometer and quantified with the Quantity
One v4.5.0 1D Analysis Software (Bio-Rad Laboratories).
Measurements were based on equal amount of protein load-
ing and the average was taken from triplicate analysis. Bar
diagram was constructed by normalizing RY average value to
one for each protein. Statistical significance (p<0.05) was
determined using Student’s t-test.

3. Results

3.1. 2D-DIGE identified differences in protein expression in
SEY and RY

The amount of extractable proteins from SEY and RY
varied significantly (p<0.012), averaging 47.69 pg/mg and
36.72 ng/mg of dry weight respectively. For 2D-DIGE 50 pg of
total protein isolated from SEY and RY was labeled with
cyanine dyes as described in the Materials and methods
section and separated in the first and second dimensions.
After image capture, quantitative analysis of individual spot
volumes was assessed, followed by statistical analysis
(Student’st-test) with the Biological Variation Analysis (BVA)
module of DeCyder software [20].

The distribution of the spot intensities (expression values)
of the selected candidate proteins on the 2D-DIGE gels (SEY,
n=3; RY, n=3) was obtained and plotted as Box plots. The
Box plots showed that the spot intensities ranged from 0.55
(G2-HS) to 1.54 (G1-HS, G3-HS) for SEY and from 0.50 (G1-N)
to 1.54 (G2-N) for RY (Fig. 1) indicating that the SEY gels and
RY gels were comparable, and the differences in protein
expression observed are likely due to the effect of selenium
enrichment on the proteome in SEY.

A total of 184 candidate protein spots were automatically
detected by DeCyder, as differentially expressed between
SEY and RY. Out of the 184 spots, 75 (40.8%) were less abun-
dant in SEY whereas 109 (59.2%) were more abundant in SEY

compared to RY. The simulated 3D images of the 184 spots
were manually inspected, after which 96 spots were selected
for mass spectrometry based on the spots characteristics.

3.2. Identification of protein spots

The 96 candidate protein spots were excised from a represen-
tative 2D-DIGE gel and identified by MS/MS analysis. A total of
37 proteins were identified after LC/MS/MS analysis, use of the
MS/MS data to search the yeast database and validation of the
data with the PeptideProphet program. The PeptideProphet
uses a range of SEQUEST scores and other parameters includ-
ing peptide length, number of missed cleavages to calculate a
probability score for each identified peptide. Additionally, the
identified peptides were assigned a protein identity using the
ProteinProphet software, which allowed the filtering of large
data sets with predictable sensitivity and false-positive identi-
fication error rates. In this study, we used ProteinProphet
probability score of >0.9 as the cutoff value for protein identi-
fication. This suggests that the false-positive rate (error rate)
for protein identification in this study is <1%.

The 37 proteins differentially expressed are presented as
supplemental data (Table 1S). GO classification indicates that
11 out of the 37 proteins have a validated or putative role in
the carcinogenesis process (Table 1). Because of the GO classi-
fication, the cancer associated mechanism they are involved
in and the availability of antibodies, five of the proteins differ-
entially expressed between RY and SEY were selected and
their expression was independently validated by western
analysis. The selected proteins are HSP 70, Elongation factor
2, Pyruvate Kinase, triosphosphate isomerase, Eukaryotic
Translation Initiation Factor 5A (Table 1). Fig. 2 shows a repre-
sentative image of candidate spots (2A1, 2B1), simulated 3D
images (2A2, 2B2) and graphical illustrations (2A3, 2B3) of
candidate protein spot 211 identified as PK (up-regulated in
SEY compared to RY), and candidate spot 978 identified as
elF5A2 (down-regulated in SEY compared to RY). Fig. 3
shows a ProteinProphet spectrum, scores and protein identity
probability of a representative peptide (KGDTYVSIQGFK) used
for identification of Pyruvate Kinase (spot #211).

3.3. Western blotting verified modulation of protein levels
found in 2D-DIGE

The signal intensities generated after Western blotting
(Fig. 4A) were quantified. As shown in Fig. 4B, the antibodies
against human forms of HSP70, PK and eEF2 were expressed
at significantly higher levels in SEY compared to RY, whereas
the expression of eIF5A2 and TSP isomerase was at lower
levels in SEY compared to RY (p<0.05).

4, Discussion

In the present investigation we showed that selenium enrich-
ment of baker’s yeast results in up-regulation of significantly
more proteins than those which are down-regulated. We
established the identity of the differentially expressed pro-
teins of interest by nano-LC/MS/MS, qualified the mass spec-
trometry data with the PeptideProphet and ProteinProphet
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Fig. 2 - 2D-DIGE images for candidate protein spots 211 (A1, Pyruvate Kinase) up-regulated in SEY and 978 (B1, Eukaryotic
Translation initiation Factor 5A-2; IF5A2) down-regulated in SEY. Images A2, B2 and A3, B3 are simulated 3-D and graphical
representations of the spots illustrating differences in expression between SEY and RY.

programs and performed GO classification of the differentially
expressed proteins to identify those that may be relevant in
cancer. Out of the 37 proteins selected 11 have validated or
putative roles in the carcinogenesis process. The protein prob-
ability score for the 5 proteins selected for mass spectrometry,
including, Pyruvate Kinase was >0.9 (Fig. 3).

The proteins were identified based on a search of a “yeast”
database. Among the proteins identified (Table 1), a variety of
biological functions were noted, including metabolic process-
es, glycolysis, ATP binding, metal binding, nucleoside and
nucleotide binding, protein folding/unfolding, stress and sig-
nal transduction to cite a few. Interestingly, 11 of the proteins
sequenced by mass spectrometry have a validated or putative

role in the development of a variety of cancers including,
prostate, colorectal, ovarian, breast, pancreatic, leukemia
and lung. We selected three proteins that were up-regulated
(fold difference +2.63, +3.09, +3.17) and two proteins that
were down-regulated (fold difference -1.49, -2.06) in SEY
compared to RY for independent validation by Western blot
analysis. The main criteria for selecting the 5 proteins out of
the 11 were a) their GO classification and b) validated or puta-
tive role in the carcinogenesis process and commercial avail-
ability of antibodies suitable for western analysis.

The antibodies for PK, HSP70, eEF2, eI[F5A2 and TSP isomer-
ase were used for semi-quantitative analysis of triplicate
samples of SEY and RY to test the validity of the 2D-DIGE
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Fig. 3 - ProteinProphet spectrum, scores and protein identity probability of one of the five peptides (KGDTYVSIQGFK) used for

identification of Pyruvate Kinase (PK).

data and access the concordance between 2D-DIGE and west-
ern analysis. The western analysis displayed 100% concor-
dance with the 2D-DIGE data.

The presence of genes encoding PK in yeast has long been
reported [24-28]. The gene encoding PK in yeast has been
cloned [29]. We identified four pyruvate proteins including
Pyruvate decarboxylase isozyme 1 (Acc No.: 30923172); Pyru-
vate decarboxylase isozyme 2 (Acc No.: 1352225); Pyruvate
decarboxylase isozyme 3 (Acc No.: 118389) and Pyruvate
Kinase (Acc No.: 259450804). All the pyruvate proteins dis-
played approximately 3 fold higher expression in SEY com-
pared to RY suggesting that the pathway associated with
pyruvate is indeed impacted by selenium supplementation.
Not to overstate our finding, however, it is conceivable that
the cancer preventive effect of SEY [7] may, in part, be due to
the presence of high amounts of favorable proteins like Pyru-
vate Kinases (or their corresponding peptides) that impact the
cancer prevention mechanism.

Amongst the other identified proteins, HSP70 and eEF2
were up-regulated whereas the other two were down-
regulated. HSPs have strong cytoprotective effects and behave
as molecular chaperones for other cellular proteins. Several
HSPs directly interact with critical components of the cell
signaling pathway [30]. HSPs 27 and 70 are the most strongly
induced after stresses such as anticancer drugs, or irradiation
and other damaging conditions. It is also known that HSPs
bind to and inactivate androgen receptor (AR) [31]. Thus, on
the basis of our results, which show an up-regulation of
HSP70, it is clear that selenium fortification of baker’s yeast
leads to an increase in the amount of HSP70 in the yeast,
and this increased levels may be effective in inhibiting the
binding of androgens to the receptor. Obviously, the changes
in HSP may be the consequence of stress response to cope
with high selenium during the growth of yeast cells, a

scenario similar to high-temperature tolerance. In fact it has
also been reported that CDC19 encoding PK is important for
high-temperature tolerance in yeast [29]. It is worth pointing
out that the survival of the yeast cells and rate of biomass
increase was not impacted by the selenium concentration
used for producing the selenium-rich yeast.

Elongation factor 2 (eEF2) is a member of GTP-binding
translation elongation factor family. This protein is an essen-
tial factor for protein synthesis and is negatively regulated by
its phosphorylation mediated by EF-2 kinase [32]. It has been
shown that the activation of eEF2 kinase-mediated degrada-
tion of proteins and organelles plays a protective role for can-
cer cells that are under metabolic stress conditions [32]. A
recent study showed that activation of eEF2 kinase-mediated
autophagy plays a protective role for cancer cells under meta-
bolic stress conditions [33]. Our results clearly showed that
eEF2 is up-regulated in SEY, and therefore its increased
amounts in SEY compared to RY may contribute to increased
protein synthesis in subjects receiving SEY. It will be interest-
ing to determine if the levels of eEF2-kinase increase in
human plasma as a result of selenium supplementation, and
if the induced up-regulation of eEF2 following supplementa-
tion of SEY translates to a change of eEF2 levels in humans.

The phylogenetically conserved Eukaryotic Translation
Initiation Factor 5A-2 (elF5A-2) is the only known cellular
protein that contains the post-translationally derived amino
acid hypusine [Nepsilon-(4-amino-2-hydroxybutyl)lysine].
Both eIF5A and its hypusine modification are essential for
sustained cell proliferation. Normally only one eIF5A protein
is expressed in human cells. However, further studies by
Clement et al. [34] identified a second human eIF5A gene
that would encode an isoform (eIF5A2) of 84% sequence iden-
tity and the results suggest that it is a potential oncogene.
Remarkably, Tastet et al. recently reported the use of ICP-MS
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Fig. 4 - Western blot analysis of proteins expressed in selenium-enriched yeast (SEY) and regular yeast (RY). [A] Western blots
of HSP70, Pyruvate Kinase (PK), Elongation factor 2 (eEF2), Eukaryotic Translation Initiation Factor A-2 (eIFSA2) and
Triosephosphate Isomerase (TSP isomerase); [B] quantification of protein bond intensity (*, p <0.05).

assisted proteomics to identify eIF5A-2 isolated from
selenium-rich yeast as a selenium-containing protein [14].
Based on this result and those of others, it will be interesting
to determine the extent to which selenium fortification of
baker’s yeast can impact the oncogenic potential of proteins
like eIF5A2, particularly in human subjects receiving selenium
in the form of selenium-rich yeast.

TSP isomerase catalyzes the reversible interconversion of
G3P and DHAP. Only G3P can be used in glycolysis and thus
TSP isomerase is essential for energy production, allowing two
molecules of G3P to be produced for every glucose molecule,
thereby doubling the energy yield. In the present study we
showed that selenium fortification of baker’s yeast reduced
the levels of TSP isomerase in yeast. If this scenario occurs in
humans, then the deficiency of TSP isomerase may lead to dis-
order of glycolysis. Even though it is known that proteins work
in concert and the elevation/reduction in the levels of a single
protein may not be responsible for cancer chemoprevention

by SEY [7] it will be important to establish if TSP levels are al-
tered in humans receiving selenium supplementation.

Although this manuscript reports on HSP70, eEF2, PK,
elF5A-2 and TSP isomerase for which validation by western
analysis has been performed, it is worth mentioning that 32
other proteins identified by mass spectrometry also showed
detectable differences in expression (see supplemental data).
Amongst these, GO classification indicates that Pyruvate
Decaboxylase Isozyme 1, Pyruvate Decarboxylase Isozyme 2,
Enolase 2 and Pyruvate Kinase are metal binding proteins
whereas, HSPSSC3, HSP70, HSP26 and HSP77 are stress re-
sponse proteins. Dysregulation of carrier and stress response
proteins would be expected since higher than normal levels
of selenium are used to grow the yeast. HSP70, HSP77 and
HSPSSC3 were up-regulated by an average of 2.6 folds in SEY
compared to RY, whereas HSP26 was down-regulated (-1.39
fold) in SEY. This suggests that high selenium, though not
toxic to the yeast, may stress the yeast to some extent.
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Selenium is incorporated into proteins by the replacement of
sulfur in methionine residues [35] and some HSP’s identified in
selenium-rich yeast; including HSP10, HSP12 and HSPSSA1 are
classified as selenium-containing proteins [14]. Recently, Tastet
et al. [14] report the identification of seventeen selenium-
containing proteins in selenium-rich yeast. Remarkably, six of
the differentially expressed proteins that we identified including,
Enolase 2, elF5A-2, GAPDH, Phosphoglycerate mutase 1, Elonga-
tion factor 1-beta and Malate dehydrogenase are part of the sev-
enteen proteins reported by Tastet et al. [14] and McSheehy et al.
[36] as selenium-containing proteins. Elongation factor is a criti-
cal protein involved in deciding when to add a selenocysteine
at UGA codons instead of stopping [37]. Five of the 37 proteins, in-
cluding Peroxiredoxin type-2, ATP synthase subunit beta, Malate
dehydrogenase, Dihydrolipoyllysine-residue succinyltransfer-
ase, Glyceraldehyde-3-phosphate dehydrogenase are involved
in oxidation reduction pathway and are probably differentially
expressed in SEY due to the stress imposed by the selenium.

In summary, we showed for the first time, that selenium en-
richment of baker’s yeast simultaneously up-regulates certain
proteins and down-regulates others. A number of the proteins
are metal-binding, selenium-containing, stress response and
reported to be relevant in the carcinogenesis process. While
the results obtained here are noteworthy because we showed
differential protein expression in selenium-rich yeast, the ex-
tent to which the active forms of the yeast proteins identified
can be transported intact across the intestinal barrier and the
biologic effect of such proteins (or the corresponding peptides)
must be determined in preclinical animal models and pilot
human clinical trials before any conclusions can be made on
the potential beneficial effect. It is expected that this study
will stimulate future research aimed at determining how the
levels of proteins differentially expressed in SEY change in the
blood of human subjects during selenium supplementation.
Hopefully, such studies will eventually lead to the elucidation
of other ways in which selenium and/or selenium supplemen-
tation of baker’s yeast may impact prostate cancer prevention.

Supplementary materials related to this article can be
found online at: doi:10.1016/j.jprot.2011.10.013.
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