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Abstract. To rapidly discriminate between selenoproteins and Se-binding proteins, SDS + 2-
mercaptoethanol treatment and then gradient SDS-slab gel electrophoresis was used to remove
loosely bound Se from proteins while separating protein subunits according to molecular
weight. This technique was used to study the nature and time course of "°Se incorporation into
selenoproteins. Male weanling rats were fed either a Se-adequate (0.35 ppm Se) or a Se-deficient
(<0.02 ppm Se) diet for 20-41 days, injected iv with 50 uCi ["*Se]selenite (100 uCi/ug Se), and
sacrificed 1, 3, 24, or 72 hr after *Se injection. At 1 and 3 hr, a 55-kDa plasma "*Se protein
contained the most °Se of any ">Se protein observed in any tissue in either Se-adequate or
Se-deficient rats. At 24 and 72 hr, a 23-kDa "°Se protein (glutathione peroxidase subunit) in
liver cytosol was the second-most labeled *Se protein observed in Se-adequate rats. The sec-
ond-most labeled 7*Se protein in Se-deficient rats was a 17-kDa ">Se protein in testes at 24 and
72 hr. *Se proteins of 10, 14, 45, and 65 kDa as well as lesser amounts of other 7>Se proteins
were also detected. In a separate experiment, cycloheximide pretreatment eliminated >Se
labeling of any of the *Se proteins, demonstrating that protein synthesis is required for Se
incorporation. The rise and fall of various ">Se proteins with time suggests that these seleno-
proteins may be important in the flux of Se between tissues. © 1988 Society for Experimental Biology and

Medicine.

Seven bacterial selenoenzymes as well as
several additional forms of glutathione per-
oxidase have been reported (1, 2) since Ro-
truck and co-workers (3) discovered that
glutathione peroxidase was a selenium-con-
taining enzyme. Mammalian glutathione
peroxidase (GSH-Px) activity is catalyzed by
several different enzymes including the 80-
kDa glutathione peroxidase (GSH:H,O, oxi-
doreductase, EC 1.11.1.9) discovered by
Mills (4), the non-Se-dependent glutathione-
S-transferase that has peroxidase activity (5),
and a reportedly distinct Se-dependent phos-
pholipid hydroperoxide glutathione peroxi-
dase in pig heart (6). In addition to these
selenoenzymes, a number of other mamma-
lian selenoproteins have been identified or

! This research was supported in part by the Univer-
sity of Arizona Agricultural Experiment Station, and by
grants from the National Institutes of Health (DK
32942), and the Biomedical Research Support Grant
Program (SO7 RRO7002).

2 A preliminary report of these experiments was pre-
sented at the meetings of the Federation of American
Societies for Experimental Biology: Evenson JK, Sunde
RA. Fed Proc 45:371, 1986.

suggested (2). Using column chromatogra-
phy, Hawkes and co-workers (7) were able to
partially resolve up to 23 selenoproteins in
addition to GSH-Px. Thus it is becoming ap-
parent that Se-containing proteins are not
exceedingly rare.

In order to better resolve and quantitate
the various selenoproteins present in animal
tissues, we have developed a technique using
pretreatment of samples with SDS + 2-mer-
captoethanol and conventional SDS-slab gel
electrophoresis (SDS-PAGE), followed by
fixation, gel slicing, and "°Se counting, that
can monitor the labeling of selenoproteins in
various tissues of rats administered "°Se. The
present study was designed to use this tech-
nique to investigate the time course of label-
ing of "*Se proteins in both Se-adequate and
Se-deficient rats. We further used inhibition
of protein synthesis by cycloheximide treat-
ment to determine whether the identified
73Se proteins were selenoproteins that re-
quired protein synthesis for Se incorpora-
tion. We have used the term “selenoprotein”
to describe proteins that contain Se which is
not removed by the SDS-PAGE procedure,
and used the term “Se-binding protein” to
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refer to proteins that bind Se which is re-
moved by this procedure.?

Materials and Methods. Rats and diets.
Male weanling 21-day-old rats (Holtzman
Co., Madison, WI) were housed individually
in hanging wire mesh cages in an environ-
mentally controlled room. Diet and deion-
ized water were provided ad libitum. In Ex-
periment 1, rats were fed a Se-adequate stock
diet (Rodent Blox 8604, Wayne Pet Food
Division, Chicago, IL) that contained 0.347
+ 0.006 ppm Se as determined by fluoromet-
ric analysis (8) in our laboratory. In Experi-
ments 2 and 3, rats were fed a torula yeast-
based diet as described by Schwarz (9) and
modified by Hafeman and Hoekstra (10). It
was composed of 30% torula yeast (Rhine-
lander Paper Co., Rhinelander, WI), 59% su-
crose, 5% lard, 5% mineral mix,* 0.9% vita-
min mix® and 0.1% choline chloride. To
prevent liver necrosis, the diet was supple-
mented with 0.4% D,L-methionine (U.S. Bio-
chemical Corp., Cleveland, OH) and 100
IU/kg of all rac-a-tocopheryl acetate (Sigma
Chemical Co., St. Louis, MO) at the expense
of sucrose. The basal diet contained <0.02
ppm Se (0.018 = 0.002 ppm) by fluorometric
analysis (8).

3 Metalloproteins contain integral, stoichiometric
quantities of the metal (29). As shown in Fig. 8, cyclo-
heximde treatment blocks the "*Se incorporation into
the proteins identified by SDS-PAGE, suggesting that
these proteins contain integral, stoichiometric quantities
of Se and thus can be called selenoproteins. The “Se-
binding proteins” would include proteins which bind Se
nonspecifically as well as any selenoproteins that bind a
stoichiometric quantity of Se which is released by
SDS-PAGE.

4 Mineral mix (g/kg mix): CaCos, 526.76; MgCOs,
25.0; MgSO, - TH,0, 32.76; NaCl, 69.0; KCl, 108.0;
KH,PO,, 212.0; ferric ammonium citrate-green, 20.5;
KI, 0.08; MnSO,-H,;0, 3.33; NaF, 1.00; AINH,-
(SO4)2+ 12H,0, 0.16; CuSo,4+5H,0, 0.90; CrCl;-
6H,0, 0.51.

Vitamin premix (mg/kg diet): glucose monohydrate,
8797.5; thiamin - HCl, 4.0; riboflavin, 2.5; pyridox-
ine - HCJ, 2.0; calcium-D-pantothenate, 20; niacin, 100;
menadione, 1.0; folic acid, 2.0; d-biotin, 1.0; vitamin B,,
(0.1% triturate), 10.0; retinyl acetate and ergocalciferol
(500,000 IU vitamin A/g and 50,000 1U ergocalciferol/
8), 40.0; retinyl palmitate (250,000 IU vitamin A/g), 20
(providing a total of 25,000 IU vitamin A/kg diet and
2000 IU vitamin D/kg diet).
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Experiment 1. To study Se metabolism in
the Se-adequate rat, weanling rats were fed
the Se-adequate stock diet for 20 days prior
to treatment. The 7°Se incorporation pat-
terns in the tissues of these Se-adequate rates
were qualitatively identical to the patterns
we observed in other experiments with rats
fed a Se-adequate (+0.2 ppm Se as selenite)
torula yeast-based diet.® Rats (171-209 g)
were anesthetized with ether and injected
with 50 uCi *Se per rat as sodium ["°Se]sele-
nite (453 mCi/mg Se, ICN Radiochemicals,
Irvine, CA) into the right femoral vein. The
total injected Se was adjusted to 0.5 ug Se/rat
with unlabeled sodium selenite (Sigma). At
1, 3, 24, and 72 hr postinjection, rats were
reanesthetized, blood was drawn via heart
puncture with a heparinized syringe, and the
liver was perfused in situ with ice-cold 0.15
M KCI to remove erythrocytes. Kidneys,
heart, testes, and epididymides were re-
moved and placed on ice. Plasma was sepa-
rated from red blood cells (RBCs) by centrif-
ugation (2000g, 15 min) and the packed
RBCs were restored to the original volume
with saline phosphate buffer, pH 7.4.

The left liver lobe and the kidney were
each fractionated by homogenizing a portion
in 9 vol of 0.25 M sucrose containing 0.25
mM EDTA, pH 7.4, with a Potter-Elvehjem
homogenizer. The homogenate was centri-
fuged (800g, 10 min) and the supernatant
was then centifuged (14,000g, 10 min) to ob-
tain the mitochondrial pellet. The pellet was
homogenized for 30 sec (Brinkmann Poly-
tron PT 1035 with PTA-205 generator,
Brinkmann Instrument Co., Westbury, NY)
in 5 ml of 10 mM Tns, 1% SDS, 10 mAM
2-mercaptoethanol, pH 7.4 (Tris/SDS), and
centrifuged (105,000g, 60 min) to obtain a
mitochrondrial extract. The supernatant
from the 14,000g centrifugation was centri-
fuged (105,000g, 60 min) to obtain the cyto-
solic fraction. The pellet from this centrifu-
gation was homogenized using the Polytron
homogenizer in 5 ml Tris/SDS buffer, and
centrifuged (105,000g, 60 min) to obtain a
microsomal extract. Heart, testes and epidi-

6 Evenson JK, Sunde RA. Time course of selenium
labeling of selenoproteins in Se-adequate and high Se
rats. Fed Proc 46:907, 1987.
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dymides were each homogenized for 45 sec
in 9 vol of Tris/SDS buffer using the Poly-
tron homogenizer, and centrifuged (105,
000g, 60 min) to obtain a tissue extract. All
procedures were carried out at 4°C.

Experiment 2. To study Se metabolism in
the Se-deficient rat, rats were fed the basal
torula yeast-based diet for 41 days. The rats
were Se-deficient as shown by an average
liver GSH-Px activity of 0.016 EU/mg pro-
tein as compared to 0.594 EU/mg protein for
the Se-adequate rats used in Experiment 1.
Se-deficient rats (weighing 250-255 g) were
administered 7°Se as described for Experi-
ment 1, and tissue samples were prepared
using identical procedures.

Experiment 3. To determine the impor-
tance of protein synthesis on the ">Se labeling
of selenoproteins, rats were pretreated with
cycloheximide to block protein synthesis.
Rats were fed either the Se-deficient torula
yeast-based diet or that diet supplemented
with 0.2 ppm Se as Na,SeQO; (Sigma). After
64 days, the rats (357-380 g) were injected ip
with 5 mg/kg cycloheximide as described
previously (11), and then administered 50
uCi °Se 30 min after the cycloheximide in-
jection. Rats were killed 1, 3, and 6 hr post
>Se administration. Rats killed 3 hr after
73Se administration received a booster cyclo-
heximide injection (1.5 mg/kg) 1.5 hr after
the 7*Se injection; rats killed 6 hr post °Se
administration received booster cyclohexi-
mide injections 1.5 and 3.5 hr after the °Se
injection, as described previously (11).

Analyses. The GSH-Px activity of the var-
ious fractions was determined using the cou-
pled assay procedure with H,O, (12). Protein
was determined as described by Lowry (13).
7>Se was measured using a gamma counter
(MiniGamma 1275, LKB Instrument Co.,
Gaithersburg, MD) with an efficiency of
25%. To quantitate "*Se labeling of proteins,
proteins were separated according to subunit
molecular weight using SDS gradient poly-
acrylamide slab gel electrophoresis using a
slabgel apparatus (SE600 Hoefer, San Fran-
cisco, CA), and power supply (Hoefer
PS2500). Samples (1500 ug protein) from in-
dividual rats were mixed with sample buffer
(50 mM Tris, 1% SDS, 2% 2-mercaptoeth-
anol), heated in a boiling water bath for 15
min, and then were electrophoresed using 3
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mm SDS gels (14 X 16 cm; 0.1% SDS, pH
8.8; 7.5 to 20% acrylamide gradient; with
4.5% acrylamide stacking gel, pH 6.8) pre-
pared according to the method of Laemmli
(14). Each sample was loaded in a 1-cm-wide
well using 30 mA per gel and then run at 60
mA per gel. In each experiment, the samples
for each timepoint for a given tissue were
electrophoresed on the same gel so that the
3Se incorporation into a specific selenopro-
tein could be compared directly. Myofibrilar
proteins from bovine muscle were used as
molecular weight standards. Gels were fixed
and stained for 12-14 hr in aqueous 50%
(v/v) methanol, 10% (v/v) acetic acid, and
0.25% (w/v) Coomassie brilliant blue R and
destained for 6 hr (aqueous 50% (v/v) metha-
nol and 10% (v/v) acetic acid), followed by
further destaining for 48 hr (aqueous 7.5%
(v/v) acetic acid and 5% (v/v) methanol). "*Se
distribution was quantitated after fixing by
cutting out each lane and slicing the lane into
2-mm slices which were counted individually
for 3 min. The counts were corrected for
decay, and the data were plotted for each
sample without background subtraction to
indicate the “signal-to-noise” ratio of the
profile. Profiles for different time points were
offset using an in-house basic program, and
the composite figure for each tissue for a
four-rat block was plotted. All chemicals and
diet components were obtained from Sigma
unless otherwise noted.

Results. To directly compare the ability of
the SDS-PAGE with that of gel filtration
chromatography to detect "*Se incorporation
into selenoproteins, liver cytosol from a Se-
deficient rat was subjected to both proce-
dures as described in Fig. 1. Sephadex G-150
chromatography (Fig. 1A) showed four
major °Se peaks corresponding to >200,
80-95, 20-30, and <5 kDa, and containing
6, 20, 12, and 53%, respectively, of the ap-
plied 7°Se. The SDS-PAGE (Fig. 1 B) resulted
in two major °Se-labeled proteins of 65 and
23 kDa (GSH-Px), which contained 17 and
6%, respectively, of the applied °Se. When
the pooled fractions eluting at the position of
GSH-Px (42-55) were concentrated and then
subjected to the SDS-PAGE, the resulting
profile (data not shown) revealed that the 80-
to 95-kDa 7°Se peak contained the 65-kDa,
the 23-kDa, and several of the minor °Se
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FIG. 1. Analysis of 7*Se labeling of proteins in rat liver cytosol using gel filtration chromatography (A) or
SDS-PAGE (B). A 330-g Se-deficient rat was injected with 50 nCi ["°Se]selenite (1.3 ug Se) and killed 3 hr
later, and liver cytosol was prepared as described under Materials and Methods. (A) For gel filtration
chromatography, 10 ml (656,000 cpm) was applied to a Sephadex G-150 column (2.6 X 96 cm) and
chromatographed as described previously (11). For each 5-ml fraction, 1 ml was counted using a Packard
Model 5630 gamma counter (60% efficiency), and the resulting >Se profile and Aag profile are shown. The
arrow indicates the elution position of GSH-Px. (B) For SDS-PAGE, 200 ul (13,200 cpm) of the same
cytosol was analyzed as described for Fig. 2. Gel slices were counted using the Packard Model 5630 gamma
counter, and the "*Se profile resulting from the SDS-PAGE is plotted.

proteins detected using the SDS-PAGE pro-
cedure alone. We have previously shown that
cycloheximide pretreatment blocks 7°Se in-
corporation into the 80- to 95-kDa 7°Se peak
but does not block labeling of the >200-kDa,
20- to 30-kDa, and <5-kDa 7°Se peaks in the
G-150 profile (11). This preliminary experi-
ment thus demonstrates that SDS-PAGE is
readily able to distinguish 7°Se-labeled selen-
oproteins from proteins that bind "°Se, and
that SDS-PAGE can separate "’Se-labeled
proteins (subunits) that are not separated
using gel filtration chromatography.

When the Se-adequate rats were injected 1v
with a tracer dose of ["*Se]selenite, over 40%
of the 7*Se was present in the liver 1 hr after
>Se administration (Table I). The percentage
of the injected "°Se found in the liver de-
clined to 12% of the dose by 72 hr postinjec-
tion, but the liver remained the tissue with
the highest amount of ">Se at all times in the
Se-adequate rat. Blood, kidney, heart, and
epididymides "°Se increased from 1 to 3 hr,
and then decreased by 24 hr, whereas testes
>Se in Se-adequate rats increased from 0.17
to 1.38% of the dose by 24 hr postinjection
(Table I). In Se-deficient rats, the liver con-
tained 70% of the injected >Se 1 hr after °Se
administration, and liver *Se then declined
to 17% by 72 hr postinjection. Kidney °Se

increased 2.4-fold and testes "°Se increased
108-fold in the Se-deficient rats over the
course of the experiment. Cycloheximide
pretreatment (Table I) lessened the decline in
liver "°Se in both Se-adequate and Se-defi-
cient rats, and it blocked the increase in
blood 7*Se (from 1 to 3 hr) and in testes "°Se
that was observed in untreated rats.

In plasma of Se-adequate and Se-deficient
rats (Fig. 2), a 55-kDa protein was the sole
5Se protein observed at 1 and 3 hr. This
protein was labeled with fourfold more °Se
in deficient rats as compared to Se-adequate
rats, and at 3 hr this selenoprotein contained
more °Se than any other °Se protein in ei-
ther Se-adequate or Se-deficient rats. At 24
and 72 hr postinjection, the ">Se labeling of
this protein was reduced, but labeling of
GSH-Px (23-kDa subunit) increased con-
comitantly at 24 and 72 hr in both Se-ade-
quate and Se-deficient plasma. Quantita-
tively similar patterns of labeling occurred in
liver microsomes (not shown) and heart (Fig.
6). Table II shows the cpm "°Se applied to the
gel and the percentage of applied ">Se recov-
ered in the gel for each sample.

In liver cytosol (Fig. 3), GSH-Px (23 kDa)
was the major 7*Se-labeled species at all times
in the Se-adequate rats; labeling at 24 and 72
hr was only twice that observed at 1 hr. In the
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TABLE I. TISSUE DISTRIBUTION OF "°Se

1 hr 3hr 6 hr 24 hr 72 hr
Tissue +Se —Se +Se —Se +Se —Se +Se —Se +Se —Se

Se-adequate and Se-deficient rats®’
Blood*® 12.5 26.4 17.5 38.0 5.3 16.5 7.0 11.7
Liver 439 70.3 30.1 36.0 11.3 14.4 11.6 16.6
Kidney 49 5.6 6.6 6.4 4.5 8.0 2.3 134
Heart 0.2 0.4 0.4 1.0 0.3 0.4 0.2 04
Testis 0.2 0.6 0.3 2.2 1.4 16.7 1.3 18.3
Epididy. 0.1 0.1 0.1 0.0 0.1 0.3 0.1 0.3
Muscle? 6.3 9.8 6.9° 11.0 84 157 77 113

Total 68.1 113.2 61.9 94.6 31.3 72.0 30.2 72.0
Cycloheximide-treated rats’
Blood® 13.3 12.8 9.3 12.3 10.4 13.8
Liver 533 54.7 49.1 77.6 18.8 56.5
Kidney 4.0 5.2 8.0 7.8 9.9 11.0
Heart 0.2 0.3 0.2 0.2 0.2 0.3
Testis 0.4 0.6 04 04 0.3 0.4
Epididy. 0.1 0.1 0.1 0.1 0.2 0.2
Muscle? 8.6 8.3 6.9 7.7 8.0 8.0

Total 79.9 82.0 74.0 106.1 47.8 90.2

4 Percentage of administered dose (50 uCi/rat).

b Se-adequate rats (Experiment 1, 0.35 ppm dietary Se) and Se-deficient rats (Experiment 2, <0.02 ppm dietary Se)
are identified as +Se or —Se, respectively. The data at each time point are for the one rat that provided the samples for

the SDS-gel electrophoresis analyses.

¢ Calculation based on a total whole blood weight of 8% of body weight and a blood density of 1.05 g/ml.
4 Calculation based on a total muscle weight of 40% of body weight.

¢ Sample lost; value estimated from Experiment 3.

/Se-adequate (Experiment 3, 0.2 ppm dietary Se as sodium selenite) and Se-deficient rats (<0.02 ppm dietary Se)
were pretreated with cycloheximide (5 mg/kg body weight) 30 min prior to "*Se injection; rats killed 3 and 6 hr after
Se injection were given booster cycloheximide injections (1.5 mg/kg body weight) as described in the text.

Se-adequate rat, liver cytosolic GSH-Px con-
tained more "°Se than any other 7*Se protein
in any tissue except the plasma 7°Se protein.
Distinctly labeled "*Se proteins of 14, 55, and
65 kDa with low levels of 7>Se were observed
in addition to GSH-Px in the Se-adequate
liver cytosol. The 20-kDa "°Se protein (adja-
cent to the 23-kDa GSH-Px subunit) most
likely is a smaller molecular weight form of
GSH-Px, as shown by immunoblotting and
Coomassie blue staining of purified GSH-Px
(15). In the Se-deficient liver cytosol, a mod-
erately labeled °Se protein of 65 kDa was
observed at 3, 24, and 72 hr; GSH-Px (23
and 20 kDa) and the 55-kDa "°Se protein
were labeled to a lesser extent. In liver mito-
chondrial extract (Fig. 4), a 65-kDa "*Se pro-

tein at 1 hr and a 23-kDa "°Se-protein at 3 hr
were the major 7°Se proteins in the Se-ade-
quate rat. The magnitude of labeling of these
5Se proteins was higher in Se-deficient liver
mitochondrial extract, and a number of
lesser labeled 7°Se proteins were observed.
Similar labeling was observed in liver micro-
somal extract (now shown) from Se-adequate
and Se-deficient rats.

In Se-adequate kidney cytosol (Fig. 5),
GSH-Px as well as a 10 and a 65-kDa "°Se
protein progressively increased in magnitude
from 1 to 72 hr. A similar labeling pattern
with larger amounts of "°Se was observed in
the Se-deficient kidney cytosol, including a
45-kDa "*Se protein. In kidney mitochon-
drial extract (not shown), GSH-Px was the
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FIG. 2. Incorporation of *Se into plasma proteins. Se-adequate (A) and Se-deficient (B) rats were
injected iv with 50 uCi ["*Se]selenite (0.5 ug Se), and killed 1, 3, 24, or 72 hr after injection. Each profile is
from one rat. Plasma samples (1500 ug protein) were separated using gradient SDS/PAGE. The counts per
minute (cpm) of "*Se in each sample applied to the gel are indicated in Table II. Sample lanes in each gel
were cut into 2-mm slices and counted. The cpm for each slice were plotted to show the "*Se incorporation
into the various 7°Se proteins of different subunit molecular weights. Slice I contains polypeptides of the
highest molecular weight. Plots for 3, 24, and 72 hr were staggered, and diagonal lines were drawn through
the major *Se proteins to show the change in "*Se incorporation in these species with time.

major "°Se protein at all times in the Se-ade-
quate and Se-deficient rats; other small "°Se
proteins were more distinct in Se-deficient
than in Se-adequate kidney mitochondrial
extracts. A multitude of ">Se proteins was
observed in Se-adequate kidney microsomal
extract (not shown), but GSH-Px was the
sole moderately labeled "°Se protein in Se-de-
ficient kidney microsomal extract.

In Se-adequate and Se-deficient hearts
(Fig. 6) there was a progressive increase from
1 to 72 hrin °Se labeling of GSH-Px (23 kDa
in Se-adequate and 20 kDa in Se-deficient
heart). A prominent 65-kDa 7°Se protein was
also observed 1 to 24 hr after 7°Se injection.
In testes (Fig. 7), the only distinct "Se pro-
tein in the Se-adequate rat was a 17-kDa "*Se
protein observed at 72 hr. This "°Se protein

TABLE II. "3Se APPLIED TO AND RECOVERED IN THE GEL®

Tissue Se status® 1 hr 3 hr 24 hr 72 hr
(cpm)
Plasma +Se 7,980 (41) 12,700 (48) 6,510 (67) 3,560 (55)
—Se 10,500 (85) 20,700 (100) 7,050 (71) 4,640 (58)
Liver cytosol +Se 17,900 (16) 10,500 (19) 5,100 (53) 3,810 (59)
—Se 10,800 (16) 4.810 (38) 3.120 (47) 2,460 (51)
Liver mito. +Se 7,100 (44) 5,040 (43) 2,580 (68) 1,830 (40)
—Se 9,870 (24) 7,310 (44) 2,460 (45) 2,220 (43)
Kidney cytosol +Se 7,750 (15) 11,300 (17) 5,720 (41) 3,160 (61)
—Se 6,560 (31) 5,420 (41) 4,700 (51) 5,630 (49)
Heart extract +Se 870 (68) 1,430 (65) 1,070 (105) 752 (96)
~Se 1,070 (35) 1,900 (45) 1,080 (47) 1,010 (35)
Testis extract +Se 699 (13) 1,050 (41) 2,390 (45) 2,670 (56)
—Se 850 (58) 2,890 (49) 16,800 (50) 27,300 (54)

4 Counts per minute (cpm) *Se above background applied to the gel for each time point shown in Figs. 2-7. The
percentage of the applied "*Se recovered in the slices is given in parentheses.
b Se-adequate rats and Se-deficient rats are identified as +Se and —Se, respectively.
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FIG. 3. Incorporation of "Se into proteins in liver cytosol. Liver cytosol from Se-adequate (A) and
Se-deficient (B) rats, injected with [°Se]selenite 1, 3, 24, or 72 hr prior to sacrifice, was analyzed as

described for Fig. 2.

had the second largest level of "*Se labeling of
all tissues examined in Se-deficient rats.
Cycloheximide pretreatment. The above
results indicate that a number of proteins
were labeled by administration of 7*Se, but
the nature of this labeling was unclear. Cy-
cloheximide pretreatment, which has been
shown to block Zn-induced synthesis of me-
tallothionein (16) and "*Se incorporation
into GSH-Px (11), completely blocked incor-
poration of *Se into any of the selenopro-
teins at 1, 3, or 6 hr postinjection in both
Se-adequate and "*Se-deficient rats (Fig. 8).

No 7°Se proteins were detected using this
SDS-PAGE procedure in spite of the high
levels of 7°Se present in the tissues of the cy-
cloheximide-treated rats (Table I), showing
that protein synthesis is required for "*Se in-
corporation into these selenoproteins.
Discussion. These experiments have ex-
amined the 7°Se incorporation of "*Se into
selenoproteins in various tissues of Se-ade-
quate and Se-deficient rats using SDS-
PAGE. This technique separates the subunits
of proteins according to size, and permits the
quantitation of ">Se incorporation by count-
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FIG. 4. Incorporation of "*Se into mitochondrial proteins of liver. Liver mitochrondria from Se-ade-

quate (A) and Se-deficient (B) rats, injected with ["°Se]selenite 1, 3, 24, or 72 hr prior to sacrifice, were
homogenized in Tris/SDS and then centrifuged (105,000g, 60 min) to obtain a mitochondrial extract that
was analyzed as described for Fig. 2.



176

Se INCORPORATION INTO SELENOPROTEINS

A B
900} - 900} -
= 600~ - 600
& , s
L I kDa 10
I 65 kDol
@ i | K
S o
~ Lo 72 n)
300 | 1 | ~ 300
. g (24 )
| (3n
)
A ’ (um
v T L T T T T T 0 T T T T T T T T
30 . 60 90 30 60 90
Slice number Slice number

FIG. 5. Incorporation of "*Se into proteins in kidney cytosol. Kidney cytosol from Se-adequate (A) and
Se-deficient (B) rats, injected with ["*Se]selenite 1, 3, 24, or 72 hr prior to sacrifice, was analyzed as

described for Fig. 2.

ing of slices of the fixed protein bands (Fig.
1). A 55-kDa plasma protein subunit con-
tained the highest level of >Se of any single
3Se protein in both Se-adequate and Se-defi-
cient rats 3 hr after administration of 50 uCi
of [*Se]selenite. The 55-kDa protein in Se-
deficient rat plasma at 3 hr contained four
times the "°Se as did the 55-kDa protein in
Se-adequate rat plasma. This protein is most
likely the large subunit of the 80-kDa plasma
selenoprotein first reported by Herrman
(17), and later further characterized by Burk
and Gregory (18) and Motzenbocker and
Tappel (19). The use of SDS-PAGE permits

clear discrimination between the 55-kDa
plasma protein and the 23-kDa subunit of
plasma GSH-Px (Fig. 2).

The second-highest labeling of a single "*Se
protein in Se-adequate rat tissue was GSH-
Px in rat liver cytosol 24 to 72 hr after "°Se
injection. Immunoblotting of this protein
band using IgG prepared against purified rat
liver GSH-Px has shown that this protein
subunit is GSH-Px (15). Coomassie blue
staining, immunoblotting (15), and "°Se in-
corporation (Fig. 3) all show a doublet of
GSH-Px subunits, indicating that two
slightly different molecular weight forms of
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FIG. 6. Incorporation of "*Se into heart proteins. Hearts from Se-adequate (A) and Se-deficient (B) rats,

injected with [*Se]selenite 1, 3, 24, or 72 hr prior to

sacrifice, were homogenized in Tris/SDS and then

centrifuged (105,000g, 60 min) to obtain an extract that was analyzed as described for Fig. 2.
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FIG. 7. Incorporation of "*Se into testes proteins. Testes from Se-adequate (A) and Se-deficient (B) rats,
injected with [*Se]selenite 1, 3, 24, or 72 hr prior to sacrifice, were homogenized in Tris/SDS and then
centrifuged (105,000, 60 min) to obtain a supernatant that was analyzed as described for Fig. 2.

GSH-Px occur. The 20-kDa form may be the
result of post-translational processing of the
larger molecular weight form in vivo, or it
may have resulted from proteolytic cleavage
during tissue preparation. GSH-Px was la-
beled with ">Se to a lesser extent in Se-ade-
quate kidney and heart than in liver. In Se-
deficient rats, the *Se-labeling of GSH-Px in
liver, kidney, and heart was also reduced as
compared to Se-adequate rats. In these stud-
ies, we have not attempted to distinguish be-
tween the classical GSH-Px subunit and the
recently discovered phospholipid hydroper-
oxide GSH-Px, also with a reported molecu-
lar weight of approximately 23 kDa (6).

The second-most labeled 7*Se protein in
Se-deficient rat tissue was a 17-kDa protein
in testes 24 and 72 hr but not 1 or 3 hr after
>Se administration. The lack of substantial
labeling of a 17-kDa protein in any other
tissue at any time point indicates that synthe-
sis of this protein occurs specifically in the
testes. The level of *Se incorporation in the
Se-adequate rat testes was 10% of that ob-
served in the Se-deficient rat, most likely due
to the dilution of *Se by endogenous Se in
the Se-adequate rat. This 17-kDa protein
would appear to be the 17- to 20-kDa selen-
oprotein discovered in rat sperm (20) and
bovine sperm (21), and this protein may ac-
count for the sixfold increase in testes Se in
the rat at sexual maturity (22). The origin of
the 7>Se that was incorporated into this 17-
kDa protein has not been established, but the

timing and quantity of "°Se necessary to label
this protein would suggest that the plasma
55-kDa 7*Se protein may be the source of the
73Se. This idea is further supported by the
low level of "Se in testes (Table I) when cy-
cloheximide pretreatment also blocked the
synthesis of the plasma 55-kDa protein. This
hypothesis was previously suggested by Mot-
zenbocker and Tappel (19), and the low
levels of a 55-kDa "*Se protein in liver mi-
crosomes and cytosol observed in our exper-
iments are consistent with this hypothesis.
These experiments thus suggest that metabo-
lism of these selenoproteins is an important
aspect of Se flux between tissues.

A previously unreported 65-kDa seleno-
protein was observed in these studies in liver,
kidney, heart, and testes, but the protein is
otherwise completely uncharacterized. A
number of other ">Se-labeled proteins, con-
taining lesser amounts of "°Se, were also ob-
served, especially in Se-deficient liver micro-
somal and mitochondrial extracts, and in
Se-adequate kidney microsomal extract.
These results clearly suggest that a number of
other selenoproteins are present in mamma-
lian cells in addition to GSH-Px, the 17-kDa
sperm selenoprotein, and the 55-kDa plasma
selenoprotein.

We began using SDS-PAGE to study se-
lenoproteins because we thought that it
might electrophoretically remove Se from
Se-binding proteins so that we could resolve
selenoproteins, such as GSH-Px, from pro-
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FIG. 8. Cycloheximide inhibition of 7*Se incorpora-
tion into protein in plasma, liver cytosol, and testes su-
pernatant. Rats were injected ip with cycloheximide (5
mg/kg rat weight) 30 min prior to [°Se] selenite injec-
tion, as described in the text, and killed 1, 3, or 6 hr after
7°Se administration. Plasma (A, B), liver cytosol (C, D),
and testes supernatant (E, F) were analyzed as described
for Figs. 2, 3, and 7, respectively. (A, C, and E) Se-ade-
quate tissues, (B, D, and F) Se-deficient tissues. The
profiles were plotted using the same axis scales as were
used for the non-cycloheximide-treated tissues (Figs. 2,
3,and 7). The samples applied to the gel had cpm of ’Se
with ranges of 3940-7750, 4,800-14,700, and 334-628
cpm for the plasma, liver cytosol, and testes extract sam-
ples, respectively.

teins that bind Se but which can be disso-
ciated by SDS -+ 2-mercaptoethanol and sep-
arated by electrophoresis. The multitude of
selenoproteins observed in Experiment 1 and
2, however, initially suggested that SDS-
PAGE may not have removed the bound Se
from all the binding proteins. The use of cy-
cloheximide as a protein synthesis inhibitor
(Experiment 3), however, clearly demon-
strated that protein synthesis was required
for the labeling of the detected 7°Se proteins,
Just as shown previously for GSH-Px (11).
This indicates that the detected ">Se was in-
corporated into these selenoproteins rather
than just bound to 7°Se-binding proteins.
The form of Se in all of these selenoproteins

Se INCORPORATION INTO SELENOPROTEINS

is not known, but because protein synthesis
is required, the Se in these species may be
present as selenocysteine just as in GSH-Px.
These selenoproteins would thus be prime
candidates for the reservoir of selenocysteine
that Hawkes and co-workers (7) found in rats
administered "*Se.

Previous chromatographic analyses of tis-
sues for selenoproteins have detected a num-
ber of different ">Se-labeled proteins (7, 11,
23). These chromatographic procedures,
however, were not able to distinguish seleno-
proteins containing the selenocysteine
moiety, such as GSH-Px, from proteins that
bind 7°Se in a different manner. In a prelimi-
nary experiment (Fig. 1), Sephadex G-150
chromatography suggested that three or
more "°Se-labeled proteins may have been
present in Se-deficient liver cytosol in addi-
tion to the low-molecular-weight (<5 kDa)
species, whereas SDS-PAGE detected only
two major selenoproteins, and further analy-
sis revealed that both of these selenoproteins
were contained in the same 80- to 95-kDa
3Se peak in the G-150 chromatographic
profile. Previous chromatographic analysis
(11) of Se-adequate liver cytosol 1 and 3 hr
after 7°Se administration indicated that
GSH-Px contained only 4 and 9%, respec-
tively, of the 7°Se present in the profile,
whereas SDS-PAGE showed clearly that
GSH-Px was the major cytosolic ">Se protein
in Se-adequate rat liver at these and later
times (Fig. 3). Sephadex G-150 chromatogra-
phy of liver cytosol (11) from cyclohexi-
mide-treated rats showed apparent "°Se-la-
beled proteins with molecular weights of
>200 and 20-30 kDa, whereas SDS-PAGE
(Fig. 8) detected no selenoproteins. Thus
SDS-PAGE is a useful technique that can
distinguish selenoproteins like GSH-Px
from proteins that bind Se in a more labile
manner.

We have reported that inorganic forms of
Se are more readily incorporated into GSH-
Px than was Se from selenocysteine (23), and
we have recently shown that the carbon skel-
eton of the Se-Cys moiety of GSH-Px was
derived from serine (24). Hawkes et al. (25),
however, reported that Se incorporation was
mediated by a selenocysteine tRNA. The
implied conflict between these results has
seemingly been resolved by researchers who
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determined the nucleotide sequence for
GSH-Px (26) and for bacterial formate dehy-
drogenase (27). Both groups have shown that
the nonsense codon UGA codes for seleno-
cysteine in these two selenoenzymes. Two
naturally occurring serine tRNAs that are
specific for UGA have been identified in
mammalian cells (28). These tRNAs are
unique because the serine is further phos-
phorylated by a kinase while the serine is es-
terified to the tRNA. We have suggested (24)
that an additional metabolic step, replacing
phosphate with -SeH, may be the mecha-
nism for synthesis of selenocysteine. Thus Se
incorporation into GSH-Px may be directed
by a tRNA that has its serine phosphorylated
before the phosphoserine is converted to se-
lenocysteine, either on the tRNA or after in-
corporation into the protein. The selenopro-
teins observed in this study are likely to be
formed by the same cotranslational mecha-
nism, since protein synthesis is necessary for
5Se labeling of these selenoproteins as well
as GSH-Px.
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