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Background: Antibiotics produce errors in bacterial protein synthesis, but their effects on translation in mammalian cells
are poorly understood.
Results: Antibiotics lead to high levels of mistranslation of selenocysteine-encoding UGA codons in mammalian cells.
Conclusion: Antibiotics specifically disrupt selenoprotein expression and function in mammalian cells in culture.
Significance:Most selenoproteins are oxidoreductases, implicating antibiotics in dysregulation of cellular redox control.

Antibiotics target bacteria by interfering with essential pro-
cesses such as translation, but their effects on translation in
mammalian cells are less well characterized. We found that
doxycycline, chloramphenicol, and Geneticin (G418) interfered
with insertion of selenocysteine (Sec), which is encoded by the
stop codon, UGA, into selenoproteins in murine EMT6 cells.
Treatment of EMT6 cells with these antibiotics reduced enzy-
matic activities and Sec insertion into thioredoxin reductase 1
(TR1) and glutathioneperoxidase 1 (GPx1).However, these pro-
teins were differentially affected due to varying errors in Sec
insertion at UGA. In the presence of doxycycline, chloramphen-
icol, or G418, the Sec-containing form of TR1 decreased,
whereas the arginine-containing and truncated forms of this
protein increased. We also detected antibiotic-specific misin-
sertion of cysteine and tryptophan. Furthermore, misinsertion
of arginine in place of Sec was commonly observed in GPx1 and
glutathione peroxidase 4. TR1 was the most affected and GPx1
was the least affected by these translation errors. These obser-
vationswere consistentwith thedifferential use of twoSec tRNA
isoforms and their distinct roles in supporting accuracy of Sec
insertion into selenoproteins. The data revealwidespread errors
in inserting Sec into proteins and in dysregulation of selenopro-
tein expression and function upon antibiotic treatment.

Selenocysteine (Sec)2 is the 21st protein amino acid in the
genetic code and is decoded by UGA, which is normally used as

a termination codon (1–3). Unlike any other known amino acid
in eukaryotes, Sec is biosynthesized on its tRNA (4). Cys was
recently shown to replace Sec in the Sec biosynthetic pathway,
inserting Cys in the selenium-containing proteins (selenopro-
teins), thioredoxin reductase 1 (TR1; Txnrd1) and 3 (TR3;
Txnrd2) (5). The level of Cys/Sec replacement in vivowas found
to be dependent on the selenium status in the diet of mice,
wherein selenium-deficient diets resulted in a 1:1 ratio of Sec to
Cys inserted into proteins. Diets containing normal amounts of
selenium had approximately a 9:1 ratio. A significant presence
of Cys, even under conditions of sufficient dietary selenium,
suggested that this amino acid naturally replaces Sec in a subset
of selenoproteinmolecules. Furthermore, this observation sug-
gested that Cys may play a substantial role in selenoprotein
function under conditions of selenium deficiency.
The selenoprotein population inmammals is comprised of

two subclasses, housekeeping (e.g. TR1 and TR3) and stress-
related selenoproteins (e.g. glutathione peroxidase 1 (GPx1)
and selenoprotein W (SelW)) (6). These subclasses are synthe-
sized by two different Sec tRNA[Ser]Sec isoforms, differing from
each other by a single methyl group, Um34 (7). Some selenopro-
teins, such as glutathione peroxidase 4 (GPx4) and selenoprotein
P, appear to be synthesized by both isoforms (8). Interestingly, the
non-Um34-containing isoform, methylcarboxymethyl-5�-uri-
dine, apparentlymust have Sec attached to it for the Um34meth-
ylase to be synthesized (9). This phenomenonwould rule out Cys/
Sec replacement in those selenoproteins that are synthesized
exclusively by the Um34 isoform, methylcarboxymethyl-5�-
uridine-2�-O-methylribose.
Antibiotics, such as Geneticin (G418), doxycycline (Dox),

and chloramphenicol (Cp), are widely used in mammalian cell
culture and also have cytotoxic effects on the host cell. The
mechanisms of action of these antibiotics have not been fully
characterized. Although all three have roles in inhibiting pro-
tein synthesis, their effects have been studied principally in bac-
teria (see Refs. 10 and 11 for reviews). G418 is an aminoglyco-
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side, and aminoglycosides bind primarily to the small ribosomal
subunit promoting readthrough of termination codons (Refs.
12 and 13 and references therein). These compounds, including
G418, have been used to rescue the p53 tumor suppressor pro-
tein by suppressing a premature stop codon in a mutated form
of p53 (13). G418 has also been shown to cause mistranslation
of GPx1 by inserting Arg at the UGA-Sec codon in mammalian
cells (14). Dox is a tetracycline that also binds to the small ribo-
somal subunit but, unlike aminoglycosides, blocks the attach-
ment of aminoacyl-tRNA to theA-site (10, 11). In addition,Dox
has nonantibiotic roles such as antitumor activity (15–17). Cp
binds to the large ribosomal subunit and blocks the peptidyl
transfer step during elongation of protein synthesis (10, 11).
This antibiotic has been reported to induce translational mis-
reading in bacteria (18). Both Dox and Cp are used in treating
infections in humans. However, Cp is also known to be toxic to
bone marrow tissue, which can result in aplastic anemia (see
Ref. 19 and references therein).
We undertook the present study to examine the effect of

G418, Dox, and Cp on the expression and function of seleno-
proteins, specifically TR1, GPx1, and GPx4. These selenopro-
teins play much different roles in their regulation and require-
ment for cell growth and development. For example, the
targeted removal of TR1 and GPx4 from the mouse genome is
embryonic lethal (20, 21), whereas knock-out of GPx1 in mice
has no phenotype unless the animals are stressed (22).
Mouse breast cancer cells, EMT6, were used in the current

study to elucidate the effects of G418, Dox, and Cp as this cell
line expresses TR1, GPx1, and GPx4 in high amounts. Another
feature of these selenoproteins is that they are synthesized by
different mechanisms, i.e. as noted above, TR1 utilizes the
methylcarboxymethyl-5�-uridine isoform, GPx1 utilizes the
methylcarboxymethyl-5�-uridine-2�-O-methylribose isoform,
and GPx4 appears to use both isoforms (8). We observed that
the activities of TR1 and GPx1 were reduced substantially by
G418, Dox, and Cp. This reduction in activity was due to sub-
stitution of Sec with Arg, premature termination of TR1 at
UGA, and insertion of Cys and Trp in the latter protein. Both
GPx1 and GPx4 had significant levels of Cys in place of Sec
following G418 treatment, but no detectable amounts of Trp
following treatment with any of these antibiotics. In each case,
the substitution of Arg, Trp, or Cys was apparently due to mis-
reading and not due to replacement of Sec with another amino
acid that arose through the Sec biosynthetic pathway. This
study exposed an unexpected level of vulnerability in Sec inser-
tion under conditions of antibiotic treatment.

EXPERIMENTAL PROCEDURES

Materials—Coomassie Blue staining solution, NADPH, 5,5�-
dithiobis(2-nitrobenzoic acid), Dox, Cp, and iodoacetamide
were purchased from Sigma. Biotin-conjugated iodoacetamide
(N-(biotinoyl)-N�-(iodoacetyl)-ethylenediamine (BIAM)), PVDF
membranes, NuPAGE 4–12% Bis-Tris gel, Dulbecco’s modi-
fied Eagle’s medium (DMEM), Waymouth’s medium, methio-
nine/cysteine-free DMEM, HEPES, antibiotic-antimycotic
solution (10,000 units/ml penicillin, 10,000 �g/ml streptomy-
cin, and 25 �g/ml amphotericin B), fetal bovine serum, and
puromycin were from Life Technologies. LipoD293 was from

SignaGen Laboratories, GP2-293 cells were fromClontech, pri-
mary antibodies for GPx1 and GPx4 were from Abcam, TR1
was from Epitomics, GAPDH was from Sigma, �-actin was
from Cell Signaling Technology, and G418 was from Cellgro.
BCA protein assay reagent, SuperSignal West Dura extended
duration substrate, and streptavidin-HRP primary antibody
were from Thermo Fisher Scientific. EasyTagTM Express 35S
protein labeling mix was from PerkinElmer Life Sciences, nick-
el-nitrilotriacetic acid-agarose was from Qiagen, GPx activity
assay kit was from Enzo Life Sciences, and anti-rabbit HRP
conjugated secondary antibody was from Cell Signaling Tech-
nology. 75Se was obtained from the Research Reactor Facility,
University of Missouri, Columbia, MO.
Cell Culture—EMT6 cells were grown at 37 °C, 5% CO2 in

Waymouth’s medium supplemented with 15% (v/v) fetal
bovine serum, 20 mM HEPES, and with or without antibiotic/
antimycotic solution (100 units/ml penicillin, 100 �g/ml strep-
tomycin, and 250 ng/ml amphotericin B). The antibiotic/anti-
mycotic solutionwas used in all experiments in this study. GP2-
293 cells were grown in DMEM supplemented with 10% (v/v).

75Se Labeling and Western Blotting—Murine breast cancer,
EMT6, cells (American Type Culture Collection) were seeded
onto a 6-well plate (1� 105 cells/well), incubated for 48 h with-
out or with Dox, Cp, and G418, and then 75Se (15 �Ci; 20
nM/well) was added. After a 24-h incubation, EMT6 cells were
washed twice with PBS and then harvested with lysis buffer (20
mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 10 mM sodium fluoride, 5 mM EDTA, and pro-
teinase inhibitor mixture). Protein levels were quantified using
BCA protein assay reagent, and 30 �g of each protein sample
was separated by electrophoresis on NuPAGE 4–12% Bis-Tris
gels, transferred to a PVDFmembrane, and then incubated ini-
tially with primary antibody (anti-TR1, anti-GPx1, or anti-
GPx4) and finally with HRP-conjugated secondary antibody.
Membranes were treated with SuperSignal West Dura
extended duration substrate and exposed to x-ray film. Proteins
in gels were stained with Coomassie Blue staining solution, and
the gel was dried and exposed to a PhosphorImager (GE
Healthcare). 75Se-labeled selenoproteins on exposed mem-
branes were identified by autoradiography. The band intensi-
ties on Western blots and 75Se-labeled selenoproteins were
quantified using ImageJ software (obtained from the National
Institutes of Health).
Constructs and Retroviral Transductions—Mouse TR1

cDNAwas cloned as described previously (23). GPx1 andGPx4
cDNAs were amplified by PCR using the primers 1�2 (GPx1)
or 3�4 (GPx4) (supplemental Table 1) and cloned into BamHI-
XhoI (GPx1) or XhoI-XhoI sites (GPx4) of the retroviral vector
pRV IRES Puro (23). AHis tag was inserted at theN terminus of
TR1 and at the C terminus of GPx1 and GPx4. GP2-293 cells
were plated in 60-mm dishes and transfected using LipoD293
following themanufacturer’s instructions. 1.5 �g of each retro-
viral vector and 1 �g of an amphotropic envelope expression
vector (pVSV-G) were used. Medium was replaced with fresh
medium 24 h following transfection. Cell culture supernatants
were harvested after an additional 24 h, filtered with 0.22-�m
filters, and diluted (1:2) with freshmedium.Diluted viral super-
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natants were then added to the cells (plated at a low confluency
24 h prior to the infection) and incubated overnight at 37 °C.
Purification of TR1, GPx1, and GPx4—To isolate the recom-

binant TR1, GPx1, and GPx4, cells were cultured with or with-
out 10 �g/ml Dox, 25 �g/ml Cp, or 100 �g/ml G418 and 2
�g/ml puromycin for 72 h, harvested, and lysed in 50 mM Tris-
HCl (pH 8.0), 500 mM NaCl, and 20 mM imidazole on ice. Each
His tag protein was mixed with nickel-nitrilotriacetic acid-aga-
rose as described (4, 24).
Enzymatic Activities of TR1 and GPx1—To measure TR1

activities, samples were mixed with 100 mM potassium phos-
phate (pH 7.0), 10 mM EDTA, 0.24 mM NADPH, and 3 mM

5,5�-dithiobis(2-nitrobenzoic acid), and the reduction of 5,5�-
dithiobis(2-nitrobenzoic acid) by thioredoxin reductase was
measured with absorbance at 412 nm spectrophotometrically
(GEHealthcare) (25, 26). GPx1 activities weremeasured using a
glutathione activity assay kit according to the manufacturer’s
instructions. The purified proteins were quantified using BCA
protein assay reagent.
BIAM Labeling Assay—The biotin labeling of reactive resi-

dues with BIAMwas used to assess the amount of Secmoiety in
selenoproteins as described (27). Briefly, reduced proteins were
mixedwith 100�MBIAM in 100mMTris-HCl and 1mMEDTA
(pH 6.5) and incubated at 37 °C for 15 min. Alternatively, alky-
lation of Sec was achieved by the addition of freshly prepared
250 �M iodoacetamide. The samples were denatured in SDS
sample buffer and applied onto NuPAGE 4–12% Bis-Tris gels,
and Western blot analysis was carried out as described above.
Biotin was detected by streptavidin-HRP.
Analyses of TR1,GPx1, andGPx4 byMass Spectrometry—Re-

combinant TR1, GPx1, and GPx4 were isolated from cells
grown in the presence or absence of Dox (10 and 20 �g/ml), Cp
(25 and 50 �g/ml), or G418 (100 and 200 �g/ml), purified, and
reduced with DTT followed by alkylation of the Sec residues
with iodoacetamide as described (28). Alkylated proteins were
applied onto NuPAGE 4–12% Bis-Tris gels and stained with
Coomassie Blue staining solution. Protein bandswere detected,
cut out, and subjected to in-gel tryptic digestion, and the result-
ing peptides were measured as described (5).

35S Labeling—Cells were seeded onto a 6-well plate (1 � 105
cells/well), incubated without or with Dox (10 and 20 �g/ml),
Cp (25 and 50 �g/ml), or G418 (100 and 200 �g/ml), for 72 h,
and then washed with methionine/cysteine-free DMEM. The
cells were further incubated in methionine/cysteine-free
DMEM supplemented with 10% dialyzed FBS and 25 �Ci/ml
EasyTag Express 35S protein labeling mix. After a 1-h incuba-
tion, cells were washed twice with PBS and harvested with lysis
buffer (as above), and proteinwas quantified using BCAprotein
assay reagent. Thirty �g of each protein sample was separated
by electrophoresis on NuPAGE 4–12% Bis-Tris gels. Proteins
in gels were stained with Coomassie Blue staining solution, and
the gel was dried and exposed to an autoradiography film.

RESULTS

Dox, Cp, and G418 Affect Sec Insertion—To assess the effect
of Dox, Cp, and G418 on selenoprotein synthesis, EMT6 cells
were labeled with 75Se, grown in the presence of these antibiot-
ics, and compared with cells grown in their absence (Fig. 1A,

upper panel). Insertion of Sec into selenoproteins was notice-
ably reducedwith the increase in antibiotic concentration, with
GPx1 being the most significantly affected. GPx1 levels exam-
ined by Western blotting were also reduced (Fig. 1A, middle
panels). In contrast, the levels of TR1 and GPx4 examined by
Western blotting were increased in the presence of antibiotics
with the possible exception of GPx4 in the presence of G418.
Thus, although the 75Se andWestern blot signals correlated in
the case of GPx1, they followed opposite trends in the case of
TR1 andGPx4. Quantification of these data is shown in Fig. 1B,
which revealed up to a 4-fold difference in Sec insertion and
protein expression. The observed differences among seleno-
proteins, and especially the contrasting patterns of protein lev-
els and 75Se labeling in these selenoproteins, suggested that
amino acids other than Sec were inserted in the presence of
antibiotics.
TR1 and GPx1 Activities Are Inhibited by Antibiotics—To

characterize the observed translational defects involving sel-
enoproteins, we quantified their catalytic activities, examined
Sec insertion, and analyzed amino acids inserted in positions
corresponding to UGA codons in TR1, GPx1, and GPx4. To
prepare sufficient amounts of these proteins, we overexpressed
them in cultured cells (supplemental Fig. 1). We noticed that
the elevated expression of TR1 and GPx4 decreased GPx1 lev-
els, probably because of competition for Sec insertion machin-
ery. TR1 and GPx1 were purified from the cells grown in the
absence or presence of Dox, Cp, or G418, and their catalytic
activities were examined (Fig. 2). TR1 activity was significantly
reduced in the presence of antibiotics, whereas GPx1 activity
was only slightly reduced. These data were consistent with the
observed trends in protein and 75Se signals from cells treated or
not treated with antibiotics. It appeared that only 20–40% of
TR1 molecules had a 75Se signal and possessed TR1 activity
following treatment with antibiotics. On the other hand, the
majority of GPx1molecules were active under these conditions
(although the levels of GPx1 were substantially reduced).
Sec Insertion into TR1 and GPx1 Is Reduced by Antibiotics—

To further examine Sec insertion into selenoproteins, we sub-
jected purified TR1 and GPx1 to alkylation under conditions
that target only themost reactive nucleophilic residues, thereby
primarily modifying the Sec residue (Fig. 3). The alkylated spe-
cies were then examined by Western blotting, which revealed
significantly lower alkylation levels of TR1 preparations from
cells grown in the presence of antibiotics. GPx1 alkylation was
also affected by antibiotics, although to a lesser extent. These
data suggest that the residues that could not be alkylated were
inserted in place of Sec inTR1, and to a lower degree inGPx1, in
the presence of antibiotics.
Antibiotics Induce Misreading of the Sec UGA Codon—To

elucidate which amino acids were inserted into TR1 in place of
Sec and/or whether the protein was truncated at the penulti-
mate (UGA) codon, we digested the purified samples and sub-
jected them to MS/MS analyses (Table 1). As expected, the
presence of Sec was maximal in untreated cells and decreased
upon treatment with antibiotics. In the presence of antibiotics,
the Sec-containing form in TR1 decreased 2.5–3-fold when
compared with untreated cells, whereas the form with Arg in
place of Sec increasedmore than 5-fold, and the truncated form

Antibiotic Inhibition of Selenoprotein Biosynthesis

MAY 24, 2013 • VOLUME 288 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 14711



increased more than 3-fold. In the case of G418, we also
observed a 7-fold increase of Cys insertion, and Trp insertion
increased 6- and 9-fold in TR1 when cells were cultured in the
presence ofG418 orCp, respectively. The decrease in Sec inser-
tion corresponds closely with the data on 75Se labeling, protein

expression, alkylation, and catalytic activity, suggesting that
only about one-third of TR1molecules had Sec inserted in cells
treated with antibiotics.
The Sec forms of GPx1 andGPx4were also atmaximal levels

in untreated cells (Tables 2 and 3, respectively). Antibiotics

FIGURE 1. The antibiotics Dox, Cp, or G418 differentially affect Sec insertion and selenoprotein expression in EMT6 cells. EMT6 cells were grown in the
presence and absence of Dox, Cp, and G418, and the levels of selenoproteins were assessed. A, determination of selenoprotein levels by 75Se labeling and
Western blotting. Cells were cultured in the presence or absence of Dox (10 or 20 �g/ml), Cp (25 or 50 �g/ml), or G418 (100 or 200 �g/ml) and labeled with 75Se
(15 �Ci/well), protein extracts were prepared and electrophoresed, labeled selenoproteins were identified by autoradiography (upper panel), and TR1, GPx1,
and GPx4 levels were further assessed by Western blotting (four lower panels). GAPDH is shown as a loading control. B, quantification of 75Se labeling and
expression of TR1, GPx1, and GPx4. Values shown are the relative intensities of 75Se labeling or Western blot signals of proteins in treated cells when compared
with those in cells grown in the absence of antibiotics. Values are the means � S.D. of three independent experiments. Experimental details are given under
”Experimental Procedures.“
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reduced Sec in proteins, but to a lesser degree when compared
with TR1. GPx1 was least affected with regard to replacement
of Sec with other amino acids as 70–80% of the Sec-containing
form was still present following antibiotic treatment. However,
an increase in insertion of both Arg and Cys was observed in
response to antibiotic treatment. GPx4 had greater Arg inser-

tion than GPx1 in the presence of the three antibiotics but sim-
ilar decrease with respect to Sec-containing peptides (Table 3).
It is not surprising that truncated peptides were not observed
with GPx1 or GPx4 as these truncated peptides are unstable
(29).
Antibiotics and Protein Expression—To assess whether other

proteins were affected by the antibiotics used herein, EMT6
cells were labeled with a [35S]Met-Cys mix in the presence and
absence of G418, Dox, or Cp, protein extracts were electro-
phoresed, and an autoradiogram was generated (supplemental
Fig. 2). Cells grown in the presence of each antibiotic showed
similar patterns, but we also observed some differences in
[35S]Met-Cys-labeled proteinswhen comparedwith the labeled
proteins isolated from cells grown in the absence of antibiotics.
Total proteins and the twohousekeeping proteins,GAPDHand
�-actin, which were used as loading controls (see supplemental
Fig. 2), did not appear to manifest significant differences in
patterns in cells grown in the presence and absence of antibiot-
ics. Whether antibiotics cause mistranslation of certain pro-
teins is unclear, and they may affect protein synthesis through
various mechanisms.

DISCUSSION

Amouse breast cancer cell line, EMT6, was used in the pres-
ent study to examine the effect of three widely used antibiotics,

FIGURE 2. Antibiotics regulate selenoprotein activities. EMT6 cells carrying recombinant TR1 or GPx1 were grown in the absence or presence of Dox (10
�g/ml), CP (25 �g/ml), or G418 (100 �g/ml), TR1 and GPx1 were purified, and their activities were measured spectrophotometrically. Specific activities are
expressed as the percentage of that found in cells grown in the absence of antibiotics (measured specific activities in control cells were: TR1, 409.6 � 57.2 units;
and GPx1, 460.2 � 18.1 units). Values are the means � S.D. of three independent experiments. *, p � 0.01. Experimental details are given under ”Experimental
Procedures.“

FIGURE 3. Growth of EMT6 cells in the presence of antibiotics reduces the
levels of reactive Sec. Cells carrying the recombinant vector for (upper panel)
TR1 or (lower panel) GPx1 were grown in the absence or presence of Dox (10
�g/ml), Cp (25 �g/ml), or G418 (100 �g/ml). Proteins were purified from
treated cells, reduced, and alkylated with BIAM. The labeled TR1 and GPx1
were then subjected to Western blotting with HRP-conjugated streptavidin
to measure reactive nucleophilic residues and with TR1 or GPx1 antibodies to
detect the total protein. Experimental details are given under ”Experimental
Procedures.“

TABLE 1
Characterization of TR1 isolated from EMT6 cells by mass spectrometry
Cells were culturedwithout or with 10�g/mlDox, 25�g/ml Cp, or 100�g/mlG418
for 72 h. Peptides were normalized to an internal control peptide from TR1 (R.FLI-
ATGERPR.Y, where the period indicates where the peptide is cleaved by trypsin) to
account for differences in protein expression between the different treatments. AA,
amino acid.

Peptidea AA Untreatedb Dox Cp G418

R.SGGDILQSGCUG. Sec 1.0 0.4 0.4 0.3
R.SGGDILQSGCCG. Cys 1.0 0.5 0.9 7.4
R.SGGDILQSGCR.G Arg 1.0 10.9 5.8 8.0
R.SGGDILQSGCWG. Trp 1.0 0.2 9.6 6.4
R.SGGDILQSGC. Stop 1.0 7.1 7.5 3.9

a The period in each peptide designates where the peptide is cleaved by trypsin.
The underline indicates the position of Sec or misincorporated amino acid.

b Signals for each TR1 form found in the untreated sample were normalized to 1.0
and were used as a reference for quantifying these forms in samples treated with
antibiotics. The different amino acid replacements and Sec-containing peptides
should not be directly compared with each other because the Arg-containing
peptide was of shorter length and gave a different response. However, the rela-
tive frequency (%) of each detected peptide in the untreated samples was Sec,
92.0; Cys, 1.4; Arg, 3.2, Trp, 0.02; Stop (i.e. truncated peptide), 3.3.

TABLE 2
Characterization of the purified GPx1 by mass spectrometry
Cells were culturedwithout or with 10�g/mlDox, 25�g/ml Cp, or 100�g/mlG418
for 72 h. Peptides were normalized to an internal control peptide fromGPx1 (K.AH-
PLFTFLR.N, where the period indicates where the peptide is cleaved by trypsin) to
account for differences in protein expression between the different treatments. AA,
amino acid.

Peptidea AA Untreatedb Dox Cp G418

K.VLLIENVASLUGTTIR.D Sec 1.0 0.8 0.7 0.8
K.VLLIENVASLCGTTIR.D Cys 1.0 NQc NQc 2.9
K.VLLIENVASLR.G Arg 1.0 1.4 2.3 1.1

a The period in each peptide designates where the peptide is cleaved by trypsin.
The underline indicates the position of Sec or misincorporated amino acid.

b Signals for each GPx1 form found in the untreated sample were normalized to
1.0 and were used as a reference for quantifying these forms in samples treated
with antibiotics. The different amino acid replacements and Sec-containing
peptides should not be directly compared with each other because the Arg-con-
taining peptide was of shorter length and gave a different response. However,
the relative frequency (%) of each detected peptide in the untreated samples was
Sec, 84.7; Cys, 7.1; Arg, 5.5.

c NQ, not quantifiable (signal:noise � 10).
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Dox, Cp, and G418, on selenoprotein synthesis. EMT6 cells
were selected as they highly express TR1, GPx1, and GPx4,
which are three of the most studied selenoproteins (30). The
amounts of TR1 measured by 75Se labeling steadily declined
with increasing concentrations of the three antibiotics, and the
enzymatic activity pattern followed this trend, whereas the
amount of TR1 protein measured by Western blotting steadily
increased. GPx4 manifested similar patterns of decline with
75Se labeling and similar patterns of protein enrichment with
Western blotting. GPx1, on the other hand, showed a loss of
75Se labeling in cells grown in the presence of Dox and Cp and
a similar drop in protein levels.
Themost likely explanation for the opposing patterns in TR1

and GPx1 expression between 75Se labeling and Western blot-
ting was that Sec was replaced by another amino acid (or amino
acids). This replacement must have occurred by misreading of
the Sec UGA codon by another aminoacyl-tRNA because the
TR1 level, asmeasured byWestern blotting, was increased. Pre-
sumably, the aminoacyl-tRNA could not involve tRNA[Ser]Sec

because this step in decoding the UGA Sec codon is rate-limit-
ing in generating the selenoprotein product (31, 32). Further-
more, the only likely amino acid that can replace Sec in seleno-
proteins by decoding the Sec UGA codon with tRNA[Ser]Sec is
Cys (5).
The amount of Sec identified by mass spectrometry in puri-

fied selenoproteins from cells grown in the presence of antibi-
otics varied considerably. Following antibiotic treatment, Sec
levels in TR1 were as low as 30% of the level found in TR1 from
untreated cells, whereas Sec levels in GPx1 and GPx4 were
�60% of the levels found in untreated cells. Upon treatment of
cells with antibiotics, the truncated form was only detected
in TR1 because truncated GPx1 and GPx4 peptides would be
too short and were likely unstable, and therefore, readily
degraded (29). In general, TR1 and GPx1 showed the oppo-
site patterns, with GPx4 being in the middle, with regard to
misincorporation of Arg and Cys UGA codons. This trend
corresponded well to the biochemical analyses, including
enzymatic activity, 75Se insertion, alkylation of reactive res-
idues, and protein expression. This finding agrees with the
observation that insertion of Sec into TR1 and GPx1 is sup-

ported by two different tRNA[Ser]Sec isoforms, whereas both
isoforms support Sec insertion into GPx4. As the two iso-
forms differ by a single methyl group, our data suggest that
methylation increases accuracy of Sec insertion, and thus,
reduces misreading.
Our data showing that G418 induces the replacement of Sec

withArg inGPx1 confirm and extend an earlier study byHandy
et al. (14), who reported Sec/Arg replacement in GPx1 from
COS7 cells treated with this antibiotic. We also found that
G418 induced Cys insertion in place of Sec in GPx1 and that all
three selenoproteins were affected, and not only by G418, but
by other antibiotics as well. Interestingly, preferential misread-
ing induced by antibiotics occurred at the 5�-position of the
codon, inserting Arg in place of Sec. There are two Arg-tRNA
isoforms that could conceivably be involved: the isoform that
normally decodesCGAand the one that decodesAGA. Because
the G in the 3�-position of the anticodon of the isoform that
decodes CGAwould presumably base pair more favorably with
the 5�-U in UGA than the U in the 3�-position of anticodon of
the isoform that decodes AGA, Arg is most likely inserted in
place of Sec by the former tRNA. In addition, Arg-tRNA that
decodes AGA occurs in lower levels when compared with the
isoform decoding CGA in mammalian cells (33). This observa-
tion further suggested that UGA is misread by the Arg-tRNA
that decodes CGA.
The misinsertion of Cys and Trp is consistent with mispair-

ing in the 3�-position of UGA as these amino acids are encoded
by the UGX group of codons (UGU and UGC code for Cys, and
UGG codes for Trp). Both Cys and Trp were found in place of
Sec in TR1, whereas Cys was the only amino acid found at the
UGA Sec codon in GPx1 and GPx4, and only from cells grown
in the presence of G418. The variation in levels ofmisreading at
the 3�-position is likely a positional effect in these three seleno-
proteins, wherein misincorporation is more favorable at the
penultimate Sec codon in TR1 than at the more proximal,
N-terminal Sec codon in GPx1 and GPx4.
The overexpression of recombinant TR1 in EMT6 cells

resulted in lower expression of GPx1, GPx4, and other seleno-
proteins, whereas overexpression of recombinant GPx1 and
GPx4 caused a slight down-regulation in the synthesis of TR1.
Contrasting patterns of TR1 andGPx1 expression inmalignant
cells, wherein enhanced synthesis of TR1 resulted in reduced
expression of GPx1 and vice versa, were reported in different
cancer cell lines several years ago (34). Clearly, there is compe-
tition between different selenoproteins for limited amounts of
cofactors involved in translation of these selenium-containing
proteins (31, 32). However, contrasting patterns of selenopro-
tein expression may also result from oxidative stress, which
represses GPx1 and induces the expression of TR1 (34).
Overall, our study exposed a very significant vulnerability of

Sec insertion in mammalian cells treated with antibiotics.
Although these compounds affect the translation accuracy of
other termination codons, UGA codons designating Sec appear
to be far more significantly affected. Several selenoproteins in
mammals are essential in development, including TR1 (21) and
GPx4 (22), and such high levels ofmisinsertion at their catalytic
residue in the presence of antibiotics undoubtedly affects their
function, resulting in selenoprotein and selenium deficiencies.

TABLE 3
Characterization of the purified GPx4 by mass spectrometry
Cells were culturedwithout or with 10�g/mlDox, 25�g/ml Cp, or 100�g/mlG418
for 72 h. Peptides were normalized to an internal control peptide from GPx4
(R.YAECGLR.I, where the period indicates where the peptide is cleaved by trypsin)
to account for differences in protein expression between the different treatments.
AA, amino acid.

Peptidea AA Untreatedb Dox Cp G418

R.GFVCIVTNVASQUGK.T Sec 1.0 0.8 0.7 0.6
R.GFVCIVTNVASQCGK.T Cys NQc NQc NQc —d

R.GFVCIVTNVASQR.G Arg 1.0 1.7 7.9 2.2
a The period in each peptide designates where the peptide is cleaved by trypsin.
The underline indicates the position of Sec or misincorporated amino acid.

b Signals for each GPx4 form found in the untreated sample were normalized to
1.0 and were used as a reference for quantifying these forms in samples treated
with antibiotics. The different amino acid replacements and Sec-containing
peptides should not be directly compared with each other because the Arg-con-
taining peptide was of shorter length and gave a different response. However,
the relative frequency (%) of each detected peptide in the untreated samples was
Sec, 88.5; Arg, 11.5.

c NQ, not quantifiable (signal:noise � 10).
d Peptides with Cys decoded by UGA were detected, but could not be quantified
as they were missing in the untreated control.
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In light of the findings reported herein, studies worthy of pur-
suit would appear to be whether prolonged usage of the antibi-
otics Dox and Cp in treating human infections, as well as the
usage of Dox to induce transgenicmousemodels dependent on
this antibiotic for expression, may promote selenoprotein and
selenium deficiencies.
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