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Cellular glutathione peroxidase is a key intracellular antioxidant
enzyme that contains a selenocysteine residue at its active site. Sele-
nium, a selenocysteine incorporation sequence in the 3�-untrans-
lated region of the glutathione peroxidase mRNA, and other trans-
lational cofactors are necessary for “read-through” of a UGA stop
codon that specifies selenocysteine incorporation. Aminoglycoside
antibiotics facilitate read-through of premature stop codons in pro-
kayotes and eukaryotes. We studied the effects of G418, an ami-
noglycoside, on cellular glutathione peroxidase expression and
function inmammalian cells. Insertion of a selenocysteine incorpo-
ration element along with a UGA codon into a reporter construct
allows for read-through only in the presence of selenium. G418
increased read-through in selenium-replete cells as well as in the
absence of selenium. G418 treatment increased immunodetectable
endogenous or recombinant glutathione peroxidase but reduced
the specific activity of the enzyme. Tandem mass spectrometry
experiments indicated thatG418 caused a substitution of L-arginine
for selenocysteine. These data show thatG418 can affect the biosyn-
thesis of this key antioxidant enzyme by promoting substitution at
the UGA codon.

Cellular glutathione peroxidase-1 (GPx-1)2 is one of several mamma-
lian glutathione peroxidases that reduce hydrogen and lipid peroxides
using glutathione (GSH) as a reductant (1). GPx-1 is ubiquitously
expressed and is localized mostly to the cytosol. Each monomer of the
tetrameric enzyme contains a selenocysteine (SEC) residue at the active
site of the protein (2, 3). This selenium-containing amino acid is incor-
porated during translation through the recognition of a UGA codon as
a site for SEC incorporation rather than as a site for termination of
translation.
Uniquemechanisms are involved in the biosynthesis of SEC as well as

in the insertion of this selenium-containing amino acid into the nascent
polypeptide chain (reviewed in Refs. 4 and 5). A special tRNASEC that
can recognizes the UGA codon is first charged with a serine that is
enzymatically converted to a SEC (6). The specificity of SEC incorpora-
tion at a UGA codon in selenoprotein transcripts, rather than at UGA
stop codons, is ensured by the presence of additional cis-sequences
within the transcripts (7–9). Most widely studied is the SEC insertion
sequence, or SECIS element, which forms a stem-loop structure in the

3�-untranslated region (3�-UTR) of the selenoprotein transcripts. Prior
studies have shown that insertion of a UGA within the protein coding
region of heterologous transcripts can be properly decoded as a seleno-
cysteine codon provided that the SECIS element and surrounding
sequences are present in the 3�-UTR of the transcript (10, 11). Recog-
nition of the SEC codon also requires the presence of unique transla-
tional cofactors (12), such as the efSEC, and specific RNA-binding pro-
teins, such as SBP2 (12, 13), which bind to the SECIS element and
promote SEC insertion.
Overall, SEC incorporation appears to be an inefficient process. It can

be affected by selenium concentration, the sequence context of the
UGA codon, and the distance between the UGA and the SECIS element
(9, 14–18). Substitution of a SEC codon with other codons has been
shown to increase protein production but drastically reduce the activi-
ties of selenoenzymes (19–22).
Aminoglycoside (AMG) antibiotics are known for their ability to dis-

rupt translational fidelity in bacterial and mammalian cell systems (23–
26). Recently, these properties have been exploited to overcome non-
sense mutations in mammalian proteins associated with human disease
(27–31). It has long been known that AMGantibiotics can also promote
oxidative stress in susceptible cells (32–34). Because of the specialized
mechanism of translation required for recoding a UGA as a site for
selenocysteine incorporation, we tested whether G418, an AMG, could
alter SEC incorporation, protein expression, and enzyme activity of the
antioxidant enzyme GPx-1 in mammalian cells.

MATERIALS AND METHODS

Cell Lines—COS7 cells were passaged in Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose (Invitrogen) and 10% fetal calf
serum (FCS). Bovine aortic endothelial cells (BAECs) were obtained
from Clonetics and passaged in DMEM with high glucose (Invitrogen)
and 10% FCS.

Vectors for Read-through Translation—The pGL2 UGA vector was
provided by Donna Driscoll (11). Briefly, this vector contains a TGA
codon substituted for the glycine 38 codon of the luciferase protein and
a PvuII site added to the 3�-UTR of the luciferase gene; an SV40 pro-
moter and enhancer drive transcription in this vector. To study the
influence of the humanGPx-1 SECIS element on SEC-dependent trans-
lation, the GPx-1 SECIS element was isolated from a human GPx-1
cDNA construct (35), and constructs with the SECIS element in the
sense (hSECIS/S) and antisense (hSECIS/AS) orientation were made as
described (36). A GPx1 promoter fragment was cloned in place of the
SV40 promoter. These constructs were denoted GPx1/UGA (construct
with no SECIS element), GPx1/hSECIS/S, and GPx1/hSECIS/AS.

Transfections and Read-through Assays—COS7 cells were seeded at
50,000 cells/well in 12-well tissue culture plates in DMEM supple-
mented with 0.1% FCS, in the presence or absence of 10 ng/ml sodium
selenite. After 5 days of growth, each well was transfected with 2 �g of
one of the luciferase constructs, 20 ng of cytomegalovirus Renilla con-
struct, and 5 �l of Superfect (Qiagen, Valencia, CA) for 2 h as described
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(36). All luciferase activities were corrected for Renilla luciferase activ-
ities before any other comparisons were made.

GPx-1 Enzyme Assay—Cell lysates were prepared by sonication in 50
mM Tris, pH 7.5, 5 mM EDTA, and 1 mM dithiothreitol. Activity was
determined by an indirect assay that links GPx1-mediated oxidation of
glutathione with the recycled reduction of GSSG toGSH by glutathione
reductase using NADPH as a reductant according to the commercially
available Calbiochem assay kit.

Western Blot—Lysates were prepared as for the GPx1 assay. Samples
(50–100 �g) were separated by electrophoresis in 12% polyacrylamide
SDS gels. After transfer to nitrocellulose membranes (Hybond, Amer-
sham Biosciences), GPx-1 or actin was detected using a mouse anti-
human GPx-1 monoclonal antibody (MBL, Woburn, MA) or a poly-
clonal rabbit anti-�-actin antibody (Sigma), respectively, followed by
horseradish peroxidase-conjugated secondary antibodies (Sigma orCell
Signaling, Beverly, MA) and ECL (Amersham Biosciences). To detect
recombinant His-tagged GPx-1, anti-HisG antibody (Invitrogen) was
also used as a primary antibody.

Recombinant His-tagged Gpx-1—Human GPx-1 cDNA was ampli-
fied by PCR using upstream (GGTAAGGATCCAATGTGTGCT-
GCTCGGCTA) and downstream (AGGCTCGAGCGATAAGCTTT-
GCTGACACC) primers to addBamHI andXhoI cloning sites that were
used to ligate the cDNA in frame with the protein coding cassette of the

pcDNA/HisB plasmid (Invitrogen). A total of 36 amino acids, including
a “His-tag” near the NH2 terminus, was added to the native 202 amino
acid GPx-1 protein. COS7 cells were transfected with the recombinant
expression vector and permanent transfectants were selected with 100
�g/ml ZeocinTM (Invitrogen), a member of the bleomycin/phleomycin
family of antibiotics.
To isolate the recombinant GPx-1 (rGPx-1), cells were harvested

from confluent 150-mm dishes and lysed in 50 mM NaH2PO4, 500 mM

NaCl, 30 mM imidazole, 2% Tween 20, and 10% glycerol, pH 7.9, on ice.
Nuclei and cellular debris were pelleted in a cold microcentrifuge, and
supernatants were mixed with Ni-NTA magnetic beads (Qiagen) and
rotated for 2.5 h at 4 °C. Beads were collected in a magnetic tube stand
and washed several times with cold 50 mMNaH2PO4, 500 mMNaCl, 75
mM imidazole, and 2%Tween 20, pH 7.9. Beads from several plates were
pooled and eluted in 50 mM NaH2PO4, 500 mM NaCl, 300 mM imidaz-
ole, and 2% Tween 20, pH 7.9. Micro BioSpin6 chromatography col-
umns (Bio-Rad) were used to reduce the concentration of salts in the
protein preparation, and partially purified rGPx-1 was stored at�80 °C.

In-gel GPx-1 Assay—In-gel GPx-1 assays were used to assess rGPx-1
enzyme activity according to the procedures described by Lin and col-
leagues (37). Briefly, samples were separated on 10% Tris-HCl/SDS gels
without prior heat denaturation. After rinsing the gels in 25% isopropa-
nol,10 mM Tris-HCl, pH 7.9, gels were equilibrated in 50 mM Tris-HCl,

FIGURE 1. G418 increases read-through of SEC codons. Luciferase constructs with UGA codons in the protein coding region were cotransfected with a Renilla luciferase construct
into COS7 cells cultured in the presence and absence of selenium. After 48-h treatment, luciferase and Renilla luciferase activity was measured in cell extracts. Shown are luciferase
activities � S.D values. A, map of the luciferase constructs. The GPx-1 promoter (gray bar) was inserted upstream of the luciferase protein coding region (black bar), which has a TGA
mutation. The vector GPx1/UGA has a PvuII site in the 3�-UTR of the luciferase gene, whereas the GPx1/hSECIS/S and GPx1/hSECIS/AS have the human GPx-1 SECIS element (hatched
bar) inserted at the PvuII site in the sense or antisense orientation, respectively. B, read-through of SEC codons requires selenium and a SECIS element in the sense orientation. COS7
cells were cultured in selenium-deficient medium (medium with 0.1% FCS) for 5 days prior to transfection. After transfection, selenium-deficient medium was supplemented with
various concentrations of sodium selenite. C, G418 increased read-through in a dose-dependent manner, in the absence or presence of a SECIS element. COS7 cells were grown in the
presence of 10% FCS and treated with various doses of G418 after transfection. D, G418 stimulates read-through in the absence of selenium. COS7 cells were grown in the absence
of selenium as in A. G418 (200 �g/ml) and selenium (Se, 10 ng/ml) were added after transfection.
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pH 7.9 for 15 min. The gel was then exposed for 15 min to freshly
prepared substrate solution containing 13mMGSH and 0.004%H2O2 in
50mMTris-HCl, pH 7.9. After a brief rinse in distilled water, the gel was
developed with freshly prepared 1.2 mM thiazolyl blue tetrazolium bro-
mide and 1.6 mM phenazine methosulfate for 15 min. After several
washes in distilled water, GPx-1 activity can be visualized as clearing in
the otherwise purple-stained gel. Various amounts of bovine GPx-1
were included on gels as activity standards, and the approximate activity
was based on calculating the density of the reversed image using the
Bio-Rad Versadoc scanner and QuantityOne software.

Characterization by Mass Spectrometry—rGPx-1 preparations were
separated on SDS-PAGE gels and stained with Coomasie Blue. Gel
bands were excised and trypsin digested, and tryptic fragments were
analyzed by LC-MS/MS at the Dana Farber Proteomics Center (Boston,
MA). Sequence analysis was performed using an electrospray ionization
ion trap. Samples were analyzed by nanoflow high performance liquid
chromatography micro-electrospray ionization on a Finnigan LCQ ion
trap (Thermo-Finnigan, San Jose, CA). A gradientwas applied from95%
A to 80%A for 30min then to 75%A in 15min and finally to 10%A in 60
min (where A � 0.1% formic acid in water, B � 0.1% formic acid in
acetonitrile) at 200 nl/min over a self-packed, flame-pulled C-18 inte-
grated column and electrospray emitter into the LCQ Deca. The
100-�m inner diameter � 8-cm column-fused silica (Polymicro Tech-
nologies, Phoenix, AZ) was slurry-packed withMagic C18AQ 5u 200 Å
(MichromBioResources, Auburn, CA). Spectra were acquired in a data-
dependent mode throughout the gradient. Collision-induced dissocia-
tion fragmentation was achieved by collision energy of 35%. The capil-
lary temperature was 150 °C, and the electrospray voltage was 1.9 kV.
Data were analyzed using the Sequest algorithm by searching the
updated non-redundant data base from NCBI.

RESULTS

G418 Induces Selenium-independent Read-through—A series of
reporter gene vectors was used to study the components necessary for
selenium-dependent translation.We startedwith the pGL2UGAvector
(11), which has a TGA mutation in the protein coding region of the
luciferase gene, and modified it by adding a human GPx-1 promoter as
well as the humanGPx-1 SECIS element to the 3�-UTR of the luciferase
gene (Fig. 1A). Normal read-through of a UGA stop codon only occurs
infrequently, at a level of 10�4 in normal intact cells (26). As expected, in
constructs lacking a SECIS element, mutation of the luciferase gene to
introduce a UGA codon in the protein coding region reduced luciferase
activity to levels 10�5 that of a wild type luciferase with the same pro-
moter (data not shown). Addition of a SECIS element in the sense ori-
entation within the 3�-UTR of the luciferase gene allowed for a low level
of read-through dependent on the levels of selenium supplementation
(Fig. 1B); by contrast, the presence of a SECIS element in the antisense
orientation did not allow for an increase in luciferase activity. These data
confirm that read-through of the UGA codon requires selenium and a
SECIS element.
To test the effects ofG418 on read-through translation, cells grown in

medium with 10% FCS were transfected with the GPx1/hSECIS/S and
GPx1/UGA constructs and treatedwithG418. The addition ofG418 led
to a striking dose-dependent increase in read-through to amaximum of
12-fold in cells transfected with the GPx1/hSECIS/S construct and
treated with 200 �g/ml G418 in the presence of selenium (Fig. 1C). By
contrast, the increase in read-through was 140-fold at the highest level
of G418 tested (200 �g/ml) with the GPx1/UGA construct that lacks a
SECIS element. These data show that unlike selenium-dependent UGA
read-through, G418-induced read-through is also increased in the

absence of a SECIS element. G418-mediated read-through is also
enhanced by the absence of selenium (Fig. 1D); the expression of the
GPx1/hSECIS/S was increased 28-fold by G418 in the absence of
selenium.

AMG Can Increase Endogenous GPx-1 Expression in Selenium-de-
pleted Cells—In cell culture systems, selenium restriction is difficult to
ensure because of the requirement of serum for cellular proliferation
and the presence of inorganic selenium in serum aswell as in the formof
SEC in serum proteins. We found that COS7 cells will survive in
medium with only 0.1% FCS. In this medium, selenium levels are below
the limits of detection by atomic absorption spectrometry (data not
shown). After 10 days of selenium restriction, immunodetectableGPx-1
protein expression was decreased by �95% (Fig. 2A). The addition of
G418 significantly increased immunodetectable protein 5.3-fold in sele-
nium-deficient cells but had no effect on GPx-1 enzyme activity (Fig.
2B). Protein and enzyme activity levels were not significantly altered by
G418 treatment in cells cultured in parallel with 10 ng/ml sodium sele-
nite. The relative enzyme level/protein band density (as an estimate of
specific enzyme activity)was decreasedwithG418 treatment in both the
selenium-depleted and -replete cells. These data show that GPx-1 pro-
tein expression and activity can both be modified by the presence of
G418. It is well established that SEC is part of the redox-active core of
the GPx-1 enzyme and that substitution of other amino acids for SEC in
other redox-active selenoproteins greatly reduces their activity (38, 39).
Thus, the enhanced read-through caused by G418 most likely involves
an amino acid substitution at the SEC insertion site that renders the
enzyme less active than wild type. Our data also suggest that high levels

FIGURE 2. Endogenous GPx-1 protein is increased by G418 treatment. COS7 cells
were cultured in selenium-deficient medium (no Se) or selenium-replete medium (Se,
plus 10 ng/ml sodium selenite). After 7 days, treatments were continued for 3 additional
days with the addition of G418 (200 �g/ml). A, Western blot with a mouse anti-human
GPx-1 antibody. B, GPx-1 enzyme activity was measured in extracts; upper plot shows
milliunits/mg � S.D. values; lower plot shows GPX-1 activity normalized for band den-
sity, relative to the selenium condition, which was arbitrarily set to 1.
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of selenium may be protective against the effects of G418 on selenium-
mediated expression of GPx-1, as the significant effects of G418 on
GPx-1 protein expression were only detected in selenium-deficient
cells.
Wenext examinedwhetherG418 could interferewith the production

of GPx-1 in COS7 cells that were first selenium-starved and then resup-

plied with selenium. For these experiments, COS7 cells were first cul-
tured in selenium-deficient medium for 7 days, and then selenium was
added at 10 ng/ml for 3 days to assess whether G418 would interfere
with the new synthesis of GPx-1 in these cells. Under these conditions,
G418 treatment caused a detectable decrease inGPx-1 activity (Fig. 3A);
by 6 days of treatment these differences were abolished (data not
shown). In contrast, BAECs cultured continually in the presence of
adequate selenium showed a higher level of basal GPx-1 activity and a
greater significant reduction in GPx-1 activity after G418 treatment
(Fig. 3B). These data suggest that BAECs are more sensitive to G418
than COS7 cells.

G418 Modifies the Expression and Activity of rGPx-1—To study the
effects of selenium and G418 on GPx-1 enzyme function, a His-tagged
recombinantGPx-1 (rGPx1)was isolated frompermanently transfected
COS7. Endogenous GPx-1 protein is difficult to study in cells grown
with less than adequate levels of selenium because of the low levels of
expression. Similarly, the His-tagged protein levels are substantially
reduced by low seleniumgrowth conditions; however, unlike the endog-
enous protein, the rGPx-1 is readily purified on Ni-NTA magnetic
beads or on Ni-NTA columns, allowing for in vitro analysis. To provide
sufficient quantities of cells for the isolation of the rGPx-1, we used
mediumwith 2% FCS, whichwould significantly decrease available sele-
nium while allowing for rapid proliferation of COS7. Under these low
selenium conditions, addition of 200 �g/ml G418 reproducibly
increased the production of rGPx-1 (Fig. 4A).
To test the activity of the rGPx-1, we established an in-gel assay using

methods described previously (37). Although the active GPx-1 enzyme
has been described as a tetramer (estimated molecular mass of 92 kDa),
higher molecular mass forms were sometimes detectable in the in-gel
assay, in both the commercially available bovine GPx-1 used as stand-
ards and in samples of the rGPx-1 (Fig. 4B). In stained activity gels, the
gel appears purple with achromatic bands representing sites of enzyme
activity. Commercially available GPx-1 was used to show that enzyme
activity is proportional to the size of the band. Fig. 4B shows an inverse
image of an in-gel assay; less than 6.25milliunits of enzymewas detected
in this system and rGPx1 isolated from the untreated cells had more
activity than that isolated from the G418-treated cells, even though
there was more immunodetectable protein in the G418-treated sample

FIGURE 3. G418 treatment reduces GPx-1 activity in COS7 and BAECs. Shown are
GPx-1 enzyme activity levels (milliunits/mg) � S.D values. A, G418 interferes with GPx-1
production after selenium replacement. COS7 cells were first selenium starved for 7 days,
followed by a 3-day treatment with no selenium or with added selenium (10 ng/ml) or
G418 in the presence of selenium (10 ng/ml). B, BAECs were cultured continually in the
presence of medium with 10% FCS and 10 ng/ml selenium plus G418.

FIGURE 4. G418 increases rGPx-1 but decreases
rGPx-1 activity. Recombinant protein was isolated
from permanently transfected cells grown in
medium with 2% FCS with the addition of selenium
(10 ng/ml) and/or G418 (200 �g/ml). His-tagged
rGPx-1 was isolated using nickel-magnetic beads.
Samples were analyzed by Western blot with the
mouse anti-human GPx-1 antibody and by in-gel
enzyme activity assays. A, Western blot of rGPx-1 iso-
lated from cells treated with G418 and those not
treated (NT). Various amounts of commercially avail-
able human GPx-1 were used as controls on the gel.
HPAEC indicates samples from human pulmonary
arterial endothelial cells. B, reversed image of an in-
gel GPx-1 assay using the same rGPx-1 samples used
for A. Commercially available bovine GPx-1 was used
as standards for the in-gel assay. Samples were run
on SDS/PAGE gel without heat denaturation to pre-
serve the active form of the enzyme. C, the in-gel
assay is specific for GPx-1 activity. Mercaptosucci-
nate (MSA), a GPx-1 inhibitor, blocks the formation of
the achromatic bands. Albumin (1 �g) was used as a
nonspecific protein. D, Western blot or rGPx-1 from
cells treated with G418 or selenium. Heat denatur-
ation reduces the rGPx-1 to the monomeric form.
Most of the rGPx-1 is in the active tetrameric form
(non-heated sample).

AMG Decreases GPx-1 Activity

FEBRUARY 10, 2006 • VOLUME 281 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3385



than in the untreated sample (Fig. 4A). Addition of mercaptosuccinate,
a GPx-1 inhibitor, blocked specifically the detectable enzyme activity
(Fig. 4C). Heat denaturation resolved rGPx-1 into the monomeric form
(Fig. 4D), but most of the isolated rGPx-1 existed in the tetrameric or
active form of the enzyme (Fig. 4D, Not-heated). Addition of selenium
orG418 increased the levels of rGPx-1 produced in the transfectants. To
illustrate the dose-dependent effect of G418, transfectants were treated
with 0, 50, 100, and 200 �g/ml G418. Western blot analysis was used to
normalize samples according to rGPx-1 levels, and then samples were
used in the in-gel assay. Enzyme activity was reduced as the levels of
G418 increased, indicating that the apparent specific activity of the pro-
tein was lowered in a dose-dependent manner by G418 (Fig. 5); 200
�g/ml G418 lowered the relative enzyme activity by �85%, as deter-
mined by estimating intensities from the in-gel assay corrected for
intensities from the Western blot analysis.

G418 Modifies the Sequence of rGPx-1—To determine the nature of
the read-through of the UGA codon caused by G418, mass spectrome-
try was used to characterize the purified rGPx-1. LC-MS/MS analysis of
tryptic peptides from rGPx-1 isolated fromG418-treated cells showed a
unique peptide ion attributable to an arginine substitution in place of
the UGA-encoded SEC (Fig. 6). This substitution was only found in
preparations from treated cells. Notably, arginine is a site for trypsin
digestion, resulting in a shorter peptide in the substituted protein
(VLLIENVASLR) than in the control protein (VLLIENVASLSecGT-
TVR). No other substituted peptides were identified in the LC-MS/MS
analysis.

DISCUSSION

These findings suggest that GPx-1 translation is highly sensitive to
G418 in COS7 cells grown under conditions of selenium restriction. In
the reporter gene experiments, this effect manifests as additional lucif-
erase activity, possibly because the AMG-induced misincorporation of
amino acids is more efficient than SEC incorporation, especially under
selenium-depleted conditions or when constructs without SECIS ele-
ments were assayed. The increase in luciferase activity was readily
detected because the luciferase enzyme does not rely on SEC for its
activity. In the rGPx-1 and the endogenousGPx-1 experiments, enzyme
activity relies on SEC incorporation at the redox-active catalytic site.
Thus, in the case of recombinant or endogenousGPx-1 proteins, AMG-
induced amino acid misincorporation at the UGA codon manifests as
increased production of protein that has a lower specific activity.
AMGs are thought to alter translation by altering proofreading at the

ribosome, resulting in amino acid misincorporation. The ability of
AMG to read through stop codons in bacterial andmammalian cells has
long been studied (23–26, 40, 41), but no one has analyzed their effects
on SEC incorporation. Recent studies suggest the utility of AMG treat-
ment to overcome premature stop codons in crucial cellular proteins
where premature termination of protein synthesis is responsible for
certain genetic forms of diseases, such as cystic fibrosis (27, 29, 30),
Hurler syndrome (28), Duchenne’s and Becker’s muscular dystrophy
(31, 42), and nephrogenic diabetes insipidus (43). AMGs, however, have
been known to cause other complications, such as deafness and renal
dysfunction, primarily via mechanisms that involve oxidative stress (32,
44, 45). In some studies, the levels of antioxidant enzyme activity,
including GPx-1 activity, were found to be decreased in AMG-induced
nephrotoxicity (33, 46, 47), suggesting a cause for the increased oxida-
tive stress in this model. Other studies have found insignificant
decreases in GPx-1 activity in AMG nephrotoxicity (48, 49).
Our findings provide the first example of specific amino acid recoding

caused by AMG-induced stop codon read-through inmammalian cells.
Although arginine was the only substitution found, there may be other
low level amino acid substitutions that occur below the levels of detec-
tion in our system. Insertion of arginine, however, may not be a random
event; of six possible arginine codons, two, CGA amd AGA, have only a
single base difference with the UGA codon. Alternatively, as arginine is
a site for trypsin digestion, it is possible that the insertion of an arginine
may have created a shorter peptide that wasmore readily detected in the
LC-MS/MS experiment. Nonetheless, any amino acid substitution at
the selenocysteine site will decrease enzyme activity, as SEC is essential
for normal active site function in the protein.
Different factors appear to be involved in recognition of the UGA as

FIGURE 5. G418 causes a dose-dependent decrease in rGPx-1 activity. COS7 cells
were grown in 2% FCS in the presence of various doses of G418. The rGPx-1 was isolated
on nickel-magnetic beads as described. After initial Western blots to normalize protein
levels, samples were used for in-gel and Western blot analysis. A, in-gel assay. B, Western
blot showing relative loading of rGPx-1 protein in the various samples.

FIGURE 6. Characterization of the rGPx-1 by
mass spectrometry. rGPx-1 purified from G418
treated COS7 cells was subjected to mass spec-
trometry analysis to determine the mass of the
peptide, followed by amino acid sequencing by
tandem mass spectrometry. The experimentally
determined mass for the peptide, [M � 2H]2� �
614.01, matched the predicted mass for the SEC-
containing peptide (74 – 89) of rGPx-1 after con-
version of the selenocysteine (residue 84) to argi-
nine (underlined). This double-charged precursor
ion was completely fragmented and was not
detectable. yn and bn are the ions in which amino
acid residues are sequentially cleaved from the
NH2-terminal and COOH-terminal, respectively.
The predicted molecular masses for fragment ions
of types b and y are show under the sequence, and
ions observed in the spectrum are underlined.
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a site for SEC incorporation and recognition of UGA as a stop codon in
mammalian cells (5, 8, 50). Translation termination appears to be highly
influenced by the bases surrounding the stop codon (14, 51). Factors,
such as eRF1 and eRF3, are necessary for the recognition of stop codons
during translation and the release of the polypeptide chain (52). Recod-
ing of UGA as a site for SEC incorporation involves a different set of
cofactors (12, 13, 53–55), and eRF factors apparently have no influence
on the level of SEC incorporation at the UGA codon (9).
Transcripts that contain UGA codons in the middle of a protein

coding region, such as those encoding selenoproteins, may be subject to
nonsense-mediated decay, a process whereby mRNAs encoding trun-
cated proteins are eliminated (15, 56). This process occurs in the
nucleus in parallel with RNA splicing and not in the cytoplasm during
translation (57). GPx-1 mRNA is apparently subject to nonsense-medi-
ated decay only under conditions of selenium restriction (15); selenium
repletion appears to increase GPx-1 mRNA levels in cultured cells (58).
GPx-1 mRNA has also been shown to be decreased by selenium restric-
tion in vivo; however, not all selenoprotein transcripts are tightly regu-
lated by selenium levels, and some selenoprotein transcripts increase
with selenium restriction (17, 59).
Our reporter gene system utilizes a luciferase construct that lacks an

intron in the protein coding region, as does the recombinant GPx-1
construct; thus, these constructs would not be subject to nonsense-
mediated decay. We have found, however, that G418 increased the
translation of the reporter construct, the recombinant construct, and
the endogenous GPx-1 protein in cells cultured under low levels of
selenium.
Several lines of evidence suggest that the translational efficiency of

GPx-1 mRNA is lower than that of other selenoproteins (11, 17). Other
evidence suggests that substitution of a SEC codon with another amino
acid codon increases protein expression (10, 19–22). Thus, recoding of
a UGA codon in the mRNA to allow for SEC incorporation is an ineffi-
cient process.
Based on in vitro studies of prokaryotic translation using polyribo-

nucleotides (23), stop codon substitutions are not the only mutations
caused by AMG. In mammalian translation, however, AMG has only
been studied as an agent to suppress stop codons. We suggest that
because of the inefficient process of SEC incorporation at UGA codons,
AMG-mediated substitution at a SEC codonmay bemore frequent than
at other amino acid codons. Our data indicate that selenium levels and,
therefore, the abundance of SEC incorporation factors may modulate
the effects of AMG. Thus, tissue susceptibilities to AMG-induced
down-regulation of GPx-1 activity may reflect, in part, cell-specific dif-
ferences in selenium status that contribute to differential expression of
various translational cofactors involved in SEC-incorporation.
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