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Selenocysteine is incorporated into proteins via “recoding” of UGA from a stop codon to a sense codon, a
process that requires specific secondary structures in the 3� untranslated region, termed selenocysteine
incorporation sequence (SECIS) elements, and the protein factors that they recruit. Whereas most selenopro-
tein mRNAs contain a single UGA codon and a single SECIS element, selenoprotein P genes encode multiple
UGAs and two SECIS elements. We have identified evolutionary adaptations in selenoprotein P genes that
contribute to the efficiency of incorporating multiple selenocysteine residues in this protein. The first is a
conserved, inefficiently decoded UGA codon in the N-terminal region, which appears to serve both as a
checkpoint for the presence of factors required for selenocysteine incorporation and as a “bottleneck,” slowing
down the progress of elongating ribosomes. The second adaptation involves the presence of introns down-
stream of this inefficiently decoded UGA which confer the potential for nonsense-mediated decay when factors
required for selenocysteine incorporation are limiting. Third, the two SECIS elements in selenoprotein P
mRNA function with differing efficiencies, affecting both the rate and the efficiency of decoding different UGAs.
The implications for how these factors contribute to the decoding of multiple selenocysteine residues are
discussed.

Selenoprotein P is an enigma of genetic recoding. It is the
only known protein in which multiple potential stop codons are
recoded to function as sense codons. In selenoprotein mRNAs,
UGA codons, which would normally signal the termination of
protein synthesis, are decoded as the amino acid selenocys-
teine. This process involves a unique tRNA with an antico-
don complementary to UGA and specialized secondary
structures located in the 3� untranslated regions (UTRs) of
selenoprotein mRNAs, termed selenocysteine incorporation
sequence (SECIS) elements (3). For selenocysteine incor-
poration to occur, the SECIS element must recruit a SECIS
binding protein, SBP2 (6). SBP2, in turn, recruits a dedi-
cated elongation factor, EFsec (7, 26), complexed with sel-
enocysteyl-tRNA (2, 31). Most selenoprotein mRNAs con-
tain a single UGA codon and a single SECIS element.
Selenoprotein P mRNAs contain 10 to 18 UGA codons,
depending on the species, and two SECIS elements differing
in secondary structure. The majority of studies to date on
the mechanism of selenoprotein synthesis have focused on
selenoprotein mRNAs containing a single UGA codon and
a single SECIS element. Thus, little is known about the
mechanism for incorporating multiple selenocysteines.

The incorporation of selenium into selenoprotein P serves
several important biological functions: it allows the accumula-
tion of this essential but potentially toxic trace element in a

biologically stable and nontoxic form, it plays a critical role in
the transport of selenium from the liver via the circulation to
target organs (13, 25), it is thought to function in sequestering
and thereby detoxifying heavy metals in plasma (15, 16, 21, 24,
29, 30), and it functions as a stable repository and donor of
selenium for selenoprotein biosynthesis in target tissues (23).
Recent studies with selenoprotein P knockout mice showed
that disrupting the delivery of selenium in the form of seleno-
protein P to the brain resulted in impaired neurological devel-
opment and subsequent lethality (13, 25), further illuminating
the critical functions of this protein.

How are selenoprotein P mRNAs with their multiple sel-
enocysteine codons, and thus multiple potential sites for ter-
mination, translated into full-length proteins? Selenoprotein P
mRNAs utilize only two SECIS elements to direct incorpora-
tion at up to 18 UGA codons. Thus, selenoprotein P mRNAs
may present a difficult challenge to the translation machinery.
The efficiency of the selenocysteine incorporation process in
vivo is not known. However, as evidence of the inherent diffi-
culty in translating selenoprotein P mRNAs, immunoaffinity
purification of selenoprotein P from rat plasma followed by
mass spectrometry characterization revealed termination at
the second, third, and seventh UGA codons (14, 18). Termi-
nation at these positions increased upon dietary selenium lim-
itation. The requirement for de novo synthesis of selenopro-
tein P to incorporate selenium for delivery to target tissues,
and the subsequent degradation of the protein for selenium
reutilization, comes at a high energy cost to the cell. This would
include not only the energy requirements for protein synthesis
and degradation, but in addition the inefficient expenditure
when selenium is limiting, resulting in the premature termina-
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tion of protein synthesis. This high energy cost further under-
scores the paramount importance of the ability to efficiently
incorporate multiple selenocysteines.

The selenoprotein P genes provide unique tools for address-
ing the mechanism and efficiency of translation for multiple
UGA codons in naturally occurring selenoprotein genes. We
report that selenoprotein P gene sequences have evolved sev-
eral adaptations to increase the efficiency of selenocysteine
incorporation. These adaptations include a conserved, ineffi-
ciently decoded UGA codon in the N-terminal region, the
presence of introns in the pre-mRNA downstream of this
UGA, and two SECIS elements differing in secondary struc-
ture. We show that the first UGA in selenoprotein P mRNAs
is translated inefficiently in transiently transfected cells, result-
ing in high levels of termination. This codon appears to be
served primarily by the 3�-proximal SECIS element (SECIS 2),
which functions inefficiently compared to the upstream, coding
region-proximal element (SECIS 1). Strikingly, the first UGA
is the only position at which failure to decode as selenocysteine
is capable of invoking nonsense-mediated decay; it is the only
UGA followed by introns. Thus, the decision to translate or
terminate at this position determines the ultimate fate of the
mRNA: translation or mRNA degradation. We postulate that
the first UGA codon serves both as an early checkpoint to
determine whether the components required for selenocys-
teine incorporation are present in sufficient quantities and as a
bottleneck to slow the progress of ribosomes to downstream
UGA codons. We further speculate that the relatively slow or
inefficient decoding by SECIS 2 is an evolutionary adaptation
for ensuring this bottleneck function, resulting in more-effi-
cient decoding of downstream UGAs.

MATERIALS AND METHODS

Constructs. All constructs were derived from zebra fish selenoprotein P cDNA,
cloned into pUHD10-3 vector (28). The glutathione S-transferase (GST)-coding
sequence was introduced by PCR via a unique PstI site located downstream of
the signal sequence and upstream of the first UGA codon (Fig. 1). Site-directed
mutagenesis of SECIS elements (AUGA to AUCC) or the first UGA codon was
performed by PCR, using two complementary mutagenic oligonucleotides and
flanking 5� and 3� oligonucleotides, followed by subcloning of the mutated frag-
ments via unique restriction sites. Deletion of the first SECIS element (D1) was
carried out by SpeI digestion followed by self-ligation. Deletion of the second
selenoprotein P SECIS element (D2) was achieved using two previously gener-
ated constructs with unique SphI sites introduced after the first or second SECIS
element. The 1,831-bp HindIII-SphI fragment including both SECIS elements
was replaced by a 1,354-bp fragment including only the first SECIS element. In
this way, the region following the second SECIS element including the poly-
adenylation signal was retained in all constructs. Introduction of SECIS 1, SECIS
2, or both into wild-type (wt) selenoprotein P, D1, or D2 produced the constructs
S1S1, S2S1, S2S2, and S1S2S1. For generation of the UGC no SECIS construct,
a region corresponding to the last 25 amino acids of the coding region and the
entire 3� UTR was inverted by excision and religation of an EagI-NotI fragment,
the EagI site being 75 nucleotides upstream of the termination codon and the

FIG. 1. High frequency of termination and role of SECIS 1 in
selenoprotein P translation. (A) Zebra fish selenoprotein P wt and
SECIS 1 mutant (M1) mRNAs and predicted protein products. Open
boxes indicate the coding regions, vertical lines represent UGA
codons, the black boxes indicate the signal sequences, and the gray
boxes indicate the GST sequences inserted just upstream of the first
UGA. The 3� untranslated regions are indicated by thin lines, with the
first SECIS element and 5� flanking regions in black and the second
SECIS element and flanking regions in gray. A’s indicate the poly-
adenylation sequence. Predicted termination and incorporation prod-
ucts are depicted below the mRNA schematics, with the thickness of
the black bars representing the relative amounts of the products. The
asterisks indicate the positions of the first UGA codon, and the X
indicates point mutations in the SECIS elements. (B) Termination at
the first UGA codon in selenoprotein P and effects of SECIS 1 muta-
tion. Transient transfection of wt and M1 selenoprotein P constructs in
HEK293 cells was carried out as described in Materials and Methods.
Western blotting of GST-selenoprotein P secreted into media was
performed with an anti-GST antibody, followed by chemiluminescence
detection (left). Autoradiography for 75Se incorporation was per-
formed on the same blot (right). (C) Quantitation of protein densities

by GST Western blotting and 75Se incorporation. (D) Schematic show-
ing putative decoding of the first UGA by SECIS 2 and downstream
UGAs by SECIS 1. The open reading frame is depicted by the open
box, with vertical lines representing UGA codons. Protein factors,
ribosomes, and terminated ribosomal subunits are indicated by gray
ovals. Circularization of the mRNA is depicted via interactions of
proteins associated with the 5� and 3� ends.
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NotI site in the vector multiple-cloning site. All regions amplified by PCR were
sequenced to verify that no additional mutations had been introduced.

Cell culture and transient transfections. HEK293 cells were grown and main-
tained by standard tissue culture techniques in Dulbecco’s modified Eagle’s
medium (GIBCO) supplemented with 10% fetal bovine serum (GIBCO). Cells
were incubated in 5% CO2 at 37°C. Approximately 80 to 90% confluent mono-
layers of cells in 60-mm tissue culture dishes were transiently transfected using
the calcium phosphate method, with 10 �g of the expression construct plasmid
DNA in pUHD10-3 and 4 �g pUHD15-1 per dish. The pUHD10-3 expression
vector (10) contains tetracycline operator sequences upstream of the polylinker
region, whereas the pUHD15-1 plasmid encodes a tetracycline repressor-human
papillomavirus VP16 activation domain fusion protein. Transfected cells were
reseeded 24 h later onto four 100-mm plates (1:4 dilutions) to optimize the
growth rate and yield of large polysomes. Cells were harvested 72 h after trans-
fection.

75Se labeling. 75Se labeling was carried out as previously described (27). On
day 2, media were exchanged for media without serum, with no added unlabeled
selenium, at which time 75Se-sodium selenite (1,000 �Ci/�g, 3 to 6 �Ci/ml) was
added. The media were harvested on day 3. Media were concentrated in VIVA
spin columns (Vivascience Inc., Acton, MA) prior to analysis. Aliquots of media
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
followed by either autoradiography or Western blotting analysis.

GST affinity purification and Western blotting. GST fusion proteins were
purified and concentrated using Micro Spin GST purification module resin
according to the manufacturer’s protocol (Amersham Biosciences, Piscataway,
NJ). Western blotting detection was performed using mouse monoclonal anti-
GST antibody (UPSTATE Biotechnology, Lake Placid, NY) and anti-mouse
peroxidase-labeled secondary antibody (Amersham Biosciences), followed by
chemiluminescence detection of signal (ECL plus Western blotting detection
system; Amersham Biosciences). Signal quantitation was carried out using a
Molecular Dynamics scanning densitometer and ImageQuant software.

Cytoplasmic extracts. For sucrose gradient analysis, cells were treated with 50
�g cycloheximide (Calbiochem) per dish for 25 min at 37°C prior to harvest.
Media were decanted, and the cells were scraped into 5 ml ice-cold phosphate-
buffered saline (GIBCO), washed once with phosphate-buffered saline, and
resuspended in 750 �l low-salt buffer (200 mM Tris, pH 7.5, 100 mM NaCl, 30
mM MgCl2) supplemented with 200 U RNase inhibitor (Promega) and 5 �l 1 M
dithiothreitol. The cells were then incubated on ice for 20 min, and 250 �l lysis
buffer (200 mM Tris, pH 7.5, 100 mM NaCl, 30 mM MgCl2, 0.2 M sucrose, 1.2%
Triton X-100) was added. Cells were transferred into a Kontes tissue homoge-
nizer (2-ml capacity) and disrupted with 25 strokes. Cell debris was pelleted by
centrifugation in a tabletop microcentrifuge for 5 min at 14,000 � g at �4°C. The
supernatant was removed and stored on ice for further analysis.

Sucrose gradient preparation and centrifugation. Sucrose density gradients
were prepared as described previously (1), with 15 and 50% (wt/wt) sucrose
(Sigma) in low-salt buffer. Gradients (4.8-ml volume) were prepared in Beckman
13- by 64-mm polyallomer tubes. Cytoplasmic extract (0.5 ml, equal to 700 �g
RNA) was applied to the gradients and centrifuged at 45,000 rpm for 55 min in
a Beckman SW-55 Ti rotor, using a Beckman L-8 M ultracentrifuge. For the
gradient with the combined sample of SECIS 1 and SECIS 2 constructs, 350 �g
RNA of each sample was applied in a final volume of 0.5 ml. Fractions of 0.25
ml were withdrawn from the top of the gradient and monitored for absorbance
at 254 nm by using an ISCO syringe pump with a UV-6 detector (Brandel).
Fractions were frozen in liquid N2 and stored at �80°C until further analysis
could be carried out.

RNA isolation and reverse transcription (RT)-PCR. TRIzol reagent (Invitro-
gen) was used to extract total RNA from sucrose gradient fractions. Briefly, 250
�l of each fraction was added to 750 �l TRIzol reagent and shaken vigorously for
15 s. After 5 min of incubation at room temperature, 150 �l chloroform was
added, followed by vigorous shaking and brief incubation at room temperature.
Samples were then centrifuged at 13,000 � g for 10 min in a tabletop microcen-
trifuge. One microgram of nuclease-free glycogen (Roche) was added to 500 �l
of the aqueous-phase concentration, and the nucleic acids were precipitated with
the addition of equal volumes of 2-propanol. After centrifugation at 13,000 � g
for 30 min at 4°C, the pellet was washed once with 75% ethanol and resuspended
in 20 �l of nuclease-free, sterile water. One microgram of total RNA from each
fraction was used as a substrate for oligonucleotide deoxyribosylthymine cDNA
synthesis, using Superscript III reverse transcriptase (Invitrogen). The cDNA
product was diluted with nuclease-free, sterile water to a final concentration of
50 ng/�l. For the PCR, the forward primer, 5� CAGGGAGCATGCAATAAT
ATCAG 3�, was used with either the reverse primer for S1, 5� TGCTCTGTAT
GGCCCAAACA 3�, or the reverse primer for S2, 5� ACATTTCCATACAGT
TTCTCGGG 3�. PCRs utilized Go Green Taq PCR mixture (Promega) and 50

ng cDNA product derived from each fraction as a template. The number of
cycles required for amplification in the linear range was determined for each
primer pair and template. PCR products were electrophoresed through 1.5%
agarose gels and visualized with ethidium bromide. Quantitation was carried out
using Photoshop 8.0 software.

RESULTS

The goals of the present study were to assess selenocysteine
incorporation and termination levels in a protein incorporating
multiple selenocysteine residues and to investigate the roles of
the two selenoprotein P SECIS elements in incorporation. We
utilized the zebra fish selenoprotein P cDNA, which encodes
17 selenocysteine residues and two SECIS elements (Fig. 1A),
for these studies. Previous studies have shown that premature
termination of translation occurs at several of the UGA codons
in selenoprotein P in the intact rat (see introduction) as well as
in both rat and zebra fish selenoprotein P expressed by tran-
sient transfection of mammalian cells (27, 28). However, be-
cause 75Se labeling was used in these prior studies, the degree
of termination at the first UGA codon, which would result in a
product containing no selenium (Fig. 1A), could not be ascer-
tained. Similarly, termination at subsequent UGA codons
would result in products containing various numbers of seleno-
cysteine residues. Thus, early-termination products would be
underrepresented by 75Se labeling and may be difficult to de-
tect, compared to late-terminating products containing more
selenocysteine residues per protein. To circumvent these po-
tential problems, we inserted GST coding sequences into the
coding regions of wt and mutant zebra fish selenoprotein P
expression constructs, downstream of the signal sequence but
upstream of the first UGA codon. Selenoprotein P products in
the media were then analyzed following transient transfection,
both by Western blotting with anti-GST antibody and by as-
sessment of 75Se incorporation.

High frequency of termination at the first UGA codon in
selenoprotein P. The expression of the wt zebra fish seleno-
protein P construct produced high levels of a peptide termi-
nating at the first UGA (Fig. 1B, lane 1), as determined by
Western blotting with an anti-GST antibody. This product was
not detected by 75Se labeling (Fig. 1B, lane 3). Two bands of
slower mobilities were detected by 75Se labeling (Fig. 1B, lane
3, upper arrows). The slower of these migrated at the size
corresponding to termination at the second UGA, as verified
by its comigration with the product of a construct in which the
first UGA was mutated to a UGC cysteine codon and the
SECIS elements were inactivated by inversion (Fig. 2C). The
uppermost band, migrating at the position predicted for full-
length selenoprotein P, exhibited intense 75Se labeling but was
detectable only by anti-GST staining upon overexposure (not
shown). This is consistent with a low-abundance protein with
high Se content (Fig. 1B, lane 3, upper arrow).

SECIS 1 is required for the production of full-length sel-
enoprotein P. We have previously shown that the conserved
AUGA motif in SECIS elements is critical for its function, with
point mutations in this sequence rendering the elements inac-
tive (4, 20). To assess the functions of the two SECIS elements
in selenoprotein P, we mutated the conserved AUGA motif in
SECIS 1 to AUCC. The effect of this mutation, M1, as shown
by 75Se labeling, was a complete loss of detectable full-length
selenoprotein P (Fig. 1B, lane 4, upper arrow) and a
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FIG. 2. Effects of SECIS mutation, deletion, or position on termination at UGA codons in selenoprotein P. (A) Schematic representation of
selenoprotein P expression constructs. Point mutations are indicated by Xs, deletions are indicated by hatch marks, and insertions or swapping of
SECIS positions are indicated by black or gray SECIS elements. Mutation of the first UGA to UGU or UGC is indicated by the absence of the
first vertical line. All other symbols are as defined in the legend to Fig. 1. (B) 75Se labeling of selenoprotein P transiently expressed from constructs
in which SECIS elements were mutated, deleted, or duplicated or their positions swapped. Media from cells were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 7.5% acrylamide gels, followed by autoradiography. (C) Western blotting of GST-selenoprotein P on
the same blot was performed with an anti-GST antibody, followed by chemiluminescence detection. (D) Densitometric quantitation of proteins
detected by anti-GST Western blotting (GST western). (E) Ratios of products terminated at the first UGA to products terminated at the second
UGA, as detected by anti-GST Western blotting. (F) Densitometric quantitation of proteins detected by 75Se labeling and ratios of full-length
product to product terminating at the second UGA. (G) Densitometric quantitation of full-length, intermediate, and second-UGA-terminated
products detected by 75Se labeling.
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corresponding slight increase in termination at the second
UGA codon (Fig. 1B, lane 2 versus 1, and C). These results
indicate that SECIS 1 is required for the production of full-
length selenoprotein P and possibly for decoding all UGA
codons beyond the first. SECIS 2, on the other hand, appears
to function primarily to decode the first UGA codon, as indi-
cated by the lack of incorporation at UGA codons beyond the
first one when only SECIS 2 is present. Considering the two
SECIS elements in their native context, circularization of the
mRNA via interactions between the cap and poly(A) binding
proteins at the 5� and 3� ends would bring SECIS 2 into the
proximity of the first UGA codon in the N-terminal portion of
the coding region, with SECIS 1 being brought into the prox-
imity of the downstream UGA codons (Fig. 1D). The differ-
ential decoding efficiencies of the two SECIS elements are
consistent with our previous demonstration that rat selenopro-
tein P SECIS 1 is at least threefold more efficient than SECIS
2 at directing selenocysteine incorporation into a heterologous
reporter construct containing a single UGA codon (4).

Effects of SECIS mutations and deletions and SECIS posi-
tion on selenocysteine incorporation. To further assess the
functions of the two SECIS elements, constructs containing
point mutations, SECIS insertions or deletions, or manipula-
tions of their positions were generated (Fig. 2A). Supporting
the requirement for SECIS 1 in decoding all UGA codons
beyond the first, loss of full-length protein was observed not
only upon deletion of this element (Fig. 2B, lane 3), but even
when a second copy of SECIS 2 was introduced in its place
(Fig. 2B, lane 4). Thus, an additional copy of SECIS 2 does not
compensate for the loss of SECIS 1, further indicating the
different functions of these two elements. In contrast, mutation
or deletion of SECIS 2 allowed production of full-length pro-
tein (Fig. 2B, lanes 5 and 6 versus 1), as did the insertion of a
second copy of SECIS 1 in place of SECIS 2 (Fig. 2B, lane 7).
However, when termination at the first and second UGA
codons was quantitated by Western blotting for GST (Fig. 2C),
a relative increase in termination at the first UGA codon was
seen with both the S1S1 and the S2S1 constructs (Fig. 2D and
E). Thus, SECIS 1 is required for production of the full-length
protein, while SECIS 2 appears to be required for maximum
efficiency in decoding the first UGA codon.

To ascertain the positional effects of the two elements, we
swapped their positions relative to each other or introduced an
additional copy of SECIS 1 downstream of SECIS 2. Swapping
the positions of the two elements resulted in an increase in
termination at the first UGA and a decrease in the ratio of
full-length to second UGA termination product (Fig. 2B and
C, lanes 8, and D, E, and F). This indicates that not only are
both elements required for maximum efficiency, but also the
positions of the elements relative to each other are crucial for
optimal function. The introduction of an additional copy of
SECIS 1 downstream of SECIS 2 had no apparent effect on
incorporation (Fig. 2B and C, lanes 9, and D, E, and F),
consistent with the finding that all selenoprotein P genes en-
code only two SECIS elements, regardless of the number of
UGA codons.

An emerging pattern throughout is the presence of two
distinct 75Se-labeled bands, corresponding to the full-length
protein and termination at the second UGA codon, with min-
imal laddering between the two bands (Fig. 2B, lanes 1 and 5

to 10). This suggests that termination at intermediate UGA
codons is minimal and that once incorporation occurs at the
second UGA, translation is usually processive, proceeding
through the remaining UGAs. High levels of termination at the
first and second UGA codons were also consistently observed,
and while the ratios of the two differed from one experiment to
another (e.g., Fig. 1B versus 2C), they were consistent within a
set of transfections for any given construct.

As alterations in RNA structure might affect the stability of
the mRNAs, we carried out real-time RT-PCR to amplify
zebra fish selenoprotein P mRNAs from all constructs as well
as the housekeeping gene for hypoxanthine phosphoribosyl-
transferase and endogenous human selenoprotein P. All zebra
fish constructs produced comparable levels of selenoprotein
mRNAs, with the exception of the construct in which SECIS 2
was deleted (data not shown). This construct produced signifi-
cantly lower levels of mRNA. The reason for this is not readily
apparent, as an AU-rich element is removed in this construct,
relative to those in the others.

The presence of the first UGA codon enhances the produc-
tion of full-length selenoprotein P. As termination occurs with
a high frequency at the first UGA codon, mutation of this
UGA to a UGU cysteine codon might be predicted to increase
the production of the full-length protein. Surprisingly, the
amount of full-length protein slightly decreased with this mu-
tation, as assessed by 75Se labeling (Fig. 2B, lanes 10 and 11, in
which the ratio of UGU to wt full-length proteins is 0.64:1).
Quantitation of the intensities of 75Se-labeled intermediate
products revealed slight increases in the relative levels of these
products in the UGU mutant compared to those in the wild-
type protein (Fig. 2G, note particularly the levels for the first
and second intermediate bands, int1 and int2, respectively rel-
ative to those for each full-length band).

Polysome loading suggests slow decoding at the first UGA in
selenoprotein P. To further investigate the functions of the two
SECIS elements and the first UGA codon in selenocysteine
incorporation, we carried out sucrose gradient fractionation,
followed by RT-PCR of gradient fractions, to determine poly-
some loadings on selenoprotein P mRNAs. Selenoprotein P
mRNA containing SECIS 1 but lacking SECIS 2 was consis-
tently associated with polysomes that were smaller (Fig. 3A,
peak fractions 6 to 15, containing one to four ribosomes) than
those associated with mRNA containing SECIS 2 but lacking
SECIS 1 (Fig. 3A, peak fractions 9 to 16, containing four to
eight or more ribosomes), despite the production of full-length
protein by the former but not the latter. Since the latter mRNA
does not permit detectable translation through the second
UGA codon, this implies heavier ribosomal loading in the
region upstream of this point (Fig. 4, S1 and S2). Peak frac-
tions were identified as those in which the amounts of product
were equal to 80% or more of that found in the fraction
containing the highest level of product. How can we explain
the low ribosomal occupancy of the mRNA containing SECIS
1 but lacking SECIS 2? In this case, SECIS 1 would be required
for incorporation at all UGA codons. As depicted in Fig. 4,
when the selenocysteine incorporation complex is translating
downstream UGA codons, ribosomes arriving at the first UGA
terminate and dissociate, such that only the ribosomes up-
stream of this point would remain associated with the mRNA.

The decrease in full-length selenoprotein P production upon
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the mutation of the first UGA codon observed in Fig. 2B seems
in contradiction with the inefficient decoding of this UGA,
unless a selective advantage is conferred by its presence. For
example, slow decoding of this UGA, coupled with alternating
incorporation and termination events at this position, may

FIG. 3. Polysome profiles of wt and mutant selenoprotein P
mRNAs. (A) Polysome profiles of mRNAs containing either SECIS 1
or SECIS 2 were assessed by sucrose gradient fractionation, followed

by reverse transcription and PCR of gradient fractions, using primers
specific for either SECIS element. The upper panel shows the gradient
absorbance profile at 254 nm, with subunits, monosomes, and numbers
of ribosomes indicated under each peak and the boundaries of col-
lected fractions indicated across the bottom of the tracing. The middle
panel shows the PCR products, and their quantitation by densitometry
is shown in the lower panel. Arrows in the lower panel indicate the
positions of the peaks of 80S monosomes and polysomes containing
two, four, and eight ribosomes. (B) Polysome association for wt, UGU,
and UGC no SECIS mRNAs. The upper panel shows the reverse
transcription-PCR products of gradient fractions, and the lower panels
show the quantitations of the products. Fractionation and quantitation
were carried out as described above and in detail in Materials and
Methods. Each experiment was carried out at least three times, with
highly reproducible results.

FIG. 4. Models for the functions of the two SECIS elements and
the first UGA codon in selenoprotein P. Schematic representations of
the decoding of UGA codons in wt selenoprotein mRNA, in mRNAs
in which either SECIS is deleted, or in constructs in which the first
UGA is mutated to a cysteine codon are shown. Ribosomes (ribos)
stacking behind the first UGA codon in the wt and S2 constructs and
behind the second UGA codon in the S2 construct are depicted.
Dissociated subunits are shown at sites where termination may occur.
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serve to decrease ribosomal loading downstream. A decrease
in the frequency of ribosomal loading might in turn increase
incorporation efficiency at the downstream UGA codons by
allowing increased time for reassembly of decoding complexes
(Fig. 4, w.t.). Conversely, mutation of the first UGA codon to
UGU might allow heavier ribosomal loading between this
point and the downstream UGA codons, resulting in increased
termination at these sites (Fig. 4, UGU). To assess this possi-
bility, polysome analysis was carried out using the wt construct
and constructs in which the first UGA was mutated to a cys-
teine codon, with both SECIS elements functional (UGU) or
with the 3� UTR inverted so that neither SECIS is functional
(UGC no SECIS). The majority of wt selenoprotein P mRNA
was found in polysomes containing one to six ribosomes (Fig.
3B, peak fractions 5 to 11), whereas the UGU mutant mRNA
was present in fractions ranging from monosomes to the heavi-
est polysomes, with the peak in the two- to eight-ribosome
range (Fig. 3B, peak fractions 5 to 14). The mRNA containing
the UGC mutation and inverted 3� UTR (UGC no SECIS)
was found in fractions in the one- to four-ribosome range
(Fig. 3B, peak fractions 4 to 12), similar to the pattern seen
when only SECIS 1 is present. Both the UGC no SECIS
construct and the construct containing only SECIS 2 result
in termination at the same position, that occupied by the
second UGA codon in the wt mRNA (Fig. 4, S2 and UGC
no SECIS). However, as the first UGA is not present in the
UGC no SECIS construct, the difference in ribosomal load-
ings on these two constructs, �4 ribosomes, must be due
solely to the effects of the first UGA codon. Thus, the
presence of the first UGA codon significantly increases ri-
bosomal loading on the mRNA, consistent with this UGA
undergoing slow decoding.

DISCUSSION

Selenoprotein P provides an ideal model for investigating
how the translation machinery deals with multiple instances
of dual codon functions within a single message. Through
introduction of the GST epitope tag, manipulation of the
two SECIS elements, and analysis of polysome loadings on the
corresponding mRNAs, we have investigated the mechanism
and efficiency of selenocysteine incorporation in selenoprotein
P and the functions of the two SECIS elements in this process.
Quantitation of the level of termination at the first UGA
codon relative to that of incorporation products revealed that
termination at this position could exceed incorporation by a
factor of 2 to 2.5. This may be an underestimate if the termi-
nation product is rapidly degraded. The relative levels of ter-
mination and incorporation in transfected cells may not reflect
the ratios for endogenous selenoprotein P expression, but they
clearly indicate that the UGA codons in selenoprotein P are
capable of significant levels of termination, in agreement with
prior studies of intact animals (14, 18).

The conservation of the two SECIS elements in all seleno-
protein P genes, regardless of the number of UGA codons,
suggested that the two elements might serve different func-
tions, perhaps different UGA codons. We previously reported
that rat selenoprotein P SECIS 1 functions about threefold
more efficiently than SECIS 2 in directing the translation of a
single UGA codon in a reporter construct (4). This was further

borne out by studies showing that selenoprotein P SECIS 1
exhibited greater efficiency than SECIS elements from four
other selenoprotein genes and that cotransfection of SBP2
resulted in a more dramatic increase in selenocysteine incor-
poration by selenoprotein P SECIS 1 than in that by the other
SECIS elements (17). Herein, we demonstrate that the two
selenoprotein P SECIS elements are functionally distinct.
SECIS 1 is required for the production of any detectable full-
length selenoprotein P in transfected cells, and this occurs
regardless of its position in the 3� UTR. Deletion or mutation
of this element resulted in the loss of full-length and near-full-
length selenoprotein P, resulting primarily in the termination
of products at the first or second UGA. Thus, it is clear that
SECIS 1 serves the multiple downstream UGA codons of sel-
enoprotein P. SECIS 2, on the other hand, appears to function
primarily to decode the first UGA and does so inefficiently.

How might the translation machinery evoke differential ef-
ficiencies from the two elements? Studies investigating the
affinity of SBP2 for different SECIS elements in vitro revealed
only a twofold range in apparent Kd values among six SECIS
elements, including selenoprotein P SECIS 1 (9). However,
other factors present in vivo, including ribosomal protein L30
(5), may affect the interactions between SBP2-SECIS com-
plexes and other components of the selenocysteine incorpora-
tion machinery, in agreement with our results showing that
SECIS 1 exhibits significantly higher efficiency than other ele-
ments in transfected cells. As discussed in the introduction,
SECIS 1 and 2 differ by the presence or absence of a short
region of a secondary structure in the apical loop. We previ-
ously showed that manipulation or deletion of this region re-
duces or abolishes the SECIS function; thus, it is a prime
candidate for interaction with factors other than SBP2 for
enhancing the efficiency of selenocysteine incorporation (11).

The studies reported herein show that decoding of the first
UGA codon by SECIS 2 is inefficient, inviting the question
“why evolve inefficient decoding at this position?” Recognition
of a stop codon as premature, invoking the nonsense-mediated
decay pathway, requires that the stop codon be positioned
upstream of an intron in the pre-mRNA (12, 22). Intriguingly,
only the first UGA codon in all selenoprotein P genes se-
quenced to date is in a position to invoke nonsense-mediated
decay if inefficiently decoded, as it is the only UGA codon
followed by introns. All subsequent UGAs are present in the
last exon. Further, the position of the first UGA codon is
conserved in all selenoprotein P sequences reported to date
and is found within the first 15% of the coding sequence. The
fate of translation at the first UGA would thus serve as an early
checkpoint, determining an outcome of either nonsense-medi-
ated decay or survival of the mRNA, the former eliminating
excess mRNAs when their translation would be inefficient, e.g.,
under conditions of selenium deficiency. Thus, in addition to
its function in eliminating deleterious mRNAs, nonsense-me-
diated decay would in this case serve to attain the appropriate
stoichiometry between selenoprotein mRNAs, selenocysteyl-
tRNA, and the protein factors required for selenocysteine
incorporation.

For mRNAs that escape nonsense-mediated decay and
undergo translation, inefficient decoding at the first UGA
directed by SECIS 2 could produce at least two effects. First,
alternating termination and incorporation events would de-
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crease overall ribosomal loading downstream. Second, slow
decoding at this position could result in a bottleneck effect, as
depicted in Fig. 4, impeding the progress of ribosomes to
downstream UGA codons. We and others have previously
demonstrated low ribosomal occupancy for several selenopro-
tein mRNAs, using polysome profile analysis (8, 19). Termi-
nation at the first UGA would clearly contribute to low ribo-
somal occupancy, whereas stacking of ribosomes at the
putative bottleneck may or may not result in heavier poly-
somes, depending on the selenoprotein mRNA and the prox-
imity of the UGA codon to the beginning of the open reading
frame. In the case of selenoprotein P, the putative bottleneck
effect could allow for sufficient intervals between ribosomes,
such that following decoding at the first UGA mediated by
SECIS 2, a ribosome would proceed to the second UGA and
from that point could track with SECIS 1 to decode the down-
stream UGAs, producing a full-length protein. Ribosomes ar-
riving at the second UGA before SECIS 1 becomes available
for a subsequent round would terminate at this position, con-
sistent with the significant levels of termination at the second
UGA codon observed with all constructs. Thus, the ability of
the first UGA codon to increase the intervals between ribo-
somes would theoretically increase the efficiency of full-length-
protein production. Conversely, elimination of this bottleneck
by mutation to a cysteine codon would result in increased
termination at the second and subsequent UGA codons, as
depicted in Fig. 4 and observed experimentally in Fig. 2. Future
experiments aimed at unraveling exactly how SECISs 1 and 2
are distinguished by the selenocysteine incorporation machin-
ery will surely provide exciting new insights into this fascinating
process.
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