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ABSTRACT

In eukaryotes, the specific cotranslational insertion of selenocysteine at UGA codons requires the presence of a
secondary structural motif in the 3 9 untranslated region of the selenoprotein mRNA. This selenocysteine insertion
sequence (SECIS) element is predicted to form a hairpin and contains three regions of sequence invariance that are
thought to interact with a specific protein or proteins. Specificity of RNA-binding protein recognition of cognate RNAs
is usually characterized by the ability of the protein to recognize and distinguish between a consensus binding site
and sequences containing mutations to highly conserved positions in the consensus sequence. Using a functional
assay for the ability of wild-type and mutant SECIS elements to direct cotranslational selenocysteine incorporation,
we have investigated the relative contributions of individual invariant nucleotides to SECIS element function. We
report the novel finding that, for this consensus RNA motif, mutations at the invariant nucleotides are tolerated to
different degrees in different elements, depending on the identity of a single nonconserved nucleotide. Further, we
demonstrate that the sequences adjacent to the minimal element, although not required for function, can affect
function through their propensity to base pair. These findings shed light on the specific structure these conserved
sequences may form within the element. This information is crucial to the design of strategies for the identification
of SECIS-binding proteins, and hence the elucidation of the mechanism of selenocysteine incorporation in eukaryotes.
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INTRODUCTION

In the universal genetic code, UGA signals the termi-
nation of translation of mRNA into protein. Given the
convergence of several additional circumstances, the
UGA codon may also signal the cotranslational inser-
tion of selenocysteine. In prokaryotes, this alternative
reading of the genetic code has been found to require
four trans-acting gene products (Leinfelder et al., 1988).
Three of these factors consist of a selenocysteine-
specific tRNA (tRNAser[sec] ), and two enzymes re-
quired for the synthesis of the amino acid. The fourth
prokaryotic trans-acting factor, the product of the Esch-
erichia coli selB gene, is a selenocysteyl tRNA-specific
homologue of the translation elongation factor EF-Tu,
and has the dual functions of binding the bacterial
selenocysteine insertion sequence (SECIS) and bring-

ing the charged tRNAser[sec] to the ribosome at the
appropriate time (Forchhammer et al., 1989, 1990;
Ringquist et al., 1994).

Another necessity for selenocysteine incorporation
at UGA codons is the presence of an mRNA secondary
structural motif. In eubacteria, this structural element
is predicted to form a stem-loop or hairpin, and lies in
the peptide-coding region of the mRNA, within one
codon of the selenocysteine UGA (Zinoni et al., 1990;
Heider et al., 1992). Although structurally similar to
their E. coli counterparts in that they are predicted to
form stem-loops, the critical features of eukaryotic SE-
CIS elements that are essential to their function are
distinct from those of the prokaryotic elements. Spe-
cifically, there are three regions of high conservation,
one of which consists of three A residues on the 59 side
of either the terminal loop or an internal bulge. The
other two regions, AUGA and GA, lie on 59 and 39
sides, respectively, of the SECIS element stem, 10–12
base pairs below the conserved A residues. Initial mu-
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tational analysis identified these nucleotides as critical
to SECIS function (Berry et al., 1993), however, predic-
tions rendered by computer fold programs depicted
these regions as predominantly single-stranded, and
ascribed no particular structural significance to these
nucleotides and their relative positions (Berry et al.,
1993; Hill et al., 1993; Shen et al., 1993; Kollmus et al.,
1996). By manipulation of the computer-generated eu-
karyotic SECIS element structure, we derived a model
in which the two conserved regions in the stem base
pair with each other to form a novel structural motif
(Fig. 1, core region on left; Low & Berry, 1996). This
model makes two important predictions. First, a non-
Watson–Crick base pair will form between the invari-
ant G residues. Secondly, the nucleotide 39 of the
conserved AUGA sequence, a U residue in the rat D1
element, will be bulged out of the helix. We refer to
this region as the SECIS element core, specifically con-
sisting of AUGAN on the 59 and NGAN on the 39 sides
of the stem. This proposed structure seeks to integrate
mutagenesis data obtained previously with secondary
structure predictions to form a coherent model of the
eukaryotic SECIS element.

Concurrent with the development of the aforemen-
tioned model, Walczak et al. (1996) independently pro-
posed a different structure on the basis of extensive
chemical and enzymatic probing of SECIS element
RNAs (Fig. 1, core region model on right). This model

aligns the core nucleotides such that a tetra-purine
GA-AG structure will form. A critical difference be-
tween these two structures, therefore, is the relation-
ship of AUGAN to the NGAN sequence on the opposite
side of the SECIS element; the register of base pairs
below the fifth nucleotide differs in the two models
(see Fig. 1 for numbering). Both structures take into
account precedents established through studies of RNA-
binding proteins and their respective RNA ligands.
Unlike DNA, RNA double helices are predominantly
of the A-form, a structure with a particularly deep and
narrow major groove which, in its native conforma-
tion, may not allow direct recognition of bases by amino
acid side chains (Rould et al., 1989). Therefore, local
distortions in the helix, such as internal loops, bulges,
or noncanonical base pairs, are thought to facilitate
access to the distinguishing chemical groups of the
bases by amino acid side chains. This has been shown
experimentally for the HIV tat/TAR and rev/RRE in-
teractions (Calnan et al., 1991; Weeks & Crothers, 1991;
Battiste et al., 1996).

Here, we used mutagenesis to determine the relative
contributions of core nucleotides to the function of
two SECIS elements. Our results showed that differ-
ential tolerances for particular mutations at certain
positions varied from element to element. We then
investigated the possibility that the identity of the non-
conserved core position 5 residue was contributing to
this effect. The data indicate that the residue at posi-
tion 5 interacts directly with those at positions 4 and 6,
as would be predicted by a model in which this nu-
cleotide is an integral part of the helix and not “bulged”
out. We also show that the nucleotides below the core
(the “open region” shown in Fig. 1) are not required
for function of the SECIS element, but can affect activ-
ity adversely if they have a high propensity to base
pair. Finally, our earlier studies demonstrated that the
minimal functional rat D1 SECIS element corresponds
to the base of the core region (Martin et al., 1996;
Fig. 1). We present data that indicate that this minimal
SECIS element definition is generally applicable.

RESULTS

Individual nucleotides in the core region
vary in their contributions
to SECIS function

Shen et al. (1995a) reported the results of mutagenesis
of the core nucleotides of the human cGPx SECIS ele-
ment (Fig. 2B). We found several inconsistencies be-
tween the effects of certain mutations in the rat D1
SECIS element and those same mutations in the hu-
man cGPx element. Comparison of Figure 2A and B
shows that changes of any kind to nucleotide A4 of the
rat D1 element are tolerated very poorly. However,
although changing A4 to C also abolishes activity of

FIGURE 1. Anatomy of a typical eukaryotic SECIS element, that of
the rat type 1 deiodinase, and two models of the core region. In-
variant nucleotides are outlined and shadowed. Core nucleotides
are numbered. Note the difference in register of base pairing within
the core region. The base of the minimal functional element co-
incides with the base of the core region. Predicted non-Watson–
Crick base pairs are denoted with a “ball” rather than a “bar.”
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the human cGPx element, substitution of U or G at this
position has a modest effect, or no effect, respectively,
on the activity of the element. Thus, mutations at this
position, which is absolutely invariant in all elements
identified to date, have widely differing effects in
different elements. We next compared the effects of
changes at position 6 in the two elements. Changing
U6 to C results in a greater than 90% loss in activity of
the rat D1 SECIS element, but the activity of the anal-
ogous human cGPx mutant was only reduced by ap-
proximately half. Conversely, mutation of U6 to A

abolishes the activity of the human cGPx SECIS ele-
ment, but reduces the activity of the rat D1 element by
only one third. Interestingly, the conservative purine
substitution of A for G7 had similar intermediate ef-
fects on activity in both elements.

The unexpected differential tolerances for specific
mutations in the highly conserved core nucleotides of
two SECIS elements prompted us to test the same mu-
tations in a third SECIS element, that of rat cGPx
(Fig. 2C). The A4 to G mutation in the rat cGPx SECIS
element resulted in an activity intermediate to the anal-
ogous change in the previous two elements. Addition-
ally, the A4 to C rat cGPx mutant exhibited significant
(;17%) activity. This contrasts with the abolition of
function resulting from the same mutation in the other
two elements. We also found that changing the rat
cGPx U6 to C produced a slight gain in activity com-
pared to the wild-type element. The resultant activity
is nearly twice that of the analogous human cGPx mu-
tant and 20 times that of the same mutation of the rat
D1 SECIS element, all in relation to their respective
wild-type elements. The mutation of G7 to A, which
affected the rat D1 and human cGPx SECIS elements
to a similar degree, also decreased the activity of the
rat cGPx SECIS to a similar extent. From the results of
these experiments, it is clear that certain mutations
within the highly conserved SECIS core, specifically at
positions 4 and 6, have different effects in different
elements. We next considered whether these effects
might be due to the local context in which the nucle-
otides are positioned.

Identity of the position 5 nucleotide affects
mutations at neighboring positions

Examination of the core regions and adjacent nucleo-
tides of the three SECIS elements shown in Figure 2
reveals that the local environs of the core nucleotides
are all highly similar. The nucleotide immediately 39 of
the invariant AUGA (position 5), however, is unique in
each of these elements. Analysis of the available eu-
karyotic SECIS element sequences shows that there is
no consensus identity for this nucleotide (Berry et al.,
1993; Walczak et al., 1996), suggesting that it may not
contribute significantly to the biological activity of the
SECIS element. We tested this hypothesis by deleting
U5 in the native rat D1 SECIS element or by substitut-
ing C or G, and comparing the activities of the result-
ing mutants to the wild-type element. Figure 3A shows
that deletion of the nucleotide at position 5 abolished
activity. The G substitution reduced activity by about
half compared to wild-type. Strikingly, the C mutation
led to an almost 50% increase in activity versus wild-
type. These results reveal a significant contribution of
this nonconserved nucleotide to function, possibly via
interaction with other core nucleotides that might af-
fect the structure of the SECIS element and/or recog-

A

B

C

FIGURE 2. Mutagenesis of the highly conserved “core” region of
D1 and cGPx SECIS elements. To facilitate interpretation, the data
are depicted using the continuous helix model, which we conclude
is most likely to be correct. A: Mutagenesis of the core of the rat D1
SECIS element. B: Mutants generated by Shen et al. (1995a) in the
human cGPx SECIS element. Activities are indicated as a range of
percentages of the wild-type human cGPx SECIS element. C: Mu-
tagenesis of the core of the rat cGPx SECIS element. Mean activities,
indicated as percentages of the activity of the corresponding wild-
type SECIS element, are shown with standard errors. Subscripts
indicate core nucleotide positions as referenced in the text.
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nition of the element by an as yet unidentified protein
factor.

The nucleotide at position 5 is the only one in the
core region that varies among the three elements un-
der investigation. This fact, taken together with the
effects of this nucleotide on activity shown above, sug-
gests that the differences at this position might ac-
count for some of the differential effects of mutations
elsewhere in the core region. Our approach to exam-
ining this possibility was to make mutations at various
positions in the core of the rat D1 element in the con-
text of changes at position 5. We found that the iden-
tity of N5 has a significant impact on the effects of
mutations at other positions. As shown in Figure 2, the
rat D1 element with U at position 5 poorly tolerates
substitution of C for U at position 6. In contrast, in
the rat D1 elements containing G or C at position 5
(Fig. 3B), the U6 to C substitution had no effect on
activity, approximating what was observed for the na-
tive rat and human cGPx SECIS elements. In the con-
text of a G at position 5, the U6 to G mutant has an
activity of ;50% compared with ;90% for the analo-
gous change to the wild-type D1 element. The toler-
ance for A6 increases slightly with the U5 to C change
and decreases by a factor of two with the U5 to G
change. Although not tested directly, we may further
speculate from the data in Figure 2 that, in addition to
effects on position 6 mutants, position 5 also affects the
activity of position 4 mutants. Changing A4 to any
other nucleotide affects the activity of each SECIS el-

ement to a different degree, with the local context dif-
ference in the three elements being limited to the
nucleotide at position 5. These data, together with those
described above, suggest that the nucleotide at posi-
tion 5 may interact directly with core nucleotides 4
and 6. One explanation for our observations regarding
effects of N5 on its neighbors is that this nucleotide
is not bulged out, but is base paired with the nucleo-
tide at position 6 of the SECIS core, and thus stacked
into the helix, as has been proposed by Walczak et al.
(1996).

Definition of the minimal SECIS element
applies to other eukaryotic elements

We reported previously that the 59 boundary of the rat
D1 SECIS element coincided with the first two nucle-
otides (AU) of the conserved core region (Martin et al.,
1996). This contrasts with the findings of Shen et al.
(1995a), who reported in a prior study that removal of
the “basal stem,” which consists of several nucleotides
below and including the open region (see Fig. 1), re-
sults in a complete loss of activity of the human cGPx
SECIS element. That is, sequences “below” the core
appeared to be required for function in this element.
This would suggest that the minimal constraints we
defined for rat D1 do not hold true for the human
cGPx element. We sought to determine whether the
minimal sequence requirements we had defined for
rat D1 might also apply to SECIS elements of other
selenoproteins. Oligonucleotide primers were designed
to amplify the SECIS elements of the rat and human
selenoprotein W (selW; M. Beilstein & P. Whanger, pers.
comm.), the rat phospholipid hydroperoxide glutathi-
one peroxidase (phGPx), and rat cGPx mRNAs. The 59
and 39 boundaries of the amplified regions are analo-
gous to those of the rat D1 SECIS element, with re-
striction sites for subcloning into the D1 expression
vector introduced on either side of the core region. We
find that the minimal rat cGPx is able to direct specific
selenocysteine incorporation into D1 at a level compa-
rable to that of the rat D1 element (Fig. 4), as do the
minimal phGPx and selW elements (not shown). These
data indicate that the native sequences below the core
are not required for SECIS function, supporting the
generality of the minimal element.

Of the eukaryotic SECIS elements that have been
characterized to date, all are found in vertebrate genes.
So far, one selenoprotein sequence from a nonverte-
brate eukaryotic organism has been reported, but re-
quirements for selenocysteine incorporation in this
organism have not been determined. Examination of
the 39 untranslated region of the GPx sequence from
Schistosoma mansoni, a parasitic trematode (Williams
et al., 1991), reveals the presence of a putative SECIS
element, containing all the conserved features of SECIS
elements described previously. We amplified and tested

A

B

FIGURE 3. Contextual effects of mutations in the core region of the
rat D1 SECIS element. A: Effects of deleting or altering the identity
of N5, the putative bulged nucleotide in the core region of the SECIS
element. B: Effects on the tolerance of mutations at other positions
within the SECIS element core to N5 mutations. The Greek symbol
D (Delta), signifies a deletion of the SECIS element core position 5
nucleotide. Mean activities, indicated as percentages of the activity
of the corresponding wild-type SECIS element, are shown with stan-
dard errors. Subscripts indicate core nucleotide positions as refer-
enced in the text.
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this region for its ability to drive the incorporation of
selenocysteine into an heterologous open reading frame
and found its activity to be on par with that of the mam-
malian D1 and cGPx SECIS elements. This is the first
demonstration that a nonvertebrate SECIS element will
function in cells of vertebrate origin. Thus, the mini-
mum sequence requirements we defined previously for
a functional rat D1 SECIS element also hold true for SE-
CIS elements of various eukaryotic seleno proteins in
organisms as diverse as mammals and trematodes.

Sequences below the core are nonessential
but constrained

Current models of eukaryotic SECIS elements predict
that the region below the core conserved nucleotides is
single-stranded (see Fig. 1). Chemical and enzymatic
probing of the rat D1 and cGPx SECIS elements has
shown that this is indeed the case, in vitro, for these
two elements (Walczak et al., 1996). We investigated
the effects of changing the nucleotides below the core
region and their Watson–Crick base pairing potential

on the activity of the rat D1 SECIS element in vivo.
Using oligonucleotide-directed mutagenesis, the three
unpaired bases on each side were changed. Replace-
ment of the three U residues on the right with C’s had
no significant effect, as did the double substitution of
AAA/CCC for UUU/UUU. This indicates that the spe-
cific nucleotide sequence below the core is not critical
for SECIS function. These mutants are predicted to
maintain the open structure of the region immediately
below the core and thus would not address the issue
of base pairing in this region. We therefore investi-
gated the effects of substituting sequences with the
potential to form base pairs of varying strengths. We
observed that, as the predicted stability of base pairing
interactions increases (i.e., G-U , A-U , G-C), the
activity of the resulting mutant decreases (Fig. 5; mu-
tants c, d, and e). Strikingly, disruption of the base pair
immediately below the core region in mutant e (A-U to
A-A or A-C, mutants f and g) resulted in a 10-fold
increase in its activity compared with mutant e, un-
derscoring the significance of this region being open.
These results indicate that effects in this region are
dependent on the strength of the interaction between

FIGURE 4. Predicted secondary structures and relative activities of several previously reported SECIS elements. Activities
are given as percentages of the activity of the wild-type rat D1 minimal SECIS element. Numbers shown are the means of
at least three independent experiments and the corresponding standard errors. Oligonucleotide primers used to generate
each SECIS element are shown in Table 1.
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the nucleotides below the core region. Further, the data
show that, although a specific sequence of nucleotides
immediately below the minimal SECIS is not required
for function, the identities of the bases at those posi-
tions and their potential to base pair with those on the
opposite strand can significantly affect the function of
the element.

DISCUSSION

The process of specific selenocysteine incorporation
requires a translational recoding event, which we know
to be dependent upon an mRNA secondary structural
element, the SECIS. Presumably, proteins recognize a
combination of characteristics of this element, which
almost certainly includes the conserved core nucleo-
tides. Here, we have taken steps toward understand-

ing in greater detail the properties of a SECIS element
that make it functional, and hence may be critical for
its recognition by a eukaryotic SELB homologue or
other putative SECIS-binding proteins.

The first goal of these studies was to ascertain the
effects of particular mutations at highly conserved po-
sitions within the SECIS core. Our initial mutagenesis
of the rat D1 SECIS element yielded results that were
at variance with those reported by Shen et al. (1995b)
for identical mutations made to the human cGPx SE-
CIS element, and prompted us to investigate the rat
cGPx element also. Considering the invariant nature
of the core nucleotides among SECIS elements, we were
not surprised by the effects of G3 and A4 mutations on
the activity of the D1 SECIS element. However, the
finding that G could be substituted for A4 in the hu-
man cGPx element without compromising its activity

FIGURE 5. Effects of primary and secondary structural changes in the region below the core of the minimal rat D1
SECIS element. Oligonucleotide-directed mutagenesis of the nucleotides immediately below the highly conserved “core”
region of the rat D1 SECIS element. For clarity, only the lower portion of the minimal SECIS element, containing the
mutagenized region, is shown. Activities are given as percentages of the activity of the wild-type rat D1 minimal
SECIS element. Numbers shown are the means of at least three independent experiments and the corresponding
standard errors.
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was unexpected, and was the first hint that the N5
context may be the cause of this differential tolerance.
These data were further supported by the intermedi-
ate phenotype of the identical A4 mutation in the rat
cGPx element.

In searching for a potential cause for the differential
tolerances we had observed, we first looked at nucle-
otide differences near the SECIS core that could ex-
plain our data. The G-C base pair immediately above
the core region was common to both the cGPx ele-
ments, but was replaced by G-U in the rat D1 element.
In the two elements that have the G-C base pair in
common, the effect of N6 mutations are quite different.
We concluded, therefore, that this change could not
account for differences in the activities of C6 muta-
tions between the human and rat cGPx elements. There
was only one nucleotide in the SECIS core region that
was different in each of the three elements discussed,
the nonconserved position 5. We therefore tested the
hypothesis that nucleotide 5 was the source of the dif-
ferential tolerance of the three SECIS elements for par-
ticular nucleotide substitutions. We found that changing
U5 of the rat D1 SECIS element to G or C resulted in
effects at position 6 that were highly similar to those
observed in the human and rat cGPx SECIS elements,
which contain G or C, respectively, at position 5. How-
ever, although the trends were generally similar, in
some cases the effects were not mirrored. For example,
the human GPx G5-C6 combination exhibits intermedi-
ate activity, versus full activity for the rat D1 G5-C6
combination. This suggests that, although N5 is a ma-
jor determinant for these effects, other features of the
elements, specifically the identity of the nucleotide 59
of N6, may also contribute to the differential tolerances.

The high degree of allowable variation in a consen-
sus sequence, which is ostensibly recognized by an
RNA-binding protein, was unanticipated. This feature
of the SECIS element suggests that many nucleotides
and nucleotide pairs have important structural roles
and may serve to put bases that are directly recog-
nized by putative SECIS-binding proteins in an acces-
sible orientation. This would especially apply to the
nucleotides that lie adjacent to the GA-AG homo-
purine motif in the SECIS core. We have found that the
U5-C6 mutation exhibits very low activity, and the fact
that this combination of nucleotides is excluded from
the eukaryotic SECIS elements identified so far indi-
cates that nature has selected against this nucleotide
pair. In fact, when C6 is present, position 5 is always a
C. Our data for the C6 mutant of the rat cGPx element,
which naturally contains a C at position 5, strongly
corroborates the conclusion that the C-C pair is not
simply allowed, but optimal. Our data also suggest
that U5-G6 and U5-A6 pairs are tolerated, but these
combinations have yet to be found in nature. The data
of Shen et al. (1995a) indicate that G4-G5 is as good a
combination as the natural A4-G5 found in the human

cGPx element, but, intriguingly, SECIS elements devi-
ating from the AUGA consensus have not been iden-
tified. We found that, although certain mutations had
similar effects in all three elements (e.g., G7 to A),
other nucleotide substitutions had a different effect in
each of the three elements (A4 to G). These data are
suggestive of a common, critical role for A4 in SECIS
element activity, however, more detailed studies of the
effects of positions 4 and 6 on this mutation are needed
to support this conclusion. A clear understanding of
why certain nucleotides are allowed and others are
not, although they function in our assay system, awaits
both the identification of SECIS-binding proteins and
high-resolution structure determination of the SECIS
core.

A second objective of our experiments was to dis-
tinguish between the two prevailing SECIS element
models. Both models incorporate RNA structural fea-
tures such as non-Watson–Crick base pairing and un-
paired regions, features known to be critical to the
function of several other regulatory RNA molecules.
As Figure 1 shows, the primary difference between
these two models is the position of nucleotide 5. An
unpaired, bulged base at this position could poten-
tially be required simply in order to increase the ac-
cessibility of functional groups of the invariant core
nucleotides. However, we have presented evidence that
the identity of this nucleotide influences the effects of
mutations at adjacent nucleotides. Identical mutations
in three elements having different N59s can have dif-
ferent effects. In addition, changing U5 of the D1 SE-
CIS element to G or C affects the tolerance for mutations
at position 6. Furthermore, the deletion of U5 renders
the rat D1 SECIS element ineffective, strongly suggest-
ing that it is an important component of the RNA struc-
ture in the region. Taken together, these results indicate
an integral role for N5, implicating a direct interaction
between nucleotides 5 and 6. The data suggest that the
structural prediction of Walczak et al. (1996), in which
N5 is stacked into the helix, presents a more likely
scenario of the SECIS core.

Berry et al. (1993) previously delimited the rat D1
SECIS element to a 175-nt region of the 39 UTR. Our
recent deletion analysis of this region defined the 59
and 39 boundaries of the minimal SECIS element as
the invariant nucleotides AUGA and GA, respectively
(Martin et al., 1996). Here we have extended these
observations and have shown that the specific nucle-
otides below the minimal rat D1 SECIS element are not
essential to the biological activity of the element. Sub-
stitution of the three nucleotides 59 and 39 to the min-
imal D1 SECIS element did not diminish the function
of the element, provided the substituted nucleotides
did not introduce base pairing potential. However, al-
though the nucleotide sequence does not affect func-
tion, it is critical that an open structure in this region
be preserved. We found that, as the energy of the base–
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base interactions was increased from near zero in the
wild-type element, the activity decreased. This finding
provides in vivo evidence, which complements in vitro
findings regarding the susceptibility of nucleotides be-
low the core to single strand-specific cleavage and mod-
ifying reagents (Walczak et al., 1996). We believe this
unpaired structure may be needed to make the invari-
ant nucleotides accessible or, as Walczak et al. (1996)
have proposed, allow for flexibility of the SECIS in this
region, effectively acting as a hinge and contributing
to some higher-order structure of the SECIS element.

Finally, we present evidence that supports the uni-
versality of the minimal rat D1 SECIS element defined
previously. The putative minimal SECIS elements from
several selenoprotein mRNAs, representing a range of
eukaryotic species, exhibit activities near that of the
wild-type rat D1 element. There may be, however, other
factors within the 39UTRs of these mRNAs that may
alter their activities, such as stability/instability ele-
ments. That other such elements may exist should have
no bearing on the definition of the absolute minimal
SECIS element required to achieve selenocysteine
incorporation.

MATERIALS AND METHODS

Generation of parent constructs
and mutagenesis

To generate D10DH3, the unique Hind III restriction site in
the plasmid pUHD 10-3 was deleted by blunting and religat-
ing (Gossen & Bujard, 1992). The 2.1-kilobase EcoR I–Xba I
fragment of the full-length rat D1 cDNA containing its entire
coding region and SECIS element was cloned into the cor-
responding sites in D10DH3 to generate G16D10DH3 (Berry
et al., 1991a). Oligonucleotide primers complementary to
cDNA positions 1533–1555 and 1585–1558 of D1 (Table 1)
were designed with terminal Hind III and Not I sites, respec-
tively. Analogous primers complementary to positions 1014–
1036 and 1060–1039 of the rat cGPx and 718–737 and 779–760
of the rat phGPx cDNAs were designed. These primers were
then used to amplify the minimal SECIS element from the
respective wild-type rat cDNAs. The human SelW SECIS
element, encompassing nt 367–442, was generated by the
amplification of the SelW6 template with oligonucleotides

SelW5 and SelW7 (P. Whanger, pers. comm.; Table 1). Oli-
gonucleotides complementary to positions 560–595 and po-
sitions 610–575 (Table 1) of the S. mansoni cGpx cDNA were
annealed to each other and extended to produce a double-
stranded DNA.

PCR products were digested with the appropriate en-
zymes and subcloned into the corresponding sites of G16-
D10DH3 (Martin et al., 1996), Hind III at the 59 end and Not
I or Xba I at the 39 end. Mutagenesis was performed by
amplification from wild-type templates with oligonucleo-
tides that contain the desired nucleotide change(s). PCR prod-
ucts were then subcloned into the Hind III and Not I sites of
G16-D10DH3 as described above. Once subcloned, all am-
plified regions were sequenced in their entirety.

Cell culture and transfections

A human embryonic kidney cell line, 293-HEK, was grown
and maintained by standard tissue culture techniques in Dul-
becco’s modified Eagle’s medium supplemented to 10% with
fetal bovine serum. Transient transfections were performed
by calcium phosphate precipitation as described previously
(Berry et al., 1991b) using 10 or 20 mg of each deiodinase
construct. Three micrograms of an expression vector con-
taining the human growth hormone cDNA under control of
the HSV thymidine kinase promoter, or 1 mg of an expres-
sion plasmid containing the b-galactosidase cDNA were co-
transfected in order to monitor transfection efficiency. In
addition, 4 mg of the pUHD-15 plasmid (Gossen & Bujard,
1992), which encodes the tetracycline-repressor DNA bind-
ing domain/VP16 activation domain fusion protein neces-
sary for transcriptional activation of the pUHD10-3 promoter,
were cotransfected.

Deiodinase activity assays

Cells were transfected as described above and harvested two
days after transfection. Cell sonicates were assayed for the
presence of 59 deiodinase activity as described previously
(Berry et al., 1991b). Briefly, cells were harvested, washed in
PBS, and resuspended in 0.25 M sucrose in 0.1 M sodium
phosphate/1 mM EDTA buffer. Cells were then sonicated
briefly and assayed for 59 deiodination of 125I-reverse T3.
Reactions were performed with 10–250 mg protein in 0.1 M
potassium phosphate, pH 6.9, 10 mM DTT, and 1 mM EDTA,
for 30 min at 37 °C. 125I release was quantitated as described
previously (Berry et al., 1993). Deiodinase activities were
calculated per microliter of cell sonicate and normalized to
either the amount of growth hormone secreted into the me-
dia or the amount of b-galactosidase activity in the cell son-
icate. In a random sample of sonicates from various separate
transfections, protein concentrations vary by less than 5%
within a given week. All constructs were tested in at least
three independent transfections and deiodinase assays were
performed in duplicate from each transfection.

Protein expression was confirmed for all constructs by
western blot analysis of cell sonicates using a polyclonal
antiserum directed against an N-terminal peptide of rat D1
(Berry et al., 1994). This antibody detects both the functional
full-length 28-kDa D1 product and the 14-kDa product re-
sulting from termination, rather than selenocysteine incor-
poration, at the native in-frame UGA codon. For SECIS mutant

TABLE 1 . Oligonucleotide sequences.

SelW5 59-ccaagctttagccgcttcatgataggaagg-39
SelW6 59-acatcagggaaagaccaggtgtccacaagacttttcagtccttcct

atcatgaagcg-39
SelW7 59-ccgcggccgcagaacatcagggaaagacca-39
SMcGpx1 59-ccaagctttagcctatatgacgatggcagtctcaaatgttcattggtt-39
SMcGpx2 59-cctctagaatttcatcaaatggcaaccaatgaacatttgagact-39
rphGpx1 59-ccaagctttagcggcactcatgacggtctgc-39
rphGpx2 59-ccgcggccgcctggtcctcgggactgc-39
wtD1-1 59-ccaagctttagtttatgatggtcacagtgtaaag-39
wtD1-2 59-ccgcggccgctttttaaaaatcaagtcacagctgtgtg-39
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constructs exhibiting low deiodinase activity, that this result
was due specifically to impairment of SECIS function and
not to other effects of the mutations (e.g., RNA stability) was
confirmed by the presence of the 14-kDa translation termi-
nation product and absence of the functional 28-kDa prod-
uct on western blots. We interpreted the presence of roughly
equivalent amounts of protein resulting from the usage of
UGA as a stop codon, rather than a selenocysteine codon,
among sonicates of cells transfected with different constructs
as evidence that the steady-state levels of mRNA being gen-
erated were not significantly affected by SECIS mutations.
Northern blot analysis of total RNA from representative trans-
fections supports the validity of this conclusion. Relative
transfection efficiency as measured by growth hormone RIA
or b-galactosidase assay was also confirmed by comparison
of the amounts of 28-kDa D1 protein.
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