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ABSTRACT

Several gene products are involved in co-translational
insertion of selenocysteine by the tRNA  Sec_ |In addition,
a stem—loop structure in the mRNAs coding for
selenoproteins is essential to mediate the selection of
the proper selenocysteine UGA codon. Interestingly, in
eukaryotic selenoprotein  mRNAs, this stem-loop
structure, the selenocysteine insertion sequence
(SECIS) element, resides in the 3 '-untranslated region,
far downstream of the UGA codon. In view of unravel-
ling the underlying complex mechanism, we have
attempted to detect RNA-binding proteins with spe-
cificity for the SECIS element. Using mobility shift
assays, we could show that a protein, present in
different types of mammalian cell extracts, possesses
the capacity of binding the SECIS element of the
selenoprotein glutathione peroxidase (GPx) mRNA.
We have termed this protein SBP, for Secis Binding
Protein. Competition experiments attested that the
binding is highly specific and UV cross-linking indi-
cated that the protein has an apparent molecular
weight in the range of 60-65 kDa. Finally, some data
suggest that the SECIS elements in the mRNAs of GPx
and another selenoprotein, type | iodothyronine 5 '
deiodinase, recognize the same SBP protein. This
constitutes the first report of the existence ofa3  'UTR
binding protein possibly involved in the eukaryotic
selenocysteine insertion mechanism.

INTRODUCTION

phosphate as the selenium dorigé)( SELB is the selenocys-
teine specific translation factor, homologous to EF-Tu, which
binds to the selenocysteyl-tRN#(7). Selenocysteine incorpor-
ation results from translation of a UGA codon, which is specified
for that function by the occurrence of an adjacent RNA stem—loop
structure. SELB binds to the loop of this RNA motif, thereby
bringing the charged tRN¥&Cto its proper codors}.

Several selenoproteins have been identified in mammals (re-
viewed in ref.1), but a function has been assigned to only two of
them, the glutathione peroxidases and the iodothyrohitheidsli-
nases. The family of glutathione peroxidases (GPx) is of pivotal role
for the protection against oxidative damage by free rad@)alBhe
type | iodothyronine "=sdeiodinase (®I) converts thyroxine to the
active hormonel(0). Data are, however, comparatively scarce when
it comes to the selenocysteine insertion mechanism in eukaryotes. A
tRNASeChas been found which participates in the conversion of the
seryl to selenocysteyl-residue and further donates it to selenoproteins
(11-13). The eukaryotic tRNAECpossesses features of secondary
and tertiary structures distinct from canonical tRNAs, but also from
its bacterial counterpartl4,15). Its uniquely long aminoacyl
acceptor stem constitutes one structural determinant crucial for the
serine to selenocysteine conversion sieg. (The human homo-
logue of SELD has recently been characterized and clbAgd)
and detection of proteins possibly homologous to SELA and SELB
has been describedl%-21). Deciphering of the UGA selenocys-
teine codon appears to utilize a eukaryote-specific mechanism,
distinct from that found in bacteria. Indeed, studies have identified
regions within the'duntranslated regions' (3TR) of the DI, GPx
and selenoprotein P mRNAs containing short stretches of sequence
conservation and required for recognition of the selenocysteine
UGA codon 22-24). Based on computer folding, these stretches of
RNA sequences were proposed to adopt a stem-loop structure

Incorporation of selenocysteine into selenoprotein is a co-transtermed selenocysteine insertion sequence (SECIS) or selenium
tional event occurring in prokaryotes and eukaryotes. In bactertenslation element (STE), different in sequence, structure and
the mechanism is rather complex but has been widely elucidatedation from that found in bacteria325).

(reviewed in refl). Four gene products, SELA, SELB, SELCand The fact that the SECIS element can be situated >1 kb
SELD are required for incorporation of selenocysteine. Selendewnstream of the selenocysteine cod@g) (raises several
phosphate synthetase (SELD) synthetizes selenophosphate,ghestions regarding the mechanistic role of this element. Does it
activated selenium moiety2,8). A specialized tRNA, the exert its function through long range RNA-RNA interactions or
selenocysteine tRNZEC (SELC) is first charged with serine by upon binding protein factor(s) or both? In an attempt toward
the conventional seryl-tRNA synthetasé). (Subsequently, resolving the issue, we sought protein(s) that bear SECIS
conversion of the seryl-tRN¥Cto selenocysteyl-tRN#6Cis  RNA-binding capacity. In the work presented here, we describe
catalyzed by selenocysteine synthase (SELA) which uses seledetection of one such protein in mammalian cell extracts.
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MATERIALS AND METHODS RNA binding and gel retardation assays

DNA constructs The RNA-—protein reactions were conducted on licevitro
transcribed2P-labeled RNA (100 000 c.p.nill pmol) was

The SECIS element from the rat type | iodothyronideibdinase  incubated in 2@l containing 50 mM Tris—HCI pH 7.5, 5 mM

(5'DI) cloned downstream of a T7 promoter was obtained by PORgCl,, 600 mM KCI, 10ug total E.coli tRNA, and variable

of arat liver cDNA library i\gt10 (a gift of Dr S. Cereghini, Institut amounts of protein extracts for 15 min. Heparin@pwas then

Pasteur-Paris). Primer 1-GGCGGATCCTAATACGACTCAC- added to prevent unspecific RNA-protein interactions and

TATAGGGTTCATCTGTCATGTC-3 is complementary to the incubation was continued for 5 min. For competition assays, the

lower strand from positons 1497 to 1514; primer 2appropriate amount of unlabeled RNAs was added prior or after

5-CCGGAATTCTAGCCTGACGGATTTTAATCG-3is comple-  the protein extracts. Samples were electrophoresed through 4%

mentary to the top strand from positions 1610 to 168) &  non-denaturing polyacrylamide gels (acrylamide/bisacrylamide

construct carrying the rat glutathione peroxidase (GPx) SECHatio, 60:1) in 0.5 Tris-borate buffer containing 5% glycerol.

element behind a T7 promoter was obtained by PCR of the paremahd intensities were quantified with a Fuiji Biolmage Analyzer

construct pKs-cGP-1 (a gift of Dr Ye-Shih Ho) containing the raBAS 2000 and the values normalized.

GPx cDNA @6). Primer 3, 5CGCGGATTCTAATACGACTC-

ACTATAGGTGATGGCTGGCTGGCTGCCCTC-And primer4, Uy cross-linking assays

5-CCGGAATTCTTTAAATGGACGAGACCAGCGCCCATC- ) ] ]

3 were complementary to the lower strand from positions 980 tgcubation of2P-labeled transcripts (500 000 c.p.m.) with HeLa

999 and to the top strand from positions 1078 to 1100, respectivéil00 extracts was as described for gel retardation assays. The

Primers 1 and 3 incorporateBanti cloning site and the T7 RNA Samples were exposed to UV light at 254 nm (5 cm away from a

polymerase promoter. Primers 2 and 4 containdgteRl cloning 100 W UV lamp) for 10 min on ice, followed by treatment with

site, primer 4 containing in additiorDaal linearization site. PCR RNase T1 (final concentration 1 yly for 2.5 h at 37C.

reactions were performed for 30 cycles, 2 min 4&C92 min at  >2P-labeled proteins were analyzed by 12% SDS-PAGE. In some

50°C and 2 min at 7Z. The amplified fragments were ligated tocases, the protein extract was digested by proteinase K for 1 h at

BanHI/EcRI cleaved pUC119 vector to yield pT7RDIS and37°C prior to addition of the RNA probe.

pT7RGPXS for the ratBl and GPx SECIS elements, respectively.

After linearization withDral, T7 transcription of pT7RGPxS RESULTS

generates a 121 nucleotide long RNA fragment starting at positiez)mpl ex formation with the glutathione peroxidase

980, ending at position 1100 which contains the SECIS ra6}if ( : . . .
Transcription of pT7RDIS yields a 139 nucleotide long RNA‘?Z%%SSI Hgﬁg?ﬁﬁgfg;ﬁ:ggm%e selenocysteine

starting at position 1497 and ending at position 1630 of the gene

(10), containing the SECIS motif. Based on computer folding, the SECIS element was defined by
others as a sequence portion capable of forming a stem-loop
structure, essential for selenocysteine incorporatt@r2f).
However, neither the minimum length required for function nor
Uniformly 32P-labeled SECIS RNAs were transcribed in ai50 experimental determination of its structure are known. For this
medium containing g of linearized DNA templateECARI for  reason, we used for this study slightly longer RNA transcripts in
pT7RDIS andral for pT7RGPxXS), 40 mM Tris—HCI pH 8, 6 mM which the proposed folded structure is embedded.

MgCl,, 10 mM NaCl, 2 mM spermidine, 10 mM DTT, 290 of The ability of a HeLa S100 extract (a post-ribosomal supernat-
GTP, CTP and UTP, 3aM ATP, 125 uCi [a-32P]ATP (3000 ant prepared at 150 mM KCI) to bind the SECIS RNA elements
Ci/mmol), 20 U RNasin and @ T7 RNA polymerase (prepared contained in the'3JTR of the glutathione peroxidase (GPx) and
from an overproducing strain). The mixture was incubated for 3thipe | iodothyronine ‘sdeiodinase (®1) mRNAs was examined

at 37C, the RNA phenol extracted and gel purified. Large scaley using a mobility shift assay. TRé&P-labeled 121 nucleotide
production of T7 SECIS RNA transcripts was performed as followtong GPx RNA probe produced by T7 transcription of
A 250 pl volume contained 2pig of linearized DNA, 40 mM pT7RGPxS contains the SECIS motif. It was assayed with
Tris—HCI pH 8, 20 mM MgGl 1 mM spermidine, 0.1% Triton increasing amounts of protein. Figd#e shows that addition of
X-100, 5 mM DTE, 4 mM each NTP, 60 U RNasin anqul®7  16g of extract provokes the appearance of a retarded band with
RNA polymerase. The mixture was incubated for 3 h&€&3hd a weak signal (lane 3). The signal intensity increases when
phenol extracted. The RNAs were purified on 10% preparatiiacreasing amounts of protein extracts are added (lanes 4—-10). We
polyacrylamide gels and electroeluted. next asked whether the 139 nucleotide long RNA fragment
arising from pT7RDIS, containing thé& SECIS element, can
also bind a trans-acting factor. To answer the question, the
32p_labeled DI probe was incubated with increasing amounts of
S100 Hela cell extracts (a post-ribosomal supernatant prepated HelLa S100 extract. FigutB indicates that the/BlI SECIS

at 150 mM KCI) were prepared from Hela cells (produced by thelement leads to complex formation as well, but the situation
cell culture group at the IGBMC lllkirch, France) as described idiffers from that observed with the GPx SECIS element. With 32
ref. 27. COS-7 and Faza extracts were prepared by thegy (lane 3) of HeLa S100 extract a diffuse, but well detectable,
freeze—thaw method. Faza (H4-1I-E-C3) is a 8-azaguanidew mobility complex C2 forms, the intensity of which increases
resistant cell line derived from the Reuber H-35 rat hepatomwth increasing amounts of protein (lanes 3-6). However, a
(28). Protein concentration was determined by the Bradforsecond, higher mobility complex C1 appears when higher
assay. amounts of extracts are added (38). C1 migrates slightly

In vitro transcription with T7 RNA polymerase

Preparation of cell extracts
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B e Specificity of the complexes formed with the GPx and
i 5'DI SECIS elements
Msls @ o4g 42 4B 54 BO D6 130 pg " To examine the specificity of binding to the GPx aild SECIS
i motifs, we carried out competition gel mobility shift assays.
Competition assays in the case of GPx used an unlabeled

fragment arising from pT7RGPxS, identical to that used as the
labeled probe, dE.coli 5S ribosomal RNA. The former acted as
L= - - - ... the specific competitor, the latter as an irrelevant RNA (unspe-
cific competitor) E.coli5S RNA is 120 nucleotide long, therefore
identical in size to the GPx SECIS or very close to the length of
the 8DI SECIS element. The competition abilities of the specific
E “m and unspecific competitors were assessed by quantitation and
10 normalization of band intensities. In Fig@#&, comparison of
lane 3 with lane 2 shows that adding a 10-fold molar excess of
unlabeled GPx specific competitor severely inhibits formation of
complex C. The calculated values indicate that the intensity of

B complex C in lane 3 drops to 30% of the value measured in lane
_._.-—-—'-""'_'_H-| 2. Adding more competitor leads to gradual diminution of the
;'fg - 16 32 46 130 260 g intensity of the retarded band: a 50-fold excess leaves 7% of

-— - residual activity and a 250-fold excess provokes an almost
PP complete inhibition. Complete abolition was obtained at a
2500-fold molar excess (lane 6). Competitive abilities of the 5S
' o RNA showed a marked contrast. Addition of a 10-fold molar

. . excess (lane 7) produces no effect on the intensity of the retarded

band (compare lane 7 with lane 2). A 250-fold molar excess of 5S
RNA (lane 9) still leads to 80% of residual complex, while the

_ same molar excess of unlabeled GPx SECIS inhibited almost
l' ' 1 completely the formation of the complex (compare lane 9 with

« 4 BB lane 5). Remarkably, one had to introduce a 2500-fold molar

excess of 5S RNA to observe a drop to 30% (normalized value)
of residual binding in the retarded band (lane 10). This value was
F obtained with only a 10-fold molar excess of unlabeled GPx
SECIS. Therefore, the concentration of the unspecific 55 RNA
T2 3 4 F 4 competitor required to achieve a 70% inhibition of binding is

250-fold greater than the concentration of the unlabeled GPx
Figure 1. Complex formation between glutathione peroxidase (GPx) and typeSECIS element needed to attain the same rate of inhibition.
| iodothyronine 5 deiodinase (®I) SECIS elements and a component Another unspecific RNA. the antisense GPx SECIS. was also
contained in HelLa extractsA) The 32P-labeled RNA probe containing the ted. qivi imil ,|t dat t sh Thi S dditi
GPx SECIS element was incubated in the absence (lane 1) or in the presen‘%S €d, giving simiiar re;u S ( ata np S Own)' IS, In a . rion
of increasing amounts of HeLa S100 extracts. Amounts are indicated abovt0 the fact that all the binding reactions were pgrformed in the
lanes 2-10. Lane 10 originates from a separate experiment and wagresence of a 400-fold molar excess of Halkoli tRNA to
overexposed.H) The 32P-labeled RNA probe containing theéD6 SECIS prevent unspecific binding (see Materials and Methods), unam-

element was incubated in the absence of extract (lane 1) or in the presence ;
increasing amounts (indicated above the lanes) of HeLa extracts (lanes 2—6). QUOUS|y demonstrates that the complex C formed with the GPx

free RNA probe; C, complex; C1 and C2 represent the two complexes obtaine@ ECIS element is specific. -~
with the 3DI probe (see text). Identical experiments were performed to evaluate the specific-
ity of complexes C1 and C2 formed with thBISSECIS element.
The unlabeled'®I SECIS fragment and the 5S RNA were used
as specific and unspecific competitors, respectively. Owing to the
smear provoked by the C2 complex, quantitation of the gel bands
was difficult and source of inaccuracy in the measurement.
Therefore, we relied on visual inspection of the gel for the
above the band present in the no-extract-added lane (lane 1) andlysis. Figur@B, lanes 3 and 4, indicates that the intensity of
possesses an electrophoretic mobility comparable to that thie band in complex C2 is reduced by the addition of 10- and
complex C obtained with the GPx SECIS element. The intensi§0-fold molar excesses offd SECIS competitor, respectively.
is still low with 130ug of extract, but becomes higher with 260A 250-fold excess abolishes almost completely the formation of
ug (lane 6). It is worth noting that no stable low mobility complexcomplex C2 (lane 5). The abilities of the unlabel&@ SECIS
equivalent to C2 can form with the GPx SECIS element undéo challenge formation of complex C1 are different. The intensity
identical conditions (FidlA, see the overexposed lane 10). Thuspf band C1 is unaffected at a 10-fold molar excess, decreases at
these results indicate that one complex can form with RNA 50-fold molar excess, but a residual level of binding persists at
sections containing the GPx SECIS element, while two cona250-fold molar excess, whereas C2 disappeared under that sam
plexes appear with the[@ SECIS element. condition. Under competition with the 5S RNA, the intensity of
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Figure 3. UV cross-linking identifies a protein component binding to the GPx
SECIS fragmentA) Lane 1, HeLa S100 extract treated with proteinase K prior

to UV light exposure. Lanes 3—7, HeLa S100 extrac#GPx SECIS probe
irradiated for 5, 10, 15, 20 and 30 min, respectively, or untreated (lane 2) with
UV light. (B) HeLa cell extract anéPP-GPx probe treated with UV light for

10 min in either the absence (lane 1) or the presence of specific (GPx) (lanes
2-4) or unspecific (5S RNA) (lanes 5-7) competitors. The cross-linked protein
is indicated by an arrow. Protein molecular size markers were run in parallel.

no - 10 50 250 10 50 250 Loer i 28 458 67
Xp.spl i @ | ; |
|
1 i i
. periods of time in the presence of the labeled GPx SECIS RNA
fragment. When compared to the control lane 2, not submitted to
UV light, lanes 3—7 loaded with UV-treated extracts show the
1 & 3 4 5 & T B presence of one prominent band ranging between 60-65 kDa.
Digestion of the HeLa S100 extract with proteinase K prior to
Figure 2. Specificity of the complexes formed with the GPx @ISECIS incubation with the probe and UV _cross-llnkmg,. opllterates the
elements and a component contained in HeLa extragtShe32P-labeled  band at 60—65 kDa (lane 1), attesting that the binding factor is a
GPx probe was incubated with increasing molar concentrations of specifiprotein. We have not identified the RNase T1 oligonucleotide that
('a”tfs 3.‘? or “”Spec(iﬁc)('i”es ;‘.10) %On?pe“‘fof- La”g L i”ﬁ“baﬁon_‘)f LhWas cross-linked to the protein. However, the largest one would
probe without extract (no). Lane 2, incubation of the probe with extract in the . .
absence of competitor. The specific competitor is the unlabeled GPx SECI@Ot_ Contrl_bUte more than 5 kDa. of the. total eStlmated molecular
RNA; the unspecific competitor is tiecoli 5S ribosomal RNA. The molar ~ Weight. Figure3B ShOW_S that the intensity of the signal is strongly
excess is indicated above the lan&). The 32P-labeled DI probe was affected by the addition of the unlabeled GPx SECIS probe.
incubat(_ad without extract in lane 1 (no) or with the extract in th(_e absence op\ddition of a 2-fold molar excess reduces the imensity ofthe band
competitor (lane 2) or in the presence of molar excess of specific (lanes 3-8)ane 2y while a 50-fold excess abrogates it (lane 4). The crosslink
or unspecific (lanes 6-8) competitors. The molar excess is indicated above tl .
lanes. The specific competitor is the unlabelddl RNA, the unspecific IS unaffected by the presence of the 5S RNA competitor at a 2-fold
competitor is the 5S RNA. Symbols are as in Figure 1. molar excess (lane 5) and very moderately at a 10-fold molar
excess (lane 6). A slight decrease in the intensity of the band is
observed at a 50-fold molar excess (lane 7). Minor bands
complex C2 is slightly diminished at a 10-fold molar excess (larigigrating below 66 kDa appeared in FigBfeand at 25 kDa in
6), but then stays unchanged at 50- and 250-fold molar exceskégire 3B. They very likely arose from incomplete RNase T1
(lanes 7 and 8, respectively). The intensity of complex C1 Ejgestion and to differential susceptibility of GPx SECIS and 5S
mildly affected at a 250-fold molar excess, only (lane 8). ThiRNAs to RNase T1. These experiments, in conjunction with the

indicates that both complexes are specific. competition bandshift assays presented in Figdieprovide
evidence that a protein, ranging between 60—65 kDa on SDS—
; L hindi PAGE gels, binds specifically to the GPx fragment carrying the
Detect f tein binding to the GPx SECIS - . :
eIZrﬁZrﬁn Ot & protein binding fo the LFX SECIS element. We have called this protein SBP, for Secis

Binding Protein.
UV cross-linking experiments were performed aiming at ident- A competition gel shift assay was carried out in an attempt to
ifying the factor bound to the GPx SECIS element. In Figére determine whether the same SBP or a different protein binds to
HelLa S100 extracts were submitted to UV light for increasinthe GPx and '®I SECIS elements. The labeled GPx probe was
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Figure 4. The 8DI SECIS element can challenge the interaction between SBP 1 2 3 4 B & 7 B

and the GPx SECIS element. The labeled GPx probe (lane 1, no extract) was
incubated with the extract in the absence (lane 2) or the presence of increasin
concentrations of unlabeledD SECIS element (lanes 3-5). Symbols are as
in Figures 1 and 2.

Igigure 5. A complex can form between the GPX SECIS element and various

cell type extracts. A complex was also observed with Faza (lanes 2-7) and
COS-7 (lane 8) extracts. The Faza cell type is described in Materials and
Methods. Lane 1, incubation in the absence of extract (no). Lanes 24,
incubation with increasing amounts (indicated above the lanes) of Faza extracts.

incubated in the presence of increasing concentrations &fnes 5-7, competition experiment performed with the unlabeled GPx
unlabeled DI SECIS fragment. Figuré lane 3, indicates that fragment added at the molar excess shown above the lanes. The experiment

. ) . shown in lane 8 results from a separate migration. Symbols are as in Figure 1.
adding a 10-fold molar excess ofDb SECIS influences

moderately the formation of complex C since the intensity of the

band is 70% of the value measured in lane 2. Increasing thfth the labeled GPx RNA probe and COS-7 cell extracts
concentration of the competitor affected more significantly th@ygicated that a bandshift could also be obtained with this type of
formation of the complex since a 250-fold molar excess leads ¢gj| extract (Fig5, lane 8). The unspecific band formed in the
8% of residual binding. This experiment attests that ¢ 5 presence of Faza, but not HeLa and COS-7 extracts. This may be
SECIS element does compete with the GPx homologue feglated to the occurrence of a number of RNA-binding proteins
b|nd|ng to SBP, |nd|Cat|ng that this protem can bind one SECI§ the rat |iver, from which the Faza cell line derives.

element or the other. However, and interestingly, it is remarkableThe GPx SECIS element is thus capable of forming a complex

that the GPx SECIS shows a competitive advantage ovebthe Syith a protein, very likely SBP, contained in mammalian extracts
SECIS since a 10-fold excess of GPx SECIS competitQjriginating from Faza and COS-7 cells.

provoked a 60% drop in binding (FRA, lane 3), while the same
g:}ceesé;,.ofﬁ)l SECIS competitor induced only a 30% drop (&ig. DISCUSSION

We have presented in this work evidence that a protein binds
The GPx SECIS element can form complexes with specifically to the SECIS element, an RNA motif essential for
extracts from different cell types selenocysteine incorporatiob3(24) residing in the SUTR of

selenoprotein MRNAs. We have called this protein SBP, for Secis
To determine whether other cell types possess the ability to indugmding Protein. It has a molecular weight of 60—65 kDa. This is
a gel shift, the GPx probe was assayed with Faza and COS-7 ted first report of a protein binding to tHe BT R of selenoprotein
extracts. The Faza cell line is a 8-azaguanine resistant subclon@NAs. The RNA—protein interaction was detected with the
of the Reuber H-35 rat hepaton28)( Figure5 indicates that a GPx SECIS element in HeLa, COS-7 and Faza (rat hepatoma cell
retarded band with electrophoretic mobility similar to that idine) cell extracts. One single specific complex was obtained with
FigurelA, is observed in lanes 2—4 with Faza extracts. Anothehe glutathione peroxidase SECIS element and SBP. Surprisingly,
band with lower mobility also appears in lanes 3 and 4. Thinding experiments undertaken with the type | iodothyroriine 5
determine whether it contains a specific complex, we undertoalkeiodinase SECIS element led to the isolation of two retarded
a competition assay with the unlabeled GPx SECIS fragmeitands C1 and C2 by mobility shift assay, but we cannot provide
Figure 5, lanes 5 to 7, shows that the intensity of the bandny explanation for this differential situation. Competition
containing the faster migrating complex diminishes progressivexperiments indicated that both C1 and C2 are specific since they
and disappears at a 100-fold molar excess of competitor (lane & not challenged by addition of 5S RNA. The fact that complex
while the intensity of the upper band remains unaffected. Th{32 is displaced by lower concentrations of specific competitor
establishes that the faster migrating complex observed in lartean C1, suggests that each complex might result from the binding
2-6 is specific, the other one resulting from an unspecifiof a different protein. The identity of the protein(s) contained in
interaction with the GPx SECIS fragment. An assay performezbmplexes C1 and C2 has not been addressed in this work.
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