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ABSTRACT

Selenoprotein synthesis in eukaryotes requires the selenocysteine insertion sequence (SECIS) RNA, a hairpin in the
39 untranslated region of selenoprotein mRNAs. The SECIS RNA is recognized by the SECIS-binding protein 2 (SBP2),
which is a key player in this specialized translation machinery. The objective of this work was to obtain structural
insight into the SBP2-SECIS RNA complex. Multiple sequence alignment revealed that SBP2 and the U4 snRNA-binding
protein 15.5 kD/Snu13p share the same RNA binding domain of the L7A/L30 family, also found in the box H/ACA
snoRNP protein Nhp2p and several ribosomal proteins. In corollary, we have detected a similar secondary structure
motif in the SECIS and U4 RNAs. Combining the data of the crystal structure of the 15.5 kD-U4 snRNA complex, and
the SBP2/15.5 kD sequence similarities, we designed a structure-guided strategy predicting 12 SBP2 amino acids that
should be critical for SECIS RNA binding. Alanine substitution of these amino acids followed by gel shift assays of
the SBP2 mutant proteins identified four residues whose mutation severely diminished or abolished SECIS RNA
binding, the other eight provoking intermediate down effects. In addition to identifying key amino acids for SECIS
recognition by SBP2, our findings led to the proposal that some of the recognition principles governing the 15.5 kD-U4
snRNA interaction must be similar in the SBP2-SECIS RNA complex.

Keywords: L7A/L30 RNA binding domain; RNA–protein interactions; SECIS-binding protein 2; selenocysteine;
U4 snRNA

INTRODUCTION

Selenium is mostly found in the active site of seleno-
proteins, in the form of the amino acid selenocysteine+
In mammals, selenoproteins participate in several gluta-
thione- or thioredoxin-dependent oxidation–reduction
reactions, or in the maturation of the thyroid hormone
(reviewed in Köhrle et al+, 2000; Gladyshev & Kryukov,
2001)+ The importance of selenium and selenoproteins
was further underscored by two recent discoveries+ The
first one refers to the capital roles for sperm maturation
of the phospholipid hydroperoxide glutathione peroxi-
dase (Ursini et al+, 1999) and protamine thiol crosslink-
ing glutathione peroxidase (Pfeifer et al+, 2001), two
splice variants of the same pre-mRNA+ It is remarkable

that these findings provided the molecular basis for
earlier observations linking selenium deficiencies and
male infertility+ The second discovery is that patients
developing a form of congenital muscular dystrophy
carry mutations in the gene encoding selenoprotein
SePN1 (Moghadaszadeh et al+, 2001)+ This finding con-
stituted the first report establishing a direct correlation
between the occurrence of a genetic disease and mu-
tations in a selenoprotein gene+ Eukaryotic selenocys-
teine biosynthesis and cotranslational incorporation in
response to a redefined UGA Sec codon are achieved
by a complex molecular machinery containing RNA
and protein partners (reviewed in Fagegaltier et al+,
2001; Lescure et al+, 2002b)+ This amino acid is syn-
thesized from the seryl residue of the Ser-tRNASec,
generating the Sec-tRNASec that is loaded onto the
selenocysteine-specialized translation elongation fac-
tor mSelB/eEFsec (Fagegaltier et al+, 2000a; Tuje-
bajeva et al+, 2000)+ Decoding of UGA Sec codons
necessitates not only the presence of this elongation
factor but also the SECIS element, an RNA hairpin in
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the 39 UTR of selenoprotein mRNAs (Berry et al+, 1991)+
Structure–function studies proposed secondary and
three-dimensional structure models for the SECIS ele-
ment (Walczak et al+, 1996, 1998; Martin et al+, 1998;
Grundner-Culemann et al+, 1999; Fagegaltier et al+,
2000b)+ The core of the hairpin consists of a quartet of
non-Watson–Crick base pairs containing a tandem of
sheared G-A base pairs that are pivotal for mediating
UGA Sec decoding (Walczak et al+, 1996, 1998)+ SBP2,
the SECIS binding protein 2, interacts with the SECIS
element (Copeland et al+, 2000; Lescure et al+, 2002a)
and most likely with mSelB/eEFsec (Fagegaltier et al+,
2000a; Tujebajeva et al+, 2000)+ From these and other
functional data (Low et al+, 2000), it is obvious that
SBP2 is a key player in the machinery+ Two major stud-
ies were previously undertaken to delineate the SECIS
RNA and SBP2 domains important for the interaction+
In the first one, structural investigations of the SECIS
RNA-SBP2 complex revealed that the phosphate back-
bone and the non-Watson–Crick base pairs at the core
of the SECIS RNA are important features governing
the interaction (Fletcher et al+, 2001)+ The other study
dealt with the functional dissection of SBP2+ It was
discovered that it belongs to the family of proteins con-
taining the L7A/L30 RNA-binding domain (Copeland
et al+, 2001)+ This domain comprises several ribosomal
proteins of the large and small subunits, Nhp2p that is
the core component of the yeast H/ACA family of small
nucleolar ribonucleoprotein particles (Henras et al+,
1998), and the eRF1 subunit of the translation termi-
nation release factor+ Interestingly, the existence of such
an RNA-binding domain was hypothesized several years
ago, based on amino acid sequence comparisons of
the limited number of proteins available at the time
(Koonin et al+, 1994)+

An extensive study of the amino acids required for
the binding of SBP2 to the SECIS RNA has not been
published yet+ The issue is especially crucial because
the various proteins of the L7A/L30 family can specif-
ically recognize their cognate RNA yet share identical
or similar sequences in their homologous RNA-binding
domains+ The objective of the work reported here was
precisely to identify amino acids in the RNA-binding
domain of SBP2 that are important for recognition of
the SECIS RNA+ The strategy that was taken stemmed
from our two initial findings described in this report:
(1) the RNA-binding domain of SBP2 displays amino
acid sequence identity to another member of the L7A/
L30 family, the human 15+5 kD protein (ortholog of
the yeast Snu13p) that binds the 59 stem-loop of
spliceosomal U4 snRNAs but also box C/D snoRNAs
(Nottrott et al+, 1999; Gottschalk et al+, 1999; Stevens
& Abelson, 1999; Watkins et al+, 2000); (2) the SECIS
RNA and the 59 stem-loop of U4 snRNA possess com-
mon structural features+Combining the data of the crys-
tal structure of the 15+5 kD-U4 snRNA complex (Vidovic
et al+, 2000) and the sequence alignment between the

15+5 kD and SBP2 proteins, we designed a structure-
guided strategy to identify SBP2 amino acids that should
be important for the SECIS RNA interaction+ The pre-
diction was tested in the human SBP2 by alanine sub-
stitution of the relevant amino acids followed by RNA
binding assays of the SBP2 mutant proteins+ This en-
abled the identification of amino acids critical for the
SBP2-SECIS RNA interaction+

RESULTS

The RNA-binding domain of SBP2 and
spliceosomal 15.5 kD/Snu13p proteins
exhibits striking sequence similarities

To identify amino acids conserved in the RNA-binding
domain (RBD) of various SBP2 and that could be in-
volved in SECIS RNA interaction, databases were
searched for SBP2 sequences from distantly related
species+ Various attempts were carried out to minimize
the many hits engendered by ribosomal proteins pos-
sessing the L7A/L30 RBD+ The best procedure for dis-
carding ribosomal protein sequences was to perform
Blastp searches of the nonredundant database with a
84-amino-acid-long subdomain of the human SBP2 RBD
encompassing residues 673–756, and not with the en-
tire domain+ This 84-amino-acid sequence was ob-
tained after proceeding by trial and error with several
overlapping sequences of the hSBP2 RBD, seeking
the largest sequence that did not match ribosomal pro-
teins+ Two hits, which were not included in a previously
reported sequence alignment (Copeland et al+, 2001),
drew our attention: They corresponded to the human
spliceosomal 15+5 kD protein (Nottrott et al+, 1999) and
its Snu13p ortholog in yeast (Gottschalk et al+, 1999;
Stevens & Abelson, 1999)+ This incited us to obtain
more information on the degree of sequence similarity
between SBP2, the 15+5 kD protein, and other members
of the L7A/L30 family+ A multiple sequence alignment
was performed between the human SBP2 (hSBP2),
15+5 kD, Snu13p, Nhp2p, yeast ribosomal protein L30
(yRPL30), and human ribosomal protein L7A (hRPL7A)+
Figure 1 shows the region of maximum homology that
was obtained between 79 amino acids of the hSBP2
RBD (positions 672–750) and the RBDs of the other
proteins+ From the alignment, we found that hSBP2
and 15+5 kD/Snu13p possess 47% amino acid similar-
ity (26% identity) over the homologous sections+ The
similarity between hSBP2 and Nhp2p is 43% (20% iden-
tity), the value dropping to 30% (16% identity) with
yRPL30 and hRPL7A+ Identical results were obtained
when the sequence of the rat SBP2 RBD was used in
the alignment (data not shown)+ Thus, the RBD se-
quences in the mammalian SBP2 and 15+5 kD/Snu13p
are closer to each other than to other members of the
L7A/L30 family+
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Similar structural features in the SECIS RNA
and 59 stem-loop of spliceosomal U4 snRNA

We next asked whether the sequence conservation of
the hSBP2 and 15+5 kD/Snu13p RBD correlates with
structural features that could be shared by the SECIS
and U4 RNA targets+ Experimental secondary struc-
ture models for a variety of SECIS RNAs (Walczak
et al+, 1996, 1998; Fagegaltier et al+, 2000b; reviewed
in Krol, 2002) proposed that the core of the SECIS
RNA is formed by four consecutive non-Watson–Crick
base pairs containing the invariant tandem of G3-A8/
G7-A4 sheared base pairs (Fig+ 2)+ Indeed, this quartet
of base pairs represents an important functional motif
for selenoprotein synthesis and a critical recognition
site for SBP2 (Walczak et al+, 1998; Fletcher et al+,
2001)+ Striking similarities were detected in the core
structures of the SECIS RNA and the 59 stem-loop of
U4 snRNA (Fig+ 2): Helices 1 and 2 are separated by
an asymmetrical internal loop; helix 2 contains a tan-
dem of sheared G-A base pairs shown to be the major
functional motif of the SECIS RNA (Walczak et al+, 1998)+
Whereas the size of the internal loop is invariant in U4
snRNA, it is variable in the different SECIS RNAs+ How-
ever, despite this difference, it is remarkable that the
similar sequences R1U2 (SECIS RNA) and A30U31
(U4 snRNA) reside 59 to the G3-A8 and G32-A44 base
pairs in the SECIS and U4 RNAs, respectively (Fig+ 2)+
In the crystal structure of the 15+5 kD-U4 snRNA com-
plex, U31 is flipped out (Vidovic et al+, 2000), whereas
our structure probing experiments favored the U2-N9
base pairing in the SECIS RNA (Walczak et al+, 1996)+

Worth noting were the findings that substitutions of U2
in the SECIS RNA and U31 in U4 snRNA, or those
aiming at debilitating the sheared G-A base pairs in
both RNAs, compromised the in vitro binding of SBP2
and 15+5 kD to their cognate RNAs (Nottrott et al+, 1999;
Fletcher et al+, 2001)+ As reported by Watkins et al+
(2000), Vidovic et al+ (2000), and Klein et al+ (2001), it
is very likely that the internal loop of box C/D snoRNAs
adopts the same asymmetrical structure as in U4 snRNA
(Fig+ 2)+ Thus, the U4 snRNA/box C/D snoRNAs and
the SECIS RNA possess similarities in their core struc-
tures interacting with the 15+5 kD/Snu13p and SBP2
proteins, respectively+

Structure-guided prediction of
SBP2 amino acids involved in the
interaction with the SECIS RNA

In a further step, we reasoned that the sequence sim-
ilarities between the hSBP2 and 15+5 kD RBDs and the
common structural features in the SECIS RNA and
U4 snRNA could be exploited to identify hSBP2 amino
acids contacting the SECIS RNA+ We first tested the
ability of the hSBP2 RBD to fold into a similar domain
structure as the 15+5 kD protein by secondary structure
predictions using the PHDSec program (Rost & Sand-
ers, 1993)+ Predictions schematized in Figure 3A re-
veal striking similarities with the secondary structure of
the 15+5 kD+Differences occur at the edges of the SBP2
RBD, which is not surprising, as the RBD only repre-
sents one domain of the 854-amino-acid full-length

FIGURE 1. Multiple sequence alignment of the RNA binding domain of human SBP2 (hSBP2), human 15+5 kD (h15+5 kD),
yeast Snu13p (Snu13p), yeast Nhp2p (Nhp2p), yeast ribosomal protein L30 (yRPL30), and human ribosomal protein L7A
(hRPL7A)+ The alignment was made with ClustalW and manually refined with MegAlign (DNASTAR)+ Identical amino acids
are shown in reverse, similar residues are shaded in gray+ The sequences are from: hSBP2 (Lescure et al+, 2002a); Snu13p,
accession number NP010888; Nhp2p (Henras et al+, 1998); yRPL30 (Mao et al+, 1999); hRPL7A, accession number
AAH05128+
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protein+ Another difference concerns the b2-a3 junc-
tion (see Fig+ 3A) where helix a3 is predicted to be
slightly extended in hSBP2, resembling more the ribo-
somal protein L30 in this respect (Mao et al+, 1999)+
The good overall conservation of the secondary struc-
ture elements between the 15+5 kD and hSBP2 pro-
teins suggests that the three-dimensional folding and
the positioning of amino acids involved in RNA binding
are likely to be similar in the two proteins+ Having es-
tablished this, we examined the crystal structure of the
15+5 kD-U4 snRNA complex+ It revealed that 14 amino
acids in the 15+5 kD RBD participate in the interaction
with U4 snRNA (Vidovic et al+, 2000)+ They are marked
by dots above the 15+5 kD sequence (Fig+ 3A) and the
15+5 kD-U4 snRNA interactions are represented in Fig-
ures 3B and 4A+We hypothesized that the homologous
hSBP2 residues (Fig+ 3A) could fulfill similar roles in

the hSBP2-SECIS RNA complex+ We therefore pro-
posed the putative interaction scheme (Fig+ 4B) in which:
Gly676SBP2, Arg678SBP2, Glu679SBP2, and Lys682SBP2

could contact the bases or the phosphodiester back-
bone of the SECIS RNA at G3 and/or G7; Leu677SBP2,
Glu699SBP2, Asp709SBP2, Arg731SBP2, and Ile749SBP2

could interact with U2; and Val744SBP2 could interact
with A1+ To test the hypothesis, we made the corre-
sponding alanine replacements and assayed the abil-
ities of the mutant proteins to bind the SECIS RNA+
Additionally, Lys732SBP2 was substituted to determine
whether Arg731SBP2 or Lys732SBP2 is homologous to
Lys8615+5+ Ser745SBP2 was mutated because it resides
within a block of conserved sequences found only in
nonribosomal proteins (see Fig+ 1)+ In the 15+5 kD-U4
snRNA complex,Arg3615+5, Lys3715+5, and Arg4815+5 con-
tribute essentially to electrostatic interactions with the
phosphates at positions 41–44 in U4 snRNA+ Because
the corresponding residues Val674SBP2, Leu675SBP2,
and Leu686SBP2 are hydrophobic, their interaction with
the SECIS RNA was hardly predictable and they were
not mutated+ Likewise, Val746SBP2 was not substituted
because its Arg9715+5 counterpart interacts with A29
in U4 snRNA, a nucleotide that has no identified ho-
molog in the internal loop of the SECIS RNA+ In sum-
mary, 12 amino acids were substituted and are
represented in Figure 3A+ The mutations were engi-
neered in the hSBP2/512 cDNA, a construct that en-
codes the C-terminal 512 amino acids containing the
RBD of the protein and that was shown previously to
display SECIS RNA binding activity in vitro (Lescure
et al+, 2002a)+ This protein will be considered as the
wild-type (wt) hSBP2+

Identification of SBP2 residues important
for the interaction with the SECIS RNA

The [35S]-methionine-labeled hSBP2 proteins used in
this study were generated by in vitro coupled tran-
scription/translation in rabbit reticulocyte lysates+ This
system offers the advantage of containing limiting
amounts of endogenous SBP2 (Copeland et al+, 2000)
that will not interfere with the assay, rendering it suit-
able for studying the effects of the hSBP2 mutations+
The translation efficiencies of the wild-type and mutant
hSBP2 proteins were verified and quantitated by gel
electrophoresis (data not shown) and their abilities to
bind the [32P]-labeled human SePN1 SECIS RNA(Fage-
galtier et al+, 2000b) were assessed by electrophoretic
mobility shift assays (Fig+ 5A, B)+ As anticipated, no
SBP2-SECIS RNA complex could form with the unpro-
grammed reticulocyte lysate in which SBP2 is limiting
(Fig+ 5A, B, lanes 2)+ The band marked by an asterisk,
appearing also in the other lanes, corresponds to an-
other SECIS RNA–protein complex that we previously
characterized (Hubert et al+, 1996)+ It contains a SECIS-
binding protein that differs from SBP2 and does not

FIGURE 2. Secondary structure models displaying the similar fea-
tures between the consensus SECIS RNA, the 59 stem-loop of the
human U4 small nuclear RNA, and the consensus Box C/D small
nucleolar RNAs+ The structures were adapted from Walczak et al+
(1996), Vidovic et al+ (2000), Klein et al+ (2001), and Krol (2002)+
Numbering of the consensus SECIS RNA sequence started arbi-
trarily at R1 to position the base pairing partners at the non-Watson–
Crick quartet; only a portion of the SECIS helices 1 and 2 is depicted+
Sheared G-A base pairs are in bold; the putative G–A base pairs in
Box C/D snoRNA are represented by dashed lines+ R stands for A or
G, N for any nucleotide+
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FIGURE 3. See caption on facing page.
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share the same binding site on the SECIS RNA+ Addi-
tion of the in vitro translated wild-type hSBP2 to the
SECIS RNA led to the formation of two retarded com-
plexes containing monomeric and homodimeric forms
of hSBP2 (Fig+ 5A, B, lanes 3 and 4), as previously
reported for the recombinant hSBP2 produced in Esch-
erichia coli (Lescure et al+, 2002a)+ The yield of the
monomeric and homodimeric forms of complexes was
24% and 9%, respectively+

The RNA binding activities of the hSBP2 mutants
are shown in Figure 5A,B, lanes 5–12 and 5–20, re-
spectively, and quantitated in Table 1+ All the mutants
affected hSBP2 binding to various extents, strongly sug-
gesting that the residues designed by the structure-
guided strategy contribute to SECIS RNA binding+
Identical results were obtained with the SECIS RNA of
the rat glutathione peroxidase mRNA (data not shown)+
The most drastic effects were produced by E699A and
R731A and led to a complete or almost complete
(E699A) loss of RNA recognition (Fig+ 5B, lanes 7, 8
and 11, 12)+ Interestingly, the homologous amino acids
Glu6115+5 and Lys8615+5 are the only two residues es-
tablishing hydrogen bonds with the bulged U31 base in
U4 snRNA (see Figs+ 3B and 4A)+ The G676A and
E679A mutations were severely deleterious to SECIS
RNA binding, entailing 19–28% of residual binding ac-
tivity (Fig+ 5A, lanes 5, 6 and 9, 10)+ The homologous
residues Gly3815+5 and Glu4115+5 contact the sheared
G-A base pairs of U4 snRNA at G32 and G43, respec-
tively (Figs+ 3B and 4A)+ The deleterious effects of
E699A, R731A, G676A, and E679A did not originate
from a subsequent loss of protein solubility because
we could establish that the four mutant proteins are still
soluble when expressed in E. coli BL21 (DE3) RIL (data
not shown)+ Moderate effects for the other eight sub-
stitutions were observed+ In this regard, the result of
the K732A mutation strengthens the prediction that
Arg731SBP2, rather than Lys732SBP2, is the homolog of
Lys8615+5+ S745A provoked a drop of about 50% in the
RNA binding activity+ Surprisingly, the R678A mutation
had a rather benign effect, whereas we anticipated it to
be more harmful as the homologous Asn4015+5 residue
establishes hydrophobic and hydrogen bond contacts
in U4 snRNA with G32 at the sheared G32-A44 (Figs+ 3B

FIGURE 3. Structure-guided mutagenesis+ A: Folding predictions and positions of the alanine-substituted amino acids in
the hSBP2 sequence+ Substitutions are positioned by the arrows below the hSBP2 sequence+ The secondary structure
elements of the h15+5 kD protein (shown in black) and the residues involved in the 15+5 kD-U4 snRNA interaction (marked
by dots above the sequence) are from Vidovic et al+ (2000)+ The secondary structure prediction of hSBP2 shown in gray was
generated with the Predict Protein program PHDSec (Rost & Sander, 1993)+ The sequence alignment is from Figure 1+
B: Sketch of the three-dimensional structure of the 15+5kD-U4 snRNA complex solved by Vidovic et al+ (2000)+ Only the
regions of the protein and the RNA predicted to be conserved between 15+5 kD/U4 and hSBP2/SECIS are represented+
Ribbon plot of the 15+5 kD residues 38 to 105 is shown in blue+ The amino acids involved in RNA recognition and targeted
for mutagenesis are highlighted: strictly conserved residues are in red, others are in pink+ The U4 snRNA backbone, U31,
and A30 are in green, the sheared G-A pairs are in yellow+ The graphic representation was generated with the program
SETOR (Evans, 1993) using the Protein Data Bank coordinates 1E7K+

FIGURE 4. Scheme of RNA–protein interactions in the h15+5 kD-U4
snRNA and hSBP2-SECIS RNA complexes+ A: Contacts between
15+5 kD amino acids and the human U4snRNA, adapted from data of
the crystal structure of the complex (Vidovic et al+, 2000)+ Only the
contacts at A30, U31, and G32-A44/G43-A33 base pairs are repre-
sented+Underlined amino acids: hydrophobic interactions with bases;
residue with an asterisk: hydrogen bonds involving bases; italicized
residues: hydrogen bond involving phosphates or ribose+ B: Putative
contacts between hSBP2 amino acids and the SECIS RNA+ The
amino acid residues are homologous to those in A+ The SePN1
SECIS RNA positions were arbitrarily numbered, as in Figure 2+ Only
a portion of helices 1 and 2 is displayed+ Sheared G-A base pairs are
in bold+
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and 4A)+ Among the remaining mutants, V744A and
I749A affected more the monomer formation whereas
L677A reduced more the homodimeric than the mono-
meric complexes (Table 1)+ At this stage of the work, it
is difficult to rationalize this finding, but we can hypoth-
esize that the RNA binding and dimerization domains
of hSBP2 partially overlap+ Assuming that homodimer-
ization stabilizes the binding to the SECIS RNA, the
mutations would be less detrimental, and the homo-
dimer would attenuate the down effects of V744A and
I749A that are otherwise more harmful to monomer
formation+

We conclude from these experiments that we have
identified 12 hSBP2 amino acids important to SECIS

RNA binding+ This includes those derived directly from
the sequence comparison and the structure-guided strat-
egy, as well as Lys732SBP2 and Ser745SBP2,which could
not be predicted+ The four amino acids Gly676SBP2,
Glu679SBP2, Glu699SBP2, and Arg731SBP2 appear to be
crucial; the other eight residues contribute to the SECIS
RNA binding activity but to a lower extent+

DISCUSSION

A previous report identified the structural determinants
of the SECIS RNA necessary for the interaction with
SBP2 (Fletcher et al+, 2001)+ The objective of this study
was to obtain a better understanding of the principles

FIGURE 5. Gel retardation assays of the hSBP2 mutant proteins with the human SePN1 SECIS RNA+ In each lane, the
[35S]-methionine-labeled hSBP2 protein obtained by in vitro translation in rabbit reticulocyte lysates was added to 150,000
cpm of [32P]-labeled human SePN1 SECIS RNA and the complexes were resolved on 4% nondenaturing polyacrylamide
gels+ A: Effects of alanine substitutions at positions predicted to interact with the G3-A8/G7-A4 base pairs (lanes 5–12)+
B: Effects of alanine substitutions at positions predicted to interact with U2 (lanes 5–12, 19, and 20), A1 (lanes 17 and 18),
or nonpredicted positions (lanes 13–16)+ Lanes 1: SePN1 SECIS RNA alone (2); lanes 2: unprogrammed rabbit reticulocyte
lysate (Retic); odd and even lanes contained 20 and 120 fmol of in vitro translated wild-type (wt hSBP2) or mutant hSBP2
protein, respectively+ The asterisk indicates the position of the complex formed between the SECIS RNA and another
SECIS-binding protein (Hubert et al+, 1996)+
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governing the SBP2-SECIS RNA interaction, in partic-
ular the identification of the amino acids important for
SECIS RNA recognition+ Three main findings emerged
from our investigations+ The first one was the discovery
that SBP2 shares the same RBD as the mammalian
15+5 kD protein (or the Snu13p ortholog in yeast) that
binds the 59 stem-loop of the spliceosomal U4 snRNA+
In corollary, the second finding concerned the similar-
ities detected in the core structures of the SECIS RNA
and U4 snRNA bound by the SBP2 and 15+5 kD pro-
teins, respectively+ It is precisely these protein and RNA
similar features, combined with secondary structure pre-
diction of hSBP2 and the information from the crystal
structure of the U4 snRNA-15+5 kD complex (Vidovic
et al+, 2000), that enabled the prediction of amino acids
in the human SBP2 protein that should be critical to
SECIS RNA binding+ In the absence of a structural
model for the SBP2-SECIS RNA complex, the structure-
guided strategy offers the advantage of targeting amino
acids that contribute to the interaction with the RNA,
rather than those participating in the overall folding of
the protein+ This was verified by in silico investigation of
the 15+5 kD three-dimensional structure; indeed the
side chains of the amino acids corresponding to those
mutated in hSBP2 do not establish intramolecular con-
tacts important to the overall folding of the 15+5kD+
Gly3815+5 (corresponding to Gly676SBP2) is particular in
that it adopts a conformation that is not allowed to any
other amino acid at the b1-a2 junction+ This invariant
amino acid is thus important for folding the RBD, but is
also in close contact to the G-A pairs+ Assays of the
RNA-binding activities of the hSBP2 mutants allowed
the identification of 12 amino acids whose substitu-
tion led to a complete or partial loss of RNA binding+
From this data, we inferred that the four amino acids
Gly676SBP2, Glu679SBP2, Glu699SBP2, Arg731SBP2 are

primordial to the interaction and that the other eight
participate in SECIS RNA binding, constituting the third
finding of this report+

Our structure-guided strategy allowed the identifica-
tion of hSBP2 amino acids important for recognition of
the SECIS RNA (Fig+ 4B)+Obviously, the detailed RNA–
protein contacts cannot be predicted by this type of
study+However, solution structure probing of the SECIS
RNA and SECIS RNA-SBP2 complex (Walczak et al+,
1996; Fletcher et al+, 2001), combined with the work
presented here, suggest the putative interaction scheme+
Gly676SBP2 and Arg678SBP2 could interact with G3;
Glu679SBP2 with G3 and G7; Lys682SBP2 with G7;
Leu677SBP2,Glu699SBP2,Asp709SBP2,Arg731SBP2, and
Ile749SBP2 with U2; and Val744SBP2 with A1+ Interest-
ingly, the solution structure of the complex between the
yeast ribosomal protein L30 and its autoregulatory site
in the L30 mRNA was solved by NMR spectroscopy
(Mao et al+, 1999)+ L30 binds to an internal loop con-
stituted by a complex array of non-Watson–Crick base
pairs whose three-dimensional structure differs from
that of the U4 snRNA+ In this RNA–protein complex,
it is remarkable that Gly26L30, which corresponds to
Gly3815+5 and Gly676SBP2 (see Fig+ 1), is central to
the interaction with the mRNA+ Substitution of the
Gly676SBP2 homologs in the rat SBP2 and 15+5 kD
proteins led to detrimental effects as well (Nottrott et al+,
1999; Copeland et al+, 2001), in good agreement with
the important role of this amino acid in the L7A/L30
family for both the structure of the RNA binding domain
and recognition of the sheared G-A base pairs+ Addi-
tionally, important roles were established in the L30-
mRNA complex for Tyr27L30 (corresponding to Ala3915+5

and Leu677SBP2) and Lys28L30 (corresponding to
Asn4015+5 and Arg678SBP2)+ This is consistent with our
results for Leu677SBP2+ However, our data did not sug-
gest a major role for Arg678SBP2, highlighting subtle
variations in the RNA–protein recognition schemes+We
found that substitution of Lys732SBP2 and Ser745SBP2

affected the SECIS RNA binding, although the 15+5 kD
homologous residues do not establish contacts with
the U4 snRNA (Vidovic et al+, 2000)+ It is unlikely that
the mutations led to misfolding of hSBP2 because we
could verify in silico that the corresponding amino acids
Gln8715+5 and Ser9615+5 do not establish intramolecular
contacts (Fig+ 3B)+ One explanation could arise from
the intimate RNA structure of the core and its vicinity
that may not be strictly identical in both RNAs, partic-
ularly at the asymmetrical loop+ Lys732SBP2 and
Ser745SBP2 could thus be involved in the specialization
for the SECIS RNA interaction+

The results of our mutagenesis study are in good
agreement with a previous work assaying mutant SECIS
RNAs for their ability to bind SBP2 (Fletcher et al+,
2001)+ It was found that the U2C mutation, or the G3-
A8/A4-G7 changes to A3-G8/G4-A7 or A3-A8/G4-A7,
impaired formation of the SBP2-SECIS RNA complex+

TABLE 1 + Quantitation of the binding activities of the hSBP2 mutant
proteins from the gels shown in Figure 5+a

hSBP2 Mutants Monomer Dimer

Wild-type 100 100
E699A 13+5 0
R731A 0 0
G676A 19 16
E679A 19 28
L677A 57 27
R678A 64 67
K682A 56 78
D709A 46 76
K732A 57 46
S745A 56 51
V744A 51 100
I749A 47 100

aThe percentage of monomeric and dimeric complexes was cal-
culated as the ratio of the values obtained with the highest amount of
hSBP2 (even lanes in Fig+ 5A, B) to those of the wild-type monomeric
and dimeric complexes taken as 100% (lanes 4)+
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This underscored the importance of U2 as well as of
G3 and G7 in the sheared G3-A8/G7-A4 base pairs+
Altogether, the data presented may suggest that SBP2
recognizes the SECIS RNA sheared G-A base pairs in
a manner similar to the 15+5 kD protein in the 15+5
kD-U4 snRNA complex+ It is worth mentioning that U31
is flipped out in the crystal structure (Vidovic et al+,
2000; Fig+ 3B) whereas structure probing of the SECIS
RNA proposed that U2 is not bulged out but rather
base paired with U9 (Walczak et al+, 1996; see also
Fig+ 2)+ Indeed, one could envisage the unpairing of U2
by an induced fit of the SECIS RNA upon SBP2 binding+

It was recently reported that U4 snRNA, RNase MRP
RNA, human SRP 7SL RNA, and several ribosomal
RNA regions contain a new secondary structure motif
called the kink-turn, or K-turn motif (Klein et al+, 2001)+
These authors proposed that the L30 mRNA binding
site can also adopt the K-turn motif+ It is characterized
by an asymmetrical internal loop flanked by a regular
helix on one side and an irregular helix containing
sheared G-A base pairs on the other (Fig+ 2)+ A kink
occurs at the internal loop, causing a sharp turn in the
RNA helix+ Interestingly, the K-turn in U4 snRNA and
L30 mRNA is the binding site for the 15+5 kD/Snu13p
and yeast L30 proteins, respectively+ It was proposed
that box C/D snoRNAs also contain a K-turn motif (Klein
et al+, 2001), in line with the binding of 15+5 kD/Snu13p
to this type of snoRNA (Watkins et al+, 2000)+ Structure
probing data combined with computer modeling led to
a three-dimensional structure model for the SECIS RNA
where a kink occurs at the internal loop, showing the
G-A base pairs well accessible to the solvent (Walczak
et al+, 1996)+ Considering this particular structural fea-
ture of the SECIS RNA and the binding of SBP2 at the
G-A base pairs (Fletcher et al+, 2001), we speculate
that the SECIS RNA is another member of the RNA
family containing a K-turn motif+

We observed the formation of hSBP2-SECIS RNA
complexes containing monomeric and homodimeric
forms of hSBP2+ This observation is in line with our
earlier report using the recombinant hSBP2 protein pro-
duced in E. coli (Lescure et al+, 2002a)+ Using glycerol
gradient centrifugation, Copeland et al+ (2001) also ob-
served homodimerization of the rat SBP2 protein+ Tak-
ing into account that SBP2 binds not only the SECIS
RNA but also the 28S ribosomal RNA via a ribosome-
binding domain located N-ter to the RBD, these au-
thors hypothesized that homodimers could represent
the functional form of SBP2+ It has not been reported
yet that other members of the L7A/L30 family possess
the capacity to homodimerize, but SBP2 could be unique
in this respect: it is a rather large protein (854 amino
acids for the full-length protein and 512 amino acids in
the hSBP2 fragment used in this study) compared to
the relatively small size of the 15+5 kD (128 amino
acids) and other proteins of the L7A/L30 family+ Actu-
ally, homodimerization of RNA-binding proteins is not

unprecedented, and was already reported for RRM-
containing proteins such as U1A, hnRNP A1, the La
autoantigen and eIF4B (reviewed in Méthot et al+, 1996;
Craig et al+, 1997; Puglisi, 2000)+

There is a growing importance of functionally diverse
eukaryotic proteins containing the L7A/L30 RBD+ In
fact, this domain was recently renamed Pelota
(Anantharaman et al+, 2002) after the name of a locus
that encodes a protein required for meiotic cell division
in Drosophila (Eberhart & Wasserman, 1995)+ How-
ever, our amino acid sequence alignment of the L7A/
L30 family of proteins with Pelota orthologs indicated
that the latter contain sequence similarity to only the
first 28 amino acids (with respect to hSBP2) at the
N-terminus of the L7A/L30 RBD (data not shown)+
Therefore, the blocks of homology in the C-terminal
half of the L7A/L30 domain (Fig+ 1), lacking in Pelota
proteins, may provide different binding opportunities+

Some of the members of the L7A/L30 protein family
bind, or potentially bind, RNAs with K-turn motifs+ We
have shown here that the 15+5 kD/Snu13p-U4 snRNA
and SBP2-SECIS RNA complexes exhibit structural sim-
ilarities, raising the question of how each protein can
specifically identify its cognate RNA+ This is especially
crucial in light of the following recent reports adding
evolutionary aspects to the issue+ It was found that the
archaeal ribosomal protein L7A possesses the other
function of binding the archaeal box C/D small RNA
and mammalian box C/D snoRNAs+ The archaeal L7A
protein is therefore the functional homolog to the eu-
karyotic 15+5 kD/Snu13p (Kuhn et al+, 2002; Tang et al+,
2002)+ Additionally, the Nhp2p protein that contains an
L7A/L30 RBD and is a constituent of box H/ACA
snoRNAs can also bind box C/D snoRNAs in vitro (Hen-
ras et al+, 2001)+ Distinct features in the structures of
each K-turn-containing RNA can account for the spec-
ificity of binding+ Another straightforward and not mu-
tually exclusive possibility is that every L7A/L30 RBD
contains nonconserved amino acids, specifically dedi-
cated to recognizing each individual RNA target+ Elu-
cidation of this question represents the route for future
investigations+

MATERIALS AND METHODS

cDNA constructs and site-directed
mutagenesis

To allow in vitro transcription/translation of hSBP2 wild-type
and mutant constructs, the hSBP2 cDNA was subcloned down-
stream of the T7 promoter of pBluescript II KS (2)+ To do this,
the 2+1 kb XbaI-HindIII fragment arising from phSBP2/512
(Lescure et al+, 2002a), containing an N-terminal Strep-tag II
(IBA, Germany) fused to the 512 C-terminal amino acids of
hSBP2, was inserted into pBluescript II KS (2)+ The resulting
plasmid was termed pKS-hSBP2/512+ Alanine substitution
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mutants were generated in pKS-hSBP2/512 by site-directed
mutagenesis+ Mutant constructs were entirely sequenced by
automated DNA sequencing+

Oligonucleotides used for mutagenesis were as follows:

G676A: 59-GAGAACCTCCCTCAAGGCCAACACAAGTCG
ACG-39;

L677A: 59-TTTGAGAACCTCCCTGGCCCCCAACACAAG
TCG-39;

R678A: 59-GTGTTTGAGAACCTCGGCCAACCCCAACAC
AAG-39;

E679A: 59-CAGGTGTTTGAGAACGGCCCTCAACCCCAA
CAC-39;

K682A: 59-TTTGAGCTTCAGGTGGGCGAGAACCTCCCT
CAA-39;

E699A: 59-TTTTGACTGTATCTTGGCACAGTTGGGAGA
AAT-39;

D709A: 59-TAATTGTGTGCAAAGTGGCATCCAGCCCACC
TTT-39;

R731A: 59-GCGCCCCAGAGCTTTGGCGTTGAGAGCAAA
CAC-39;

K732A: 59-ACTGCGCCCCAGAGCGGCGCGGTTGAGAG
CAAA-39;

V744A: 59-GATCCCCACCACACTGGCAGGAACTGCCTT
ATT-39;

S745A: 59-GAAGATCCCCACCACGGCGACAGGAACTGC
CTT-39;

I749A: 59-CCCATCATAGCTGAAGGCCCCCACCACACTG
AC-39+

In vitro translation

Wild-type and mutant hSBP2 proteins were generated in vitro
using TNT coupled Reticulocyte Lysate Systems (Promega)+
One microgram of each of the pKS-hSBP2/512 wild-type or
mutant plasmid DNAs was used as the template in 50 mL in
vitro transcription/translation reactions in the presence of 25 mL
rabbit reticulocyte lysate and 20 mCi of [35S]-methionine (1,175
Ci/mmol)+ The yield of [35S]-methionine incorporation was
determined by 5% TCA precipitation of 2-mL aliquots of the
reactions, followed by scintillation counting and calculation
with respect to the [35S]-methionine input+ Obtaining of the
translation products was verified by electrophoresis on 12%
SDS-PAGE+ The amount of each hSBP2 protein was quan-
titated with a Fuji BioImage BAS2000 analyzer+ To assay the
solubility of the hSBP2 mutant proteins that affected SECIS
RNA binding, constructs were transformed into E. coli BL21
(DE3) RIL+ After induction of protein synthesis, the soluble
and insoluble fractions were loaded on SDS-PAGE and an-
alyzed by western blotting using an anti-Strep-tag II antibody
(IBA, Germany)+

Electrophoretic mobility shift assays

For in vitro transcription of the human SePN1 and rat GPx
SECIS RNAs, plasmids pT7BcKSelN and pRGPxBcK were
linearized by EcoRI (Walczak et al+, 1998; Fagegaltier et al+,
2000b)+ Internally labeled SePN1 and GPx SECIS RNAs were
obtained by T7 transcription with [a-32P]-ATP (3,000 Ci/
mmol) according to Hubert et al+ (1996)+ Formation of the
SePN1 SECIS RNA-hSBP2 and GPx SECIS RNA-hSBP2

complexes were conducted as described in Copeland et al+
(2001) and Fletcher et al+ (2001)+ Routinely, 150,000 cpm
(2+4 fmol) of 32P-labeled SECIS RNAwere incubated for 30 min
at 30 8C with 20 or 120 fmol of in vitro translated wild-type or
mutant hSBP2 protein, in 20 mL of phosphate buffer saline
pH 7+4, 10 mM DTT+ RNA–protein complexes were sepa-
rated by 4% nondenaturing polyacrylamide gel electropho-
resis in Tris-glycine, pH 8 (Fletcher et al+, 2001)+ The intensities
of free and bound RNAs were quantitated with a Fuji Bio-
Image BAS2000 analyzer+Two independent experiments were
performed for both SePN1 and GPx SECIS RNAs+ Quanti-
tation of the results varied within 15%+
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