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Kissing loops hide premature termination codons
in pre-mRNA of selenoprotein genes
and in genes containing programmed

ribosomal frameshifts
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splicing

Premature termination codons (PTCs) have been re-
ported recently to interfere with mRNA stability and
splicing in the nucleus of eukaryotic cells (Maquat,
1995). To date, the mechanism by which such PTCs
affect intron splicing and mRNA stability is still in
dispute. Some experiments (Carter et al., 1996) suggest
a nuclear scanning mechanism for PTCs, resulting in
alternative or reduced splicing and/or increased mRNA
decay when they are found. Other experiments, such
as recent experiments in yeast (Zhang et al,, 1997),
suggest that recognition of PTCs takes place within the
polysome compartment of the cell, and lead to cyto-
plasmic degradation of mRNA-containing PTCs.

The open reading frame of selenoprotein genes and
genes containing programmed ribosomal frameshifts
normally includes one or more PTCs. In selenoprotein
genes, UGA triplets are well known for their role of
encoding selenocysteine residues. An investigation of
the genomic DNA of selenoprotein genes revealed that
all known examples have introns. This means poten-
tially that intron splicing and mRNA stability could be
impaired.

Using free energy minimization, we discovered a
general pre-mRNA secondary structure forming a “kiss-
ing loop” conformation, which incorporates part of
the exon containing the PTC as well as part of the
downstream intron sequence. The selenocysteine trip-
let UGA is incorporated in this novel double hairpin
structure, which spans the exon/intron junction in all
genes investigated. The RNA secondary structure is
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completely different from the 3" UTR SECIS element
(Berry et al., 1991; Walczak et al., 1996) required for
translation of selenocysteine codons.

It is remarkable that a similar kissing loop structure
was found in a gene containing a programmed ribo-
somal frameshift. A premature UGA codon that termi-
nates the unrestored reading frame of the rat and mouse
oaz genes is also incorporated in this type of RNA
secondary structure.

The finding may explain how selenoproteins and
proteins originating from translation anomalies can be
produced in eukaryotes from genes containing inter-
vening sequences. Together the results offer new in-
sight into the mechanism of nuclear scanning for
nonsense codons (Dietz & Kendzior, 1994; Carter et al.,
1996), as well as new insight into the differences be-
tween nuclear scanning and ribosomal translation.
Overall, the results are consistent with the nuclear scan-
ning model.

We extracted the genomic DNA of all intron-contain-
ing genes with “natural” PTCs annotated in GenBank.
This class did not include retroviral frameshifts and
frameshifts in eukaryotic transposable element tran-
scripts, because these genes were found not to contain
any introns.

A study of all nine characterized vertebrate seleno-
protein genes deposited as genomic DNA revealed that
they all had introns, and that the UGA codons were
located at preferred positions in the exons. In 8 of 12
cases, the UGA codons were found to appear within a
narrow distance interval between 80 and 125 bp from
the downstream 5’ splice site. The distance distribu-
tion showed a peak at 108 nt. Further analysis of the
sequence features led to the discovery of a conserved
signal in the 5’ end of the introns, as well as a signal in
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the exons extending all the way up to the selenocys-
teine codon (Fig. 1).

Using a standard hidden Markov model (Eddy, 1996;
Hughey & Krogh, 1996) built by extracting the infor-
mation available in all nine genes, we scanned Gen-
Bank for additional entries containing the sequence
pattern. A hidden Markov model contains information
about the probabilities of individual nucleotides, as
well as insertions and deletions, at given positions of a
model of a specific signal. After building such a model,
a multiple alignment can be produced by aligning the
sequences that were used to generate the model to it.
Comparing GenBank sequences to the model gives the
log-likelihood that the sequence was produced by the
model, i.e., shares properties with the sequences used
to build the model. With this approach, we found 11
5-expressed sequence tags, of which most did not
match any known DNA or protein sequence (Table 1).

The predicted local RNA secondary structure of the
sequences showed some remarkable conserved fea-
tures. A second hidden Markov model was used to
align the predicted secondary structures of 20 se-
quences (selenoprotein sequences and sequences found
by the GenBank search; see Table 1). The structural
alignment showed five conserved loops. The common
secondary structure with the lowest free energy was
one that put the selenocysteine codon in one hairpin
structure and the 5’ splice site in another. Two exam-
ples are shown in Figure 2. Among the nine known
selenoprotein genes, two contained more than one se-
lenocysteine codon. It was remarkable that, in both
cases, they occurred in the same exon and were em-
bedded in adjacent hairpins. In a mouse selenoprotein
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(MUSSEL) that has three selenocysteines in one exon,
the UGA codons appeared in separate hairpins, where
the last hairpin contained the 5’ splice site. Down-
stream from the two conserved hairpins, we regularly
found a conserved run of pyrimidines followed by a
short stem with the sequence GU in the loop (Fig. 2).

Another exceptional feature of the individual sec-
ondary structures is the potential for perfect base pair-
ing between the two hairpins (Fig. 2). A systematic
search showed that all nine nonhomologous sequences
had this striking base complementarity between the
loops. Such base pairing between loops in separate
secondary structure elements has been predicted pre-
viously in 16S ribosomal RNA (Gutell, 1993).

Numerous experiments have demonstrated that non-
sense codons in the last exon have no effect on mRNA
stability (Maquat, 1995). As expected, we found none
of the primary and secondary structure features de-
scribed here associated with a putative selenocysteine
codon in the last exon of the Drosophila OAF protein
pre-mRNA (L31349).

Several of the ESTs aligned with the splice sites of
the genomic sequences and matched the intronic part
of the novel signal. That indicates the presence of al-
ternative splicing in these ESTs, as was found in a rat
selenoprotein ¢cDNA that was isolated in several dif-
ferent versions (Karimpour et al., 1992).

If selenocysteine codons are hidden from the nuclear
scanning apparatus in the nucleus, then what about
PTCs that appear in the unrestored reading frame after
a programmed ribosomal frameshift? Either the nu-
clear scanning apparatus has to recognize the frame-
shift signal and resume scanning in the new frame, or
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FIGURE 1. Multiple sequence alignment of the region surrounding the TGA codon in GenBank selenoprotein genes and
the rat oaz sequence in which the kissing loop signal also was found. Conserved nucleotides are emphasized in bold-face
when at least 6 of 10 are identical. The selenocysteine codon TGA is also emphasized in bold, and the splice site is indicated
by a vertical line. Pairwise treealign (Hein, 1990) and fasta (Pearson & Lipman, 1988) alignments of all nine selenoproteins
and their DNA showed very limited sequence identity overall (only 2 pairwise alignments of 81 had significant sequence
identity), ruling out the possibility that the observed local sequence conservation was merely a reflection of common
functional identity or evolutionary history.
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TABLE 1. List of sequences either annotated as selenoproteins in GenBank or found by scanning GenBank with a hidden Markov model

comprising 200 main states (Eddy, 1996; Hughey & Krogh, 1996).”

Name Acc # Location of TGA Description
1. HSPEROXP X13710 107 bp from first 5’ ss Human glutathione peroxidase gene
2. HSMCSGEN2 X89961 83 bp from first 5’ ss Human mitochondrial capsule selenoprotein gene(*)
3. HUMGPXP2 D16361 25 bp from second 5’ ss Human plasma glutathione peroxidase gene
4. MUSSEL M88462 124, 94, and 43 bp Mouse seleno-protein gene (MCS) from first 5’ ss
5. MMGSHPX X03920 109 bp from first 5’ ss Mouse glutathione peroxidase gene
6. SSPHGPX X76008 108 bp from third 5’ ss S. scrofa phospholipid hydroperoxide glutathione peroxidase gene
7. SCMGPX1A L37762 108 bp from third 5’ ss Schistosoma mansoni glutathione peroxidase gene
8. RNMCSGENE X87884 119 bp from first 5’ ss Rat mitochondrial capsule selenoprotein gene(*)
9. GPIZFP 126334 48, 21 bp from 5’ ss Cavia porcellus zinc finger protein gene
10. HUMGLPEX M83094 106 from first 5’ ss Human cytosolic selenium-dependent glutathione peroxidase gene
11. RATODCAC D11372 85 bp from second 5’ ss Rat ornithine decarboxylase antizyme
12. MMU84291 U84291 85 bp from second 5’ ss Mouse ornithine decarboxylase antizyme
13. EST H70052 123 bp from put. 5" ss Human 5 EST from mRNA
14. EST H88181 84 bp from put. 5’ ss Human 5’ EST from mRNA
15. EST H61655 — Human 5" EST from mRNA
16. EST H99005 — Human 5’ EST from mRNA
17. EST H33776 97 bp from put. 5’ ss Human 5’ EST from mRNA
18. EST R21003 83 bp from put. 5" ss Human 5’ EST from mRNA
19. EST R47070 91 bp from put 5’ ss Rat 5" EST. cDNA from incisor tissue
20. EST R65113 — Human 5’ EST from mRNA
21. EST R69653 — Human 5" EST from mRNA
22. EST T54820 102 bp from put. 5" ss Human 5" EST from mRNA
23. EST N38469 — A. thaliana 5" EST from mRNA
24. 165 PCR X84460 — PCR amplification from unkn. organism using probes for 165 rRNA

aThis Markov model was run against GenBank (rel. 94). Sequences with scores significantly higher than average were investigated further
by alignment to the known selenoprotein genes and by searching for similarities to genes deposited in GenBank. Sequences 1-9 were used
for HMM training and are shown in the alignment in Figure 1, together with an example of a frameshifting gene, sequence 11. Sequence 10,
a homologue of sequence 5, appeared in a later release of GenBank. Sequences 13-24 were found in a GenBank search with the trained HMM.
All sequences have the conserved secondary structure. The secondary structures of sequences 2, 7, and 11 are shown in Figure 2A, B, and C,
respectively. The distance between the TGA codon and the 5" splice site, if annotated or predicted, is given.

the codons that terminate the original frame have to be
hidden from nuclear scanning. The search in GenBank
for genes of this class revealed that both known ex-
amples—the genes 04z in rat and mouse—had introns.
In these genes, a PTC appears between a frameshifting
signal and a 5’ splice site. We studied the pre-mRNA
secondary structure of both rat and mouse oaz and
found a structure very similar to that found in seleno-
protein genes, suggesting that the frameshifting signal
poses a problem to the nuclear scanning mechanism
just as the selenocysteine codons may do (Fig. 2). Rat
oaz pre-mRNA is included in the multiple alignment
shown in Figure 1.

The secondary structure shown in Figure 2 may well
be providing the basis for circumventing the nuclear
scanning of selenocysteine encoding exons, thus pre-
senting new independent evidence for the nuclear scan-
ning mechanism. It is possible that the secondary
structure is stabilized by protein binding, and/or that
its function is mediated by interaction with proteins.
As an example of the latter, the RNA SECIS element
required for translational insertion of selenocysteine
has been shown to interact with a protein (Hubert
et al., 1996; Lesoon et al., 1997).

Excluding the loop-to-loop interaction, the local free
energies of the three structures shown in Figure 2 are:

—15 kcal/mol (Fig. 2A); —22 kcal/mol (Fig. 2B); —58
kcal/mol (Fig. 2C). For comparison, a 3" UTR SECIS
element of comparable length had a free energy of
—44 kcal/mol (Berry et al., 1991). Even if it is unclear
to what extent nuclear scanning complexes may share
components with the cytoplasmic translation machin-
ery, it appears unlikely that these structures by them-
selves are stable enough to directly prevent denaturation
by a codon-scanning mechanism.

Another example of a RNA-protein interaction which
may prove to be relevant in this splicing associated
context comes from the U5 snRNP, where the Sm
protein-binding site consists of a short run of Us, fol-
lowed by a short hairpin (Jones & Guthrie, 1990). Fol-
lowing the two hairpins shown in Figure 2, we also
consistently found a run of pyrimidines followed by a
short stem with the conserved sequence GU in the
loop.

The kissing loop structure described in this paper
falls under the structural class of pseudoknots. An in-
teresting example of protein binding to such structures
has been described in Escherichia coli (Baker & Draper,
1995). Protein S4 blocks the translation of the alpha
operon by binding to an mRNA pseudoknot. Protein
S4 in E. coli binds not only to a pseudoknot in the
mRNA, but also to 16S rRNA. Notably, several 16S
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FIGURE 2. Conserved kissing loop structure hiding the UGA co-
don in pre-mRNA from selenoprotein genes and genes containing
programmed ribosomal frameshifts. The figure displays three ex-
amples (of the 21 secondary structures generated): (A) human mi-
tochondrial capsule selenoprotein gene HSMCSGEN2 (X89961); (B)
Schistosoma mansoni glutathione peroxidase SCMGPX1A (L37762);
(C) Rattus norvegicus oaz (D11372). RNA secondary structures were
predicted by free energy minimization using the ViennaRNA pack-
age (Zuker & Stiegler, 1981; Hofacker et al., 1994), which does not
include loop-loop interactions in the minimization. Local free ener-
gies of the shown structures excluding loop-loop base pairings are:
(A) —15 kcal/mol; (B) —22 kcal/mol; (C) —58 kcal/mol. When vary-
ing the energy parameters for non-Watson-Crick base pairing, the
most stable local structure that emerged from the prediction (com-
mon to all 21 sequences) was the double hairpin conformation. The
selenocysteine codon was always located in one hairpin, the 5’ splice
site in the other. Colored boxes highlight the loop stretches with
loop to loop interactions. Conserved sequence features are empha-
sized in bold-face letters.

rRNA-like sequences from GenBank aligned well to
the selenoproteins. Consequently, we also aligned E.
coli 16S rRNA and human 18S rRNA. Although they
do not have a high score (log-likelihood) from the hid-
den Markov model, they actually align at the seleno-
cysteine codon even though they are not known to
encode any proteins (data not shown). Further inves-
tigation of the molecular basis of nuclear scanning could
possibly reveal whether an S4-like protein interacts
with the kissing loop structure in selenoprotein pre-
mRNA.

The fact that the conserved kissing loop structure
involves noncoding intron sequence supports the no-
tion that nonsense codons are detected as a nuclear
event (Li et al., 1997). If nuclear scanning shares com-
ponents with the cytoplasmic translation machinery,
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however, cytoplasmic translation must remain uninhib-
ited. Indeed, splicing removes the second hairpin of
the conserved structure, thereby removing the possi-
ble obstacle to translation. This holds true for both
selenoprotein genes and the intron-containing genes
with programmed ribosomal frameshifts.

The observation that the conserved kissing loop struc-
ture is removed by splicing before export to the cyto-
plasm and subsequent translation suggests also that it
may interfere with cytoplasmic translation. That would
not be surprising if nuclear scanning proceeded with
components that are shared with the ribosome.

Messenger RNA stability experiments have showed
that the detrimental effect of PTCs is abolished upon
addition of the translation inhibitor cycloheximide. This
observation has been taken as support for PTC recog-
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nition during translation in the cytoplasm. An alter-
native interpretation, consistent with our results, is that
nuclear scanning components are blocked by cyclo-
heximide as well.

Indeed, the 40S ribosomal subunit is renown for its
ability to carry out scanning for a start codon on mRNA
(Kozak, 1989). The small subunit has also been pro-
posed to be the main frame keeping agent (Trifonov,
1987). Although 80S ribosomes are known to resolve
any secondary structure encountered during transla-
tion, the 40S ribosomal subunit has been shown to be
able to bypass a start codon sequestered by a stem-
loop structure in the cauliflower mosaic virus 35S RNA
(Futterer et al., 1993). The principle behind this shunt-
ing mechanism is very similar to the PTC circumven-
tion scenario described above.
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