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HTRA2-BETA1 is an SR-like protein that regulates alternative splice site selection in a concentration-dependent
manner. Its proper concentration is important as several pathological states are associated with its change. We
investigated the mechanism that controls the cellular HTRA2-BETA1 concentration and found it utilizes a
negative feedback loop to regulate the splicing of its exon 2. TRA2-BETA1 binds to four enhancers present in
exon 2, which activates its inclusion. Inclusion of exon 2 generates mRNAs that are not translated into proteins.
Mutations of exon 2 enhancers demonstrate that TRA2-BETA1 binds a degenerate sequence GHVVGANR,
which is found more frequently in exons than in introns. Hyperphosphorylation of TRA2-BETA1 strongly
reduces its binding to RNA. Presence of the CLK2 kinase prevents the usage of exons 2 and 3, generating the
htra2-beta3 mRNA. The resulting HTRA2-BETA3 protein lacks the first RS domain of HTRA2-BETA1, is
expressed in several tissues and has no influence on tra2-beta splice site selection. HTRA2-BETA1 interacting
proteins promote exon 2 skipping by sequestering it, which upregulates the HTRA2-BETA1 protein synthesis.
We propose that the regulation of the tra2-beta pre-mRNA alternative splicing provides a robust and sensitive
molecular sensor that measures the ratio between HTRA2-BETA1 and its interacting proteins.

INTRODUCTION

The initial draft of the human genome has shown the number of
genes in humans to be between 25 000 and 40 000, much smaller
than previously expected (1,2). Higher eukaryotes use several
mechanisms to generate protein diversity from this limited
number of genes. As a result, the human proteome is estimated
to be between 90 000 and one million (3,4). One of these protein
diversifying mechanisms is alternative splicing, a process by
which exons can be either included or excluded from a single
pre-mRNA species resulting in multiple RNA isoforms (5,6).
Studies on chromosome 21 (1) and EST database comparison (7)
showed that about 47–59% of all human genes are alternatively
spliced. Exons are defined by three major cis-elements, the 50

and 30 splice site and the branchpoint (8). Since these elements
are short and degenerate (9), additional elements known as exonic
or intronic enhancers/silencers regulate exon recognition (10,11).
These additional elements are recognized by trans-acting factors,

such as hnRNPs and SR-proteins (12). Therefore, exons are
recognized by the interaction of different trans-acting factors
with multiple cis-elements on the pre-mRNA (13). This process
occurs in vivo with high fidelity and can be modified according
to cellular needs (14). Its complexity is further emphasized by
the failure of current computer models to accurately predict
exons in genomic DNA (15).

SR-proteins are essential splicing factors highly conserved in
metazoa. They are composed of one or two N-terminal RNA
recognition motifs and a C-terminal RS-domain rich in arginine
and serine residues. They can change splice site selection in a
concentration-dependent manner (16,17). SR-like proteins have
domains similar to authentic SR proteins. Like SR proteins,
they can direct splice site usage in a concentration dependent
manner (18,19) and antagonize other SR proteins (20), but
are not essential for the splicing reaction. Transformer-2 is an
SR-like protein that was first described in drosophila as a
sex-determining factor. Together with transformer it regulates
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doublesex exon 4 (21,22), which results in female drosophila
DSX and development (23). Transformer-2 has two mammalian
homologues tra2-alpha (24) and tra2-beta (25). Owing to
alternative splicing both the drosophila and the human genes
produce multiple mRNAs that encode either the full-length
transformer protein consisting of two RS domains flanking a
central RRM (dTRA2226, hTRA2-BETA1) or isoforms lacking
the first RS domain (dTRA2179/hTRA2-BETA3). Whereas
dTRA2179 is specific for the male germline, TRA2-BETA3
is predominantly expressed in brain, testis and liver (26). Its
expression is regulated by developmental stages and by
neuronal activity (26,27).

An increasing number of diseases are shown to be caused
by missplicing (28–30) and several pathophysiological condi-
tions demonstrate that the proper concentration of TRA2 is
important for normal cellular function. Absence of dTRA2 in
drosophila chromosomal females results in male specific
splicing of both the doublesex and fruitless genes (31,32) and
the transformation towards the male phenotype, as a large
number of downstream sex-specific genes are regulated by this
pathway (23). An excessive level of dTRA2226 in the germline
results in male sterility (33). In mammals, a change of TRA2-
BETA1 concentration is concomitant with hypoxia (34),
silicosis (35) and arteriosclerosis (36). An increase of the
TRA2-BETA1 concentration will affect splice site selection.
For example, it causes exon inclusion of the SMN2 gene,
which could be a therapeutic approach for spinal muscular
atrophy (37). Cells precisely control the TRA2 concentration
to avoid missplicing events. In drosophila, this is achieved
by an autoregulatory loop. dTRA2226 inhibits removal of the
M1 intron in this loop, which results in generation of
the inactive variant dTRA2179. Several genes encoding RNA
binding proteins with roles in splice site selection autoregulate
their expression, among them hnRNPA1 (38), SRp20 (39),
SC35 (40), 9G8 (41), drosophila and mammalian SWAP
(19,42). Since the tra2-beta and dtra2 gene structures are not
conserved, we investigated how human cells regulate their
TRA2-BETA1 concentration. We showed that TRA2-BETA1
binds to enhancers that are highly degenerate and can contain
significant number of pyrimidines. We found that TRA2-
BETA1 causes inclusion of its own exon 2 by binding to four
enhancers, which generates a mRNA that is not translated into
protein. This autoregulatory loop keeps the protein concentra-
tion constant, even when the gene dosage is increased several-
fold. When TRA2-BETA1 is sequestered by interacting
proteins, exon 2 is no longer recognized, resulting in the up-
regulation of TRA2-BETA1. As a result, the TRA2-BETA1
autoregulation provides a molecular sensor that measures and
integrates the concentration of several splicing regulatory
proteins.

RESULTS

TRA2-BETA1 regulates the splicing of tra2-beta gene
exon 2 and APP gene exon 8

Through alternative splicing, alternative polyadenylation and
alternative promoter usage the human tra2-beta gene (Fig. 1A)
generates five RNA isoforms. These mRNAs contain three

different ORFs. The start codon in exon 1 precedes the longest
open reading frame encoding TRA2-BETA1, as well as a short
ORF present in tra2-beta2 that is not translated into protein
(27). In the beta3 and beta4 isoforms, this start codon is
followed by in frame stop codons and a start codon in exon 4
precedes an ORF encoding TRA2-BETA3. TRA2-BETA1 and
TRA2-BETA3 differ in the presence of the first RS domain
(Fig. 1B). To study how the alternative splicing of the tra2-
beta pre-mRNA is regulated, we cloned a minigene (MGTra
minigene) that spans the first four exons of the gene
(Fig. 1A). Several factors regulating alternative splicing such
as dTRA2, SWAP and SRp20 regulate splice site selection of
their own pre-mRNA. We therefore tested the influence of
TRA2-BETA1 on the splicing of its pre-mRNA in cotransfec-
tion experiments where we employed the minigene with
increasing amounts of EGFP tagged splicing regulatory
proteins. In all assays (Fig. 2A), the amount of DNA was kept
constant by the addition of parental vector expressing EGFP
(43). Identical results were obtained when using Flag-tagged
constructs. The RNA was analyzed by semiquantitative
RT–PCR or by quantitative real-time PCR (Fig. 8D). Both
methods gave similar results. As shown in Figure 2B,
transfection of 0.5 mg of the tra2-beta1 construct resulted in a
moderate increase of EGFP-TRA2-BETA1 relative to the
endogenous protein. This increase in the TRA2-BETA1 is
sufficient to drastically switch the splicing of the MGTra
minigene from tra2-beta1 to tra2-beta4. Thus, TRA2-BETA1 is
promoting inclusion of exon 2. In contrast, transfection of the
TRA2-BETA3 expression construct did not alter tra2-beta
splicing, although comparable amounts of transfected proteins
were expressed (Fig. 2C). This indicates a specific action of
TRA2-BETA1 on its pre-mRNA.

In addition to tra2-beta exon 2, SMN2 exon 7 (37), CLB
exon EN (44), tau exon 10 (45) and APP exon 8 (46) (our
unpublished data) have been identified as exons influenced by
tra2-beta1 concentration. The motifs identified in SMN2 and
tau exon 10 have been shown to be TRA2-beta1 dependent
ESEs (37,45). We used a Gibbs algorithm (47) to find locally
conserved regions that could represent possible binding motifs
for TRA2-BETA1. This approach identified a common purine-
rich sequence in the alternative exons influenced by TRA2-
BETA1 (Fig. 2D). Similar motifs were also detected in the
constitutive exons flanking the alternative exon EN of CLB and
exon 8 in the APP gene. The common motif GAARGARR is
reminiscent of the purine-rich elements that have been
identified in vitro using SELEX and gel shift experiments
(48) as possible TRA2-BETA1 target sequences. It is present
three times in exon 2, at positions 10–20, 182–189 and 205–
218 of exon 2 (26). A related motif 2 GGARGARR is present
at position 105–112 of exon 2 (Fig. 2D). This suggests that
tra2-beta exon 2 contains four motifs that could be regulated by
TRA2-BETA1.

Four sites in exon 2 are recognized by tra2-beta1

To find out whether the sequences we identified function in
tra2-beta regulation in vivo, we mutated them individually. In
each site, purines were substituted with either the other purine
(Fig. 3A) or with pyrimidines (data not shown). Mutant minigenes
were tested in cotransfection experiments with increasing
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concentrations of TRA2-BETA1. These mutations decreased
the TRA2-BETA1 dependent inclusion of exon 2. In addition
to reducing exon 2 inclusion, the purine exchange in motif 4
generated a novel splice site leading to a shorter RNA isoform
(Fig. 3A). Changing the purines into pyrimidines reduced
exon 2 usage in a similar way (Fig. 3A). In contrast, changing
exon 2 sequences outside these four motifs had no effect on
TRA2-BETA1 dependent exon 2 inclusion. This suggests that
four purine-rich motifs in the alternative exon 2 mediate the
regulation by TRA2-BETA1.

Mutations of the splicing motifs in vivo reveals
TRA2-BETA1 acts through a degenerate ESE

Mutation of motif 3 had the strongest effect (Fig. 3A) and we
investigated its composition in more detail by scanning nucleo-
tide mutagenesis. At each position, we replaced the purine with
either the other purine, cytosine or thymidine (Fig. 3B). Without
coexpressed TRA2-BETA1, the inclusion of exon 2 was weak in
the wild-type (Fig. 2B and C, lane 0) and absent in several
mutants. Therefore, the effect of each mutation on the TRA2-
BETA1-dependent exon 2 inclusion was compared with the
wild-type in cotransfection experiments using a small amount of
TRA2-BETA1-expressing cDNA. This allowed us to assay the
effect of TRA2-BETA1 on the various mutants. A mutant giving
a higher exon 2 inclusion than the wild-type was considered the
preferred base at this position. As a result, we were able to derive
a functional consensus for TRA2-BETA1 dependent ESEs:
GHVVGANR (H¼A/C/T; V¼A/C/G; R¼A/G; Fig. 3C).
Thus, to our surprise, the mutants giving the strongest TRA2-

BETA1-mediated effect had cytosine instead of adenine in
positions 2 and 4. The double mutant carrying cytosines instead
of adenines in these positions showed exon 2 inclusion com-
parable to the wild-type and no cumulative effect was observed
(data not shown). These data suggest that TRA2-beta1 can act
through a highly degenerate ESE containing pyrimidins.

TRA2-BETA1 binds efficiently to the
motif GHVVGANR

To determine whether TRA2-BETA variants interact directly
with the motifs identified, we performed in vitro binding
experiments. A biotinylated RNA oligonucleotide (motif3)
that contained motif 3 was used to pull down TRA2-BETA1
from nuclear extract to streptavidin-coated metacrylate beads.
Binding to this, RNA was competed with either non-
biotinylated competitor with same sequence or an unrelated
RNA. The protein that remained bound to the RNA was
analyzed by western blot (Fig. 4A). In nuclear extract, TRA2-
BETA1 is present in a hyper- and hypophosphorylated form
(27) (Fig. 2B). Interestingly, preferentially the hypophos-
phorylated form binds to RNA. A 6-fold molar excess of
RNA competitor containing either one of the purine-rich
binding motifs 3 or 1 reduced the amount of bound TRA2-
BETA1 to 40%. The same molar excess of RNA oligonucleo-
tides RNA1 and RNA2 lacking purine-rich stretches reduced
binding only to 75% (Fig. 4A). To test whether TRA2-BETA1
binds directly to the purine-rich motifs, we repeated the
experiment with purified in vitro translated TRA2-BETA1. A
6-fold molar excess of purine-rich competitor RNA reduced

Figure 1. Genomic organization and isoforms generated by the human tra2-beta gene. (A) Genomic organization: structure of the htra2-beta gene. Exons are shown
as boxes, introns as lines. The shaded region was PCR amplified and used to clone the MGTra minigene. Owing to alternative splicing and alternative promotor
usage, several mRNA isoforms can be generated that are shown in (B). Connecting lines indicate the various splice choices. The drawing is to scale. (B) Structure
of TRA2-BETA variants. Skipping of exon 2 (solid line in A) generates the tra2-beta1 mRNA that is translated into the TRA2-BETA1, whose protein structure is
shown on the right. The triangle indicates the localization of the peptide used to generate the pan-tra2-beta antiserum. Inclusion of exon 2 and use of its poly-
adenylation site creates tra2-beta2, which is not translated into protein (27). Skipping of both exons 2 and 3 (dashed line in A) generates the tra2-beta3
mRNA, which is translated into TRA2-BETA3 that lacks the first RS repeat. The inclusion of both exons 2 and 3 generates the tra2-beta4 mRNA carrying an
ORF coding for TRA2-BETA3. However, as shown in this paper, this ORF is not translated. Usage of an alternative promoter in the second intron generates
the tra2-beta5 variant. The longest ORFs encoding TRA2-BETA1 and -beta3 are indicated in grey.

Human Molecular Genetics, 2004, Vol. 13, No. 5 511

 at U
niversity of K

entucky Libraries on M
ay 6, 2011

hm
g.oxfordjournals.org

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/


bound TRA2-BETA1 to 10%, whereas RNA1 had no effect and
RNA2 reduced binding to 50% (Fig. 4B). To rule out tra2-beta1
binding to the RNA being mediated by factors present in
the reticulate lysate, we repeated the experiment with tra2-
betaDSR1 þ SR2, a protein corresponding to the RRM of
tra2-beta1. It was previously shown that the deletion of the two
RS-domains in tra2-betaDSR1þSR2 almost completely abol-
ished binding to other SR-proteins in immunoprecipitations
(26). Again, we found that tra2-betaDSR1þSR2 binds signi-
ficantly more strongly to purine rich RNAs than to unrelated
controls (Fig. 4C). In all binding studies, we observed that the

unrelated RNA sequence RNA2 could weakly compete with a
purine-rich sequence for TRA2-BETA1 binding (Fig. 4).

To verify that the results from the single nucleotide muta-
genesis experiment (Fig. 3B) reflect the binding affinity of
TRA2-BETA1 to the third binding site in exon 2, we performed
similar pull-down experiments (Fig. 4D). We incubated in vitro
translated TRA2-BETA1 with an oligonucleotide (BS3-wt)
containing the wild-type binding site 3. We then determined the
ability of oligonucleotides containing mutagenized tra2-beta1
binding sites to compete for TRA2-BETA1 binding. The binding
was competed with three RNA oligonucleotides containing
sequences selected in vivo. In BS3(2A!C), an adenine is sub-
stituted at position 2 with cytosine, in BS3(5G!U), a guanosine
is substituted with uracil, and in BS3(cons), two adenosines are
substituted by cytidines at positions 2 and 4. These oligonucleo-
tides corresponded to mutations that give exon inclusion higher
[BS3(2A!C)], or lower [BS3(5G!U)] than the wild-type. The
oligonucleotide BS3(cons) represents the derived consensus
sequence (Fig. 3C). BS3(2A!C) and BS3(cons) competed for
binding similar to wild-type, whereas BS3(5G!U) could not
compete as efficiently for binding (Fig. 4D, top). Again, we
observed that TRA2 lacking both RS domains has binding
properties similar to TRA2-BETA1 (Fig. 4D, bottom), demon-
strating that the RNA binding specificity is due to the RRM.

Together, these experiments demonstrate that hypophos-
phorylated TRA2-BETA1 binds to degenerate ESEs in a
sequence-dependent manner. Furthermore, mutants responding
poorly to a change in TRA2-BETA1concentration in vivo also
bind poorly to TRA2-BETA1. In contrast to previous reports,

Figure 2. TRA2-BETA1 influences the splicing of tra2-beta. (A) Structure of
the TRA2-BETA (MG Tra) minigene. Constitutive exons are shown in white,
alternative exons in grey and black, respectively. Arrows indicate the posi-
tions of the primers used for the reverse transcription and PCR. The structure
of the isoforms are schematically indicated on the right. (B) TRA2-BETA1
promotes formation of the tra2-beta4 isoform. An increasing amount of the
EGFP-TRA2-BETA1 expressing construct was cotransfected with 1mg of
the MGtra Minigene. The top panel shows an ethidium bromide stained agarose
gel of the RT–PCR products. Numbers indicate micro grams of expression plas-
mid used in transfection. The structure of the products are shown on the right.
An equal amount of parental EGFP vector was added to ensure that the same
amount of DNA was transfected. ‘–’ and ‘- -’ indicate reactions without reverse
transcription and RNA, respectively. Below the ethidium bromide-stained gel is
a western blot from parallel transfections that shows TRA2-BETA1 and EGFP-
TRA2-BETA1 expression levels. Numbers indicate micrograms of EGFP-tra2-
beta1 expression clone transfected. The pan-tra2-beta antiserum was employed
for detection. The dot indicates the TRA2-BETA1 EGFP fusion and the open
box indicates the endogenous protein. The multiple bands for the endogenous
protein are due to phosphorylation and disappear after phosphatase treatment
(small blot on the right). Numbers indicate micrograms of transfected expres-
sion plasmid. In these experiments TRA2-BETA1 was fused to an N-terminal
EGFP tag. Identical results were obtained with a C-terminal EGFP-tag
or Flag-tag. The quantifications of these data are shown in the doctoral
thesis of Petar Stoilov, which is available on under www.stamms-lab.
net/pdfs/thesis-Peter.pdf. (C) TRA2-BETA3 has no effect on the splicing
of tra2-beta. An experiment similar to that in panel B is shown, but
EGFP-tra2-beta3 is used for transfection. The asterisk on the right indicates a
heterodimer that is visible when low amounts of tra2-beta4 are present. The
western blot below shows protein expression levels detected by an antiserum
against TRA2-BETA1. Dot and open box indicate the transfected and endo-
genous protein, respectively. (D) Alignment of the common motifs found in
pre-mRNAs influenced by TRA2-BETA1. Sequences of the human genes for
tau, APP, tra2-beta1 (Tra2), survival of motorneuron 2 (SMN2) and clathrin
light chain B (LCB) are aligned. The consensus is shown in the bottom line.
Matches to it are shown in bold in the individual sequences.
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Figure 3. Tra2-beta1 acts through degenerate ESEs in exon 2. (A) Mutagenesis of the motifs identified by sequence comparison. The location of the four motifs
identified in Figure 2D in exon 2 are schematically indicated. Each of these motifs (M1–M4) were mutated, as indicated above each gel. In motif M1 to M4 the
purine was substituted with the other purine. M4y shows an exchange of pyrimidine into purine for motif 4. Constructs were transfected in HEK293 cells and
analyzed by RT–PCR. Numbers indicate the micrograms of EGFP-Tra2-beta1 expression construct transfected. A decreasing amount of parental vector was added
to ensure equal amounts of transfected DNA. The substitution of purines with pyrimidines gave similar effects for M1–M3 (data not shown). A control substitution
of purine rich sequence with an unrelated purine rich sequence from the serotonin 2C receptor (73) had no effect on exon 2 splicing (con.). Heterodimers formed
are indicated with an asterisk. The mutation in motif 4 creates a novel 50 splice site that gives rise to an additional band indicated with a triangle. The quantification
of the data relative to the wild-type shown in Figure 2B is shown in the bar diagram. Error bars indicate standard deviations from at least three independent experi-
ments. (B) Scanning mutagenesis of motif 3. Each nucleotide of motif 3 was mutated into either the other purine (left), cytosine (middle) or thymidine (right). The
changed nucleotide is indicated with a circle and its position shown on the left. The minigenes were cotransfected with a constant amount (0.5mg) of EGFP-TRA2-
BETA1 expression plasmid and compared with the wild-type. The analysis of four independent experiments is shown under representative ethidium bromide-
stained gels. Error bars indicate the standard deviation. (C) Summary of the scanning nucleotide mutagenesis experiments. A base is assumed to be preferred
at a position if the inclusion of exon 2 was equal or greater compared with the wild-type minigene. The consensus sequence is the consensus of the preferred
bases. H¼A/T/C, V¼G/A/C, R¼A/G.
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our data show that TRA2-BETA1 binding sites can contain
substantial numbers of pyrimidines.

Clk2 kinase inhibits exon 2 inclusion

The binding studies (Fig. 4) showed that preferentially hypophos-
phorylated TRA2-BETA1 binds to the regulatory sequences of
exon 2, suggesting that phosphorylation of TRA2-BETA1 would
interfere with exon 2 regulation. We therefore tested whether
CLK2, a SR-protein kinase (49) would bind to TRA2-BETA1.
EGFP-TRA2-BETA1 and versions lacking one or both RS
domains were cotransfected with a Clk2 expression construct.
The immunoprecipitation with a clk2 antiserum shows that
TRA2-BETA variants containing at least one RS domain bind
efficiently to CLK2 (Fig. 5A). To determine whether CLK2
influences tra2-beta1 splicing, we tested its influence on the MG
Tra minigene in cotransfection experiments. We observed that
active CLK2 reduces exon 2 inclusion. When larger amounts of
the clk2 expression construct were used, it repressed the
inclusion of both exon 2 and 3, promoting the formation of

the beta3 isoform (Fig. 5B). In contrast, the catalytically inactive
form CLK2KR had no effect (Fig. 5C), demonstrating that the
effect is phosphorylation-dependent. To determine whether
CLK2 functionally interacts with TRA2-BETA1, we cotrans-
fected a constant amount of a clk2 expression clone with an
increasing amount of the EGFP-TRA2-BETA1 clone. We
observed that CLK2 antagonizes the TRA2-BETA1-induced
formation of the beta4 isoform (Fig. 5D, compare with Fig. 2B).
These data suggest that CLK2-mediated hyperphosphorylation
of tra2-beta1 promotes skipping of exon 2, most likely by
reducing TRA2-BETA1 binding to RNA (Fig. 4A).

The tra2-beta locus generates two proteins in vivo

In vivo, tra2 pre-mRNA predominantly generates the tra2-beta1
mRNA (26,27). Our results show that minigenes comprising
the first four exons recapitulate this behavior (Fig. 2B). In
response to an increase in TRA2-BETA1, the beta4 isoform
is produced whereas in response to CLK2, the beta3 isoform is
formed. Neuronal activity regulates the ratio of these isoforms

Figure 4. TRA2-BETA1 binds to purine-rich sequences and the motif GHVVGANR. (A) Pull-down of TRA2-BETA1 from nuclear extract with purine-rich RNA-
oligoncleotides. In each reaction, 10 mg nuclear extract was incubated with 20 pmol biotinylated RNA oligonucleotides containing motif 3 (GAAAGAAG). The
bound protein was resolved using gel electrophoresis and detected by anti-TRA2-BETA1 antiserum. The circle and the square indicate the hyperphosphorylated
and the hypophosphorylated forms, respectively. The unbiotinylated competitor RNA used is indicated on the top, the amount is given in pmol. ‘- -’ indicates an
experiment lacking the biotinylated oligonucleotide. Motif 1, AAUGUUGAAGAAGGAAAAUGCGGAAGUCGdT; RNA1, ACAAAGCGUUCUACCAGC
AGCCAGAUGCUG; RNA2, ACAAAGCGAAGAUGGUGCAGCCAGAUGCUG. The statistical evaluation below shows the fraction of TRA2-BETA1 bound.
Binding without competitor RNA was set to 100%. Error bars are the standard deviation from at least four experiments. (B) Pull-down of in vitro translated
TRA2-BETA1. A similar experiment was performed using in vitro translated TRA2-BETA1. (C) Pull-down of the in vitro translated RRM of TRA2-BETA1.
A TRA2-BETA1 deletion variant containing only the RRM [TRA2-BETA1 D(SR1 þ SR2)] (26) was translated in vitro and tested for RNA binding.
Similar to TRA2-BETA1 (Pl B), binding was effectively competed by the RNA carrying motif 1 (GAAGAAGG), but not by the control oligonucleotides.
(D) Binding of TRA2-BETA1 to degenerate sequences. In vitro translated TRA2-BETA1 (top) and the TRA2-BETA1 variant containing only the RRM
[TRA2-BETA1D(SR1 þ SR2); Bottom] was pulled down using the RNA oligonucleotide containing motif 3 (motif 3). The binding was competed with either
the wild-type motif 3 (BS3-wt), or three variants containing either single or double nucleotide substitutions (BS3-2c, -5T, -cons). The sequence of the motif in
each oligonucleotide and the amount used for the competition in pmol is indicated.
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in rat brain (27). Both beta3 and beta4 mRNAs contain the
same open reading frame, which codes for a protein lacking
the first RS-domain (Fig. 1B). We thus determined whether
the regulation of alternative pre-mRNA splicing relates to the
protein expression from the tra2-beta1 locus.

To detect protein generated by the mRNA isoforms, we con-
structed minigenes where the regulated first four exons of tra2-beta
are fused to EGFP (Fig. 6A). In the TRA-EGFP minigene,
exon IV was cloned in frame with the ORF of EGFP. A control
minigene, TRA-FS-EGFP contained a frameshift in the exon
4/EGFP border. The ATG start codon of EGFP was converted to
ATC to ensure that translation is initiated only from start codons
present in tra2-beta. The TRA-EGFP minigene can create
chimeric proteins carrying the N-terminal parts of TRA2-
BETA1 and beta3, whereas the TRA-FS-EGFP minigene does
not form EGFP containing proteins (Fig. 6A). These constructs
were cotransfected with TRA2-BETA1 and Clk2 expression
clones. Protein and RNA expression were analysed by western blot
and RT–PCR, respectively. As shown in Figure 6B, in the absence
of other factors, the TRA-EGFP minigene expressed a TRA2-
EGFP fusion protein of the expected size. The TRA-FS-EGFP
minigene did not express any EGFP-tagged protein. Coexpression
of TRA2-BETA1 completely abolished TRA2-EGFP fusion
protein expression, whereas Clk2 coexpression induced formation
of TRA2-EGFP fusion protein corresponding to the beta1
and beta3 isoform. As expected, no protein was generated by the
TRA-FS-EGFP minigene in the presence of TRA2-BETA1 and
CLK2. RT–PCR analysis revealed that the constructs generated
the expected RNA isoforms. Interestingly, in the presence of
TRA2-BETA1, the TRA-EGFP minigene generated the tra2-
beta4 isoform, but failed to express the corresponding protein
(Fig. 6B), indicating that this mRNA is not translated into protein.

To investigate whether TRA2-BETA3 is formed under
physiological conditions, we created a pan-tra2-beta antiserum
able to recognize the resulting isoforms. Since tra2-beta3 was
found predominately in brain and testis (26), we analysed
protein lysates from these tissues for expression of TRA2-
BETA3. As shown in Figure 6C, the antiserum detected bands
of the sizes predicted for both TRA2-BETA3 and TRA2-
BETA1. The pan-tra2-antiserum shows lower expression of
TRA2-BETA3 compared with TRA2-BETA1, which approxi-
mately reflects the RNA expression detected by RT–PCT (26).

Together these experiments show that two proteins, TRA2-
BETA1 and TRA2-BETA3, are generated from the tra2-beta
locus. The tra2-beta4 mRNA is not translated although it
contains the same open reading frame as the tra2-beta3 mRNA,
which yields the truncated TRA2-BETA3 protein.

TRA2-BETA1 autoregulates its concentration

Since the presence of TRA2-BETA1 stimulates the formation
of tra2-beta4 that is not translated into protein, we assumed that
the regulation of tra2-beta exon 2 splicing would provide a
mechanism to regulate the cellular TRA2-BETA1 concentra-
tion. To test this hypothesis, we created a TRA-prot minigene
containing the first four exons of the genomic part of tra2-beta.
Exon 4 was cloned in frame with the remaining flag-tagged
ORF of TRA2-BETA1. A control minigene, TRA-FS-prot,
contained a frameshift in the exon 4/TRA2-BETA border
(Fig. 7A) and was not able to express TRA2-BETA protein.

The TRA-Prot minigene can express the three tra2-beta mRNA
isoforms encoding functional TRA2-BETA1 and TRA2-
BETA3. The minigenes were transfected into HEK293 cells
and analysed by real time RT–PCR (Fig. 7B). Transfection of
the TRA-FS-prot minigene showed that it expressed high levels
of the beta1 mRNA and lower levels of the beta4 mRNA,
similar to the original MG TRA minigene (Fig. 7B, 4/0). In
contrast, the TRA-Prot minigene produces predominantly the
beta4 mRNA that is not translated into protein (Fig. 7B, 0/4).
This finding can be explained by the ability of TRA-prot to
express the TRA2-BETA1 protein. Since TRA-prot expresses
TRA2-BETA1, this minigene could alter the splicing pattern of
the TRA-FS-Prot minigene when cotransfected (Fig. 7B, 3/1,
2/2, 1/3). Real-time PCR analysis shows that an increasing ratio
of the TRA-prot minigene results in an increase of the tra2-
beta4 and a decrease of the tra2-beta1 isoform. We monitored
TRA2-BETA1 protein levels in these cotransfection exp-
eriments (Fig. 7C) by western blot and were unable to detect
any increase of the total TRA2-BETA1 protein, even when
significant amounts of TRA-Prot minigene were transfected.
The ability of the TRA-Prot minigene to express TRA-beta1
protein was confirmed by probing for the C-terminal Flag-tag
carried by the minigene-derived protein (Fig. 7C). This result
demonstrates that TRA2-BETA1 protein tightly controls its
levels by regulating the alternative splicing of its own exon 2.

Tra2-beta1 interacting proteins influence the tra2-beta
splicing pattern

Our data show that TRA2-BETA1 tightly regulates its cellular
concentration. Different tissues and cell types have, however,
been shown to express both TRA2-BETA1 (26) and its interac-
ting regulatory proteins (50) at different levels. We investigated
how TRA2-BETA1 interacting proteins would influence tra2-
beta pre-mRNA splicing. TRA2-BETA1 was shown to bind dire-
ctly to several SR-proteins and hnRNPs, among them SF2/ASF,
SRp30c, SAF-B and hnRNP G (25,51–53). We asked whether
overexpression of these factors would change tra2-beta splicing
patterns. As shown in Figure 8A, increasing the amount of those
factors promoted skipping of exon 2 when cotransfected with the
MGTra minigene. To test whether these proteins bind to tra2-
beta pre-mRNA directly to regulate exon 2 splicing, we used
mutants lacking the RRM (SRp30cDRRM, hnRNP-GDRRM,
SAF-BDRRM) or having a non-functional RRM (SF2/SAF
FF-DD) in in vivo splicing assays (Fig. 8B). We found that all
mutants promoted the formation of the tra2-beta1 isoform
independently of their RNA binding ability, except SRp30c,
which showed partial dependence on RNA binding. The
influence of proteins with non-functional RRM on tra2-beta
splicing could best be explained with a sequestration of TRA2-
BETA1 through these proteins. To test this hypothesis, we
employed the MG Tra minigene (Fig. 2A) and induced the for-
mation of tra2-beta4 by cotransfecting TRA2-BETA1. SF2/ASF,
SRP30c and SAF-B variants unable to bind RNA were then
cotransfected to determine whether they can reverse the TRA2-
BETA1 mediated effect. As shown in Figure 8C, SF2/ASF
FF-DD and SAF-BDRRM can completely reverse the TRA2-
BETA1 mediated exon inclusion, whereas SRp30cDRRM can
partially reverse the effect.
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Finally, we asked whether TRA2-BETA1 interacting protein
could influence splicing of the TRA-prot minigene (Fig. 7A)
that can produce functional TRA2-BETA1. Cotransfection and
real-time PCR revealed an �2-fold induction of the beta1 and a
3-fold induction of beta3 isoform (Fig. 8D, right), which is in
agreement with the results observed with the MG tra minigene
(Fig. 8A–C).

We conclude that tra2-beta1 interacting proteins antagonize
the TRA2-BETA1 induced exon 2 inclusion, most likely through
RNA independent interaction with TRA2-BETA1.

DISCUSSION

Alternative splice site selection is regulated by the cooperative
action of multiple splicing factors (13,54). The recognition
of an exon is often based on a finely tuned balance between
antagonistic splicing factors (55–57). This balance implies
that the active concentrations of the splicing factors are
tightly controlled within very narrow concentration ranges.
Several splicing factors have been shown to control the
splicing of their own pre-mRNAs by autoregulatory loops
(19,38,39,42,58). However, in most cases little is known about
the physiological importance and the molecular mechanism
of the autoregulation. In this study, we showed that a negative
feedback autoregulatory loop regulating tra2-beta exon 2
usage is utilized to control the TRA2-BETA1 protein
levels.

The principles, but not the details of autoregulation
are conserved between drosophila and mammals

TRA2-BETA1 shows 38% sequence identity to drosophila
TRA2 (25) and the highly related TRA2-alpha gene can
functionally complement drosophila TRA2 (24). Although
the structures of the tra2 genes are not conserved between
drosophila and humans in both systems TRA2-BETA1 and the
corresponding dTRA2226 proteins autoregulate the formation of
their mRNA isoforms. In drosophila, retention of an intron is
controlled; in humans, inclusion of an exon. Both the alternative
intron and exon are flanked by suboptimal splice sites. In the
drosophila male germ line, dTRA2226 causes intron M1 retention.
As a result, translation starts from a downstream start codon and
the dTRA2179 protein is formed (33,58–60). Similar to the
human TRA2-BETA3 isoform dTRA2179 lacks the N-terminal
RS repeat and is unable to complement the function of the
full length protein in vivo. In the human autoregulatory loop,

Figure 5. Clk2 kinase influences alternative splicing of TRA2-BETA. (A)
CLK2 binds to TRA2-BETA isoforms containing at least one RS domain. A
CLK2 expression construct was cotransfected with EGFP tagged expression
clone of TRA2-BETA1 and the EGFP tagged variants TRA2-BETA1DSR1,
TRA2-BETA1DSR2 and TRA2-BETA1D(SR1 þ SR2) lacking the first, sec-
ond or both RS domains. Lysates were immunoprecipitated with an anti-clk
antiserum and interacting proteins detected using an anti-EGFP antibody.
Below is a reblot probed with anti-clk2 indicating equal immunoprecipitation
of CLK2. (B) CLK2 kinase inhibits exon 2 inclusion in in vivo splicing assays.
Increasing amounts of an EGFP-Clk2 expression construct were cotransfected
with the MGtra minigene. Numbers indicate the amount transfected in
micrograms. A decreasing amount of parental vector was added to ensure
equal amounts of transfected DNA. The RNA was analysed by RT–PCR. The
structure of the products is indicated on the left and its generation is shown
in Figure 2A. CLK2 expression inhibited the inclusion of both exons 2 and 3
in a concentration-dependent manner. (C) The catalytically inactive kinase
CLK2KR has no effect. Similar to (B), a catalyticalIy inactive variant, CLK2
KR, was cotransfected with the MGtra minigene. (D) Cotransfection of
CLK2 inhibits the ability of TRA2-BETA1 to induce exon 2 inclusion. An
increasing amount (0.5–4mg) of EGFP-Tra2-beta1 expression construct was
transfected in the presence of a constant amount (1 mg) of a CLK2 expression
construct.
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a mRNA isoform, tra2-beta4 that is not translated into protein
is formed and fulfills a role like dTRA2179. The tra2-beta3
mRNA is used in the dynamic regulation of the TRA2-BETA1
activity in response to the external stimuli. Its formation is
controlled by protein phosphorylation and is regulated in
neuronal stimulation models (27). Although the detailed
molecular mechanisms of the human and drosophila negative
feedback loops are different, they both serve the same purpose:

to ensure a constant concentration of the full-length TRA2
protein.

TRA2-BETA1 binds to highly degenerate
pyrimidine-containing sequences in vivo

Previously, in vitro SELEX experiments were performed
suggesting that TRA2-BETA1 binds to poly(A) and

Figure 6. The tra2-beta4 mRNA is not translated into protein. (A) Structure of the TRA-EGFP and TRA-FS-EGFP minigenes. Both minigenes differ in a single
nucleotide causing a frameshift at the exon 4/EGFP border (FS). The structure of the mRNAs generated from each of the minigenes is shown below. Arrows indi-
cate localization of the primers used for RT-PCR. The gray shading indicates open reading frames. (B) Protein and RNAs generated from the TRA-EGFP and TRA-
FS-EGFP minigenes. An antibody against EGFP was used to detect the chimeric TRA-EGFP proteins in western blot after cotransfecting 0.5 mg TRA-EGFP and
TRA-FS-EGFP minigenes with 1 mg control vector (pcDNA) or 1 mg tra2-beta1 and clk2 expression constructs. pEGFPN3 (Clontech) is a positive control for
EGFP expression. A single band coresponding in size to the tra2-beta1-EGFP ORF of the TRA-EGFP minigene is detected in the pcDNA contol lane. TRA2-
beta1 expression induced exon 2 inclusion and completely blocks the protein synthesis from the minigene. Clk2 expression induced skipping of both exons 2
and 3 and results in a synthesis of a TRA2-BETA3-EGFP protein. No EGFP expression is detected from the TRA-FS-EGFP minigene where EGFP is out of frame
with the tra2-beta start codons. The structure of the proteins is schematically shown on the left of the blot. The ethidium bromide stained gel on the right shows
the RT–PCR analysis of these transfections. The band indicated with an asterisk indicates a heterodimer. RNA isoforms are schematically shown on the right.
(C) Expression of TRA2-BETA3 in rat tissue. Ten micrograms of protein in lysates from different brain regions and testis were analysed in western blot with
the pan-Tra2 antibody. The dot and the square indicate the hyper- and hypophosphorylated forms of the TRA2-beta proteins, respectively.
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oligo(GAA) sequences (48) present in splicing enhancers (61).
Our sequence comparison of exons regulated by TRA2-BETA1
in vivo also identifies common purine-rich motifs. However,
database analysis demonstrates that purine-rich enhancers are
not highly abundant in naturally occurring alternative exons
(62). We characterized the consensus binding site for TRA2-
BETA1 by mutagenesis in a functional assay and found that it
is highly degenerate and can contain substantial number of

pyrimidines, extending the previous reports (48). The sequence
we obtained is found in all exons regulated by TRA2-BETA1
in vivo (Fig. 2D) indicating that it can work in different
sequence contexts. Other studies that relied on functional
assays to determine enhancer sequences resulted in degenerate
sequences as well (63–65). This degeneracy seems to be typical
for the binding sites of most splicing factors and most likely
prevents interference with the coding capacity of the exons.

Figure 7. The TRA2-BETA1 protein is held constant by an autoregulatory loop. (A) Structure of the TRA-prot and TRA-FS-prot minigenes. The remaining tra2-
beta exons 5–9 from cDNA are fused to exon 4 from genomic tra2-beta DNA. A four nucleotide insertion at the exon 4/5 border introduces a frameshift (FS) in the
TRA-FS-prot minigene. The constructs contain a C-terminal flag-tag (Fl). The various RNA isoforms generated by the minigenes are shown below and their open
reading frames are indicated by shading. (B) Real time PCR analysis of TRA-prot and TRA-FS-prot cotransfection experiments. Varying ratios of the two mini-
genes were transfected in HEK293 cells. Different RNA isoforms were determined by real-time RT–PCR. Their structure is indicated on the top left. The TRA-
FS-prot minigene expresses predominantly tra2-beta1 mRNA, but is unable to express TRA2-BETA1 protein. Transfection of the TRA-prot minigene resulted in
high levels of the exon 2 containing tra2-beta4 mRNA. Owing to its ability to produce functional TRA2-beta1, it can change the splicing pattern of the TRA-FS-prot
minigene when the TRA-FS-prot and TRA-prot minigene ratios are altered. (C) Constant TRA2-BETA1 expression in TRA-prot and TRA-FS-prot cotransfection.
The ratio of the two minigenes was varied as indicated above. ‘0/0’ indicates protein from mock transfected cells. The TRA2-BETA1 protein expression was deter-
mined using western blot (top). A dot and a square indicate the hyper- and hypophosphorylated form, respectively. The blot in the middle shows the detection of the
transfected protein using an anti-flag antibody that detects only the transfected protein. GAPDH served as a loading control and is shown in the bottom blot.
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ESEs show an uneven distribution between the exons and the
introns (63,66). Indeed, screening the annotated exons and
introns in the rough draft of the human genome with the
consensus sequence for the TRA2-beta1 binding site showed a
strong bias for exons, suggesting that TRA2-BETA1 could
bind to and potentially regulate, numerous exons (Fig. 9A).

An interesting consequence of the TRA2-BETA1 binding site
degeneracy is its partial overlap with the functional consensus
binding sites of SF2/ASF (Fig. 7B). This could create splicing
regulatory elements that can be recognized either only by SF2/
ASF and TRA2-BETA1 or by both proteins. It explains why
TRA2-BETA1 and SF2/ASF can regulate splicing through the

Figure 8. TRA2-BETA1 interacting proteins promote TRA2-BETA1 formation. (A) Cotransfection of TRA2-BETA1 interacting proteins with the MGTra mini-
gene. Increasing amounts (0.5–4mg) of EGFP tagged SF2/ASF, SRp30c, hnRNp-G and SAF-B expression clones were cotransfected with 1 mg MGTra minigene
and the RNA analysed by RT-PCR. A decreasing amount of parental vector was added to ensure equal amounts of transfected DNA. (B) Variants of TRA2-BETA1
interacting proteins unable to bind RNA influence tra2-beta splicing. Interacting proteins that are deficient in RNA binding were cotransfected in an assay similar to
A and are still able to suppress exon 2 inclusion. (C) TRA2-BETA1 interacting proteins can reverse the effect of TRA2-BETA1 on tra2-beta splice site selection.
One microgram of the MGTra Minigene was cotransfected with 0.5mg of EGFP-TRA2-BETA1 expression clone and increasing amounts (0.5–4mg) of SF2/ASF,
SRp30c and SAF-B expression clones unable to bind RNA. Parental vector was added to ensure constant amounts of DNA in the transfections. Control: MGTra
minigene with parental vector. (D) Real-time PCR analysis of the influence of TRA2-BETA1 interacting proteins on the TRA-prot minigene. One microgram of the
expression constructs in (A) were contransfected with the TRA-prot minigene and their effect was quantified by real time RT–PCR. All factors suppressed exon 2
inclusion independent of their RNA binding ability except SRp30c, which shows partial dependence on its RRM. Similar to Figure 4A, CLK2 inhibits exon 2
inclusion, whereas the inactive KR variant (clkKR) has no effect.
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same ESEs, such as the A3 enhancer (48) while having
opposite effects on the TRA2-BETA1 exon 2 splicing. In a
broader perspective the degeneracy of the SR and SR like
protein binding sites and their partial overlap could be the
underlying reason for the both unique and redundant
functionality of those proteins in C. elegans (67,68).

The TRA2-BETA1 concentration is determined by
an auto-regulatory loop

Four mRNAs are generated from the human tra2-beta locus
through the alternative processing of the exons 2 and 3 of the
pre-mRNA. Exon 2 alternative splicing plays a major role in
the regulation of the TRA2-BETA1 protein expression. Its
inclusion in the mRNA is dependent on the TRA2-BETA1
protein, which binds to four ESEs in exon 2. Exon 2 carries
several stop codons that interrupt the open reading frame and
the resulting tra2-beta4 mRNA is not translated. The tra2-beta4
isoform is readily detectable by RT–PCR. The first in frame
stop-codon is located 198 nt upstream of the junction of exon 2
and 3, which would destine this isoform to NMD. It remains to
be determined why this isoform is abundant and whether it can
escape NMD. Finally, sequestration of TRA2-BETA1 by
interacting proteins results in exon 2 skipping and TRA2-
BETA1 synthesis (Fig. 7).

The autoregulatory loop controlling tra2-beta pre-mRNA
splicing and protein synthesis is strikingly sensitive and robust.
Cotransfection experiments with TRA2-BETA1 expressing cons-
tructs show that a very small increase of the TRA2-BETA1
protein level is able to induce dramatic increase of exon 2
inclusion (Fig. 2). On the other hand, the negative feedback
loop was able to completely compensate for the elevated
tra2-beta gene dosage and keep the TRA2-BETA1 protein levels
constant (Fig. 5).

We showed that binding of TRA2-BETA1 to RNA, and
consequently exon 2 usage, is dependent on the phosphoryla-
tion status of the protein. The hyperphosphorylated TRA2-
BETA1 binds poorly to RNA. Consistent with this observation,
phosphorylation of TRA2-BETA1 by CLK2 kinase in vivo
prevents the formation of the tra2-beta4 mRNA.

An intriguing feature of exon 2 alternative splicing is the role
played by splicing factors binding to TRA2-BETA1. Exon 2
usage is suppressed by several TRA2-BETA1 interacting
proteins, independently of their RNA binding ability. This
implies that the effect is based solely on protein–protein
interactions. We suggest that these factors exert their effect on
exon 2 splicing by sequestering the TRA2-BETA1 protein or
by saturating its protein interaction capacity. Although the
precise mechanism requires further investigation, the data
presented here clearly shows that splicing factors can control
alternative exon usage through mechanisms that do not
necessarily involve RNA binding. Physiologically, this system
could determine and maintain constant the ratio between
TRA2-BETA1 and several of its interactors, e.g. SF2/ASF,
SRp30c, hnRNP-G and SAF-B. This allows TRA2-BETA1
protein levels to be regulated in respect to concentrations of
other splicing factors that differ between the cell types and the
physiological condition of each cell.

MATERIALS AND METHODS

Generation of the minigene

The part of the human tra2-beta gene that includes exons one to
four was amplified from a genomic clone (26) using primers
MGTra-F-Bam (GGGGATCCGACCGGCGCGTCGTGCGG-
GGCT and MGTra-R-Xho GGGCTCGAGTACCCGATTC-
CCAACATGACG). The PCR product was cloned in pCR
XL TOPO vector (Invitrogen) as described (43). The minigene
was then excised using BamHI and XhoI restriction sites that
were introduced by the primers and cloned in pCR3.1
(Invitrogen).

Mutagenesis

Site specific mutagenesis was performed as described (69). The
primers used for the mutagenesis are at www.stamms-lab.net/
publications/tra.

Generation of a pan tra2-beta antiserum

A rabbit polyclonal antiserum (pan tra2-beta) was raised against
a tra2-beta1 peptide (GCSITKRPHTPTPGIYMGRPTY) fused
to keyhole-limpet hemocyanin as previously described (27). The
peptide is located between the RRM and the second RS domain
(Fig. 1B). The antiserum specificity was determined by western
blot after pre-binding to the immunogenic peptide.

Western blot

Western blot using tra2-antibodies (1 : 3000 dilution) was
performed as previously described. Briefly, proteins were
separated by SDS–PAGE, transferred onto nitrocellulose and
detected by ECL (27). The antibody dilutions used were as
follows: GAPDH (RDI) 1:100 000, FlagM2 (Sigma) 1:5000,
GFP (Roche) 1:10 000. HRP conjugated secondary antibodies
were obtained from AP-Biotech and from Santa Cruz
Biotechnology and used in 1:10 000 dilution.

Cotransfection experiments and RT-PCR

Cotransfection experiments were performed as described (43)
using HEK293 cells and the calcium chloride method. For
reverse transcription, a vector specific primer pCR-RT-reverse
(GCCCTCTAGACTCGAGCTCGA) was used to avoid ampli-
fication of endogenous transcripts. For the following PCR
amplification primers, MGTra-F-Bam and MGTra-R-Xho were
used that annealed to both the endogenous and transfected
cDNA. PCR products were then separated on agarose gels and
quantified using Image Quant (AP Biotech). Expression
constructs for SF2/ASF, SRp30c, hnRNP G, YT521-B, SAF-
B and mClk2 driven by the CMV promoter and tagged by
EGFP were all cloned in pEGFP-C2 (Clontech) and previously
described (70). The SF2/ASF FF-DD expression construct was
a generous gift from Javier Caceres (71).
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Figure 9. Model of TRA2-BETA1 regulation. (A) The TRA2-BETA1 binding motif is more abundant in exons than in introns. The human genome draft sequence
was analyzed. The dataset consisted of 252 288 introns with total length of 1.18 Gbp and 280 064 exons totaling 42 Mbp. The probability distribution of the
sequences containing matches to the sequence GHVVGANR is shown. The intron sequences (grey bars) peak at the probability for a random match of 0.35–
0.30. This corresponds to the number of matches actually found equaling the number of matches expected to occur by chance. In contrast, the distribution of
the exon sequences (white bars) is biased towards low probabilities of hits occurring by chance. Probability: probability that the number of hits in the dataset occur
by chance. (B) Partial overlap of SF2/ASF and TRA2-BETA1 binding sites. The functional SF2/ASF and TRA2-BETA1 consensus site are shown in the second
and fourth lines. Less degenerate sequences that would bind only to SF2/ASF, TRA2-BETA1 or both proteins are shown in the first, third and last line. S¼G/C,
H¼A/C/T, V¼G/A/C, R¼A/G, W¼A/T. (C) Model of tra2-beta pre-mRNA regulation. TRA2-BETA1 does not bind to exon 2 if its concentration is low, if
it is sequestered or phosphoryated. As a result, exon 2 is skipped and TRA2-BETA1 formed (top). This will raise the TRA2-beta1 levels to a point where its
interacting proteins will be unable to sequester it completely. The excess of TRA2-beta1 binds to exon 2 and activates its inclusion in the mRNA. The resulting
tra2-beta4 mRNA cannot be translated and therefore the synthesis of TRA2-beta1 protein is effectively switched off (middle). Protein phosphorylation by CLK2
kinase can suppress the inclusion of both exon 2 and 3 in the mature transcript, generating the TRA2-beta3 mRNA. This mRNA is translated into a truncated
protein that lacks the N-terminal SR repeat (bottom).
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Pull-down assays

Twenty picomoles of biotinylated RNA oligonucleotide were
incubated for 1 h with either nuclear extract (10 mg of protein)
or 2 ml of 35S-labeled in vitro translation mix and competitor
RNA oligonucleotides in a total of 20 ml RNA binding
buffer (10 mM HEPES pH 7.5, 100 mM KCl, 5 mg/ ml Heparin,
1.5 mg/ ml tRNA, 0.67 mg/ ml BSA, 0.1% Triton-X100, 20U
RNase inhibitor) at 4�C. Streptavidin coated metacrylate beads
(Boeringer) equilibrated in the binding buffer were then added
to the reaction. This was further incubated for 1 h at 4�C.
The beads were washed three times with RNA binding
buffer and resuspended in SDS gel loading buffer. The
bound protein was detected either using western blot with
TRA2-BETA specific polyclonal sera or by autoradiography.
The sequences of the RNA oligonucleotides were: motif1,
AAUGUUGAAGAAGGAAAAUGCGGAAGUCGdT; motif3,
GUGGGGAAGAUGAAAGAAGUCAGAAUUUGdA; RNA1,
ACAAAGCGUUCUACCAGCAGCCAGAUGCUG; RNA2,
ACAAAGCGAAGAUGGUGCAGCCAGAUGCUG; motif3-C2,
GUGGGGAAGAUGCAAGAAGUCAGAAUUUGdA; motif3-U5,
GUGGGGAAGAUGAAAUAAGUCAGAAUUUGdA; motif3-
cons, GUGGGGAAGAUGCACGAAGUCAGAAUUUGdA.

Computer analysis

The rough draft sequence of the human genome was obtained
from ftp://ftp.ncbi.nlm.nih.gov/genome. Scripts written in Perl
were used to extract the exons and introns from the genomic
sequences according to the annotation data and to perform
pattern searches of the datasets. The Perl scripts are available
for download from http://stamms-lab.net/papers/tra. The prob-
ability of the matches in a given exon or intron to occur by
chance was determined using the formula: P¼ e(Lxm/l ). In this
formula, l is the length of the exon or intron, m the number of
matches and L the length of the sequence with the same base
composition as the inspected exon or intron, where one hit is
expected to occur by chance (72).

Real-time PCR

Real time PCR quantification was performed on ABI prism
9700 system using QuantiTect SYBR Green PCRkit (Qiagen)
following the manufacturer’s protocol. Standard curves for
the amplification of each isoform were prepared using serial
dilution of linearized cloned template. All experiments were
done in triplicate and the amount of each isoform was deter-
mined by comparison to the standard curve and used to
calculate the isoform ratio. The specificity of the amplification
was controlled using agarose gel electrophoresis. The tra2-beta
mRNA isoforms were detected using isoform specific primer
pairs as follows: tra2-beta1 was amplified using tra1/3forw
(TACGGCGAGCGGGAA) and tra4rev1 (GTATAATGCCT-
TCGGGAGCTTC) primers; tra1-beta3 was amplified using
tra1/4forw (TACGGCGAGCGGGAAT) and tra4rev; tra2-beta4
was amplified using tra2forw (TTGAGCAATTTGTGTGAA-
GTGG) and tra2/3rev (AACGGGATTCTTAGCGTAGTGC).

ACKNOWLEDGEMENTS

We are grateful to Dr Javier Caceres for providing the SF2/
ASF-FF/DD clone, to Professor Albrecht Bindereif for helpful
discussion, to Dr Andreas Pahl for his assistance in perfor-
ming the quantitative real time PCR experiments and
Guiseppe Biamonti for the full length SAF-B clone. We thank
Juan Valcarcel and Douglas Black for critical reading of the
manuscript. This work was supported by the Deutsche
Forschungsgemeinschaft and the European Union (QLK3-CT-
2002-02062).

REFERENCES

1. Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C.,
Baldwin, J., Devon, K., Dewar, K., Doyle, M., FitzHugh, W. et al. (2001)
Initial sequencing and analysis of the human genome. Nature, 409,
860–921.

2. Venter, J.C., Adams, M.D., Myers, E.W., Li, P.W., Mural, R.J., Sutton, G.G.,
Smith, H.O., Yandell, M., Evans, C.A., Holt, R.A. et al. (2001) The
sequence of the human genome. Science, 291, 1304–1351.

3. Harrison, P.M., Kumar, A., Lang, N., Snyder, M. and Gerstein, M. (2002)
A question of size: the eukaryotic proteome and the problems in defining it.
Nucl. Acids Res., 30, 1083–1090.

4. Hodges, P.E., Carrico, P.M., Hogan, J.D., O’Neill, K.E., Owen, J.J.,
Mangan, M., Davis, B.P., Brooks, J.E. and Garrels, J.I. (2002) Annotating
the human proteome: the Human Proteome Survey Database (HumanPSD)
and an in-depth target database for G protein-coupled receptors
(GPCR-PD) from Incyte Genomics. Nucl. Acids Res., 30, 137–141.

5. Grabowski, P.L. and Black, D.L. (2001) Alternative RNA splicing in the
nervous system. Prog. Neurobiol., 65, 289–308.

6. Graveley, B.R. (2001) Alternative splicing: increasing diversity in the
proteomic world. Trends Genet., 17, 99–108.

7. Modrek, B., Resch, A., Grasso, C. and Lee, C. (2001) Genome-wide
detection of alternative splicing in expressed sequences of human genes.
Nucl. Acids Res., 29, 2850–2859.

8. Berget, S.M. (1995) Exon recognition in vertebrate splicing. J. Biol. Chem.,
270, 2411–2414.

9. Burset, M., Seledtsov, I.A. and Solovyev, V.V. (2000) Analysis of canonical
and non-canonical splice sites in mammalian genomes. Nucl. Acids Res.,
28, 4364–4375.

10. Blencowe, B.J. (2000) Exonic splicing enhancers: mechanism of action,
diversity and role in human genetic diseases. Trends Biochem. Sci., 25,
106–110.

11. Ladd, A.N. and Cooper, T.A. (2002) Finding signals that regulate
alternative splicing in the post-genomic era. Genome Biol., 3,
REVIEWS0008.

12. Dreyfuss, G., Kim, V.N. and Kataoka, N. (2002) Messenger-RNA-
binding proteins and the messages they carry. Nat. Rev. Mol. Cell. Biol.,
3, 195–205.

13. Smith, C.W. and Valcarcel, J. (2000) Alternative pre-mRNA splicing:
the logic of combinatorial control. Trends Biochem. Sci., 25,
381–388.

14. Stamm, S. (2002) Signals and their transduction pathways regulating
alternative splicing: a new dimension of the human genome. Hum. Mol.
Genet., 11, 2409–2416.

15. Thanaraj, T.A. and Stamm, S. (2003) Prediction and statistical analysis of
alternatively spliced exons. Prog. Mol. Sub. Biol., 31, 1–31.

16. Graveley, B.R. (2000) Sorting out the complexity of SR protein function.
RNA, 6, 1197–1211.

17. Manley, J.L. and Tacke, R. (1996) SR proteins and splicing control. Genes
Dev., 10, 1569–1579.

18. Gao, Q.S., Memmott, J., Lafyatis, R., Stamm, S., Screaton, G. and
Andreadis, A. (2000) Complex regulation of tau exon 10, whose
missplicing causes frontotemporal dementia. J. Neurochem., 74, 490–500.

19. Sarkissian, M., Winne, A. and Lafyatis, R. (1996) The mammalian
homolog of suppressor-of-white-apricot regulates alternative messenger-rna
splicing of cd45 exon-4 and fibronectin iiics J. Biol. Chem, 271,
31106–31114.

522 Human Molecular Genetics, 2004, Vol. 13, No. 5

 at U
niversity of K

entucky Libraries on M
ay 6, 2011

hm
g.oxfordjournals.org

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/


20. Cowper, A.E., Caceres, J.F., Mayeda, A. and Screaton, G.R. (2001) Serine-
arginine (SR) protein-like factors that antagonize authentic SR proteins and
regulate alternative splicing. J. Biol. Chem., 276, 48908–48914.

21. Inoue, K., Hoshijima, K., Higuchi, I., Sakamoto, H. and Shimura, Y. (1992)
Binding of the drosophila transformer and transformer2 proteins to the
regulatory elements of doublesex primary transcript for sex-specific RNA
processing. Proc. Natl Acad. Sci. USA, 89, 8092–8096.

22. Tian, M. and Maniatis, T. (1993) A splicing enhancer complex controls
alternative splicing of doublesex pre-mRNA. Cell, 74, 105–114.

23. Fujii, S. and Amrein, H. (2002) Genes expressed in the Drosophila
head reveal a role for fat cells in sex-specific physiology. EMBO J., 21,
5353–5363.

24. Dauwalder, B., Amaya-Manzanares, F. and Mattox, W. (1996) A human
homologue of the Drosophila sex determination factor transformer-2 has
conserved splicing regulatory functions. Proc. Natl Acad. Sci. USA, 93,
9004–9009.

25. Beil, B., Screaton, G. and Stamm, S. (1997) Molecular cloning of
htra2-beta-1 and htra2-beta-2, two human homologs of tra-2 generated by
alternative splicing. DNA Cell Biol., 16, 679–690.

26. Nayler, O., Cap, C. and Stamm, S. (1998) Human transformer-2-beta gene
(SFRS10): complete nucleotide sequence, chromosomal localization, and
generation of a tissue-specific isoform. Genomics, 53, 191–202.

27. Daoud, R., Da Penha Berzaghi, M., Siedler, F., Hubener, M. and Stamm, S.
(1999) Activity-dependent regulation of alternative splicing patterns in the
rat brain. Eur. J. Neurosci., 11, 788–802.

28. Caceres, J.F. and Kornblihtt, A.R. (2002) Alternative splicing: multiple
control mechanisms and involvement in human disease. Trends Genet., 18,
186–193.

29. Stoilov, P., Meshorer, E., Gencheva, M., Glick, D., Soreq, H. and Stamm, S.
(2002) Defects in pre-mRNA processing as causes of and predisposition to
diseases. DNA Cell Biol., 21, 803–818.

30. Faustino, N.A. and Cooper, T.A. (2003) Pre-mRNA splicing and human
disease. Genes Dev., 17, 419–437.

31. Nagoshi, R.N., McKeown, M., Burtis, K.C., Belote, J.M. and Baker, S.
(1988) The control of alternative splicing at genes regulating sexual
differentiation in D. melanogaster. Cell, 53, 229–236.

32. Ryner, L.C., Goodwin, S.F., Castrillon, D.H., Anand, A., Villella, A.,
Baker, B.S., Hall, J.C., Taylor, B.J. and Wasserman, S.A. (1996) Control of
male sexual behavior and sexual orientation in Drosophila by the fruitless
gene. Cell, 87, 1079–1089.

33. McGuffin, M.E., Chandler, D., Somaiya, D., Dauwalder, B. and Mattox, W.
(1998) Autoregulation of transformer-2 alternative splicing is necessary for
normal male fertility in Drosophila. Genetics, 149, 1477–1486.

34. Matsuo, N., Ogawa, S., Imai, Y., Takagi, T., Tohyama, M., Stern, D. and
Wanaka, A. (1995) Cloning of a novel RNA binding polypeptide (RA301)
induced by hypoxia/reoxygenation. J. Biol. Chem., 270, 28216–28222.

35. Segade, F., Claudio, E., Wrobel, K., Ramos, S. and Lazo, P.S. (1995)
Isolation of nine gene sequences induced by silica in murine
macrophages. J. Immunol., 154, 2384–2392.

36. Tsukamoto, Y., Matsuo, N., Ozawa, K., Hori, O., Higashi, T., Nishizaki, J.,
Tohnai, N., Nagata, I., Kawano, K., Yutani, C. et al. (2001) Expression
of a novel RNA-splicing factor, RA301/Tra2beta, in vascular lesions and
its role in smooth muscle cell proliferation. Am. J. Pathol., 158,
1685–1694.

37. Hofmann, Y., Lorson, C.L., Stamm, S., Androphy, E.J. and Wirth, B. (2000)
Htra2-beta 1 stimulates an exonic splicing enhancer and can restore
full-length SMN expression to survival motor neuron 2 (SMN2). Proc. Natl
Acad. Sci. USA, 97, 9618–9623.

38. Chabot, B., Blanchett, M., Lapierre, I. and La Branche, H. (1997) An intron
element modulating the splice site selection in the hnRNP A1 pre-mRNA
interacts with hnRNp A1. Mol. Cell. Biol., 17, 1776–1786.

39. Jumaa, H. and Nielsen, P.J. (1997) The splicing factor SRp20 modifies
splicing of its own mRNA and ASF/SF2 antagonizes this regulation.
EMBO J., 16, 5077–5085.

40. Sureau, A., Gattoni, R., Dooghe, Y., Stevenin, J. and Soret, J. (2001) SC35
autoregulates its expression by promoting splicing events that destabilize its
mRNAs. EMBO J., 20, 1785–1796.

41. Lejeune, F., Cavaloc, Y. and Stevenin, J. (2001) Alternative splicing of
intron 3 of the serine/arginine-rich protein 9G8 gene. Identification of
flanking exonic splicing enhancers and involvement of 9G8 as a
trans-acting factor. J. Biol. Chem., 276, 7850–7858.

42. Zachar, Z., Chou, T.B. and Bingham, P.M. (1987) Evidence that a regulatory
gene autoregulates splicing of its transcript. EMBO J., 6, 4105–4111.

43. Stoss, O., Stoilov, P., Hartmann, A.M., Nayler, O. and Stamm, S. (1999)
The in vivo minigene approach to analyze tissue-specific splicing. Brain
Res. Protocols, 4, 383–394.

44. Stamm, S., Casper, D., Hanson, V. and Helfman, D.M. (1999) Regulation
of the neuron-specific exon of clathrin light chain B. Mol. Brain Res., 64,
108–118.

45. Jiang, Z., Tang, H., Havlioglu, N., Zhang, X., Stamm, S., Yan, R. and
Wu, J.Y. (2003) Mutations in tau gene exon 10 associated with FTDP-17
alter the activity of an exonic splicing enhancer to interact with Tra2-beta1.
J. Biol. Chem., 278, 18997–19007.

46. Yamada, T., Goto, I. and Sakaki, Y. (1993) Neuron-specific splicing of the
Alzheimer amyloid precursor protein gene in a mini-gene system. Biochem.
Biophys. Res. Commun., 195, 442–448.

47. Neuwald, A.F., Liu, J.S. and Lawrence, C.E. (1995) Gibbs motif sampling:
detection of bacterial outer membrane protein repeats. Protein Sci., 4,
1618–1632.

48. Tacke, R., Tohyama, M., Ogawa, S. and Manley, J.L. (1998) Human Tra2
proteins are sequence-specific activators of pre-mRNA splicing. Cell, 93,
139–148.

49. Nayler, O., Stamm, S. and Ullrich, A. (1997) Characterisation and
comparison of four SR protein kinases. Biochem. J., 326, 693–700.

50. Hanamura, A., Caceres, J.F., Mayeda, A., Franza, B.R. and Krainer, A.R.
(1998) Regulated tissue-specific expression of antagonistic pre-mRNA
splicing factors. RNA, 4, 430–444.

51. Amrein, H., Hedley, M.L. and Maniatis, T. (1994) The role of specific
protein-RNA and protein-protein interactions in positive and negative
control of pre-mRNA splicing by Transformer 2. Cell, 76, 735–746.

52. Nayler, O., Strätling, W., Bourquin, J.-P., Stagljar, I., Lindemann, L.,
Jasper, H., Hartmann, A.M., Fackelmayer, F.O., Ullrich, A. and Stamm, S.
(1998) SAF-B couples transcription and pre-mRNA splicing to SAR/MAR
elements. Nucl. Acids Res., 26, 3542–3549.

53. Venables, J.P., Elliott, D.J., Makarova, O.V., Makarov, E.M., Cooke, H.J.
and Eperon, I.C. (2000) RBMY, a probable human spermatogenesis factor,
and other hnRNP G proteins interact with Tra2beta and affect splicing.
Hum. Mol. Genet., 9, 685–694.

54. Roberts, G.C. and Smith, C.W. (2002) Alternative splicing: combinatorial
output from the genome. Curr. Opin. Chem. Biol., 6, 375–383.

55. Caceres, J.F., Stamm, S., Helfman, D.M. and Krainer, A.R. (1994)
Regulation of alternative splicing in vivo by overexpression of antagonistic
splicing factors. Science, 265, 1706–1709.

56. Charlet, B.N., Logan, P., Singh, G. and Cooper, T.A. (2002) Dynamic
antagonism between ETR-3 and PTB regulates cell type-specific alternative
splicing. Mol. Cell, 9, 649–658.

57. Hastings, M.L. and Krainer, A.R. (2001) Pre-mRNA splicing in the new
millennium. Curr. Opin. Cell. Biol., 13, 302–309.

58. Mattox, W. and Baker, B.S. (1991) Autoregulation of the splicing of trans-
cripts from the transformer-2 gene of Drosophila. Genes Dev., 5, 786–796.

59. Chandler, S.D., Mayeda, A., Yeakley, J.M., Krainer, A.R. and Fu, X.D.
(1997) RNA splicing specificity determined by the coordinated action of
RNA recognition motifs in SR proteins. Proc. Natl Acad. Sci. USA, 94,
3596–3601.

60. Mattox, W., McGuffin, M.E. and Baker, B.S. (1996) A negative feedback
mechanism revealed by functional analysis of the alternative isoforms of the
Drosophila splicing regulator transformer-2. Genetics, 143, 303–314.

61. Tacke, R. and Manley, J.L. (1995) The human splicing factors ASF/SF2 and
SC35 possess distinct, functionally significant RNA binding specificities.
EMBO J., 14, 3540–3551.

62. Stamm, S., Zhu, J., Nakai, K., Stoilov, P., Stoss, O. and Zhang, M.Q. (2000)
An alternative-exon database and its statistical analysis. DNA Cell Biol., 19,
739–756.

63. Lui, H.-X., Zhang, M. and Krainer, A.R. (1998) Identification of functional
exonic splicing enhancer motifs recognized by individual SR proteins.
Genes Dev., 12, 1998–2012.

64. Lui, H.-X., Chew, S.L., Cartegni, L., Zhang, M.Q. and Krainer, A.R. (1999)
Exonic splicing enhancer motif recognized by human SC35 under splicing
conditions. Mol. Cell. Biol., 20, 1063–1071.

65. Stickeler, E., Fraser, S.D., Honig, A., Chen, A.L., Berget, S.M. and
Cooper, T.A. (2001) The RNA binding protein YB-1 binds A/C-rich exon
enhancers and stimulates splicing of the CD44 alternative exon v4.
EMBO J., 20, 3821–3830.

66. Fairbrother, W.G., Yeh, R.F., Sharp, P.A. and Burge, C.B. (2002) Predictive
identification of exonic splicing enhancers in human genes. Science, 297,
1007–1013.

Human Molecular Genetics, 2004, Vol. 13, No. 5 523

 at U
niversity of K

entucky Libraries on M
ay 6, 2011

hm
g.oxfordjournals.org

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/


67. Kawano, T., Fujita, M. and Sakamoto, H. (2000) Unique and
redundant functions of SR proteins, a conserved family of splicing
factors, in Caenorhabditis elegans development. Mech. Dev., 95,
67–76.

68. Longman, D., Johnstone, I.L. and Caceres, J.F. (2000) Functional
characterization of SR and SR-related genes in Caenorhabditis elegans.
EMBO J., 19, 1625–1637.

69. Kunkel, T.A. (1985) Rapid and efficient site-specific mutagenesis
without phenotypic selection. Proc. Natl. Acad. Sci. USA, 82,
488–492.

70. Hartmann, A.M., Nayler, O., Schwaiger, F.W., Obermeier, A. and
Stamm, S. (1999) The interaction and colocalization of Sam68 with the
splicing-associated factor YT521-B in nuclear dots is regulated by the Src
family kinase p59(fyn). Mol. Biol. Cell., 10, 3909–3926.

71. Caceres, J.F. and Krainer, A.R. (1993) Functional analysis of pre-mRNA
splicing factor SF2/ASF structural domains. EMBO J., 12, 4715–4726.

72. Billingsley, P. (1995) Probability and Measure, 3rd edn, Wiley.
73. Miyake, A., Mochizuki, S., Takemoto, Y. and Akuzawa, S. (1995)

Molecular cloning of human 5-hydroxytryptamine3 receptor: heterogeneity
in distribution and function among species. Mol. Pharmac., 48, 407–416.

524 Human Molecular Genetics, 2004, Vol. 13, No. 5

 at U
niversity of K

entucky Libraries on M
ay 6, 2011

hm
g.oxfordjournals.org

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/

