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ABSTRACT

Splicing of vertebrate introns involves recognition of three consensus elements at the 39 end. The branch point (BP) and
polypyrimidine tract (PPT) are usually located within 40 nucleotides (nt) of the 39 splice site (39 ss), AG, but can be much more
distant. A characteristic of the region between distant BPs (dBPs) and the 39 ss is the absence of intervening AG dinucleotides,
leading to its designation as the ‘‘AG exclusion zone’’ (AGEZ). The human HTR4 gene, which encodes serotonin receptor 4 and
has been associated with schizophrenia, bipolar disease, and gastrointestinal disorders, has four exons with extensive AGEZs.
We have mapped the BPs for HTR4 exons 3, 4, 5, and g generated by in vitro splicing, and validated them by mutagenesis in
exon-trapping vectors. All exons used dBPs up to 273 nt upstream of the exon. Strikingly, exons 4 and 5 used combinations of
both distant and conventionally located BPs, suggesting that successful splicing of these exons can occur by distinct pathways.
Our results emphasize the importance for single nucleotide polymorphism resequencing projects to take account of potential
dBPs, as the extended AGEZs are vulnerable to mutations that could affect splicing itself or regulation of alternative splicing.
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INTRODUCTION

Accurate splicing is a prerequisite for mRNA formation by
the removal of introns from pre-mRNAs and by the joining
together of exons. This reaction is catalyzed by the spliceo-
some, and several elements within the RNA sequence
need to be recognized for functional splicing (Wahl et al.
2009). The upstream exon–intron boundary is defined by
the 9 nucleotide (nt) 59 splice site (59 ss) consensus se-
quence with an invariant GU dinucleotide at the most
59 part of the intron. Recognition of the 39 splice site (39 ss)
requires three essential elements: the branch point (BP)
sequence, the polypyrimidine tract (PPT), and an invariant
AG dinucleotide at the 39 end of the intron. These three
elements are normally located within the last 40 nt of the
intron and are recognized during the early steps of spliceo-
some formation. The importance of the consensus splice
site elements is illustrated by the observation that at least

10% of human genetic diseases are caused by mutations
within them (Cooper et al. 2009).

During the early steps of splicing the BP is one of the first
elements to be recognized and is first identified by SF1, the
BP-binding protein (Abovich and Rosbash 1997; Berglund
et al. 1997). In close vicinity, U2AF65 interacts with the
PPT and has a preference for uridine (U)-rich sequences
(Singh et al. 1995). Additionally, in so-called AG-dependent
introns (Reed 1989), U2AF35 recognizes the 39 ss AG
(Merendino et al. 1999; Wu et al. 1999; Zorio and
Blumenthal 1999). In the next steps of splicing, U2 snRNP
replaces SF1 at the BP, by base-pairing of the U2 snRNA
with the BP sequence, after which the U4/5/6 snRNPs are
recruited and conformational rearrangements lead to for-
mation of the active spliceosome. The first step of splicing
involves a hydrophilic attack by the 29 OH of the BP
adenosine on the 59 ss, breaking the bond between the
59 exon and intron. Following the first step of splicing, the
spliceosome must locate the 39 ss AG, where the second
step–the joining of exons and the lariat excision—takes
place (Wahl et al. 2009). In introns with distant BPs (dBPs)
and PPTs, the 39 ss is located by a scanning process from
the BP to the first downstream AG (Smith et al. 1989, 1993;
Liu et al. 1997). Similar scanning behavior is observed in
bimolecular exon ligation experiments (Chen et al. 2000).
Consequently, one prerequisite of the region between
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distant BPs and the 39 ss is that it lacks
any other AG dinucleotides leading to
its designation as the AG-exclusion
zone (AGEZ) (Gooding et al. 2006).

The dBP introns are likely to be of
interest from a number of standpoints.
The dBP arrangement may facilitate
particular mechanisms of splicing regu-
lation. A uniform feature of those that
have been dissected experimentally is
the presence of negative regulatory ele-
ments within the AGEZ between the
dBP and the exon (Helfman et al. 1990;
Gooding et al. 1994; Southby et al. 1999;
Wollerton et al. 2004). Moreover, the
extended AGEZ is likely to be vulnera-
ble to mutations, the effects of which
could range from catastrophically dele-
terious effects upon splicing, such as
the introduction of new AG dinucleo-
tides that would be recognized as 39ss
(Gooding et al. 2006), to more subtle
misregulation of alternative splicing. Ei-
ther type of effect could be associated
with pathologies (Cooper et al. 2009).

Based upon the small number of
known alternatively spliced dBP exons
we previously applied the concept of
AGEZs as a basis for a bioinformatics
algorithm systematically searching alter-
native human exons in the AltExtron
database for intronic regions at the 39 ss
with extended zones lacking AG dinu-
cleotides. More than 800 AltExtron
exons had AGEZs $100. One of the
most extreme examples, an intron in the tyrosine phos-
phatase s (PTPRS) gene has an AGEZ of 1126 nt. We
estimated that between 20% and 50% of the identified
introns would be associated with dBPs. Consequently, up
to 0.6% of all human introns potentially contain dBP and
2%–5% of all human genes have at least one intron with
a dBP (Gooding et al. 2006). The serotonin receptor 4 gene
(HTR4 or 5-HT4) is a particularly interesting example.
Exons 3, 4, 5, and g have extended AGEZs of 149, 291, 221,
and 101 nt, respectively, and the large AGEZ arrangement
is maintained between several mammalian species, suggest-
ing functional significance, even though the primary
sequence in these regions is not highly conserved (Fig.
1B,C; see also the first section in Materials and Methods).
Despite the tendency for exons with extended AGEZ to be
alternatively spliced (Gooding et al. 2006), only HTR4 exon
g was annotated as a cassette exon. HTR4 is a member of the
G-protein coupled receptors (GPCRs) family, typically with
seven trans-membrane regions. Most of the known 10 iso-
forms vary in their cytoplasmic—the most C-terminal— part

and arise from the use of alternative 39 terminal exons
(Figs. 1C; see also Fig. 6D below). HTR4 expression is
prevalent in the brain, specifically in the hippocampus and
basal ganglia, and also in intestinal tissue and the heart
(Medhurst et al. 2001). Mouse knock-out models suggest
a potential involvement in stress-induced eating disorders
(Compan et al. 2004). HTR4 agonists also have been shown
to improve the performance of animals in learning and
memory tasks, but also hold potential for antidepression
treatment (Fontana et al. 1997; Letty et al. 1997; Marchetti
et al. 2004; Lucas et al. 2007). Several studies have asso-
ciated HTR4 single nucleotide polymorphisms (SNPs) with
disorders such as schizophrenia and mood or attention-
deficit disorders (Ohtsuki et al. 2002; Suzuki et al. 2003; Li
et al. 2006). At least one SNP was suggested to affect the BP
of exon 5 (Suzuki et al. 2003). Hence, HTR4 is not only
interesting from a splice regulatory point of view but also
for its physiological properties.

Here we report a systematic analysis of the BPs used by
the four HTR4 exons with large AGEZs. We mapped the

FIGURE 1. AG dinucleotide exclusion zones and distant branch points. (A) The branch point
sequence (BPS), polypyrimidine tract (PPT), and the invariant AG at the 39 ss are normally
located within 40 nt of each other. The region between the 39 ss AG and the next upstream AG
dinucleotide is defined as the AG exclusion zone (AGEZ). In introns with distant BPs, there is
no apparent constraint on the distance between the PPT and 39 ss as long as it is free of AGs.
(B) Four exons of mammalian serotonin receptor (HTR4) genes have extended AGEZ. The
position of the first AG upstream of the 39 ss is shown for each exon in five different
vertebrates. For dog and chicken, the genomic sequence coverage is not sufficient to determine
their AGEZ of exon g (n/a) and in rat only the alternative 39 ss variant e is present (*). (C)
HTR4 isoforms: Exons are depicted as filled black boxes, 39UTRs as white boxes, introns as
lines, large AGEZ (>100 nt) in thick gray lines. Known alternative splicing events are indicated
by dashed lines. (D) Experimental strategy: Each exon with a large AGEZ was cloned along
with upstream and downstream intronic sequences into the GFP-based exon trapping
construct driven by chicken b-actin promoter (cBA) for tissue culture transfection. The
AGEZ (in gray) with some additional upstream intronic region was cloned into the PY7 in
vitro splicing construct to replace the BP, PPT, and 39 ss elements of TPM1 exon 3 (TM3).
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dBPs by in vitro splicing followed by primer extensions,
and found that all but exon g used dBPs. Exons 4 and 5
were able to utilize several BPs, some also in canonical
positions. All of these BPs were analyzed by the effect of
mutagenesis upon splicing in tissue culture reporter con-
structs. We were able to validate dBPs for exon 3. Exons
4 and 5 might use additional cryptic BPs but showed a
significant decrease in exon inclusion upon disruption of
its BPs. Exon g actually used a dBP under these conditions.
We also further show here for the first time that exon 4 is
alternatively spliced, and we discovered two novel exons.
Our results highlight the necessity of combining several
methods for accurate BP mapping, and emphasizes the
importance of taking into account large AGEZs when
carrying out resequencing for SNP discovery.

RESULTS

Analyzing predicted branch points in vitro and in vivo

Of the three common methods used to map BPs, two
permit precise identification of the nucleotide involved in
lariat formation. The ‘‘gold standard’’ is
to in vitro splice RNA and to exploit the
block of primer extension by reverse
transcriptase at the BP. This, however, is
only possible if constructs splice effi-
ciently in vitro (Ruskin et al. 1984).
Method number two takes advantage of
the fact that certain reverse transcrip-
tases are able to extend—albeit with low
and variable efficiency—across the 29– 59

bond of the lariat at the BP. The re-
sulting cDNAs are then used for PCR
amplification and sequencing, allowing
mapping of the junction of the BP with
the 59 ss. The unusual RNA structure at
the lariat also makes the reverse tran-
scriptases more prone to misincorpo-
rate nucleotides at the position of the
BP, which gives another useful indica-
tion of its exact position (Vogel et al.
1997; Gao et al. 2008). In the third
method, minigene reporter constructs
are used to monitor changes in splicing
upon mutation of potential BPs. This
approach only gives indirect evidence
for BPs, as it generally identifies nucle-
otides important for exon inclusion in
the context of cell culture based trans-
fections. For the four HTR4 exons we
have employed a combination of two of
these methods: BP mapping by primer
extension of in vitro splicing reactions
and validation of these BPs by muta-

genesis in exon-trapping constructs containing the HTR4
exons and their surrounding introns (Fig. 1D). These
constructs were transfected into HeLa cells and the result-
ing splice products were analyzed by RT-PCR.

Exon 3 has a dBP at –151

Exon 3 of HTR4 has an AGEZ of 149 nt (Fig. 1B) within
which there were several positions that fit the consensus for
BPs with PPTs (see Materials and Methods). The size of the
AGEZ is maintained between 149 and 154 nt in several
mammalian species (Fig. 1B). To analyze this intron by in
vitro splicing we cloned the AGEZ and additional 150
upstream nucleotides replacing the BP and PPT of exon
3 of a minigene reporter containing the rat a-tropomyosin
(TPM1) exons 2 and 3 (Fig. 1D). This was necessary, as
a minigene construct containing the HTR4 exon 3 with
surrounding introns did not splice efficiently, precluding
further analysis by primer extension (data not shown). In
HeLa nuclear extracts this reporter went efficiently through
the first and second step of splicing as both the lariat
intermediate and the lariat accumulate after 1 h (Fig. 2A,

FIGURE 2. Mapping BP of exon 3. (A) In vitro splicing of construct containing the HTR4
exon 3 AGEZ. Splicing precursor, intermediates, and products are depicted to the right of the
gel, with the a-Tropomyosin exons TM2 and TM3 in boxes, the AGEZ in gray, and introns in
black. Looped RNA-forms correspond to the lariat and lariat intermediates. Lane con,
unspliced control; sp, spliced (2-h time point); db, spliced and then debranched. (B) Primer
extension map BP to position –151. Left panel shows sequencing lanes, right panel primer
extension with control RNA in the splicing buffer (con), spliced transcripts (sp), and RNA that
was debranched after splicing (db). Sequence surrounding the BP is depicted on the left side of
the gel. (C) Mutagenesis of BP in exon trapping construct: lane 1 shows WT splicing pattern
with mainly exon inclusion. Upon mutation (lanes 2–4) of more As into Gs (sequence changes
in bold in box beside the gel) splicing pattern changes to exon skipping and usage of alternative
39 ss (exon incl I– III). Percentage of exon inclusion (n = 3) 6 standard deviation is shown
underneath the gel. Control lanes are reverse transription reactions without an enzyme (�RT)
and PCRs without a template (0). (D) The sequence of exon 3 and its AGEZ: intron sequence
in lower case and the exon sequence in upper case; first upstream AG dinucleotide and 39 ss
AG in bold. Positions of BP are underlined and BP-A is in upper case. Alternative 39 ss
highlighted in boxes with stars correspond to the three different alternative 39 ss products
in C).
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lane sp). Due to its looped structure lariat RNA migrates at
a higher apparent size than the linearized, debranched RNA
(Fig. 2A, lane db), which migrates according to its size. To
determine the site of branch formation we performed
primer extensions using a primer hybridizing to the most
39 end of the intron. The major stop in the extension in
Figure 2B, lane sp, was found at nucleotide position –150.
Comparing it with the sequencing lanes at the left-hand
side of the panel, it aligned with a G, but as the reverse
transcriptase stops 1 nt before the BP it maps to an adeno-
sine within a good consensus (ctaAgc) at position �151
(underlined in Fig. 2D, with BP-adenosine in bold). Here
the BP adenosine coincides with the first AG upstream of
the AGEZ. Moreover, it lies just upstream of a 44-nt PPT
uninterrupted by purines.

We next analyzed the effect of exon 3 BP mutagenesis in
an exon-trapping vector. We cloned the exon with the
AGEZ plus an additional 150 upstream nucleotides and
220 nt of the downstream intron into a GFP-based two-
exon minigene reporter construct (Fig. 1D). When trans-
fected into HeLa cells, exon 3 was included over 70% in the
wild-type (WT) construct (Fig. 2C, lane 1). Because nearby
adenosines can compensate for mutated BPs we also
eliminated potential cryptic sites. Upon mutation of A’s
to G’s at positions �155, �152, �151, and �148, exon
inclusion levels dropped from 70% to 40% (Fig. 2C, lane
2). Mutation of positions –152, �151, �148, and �143 led
to inclusion levels below 10%, suggesting that position
�143 is a major cryptic BP (Fig. 2C, lane 3). Only mutating
all five A’s into G’s abolished exon inclusion completely
(Fig. 2C, lane 4). Interestingly, sequence alignments be-
tween six mammalian species (human, cow, dog, macaque,
gorilla, mouse, and rat data not shown) show that
adenosine �151 and uracil –153 at the BP are conserved
in five out of seven species and that the cryptic BP
adenosine at position –143, together with a U at –145,
also shows 100% conservation. Strikingly, any manipula-
tion of the BP regions led not only to exon skipping but
also to increased use of cryptic 39 ss within exon 3 (Fig. 2C,
exon incl I, exon incl II, exon incl III; Fig. 2D, highlighted
in boxes with stars). These splice sites were validated by
sequencing. Due to their location, these 39 ss are expected
to be used in conjuction with the associated cryptic BPs
and PPTs.

Exon 4 uses distant and canonical BPs

Exon 4 of HTR4 has a very extended AGEZ of 291 nt, and
this arrangement is conserved in other mammals (Fig. 1B,
AGEZs 288–313 nt). Using a construct making TPM1 exon
3 splicing dependent on the intronic region of HTR4 exon 4
containing the AGEZ and another 120 upstream nucleo-
tides, we analyzed the progression of its splicing in the
nuclear extract. Over a time period from 0 to 120 min, an
increasing amount of splice intermediates and products

appeared (Fig. 3A). Intriguingly, four different lariat species
were observed. These correspond to two different popula-
tions of lariat products and intermediates, which then
collapse into two linear forms in the debranched lane
(Fig. 3A, lane db), suggesting the use of two different BPs.
Lariats of BPs in canonical positions have larger loops than
lariats in more distant positions, and therefore migrate
more slowly. The primer extensions verified the use of two
pairs of neighboring BPs. Two dBPs were mapped at
positions –267 and –273 (Fig. 3B, left panel) and two in
canonical positions –33 and –27 (Fig. 3B, right panel). Due
to the large AGEZ it was necessary to use a second primer
further upstream within the intron (positions �195 to
�216) to map the dBPs (Fig. 3B, left panel). In the cell
transfection assay with the GFP-based reporter, exon 4 of
HTR4 was included to 92% (Fig. 3C, lane 1). Mutation of
six adenosines surrounding the dBP at �267 and �273
(Fig. 3C, lane 2), or disruption of the two canonical BPs
(Fig. 3C, lane 3) had a negligible effect on exon inclusion.
Combining mutations at the dBP and BP at position –27
reduced the exon inclusion levels to 76% (Fig. 3C, lane 4),
although surprisingly, additional disruption of the �33 BP
led to 91% inclusion (Fig. 3C, lane 5). Introducing
mutations of three adenosines at positions –72 to –68 in
combination with all the mutations in Figure 3C, lane 5,
resulted in a reduction of exon inclusion down to 75% (Fig.
3C, lane 6). These sites were chosen as we had some
evidence from primer extensions that the adenosine at –72
was used as a BP, but not reproducibly (data not shown).
Interestingly, these manipulations of BPs again led to an
increased usage of a suboptimal 39 ss within the sequence of
exon 4 (Fig. 3C, exon incl I), as well as in the expected exon
skipping event. The position of this splice site was esti-
mated by calculating the PCR-product size according to its
migration in correlation with a molecular weight marker,
and it is highlighted by a box with stars in Figure 3D. The
modest response to the combined mutations (Fig. 3C, lane
6) suggests that further cryptic BPs are able to compensate
in vivo.

Exon 5 has distant and canonical BPs

The 569-nt exon 5 is the largest of the four HTR4 exons,
and the AGEZs range from 221 nt in humans to 255 nt in
the rat (Fig. 1B). In the in vitro splicing reporter we
observed accumulation of splice products over a period of
2 h (Fig. 4A). Once more, multiple lariat species collapsed
to two linear forms upon debranching, suggesting the use
of multiple widely separated branch points. This was
confirmed by direct primer extension mapping of BPs to
positions –213, �39, and – 26 (Fig. 4B). BPs –213 and –26
lie within a good BP consensus, ctgAta and ctcAtt, re-
spectively (underlined in Fig. 4D), and have extended PPTs
on their downstream side. Mutagenesis of the four neigh-
boring A’s at the �213 dBP in the exon trapping construct
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led to no reduction of exon inclusion levels in comparison
with the WT (Fig. 4C, lanes 1,2). Likewise, mutation of
the BPs at positions –39 and –26 had no effect (Fig. 4C,
lane 3). However, combinations of the �213 dBP muta-
tions and mutation of either –26 alone (Fig. 4C, lane 4), or
additionally, of –39 (Fig. 4C, lane 5) reduced inclusion
levels to 47% and 43%, respectively. The residual exon
inclusion presumably depends on additional cryptic BPs.
Interestingly, rather than exon skipping, the predominant
effect of these BP mutations was the use of one major, and
several minor, cryptic 39 ss within exon 5 (Fig. 4C, exon
incl I, exon incl II, exon incl III, exon incl IV). The identity
of the major cryptic 39 ss—highlighted in Figure 4D in
a box with a star—was verified by sequencing.

Exon g uses a dBP in vivo but a canonical BP in vitro

Exon g is known alternatively as a spliced exon. It is
mainly included in brain tissues, but it is skipped in
intestinal samples (Medhurst et al. 2001). The AGEZ of

101 nt including its own suboptimal AAG 39 ss was cloned
upstream of exon 3 in the TPM1-based reporter. We
monitored its splicing over a time period of 2 hs and
found that, despite the weak 39 ss, the construct spliced
efficiently. It went through steps 1 and 2 of splicing, and we
observed a single lariat population indicating the use of
a single BP (Fig. 5A). A BP at position –31 was determined
by primer extension (Fig. 5B). In stark contrast, mutagen-
esis of this site in the GFP-based reporter did not interfere
with exon inclusion (Fig. 5C, lanes 1,3). However, muta-
tion of a more distant BP at position –86 led to complete
exon skipping (Fig. 5C, lane 2). The discrepancy between
the in vitro and in vivo results could be explained by the
fact that exon 3 of TPM1 has several exonic splicing
enhancers that might facilitate use of the weaker –31
canonical BP in the in vitro assay. In contrast, in the exon
trapping vector the weak �31 BP might not be viable in the
context of its own exon, leaving its splicing dependent only
on the more distant stronger BP at position –86 with
a strong, very U-rich PPT.

FIGURE 3. Mapping BPs of exon 4. (A) In vitro splicing of construct containing the HTR4 exon 4 AGEZ. Splicing reactions were incubated from 0 to
120 min. A sample from the 120-min time point was subsequently debranched (lane db). Increasing amounts of splicing intermediates and products
accumulate over the 120-min time course. Two different populations of lariats and lariat intermediates correspond to differently positioned BPs. (B)
Primer extension maps BPs to positions �27, �33, �267, and �273. Left panel shows primer extension and sequencing with an upstream primer
(position�195 to�216) due to the large size of the AGEZ. Right panel primer extension and sequencing with primer hybridizing to the most 39 end of
the intron. Sequences surrounding the BPs are depicted on the left side of each gel. (C) Mutagenesis of BPs in exon trapping construct: lane 1 shows
WT splicing pattern with mainly exon inclusion. Upon mutation (lanes 2–6) of As into Gs (sequence changes in bold in box beside the gel) splicing
pattern changes to exon skipping and usage of a cryptic 39 ss (exon incl I). Percentage of exon inclusion (n = 3) 6 standard deviation is shown
underneath the gel. Control lanes are reverse transription reactions without enzyme (�RT) and PCRs without a template (0). (D) Sequence of exon 4
and its AGEZ: intron sequence in lower case and exon sequence in upper case; first upstream AG dinucleotide and 39 ss AG in bold. Positions of BPs
underlined and BP-As in bold upper case. Cryptic 39 ss observed in C highlighted in box with star.
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Novel HTR4 alternative splicing events

The initial bioinformatics study revealed that exons with
larger AGEZs had a higher frequency of alternative splicing,
and the extended region between the BP and 39 ss can serve
as a binding platform for factors involved in splicing
regulation (Gooding et al. 2006). However, from the litera-
ture and expressed sequence tag (EST) data, HTR4 exons 3,
4, and 5 are annotated as constitutive. This suggests either
that the large AGEZ arrangement can be advantageous for
some constitutive exons, or that exons 3–5 may be alter-
natively spliced under some circumstances. To address
whether exon 3 or 4 can be skipped, we carried out RT-
PCR analysis of RNA from various rat tissues, including the
large and small intestines, brain, heart, stomach, and embryo
using primers in the corresponding flanking exons (Fig. 6D).

Exon 3 showed the expected exon inclusion band of 411
base pairs (bp), but no exon-skipping product was detect-

able. Surprisingly, an additional band of z460 bp was
visible (Fig. 6A). A novel exon was verified by sequencing
and mapped to a region 100 nt downstream from exon 3
(chromosome position according to UCSC rat assembly
Nov. 2004: chr18:58,418,797–58,418,851). The sequence of
the 55-nt-long exon 3a (our nomenclature)—in capital
letters in Figure 6C—is not represented in any ESTs. Its
consensus 39 and 59 ss sequences and the overall exon
splicing enhancer (ESE) profile make it look like a bona
fide exon rather than a pseudoexon (Zhang and Chasin
2004). All these elements are also present in six other
vertebrate species, although the overall exon sequence is
less conserved (data not shown).

Exon 4 showed a more complex splicing pattern. In addi-
tion to the 249 bp band that represents exon 4 inclusion, we
also detected an exon skipping 95-bp band (Fig. 6B).
Additional bands were observed that were intermediate in

FIGURE 4. Mapping BPs of exon 5. (A) In vitro splicing of construct containing the HTR4 exon 5 AGEZ. Splicing reactions were incubated from
0 to 120 min. A sample from the 120-min timepoint was subsequently debranched (lane db). Increasing amounts of splicing intermediates and
products accumulate over the 120-min time course. Two different populations of lariats and lariat intermediates correspond to differently
positioned BPs. (B) Primer extensions map BPs to positions �26, �39, and �213. Left panel shows detail of primer extension and sequencing
surrounding the BP; right panel shows primer extension and sequencing with primer hybridizing to the most 39 end of the intron. Sequences
surrounding the BPs are depicted on the left side of the gel. (C) Mutagenesis of BPs in exon trapping construct: lane 1 shows WT splicing pattern
with mainly exon inclusion. Upon mutation (lanes 2–5) of As into Gs (sequence changes in bold in box beside the gel) splicing pattern changes to
exon skipping and usage of cryptic 39 ss (exon incl I–IV). Percentage of exon inclusion (n = 3) 6 standard deviation is shown underneath the gel.
Control lanes are reverse transription reactions without enzyme (�RT) and PCRs without a template (0). (D) Sequence of exon 5 and its AGEZ:
intron sequence in lower case and exon sequence in upper case; first upstream AG dinucleotide and 39 ss AG in bold. Positions of BPs underlined
and BP-As in bold upper case. Alternative 39 ss highlighted in box with star that corresponds to the major alternative 39 ss product in C that also
was validated by sequencing.
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size between the exon 4 included and skipped products,
and that were also larger than the exon 4 included (Fig. 6B,
lanes li, si). By sequencing RT-PCR products we not only

identified exon 4 inclusion and skipping, but also exon 4
skipping in combination with a novel 50-nt-long exon 4a
(our nomenclature) 2500 bp upstream of exon 5 (chromo-
some position according to UCSC rat assembly Nov. 2004:
chr18:58,442,685–58,442,734). A dublet (z300-bp) was vis-
ible, and these bands corresponded to inclusion of exon 4
together with either exon 3a or 4a. We also have evidence
from our sequencing data that both of these exons can be
included together with exon 4. Again, exon 4a shows all the
key characteristics of a bona fide exon, although we cannot
make any statements about interspecies conservation since
we failed to find corresponding regions in other vertebrates.
The approximate position of exons 3a and 4a within the rat
HTR4 transcript is indicated in Figure 6D.

We also looked at exon 5 alternative splicing using
primers in exon 4 and reverse primers in exon a or b—the
two alternative terminal exons annotated in rat—and could
not detect any exon 5 skipping in any tissues. But, again, we

FIGURE 5. Mapping BPs of exon g. (A) In vitro splicing of construct
containing the HTR4 exon g AGEZ. Splicing reactions were incubated
from 0 to 120 min. A sample from the 120-min time point was
subsequently debranched (lane db). Over the 120-min time course
splice products and a single population of lariat and lariat interme-
diate accumulate. (B) Primer extensions map BP to position �31.
Sequences surrounding the BP are depicted on the left side of the gel.
Sequencing panel obtained from the same gel but with a different
exposure. (C) Mutagenesis of BP in exon trapping construct: lane 1
shows WT splicing pattern with mainly exon skipping and a small
amount of exon inclusion. Lane 2—upon disruption of dBP �86 exon
inclusion is completely abolished. Lane 3—upon mutation of BP �31
no reduction in exon inclusion is detected. Sequence changes in bold
in box beside the gel. Percentage of exon inclusion (n = 3) 6 standard
deviation is shown underneath the gel. Control lanes are reverse
transription reactions without enzyme (�RT) and PCRs without
a template (0). (D) Sequence of exon g and its AGEZ: intron sequence
in lower case and exon sequence in upper case; first upstream AG
dinucleotide and 39 ss AG in bold. Positions of BPs underlined and
BP-As in bold upper case. Alternative 39 ss of isoforms e and f are
indicated by arrows.

FIGURE 6. HTR4 alternative splicing in rat tissues. (A) Alternative
splicing between HTR4 exons 2 and 4 detected by RT-PCRs using
primers in exons 2 and 4. No exon 3 skipping is detected but inclusion
of a novel exon 3a was detected and verified by cloning and
sequencing. Labels indicating rat tissues are explained beneath panel
B. (B) Alternative splicing between HTR4 exons 3 and 5 by RT-PCRs
using primers in exons 3 and 5. Exon 4 skipping as well as inclusion of
exon 3a and another novel exon 4a were detected. All RT-PCR
products were cloned and validated by sequencing. (C) Sequences of
novel exons detected in A and B. Exons in upper case, surrounding
intronic regions in lower cases. Position of exon 3a according to
UCSC rat assembly Nov. 2004: chr18:58,418,797–58,418,851 and
position of 4a chr18:58,442,685–58,442,734. (D) Schematic drawing
of the HTR4 gene and protein structure. Position of primers used for
A and B are depicted above according exons, novel exons 3a and 4a are
inserted into the gene structure. The parts of HTR4 protein encoded
by each exon are indicated by dashed lines.

HTR4 distant branch points

www.rnajournal.org 845



detected inclusion of exon 4a and we validated this event by
sequencing (data not shown).

All of the newly characterized alternative splicing events
share the property of leading to frame shifts in the resulting
transcript, which would introduce premature termination
codons (PTC) and could lead either to translation of trun-
cated proteins or to nonsense-mediated decay (NMD). The
reduced level of various PTC-containing isoforms in total
brain RNA seems particularly interesting, suggesting a tis-
sue-specific regulation of these events (Fig. 6B, lane br). We
cannot prove that this PTC-causing nonproductive splicing
would be targeted by NMD as we currently lack a cell line
expressing HTR4 at sufficient levels.

DISCUSSION

Conserved HTR4 AGEZs harbor distant
and canonical BPs

HTR4 caught our attention as a gene with known disease
associations within which four exons have conserved,
extended AGEZs. Moreover, some of the disease-associated
SNPs are in the region of the large AGEZ exons. Of the four
exons, only exon g was annotated to be alternatively
spliced, suggesting either that exons 3, 4, and 5 are, in fact,
alternatively spliced under some circumstances, or that
the extended AGEZ arrangement can be of advantage to
some constitutively spliced exons. Using a combination
of mapping BPs in vitro by primer extension, followed by
mutagenesis of mapped BPs in exon-trapping transfection
constructs, we confirmed that all four exons had dBPs
toward the 59 end of their AGEZs. This validated our use of
the AGEZ as a minimal upstream boundary for cloning of
regions containing probable dBPs (Gooding et al. 2006).
However, our results also yielded a number of surprises,
including the observation that exons 4 and 5 use multiple
BPs in both distant and canonical locations.

What could be the function, implied by conservation, of
the extended AGEZs upstream of the HTR4 exons? The
original examples of extended AGEZs were upstream of
mutually exclusive exons where the distant BPs were suf-
ficiently close to the upstream 59 ss to prevent the two
exons from splicing together (Smith and Nadal-Ginard
1989; Southby et al. 1999). A more general role of dBPs in
alternative splicing appears to be to accommodate negative
regulatory elements between the BP and exon (Helfman
et al. 1990; Wollerton et al. 2004). Alternative splicing of
HTR4 exons 4 and g might be facilitated by such an
arrangement. By contrast, there is currently no evidence
for alternative splicing of either exon 3 or 5.

Exons 4 and 5 show the most extraordinary arrangement
of BPs. Both exons not only used dBPs, but in addition,
they used two canonically positioned BPs with very weak
consensus contexts and relatively short PPTs. From the
intensity of the different lariat bands, and their apparent

redundancy upon mutation (Figs. 3, 4) the distant and
canonical BPs are used with comparable efficiencies. Use of
multiple BPs in association with a single 39 ss was originally
observed in SV40 T-antigen splicing, where 5 BPs between
�18 and �32 were used (Noble et al. 1987). More recently,
Gao et al. (2008) found that in 36 out of 52 introns analyzed,
the introns had more than one BP with a maximum
separation of 28 nt between BPs. These examples of closely
spaced BPs represent alternative sites for recognition by SF1
and U2 snSNP, adjacent to a common PPT recognized by
U2AF65. In contrast, the distant and canonical BPs of
HTR4 exons 4 and 5 are separated by much larger distances
of 237 and 174 nt, respectively. In these cases the widely
spaced BPs are each associated with their own adjacent
U2AF65 binding PPTs. While the dBPs will be recognized
as AG-independent splice site units (Reed 1989), recogni-
tion of the canonically positioned BPs are also likely to
involve U2AF35 interaction with the nearby 39 ss AG
(Merendino et al. 1999; Wu et al. 1999; Zorio and Blumenthal
1999). In the case of exon 5, both the dBP at �213 and the
major canonical BP at �26 (but not at �39) are clearly
conserved across several species, suggesting that not only
the large AGEZ/dBP, but also the dual distant/canonical
BP, arrangement are both functionally important. One
possible explanation of this apparent redundancy is that
without the dual canonical and dBPs, HTR4 exon 5 would
be skipped, under some circumstances. The dual BP
arrangement may, in this case, help to enforce constitutive
splicing using the same 39 ss, even under conditions where
either the distant or canonical BPs are not efficiently rec-
ognized. The observation that for exons 3, 4, and 5
a common consequence of BP mutation was activation of
cryptic 39 ss within the exon may provide a further clue to
the need for the dBP arrangements. The presence of 39 ss-
like sequences within the exon may be unavoidable due to
protein coding or other constraints. This might make an
AG-independent recognition of strong dBP and PPTs
necessary to ensure correct splicing.

BP mapping and prediction

With the exception of exon g, our two methods for
identifying branch points were largely in agreement or they
complemented each other. The key difference between the
approaches is that in vitro reverse transcription directly
identifies the BPs that are being used, whereas mutagenesis
of the exon-trapping vector relies on prior experimental or
computational identification of potential BPs. The draw-
backs of the mutagenesis approach are twofold. Formally, it
can only suggest that an element has a positive effect upon
splicing, but does not prove that it is a BP. Second,
mutagenesis can be without effect, either due to activation
of otherwise silent cryptic BPs or because multiple BPs are
normally used. HTR4 exons 4 and 5 (Figs. 3, 4) were
particularly resilient to multiple mutations of potential
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cryptic BPs. The general pyrimidine richness of the ex-
tended AGEZs might facilitate such activation of cryptic
BPs. Unfortunately, direct BP mapping by reverse tran-
scriptase can also be problematic. In preliminary experi-
ments we found that the HTR4 exons did not splice
efficiently in vitro. Therefore, we substituted the BP-PPT
and 39 ss in an efficiently spliced construct with the test
AGEZs from each of the HTR4 exons. The contradictory
results for the exon g BPs in our two assays could be related
to this design. Strong ESEs can favor the use of suboptimal
PPTs or BPs (Buvoli et al. 1997). It is plausible that the
primer extension mapped –31 BP of exon g was activated by
the proximity of ESEs in TPM1 exon 3 that were stronger
than those in exon g itself. By contrast, in the normal context
of HTR4 exon g, only the –86 branch point—with its
stronger consensus and adjacent U-rich PPT—is active.

Another method that has been used with some success
(Vogel et al. 1997; Gao et al. 2008) has the advantage of
mapping BPs precisely from cellular RNA by reverse
transcription across the BP 29–59 bond, followed by PCR
and sequencing. This method relies on some assumptions
about the general location of branch points but it does not
require identification of precise candidates. Gao et al.
(2008) successfully mapped 101 BPs in 52 introns, but
their approach would not have allowed discovery of very
distant BPs, since the forward PCR-primers were 100 nt
upstream of the 39 ss and the most distant branch point was
mapped 65 nt upstream of its 39ss. It would, however, be
simple to use the AGEZ as a criterion in the primer design
of this method. However, a key unanswered question for
this approach is the degree to which the efficiency of
reverse transcriptase extension across 29–59 bonds biases
the ability to detect different BP sequences.

Although the optimal metazoan BP sequences resemble
the invariant yeast UACUAAC consensus (Zhuang et al.
1989), BP sequences can vary widely from this optimum
and prediction of metazoan BPs remains a challenging task.
Moreover, while splice site consensus can be compiled by
aligning huge numbers of EST/mRNA and genomic se-
quences, the number of mapped BPs is relatively modest.
BP scores, based only on a position weight matrix for the
BP consensus (Gooding et al. 2006), showed variable
success in predicting the mapped HTR4 BPs. For exons 5
and g the mapped �213 and �86 BPs were the highest
scoring predicted BPs, while the mapped dBP �151 nt
upstream of exon 3 was ranked second in its AGEZ. How-
ever, none of the exon 4 mapped BPs at �273, �267, �33,
and �27 even scored above threshold. Surprisingly, a better
consensus BP (�270: ataAtc) lies between the �273 and
�267 doublet (tatAta and atcAct); however, it is not used.
One feature common to all of the mapped dBPs is an
extended PPT just downstream. This reflects the known
interdependence of BP, PPT, and ESE sequences (Buvoli
et al. 1997). Ideally, improved BP prediction programs will
include terms for all of these elements combined with their

relative locations (Kol et al. 2005), as well as considering
AGEZs.

HTR4 alternative splicing and consequences

To date, 10 isoforms of the human HTR4 have been
described, most of which are caused by alternative terminal
exons. In addition, two internal cassette exons are anno-
tated (Bender et al. 2000; Hiroi et al. 2001). Most HTR4
variants affect the most C-terminal part of the protein, but
no functional differences have been determined, although
some phosphorylation sites are affected (Blondel et al.
1998). Here, we detected not only skipping of exon 4 but
we also discovered two novel exons flanking exon 4. There
has been possible evidence for exon 4 skipping in cultured
pituitary gland cells (Papageorgiou and Denef 2007). Upon
estradiol treatment, HTR4 expression was upregulated, and
RT-PCR analysis indicated two bands, one of which
appeared to correspond in size to exon 4 skipping. The
boundaries of exons 3–5 all fall into the loop regions
between trans-membrane regions (Fig. 6D). Skipping of
any of these exons would lead to loss of one or more
transmembrane domains, and would therefore be highly
deleterious to the resulting protein. In light of this, it is
perhaps unsurprising that skipping of any of these exons, or
inclusion of the novel exons 3a and 4a, would introduce
a PTC that would be expected to lead to NMD. Although it
has been argued that the majority of splicing events that
lead to PTC introduction are unregulated (Pan et al. 2006),
there are clearly many examples where such splicing events
are regulatory (McGlincy and Smith 2008). It is therefore
possible that HTR4 levels might be regulated via these
NMD-linked splicing events in a rapid manner to modulate
signal transduction. Notably, we observed lower levels of
these nonproductive splicing events in brain in comparison
with intestine, potentially indicating tissue-specific regula-
tion (Fig. 6B).

SNPs and AGEZs

Several studies have analyzed HTR4 for SNPs associated
with mental pathologies and even looked into intronic
changes affecting potential splice regulatory elements
(Ohtsuki et al. 2002; Suzuki et al. 2003; Li et al. 2006).
Suzuki et al. (2003) speculated that a T/C SNP 36-nt
upstream of exon 5 might affect a potential BP, thereby
impairing splicing of the exon, and consequently causing
a predisposition for schizophrenia in these patients. This
SNP is located 3-nt downstream from the mapped BP at
–39 (tttAcct or tttAccc). On the other hand, our data show
that even elimination of this BP adenosine has no effect on
the splicing of exon 5. Of more general relevance, the
previous exercises to identify new HTR4 SNPs were limited
to resequencing the extreme 39 end of the intron, with a
maximum of a 61-nt upstream sequence in the case of exon
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5. In the case of exon 3, where both assays agreed on the
nonredundant use of a BP at �151 (Fig. 2), SNP sequenc-
ing was only carried out from position �35.

Our results therefore emphasize the need for exon
resequencing SNP projects to take into account the more
extended intronic regions, as indicated by extended AGEZs,
which are crucial for correct splicing of some exons. We
can readily envisage at least three consequences of SNPs
within extended AGEZs. First, sequence variants of a distant
BP may affect the degree of exon inclusion, as they do for
canonically positioned BPs (Kralovicova et al. 2004, 2006).
Second, splicing regulatory elements may be affected, with
possible tissue-specific consequences on alternative splic-
ing. Third, and most catastrophically, introduction of an
AG dinucleotide at almost any location in this region
would create an efficiently used cryptic 39 ss. In extreme
cases, the additional sequences introduced into the mRNA
can lead to efficient degradation such that the alteration
in structure is not readily apparent in cellular mRNA
(Gooding et al. 2006). Our data on the novel exons 3a
and 4a also have implications for SNP analysis, as any
further strengthening of these exons could be deleterious
for the overall HTR4 expression. Increase of inclusion of
either of these exons would either lead to truncated pro-
teins or, in the worst case, to degradation of the RNA by
NMD. Indeed, it seems plausible that a number of pseudo-
exons that have been associated with clinical conditions
might, like exons HTR4 3a and 4a, be genuine alternative
exons that are usually used at a low level.

MATERIALS AND METHODS

Data output files and explanations

Based on the analysis by Gooding et al. (2006) we obtained the
data output files for the four exons of the HTR4 gene from http://
bioinformatics.org.au/dBP/. We manually annotated three addi-
tional BP predictions for exon 4 (positions –300, –270, and –193)
from analysis on http://www.ebi.ac.uk/asd-srv/wb.cgi?method=2,
which uses a similar BP scoring system. The first part of this
paragraph gives explanations for abbreviations, and the following
paragraphs show output files for each exon.

>IDB #: altExtron identifier for the gene
GB_MAP: mapping to the GenBank entry
PROD: Gene name
AGEZ: AG ‘‘exclusion zone’’ (number of nucleotides upstream of

the end of the intron to the first AG other than the acceptor
splice site itself)

ROI: ‘‘Region of interest’’ (from three AGs upstream of the splice
site to two AGs downstream)

AG: Relative positions of the AG nucleotides in the ROI, including
the splice site itself at �2

PPT: Positions of pyrimidine-rich tracts that we take as putative PPTs
U2BP: Putative U2 branch point sequences. The number in the [ ]

brackets is the bit score generated for this site based on a weight
matrix analysis

SEQ1: Intronic sequence part of the ROI with the putative PPTs in
upper case

SEQ2: Exonic sequence part of the ROI

Full details may be found under http://bioinformatics.org.au/dBP/
agez_format.txt.

HTR4 exon 3

>IDB1090103.1894
GB_MAP: IDB1090103 = AJ243213.1 (9122 . . 94502)
PROD: 5-HT4 receptor
AGEZ: 149
ROI: 1711 . . 1991 �> �184 . . 96
AG: �184, �181, �151, �2, 87, 97,
PPT: �142 . .�72, �69 . .�5, 16 . . 40,
U2BP: �151 [5.23], �70 [6.32], �42 [3.87], �18 [4.64],

�8 [4.09], �4 [5.07], 45 [3.13], 68 [3.78], 87 [4.85],
SEQ1: agaaggggaaattgaatctcacggaatacactaagcatgtgaCTTTTTC

TTTCCTCTTTCCCCCTCCCTTCTTTTCTTCTTTCT
TTGTTTCCCTTTTCCCTGTTTTTTCTCTTgaTCTC
TTCTCCCTCCCCTTTTTCCCTTCATCCCTCCCCC
TGCCTCCTCTCTTACACTTTTTCACTCacag

SEQ2: gaaaataaaaacaaaTTATTTCATTGTATCTCTTGCTTTT
gcggatctgctggtttcggtgctggtgatgccctttggtgccattgagctggttc
aag

HTR4 exon 4

>IDB1090103.27415
GB_MAP: IDB1090103 = AJ243213.1 (9122 . . 94502)
PROD: 5-HT4 receptor
AGEZ: 291
ROI: 27108 . . 27450 �> �308 . . 34
AG: �308, �298, �293, �2, 21, 35,
PPT: �291 . .�272, �269 . .�143, �140 . .�130,

�127 . .�3, 2 . .20,
U2BP: �300 [4.67], �270 [3.66], �193 [3.61], �174

[3.24], �166 [4.18], �160 [3.11], �141 [3.98],
�72 [4.62],

SEQ1: agaaactcacaggccagTATATCATGTTGTATTATATaaTC
ACTTTTCCTTTCCTCTGTTCTTTTCTCTCTCTTCC
TTCTTTTTCCCTTCCTCTGCCACTTGCTCTCCTC
TTTTTACCCTGTATTCTTTCTTTTATTTCCTTATT
TTTATTCTCTGCTTCCCCTCCgaCTCTTCTCCTCaa
TGTTTGCTGTTCTCTATCCCTTGCTCCATCCCCTC
TTCCTCCCCTTTTCTCTCTCATATATTCTCTTTTC
TCTCCCTCCCATTCCTCCTTGCCCATGCCTATGCT
CTGCCCTCTATTCTCTCTCCag

SEQ2: gTATTACGCCATCTGCTGCCagcctttggtctatag

NB BPs mapped at �267, �273, �33, and �27 (Fig. 3) are not
scored above threshold.

HTR4 exon 5

>IDB1090103.40737
GB_MAP: IDB1090103 = AJ243213 . 1 (9122. .94502)
PROD: 5-HT4 receptor
AGEZ: 221
ROI: 40496. .40745 �> �242. .7
AG: �242, �223, �223, �2, 3, 8,
PPT: �208. .�128, �125. .�10,
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U2BP: �213[6.84], �183 [3.89], �175 [3.24], �134
[3.11], �89 [4.99], �57 [4.09], �39 [3.61], �26
[4.65], �8 [3.46], �2 [3.23], 1 [4.01],

SEQ1: aggcttataagaaaaccaaagctttgcctgataaaCTTTCTTTTCTTT
CCTTTCCCCTTTACTCTTTTATTCTCCCATTTTCTT
TCCTTGTTCTCTTCCCCTTCTTTTTATCTTCCaaTC
CTCCACTTTCTTCCTTTTCCCTTTTTCTTTTCTCA
CACTCTTCCCCATTTTTCCCACTTCTTTTTCACT
TTTTCTTTCCTTTTTACCTCCTTTCCTCATTTCC
TCTCTCCCTCCaactctcag

SEQ2: atagaaaag

HTR4 exon g

>IDB1090103.84829
GB_MAP: IDB1090103 = AJ243213 . 1 (9122. .94502)
PROD: 5-HT4 receptor
AGEZ: 101
ROI: 84703. .84864 �> �118. .43
AG: �118, �109, �103, �2, 20, 44,
PPT: �116. .�110, �100. .�88, �85. .�54, �50. .�43,

�40. .�26, �23. .�10, 4. .19, 22. .38,
U2BP: �103[3.21], �86[6.5], �51 [3.64], �31 [4.78],
SEQ1: agCTTATTTaggctgagaTCATGTGTCTACTaaTCTCTA

TGTTTTTTTTTTCTTTTTTCTTTCCCaaaTTCTGCT
TggCTCTCCCTCATCTGTggCTGTTTTCTGTTTCaact
aaaag

SEQ2: tggCTGTTCCCCTGTCTCagCTTCCTCCTGCTCTTCT
gcaatag

Constructs and mutagenesis

HTR4 exons and surrounding introns were PCR-amplified from
genomic DNA isolated from HeLa cells using Pfu polymerase,
A-overhangs were introduced with Taq polymerase and construct
ligated into pGEM-Teasy (Promega), which served as a shuttle vector.

PCR primers for these four exons were as follows:

Exon 3 forward: 59-GCAGGGAAACTCAGATTAGGG-39;
Exon 3 reverse: 59-GTTATAGGTCTTACTAATCTGTGC-39;
Exon 4 forward: 59-GGAGCTCCTCCAGATATTGGG-39;
Exon 4 reverse: 59-CAAGACCTAGATGGGACAAGG-39;
Exon 5 forward: 59-CCCTGGGATATGATCATGTTCC-39;
Exon 5 reverse: 59-CAAACTCTATGCAGGTTTCAGG-39;
Exon g forward: 59-GTTGTGCAATAATTATGCTCCCC-39; and
Exon g reverse: 59-GTGCCAACAATTGTGCACCC-39.

Branch point mutations were carried out using QuikChange
Site-Directed Mutagenesis (Stratagene) in the Teasy clones. Wild-
type and mutant clones were subcloned using standard cloning
techniques (Sambrook and Russell 2001) from the shuttle vector
as a NotI fragment into pCAGGsEGFP under a chicken b-actin
promoter (cBA) (Okabe et al. 1997; Wollerton et al. 2004).

AGEZs were cloned with the following primers into PY7 vector
(Scadden and Smith 1995) via XhoI and PvuII (restriction sites are
underlined):

Exon 3 forward: 59-GTGCTCGAGGAATTGAATCTCACGGAAT
AC-39;

Exon 3 reverse: 59-GTGACAGCTGTGAGTGAAAAAGTGTAAG
AGAGG-39;

Exon 4 forward: 59-GTGCTCGAGCTGCAGGCAATGATTCT
CAG-39;

Exon 4 reverse: 59-GTGACAGCTGGAGAGAGAATAGAGGG
CAG-39;

Exon 5 forward: 59-GTGCTCGAGCATCAAGGTTCTTTGTATTG
TAGGC-39;

Exon 5 reverse: 59-GTGACAGCTGAGAGTTGGAGGGAGAG
AGG-39;

Exon g forward: 59-GTGCTCGAGGCTTATTTAGGCTGAGATC
ATGTG-39; and

Exon g reverse: 59-CTTTTAGTTGAAACAGAAAACAGCC-39 (used
for blunt end cloning to preserve suboptimal 39 ss).

Cell culture, transfections, and analysis
of cellular RNA

HeLa cells were grown in Dulbecco’s modified Eagles medium
containing 10% fetal calf serum. Transient transfection was
carried out using Lipofectamine 2000 (Invitrogen), total RNA
was isolated using TRI reagent (Sigma) and RT-PCR was carried
out as previously described (Wollerton et al. 2001). Primers for
pCAGGsEGFP-based constructs were:

RT primer 39CGRT: 59-TAGTTGTACTCCAGCTT-39;
Forward 59CGTM: 59-GGCAAAGAATTCGCCACCA-39;
Reverse 39CGTM: 59-GGGTGTCGCCCTCGAACTT-39; or
Reverse EGFP-N1-R: 59-CGTCGCCGTCCAGCTCGACCAG-39.

Conditions for the PCR were 30 cycles of 94°C for 30 sec, an
annealing temperature of 58°C for 30 sec followed by an exten-
sion at 72°C for 1 min using MgCl2 concentrations of 1.5 mM.
Reactions were analyzed by a PhosphorImager after denaturing
polyacrylamide gel electrophoresis and quantified with Image-
quantTL software (GE).

In vitro splicing and primer extensions

Py7 constructs were linearized with XbaI prior to in vitro
transcription with SP6 polymerase. In vitro transcription, splicing,
and debranching were carried out as previously described (Ruskin
and Green 1985; Gooding et al. 1998; Southby et al. 1999;
Wollerton et al. 2001). A total of 100 fmol of 32P-59-labeled
primer were hybridized to a 100 fmol of spliced, debranched, or
control RNA template at the most 39end of the intron, and an-
nealing was allowed for 30 min at 42°C. Lariat branch points were
mapped by extending with 10 units of AMV reverse transcriptase
(Promega) for 45 min at 42°C and by comparing the resulting
terminations in the RT to the ones of the debranched and control
RNAs. Primer extension reactions were loaded on 8% denaturing
polyacrylamide gels side by side with sequencing reactions with
the same primers and appropriate plasmid templates using T7
DNA polymerase.

Cloning a novel exon from rat tissue

RNAs from rat heart, large and small intestine, brain, and stomach
were isolated according to Ellis et al. (2004). RNA from rat
embryo was purchased from Ambion. RT was performed using
oligo-dT and Superscript II (Invitrogen). PCR was carried out
using [32P]-end label primers and was analyzed by a Phosphor-
Imager after gel electrophoresis on denaturing polyacrylamide
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gels, as well as subcloning PCR products, and subsequent
sequencing and aligning to the rat genome.

Exon 3 forward: 59-CACGTTCTTCGCAATGGTTA-39;
Exon 3 reverse: 59-CCTTGCATTATGGGGAGAAA-39;
Exon 4 forward: 59-TAGGGCTTGTTGACCATGAA-39; and
Exon 4 reverse: 59-TCACCTCTGCTGCATTTCC-39.
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