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ABSTRACT

It has been previously observed that the intrinsically
weak variant GC donor sites, in order to be recog-
nized by the U2-type spliceosome, possess strong
consensus sequences maximized for base pair
formation with U1 and U5/U6 snRNAs. However, varia-
bility in signal strength is a fundamental mechanism
for splice site selection in alternative splicing. Here
we report human alternative GC-AG introns (for the
first time from any species), and show that while
constitutive GC-AG introns do possess strong
signals at their donor sites, a large subset of alterna-
tive GC-AG introns possess weak consensus
sequences at their donor sites. Surprisingly, this
subset of alternative isoforms shows strong
consensus at acceptor exon positions 1 and 2. The
improved consensus at the acceptor exon can facili-
tate a strong interaction with U5 snRNA, which
tethers the two exons for ligation during the second
step of splicing. Further, these isoforms nearly
always possess alternative acceptor sites and
exhibit particularly weak polypyrimidine tracts
characteristic of AG-dependent introns. The
acceptor exon nucleotides are part of the consensus
required for the U2AF3-mediated recognition of AG
in such introns. Such improved consensus at
acceptor exons is not found in either normal or alter-
native GT-AG introns having weak donor sites or
weak polypyrimidine tracts. The changes probably
reflect mechanisms that allow GC-AG alternative
intron isoforms to cope with two conflicting require-
ments, namely an apparent need for differential
splice strength to direct the choice of alternative
sites and a need for improved donor signals to
compensate for the central mismatch base pair (C-A)
in the RNA duplex of U1 snRNA and the pre-mRNA.
The other important findings include (i) one in every
twenty alternative introns is a GC-AG intron, and
(ii) three of every five observed GC-AG introns are
alternative isoforms.

INTRODUCTION
Two steps of splicing

During RNA splicing, introns are precisely removed and the
flanking exons are ligated together. Splicing is carried out by
the spliceosome (a large ribonucleoprotein complex containing
5 snRINA molecules and a large number of snRNA-associated
proteins as well as other protein factors), which is assembled
upon the pre-mRNA. The three important splice signals within
the pre-mRNA are the 5’ splice site, the 3’ splice site and the
branch point. Splicing involves two catalytic steps (reviewed
in 1). During the first step, the 2” hydroxyl of an adenosine
residue at the branch point attacks the phosphate bond at the
5’ splice site to release the 5” exon and to form an intermediate
lariat in which the 5 end of the intron is attached to the adeno-
sine at the branch point by a 5’-2” phosphodiester bond. During
the second step, the 3" hydroxyl of the 5" exon attacks the phos-
phate at the 3’ splice site resulting in the ligation of the 5" and
3’ exons and release of the lariat intron.

RNA-RNA interactions

The general splicing process has been elucidated to occur in
two steps, both of which are largely RNA-mediated (2). First,
U1 snRNA interacts with the pre-mRNA at the 5" splice site by
base pair formation with the nearly invariant GU dinucleotide
and the flanking nucleotides (-3 to +8). At a later stage in the
first step, the Ul snRNA interaction is replaced by interactions
from U5 snRNA (with exon positions -3 to —1) and U6 snRNA
(with intron positions +4 to +6). Subsequently the branch point
is associated with the U2 snRNA through base pair interactions
(3-4). An interaction between the U2AF% factor and a poly-
pyrimidine tract adjacent to the branch point in the pre-mRNA
acts to allow recognition of the branch point (5-10). U2AF® is
a subunit of the U2AF heterodimer in conjunction with
U2AF. In the case where the intron has a strong polypyrimi-
dine tract (named an ‘AG-independent’ intron; 11), recogni-
tion of the nearly invariant AG at the acceptor site is needed
only during the second step of splicing. In the case where the
intron lacks or shows a weak polypyrimidine tract, (named an
‘AG-dependent intron’), U2AF* can recognize and directly
interact with the AG dinucleotide in the first step of splicing
(8-10). Such an interaction is critical for the binding of
U2AF% with the weak polypyrimidine tract and the subsequent
branch point definition. The U2AF? binding is sequence-
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specific and the required sequence on the pre-mRNA includes
the acceptor exon positions +1 to +2 in addition to the AG
dinucleotide (12). During the second step of splicing, U5
snRNA extends its base pair formation to interact with the
same acceptor exon positions and thereby tethers the two
exons for ligation (13-15).

Alternative splicing

It is believed that at least one in every three human genes can
have alternative exon—intron structure (16-18 and http:/
www.ebi.ac.uk/~thanaraj/gene_altSplice.html). Choice of
alternative splice sites is made early in the assembly of the spli-
ceosome complex. Competition between alternative sites
depends on the relative quality of the constitutive splice
signals, a balance that presumably can be shifted by protein
factors acting on regulatory sequences (19). The splice sites of
alternatively spliced exons can deviate from the consensus
sequences (20) and variability in the donor site consensus can
act as a fundamental regulatory mechanism (21). Further, the
strength of the polypyrimidine tract can alter 3" splice site
selection by promoting alternative branch site selection (22).
The protein factors SF2/ASF and hnRNP A1l have been impli-
cated in the choice of proximal versus distal 5" splice sites (of
comparable strength) that compete for a common acceptor site
(23) as well as in the choice of alternative 3’ splice sites
competing for a common donor site (24).

GC-AG introns

It is known that there exist variants to the standard form GT-
AG introns (1,25-27). The major splice variant is GC-AG
(25,28). Burset and coworkers (29), in the process of creating a
database (SpliceDB) of EST-confirmed canonical and non-
canonical splice sites, observed that GC splice sites account for
0.5% of annotated donor sites. It has been reported (25,28),
based on data sets derived from annotated gene structures, that
GC donor sites possess a strong consensus sequence. Since
both the GT-AG and GC-AG splice sites are processed by the
standard U2-type spliceosome (1,27,30), there is a mismatch
base pair in the interaction between the donor site and Ul
snRNA (with the C at intron position 2). Thus, it has been
proposed that in order to compensate for such a mismatch base
pair, the consensus sequence around the GC donor site has
evolved to maximize base pair formation with other positions
in the Ul snRNA (1,27,28,31).

In this work we carry out spliced-alignments of human genes
with human transcripts (EST and mRNA sequences) and iden-
tify all potential human GC-AG introns. The GC-AG introns
either correspond to the GenBank-annotated introns or repre-
sent alternative forms (of both the GT-AG and GC-AG types).
Extensive analysis was carried out to ascertain the genuineness
of the observed normal and alternative GC-AG intron
isoforms, and the splice signals were characterized and
compared with those of GT-AG introns. We discuss the impli-
cations of our findings in terms of splicing mechanisms.

MATERIALS AND METHODS

Derivation of transcript-confirmed human GC-AG introns

A data set of human genes was obtained by extracting all
protein-coding and intron-containing DNA entries in the

EMBL/GenBank database (release 117) (32,33). All human
mRNA and EST sequences were also extracted. From the start-
up data set of genes we removed duplicate entries (multiple
copies of the same gene), and any gene with a BLAST (34,35)
match to our data set of hypervariable genes (derived from
GenBank IgBlast) with Blast expectation <le—10. Further
redundancy is removed in the subsequent steps of the method.

Using BLAST (2.0.9) (34,35) we compared the EST and
mRNA sequences to the gene sequences and identified
matches that had a BLAST expectation value of le-10 or
better and at least 95% similarity. Matches to repeats were
defined by two or more individual regions from gene
sequences aligning with the same region of a transcript, given
an end point tolerance of 20% the length of the match. All such
matches to repeats were discarded. This method of repeat
removal can identify repeats with low copy number that may
otherwise not be identified. Further, after the removal of
repeats, any transcript that had matches to more than one gene
was removed from the data set. This acts as a specific and local
form of redundancy analysis and helps ensure that the matches
used in the analysis are between transcripts and the genes from
which they derive. Note that if we had undertaken a conven-
tional redundancy purge of the gene data set (say at the 85%
level), then one member of a each pair of highly homologous,
but distinct, genes would be removed from the data set, and
that this may lead to transcripts from the ‘redundant’ gene
being incorrectly associated with the ‘non-redundant’ gene.
We reiterate that this methodology ensures the avoidance of
both introns from redundant genes and from repeated regions
within genes.

For each gene, the matches were aligned to determine if they
demonstrated the excision of an intron or introns from the gene
sequence. Only those alignments unambiguously identifying
either a GT-AG or GC-AG intron were further scrutinized (see
below). Further, in the case of GC-AG introns, any alignments
with a mismatch in a region of 20 bases into either flanking
exon were examined on a case by case basis before being
removed from, or retained in, the data set. There were six
cases, with a single mismatch, that we decided to retain; five of
these six showed a mismatch of the type purine—purine or pyri-
midine—pyrimidine; the remaining one showed a T-A
mismatch at position +17 of the acceptor site.

We classified the identified introns into one of three groups
based on the strength of their donor site as determined by
the program  SpliceProximalCheck (SPC) (36,37, http:/
www.ebi.ac.uk/~thanaraj/SpliceProximalCheck.html and http://
www.ebi.ac.uk/~thanaraj/MZEF-SPC.html). The program is
based on a set of six rules that were derived to capture the
signals at donor sites. It has been found that in a given popula-
tion of human donor sites, roughly 80% can be represented by
a single major rule, a further 16% can be represented by the
remaining five minor rules, and roughly 3—4% of sites cannot
be represented by any of these six rules (37). Such a distribu-
tion reflects differential strengths of the donor sites. Thus, this
tool can categorize splice sites into one of three groups of
descending donor strength: SPC Major, SPC Minor and SPC
Negative (see Results and Discussion for further details).
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gaggactgea

The alignment can be rearranged in a number of ways, (depending on whether both the types of subseguences
occur, and on their lengths) without changing the sequence of coding nucleolides. Three such rearangements
are as below. These suggest possibilities of three olher non-canonical splice sites namely tc-tg, gl-ct, or ga-gg.

.12 2583

Gene : tcageataaagaggoctgbecttbittttttagga ..cottgtgectectgtgggagoctgaggactgea
EST : tcagoataaagagoctg aggactgea
Gene : tcagoatasagagootgtoctttttttttagga ..cottgtgoctectgtgggagoctgaggactgea
EST : tcagcataaagagoct gaggactgca
Gene : tcagoataaasgaggotgtoctttttttttagga ..cottgtgoctooctgtgggaggotgaggactgca
EST : tcagcataaa gaggctgaggactgca

Figure 1. Illustration of common subsequences, at the donor and acceptor sites, that allow for different interpretations of the gene—transcript alignment.

Ascertaining that the GC-AG alternative intron isoforms
are genuine

We obtained a list of 162 GC-AG introns of which 100 are not
annotated as introns in the databases. While 78 of them over-
lapped with annotated introns, the remaining 22 are ‘cryptic
introns’ (they overlapped with annotated exons that split into
two alternative exon isoforms with an enclosed cryptic intron).
The genuineness of these 100 introns, in particular of the
subset with weak donor site (the SPC Minor and SPC Negative
groups), is ascertained below.

Is the transcript—gene alignment by chance? Median and
average lengths of the alignment to the 5" and 3’ exons were
133 and 154 bases and 148 and 157 bases, respectively. These
high values indicate that the transcript alignments are signifi-
cant.

Checking the correctness of the DNA sequences and trans-
chromosomal duplications. It is essential to make sure that the
observed GC-AG introns, and the consequent findings, are not
due to sequence errors in the gene entry. For this purpose, addi-
tional copies of the genes were obtained by using BLAST to
match a 40 nt region comprising of 20 nt from either side of the
donor (or acceptor) site, against all high throughput genome
(HTG) sequences and, in the absence of HTG matches, any
other DNA/RNA sequences. Such use of HTG sequences for
checking the correctness of sequences from annotated gene
entries has been suggested previously by Burset et al. (28). In
83 of the 100 alternative GC-AG introns, both the donor and
acceptor site sequences could be verified in this manner. Of the
17 introns that could not be double-checked, only three were
from the SPC Minor and SPC Negative groups.

It was observed that in 52 of the 100 cases, more than one
HTG entry for the gene existed in the database. Interestingly,
in 30 of these cases, the corresponding HTG entries were

found to correspond to more than one chromosome. This indi-
cates that in at least 30 of the 100 cases, the gene occurs in
multiple copies, probably as a result of a transchromosomal
duplication event. The set of genes containing the normal GC-
AG introns was distinctly different in that only four of the 33
cases (for which HTG entries existed) showed such transchro-
mosomal duplication events. In a handful of instances, copies
of the genes showed nucleotide changes. Some of these
changes can modulate the splice signals as follows. (i) Donor
sites: in three cases, the splice site GC had changed to canon-
ical GT; in at least one case, GC had changed to a non-func-
tional GG. In three cases, changes at -2 (to G/A), at +6 (to T)
and at +3 (to A) increased the consensus sequence; in two
cases, a change at -5 (to C) and +6 (to A) decreased the splice
strength. (ii) Acceptor sites: in two cases, the AG site had
changed to either GG or AT, thereby probably aborting
splicing at this site; in three other cases changes at either +1
(G—A) or at +2 (C—T) occurred, thereby modulating splice
consensus.

Common subsequences between donor and acceptor site
regions can point to more than one possible spliced-alignment.
It can be difficult to exactly assign positions to splice sites in
cases where the spliced alignments overlap due to a common
subsequence adjacent to the 5 and 3’ splice sites. An illustra-
tive example of such cases is shown in Figure 1. In such situa-
tions, a number of rearrangements are possible for the gene—
transcript alignment without changing the order of coding
nucleotides. It is important to examine all such possibilities
and ascertain that the observed GC-AG splice sites are
genuine.

First, it was ascertained that rearrangements do not suggest
the possibility of a canonical or standard non-canonical splice
site. In none of the 100 cases did rearrangement give rise to the
possibility of a GT-AG, AT-AC or even another GC-AG splice
site. Secondly, it was checked whether rearrangements could
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suggest the possibility of any of the unusual non-canonical
splice sites: GX-AG, XT-AG, GT-AX, GT-XG, AX-AC, XA-
AC, AT-AX or AT-XC. These types were chosen for the
following reasons. (i) Observed non-canonical splice sites in
the literature, such as GG-AG, CT-AG (25); GT-CG, GT-TG
(31); AT-AG, GA-AG (28); and GT-GG, TT-AG, GT-AC (as
suggested in 28) are of the above types. (ii) It is generally
believed that mismatching can be tolerated in splice sites at
either 5" or 3’ cleavage site but not at both. Examination of
these possibilities revealed nine cases (from nine genes) that
involved four types of non-canonical sites (GT-AT, GT-AA,
GA-AG, AT-GC). We further examined each of these nine
cases for its potential to be a splice site. In the five cases that
are variants of GT-AG, the donor sites were tested for valida-
tion by our SPC program (36,37). All but one site was
predicted to be false. As SPC validated the corresponding
GC donor site as true, these other possibilities were
disregarded. The single positive case was ignored for the
reason that SPC also validated the corresponding GC donor
site as true. In the four cases that are variants of AT AC, we
checked the donor sites against the Ul2 intron consensus
sequence of ATCCTTT at the donor intron positions +3 to +9
(as suggested in 1). None of the four sequences showed the
U12-type donor consensus sequence. Thus, we consider the
originally determined GC-AG sites to be genuine.

It was noted that only one of the above nine cases occurred
in the SPC Minor or SPC Negative groups. Thus, these two
groups have no ambiguity in the assignment of splice sites. In
order to be doubly sure that the introns in these two groups are
real, we checked their possible alignment rearrangements for
extreme types of non-canonical sites such as GT-XX, XX-AG,
GC-XX, AT-XX and XX-AC. There were seven cases from
these two groups, which showed the possibilities of CG-AG,
AG-AG, AA-AG, AC-AG, TG-AG, GT-CA and GT-CT. All
these possible donor sites were predicted to be false by the SPC
program.

Ascertaining that there are no insertions/deletions in the tran-
scripts due to sequencing errors. U2-type donor sites often
contain a GT dinucleotide at positions +5 and +6. Since GT
dinucleotides were also observed at other positions, we scruti-
nized whether they could represent valid donor sequences. We
examined every such occurrence in a 20 nt region around
each GC donor site. It was interesting to note that none of the
proximal GT sequences could be validated as true by the SPC
program. This exercise ascertained that the observed GC donor
sites are not due to small insertion or deletion errors in the tran-
scripts.

Are the alternative GC-AG intron isoforms aberrant splicing
rather than genuine alternative splicing? Aberrant splicing can
take place in the following two situations: (i) mutations occurring
at the normal splice site (or surrounding nucleotides) destroy
the consensus sequence and thereby abort the normal splicing;
(i1) mutations that occur elsewhere create consensus sequences
at cryptic splice sites (38). Aberrant splicing can further be
characterized by the observation that the supporting transcripts
are solely derived from clone libraries that correspond to
‘diseased’ tissues.

We ascertained that the 100 observed alternative GC-AG
intron isoforms were not aberrant events caused by mutations

to, or near, the splice signals. Such mutations, if they existed,
would have been observed either in the transcript—gene align-
ments, or during the double-check against HTG and additional
EMBL entries. In addition, our method has allowed only those
alignments with 295% base identity. The six cases that did
show single base mismatches within 20 nt of the splice site, as
discussed previously, were examined and considered harmless
(such as purine—purine or pyrimidine—pyrimidine). There were
only 14 cases where verifying sequences could not be found.
As it is the case that mutations at intron positions do not show
up in the alignments, we determined, for the donor sites, that
none of the nearby GT dinucleotides possessed any level of
splice consensus (although we did not perform this check for
AG dinucleotides near the alternative acceptor sites). These
observations, taken in their entirety, leave little reason to
suppose that these introns are an aberrant consequence of
mutation events.

We examined the type of tissue from which the supporting
transcripts were derived for each of the 100 alternate GC-AG
introns. Twenty-two cases had multiple transcripts from
different tissue types. The remaining 78 cases were supported
either by a single transcript or by multiple transcripts of same
tissue type; 24 of these were from ‘diseased tissues’, 24 corre-
sponded to ‘developmental stages’ and 30 were from ‘normal
tissues’. This does not constitute a particular bias towards
‘diseased tissues’, and given that identification of a transcript
in a ‘diseased’ library does not necessarily mean that the tran-
script is due to an aberrant splicing, we chose to retain this
data. It should further be pointed out that even if the intron has
arisen as the product of aberrant splicing, this does not in all
likelihood detract from its use in the current study.

Data on transcript coverage and minor isoforms. Examination
of the transcript coverage data indicated that while only 16% of
the annotated GC-AG introns (10 of 62) showed single-tran-
script coverage, 61% of the alternative intron isoforms (61 of
100) were supported by a single transcript. A similar situation
existed for the GT-AG introns where 26% of normal GT-AG
introns (3651 of 14 157) had single-transcript support
compared to 61% for the alternative GT-AG introns (1174 of
1941). It is to be expected that transcript coverage data reflect
the expression level of genes rather than the relative quality of
the data sets. Thus these alternative introns are minor isoforms
that have not been observed so far by conventional experi-
mental approaches. It is important to identify these minor
isoforms as they might be biologically important. Examination
of the nature of the genes containing GC-AG alternative introns,
using bibliography information and a compilation of diseased
genes (GeneCards at http://www.cgal.icnet.uk/genecards; 39),
revealed that 46% of these genes are disease-associated.

Branch point signals. We assessed whether reasonable branch
point signals could be identified for the alternative GC-AG
introns. The branch point has a consensus sequence
5-YTRAY-3’ and is located in a region upstream of the
acceptor site. It is involved in an interaction with a region on
the U2 snRNA (namely 3-GAUG-3") (3-4,25) where the
unpaired branch point adenosine bulges out of the RNA duplex
and attacks the 5 splice site. We considered an extended
region from the U2 snRNA, namely 3’-AU GAUG UGAA-3’
and searched for complementary sequences in a region of 70
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Table 1. Percentage distribution of the alternative intron isoforms as per the use of Normal or Alternative donor and acceptor splice sites

Type of sites used at donor and acceptor sites?

GC-AG Alternative introns

GT-AG Alternative introns

Nor, Nor 3
Nor, Alt 3
Alt, Nor 26
Alt, Alt 68

18
38
33
12

Note that an exon-skipping event will generate an alternative intron that may use two normal splice sites.
aNor indicates that the site is the same as that used in a normal intron isoform; Alt indicates that the site is alternative to the one used in any normal

intron isoform.

bases upstream of the acceptor site. We used the criteria that
such an RNA duplex contained base pairs involving at least
three bases around the bulge adenosine and additional bases
from the extended region. Such reasonable branch point
signals could be identified in 65% of alternative GC-AG intron
isoforms (the corresponding value for GT-AG introns was
71%).

RESULTS AND DISCUSSION

Scrutiny of high quality spliced alignments of human genes
with human transcripts resulted in 162 transcript-confirmed
GC-AG introns derived from 145 genes. These introns were
categorized into two groups, namely GC-AG Normal,
containing 62 cases corresponding to introns annotated in
GenBank (and are thus normal isoforms), and GC-AG Alterna-
tive, containing 100 alternative introns. Of these 100 alterna-
tive introns, 22 overlapped with annotated exons and thus are
‘cryptic introns’. In 58 out of 78 alternative non-cryptic intron
isoforms, transcript confirmation could be obtained for their
normal intron isoforms. Similarly, transcript-confirmed GT-
AG introns were obtained giving 14 157 GT-AG Normal
introns and 1941 GT-AG Alternative introns.

It should be mentioned that (i) great care has been exercised
in the methodology to obtain only non-redundant introns, and
(ii) such a data set of around 16 000 non-redundant introns
from around 2800 non-redundant genes is large enough to be
representative of the human genome, which is predicted to
have around 26 000-40 000 genes. Thus, the reported esti-
mates and analysis of such introns presented here are as sound
and realistic as possible.

Significance of GC-AG introns

Comparison of the above data for GT-AG and GC-AG introns
led to the following findings. (i) The occurrence of GC-AG
introns can be estimated at 1%, which is twice the earlier esti-
mates based on only the annotated introns (27,28,31). If only
the annotated introns are considered, this work also indicates
that roughly 0.5% of the annotated introns are GC-AG, in
agreement with the estimates of the earlier workers. (ii) One in
20 observed alternative introns is a GC-AG intron. This is
significant considering that only one in 200 introns is a GC-AG
intron. (iii) 62% of the observed GC-AG introns are alternative
introns.

It was further observed that 72 of the 78 GC-AG Alternative
non-cryptic introns are isoforms of GT-AG introns. The pref-
erential use of GC-AG introns in alternative splicing is prob-
ably because both GC-AG and GT-AG introns are processed
by the same U2-type spliceosome albeit with different efficien-
cies (40), and that variability of this type is often used as a
regulatory mechanism in cellular processes.

Types of alternative intron isoforms

The alternative isoforms can be categorized depending on
whether an alternative site is used at the donor and/or the
acceptor site. The distribution is shown in Table 1. It can be
seen that in the case of GC-AG isoforms, there is a significant
bias towards alternative forms in which both the donor and
acceptor sites are alternative (68% for GC-AG alternative
isoforms compared to 12% for GT-AG alternative isoforms).
This might indicate that use of an alternative donor site in GC-
AG introns is significantly coupled with use of an alternative
acceptor site.

GC donor sites do not always show strong consensus

Sequence logos representing information content (41) at the
splice sites of GC-AG introns were derived using the ‘RNA
Structure Logo’ program (42) and are presented in Figure 2A—
D. GC-AG alternative intron isoforms differ from GC-AG
normal isoforms in the level of consensus around the splice
sites. In agreement with the literature (25,28), the donor sites
of normal GC-AG introns show strong consensus at positions
-2 to +6 (Fig. 2A). However, the donor sites of the alternative
GC-AG introns (Fig. 2B) differ significantly at intron positions
(+3 to +6) and considerably at the exon positions (-2 to —1).

The extent of the consensus at acceptor sites also differs
between the two sets. While the normal introns show a strong
signal along the polypyrimidine tract and at the —3 position
(Fig. 2C), the alternative introns display a weak polypyrimi-
dine tract and less Y at the —3 position (Fig. 2D). Though such
differences in the polypyrimidine tract can arise due to the use
of an alternative site at the acceptor (22), we show in the subse-
quent sections that the polypyrimidine tract becomes signifi-
cantly weaker when the pairing donor is a weak alternative GC
site.

Variability in donor site signals and alternative splicing

As it is simpler to characterize the signals at donor sites than at
acceptor sites, we decided to classify introns in terms of the
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Figure 2. Sequence logos at splice sites from normal and alternative GC-AG intron isoforms. The ‘RNA structure logo’ program (42) was used to derive the logos.

Table 2. Percentage distribution of the intron isoforms as per the signal strength at the donor sites

Categories SPC Major SPC Minor SPC Negative
GC-AG introns

Normal isoforms 100 0 0

Alternative isoforms® 56 16 28

GT-AG introns

Normal isoforms 81 13 6

Alternative isoforms® 63 17 20

The SPC program was used to assess the strength of donor site signals. SPC Major sites possess strong signals, SPC Minor sites possess weak sig-
nal, and SPC Negative sites possess signals that are too weak to be detected by programs that are based on splice signals alone.

30f the 100 GC-AG alternative intron isoforms, 94 use alternative donor sites and 71 use alternative acceptor sites (see Table 1).

bIn the case of GT-AG alternative introns, only those that use alternative donor sites were included in the calculation. The percentage distribution
in the case of alternative isoforms using a normal donor site followed the same pattern as for normal GT-AG isoforms.

donor strength. For this purpose we chose to use our SPC
program (36,37). This tool implements a set of rules that iden-
tify true splice sites from proximal false positive sites. The
rules utilize signals from mononucleotides as well as from
dinucleotides involving positions from the upstream and
downstream region of the splice sites. SPC can categorize
donor sites into three groups: (i) SPC Major, the sites that
could be validated by a single major rule; (ii) SPC Minor, the
sites that could still be validated as true but not by the major
rule; and (iii) SPC Negative, the sites that could not be vali-
dated by any of the rules.

The percentage distribution of donor sites, as per the above
categorization, for GC-AG and GT-AG intron isoforms is
given in Table 2. It can be seen that, while all the normal GC
donor sites possess strong signals (compared to 81% for GT
donor sites), only 56% of the alternative GC donor sites
possess strong signals (with 63% for GT alternative donor
sites). It is important to note that, contrary to the conventional
understanding of GC-AG donor splice sites, nearly half of the

alternative GC-AG intron isoforms show weak or no detect-
able donor signals.

These observations, as well as showing a definite correlation
between alternative splicing and differential splice strength,
raise an important question with regard to the processing of GC
donor sites. The GC-AG isoforms have the following two
conflicting requirements: (i) the GC donor sites need a strong
consensus sequence in order to compensate for the mismatch
in the central base pair of the RNA duplex involving the donor
site and the U1 snRNA; (ii) alternative splicing is facilitated by
weak splice signals. How do these GC-AG alternative isoforms
with weak donor sites cope with these conflicting require-
ments? Examination of the alternative GC-AG introns with
weak donor sites (the SPC Minor and SPC Negative catego-
ries) revealed that almost all of these isoforms use alternative
acceptor sites as well. In contrast, this observation was found
to hold for only 27% of the GT-AG alternative isoforms with
weak donor sites. Thus, as pointed out earlier, a strong depend-
ence may exist between the donor and acceptor sites for
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GC-AG alternative intron isoforms with weak donor sites. We
characterize this dependence in the following sections.

Variability in donor signals for alternative GC-AG
isoforms is accompanied by changes at the acceptor sites

The sequence logos for the splice sites of normal and alterna-
tive GT-AG and GC-AG isoforms for the three categorizations
are shown in Figures 3-5. Note that there are no introns, and
hence no logos, for GC-AG normal introns in the SPC Minor
and SPC Negative categories.

Logos for donor sites. While the SPC Major donor sites show
strong signals at both the intron and exon positions, the SPC
Minor and SPC Negative sites show weak signals in either the
intron positions or both intron and exon positions. The logos
indicate that the GC-AG alternative intron isoforms show
considerable variability in donor signals across the three SPC
categories (Fig. 5A-C), with this variability following a
similar pattern to that for the GT-AG normal or alternative
isoforms (Figs 3A-C and 4A-C). Note the normal GC-AG
intron isoforms do not show any variability of this type (Fig. 2A)
as all of them are categorized into the SPC Major group.

Logos for acceptor sites. The logos for the acceptor sites high-
light a distinct feature in the case of alternative GC-AG introns
with weak (SPC Minor and SPC Negative) donor sites
(Fig. 5E-F); they possess an increased consensus sequence at
the acceptor exon positions and almost lack the polypyrimidine

tract. Such behavior is not seen in the case of normal or alter-
native GT-AG introns (Figs 3E-F and 4E-F); in these cases,
categorization in terms of donor strength has not significantly
influenced the strength at the acceptor site (except that the
polypyrimidine tract becomes comparatively weak in the case
of alternative GT-AG isoforms of weak donor sites).

The information contents of splice signals relevant to the
above observations for GC-AG introns is shown in Table 3. It
can be seen that the information content at the donor sites of
GC-AG introns, irrespective of whether they are normal or
alternative isoforms, tends to be higher than that of their
GT-AG counterparts (this is believed to balance the mismatch
base pair at the GC dinucleotide with Ul snRNA). When the
information content reduces at the donor site (either within the
intron position or both the exon and intron positions) it is seen
that the information content at the acceptor exon increases
substantially. Further, the acceptor site shows a drastically
reduced content of pyrimidines.

In order to further substantiate that the above observations
are specific to alternative GC-AG isoforms with weak donor
sites, we carried out the following control experiments. (i) As
noted earlier, almost all the alternative GC-AG introns with
weak donor sites (SPC Minor and SPC Negative) also used
alternative acceptor sites. We scrutinized a subset of the
GC-AG alternative introns from the SPC Major group, which
used alternative sites at both the donor and acceptor but
possessed strong donor sites. These introns did not show
changes at the acceptor sites (Table 3, III). (ii) In a similar
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Table 3. Variable donor strength and the accompanying change at the acceptor sites for the alternative GC-AG intron isoforms

Category of introns? Information content (bits)d

Percentage occurrence of pyrimidine

Donor exon Donor intron Acceptor exon Polypyrimidine tract®Y at YAG*
GC-AG introns
I. GC-AG Normal
SPC Major 32 53 0.5 79 95
II. GC-AG Alternative®
SPC Major 3.0 33 0.3 70 78
SPC Minor 3.7 1.6 1.0 51 56
SPC Negative 0.8 0.8 23 54 46
Control experiments
III. GC-AG Alternative (Alt, Alt)
SPC Major (Alt, Alt)© 3.1 2.6 0.5 65 60
IV.GT-AG Alternative (Alt, Alt)
SPC Major 1.6 2.6 0.3 81 95
SPC Minor 1.9 1.3 0.3 70 78
SPC Negative 1.3 0.3 0.5 69 76
V. GT-AG Alternative (Alt, Nor)
SPC Major 1.5 2.4 0.4 83 95
SPC Minor 1.7 1.2 0.4 82 97
SPC Negative 1.2 0.4 0.4 81 96
VI. GT-AG Alternative (Nor, Alt)
SPC Major 1.6 32 0.2 75 86
SPC Minor 2.0 1.9 0.2 74 90
SPC Negative 1.1 0.8 0.5 75 86
VII. GT-AG Normal
SPC Major 1.5 3.1 0.3 81 95
SPC Minor 1.7 1.7 0.3 81 95
SPC Negative 1.1 0.6 0.3 80 95

3(Alt, Alt) indicates that both donor and acceptor are alternative sites; (Alt, Nor) indicates that donor is alternative and acceptor is normal; (Nor, Alt) indicates that

donor is normal and acceptor is alternative.

bSome of the SPC Major introns from the GC-AG Alternative group used alternative sites only at the donor. Except in a couple of cases, the introns from SPC

Minor and SPC Negative groups used alternative donor and acceptor sites.

°This SPC Major (Alt, Alt) group is a subset of the SPC Major introns from GC-AG Alternative group (II); the introns from this subset use alternative donor and

acceptor sites.

dDonor exon corresponds to positions —2 and —1 of the donor site; donor intron corresponds to positions +3 to +6 of the donor site; and acceptor exon corresponds

to +1 and +2 of the acceptor site.

¢Corresponds to average percentage occurrence of a pyrimidine in the region —5 to —15 of the acceptor site. The corresponding value for a similar region on the

exon side is consistently between 45 and 49%.

fCorresponds to the percentage occurrence of a pyrimidine at -3 position of the acceptor site.

manner, alternative GT-AG introns with weak donor sites
(either as normal or alternative) did not show the accompa-
nying changes at the acceptor sites (irrespective of whether
normal or alternative; Table 3, IV-VII). (iii) GT-AG introns
with weak or no polypyrimidine tract (such introns formed
only 6% of the total) were scrutinized to see whether they
showed weak donor sites and/or increased consensus at the
acceptor exon. Similarly, GT-AG introns with increased
consensus at the acceptor exon (such introns formed only 10%
of the total) were scrutinized to see whether they showed weak

donor sites and/or weak/no polypyrimidine tracts. In both cases
no correlation was observed among the three structural
elements (data not shown).

Thus, the observation made for alternative GC-AG intron
isoforms with weak donor sites is significant, and is specific to
the processing of GC-AG alternative introns.

Appropriateness of the SPC categories

The appropriateness of using the SPC program to categorize
the introns becomes apparent in the light of the following
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Figure 4. Sequence logos at splice sites for the three categories of GT-AG alternative intron isoforms. Used are only those isoforms that use alternative donor and

acceptor sites [corresponding to (Alt, Alt) in Table 1].

biological interpretation of the above observations. As
discussed above, Ul snRNA interacts with the donor site (at
both exon and intron positions), initiating assembly of the
spliceosome. At a later stage in the first step, this interaction is
replaced by those of U5 snRNA with the exon nucleotides and
U6 snRNA with intron nucleotides. Thus, while the SPC Major
sites can have good interactions with both U5 and U6 snRNA
(as well as Ul snRNA), the SPC Minor sites will have a poor
interaction with U6 snRNA, and the SPC Negative sites would
have poor interactions with both U5 and U6 snRNA molecules.
The population sizes of the SPC Minor and SPC Negative
categories are much higher when alternative intron isoforms
are considered. In the case of GC-AG alternative introns, such
gradual changes (as we go from category SPC Major to Minor
and Negative) at donor sites showed gradual compensatory
changes at the acceptor sites.

Implications of the observed changes at the acceptor sites

The GC-AG alternative introns possessing weak donor sites
have, so far, been shown to have dramatically improved
consensus at the acceptor site, and to have very weak poly-
pyrimidine tracts.

The frequencies of the bases within the pre-mRNA that can
form Watson—Crick base pairs with the snRNAs are shown in
Table 4. It can be seen that SPC Minor and SPC Negative
groups, irrespective of the type of intron, showed low occur-
rences of such bases within the intron and/or exon at the donor
site. However, increased occurrences of such bases at the

corresponding acceptor exon positions can be seen in (only)
the case of GC-AG alternative introns. The SPC Minor group
for these introns showed a guanosine at +1 position in 88% of
cases; SPC Negative group showed a guanosine at +1 in 89%
of cases and a cytosine at +2 position in 75% of cases.

The implications of the accompanying change at acceptor
sites are at least 2-fold, as discussed below.

Improved interaction for acceptor exon with U5 snRNA during
the second step of splicing. It is known that U5 snRNA inter-
acts with the exon sequence at the 5" end of U2-type introns
during the first step of splicing. While this interaction
continues during the second step, an additional interaction
forms with the exon sequence at the 3’ splice site (13-15).
These RNA-RNA interactions are stabilized by the PRPS
auxiliary protein (43,44). Thus, the U5 snRNA acts to tether
the exons in the correct orientation for the second catalytic step
of splicing. Such an interaction is illustrated in Figure 6. The
observed high frequency of G at +1 position and C at +2 posi-
tion (of the acceptor exon) allows the formation of strong
Watson—Crick base pairs with U5 snRNA and thus can lead to
a much more stable ‘tethering’ of exons. Such strong interac-
tions are possible only when there is a GC in the first two posi-
tions of the acceptor exon, and this only tends to occur in cases
of GC-AG alternative introns with weak donor sites. Interest-
ingly, in two of the categories of GT-AG alternative introns,
both involving weak alternative donor sites, an increased
occurrence of C/U (predominantly U) was observed at the +2
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Table 4. Frequencies (in %) of bases that can form Watson—Crick base pair with the interacting bases from the snRNAs

Category of introns?

Nucleotide frequency (in %)? at positions

Donor exon Donor intron Acceptor exon

2=A -1=G +4=A +5=G +1=G +2=C (C/U)
GC-AG introns
I. GC-AG Normal
SPC Major 90 97 81 98 59 16 (54)
IL.GC-AG Alternative®
SPC Major 85 100 56 80 44 38 (56)
SPC Minor 94 100 6 63 88 31(56)
SPC Negative 50 64 18 29 89 75 (76)
Control experiments
III. GC-AG Alternative®
SPC Major (Alt, Alt) 83 97 53 67 50 47 (70)
IV. GT-AG Alternative (Alt, Alt)
SPC Major 66 83 70 72 46 20 (52)
SPC Minor 72 81 33 75 47 25 (56)
SPC Negative 62 66 32 36 54 22 (70)
V. GT-AG Alternative (Alt, Nor)
SPC Major 59 83 65 74 53 19 (58)
SPC Minor 69 82 42 77 53 16 (56)
SPC Negative 55 76 31 48 47 22 (65)
VI. GT-AG Alternative (Nor, Alt)
SPC Major 59 86 78 83 42 20 (49)
SPC Minor 81 79 44 88 47 21 (56)
SPC Negative 49 73 38 42 49 9(20)
VII. GT-AG Normal
SPC Major 61 82 76 81 51 20 (56)
SPC Minor 75 76 43 88 54 20 (56)
SPC Negative 55 72 37 53 51 21 (59)
Interacting bases from snRNAs
Ul snRNA U C U C
U6 snRNA A C
US snRNA U C C G

3(Alt, Alt) indicates that both donor and acceptor sites are alternative; (Alt, Nor) indicates that the donor is alternative and acceptor is normal; (Nor,

Alt) indicates that donor is normal and the acceptor is alternative.

bSome of the SPC Major introns from the GC-AG Alternative group used alternative sites only at the donors. Except in a couple of cases, the
introns from the SPC Minor and SPC Negative groups used both alternative donor and acceptor sites.
“This SPC Major (Alt, Alt) group is a subset of the SPC Major introns that are Alternative GC-AG (II); the introns from this subset use alternative

donor and acceptor sites.

4Values <50% at the donor positions are shown in italic. Significant and high values at the acceptor exon positions are shown in bold.

acceptor position (see Table 4). These bases can form either a
Watson—Crick C-G base pair (as above), or a non-Watson—
Crick U.G base pair, respectively, with the US snRNA.

GC-AG alternative intron isoforms with weak donor sites are
probably ‘AG-dependent introns’. Introns have been categorized
into two groups based on the strength of the polypyrimidine tract.

Introns with a strong polypyrimidine tract are called ‘AG-inde-
pendent’ and those that lack or possess a weak polypyrimidine
tract are called ‘AG-dependent’ (9,11). In the case of AG-inde-
pendent introns, the binding of U2AF% with the polypyrimi-
dine tract is sufficient to define the branch point, with
recognition of the AG dinucleotide needed only for the second
step of splicing. In the case of AG-dependent introns, the AG
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Figure 5. Sequence logos at splice sites for the three categories of GC-AG alternative intron isoforms. In some of the SPC Major introns, only the donor site is
alternative. Almost all of the SPC Minor and SPC Negative introns use alternative donor and acceptor sites.
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Figure 6. Interaction of the Loop 1 of U5 snRNA with regions from the 5" and 3" exons. Bases that occurred in >70% of the cases in a group are shown in upper
case; those that occurred in 35-70% of cases are shown in lower case (see Table 4 for actual values). Watson—Crick base pairs are indicated by a vertical line; non-

Watson—Crick base pairs are indicated by a center dot.

dinucleotide is recognized in the first step and bound by
U2AF% (8-10), such an interaction being critical for the
binding of U2AF with the weak polypyrimidine tract and the
subsequent branch point definition. The U2AF? binding is
sequence-specific and the consensus sequence at the acceptor
site includes the acceptor exon positions +1 and +2 (12).

Our observation that the GC-AG Alternative introns with
weak donor sites possess an extremely weak polypyrimidine
tract indicates that they are probably ‘AG-dependent’ introns.
The observed strong consensus sequence (GC) at their
acceptor exon positions can help in the sequence-specific

binding of U2AF% to the AG site during the first step of
splicing. Such an early recognition of the AG site during
spliceosome assembly may even facilitate some sort of
cooperative interaction between the 5" and 3’ splice sites (45)
and help in the identification of the weak donor sites.

Ascertaining that the GC-AG alternative intron isoforms
are genuine

As discussed so far, the GC-AG alternative intron isoforms
with weak donor sites have shown uniform and distinct features
that fit the current models for RNA splicing. Systematic analysis,
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as detailed in the Methods and Materials, was carried out to
ascertain that these isoforms are not artifacts of the analysis,
but are indeed genuine observations. The quality of the gene—
transcript alignments, the sequences and the assignment of
splice sites were assessed. In a significant fraction of cases (30
of the 52 cases for which HTG coverage was obtained) the
genes containing the alternative GC-AG intron isoforms were
found to occur in multiple copies and on more than one chro-
mosome; and in certain copies nucleotide changes modulating
splice site strength could be observed. Transcript coverage was
characterized and found to indicate that the alternative
isoforms represent a class of ‘minor isoforms’. The possibility
that the observed alternative GC-AG introns were the result of
aberrant splicing was assessed and it was concluded that this
was not the case. Sensible branch point signals could be iden-
tified in 65% of alternative GC-AG intron isoforms. This indi-
cates that variability in donor signals may not particularly
influence changes at the branch point signals. However, the
corresponding value for normal GC-AG isoforms is 79%, indi-
cating that GC-AG normal isoforms possess strong branch
point signals as well.

Ascertaining that the observed GC-AG alternative intron
isoforms are genuine U2-type introns

It is now known that some introns with GT and AG boundary
sequences are spliced by the minor Ul2-type spliceosome
(which splices AT-AC introns) rather than the major U2-type
spliceosome (1,46). Such Ul2-type introns show highly
conserved consensus sequences at the donor site (ATCCTTT
at intron positions +3 to +9) and at the branch point
(TTCCRACTC located at 11-20 positions upstream of AG).
Since many of the alternative GC-AG introns showed poor U2-
type consensus sequence at the donor site, we checked whether
any of the reported GC-AG introns displayed the Ul2-type
consensus sequences. It was observed that none of the GC-AG
introns (alternative or normal) showed either of the above two
Ul2-type consensus sequences. Thus the reported GC-AG
introns are genuine U2-type introns and the observations that
are made in this work pertain to U2-type spliceosomes.

CONCLUSION

The mammalian GC donor sites are intrinsically weak because
of a mismatch base pair in the RNA duplex that is formed with
the Ul snRNA. In order to compensate for this, constitutive
GC-AG intron isoforms possess a strong consensus in the
surrounding nucleotides of the donor site. However, in accord-
ance with a need for differential splice strength in alternatively
spliced isoforms, a large subset of GC-AG alternative intron
isoforms from human show fewer consensus nucleotides at
their donor sites. These introns use alternative donor and
acceptor splice sites, and lack a reasonable polypyrimidine
tract. However, these introns show a compensatory effect in
terms of a dramatic increase in consensus at the acceptor exon
positions. These acceptor exon nucleotides serve the following
two purposes: (i) they serve as a strong consensus sequence for
the U2AF*-mediated recognition of AG, which can happen in
the first step of splicing, and (ii) they promote a strong inter-
action with the U5 snRNA, which tethers the two exons for
ligation during the second step of splicing. These enhanced

interactions may ensure an overall splice accuracy for introns
with weak donor sites and polypyrimidine tracts. In addition
other cis-acting elements such as exonic splicing enhancers
and silencers can be present in and around these GC-AG alter-
native introns and might also have a role in determining
splicing efficiency and accuracy.

Availability of the data set

The reported data set of GC-AG introns is of use in at least two
ways. (i) It would be useful in the development of appropriate
computational tools to predict normal and alternatively spliced
exons involving GC-AG splice sites. This is important since
one in every 20 alternative isoforms may be a GC-AG intron
and as many as three of every five GC-AG introns may be
alternative isoforms. (ii) We provide here a list of genes that
can serve as experimental model systems to characterize the
correlation among variant donor sites, differential splice
strength, alternative splicing, the compensatory effects at the
acceptor exon positions and the possible presence of exon
splicing enhancers/silencers.

A value-added data set of these GC-AG introns is available
from our web sites http://www.ebi.ac.uk/~thanaraj/gcag/ and
http://www.bit.uq.edu.au/gcag/.
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