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ABSTRACT

GC-AG introns represent 0.7% of total human pre-
mRNA introns. To study the function of GC-AG
introns in splicing regulation, 196 cDNA-con®rmed
GC-AG introns were identi®ed in Caenorhabditis
elegans. These represent 0.6% of the cDNA-
con®rmed intron data set for this organism. Eleven
of these GC-AG introns are involved in alternative
splicing. In a comparison of the genomic sequences
of homologous genes between C.elegans and
Caenorhabditis briggsae for 26 GC-AG introns, the
C at the +2 position is conserved in only ®ve of
these introns. A system to experimentally test the
function of GC-AG introns in alternative splicing
was developed. Results from these experiments
indicate that the conserved C at the +2 position of
the tenth intron of the let-2 gene is essential for
developmentally regulated alternative splicing. This
C allows the splice donor to function as a very weak
splice site that works in balance with an alternative
GT splice donor. A weak GT splice donor can func-
tionally replace the GC splice donor and allow for
splicing regulation. These results indicate that while
the majority of GC-AG introns appear to be constitu-
tively spliced and have no evolutionary constraints
to prevent them from being GT-AG introns, a subset
of GC-AG introns is involved in alternative splicing
and the C at the +2 position of these introns can
have an important role in splicing regulation.

INTRODUCTION

Accurate removal of introns from precursor messenger RNAs
(pre-mRNAs) is dependent upon sequence signals at the 5¢ and
3¢ ends of the introns (1). These splicing consensus sequences
help to guide spliceosome assembly at the proper junctions. In
the early steps of spliceosome assembly, U1 snRNP is
recruited and the region at the 5¢ end of the intron base pairs
with the 5¢ end of U1 snRNA to establish the 5¢-splice site (2).

The 3¢ end of the intron is recognized by the U2AF
heterodimer binding to the polypyrimidine tract and the AG
dinucleotide found at the 3¢ end of introns (3±5). This leads to
recruitment of U2 snRNP which base pairs with the branch
point sequence upstream of the AG dinucleotide and thus to
the identi®cation of the branch point and 3¢-splice site (2). It is
through these types of RNA±RNA and RNA±protein inter-
actions that the exact splice junctions are delineated.

Analysis of cDNA-con®rmed introns in humans shows that
the vast majority of introns begin with the dinucleotide GT and
end with the dinucleotide AG. This GT-AG intron class
constitutes 99.24% of human introns (6±8). In humans it has
been reported that 0.7% of introns begin with GC instead of
the canonical GT and these introns end with AG (7,9). The
GC-AG intron splice donors generally contain a strong
consensus match to the 5¢-splice site sequence, with the
exception of the C at the +2 position (6,7). Experiments have
shown that of the possible mutations to the consensus T at the
+2 position of an intron, only a change to a C allows for in vitro
splicing to occur, although with less ef®ciency (10,11). Based
on overall consensus sequences, it is thought that the major
spliceosome which removes GT-AG introns also removes
GC-AG introns (8,11). However, the reason why GC-AG
introns are so rare is not clear. There is another class of pre-
mRNA introns that is removed by a different spliceosome
termed the minor spliceosome (1,12). This class of introns
begins with AT and often ends with AC and assembles a
different set of snRNPS including U11, U12 and U6atac/
U4atac. This class represents 0.05% of cDNA-con®rmed
human introns (7).

Alternative pre-mRNA splicing generates multiple protein
isoforms from a single gene (13,14). Analysis of human
alternative splicing indicates that at least 33% of human genes
are alternatively spliced (15±17). Alternative splicing is often
highly regulated and this regulation involves protein factors
that bind to the pre-mRNA at speci®c regulatory sequences,
found in both introns and exons (18). These splicing factor
proteins act to promote or inhibit spliceosome assembly.
Regulated splicing often occurs where weak 5¢ and 3¢
consensus splice sequences are present (14). A recent study
analyzed whether GC-AG introns are involved in alternative
splicing regulation. Thanaraj and Clark (19) found that in
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humans, 5% of alternatively spliced introns are GC-AG
introns. They also found evidence that 60% of these GC-AG
introns are alternatively spliced. This is a striking result given
that only 0.7% of introns are GC-AG introns. One interpret-
ation of the ®nding that GC-AG introns are enriched in
alternatively spliced regions is that the splice donors of
GC-AG introns are weak consensus splice sites that can
therefore be easily subjected to regulation by alternative
splicing regulatory proteins (19).

We chose to study the nematode Caenorhabditis elegans
as a model system for understanding the function and
evolutionary conservation of GC-AG introns. The entire
genome has been sequenced (20), and we have previously
made a web-based browser called Intronerator for viewing
our database of >30 000 cDNA-con®rmed introns aligned
with the genome (21). We have also assembled a database
of 844 alternatively spliced C.elegans genes (21). The
sequencing of the genome of a related nematode,
Caenorhabditis briggsae, is nearing completion. We have
previously reported a method for genomic alignments
between these two species (22). We and others have found
that comparative genomics in this system allows for the
identi®cation of conserved, non-coding regulatory elements
(22±24). The ®rst example of a GC-AG intron involved in
alternative splicing was described for the C.elegans let-2
gene in 1993 (25).

In this paper we investigate GC-AG introns in
nematodes. We ®nd that 0.6% of C.elegans introns (196
out of 32 513 in our database) are GC-AG introns, and
we have evidence that 11 of these are involved in
regulated splicing. By interspecies genome comparisons
between C.elegans and C.briggsae, we ®nd that there is a
poor conservation of GC splice donors between species.
One of the GC-AG intron splice donors that is conserved
is from the let-2 gene and it is involved in developmen-
tally regulated alternative splicing. We tested whether this
GC splice donor is important for alternative splicing
regulation. We found that the regulated splicing in this
system is dependent on the GC splice donor because it is
a weaker 5¢ splice donor than that found at the alternative
splice site. Mutations that turn this into a GT splice donor
can strengthen the recognition of the 5¢-splice site and
change the pattern of alternative splicing. A weak GT
splice donor can function equivalently to the GC splice
donor, indicating that these weak GC splice donors can be
an important factor in the regulation of alternative
splicing.

MATERIALS AND METHODS

Mutation of let-2 gene and generation of GFP/let-2
splicing reporter construct

A modi®ed version of pBluescript KS+ containing an
Age1 site in the polylinker was used to clone exons 7 to
12 of the let-2 genomic DNA. Site-directed mutagenesis
was done to produce each let-2 5¢-splice site mutation
(26). The exon 7 to 12 region with the 5¢-splice site
mutation of the let-2 genomic DNA was cloned into the
Age1 site of the Fire vector pPD93.65. This vector
contains the unc-54 minimal promoter driving expression

of a green ¯uorescent protein (GFP) fusion with a nuclear
localization signal derived from SV40 T antigen. This
promoter is active only in body wall muscles through all
stages of development (27). The let-2 region contains the
last 148 nt of exon 7 to the ®rst 62 nt of exon 12,
maintaining the open reading frame of the GFP. Injection/
transformation procedures were used to generate N2
worms containing these constructs as extrachromosomal
arrays (28). Transformed animals were identi®ed by GFP
expression in body wall muscle cell nuclei.

Growth of C.elegans strains and isolation of RNA

Caenorhabditis elegans strains were grown on plates using
standard methods (29). Gravid adult C.elegans were axenized
in order to isolate embryos for synchronization. Embryos were
then synchronously grown at 20°C for 24 or 48 h to isolate L2
and L4 animals, respectively. To prepare embryo RNA,
embryos were isolated from gravid adult hermaphrodites
68±70 h post-synchronization. RNA was isolated from packed
worm pellets using a protocol developed by Rebecca Burdine
and Michael Stern and described by Roller et al. (30).

Generation of complementary DNAs

Complementary DNAs (cDNAs) for the let-2 gene were made
in 25 ml reaction mixtures. Reaction mixtures contained 5 mg
of total RNA, 25 pmol of oligodeoxynucleotide primer
complementary to the GFP construct (5¢-TGGGACAA-
CTCCAGTGAAAAG-3¢) or to let-2 exon 12, 1 mM each of
dATP, dCTP, dGTP and dTTP, 1 U RNase inhibitor
(Promega, Madison, WI), 13 AMV reverse transcriptase
buffer (Promega) and 10 U AMV reverse transcriptase
(Promega). Reaction mixtures were incubated at 37°C for
1.5 h and stored at ±20°C. Five microliters of the reaction
mixtures were treated with 0.1 mg of RNase A. One microliter
of the RNase A treated reaction mixture was then added
directly to 25 ml polymerase chain reaction (PCR) mixtures.

Polymerase chain reactions

The same oligonucleotides used in reverse transcription were
added to PCR reaction mixtures with a 32P-labeled let-2 exon 8
5¢ primer (5¢-CTCCGACCTAGGGGTCCTTTGGGT-3¢), Taq
DNA polymerase and let-2 cDNAs. The exon 8 primer was 5¢
end-labeled with [g-32P]ATP by T4 polynucleotide kinase.
One microliter of PCR products was restriction digested with
Dde1. Digested product DNA was resuspended in formamide
and loaded onto 0.4 mm thick 6% polyacrylamide urea gels in
TBE buffer. After electrophoresis, the gels were dried onto
®lter paper and visualized with a Molecular Dynamics
(Sunnyvale, CA) PhosphorImager. Quantitation of relative
splice site usage was done using ImageQuant software. An
equal sized box was drawn around the band for exons 9 and 10
and the integrated volume determined. Another box of equal
size in a non-band region of each lane had its integrated
volume determined and this value was used as the local
background for each lane. This background value was
subtracted from both the value of the exon 9 and exon 10
band for each lane, and then the fraction of exon 9 and exon 10
usage was determined for each reaction.
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RESULTS

Identi®cation and characterization of GC-AG introns in
C.elegans

We used the searchable intron database of Intronerator (21)
(http://www.cse.ucsc.edu/~zahler/scanIntrons/scanIntrons.
html) to identify GC-AG introns in C.elegans. There are
32 513 cDNA-con®rmed C.elegans introns in this database,
and 196 of these are GC-AG introns. This represents 0.6% of
cDNA-con®rmed C.elegans introns, which matches to the data
for humans showing that 0.7% of human introns start with GC
(7).

We next asked whether any of these GC introns correspond
to alternatively spliced regions of genes. By examining the
Intronerator displays for each of the 196 GC-AG introns, and
by comparing with our database of 844 cDNA con®rmed
alternatively spliced C.elegans genes (21), we identi®ed 11
examples of alternatively spliced genes in C.elegans in which
the alternative splicing decision is based on the presence of a
GC splice donor. The criteria for this category is the required
presence of spliced cDNAs (evidence of intron removal when
compared with genomic sequence) that con®rm both forms of
the alternative splicing event. In our ®ndings, only 1.3% of
alternative splicing decisions involve GC-AG introns. This
differs from a recent report that suggests 5% of human
alternative splice sites involve GC-AG introns (19).

We found four general classes of alternative splice sites
involving GC-AG introns: alternative introns, alternative 5¢-
splice sites, alternative exons and mutually exclusive exons.
These results are summarized in Figure 1. We found three
examples of retained introns (in the genes ZK337.1b,
F11C1.5a and T07C5.1a) where the alternative splicing
decision involves removal or retention of a GC-AG intron in
the mature message. The expressed sequence tag (EST) data
for retained introns came from messages that showed removal
of ¯anking introns, indicating that the messages which
retained the introns were spliced. The formal possibility exists
that the ESTs with the retained introns may be from partially
spliced messages. However, in each case multiple examples of
retained introns are found in the C.elegans EST database
indicating that these are reproducible and less likely to
represent partial splicing. We found four examples of
alternative 5¢-splice sites with a single 3¢-splice site, where
one of the alternative 5¢-splice site introns starts with GC and
the other with GT. In the gene F08F8.3, the GC splice donor is
downstream and it is located 51 nt from the GT splice donor.
For the other three alternative 5¢-splice sites, the GC splice
donor is located 4 nt upstream of the GT splice donor. In these
cases (F47B8.9, F49E8.7 and Y41C4A.12) it appears that the
®rst two bases of the GT splice donor serve as the consensus
GT at the +5 and +6 positions of the GC intron. These two
nucleotides match the consensus for the C.elegans major
spliceosome (AGgtaagtt) (31) at these sites. In Saccharomyces
cerevisiae, the SRC1 message has been con®rmed to be
spliced at alternative 5¢ sites 4 nt apart, where the intron of the
upstream 5¢-splice site begins gcaagt (32). Thus, in yeast, the
ability to have this type of overlapping 5¢-splice site organ-
ization where the GT at the +5 and +6 positions alternatively
function as the GT at the +1 and +2 positions is also seen.
Because this type of alternative splicing generates an out of

frame message for one of the products, this will always lead to
truncated messages. Perhaps these represent a type of splicing
mistake that is tolerated by the cells at some level, or these
may represent an important form of regulated splicing. Three
of the alternatively spliced GC-AG introns are found ¯anking
alternative exons. These exons are either spliced into the
mature message or skipped over by the splicing machinery. In
all three cases (B0496.3b, C36F7.4b and Y73F8A.25) the
intron downstream of the alternative exon begins with GC.
The ®nal example of a GC-AG intron involved in alternative
splicing had been previously identi®ed. In the let-2 gene, there
are two mutually exclusive exons, exons 9 and 10 (25). One or
the other is included in the mature message. The intron
downstream of exon 10 is a GC-AG intron.

Evolutionary conservation of GC-AG introns

To test whether GC-AG introns serve an important regulatory
role in splicing, we asked whether the rare C at the +2 position
of GC-AG introns is conserved between the nematodes
C.elegans and C.briggsae. These two species are separated
by ~50 million years of evolution (33). In a previous study, we
described the creation of an algorithm, WABA, that we used to
align 8 million bases of C.briggsae cosmid sequence to the
C.elegans genome (22). Based on the results of this alignment,
we concluded that coding regions were highly conserved
between these two species, with on average a divergence at
every other wobble position. Intergenic regions and introns

Figure 1. Examples of GC-AG introns involved in alternative splicing in
C.elegans. (A) Examples of alternative GC-AG introns. Gene name and
sequence at splice donor are indicated. Upper case letters are exons, lower
case are intronic sequences. (B) Examples of GC splice donors as alterna-
tive 5¢-splice sites. 5¢-Splice sites in the upper part are separated by 51 nt.
In the lower part, 5¢-splice sites are separated by 4 nt. (C) GC splice donors
involved in alternative exon splicing. (D) Mutually exclusive exons.

3362 Nucleic Acids Research, 2002, Vol. 30 No. 15



were very poorly conserved with the exception of patches of
sequence that represent regulatory regions such as promoters.
In addition, we noted that some small regions in introns near
alternatively spliced exons were conserved and suggested that
these may function in splicing regulation. In the summer of
2001 we updated this alignment to include newly released
C.briggsae sequences totaling 13 million bases; this alignment
is available through the Intronerator web site (http://
www.cse.ucsc.edu/~zahler/intronerator/index.html).

We searched the 196 GC-AG introns in C.elegans for ones
that are present in regions of the genome covered by
C.briggsae homology. We identi®ed 26 such introns
(Table 1). The last two bases of the preceding exon and the
®rst seven bases of the intron are shown. It is apparent that the
C at the +2 position of the intron is not conserved in
C.briggsae for the majority of these introns. For ®ve of the 26,
the GC splice donor is conserved, and for the ®rst four of these
listed, the entire nine base 5¢-splice site region is identical after
~50 million years of evolution. For the next 20 of these
C.elegans GC-AG introns, the intron in the C.briggsae
homolog begins with GT. For the last C.elegans GC-AG
intron listed in Table 1, there is no corresponding intron in the
C.briggsae homolog. We have previously described over 250
examples of introns found in C.elegans but not in C.briggsae
and vice versa (22). Therefore, this result is not surprising
except for the implication that this particular GC-AG intron is
not essential for regulation of gene expression.

In this set of 26 GC-AG introns for which the homologous
C.briggsae sequence is also available, we found only three
examples of homologous genes that are alternatively spliced
such that the GC-AG splice donor is part of the alternative
splicing decision. Given that the EST coverage of the
C.elegans genome is low for many genes, there exists the
possibility that more examples of GC-AG alternative splicing
may be present in this group of 26 homologous introns. Two
examples of the GC intron being involved in an alternative
splicing decision are in the group of GC introns whose 5¢-
splice site regions are completely conserved with C.briggsae.
These two examples are the genes F11C1.5, an alternative
intron, and let-2 (F01G12.5) whose alternative splicing
involves a choice between mutually exclusive exons. One
example of alternative splicing in which the C at the +2
position of the splice donor is not conserved is for
Y41C4A.12. This is a member of the group of alternative 5¢-
splice sites separated by 4 nt described in Figure 1B. The
ability to alternatively splice this substrate in the same way has
presumably been conserved in C.briggsae, albeit with a choice
between two GT splice donors spaced 4 nt apart.

Let-2 alternative splicing has been previously described
(25). This alpha(2) type IV collagen contains two mutually
exclusive exons, exons 9 and 10. What is interesting about this
splicing is that this is a rare example of a C.elegans alternative
splicing event for which developmental control is known (25).
Exon 9 is included in 95% of embryonic let-2 messages while
exon 10 is included in 90% of adult messages, with a gradual
shifting between these two ratios during the four larval stages.
In the case of this alternatively spliced gene, part of the
regulation of alternative splicing may involve a competition
between the two 5¢-splice sites found at the ends of exons 9
and 10. The splice site that is recognized by the splicing
machinery ®rst may be the one whose exon gets spliced into

the mature message. The intron between exons 10 and 11
begins with GC (AGgcaagaa) and it has three mismatches with
the C.elegans consensus for base pairing the 5¢ end of U1
snRNA (AGgtaagtt) over this region. The splice donor for
exon 9 is AGgtactgt and has three mismatches with the 5¢ end
of U1 snRNA. Two of these mismatch positions are different
from those for the exon 10 splice donor.

A functional test for the role of a GC-AG intron in
alternative splicing

The known developmental splicing regulation of let-2 makes it
an attractive candidate for analysis of regulated splicing and
for testing models about the role of the GC splice donor in this
regulation. In order to test the regulation of this splicing we
have transformed worms with a plasmid construct derived
from this gene (Fig. 2A) in which the alternatively spliced
region is placed upstream of an open-reading frame for GFP
(34). The fusion protein for let-2 contains the nuclear
localization signal from SV40 T antigen at its N-terminus
which concentrates GFP in the nucleus for easier visualization
by ¯uorescence microscopy. This initial construct is derived
from one of the Andrew Fire Vector Kits that his laboratory
has made freely available to C.elegans researchers (28).
Expression of the fusion protein is driven by the unc-54
promoter which is active in body wall muscle cells (27). This
is also the primary site of let-2 expression (35). We have
previously demonstrated the use of splicing reporter constructs

Table 1. GC-AG intron-containing genes from C.elegans for which
homologous genes have been identi®ed in C.briggsae

The table shows C.elegans gene clone name and genetic nomenclature
name if it has been identi®ed genetically. The sequence of the last two
bases of the exon and the ®rst seven bases of the intron are shown.
Whether the GC splice donor has been conserved and whether this is a site
of known alternative splicing are also indicated.
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in C.elegans to study splicing regulation by the sup-39 gene
(30).

We transformed worms with the construct shown in
Figure 2A, selected animals that expressed GFP, and main-
tained this as an extrachromosomal array which we have
designated as azEX7. We then monitored splicing of the
construct through 32P RT±PCR analysis of developmentally
staged animals. We also monitored splicing of the native gene
with a similar reaction using the same 32P-labeled 5¢ primer,
but with a different 3¢ RT and PCR primer speci®c for the
native gene and located the same distance from the 5¢ PCR
primer. Exons 9 and 10 differ by 3 nt so the RT±PCR products
ampli®ed from the alternatively spliced forms of the genes can
be separated on a sequencing gel. Using staged animals, we
compared the signal from our transformed extrachromosomal
array with the signal from the endogenous let-2 gene to
determine whether alternative splicing is regulated in the same
way. We found that for both the let-2 gene and the reporter
construct, the exon 9-containing form of the message repre-
sents >95% of the let-2 messages in embryos (Fig. 2B, lanes 1,
2, 5, 6). In L4 animals, exon 10 was found to be used in 90% of
the native let-2 genes and in only 35% of the messages arising
from the array (Fig. 2B, lanes 3, 4, 7, 8). This difference
between the alternative splicing ratios of the native gene and
the alternative splicing reporter construct in L4 animals can be
explained in several ways; use of the unc-54 gene promoter
may lead to expression in inappropriate cells of L4 animals
which lack the proper regulatory factors to promote usage of
exon 10 or overexpression of this message has occurred to the
point where the regulatory factors are not at a high enough
concentration to promote the expected splicing. However, a

clear developmental switch in the alternative splicing of this
reporter construct can be detected, which makes it useful for
answering questions about the role of the GC splice donor in
alternative splicing.

We tested the hypothesis that this GC-AG intron was
involved in regulation of splicing by changing the base at the
+2 position of the intron after exon 10 from C to T in the
reporter construct and transforming this into worms. The
resulting extrachromasomal array is designated as azEX8 and
analysis of the alternative splicing of this reporter is presented
in Figure 3B. In Figure 3B we restriction digested the 32P
RT±PCR products with the enzyme Dde1 to generate easily
separable bands for the two alternative splicing products. This
C to T change in azEX8 resulted in the inclusion of only exon
10 in mRNAs derived from our constructs, both in L4s and in
embryos (Fig. 3B, lanes 4±6). The effect of the `C to T
mutation' on alternative splicing is striking in that a single
point mutation eliminated the developmental regulation of this
splicing. Mutation of the second base of intron 10 from a C to a
T creates a GT splice donor with a fairly strong 5¢-splice site
with (AGgtaagaa), with seven consecutive bases that can pair
with the 5¢ end of U1 snRNA.

The shift to complete exon 10 splicing in the azEX8
construct, even in embryos, indicates that alternative 5¢-splice
site choice for this splice donor is dependent on a competition
between the 5¢-splice sites at the end of exon 9 and exon 10. To
address this hypothesis we replaced the 5¢ splice donor at the
end of exon 10 with a sequence identical to the 5¢ splice donor
of exon 9. Therefore, the two 5¢-splice sites have equal ability
to base pair with U1 snRNA. The splice donor sequence
AGgtactgt contains three mismatches in the region that base
pairs with U1 snRNA, and is therefore predicted to be a
weaker 5¢-splice site than the `C to T mutant' which contains
seven consecutive complementary bases. We transformed this
new construct into C.elegans and isolated a line bearing the
extrachromosomal array designated azEX11. We tested the
splicing of this array and compared it with the wild-type and C
to T mutant reporters at different developmental stages
(Fig. 3B, lanes 7±9). For this new construct, exon 10 splicing
is detected in embryos, L2, and L4 stages at a level that is
considerably higher than that found for the wild-type substrate
(lanes 1±3), but not as high as that found for the `C to T
mutant' substrate (lanes 4±6). There is also a change in
splicing ratio during development, although it is not as
dramatic as for the wild-type substrate. This indicates that the
5¢-splice site of exon 9 is a stronger splice donor than the
wild-type exon 10 splice donor, but not nearly as strong as the
`C to T mutant' exon 10 splice donor.

We next sought to determine whether a GT splice donor
equivalent in strength to the GC splice donor exists by looking
at a roundworm much further removed evolutionarily from
C.elegans and C.briggsae. Ascaris suum is a 0.5 m long
parasite commonly found in porcine intestines. It has been
shown to contain an alpha(2) type IV collagen gene similar to
the one in C.elegans. Like the C.elegans gene, the A.suum
gene undergoes developmentally regulated alternative spli-
cing involving the same use of mutually exclusive exons 9 and
10 (36). What is striking is that in A.suum, the splice donor for
exon 10 is AGgttggct, not a GC splice donor. This sequence
differs from the U1 snRNA base-pairing consensus sequence
at three positions. We created a construct in which we changed

Figure 2. Analysis of alternative splicing of the let-2 gene of C.elegans.
(A) Diagram of let-2 alternative splicing region in the context of the GFP
expression reporter construct designated azEX7. The intron between exons
10 and 11 starts with GC instead of the canonical GT. NLS, nuclear local-
ization signal; GFP, green ¯uorescent protein. (B) Developmental regulation
of splicing of the let-2 gene and the let-2/GFP fusion protein splicing repor-
ter constructs. Total RNA was isolated from staged animals carrying the
azEX7 let-2/GFP fusion construct described in (A) (lanes 1±8). 32P RT±PCR
was performed on these RNAs with primers speci®c for the ¯anking region
of the native let-2 gene (lanes 1±4) or the ¯anking sequences in the extra-
chromosomal array (lanes 5±8). These PCR products were separated on a
6% acrylamide sequencing gel and visualized with a Molecular Dynamics
PhosphorImager. Exon 9 is 3 nt shorter than exon 10 and thus its inclusion
by splicing results in a PCR product with higher mobility.
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the wild-type C.elegans exon 10 splice donor to the exon 10
splice donor sequence from the Ascaris gene. We transformed
this construct into C.elegans, isolated a stable line containing
this extrachromosomal array designated azEX23, and tested
for the alternative splicing of this reporter construct. This
particular GT splice donor has the same developmental
regulation of splicing and the same level of alternative splice
site usage as the wild-type C.elegans GC splice donor (Fig. 3B,
lanes 10±12 versus lanes 1±3). Taken together, these data
suggest that the GC splice donor of exon 10 serves as a weak
5¢-splice site that allows for regulation of alternative splicing,
and that there are equivalent GT splice donors which can
functionally replace a GC splice donor and still provide the
same regulation of alternative splicing.

DISCUSSION

In this paper we have taken both a bioinformatics and an
experimental approach to analyze the rare class of GC-AG
introns in C.elegans. Our analysis indicates that GC-AG
introns are found in C.elegans at roughly the same frequency
as in humans (0.6 versus 0.7%) (7). Previous work in humans
has indicated that GC-AG introns are represented at the sites

of alternative splicing decisions at a much higher level than
their total representation in the intron population. Thanaraj
and Clark (19) concluded that 5% of alternative human splice
donors come from GC-AG introns, a 7-fold enrichment over
the level of GC-AG introns found in the genome. In our
analysis of 844 C.elegans alternatively spliced genes, we
could only identify 11 examples out of 844 alternatively
spliced genes (1.3%) where a splice donor with C at the +2
position of the intron was involved in the alternative splicing
decision. Given that the majority of these alternative splicing
events involved two splice donors competing for spliceosome
assembly, the number of 1.3% needs to be divided by two to
account for multiple splice donors at each alternative splicing
event. Therefore, our results indicate that the GC-AG splice
donors in C.elegans are not overly enriched at alternative
splice donor sites, which is different from the case in humans.

Our analysis of comparative genomics between C.elegans
and C.briggsae indicates that only 20% of the +2 position Cs
of the GC-AG introns are conserved. Since our original
hypothesis was that C.elegans GC-AG donors might represent
important regulatory elements for splicing, this result was
surprising because for other regulatory elements, promoters
for example, we saw a strong evolutionary conservation in

Figure 3. Effects of GC splice donor mutations on let-2 alternative splicing. (A) Diagram of let-2 reporter construct showing location of RT/3¢ PCR primer
and 32P-labeled 5¢ PCR primer. Locations of Dde1 sites are indicated. After RT±PCR, products are digested with Dde1 to yield different sized bands for the
two alternative splice forms that are easily separable. The sequence of each of the mutant splice sites tested is indicated. (B) Analysis of developmental regu-
lation of alternative splicing of let-2 5¢-splice site mutants. RNA from the indicated mutants at the indicated developmental stage (embryo or L2 or L4 larvae)
were isolated and the products of the reporter gene were ampli®ed by RT±PCR. Products of RT±PCR reactions were digested with Dde1, separated on a 6%
polyacrylamide gel and visualized with a Molecular Dynamics PhosphorImager. Quantitation of the percentage of exon 10 in the ampli®ed message is shown.
The quantitation is based on assays from a minimum of two independent embryonic RNA isolations and three independent L2 and L4 RNA isolations for
each strain. The asterisk marks a PCR artifact band that appears occasionally. It cannot be digested with Dde1 and is therefore not part of the let-2 reporter
construct.
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non-coding regions (22). Although our data set of homologous
introns is relatively small, it is interesting that two of the three
intron splice donors in this set known to be involved in
alternative splicing are completely conserved at the splice
donor sequence. One interpretation is that the majority of
GC-AG splice donors are involved in constitutive splicing.
This group might be easily converted between GC and GT
splice donors with little effect, and perhaps are not subject to
evolutionary constraints. In contrast, a small subset of the
GC-AG splice donors are involved in alternative splicing
decisions, and for at least one of these, the GC splice donor
plays an important role in alternative splicing regulation.

Experimental results in the human system indicate that
substituting a C for a T at the +2 position of the intron still
allows for splicing, but the splicing is weaker (10,11). This is
consistent with the U1 snRNA of the major spliceosome
having weaker base pairing with the 5¢-splice site. The
mismatch at the +2 position of the intron is almost in the center
of the region of base pairing and would have a disruptive
effect on U1 snRNA duplex formation. This has been
demonstrated experimentally for HIV regions known to bind
U1 snRNP but not necessarily promote splicing (37). Results
in humans indicate that GC-AG intron splice donors have
enhanced consensus nucleotides at other donor positions
besides the +2 position (7). We asked whether other bases in
the 5¢-splice site region of C.elegans also compensate for this
mismatch at +2 by having stronger ability for base pairing with
the 5¢ end of U1 snRNA. Consistent with the human result, we
found that the 26 GC splice donors in Table 1 had on average
2.4 mismatches from the optimal U1 snRNA base pairing
sequence. In contrast, the 19 homologous GT splice donors in
C.briggsae had on average 2.8 mismatches.

Our experimental system for analysis of the alternative
splicing of the let-2 reporter construct allowed us to test the
importance of GC introns in alternative splicing and the
relative 5¢-splice site strength for GC and GT splice donors.
Our results indicate that the naturally occurring GC splice
donor serves as a weak splice donor that is both evolutionarily
conserved and required for regulated splicing. Mutation of just
the C at the +2 position to a T (azEX8) creates a strong 5¢-
splice site with only two mismatches to the U1 consensus and
seven consecutive bases for base pairing with U1 snRNA. This
leads to constitutive exon 10 usage and no developmentally
regulated splicing. Duplication of the exon 9 splice donor
(azEX11) creates a transcript in which two equivalent splice
donor sites give almost equivalent usage of the two alternative
exons and only a modest developmental switch in the splice
site usage. This is again consistent with alternative splicing
being controlled in part by the relative strengths of the two
splice donors. Substitution of the exon 10 donor from A.suum
allows for the wild-type alternative splicing, even though this
splice donor de®nes an intron beginning with GT. This result
suggests that given suf®cient evolutionary distance, a GT
splice donor equivalent in strength to a GC donor can be
identi®ed.

Our results suggest that the majority of GC-AG introns are
constitutively spliced, and for these introns the GC splice
donor has no important regulatory function. Interconversion
between GT-AG and GC-AG introns in these cases may
require only a single base mutation. For a small subset of
GC-AG introns, the GC splice donor is functionally important

and allows for regulation of alternative splicing through its
weak U1 snRNA base pairing. This suggests that there may be
an evolutionary constraint to maintain the splice donor
sequence. Interconversion of a regulatory GC-AG donor
with a GT-AG donor of equivalent strength is possible, but it
may take longer in evolutionary terms because interconver-
sion will require more than one mutation to evolve an
equivalently weak GT splice donor from a GC donor. This
may be due to the fact that GC donors have higher consensus
with the optimal U1 snRNA binding sequence outside of the
+2 position. This is also consistent with our ®nding that when
GC donors are conserved between species, there is a strong
trend to conserve the entire splice donor sequence (Table 1).
This implies that where the relative level of strength of a splice
donor is important for alternative splicing regulation, multiple
mutations may be required to evolve a GT splice donor
equivalent in strength to a GC splice donor. For regulated
splice donors such as the let-2 gene, the time since the
divergence of C.elegans and C.briggsae may not yet have
been long enough for these changes to occur.
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