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ABSTRACT

Caenorhabditis elegans is unusual among animals in having a highly conserved octamer sequence at the 3� splice site: UUUU
CAG/R. This sequence can bind to the essential heterodimeric splicing factor U2AF, with U2AF65 contacting the U tract and
U2AF35 contacting the splice site itself (AG/R). Here we demonstrate a strong correspondence between binding to U2AF of RNA
oligonucleotides with variant octamer sequences and the frequency with which such variations occur in splice sites. C. elegans
U2AF has a strong preference for the octamer sequence and exerts much of the pressure for 3� splice sites to have the precise
UUUUCAG/R sequence. At two positions the splice site has a very strong preference for U even though alternative bases can
also bind tightly to U2AF, suggesting that evolution can select against sequences that may have a relatively modest reduction
in binding. Although pyrimidines are frequently present at the first base in the exon, U2AF has a very strong bias against them,
arguing there is a mechanism to compensate for weakened U2AF binding at this position. Finally, the C in the consensus
sequence must remain adjacent to the AG/R rather than to the stretch of U’s, suggesting this C is recognized by U2AF35.
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INTRODUCTION

How the splicing machinery recognizes the correct splice
sites among the many sites that appear to match the con-
sensus sequences is one of the central and most interesting
problems in the field of pre-mRNA processing (Reed 2000;
Brow 2002; Zhang and Chasin 2004). The 5� splice site is
identified by a base pairing interaction between the U1
snRNP and a sequence on the pre-mRNA. In contrast, the
3� splice site is a multipart signal comprising a branchpoint
consensus, bound by the SF1/BBP protein and subsequently
by base pairing to the U2 snRNP (Berglund et al. 1997); the
polypyrimidine tract, bound by the large subunit of the
essential splicing protein, U2AF; and the AG/R, bound by
the U2AF small subunit (Merendino et al. 1999; Wu et al.
1999; Zorio and Blumenthal 1999). In mammals these three
sequences are generally separated from one another by 10–
30 nucleotides, and there is a relatively loose branchpoint
consensus but a relatively tight interaction of U2AF65 with
a long polypyrimidine tract (Reed 2000). Introns that have
short polypyrimidine tracts compensate by having the AG

nearby to facilitate interaction with U2AF35. These are
called AG-dependent introns (Reed 1989). In budding yeast
there is no U2AF35, so all introns are AG independent. Also,
most yeast introns lack a strong polypyrimidine tract. Rec-
ognition of yeast introns depends instead on the highly
conserved branchpoint consensus interaction with BBP/
SF1. In fission yeast, there is a BBP/SF1-U2AF complex that
recognizes introns by binding to all three consensus se-
quences (Huang et al. 2002).

In contrast to vertebrates and yeast, Caenorhabditis el-
egans appears to have a unique method of identifying 3�
splice sites. There is no consensus sequence for the branch-
point, although there is a BBP/SF1 protein (Blumenthal and
Steward 1997; Mazroui et al. 1999). Furthermore, most in-
trons do not have a long polypyrimidine tract separated
from the splice site itself. Instead, introns have the highly
conserved consensus sequence UUUUCAG/R (where / in-
dicates the splice site) at their 3� ends (Fig. 1A; Blumenthal
and Steward 1997; Kent and Zahler 2000). This sequence
has been shown to be critical for 3� splice site recognition
(Conrad et al. 1993; Zhang and Blumenthal 1996). The
UUUUCAG/R sequence is known to interact with U2AF,
the same protein that recognizes the polypyrimidine tract
and the AG in mammals (Zorio and Blumenthal 1999).
Nonetheless, this sequence is very different from that found
in other organisms, even other nematodes, so it is not clear
whether it is U2AF or some other component of the splicing
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machinery that exerts the selective pressure to maintain this
sequence. To determine whether U2AF binding is respon-
sible for the high conservation of this octamer, we have
performed binding experiments with variants of the con-
sensus sequence. We show here that affinity of U2AF for the
octamer corresponds with the frequency of bases in the
splice site consensus and thus is sufficient to explain most of
its high level conservation.

RESULTS AND DISCUSSION

Cross-linking of consensus sequence and variant
oligonucleotides to U2AF65 and U2AF35

Because we have been unable to obtain active recombinant
U2AF from C. elegans, we have measured binding in crude
embryonic extracts using antibodies specific to U2AF to
isolate bound complexes. Our standard procedure was to
mix the extract with an end-labeled RNA oligonucleotide
containing the splice site, UV cross-link, and immunopre-
cipitate complexes with anti-U2AF65 (Zorio and Blumen-
thal 1999). U2AF65 and U2AF35 form a tight complex, so
both proteins bound to radiolabeled oligonucleotides were
visualized on gels of the immunoprecipitates (Fig. 1B). We
also tested in the same assay labeled RNA oligonucleotides
containing all single nucleotide substitutions at positions
+1 and −3 relative to the splice site. At the −3 position, only
the oligonucleotide having the consensus C base showed
any binding. Similarly, only oligonucleotides containing
a purine at the +1 position bound detectably to U2AF
(Fig. 1B).

U2AF binding correlates with the frequency of bases
found in the splice site

Because the amount of cross-linking to an RNA oligo-
nucleotide can vary depending on the number of U’s in the
sequence, we performed the remainder of the experiments
with labeled RNA oligonucleotides containing the consen-
sus octamer along with varying concentrations of competi-
tor RNA oligonucleotides with base substitutions in the
octamer. To determine whether alterations in the level of
binding result from lack of the consensus base or presence
of a nonconsensus base at that position, we tested multiple
nonconsensus bases at each position. The hypothesis pre-
dicts that oligonucleotides containing mismatches to the
consensus will bind in proportion to how conserved that
position is in the 3� splice site (Fig. 1A). An oligonucleotide
with a base substitution that occurs at a relatively high
frequency in naturally occurring splice sites should be a
better competitor than one with a base that occurs rarely.

In each case, we observed both U2AF subunits binding
with similar profiles, so we show only the quantitation of
the U2AF65 results in Figures 2–4. The eight panels of Fig-
ure 2 show competition with oligonucleotides containing
single nucleotide substitutions at each of the eight positions.
The data clearly demonstrate that the alterations in U2AF
binding correlate well with the frequency of bases found in
the ∼28,000 splice sites surveyed (Kent and Zahler 2000).
This can be seen in two ways: (1) the most conserved po-
sitions tend to be the least tolerant to substitutions with
nonconsensus bases, and (2) bases used less frequently in
the splice site are more disruptive to U2AF binding.

At the −7 position, U is favored over the other bases in
natural splice sites, but all four bases are found at significant
levels (Fig. 1A). Similarly, all four bases are tolerated for
U2AF binding, and the strength of binding, as measured by
the effectiveness at which they compete for binding to the
labeled RNA oligonucleotide containing the consensus se-
quence, correlates with the frequencies of the four bases in
natural splice sites (U > A > C > G) (Fig. 2A).

At the −6 position, U is strongly favored over all four
bases in natural splice sites (Fig. 1A), and indeed C- and
G-containing oligonucleotides bind substantially less well to
U2AF than does the U-containing oligonucleotide. How-
ever, an A at this position does not substantially reduce
U2AF binding compared with the consensus U (Fig. 2B).
Perhaps the requirement for U at this position is exerted by
some molecule other than U2AF. Alternatively, natural se-
lection can select against splice sites with A at −6 even
though its effect on binding affinity is relatively small. As at
most positions in the splice site, the presence of a G at −6
severely compromises U2AF binding and is found very
rarely in natural splice sites.

The strongest preference for a single base, other than at
the AG itself, is at the −5 position, where 97% of C. elegans
splice sites have a U (Fig. 1A). This preference is clearly

FIGURE 1. U2AF65 and U2AF35 bind preferentially to the 3� splice
site consensus oligonucleotide. (A) Graphic representation of the C.
elegans 3� splice site consensus sequence from >28,000 confirmed
introns. The height of each letter represents the frequency of each base
found at that position according to the intron profile (Kent and Zahler
2000). Black letters indicate consensus bases. (B) Oligonucleotides
with substitutions at positions −3 and +1 were 32P-labeled, mixed with
whole cell extract, ultraviolet-cross-linked, and immunoprecipitated
with antibodies to U2AF65.
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