Downloaded from genome.cshlip.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

ENOME
ESEARCH

Ordered Partitioning Reveals Extended Splice-Site Consensus
Information

Michael Weir and Michael Rice

Genome Res. 2004 14: 67-78
Access the most recent version at doi:10.1101/gr.1715204

References This article cites 38 articles, 18 of which can be accessed free at:
http://[genome.cshlp.org/content/14/1/67.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.1715204
http://genome.cshlp.org/content/14/1/67.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.1715204&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.1715204.full.pdf
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Letter

Ordered Partitioning Reveals Extended Splice-Site

Consensus Information
Michael Weir'-3 and Michael Rice?

"Department of Biology and 2Department of Mathematics and Computer Science, Wesleyan University,

Middletown, Connecticut 06459, USA

Using recently available cDNA and genomic data (Berkeley Drosophila Genome Project; http:/ /www.fruitfly.org), we
computed a large sample of 10,057 Drosophila splice sites. An information-theoretic analysis of the nucleotide
sequences adjacent to these splice sites showed a strong correlation between the sizes of introns and exons and the
levels of information, which is a measure of sequence conservation. The strong correlation permitted us to determine
extensive consensus sequences at the donor and acceptor sites of longer introns. These sequences were further
refined and extended by examining the information in regions around splice sites that only partially matched the
consensus. The correlation between length and information provided the basis for determining alternative consensus
arrangements associated with shorter introns, as well as general base-composition preferences that likely promote
spliceosome function. We also observed a correlation between information near splice sites and the lengths of
nonadjacent introns, indicating that there are long-range effects spanning multiple introns. The ordered partitioning
approach used in this analysis may become increasingly useful as large genomic data sets become available.

[Supplemental material is available online at www.genome.org.]

Molecular recognition events involving DNA or RNA typically
rely on specific nucleotide sequences that are selected during
evolution to favor binding by the interacting molecules. Strate-
gies to identify these “consensus” sequences normally involve
the assembly of a set of sequence elements that can mediate the
binding event, and then the identification and assessment by
genetic, biochemical, and structural tests of the shared sequence
characteristics. This approach identifies motif elements shared by
a majority of the sites, but can miss degenerate parts of motifs, or
parts of the motif involved in apparently dispensable molecular
interactions. Genomic scale studies have opened up new possi-
bilities for characterizing consensus sequences. Their large scale
permits selection of substantial sample subsets with properties
that optimize the analysis of their function.

Consensus sequences must have sufficient information to
be distinguished uniquely within sequence space, and yet over-
specification of sites would be wasteful and would require addi-
tional evolutionary selection away from random sequence. But
these constraints present a conundrum for molecular events that
sometimes involve recognition of sequence motifs that only oc-
cur at very large intervals, and have sufficiently long recognition
motifs for their occurrence to be rare. When the equivalent mo-
lecular events occur on a small scale over shorter intervals, are
the recognition motifs equally long, or are there compensating
mechanisms to ensure that the motifs are not overspecified?

We have addressed this question in the context of RNA
splicing. The lengths of introns cover an enormous range, from
less than 100 to tens of thousands of nucleotides (nt), raising the
possibility that different mechanisms might account for the
specification of small introns compared with large introns (Lim
and Burge 2001). Using the large number of sequenced cDNAs
available from the Berkeley Drosophila genome project (BDGP;
http://www.fruitfly.org; Spradling et al. 1995; Stapleton et al.
2002), we were able to compute a large data set, consisting of
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nucleotide sequences in regions around splice sites, that could be
partitioned into substantial subsets, each corresponding to a rela-
tively small range of intron lengths.

This technique allowed us to assess the information require-
ments for splicing over different distances. The analysis we de-
scribe below implied that there are demands on spliceosome
function that increase progressively with greater distances be-
tween splice sites. These constraints permitted us to devise strat-
egies to define extended consensus sequences near splice sites, as
well as nucleotide composition preferences that likely enhance
spliceosome function.

METHODS

Computation of Drosophila Splice Sites

We used conservative criteria to compute a data set of Drosophila
splice sites, thereby ensuring that in most cases, the splice sites
were identified correctly. To identify splice sites, we used a 5'-to-
3’ scanning algorithm (Appendix 1) that matched the cDNA
with corresponding genomic sequences (BDGP; http://
www.fruitfly.org). Because the genomic DNA and cDNA libraries
sequenced by BDGP came from genetically similar fly strains, the
problem of polymorphisms within the source populations was
minimized. Nevertheless, polymorphisms, in particular inser-
tions or deletions of a few nucleotides, led to incorrect prediction
of short introns or exons, or failure of the algorithm to find
3'-exons. Hence, to maintain a data set of high quality, we re-
moved all cDNAs predicted to contain any intron or exon with
<20 nt, as well as any cDNA whose scan terminated prematurely
before the poly-adenylation sequence was reached.

With these constraints, the algorithm predicted the ge-
nomic DNA sequence coordinates of 10,057 introns based on
3090 cDNAs; 514 additional cDNAs were predicted to contain no
intron. The predictions for 2631 of the 10,057 introns were made
independently of splice-site consensus information, relying
solely on the comparison of genomic and cDNA sequences.
Greater than 99% of these predicted introns were bracketed at
either end by GU and AG, or the secondary consensus end se-
quences, AU and AC (three introns; Hall and Padgett 1994;
Nilsen 1998; Burge et al. 1999; Yu et al. 1999). Predicting the
coordinates of the remaining 7426 introns was initially ambigu-
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Figure 1 Progressive partitioning reveals splice site consensus sequences. (A) The figure summarizes
the consensus sequences that emerge by using the following techniques: (i) The information profile of
regions around the donor and acceptor sites of all 10,057 introns (Suppl. Fig. S3) showed >0.5 bits of
information at donor positions D — 1 to D + 6 and acceptor positions A — 5and A — 3to A — 1.
(Nucleotide positions are defined relative to the splice site junctions.) (ii) Partitioning introns by length
(Figs. 2 and 3) showed that longer introns had at least 0.5 bits of information at additional positions
A—11to A—-9 and A — 6. Underlined nucleotides indicate positions that have an increase in
information of at least 0.5 bits over the lengths 64 to 32,767 nt (Fig. 3). The position D + 5 (square
border) has least information for intermediate lengths, and progressively higher information for shorter
and longer lengths (Fig. 3). (iii) Partitioning introns by forced mismatches (Fig. 5; Suppl. Fig. S7)
showed >0.5 bits of information at the additional positions D — 2 and A — 14, and revealed a pref-
erence for A at D + 3. Segments of U1, U5, and U6 snRNAs are aligned with donor and acceptor site
sequences, where they are thought to interact through base-pairing or non-Watson-Crick interactions.
Pre-mRNA regions where snRNP and associated proteins are thought to bind are indicated with
brackets; these include U2AF?*G®, U2AF53G®, and U5 snRNP Prp8 (vertebrate homolog p220). Also
illustrated are regions where forced mismatches (Fig. 5; Suppl. Figs. S5, S6, S7) led to A enrichment,
and to a lesser extent, U enrichment. This bias in composition may promote the splicing reaction by
favoring reduced RNA secondary structure and enhanced binding of protein or nucleic acid compo-
nents of the spliceosome. Forced mismatches gave particularly strong A enrichment at D — 2 and
D — 3, where U5 snRNA binds. (B) The graph shows the frequency distributions for numbers of
matches to the donor consensus sequence AGGUAAGU (D — 2 through D + 6) and the acceptor
consensus sequence UNNUUUNNUUNCAG (A — 14 through A — 1) for short introns (64-80 nt) and
long introns (8192-32,767 nt). Assuming that the distributions are approximately normal, an approxi-
mate t-test using the means and standard deviations of the two distributions shows that in both the
donor and acceptor cases, the distribution means are higher for the longer introns (p > 0.99). The
distribution means and standard deviations are listed in parentheses.
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ous because of short sequence duplica-
tions near the putative donor and accep-
tor sites, and had to be resolved by test-
ing for the canonical GU...AG (or
AU...AC) at the intron boundaries and
requiring matches in at least three of
four positions. Of the 10,057 introns,
99.2% had matches at all four canonical
positions, 0.7% had matches at three po-
sitions, and only 0.2% (19) introns had a
poorer match. In eight cases, the intron
matched the secondary consensus
AU...AC at three or four positions.

Although splicing proceeds
through formation of a lariat intermedi-
ate, defined by a branch point near the
acceptor site (Nilsen 1998; Burge et al.
1999), we did not include branch points
in the present analysis because, unlike
the donors and acceptor sites, the
branch points could not be defined in-
dependently of their consensus se-
quences.

The 10,057 introns in our data set
had a mean length of 648 nucleotides
(nt). However, the distribution of intron
lengths had a very large standard devia-
tion (2759 nt), reflecting the very large
range of lengths (23-78,340 nt; Supple-
mental Fig. S1A available online at www.
genome.org). The length distribution
was skewed, with 59.5% of introns hav-
ing lengths in the range 50-80 nt, and
10.6% having lengths >1000 nt. (This
distribution was similar to the one re-
ported previously by Lim and Burge
[2001].) The distribution of exon lengths
was similarly skewed, with a mean
length of 502 nt, but the standard devia-
tion was much smaller (514 nt), reflect-
ing the smaller range of lengths (20-
5061 nt; Supplemental Fig. S1B). It is in-
teresting to note that 34.0% of the
introns fall in a very small length range
(56-64 nt) with >300 cases for each of
the nine intron lengths in this interval.

Storing Splice Sites in a
Relational Database

We designed a relational database using
Microsoft SQL Server to store the data
about exons, introns, and splice-site re-
gions that were computed by the preced-
ing algorithm. Each exon and intron was
stored based on its transcript identity,
rank in the transcript (I1st exon or in-
tron, 2nd, etc.), and nucleotide coordi-
nates in the preprocessed transcript be-
fore splicing. Individual nucleotides at
positions —32 to +32 relative to the do-
nor and acceptor sites (Supplemental
Fig. S2) were also stored. A collection of
stored procedures was developed to
compute the information that provided
the foundation for the analyses de-
scribed below. The database and stored
procedures can be accessed at http://
igs.wesleyan.edu.

Representing the sequence data in a
relational database facilitated signifi-
cantly our analysis of the sequence con-
servation at splice sites. We wrote stored
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Figure 2 Donor and acceptor sites flanking long introns have more information. (A) The graphs show the information profiles for regions around the
donor and acceptor sites of two sets of introns—those with lengths between 64 and 80 nt and those with lengths >8191 nt; N denotes the number of
introns in each set. The set of longer introns had elevated levels of information, in particular at donor position D + 4 and acceptor positions A — 6 and
A — 5 (indicated by arrows). The average standard deviation at each nucleotide position is 0.01 bits (64-80 nt) and 0.05 bits (>8191 nt; see Appendix
2 for information standard deviation calculations). The cumulative information at positions —32 to +32 for introns 64-80 is 9.57 = 0.08 (donor) and
10.00 = 0.08 (acceptor), and for introns >8191 is 11.80 + 0.34 (donor) and 14.27 = 0.40 (acceptor; also see Table 3; Appendix 3). The cumulative
information for donor and acceptor sites of the longer introns is significantly higher than that of the shorter introns (p > 0.99 by one-tailed t-test). (B)
The graphs show the nucleotide compositions for the sets of introns used in A. These illustrate that the elevated information resulted from stronger
preferences for Aat D + 4 and U at A — 6 and A — 5 (indicated by arrows). The pyrimidine (C or U) tract upstream of the acceptor site was broader
and more pronounced in the set of longer introns. The maximum standard deviation in the frequency at each nucleotide position is 0.011 (64-80 nt)
and 0.041 (>8191 nt; see Appendix 2 for standard deviation calculations for nucleotide distributions).

procedures to permit efficient testing of partition contexts that en-
hanced consensus site information. Once contexts favoring splice
function were identified (such as intron length; see below), these
were introduced as parameters in procedures to test other contexts.
This approach for the testing of sequence space may become in-
creasingly useful as large genome data sets become available.

RESULTS

Splice-Site Information Increases With
Genomic Distances

Previous studies have assessed whether splice sites have sufficient
information for their identification given their average frequen-

cies of occurrence in pre-mRNAs (Stephens and Schneider 1992;
Burge et al. 1999). These studies measured the information at
each position in aligned splice-site regions by quantifying the
deviation from a random sequence using the following defini-
tion:
Information =2 — [—f, 10g(fa) — fc108(fc) — fc 108,(fc)
- fulog:(fu)l — v,

where the quantity in square brackets is the uncertainty (or
equivalently entropy; see Shannon and Weaver 1949) of the
nucleotides at the given position based on the frequencies of
occurrence f,, ..., fy of the nucleotides A ... U, at the given po-
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Figure 3 Donor and acceptor sites have increased information in the vicinity of long introns. (A) The graphs show the information profiles for regions
around the donor and acceptor sites of nine sets of introns corresponding to progressively larger length ranges. They illustrate that information increases
with intron length at characteristic nucleotide positions (see text). Because multiple, consecutive length ranges were analyzed, both pronounced and
subtle trends are evident in the graphs. The average standard deviation in information at a nucleotide position is <0.06 bits, except for the range
16,384-32,767 (where it is ~0.14 bits). (B) The graphs show the information profiles for regions around the donor and acceptor sites of nine sets of
introns that immediately follow or precede the introns in the sets used in A. They illustrate that information increases with intron length, but the effects
are more pronounced at the donor and acceptor sites closest to the intron varying in length (illustrated with a double arrow). The information is
computed at the donor sites (D) and acceptor sites (A) that are shaded yellow. The number of introns in each set is listed in parentheses after each length
range. The average standard deviation at a nucleotide position is <0.14 except in the lower panel, where it is ~0.2 bits for donor and acceptor sites in
the range 16,384-32,767. Cumulative information (positions — 32 to +32) of donor and acceptor sites of introns preceding or following introns (64-80
nt) is significantly lower than those of introns (>8191; in all cases, p > 0.99 by one-tailed t-test). (C) Changes in nucleotide content at each position were
measured for three pairwise comparisons: (i) introns >8191 compared with 64-80; (ii) 4096-8191 compared with 81-127; (iii) 2048-4095 compared
with 60-63. The mean of the changes in (i), (i), and (iii) is illustrated if all three comparisons showed a positive change, or all showed a negative change,
and all three changes were significant by a two-tailed t-test (p > 0.99).

sition, and where the correction factor y depends on the number sets of >125 splice sites, we used the approximation due to Basha-
of splice sites that are being aligned (Stephens and Schneider rin (1959). Because RNA sequences have four possible bases, the
1992; Appendix 2). For sets of up to 125 splice sites, we used the information at a particular nucleotide position of the aligned
exact correction discussed in Stephens and Schneider (1992); for splice sites lies between O bits (random sequence) and 2 bits (one
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Varied The latter has been suggested previously
intron in studies of relatively small samples of
<«—> Caenorhabditis elegans and Drosophila in-

trons (Fields 1990; Mount et al. 1992).
Changes in: LU To assess further this question, we
compared the information profiles for
Introns —:l—m':—m:—w:_ the set of introns with lengths between
-A U _A _A 64 and 80 nt (2156 introns) with the set
of introns of length >8191 nt (152 in-
trons; Fig. 2A). The set of longer introns
+A +A  +A +A  +C +C had more information at several nucleo-
; tide positions, in particular, at donor po-
Exons —:—:—:—E_ sition D + 4 and acceptor positions
-G -G -G -U A — 6 and A — 5 (one-tailed t-test,

Figure 4 General nucleotide content changes near splice sites in the neighborhood of a varied
intron. Differences in the general nucleotide content in the neighborhood of introns >2047 compared
with introns 60-127 (Table 1). Increasing intron length correlates with A enrichment of exon se-
quences flanking the varied intron, and the preceding intron, whereas C enrichment occurs for the
following intron. Increasing intron length also correlates with U and C enrichment upstream of the
acceptor of the varied intron (pyrimidine tract), whereas U enrichment occurs upstream of the pre-
ceding acceptor and C enrichment occurs for the following acceptor. Only significant nucleotide
content changes in the various regions are illustrated based on a two-tailed t-test with p > 0.99.

particular base at that nucleotide position). In the definition
above, information is calculated relative to a completely random
background, where each nucleotide frequency is 0.25. Informa-
tion can also be calculated relative to the background nucleotide
frequencies of the organism’s genome (discussed in Appendix 3).
However, except where noted, we have used information relative
to a random background in this study.

Our measurements of information at positions —32 to 32 of
the 10,057 donor and acceptor sites confirmed previous observa-
tions that most of the information (sequence conservation) was
located in the introns immediately adjacent to the splice sites
(Supplemental Fig. S3), as would be expected if exonic regions
that contain protein open reading frames are not constrained by
splicing (Stephens and Schneider 1992; Burge et al. 1999). Sig-
nificant conservation of exon sequences (>0.5 bits of informa-
tion) was observed only at position —1 of the donor site (D — 1).
(The value of 0.5 bits corresponds, for example, to 64.5% of one
nucleotide, and 11.9% for each of the other three.) The sites with
at least 0.5 bits of information were donor positions D — 1 to
D + 6 and acceptor positions A — 5,and A — 3to A — 1 (Supple-
mental Fig. S3). These sites had the consensus sequences GGU(A/
G)AGU and UNCAG, respectively (Fig. 1A, no partitioning). The
nonzero information downstream from D + 5 and upstream of
A — 3 was due to elevated levels of nucleotides A and U, as
well as a pyrimidine (C/U)-rich region upstream of A — 3. The
pyrimidine tract has been implicated in splice function (Patter-
son and Guthrie 1991; Guo et al. 1993; Guo and Mount 1995;
Chiara et al. 1997; Yu et al. 1999), and the contributions to splic-
ing of this tract and the elevated A and U content are discussed
below.

One can calculate the minimum information required to
define a recognition sequence of a given abundance. For ex-
ample, a four-cutter restriction enzyme will cut random DNA on
average every 256 (2%) bases. The fact that aligned recognition
sequences for this enzyme have 8 bits of information illustrates
the relationship: log,(distance) = information. It has been
pointed out previously that this relationship appears to apply, at
least in part, to other biological contexts including splicing (Ste-
phens and Schneider 1992; Burge et al. 1999). But because the
lengths of introns (and, to a lesser extent, exons) span large size
ranges, we wished to address specifically whether long and short
introns (and exons) contain the same splice site information, or
whether information levels depend on intron (and exon) length.
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p>0.99; Appendix 2). Nucleotide pro-
files (Fig. 2B) indicated that these posi-
tions correspond to elevated levels of the
nucleotides A (by 25% at D + 4) and U
(65% at A — 6, 53% at A — §5; see Ap-
pendix 2 for statistical analysis of
nucleotide distributions). The set of
longer introns also had a broader and
more pronounced pyrimidine tract adja-
cent to the acceptor site that was particularly rich in the nucleo-
tide U. In a more extreme case, examination of the 20 positions
A — 24 to A — S for the 16 introns of length >32,767 nt revealed
striking islands of Us with frequent runs of 4 or more and a
nucleotide composition with >50% U. In addition, the set of
longer introns had enhanced A-nucleotide content in the exon
and intron regions surrounding the donor site (see the Discus-
sion below). Previous analysis of 209 Drosophila introns (Mount
et al. 1992) revealed similar pyrimidine enrichment at A — 21 to
A — 11 in large (81-5392 nt) compared with small (51-80 nt)
introns. This analysis did not reveal increased information near
donor sites of the larger introns. However, analysis of 139 nema-
tode introns (Fields 1990) showed enhanced information at
D + 3 through D + 6 in introns >75 nt compared with those <75
nt, consistent with our observation in Drosophila.

We extended our analysis above by examining the informa-
tion profiles for intron lengths in windows covering several con-
tiguous size ranges (Fig. 3A). In all size ranges, longer introns had
progressively more information than shorter introns. The most

Table 1. Nucleotide Content Differences (%) for Introns
>2047 nt Versus Introns 60-127 nt Long

D-32 D+1 A-32 A+1
toD-1 to D+32 toA-1 to A+32
Intron before A 1.99 1.62 -1.75 2.48
C —-0.93 —0.36 -0.57 —0.24
G -1.59 -0.72 -0.59 -2.11
U 0.54 —0.54 2.91 -0.13
Varied intron A 2.32 0.42 -4.31 1.00
C —-0.57 0.39 1.26 0.40
G -0.92 0.51 —0.54 —0.62
U -0.83 -1.33 3.59 —0.78
Intron after A —-0.33 1.11 -1.61 -0.71
C 1.31 —0.68 1.75 1.14
G 0.02 0.67 -0.24 0.32
U -1.00 —-1.11 0.10 —0.76

Bold difference values have p > 0.99 significance by a two-tailed t-test
using the observed standard deviations in nucleotide content over the
32-nt ranges. These differences were also significant by the non-
parametric Mann-Whitney test, which also showed the increase in U
for the varied intron (D—32 to D—1) to be significant (p > 0.99).
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Table 2. Percent A Content Near Donor Splice Sites

A D A
1 —32 i 32 1
I7/ I I
[ 1L J
a *b b

Match

to donor % A + S.D. (n)

7 of 7 25.5 = 4.0 (517) 26.0 = 8.3 (517) 27.5 = 10.0 (478) 29.5 + 3.3 (478)

6 of 7 25.8 = 3.7 (1068) 28.1 = 8.4 (1068)° 30.3 = 10.3 (686)° 29.9 + 3.5 (686)°

50of 7 26.0 = 3.6 (432) 29.3 + 9.2 (432)¢ 32.1 = 11.0 (266)° 30.5 + 3.6 (266)

2Exons 512-4095, introns unconstrained.
PIntrons 512-8191, exons unconstrained.

€6-of-7 > 7-of-7, p > 0.99 by one-tailed t-test using observed standard deviations (S.D.) in percent A content.
45-0f-7 > 6-0f-7, p > 0.99 by one-tailed t-test using observed standard deviations (S.D.) in percent A content.

pronounced increases were found again at positions D + 4,
A — 6, and A — 5 (see Supplemental Fig. S4 for corresponding
nucleotide profiles). However, significant upward trends (>0.5
bits of increase in information) were observed at A — 11, A — 9,
and A — 3, and to a lesser extentat D — 3,D — 1,D+3,D + 6,
A — 10, and some more upstream acceptor positions (Fig. 3A).
Partitioning the set of introns by length (Figs. 2 and 3) revealed
an extended consensus sequence with >0.5 bits of information at
each nucleotide position (except those marked “N”) at the accep-
tor positions A — 11 to A — 1: UUUNNUUNCAG (Fig. 1A, parti-
tioning by length).

Many of the positions showing increased information cor-
respond to sites predicted to interact with the splicing machinery
(Fig. 1A). For example, the Ul snRNA interacts with D — 2
through D + 6 (Parker and Guthrie 1985; Fouser and Friesen
1986; Vijayraghavan et al. 1986; Aebi et al. 1987; Siliciano and
Guthrie 1988; Rosbash and Seraphin 1991; Yu et al. 1999), and
U6 snRNA interacts with D — 1 through D — 6 (Lesser and Guth-
rie 1993; Sontheimer and Steitz 1993; Luukkonen and Seraphin
1998). Also, U2AF*> (U2AF*® in Drosophila; Rudner et al. 1996) is
thought to interact with A — 3 through A — 1, and U2AF®* (Dro-
sophila U2AF®®) interacts with the adjacent pyrimidine tract (Wu
et al. 1999; Zorio and Blumenthal 1999; Reed 2000). Yeast U5
snRNP Prp8 also interacts with the pyrimidine tract and A — 3
through A — 1 (Collins and Guthrie 1999; Siatecka et al. 1999).
The pronounced increases in information at A — 6 and A — 5
within the pyrimidine tract indicate that U2AF®® (U2AF*®) or
Prp8 might have important interactions at these positions in the
pre-mRNA. In yeast and mammals, additional U5 snRNPs have
also been shown to have functional interactions with the pyrimi-
dine tract, although Drosophila homologs have not yet been char-
acterized (Chiara et al. 1997). Our finding that longer introns
have progressively more information at their donor and acceptor
sites implies that spliceosome function is increasingly con-
strained, presumably because the molecular interactions associ-
ated with more distant splice sites need to be stronger. This point
will be discussed further below.

So far, we have considered the relationship between intron
length and information at adjacent donor and acceptor regions.
We also considered whether the information at donor and ac-
ceptor sites is sensitive to the lengths of more distant introns. We
found that increases in intron length led to increased informa-
tion content at more distant splice sites. For example, there was
increased information content at both the donor and acceptor

sites of the intron immediately downstream (or upstream) from
the intron whose length was being varied (Fig. 3B). In general,
varying the lengths of introns had more pronounced influences
on close-by splice sites compared with more distant sites.

We observed changes in nucleotide content (Figs. 3C and 4;
Table 1) corresponding to the changes in information (Fig. 3B)
observed when intron length was varied. We saw both position-
specific changes at consensus positions as well as general effects.
For example, the splices sites of the intron following the varied
intron revealed consistent enhancement of consensus nucleo-
tidesat D — 1, D + 3 through D + 6, and A — 3 (Fig. 3C), as well
as general increases in C content preceding the donor, and sur-
rounding the acceptor (Fig. 4; Table 1). In contrast, the splice
sites of the intron preceding the varied intron showed A enrich-
ment preceding the donor and following the acceptor (Fig. 4;
Table 1), and did not have pronounced effects at consensus po-
sitions (Fig. 3C) except the acceptor pyrimidine tract.

The preceding observations imply that the information
around a given splice site is determined by a balance of influ-
ences from neighborhood introns. The molecular mechanisms
that underlie these influences remain to be determined. One can
imagine mechanisms in which more extensive and conserved
splice site sequences in neighborhoods with longer introns im-
prove binding efficiencies of spliceosome components, thereby
helping to increase the local concentrations of these compo-
nents. These sequences could compensate for the sites being
much more distantly located, which may tend to reduce local
concentrations of the spliceosome factors. Elevated information
at splice sites would work alongside splicing enhancers (Hertel et
al. 1997) to increase binding of spliceosome components to
splice sites.

Forced Mismatches Reveal Extended

Consensus Sequences

Using the criteria that each position with at least 0.5 bits of in-
formation defines a consensus nucleotide, we identified earlier
the consensus sequences GGU(A/G)AGU at donor sites D — 1
through D + 6 and UNCAG at acceptor sites A — 5 through
A — 1, based on the information profile of the entire data set
(Fig. 1A; Supplemental Fig. S3). Partitioning the data set accord-
ing to intron length (Figs. 2 and 3) extended the acceptor con-
sensus sequence to UUUNNUUNCAG (A — 11 through A - 1;
Fig. 1A).
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Given the relationship between length and information, we
wished to determine whether suboptimal matches to these con-
sensus sequences were compensated for by increased informa-
tion in neighboring positions. This idea is consistent with previ-
ously observed cases of splice acceptor sites lacking the consensus
AG at positions A — 2 and A — 1, but containing a compensat-
ing, long pyrimidine tract (Wu et al. 1999; Reed 2000). We re-
stricted our attention to introns with lengths in the ranges 64—
255, 512-1023, and 1024-4095 nt, respectively, and examined
the information profiles of sets of introns with various “subop-
timal” matches to the consensus sequences. In effect, by fixing
the range of lengths, we controlled the cumulative information
for each set; this allowed us to assess the effect of the “degree of
match” on the information profile.

Using the seven consensus donor positions D — 1 through
D + 6, we compared the information profiles for the sets of in-
trons with matches at 4-of-7, 5-of-7, 6-of-7, and 7-of-7 positions.
The information profiles for the 5-of-7 and 7-of-7 sets are illus-
trated in Figure 5A, and show that the poorer match represented
by the 5-of-7 set has more information outside the positions
D — 1through D + 6, when compared with the 7-0f-7 set. Hence,
the poorer match within the consensus range D — 1 through
D + 6 led to increased information in the neighborhood, both
immediately adjacent to the consensus positions, and in the vi-
cinity, perhaps compensating for weaker spliceosome interac-
tions at the consensus sequences.

Examination of nucleotide content for the 5-of-7 set (Fig.
5B) showed that positions D — 3 and D — 2 were particularly
enriched in the nucleotide A, consistent with the expectation
that these nucleotides interact with U bases in the U5 snRNA
during the latter part of the spliceosome reaction (Fig. 1A; New-

A
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man and Norman 1992; Steitz 1992; Sontheimer and Steitz
1993). Indeed, the A and U content of exons and introns in the
general vicinity of the donor site was enriched in the 5-of-7 set
for each restricted range of intron lengths (Supplemental Fig. S5).

The A and U enrichment may facilitate the binding of pre-
mRNA to protein components of the Ul-snRNP complex (per-
haps by reducing secondary structure; Burkard et al. 1999). In
yeast, U1-snRNP proteins have been shown to cross-link to exon
and intron sequences in an extended region upstream and down-
stream from the donor site (Puig et al. 1999; Zhang and Rosbash
1999).

The 5-of-7 set also had a marked preference for A at D + 3,
whereas the 7-of-7 set had similar preferences for A or G (Fig. 5B).
An A at this position would favor interaction with U in the cor-
responding position in the Drosophila Ul snRNA (see Fig. 1A),
and hence may facilitate spliceosome function at the donor site.
Similarly, the preferred A at D — 2 (Fig. 5B) would likely base-pair
with U1 (Fig. 1A). We also noticed a tendency for pronounced A
enrichment at the nucleotide positions immediately flanking the
predicted region of Ul or U6 binding. This was observed, for
example, when we examined the nucleotide compositions for
the set of introns that match AGGU(A/G)A at positions D — 2
through D + 4 but fail to match either of the consensus nucleo-
tides at D+ 5 and D + 6. This set shows pronounced A enrich-
ment at D — 3, D+ 5, and D + 6 (Supplemental Fig. S6). These
observations indicate that A enrichment on either side of the
region of U1l binding enhances spliceosome function.

The effects of suboptimal consensus sequences depended on
the ranges of intron lengths that were considered. Suboptimal
consensus sequences for smaller introns (e.g., 64-255 nt; Supple-
mental Fig. S5) had enrichment in both A and U content, but the
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Figure 5 Partial-canonical splice sites reveal alternative information content. (A) The graphs show the information profiles for two sets of introns with
lengths between 1024 and 4095 nt—those that match the donor consensus sequence GGU(A/G)AGU at D — 1 through D + 6 in all seven positions
(7-of-7; 241 introns) compared with those that match at five positions (5-of-7; 123 introns). The 5-of-7 set had extra information outside of D — 1
through D + 6. The average standard deviation at a nucleotide position (—32 to 32) is 0.015 (7-of-7); 0.044 (5-of-7). (B) The graphs of nucleotide counts
for the 5-of-7 set in A reveal a preference for A at D + 3 that would base-pair most effectively with U in U1 snRNA (Fig. 1A). The 5-of-7 set also had
enriched A content at D — 3 through D — 1, which would enhance base-pairing with U5 snRNA (Fig. TA). The standard deviation at each nucleotide

position is <0.033 (7-of-7); <0.12 (5-0of-7).
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levels of this combined enrichment were lower than observed
with longer introns (1024-4095 nt; Supplemental Fig. SS5), which
were particularly enriched in A content. Analogous effects were
observed when comparing different levels of mismatch with con-
sensus sequences. For example, using introns of length 64-255
nt, comparison of 5-of-7 with 7-of-7 sets for donor positions
D + 1 through D + 6 showed modest A and U enrichment,
whereas the corresponding 4-of-7 set had greater enrichment,
particularly in A content (Supplemental Fig. S5).

A similar analysis of suboptimal consensus sequences at ac-
ceptor sites revealed a compensating enrichment of the A and U
content of intron sequences in the vicinity, again perhaps facili-
tating the splicing reaction (Supplemental Fig. S7A,B). The re-
gions of elevated A content included the pyrimidine tract whose
predicted interaction with U2AF®3®® or Prp8 may be enhanced
by reduced secondary structure. Forced mismatches to the con-
sensus sequence in the range A — 11 through A — 1 revealed
enhanced pyrimidine content upstream of A — 11, in particular
at A — 14 (Supplemental Fig. S7C).

The observation that forced mismatches are associated with
elevated A content raised the possibility that these splice sites
might be in genomic regions of general elevated A content that
can tolerate suboptimal splice sites. However, examination of the
A content of introns (512-8191 nt) and exons (512-4095 nt)
flanking suboptimal donor sites (Table 2) showed that the eleva-
tion in A content was only significant in the immediate vicinity
of the donor splice sites (positions —32 to +32; p > 0.99 by one-
tailed approximate t-test). The A content of exons flanking sub-
optimal donor sites was not significantly different from that of
optimal donor sites (p >0.99), indicating that there was no A-
content bias in genomic regions of suboptimal donor sites.

DISCUSSION

The selective partitioning of our splice-site data set based on in-
tron lengths has revealed similar consensus sequence and general
nucleotide content trends to those we observed by partitioning
based on suboptimal matches to consensus sequences. Because
these trends were observed in contexts that would strain the
function of the spliceosome system, they likely serve to promote
splicing efficiency. Indeed, many of the trends are consistent
with sequence requirements indicated by previous molecular and
genetic studies (Fig. 1A). Our combined results provide a view of
“optimized” consensus sequences for splicing. Ordered partition-
ing by intron length (Fig. 3) defined consensus positions with
>0.5 bits of information in longer introns at the donor site (po-
sitions —1 to 6): GGU(A/G)AGU, and at the acceptor site (posi-
tions —11 to —1): UUUNNUUNCAG (Fig. 1A). Analysis of sub-
optimal matches (Fig. 5; Supplemental Fig. S7C) refined and ex-
tended the donor consensus at positions —2 to 6: AGGUAAGU,
and the acceptor consensus at positions —14 to —1: UNNUUUN
NUUNCAG (Fig. 1A). The average numbers of matches to these
consensus sequences were higher for donor and acceptor sites
adjacent to longer introns (Fig. 1B). The two partitioning analy-
ses also revealed similar general nucleotide content trends. In
addition to expansion of the pyrimidine tract upstream of accep-
tor sites (Fig. 2), enrichment in A content, and to a lesser degree,
U content in the vicinity of donor and acceptor sites, were im-
plicated in promoting the splicing reaction (Fig. 5; Supplemental
Figs. S5, S6, S7).

Our observations of local (Fig. 5B; Supplemental Fig. S5) and
more general (Fig. 4; Supplemental Figs. S5, S6, S7) A enrichment
indicate that spliceosome function may be facilitated when par-
ticipating pre-mRNA regions are less likely to base-pair in second-
ary structures. This suggestion that reduced secondary RNA struc-
ture could favor splicing is supported by previous reports that

cryptic acceptor sites can be activated by mutations predicted to
reduce the base-pairing of A — 3 through A — 1 in stem-loops of
secondary structures (Deshler and Rossi 1991). This conclusion is
also supported by analysis of splicing in dicot plants in which
AU-rich intron sequences have been implicated in promoting
splicing (Goodall and Filipowicz 1991).

The association of enriched A and U content with enhanced
splicing implies that in assessing the information requirements
of donor and acceptor sites, it is appropriate to include the cu-
mulative small contributions of information over broad regions
in the vicinity of the splice sites. For example, summing the
information at positions —32 to 32 for all donor and acceptor
sites (see Supplemental Fig. S3) revealed information estimates of
9.64 = 0.04 (donor) and 10.15 + 0.04 (acceptor) bits. (After sub-
tracting an adjustment for Drosophila genome background
nucleotide frequencies, these cumulative measures are 9.23 [do-
nor| or 9.76 [acceptor]; see Appendix 3.) Interestingly, these val-
ues exceed the average log,(distance) between donor sites (9.07)
and acceptor sites (8.86) in our data set, indicating that these
information estimates are sufficient for the observed spacing be-
tween donor sites and acceptor sites, although the latter may also
require information at the splice branch points (Chua and Reed
2001; Lim and Burge 2001). As expected from our analysis at
individual nucleotide positions, the cumulative information at
positions — 32 to +32 increases with intron length (Supplemental
Fig. $8). Moreover, the cumulative information for donor and
acceptor sites of small introns (64-80 nt) is significantly lower
than those of longer introns (>8191 nt; Fig. 2A; p > 0.99 by one-
tailed approximate t-test).

Our analysis has allowed us to define quality measures at
different nucleotide positions relative to the donor and acceptor
sites. We have confirmed that the canonical GU...AG bookends
of introns are extremely highly conserved for all lengths of in-
trons (Fig. 3A). We have also shown that certain positions have
strikingly more information with progressively longer introns
(e.g., D+4,A — 6, A — 35). The position D + 5 stands out in hav-
ing a very high incidence of G (>83%) for all intron length ranges
(Supplemental Fig. S4). We suggest that because the three hydro-
gen bonds of G would contribute more to the interaction with Ul
or U6 snRNA than would neighboring As and Us, this may rep-
resent an optimal choice providing greater interaction strength
with minimal increase in information. Interestingly, D + 5 was
also found to be invariant in a genome-wide analysis of 228 yeast
introns (Spingola et al. 1999).

Our observation that information and nucleotide content at
splice sites is affected by the lengths of nonadjacent introns im-
plies the existence of long-range effects spanning multiple in-
trons. Although identification of molecular processes mediating
these long-range effects awaits future analyses, it is striking that
the effects are both sequence-specific (e.g., enhanced consensus
sequences in the donor site following the varied intron; Fig. 3C),
as well as more general (e.g., C enrichment near splice sites fol-
lowing, and A enrichment near splice sites preceding the varied
intron; Table 1; Fig. 4). One can speculate that these observations
are consistent with there being a molecular complex involving
multiple splice sites. It is particularly striking that the levels of C
and U enrichment in the pyrimidine tracts of acceptor sites cor-
relate with the lengths of nonadjacent introns—C enrichment
reflects a longer upstream intron, whereas U enrichment reflects
a longer downstream intron—consistent with the possibility that
C and U enrichment may facilitate molecular interactions with
upstream and downstream splice sites, respectively.

The large size of our data set (10,057 introns) permitted its
partitioning into subsets of substantial size. The stored proce-
dures in our database permitted us to select ordered subsets cor-
responding to progressive changes in selected parameters (in our
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case, intron length or extent of mismatch to consensus). In con-
trast to random sampling, this approach allowed us to uncover
rather subtle trends. For example, although the information in-
creases at positions A — 18 through A — 13 (Fig. 3A) are quite
subtle, they are highly suggestive because they derive from or-
dered partitioning according to intron length.

In the future, as larger data sets become available, it will
become possible to extract progressively more information with
the analytical approach used in this paper. We have shown that
partitioning of splice-site data based on intron lengths, and con-
formity to consensus sequences, provides an enhanced view of
splice-site sequence requirements that was not possible with pre-
vious smaller data sets. We expect that similar studies of selected
subsets of large data sets reflecting special contexts that strain the
functioning of molecular machines, for example, involving pro-
tein-DNA interactions, will provide useful insights into their
functions.

APPENDIX 1

Scanning Algorithm to Identify Splice Sites

To determine the splice sites for a given cDNA transcript, we used
the following algorithm with the transcript and the correspond-
ing genomic DNA.

Step 1: Starting initially at the 5’-end of the cDNA, find the first
exact match between the next 20 bases in the cDNA and
the genomic DNA.

Step 2: Continue scanning the cDNA and genomic DNA one base
at a time until the first mismatch is found; this deter-
mines a maximal matching region on the genomic DNA.
Starting at the first mismatch in the cDNA, repeat step 1
to determine a second downstream matching region on
the genomic DNA. The intervening region is the pre-
dicted intron.

Step 3: If the first base upstream of the intron and the last base
in the intron do not match, use the intron to define the
donor and acceptor sites and go to step 4.

Otherwise, while the first base upstream of the intron and
the last base in the intron match, perform the following steps:

If a GT...AG or AT...AC consensus is found at the ends of the
intron, use it to define the donor and acceptor sites and go to
step 4.

Move the start and finish positions of the intron one base up-
stream.

If no weak form of consensus (3 out of 4 match) is found, termi-
nate the processing of the transcript.

Step 4: Repeat step 2 using the second matching region of the
genomic DNA and the corresponding cDNA matching
region.

An extended version of the algorithm also partially handles
SNPs in step 2 by using the following rule: The maximal match-
ing region is extended as long as at most 1 mismatch is encoun-
tered in every 10 bases.

APPENDIX 2

As discussed in the Appendix to Schneider et al. (1986), a bias is
introduced by using the standard formula for computing the un-
certainty at a given position p based on the frequencies of nucleo-
tide occurrences in a sample size N. The correct estimate for the
uncertainty is obtained by assuming a multinomial distribution
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of the nucleotides at a position p and computing the expected
value of the random variable X, that assumes the uncertainty
value

Hna,nc,ng,nu = E (l’lOL/N)lng(n(x/N)

with the probability

N!

1a 1C phg phit
P PlapiepIsp,

na,nengm = nalnclnglnu!

where P,, P, P, P, represent fixed estimates for the frequencies of

nucleotide occurrences and na, ng, nc, and nu represent the num-

ber of occurrences of A, C, G, and U, respectively, at position p.
The expected value of X, is defined by

E(Xp) = 2 Pna,nc,ng,mana,n(,ng,nu'

na+nc+ng+nu=N

Numerical estimates show that the expected value E(X,) con-
verges to the standard uncertainty value H, = —X {P, log,(P,):
a=a, ¢ g u} as the sample size N increases. These estimates also
indicate that the correction factor vy, = H, — E(X,) has approxi-
mately the same value for each distribution {P,}. Therefore, for
N = 125, we calculate vy, using P, =P.=P,=P,=0.25. For
N> 125, we estimate the correction factor using the following
approximation due to Basharin (1959): y, = 1.5/(In(2) X N).

By definition, the variance of the random variable X, is
H2

na,nc,ng,nu

var(X,)= >, P

na,nc,ng,nir
na+nc+ng+nu=N

- E(X,)"

For N = 125, we use this expression to compute the standard
deviation

o(X,) = \V/Var(X,)

of the sampling error at position p. Numerical estimates indicate
that as the sample size N increases the variance Var(X,) converges
to the following expression due to Basharin (1959):

u

1
Vary(X,) = | 2PogiP)- Hy

a=a

Therefore, for N > 125, we estimate the standard deviation o(X,)
using VVarg (X,).

Assuming that the random variables X,, at the contiguous
distinct positions p = py, p,, ..., p, are independent, it follows that
the variance on the site p,p, ... p, is given by the expression

;Var(Xpi).

The expected values and standard deviations of X, and (X, , X,,,,

.» Xp), were used in approximate -tests (Zar 1999, section 8.1) to
compare information estimates at positions and regions near do-
nor and acceptor sites.

Other methods based on techniques from large-deviation
statistics have also been used to estimate P values of information
content scores (Hertz and Stormo 1999).

Assuming a sample size N, we will assume a multinomial
distribution for the nucleotides at a position p, where P,, P, P,,
and P, represent the standard frequency estimates for the occur-
rences of the respective nucleotides. In this case, the probability
that na, ng, nc, and nu represent the number of occurrences of A,
C, G, and U, respectively, is given by the expression
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N!
P

na,nc,ng,nu

na!nc!ng!nu!Pg“P?CP;gPZu'
Based on this assumption, it is well known that the random
variable Y, representing the nucleotide count of a particular
nucleotide a (a = A, C, G, or U) at position p has a binomial
distribution. Therefore, the expected value of Y, is E(Y,) = NP,
and the variance of Y is Var(Y,) = NP (1 — P,).

Assuming that the random variables Y,, at the contiguous
distinct positions p = p,, p,, ..., p, are independent, it follows that
the variance on the site p,p, ... p, is given by the expression

,
N Pio(1-P,).
i=1

In particular, because the maximum value of NP, (1 — P;,) is N/4
when P,, = 0.5, the maximum value of the variance for a site r
bases wide is Nr/4. The expected values and standard deviations
of Y, and (Y, Y,,, ..., Y,») were used in approximate t-tests (Zar
1999, section 8.1) to compare nucleotide counts and nucleotide
percentages at positions and regions near donor and acceptor
sites.

APPENDIX 3

In this paper, we calculate information relative to random back-
ground where each nucleotide frequency is 0.25. However, infor-
mation can also be calculated relative to background nucleotide
frequencies of the Drosophila genome: 28.8% A, T; 21.2% G, C
(BDGP releases 2 and 3). One can calculate information relative
to these genomic frequencies using different methods, either by
subtracting background information, or by calculating relative
entropy (Lim and Burge 2001). Because the average genomic
background information in Drosophila is 0.017 bits/nucleotide
position, the values relative to a random background may be
inflated by as much as 0.017 bits. Hence, information can be
corrected by subtracting this amount (0.017 bits; Supplemental
Fig. S3B). These corrections (background subtraction or use of
relative entropy) lead to very small adjustments at any given
position, but to modest changes in cumulative information (see,
e.g., Table 3). We note that the statistical corrections described in
this study do not necessarily apply to either type of genomic
frequency adjustment.

Table 3. Cumulative Information for Positions —32 to +32

Intron Information Information Relative
length Site (random)? (genomic)® entropy*®
64-80 D 9.57 9.14 9.24
64-80 A 10.00 9.58 9.15
All D 9.64 9.23 9.10
All A 10.15 9.76 9.23
>8191 D 11.80 11.00 11.61
>8191 A 14.27 13.48 14.22

#Information relative to random nucleotide frequencies: 25% A, C, G,
T.

PAbsolute differences between information relative to random
nucleotide frequencies and background information computed from
Drosophila genomic nucleotide frequencies (28.8% A, T; 21.2% G, C).
The sampling error (See Appendix 2) is also subtracted, but the final
value is not allowed to be negative.

“Relative entropy based on the Drosophila genomic nucleotide fre-
quencies with no correction for sampling error.
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