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ABSTRACT

Splice site nucleotide substitutions can be analyzed by comparing the individual infor-
mation contents (R;, bits) of the normal and variant splice junction sequences [Rogan and
Schneider, 1995]. In the present study, we related splicing abnormalities to changes in R;
values of 111 previously reported splice site substitutions in 41 different genes. Mutant donor
and acceptor sites have significantly less information than their normal counterparts. With
one possible exception, primary mutant sites with < 2.4 bits were not spliced. Sites with R;
values > 2.4 bits but less than the corresponding natural site usually decreased but did not
abolish splicing. Substitutions that produced small changes in R; probably do not impair
splicing and are often polymorphisms. The R; values of activated cryptic sites were generally
comparable to or greater than those of the corresponding natural splice sites. Information
analysis revealed pre-existing cryptic splice junctions that are used instead of the mutated
natural site. Other cryptic sites were created or strengthened by sequence changes that si-
multaneously altered the natural site. Comparison between normal and mutant splice site R;
values distinguishes substitutions that impair splicing from those which do not, distinguishes
null alleles from those that are partially functional, and detects activated cryptic splice sites.
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INTRODUCTION

Mutations at splice sites make a significant contribution to human genetic disease, since
approximately 15% of disease-causing point mutations affect pre-mRNA splicing [Krawczak
et al., 1992]. Mutations in splice sites decrease recognition of the adjacent exon and conse-
quently inhibit splicing of the adjacent intron [Talerico and Berget, 1990; Carothers et al.,
1993]. Splice site mutations may result in exon skipping, activation of cryptic splice sites,
creation of a pseudo-exon within an intron, or intron retention [Nakai and Sakamoto, 1994]:
(1) Exon skipping, the most frequent outcome, is thought to result from failure of the nor-
mal and mutant splice sites to define an exon. (2) Most cryptic mutations activate splice
sites of the same type and are typically located within a few hundred nucleotides of the
natural site. This distance is probably limited by restrictions on the length of the resultant
exon [Hawkins, 1988; Berget, 1995]. (3) Occasionally, mutations that are further away from
the natural splice site create cryptic sites that are activated in the presence of a nearby cryp-
tic splice site of opposite polarity, producing a novel non-coding exon within the intron. (4)
Splice site mutations in very short or terminal introns can result in intron retention [Domin-
ski and Kole, 1991]. In these instances, additional sequence elements may be required for
normal splicing [Black, 1991; Black, 1992; Sterner and Berget, 1993].

Essential elements in donor and acceptor splice junctions have been defined by consensus
sequences [Mount, 1982], by analysis of nucleotide frequencies at each position in a splice
site [Senapathy et al., 1990] and by neural network prediction [Brunak et al., 1990]. Each
of these methods have limitations. Although the GT and AG positions adjacent to donor
and acceptor splice junctions are highly conserved, other positions are more variable [Mount,
1982; Stephens and Schneider, 1992]. The consensus sequence approximates the nucleotide
frequencies at each position, and so it excludes the contributions of less frequent nucleotides
present in a proportion of natural splice sites. Splice site sequences that deviate from the
consensus do not necessarily produce significantly lower amounts of spliced mRNA [Rogan
and Schneider, 1995]. Training a neural network requires sequences of both binding sites
and sequences that are not bound [Stormo et al., 1982; Brunak et al., 1990]. Generally, non-
bound sequences are taken to be those remaining after binding sites have been identified.
However, these sequences do contain functional sites [Schneider, 1997b; Hengen et al., 1997],
so neural networks may be inappropriately trained on overlapping data sets.

In contrast, information-theory based models of donor and acceptor splice sites require
only functional sites and show which nucleotides are permissible at both highly-conserved
and variable positions of these sites [Stephens and Schneider, 1992]. Information is the
only measure of sequence conservation which is additive [Shannon, 1948]. The information
content (R;, in bits) of a member of a sequence family describes the degree to which that
member contributes to the conservation of the entire family [Schneider, 1997a; Schneider,
1997b]. R; is the dot product of a weight matrix derived from the nucleotide frequencies
at each position of a splice site sequence database and the vector of a particular sequence.
Individual information is related to thermodynamic entropy and therefore to the free energy
of binding [Schneider, 1994; Schneider, 1997a]. Since splice sites are recognized prior to
intron excision [Berget, 1995], the sequence of the splice site dictates the strength of the
spliceosome-splice junction interaction and thus splice site use. It is our thesis that the
strength of this interaction is related to the information content of the splice junction.



Rogan et al., Information at human splice site mutations 3

A group of sites with similar sequence and function can be described and quantified
by their corresponding distribution of individual information contents. The mean of this
distribution of R; values is 7.92 + 0.09 bits for the 10 nucleotide long splice donor sites and
9.35+0.12 bits for the 28 nucleotide long acceptor sequences [Stephens and Schneider, 1992;
Schneider, 19974, representing the average amount of information required for splicing,
Riequence [Schneider et al., 1986; Schneider, 1995; Schneider, 1994]. Strong splice sites have
R; values > Rgequence; Weak sites have R; values < Rgequence- Non-functional sites have R;
values less than or equal to zero [Schneider, 1994; Schneider, 1997qa]. Since mutations at
splice sites lessen or abolish splicing at those sites, we investigated whether the R; values of
mutant splice sites were related to defects in mRNA processing and whether mutant, cryptic
and the corresponding natural splice sites could be ordered based on their respective R;
values.

MATERIALS AND METHODS
Individual information analysis

Information content is defined as the number of choices needed to describe a sequence
pattern, using a logarithmic scale in bits [Schneider et al., 1986; Schneider, 1995]. A set of
either donor or acceptor splice junction recognition sites are aligned and the frequencies of
bases at each position are determined. The weight matrix used to model the splice junctions
is computed from

Riy(b,l) =2 — (—log, f(b,1) +e(n(l)))  (bits per base) (1)

where f(b,1) is the frequency of each base b at position [ in the aligned binding site sequences
and e(n(l)) is a sample size correction factor [Schneider et al., 1986] for the n sequences at
position [ used to create f(b,1) [Schneider, 1997a]. The matrix, R;,(b,1), is a 2 dimensional
array in which row b corresponds to one of the 4 nucleotides in DNA and column [ is the
position along the aligned set of splice junction recognition sites. This individual information
matrix represents the sequence conservation of each nucleotide, measured in bits of informa-
tion. Ry, (b,l) can be used to rank-order the sites, to search for new sites, to compare sites
with one another, to compare sites to other quantitative data such as DNA-protein binding
strength, and to detect errors in databases [Schneider, 1997a; Schneider, 1997b].

The individual information of a sequence j is the dot product between the sequence and
the weight matrix:

R(j) =) Et: (b, 1, 7)Riw(b, 1) (bits per site) (2)

b=a

where s(b, [, j) is a binary matrix for the jth sequence, in which cells have a value of 1 for
base b at position [ and a value of 0 elsewhere.

The mean of the distribution of R; values of natural sites i Rsequence [Schneider, 1997b;
Schneider, 1997a]. The distribution of R; values is approximately Gaussian, however the
lower and upper bounds are zero bits and the R; value of the consensus sequence.
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The null R; distribution was determined by creating a random 10,000 nucleotide sequence
with a Markov chain process that maintained the same mono- and dinucleotide composition
as the human splice junction database [Stephens and Schneider, 1992]. The means of the
splice donor and acceptor null distributions were respectively —14.20+6.88 and —14.67+7.15
bits. The probability of observing either a donor or acceptor site with R; > 0 in this random
sequence was 0.02 (Z = 2.0).

The effects of nucleotide substitutions can be evaluated by comparing the individual in-
formation of the common and variant alleles. The minimum fold change in binding affinity of
two sites is 225 where AR; is the difference between their respective individual information
contents [Schneider, 1997al.

Computational tools have been developed to investigate and display individual infor-
mation. The Ry, (b,1) matrices were first computed from a set of 1799 splice donor and
1744 acceptor sequences [Stephens and Schneider, 1992]. To scan for potential sites or
to determine the effects of a sequence change on the normal and neighboring sites, the
individual information content of the donor or acceptor motif is computed for every site-
length window in the sequence. To assess the effects of various substitutions on a specific
donor or acceptor site, R; was computed for the normal and variant sites with the program
Scan and displayed with MakeWalker, DNAPIlot and Lister (Schneider, 1997b; http://www-
lecb.nciferf.gov/~toms/walker).

The Scan program uses the R;,(b,[) matrix to evaluate the individual information (R;)
at each position in a sequence. For each evaluation, it also computes the number of standard
deviations away from Rgequen ¢ ( score), and the one-tailed probability ( ) of observing a
normal splice site with that value of R;. Sequences with R; values that are either significantly
greater or less than Rgequen « have low probabilities of belonging to the natural population
of sites.

A walker graphically shows the contributions of each position to a binding site. n the
display (generated by Makewalker or Lister), favorable contacts between the spliceosome
and a test sequence are indicated by letters that extend upwards, while positions that are
predicted to make unfavorable contacts are shown by inverted letters. Makewalker is inter-
active and shows one walker at a time, while Lister displays multiple walkers aligned with
sequences and annotated by coding regions ( Figs 1-4).

uman splice site mutations were chosen from published reports for which corresponding
genomic sequence data were available. nly a subset of reported mutations could be ana-
ly ed, as sufficient intron sequences were often unavailable (26 nucleotides for acceptor
sites, 7 nucleotides for donor sites). To investigate the relationship between R; value
and splice site use, studies that evaluated expression of the mutant m NA
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