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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.
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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 Rgequence (Z score), and the one-tailed probability (p) of observing a
normal splice site with that value of R;. Sequences with R; values that are either significantly
greater or less than Rgequence have low probabilities of belonging to the natural population
of sites.

A walker graphically shows the contributions of each position to a binding site. In 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 (e.g. Figs 1-4).

Selection of mutations

Human splice site mutations were chosen from published reports for which corresponding
genomic sequence data were available. Only a subset of reported mutations could be ana-
lyzed, 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 mRNA were selected
whenever possible. A sequence interval (> 100 nucleotides) surrounding the splice junction
was scanned to detect potential cryptic splice sites in the vicinity of the natural site. Larger
sequence windows were used for cryptic sites known to occur further away from the natural
site (e.g. Table 2, #24).

Two mutations could not be analyzed because there were discrepancies at corresponding
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splice site sequences from different reports. A mutation in the IVS 10 acceptor of the
hexosaminidase B gene could not be analyzed because the natural acceptor site had negative
information content in one of the sequences [Neote et al., 1988; Proia, 1988]. A similar
inconsistency was found in two different versions of the IVS 5 acceptor sequence of the
protein kinase C gene [Foster et al., 1985; Soria et al., 1993].

Statistical analyses

Natural and variant sites with R; > 0 were compared with Rgequence [Stephens and Schnei-
der, 1992] by using the Z statistic and associated probability of observing a site with a
particular R; value [Schneider, 19974l.

Primary mutations for either donor or acceptor sites were analyzed by determining the
average differences in R; values (AR;) of natural versus mutant sequences. Significance was
evaluated using a paired t-test. Mutations in which cryptic splicing was either predicted or
demonstrated experimentally were excluded to avoid biasing estimation of AR;, since cryptic
splicing can alter natural splice site use in the absence of a change in the information content
of that site.

The observed distributions of the locations of cryptic donor and acceptor sites were
compared with a model that assumes that these sites are equally likely to occur upstream or
downstream of the natural site. Significance was evaluated with the binomial distribution.

Relationship of information content to splice site use

Different mutation reports measured splice site use directly by either cDNA sequenc-
ing, reverse transcription-PCR, primer-extension, S1 nuclease analyses, or allele-specific hy-
bridization. Direct comparisons of natural and mutant splicing patterns were not always
available. In some instances, the effect of the mutation was measured indirectly using either
Northern hybridization (Table 1, #46, 47, 49; Table 3, #4), antigen immunoprecipation or
protein levels (Table 1, #18, 19, 20, 21, 23, 24, 25, 26, 27, 28, 29, 30, 49; Table 2, #40, 41,
42, 43; Table 3, #2, 3, 4) or measurements of enzymatic activity (Table 1, #18, 19, 20, 21,
23, 24, 25, 26, 27, 28, 29, 30, 34, 35; Table 2, #40, 41, 42, 43 ; Table 3, #2, 3). Functional
analyses of splicing were not reported for mutations #31, 32, 54 and 55 in Table 1, #14, 15,
23, 34-38, and 44, 45, 46 in Table 2, and #1, 7 and 8 (the natural site at 2621) in Table 3.

RESULTS

Several categories of mutations were distinguished by individual information analysis. A
total of 111 nucleotide substitutions were evaluated. Fifty-seven mutations were nucleotide
substitutions that solely altered use of the natural splice site and did not create cryptic
splice sites (designated as primary splice site mutations, Table 1). Activated cryptic splice
sites were predicted for 46 different mutations, 33 of which were corroborated experimentally
(Table 2). Eight nucleotide substitutions were predicted not to alter splicing (Table 3).
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I. Primary mutations in splice junction recognition sequences

Differences in information content of natural and mutant splice sites. Many of
the primary splice junction mutants that showed complete exon skipping (residual splicing:
—) had R; values < 0 bits (Table 1, #2, 3, 11, 12, 15, 16, 17, 19, 35). However, there are
primary mutant donor and acceptor sites that were not used that have mostly small positive
R; values (Table 1, #4, 5, 14, 20, 21, 24, 36, 38, 40, 43, 47). This suggests that recognition
of splice donor and acceptor sites requires more than zero bits.

Mutations that reduce or completely abolish splicing have significantly lower R; values
than the corresponding natural sites. The average difference in R; between primary mutant
and natural donor sites is AR; = —7.67 & 3.95 bits (n = 45) and for acceptor sites it is
AR; = —5.97 £+ 3.50 bits (n = 12), and these differences are significant (p < 0.0001 for both
AR; values). R; values of primary acceptor mutations range from a minimum of —2.90 bits
to a maximum of 11.75 bits, whereas donor mutations have a lower range from —14.25 to
6.87 bits.

We considered the possibility that the strength of a natural splice site, i.e. R; value,
might be related to its susceptibility to mutational inactivation. 15 of 24 (62%) natural sites
in Table 1 with R; values > Ryeqyence Were inactivated by mutation or had mutant R; values
< 0, compared to 22 of 29 (76%) natural sites with R; values < Rgequence- Inactivation of
splicing is primarily determined by the specific nucleotide substitutions that occur at those
sites, however weak natural splice sites may be more susceptible than strong sites to succumb
to mutations that abolish splicing.

Amount of information required for splicing. The minimum quantity of informa-
tion required for splicing, R; i, was defined by comparing the R; values of inactivating
to leaky primary mutations (cryptic splicing mutations were excluded because activation
of cryptic sites may affect natural site use). R;min is bounded by the maximum informa-
tion content of a non-functional site and the minimum quantity of information required to
produce normal transcripts.

The following minimally functional sites had small positive R; values: A mutation at the
exon 5 donor site (5.7 — 2.6 bits) in the HEXA gene results in a low level (3%) of normal
mRNA (Table 1, #41). Similarly, a mutation at the exon 4 acceptor site (10.8 — 2.7 bits)
in the APOE gene results in 5% of normal splicing (Table 2, #2) and a mutation at the
IVS 14 donor site (6.3 — 2.7 bits) in COL1A1 decreases (by 50-60%) but does not abolish
normal splicing (Table 1, #9). Furthermore, a mutant 2.4 bit acceptor site in the IDS gene
(Table 2, #30) is associated with a moderately abnormal phenotype (the other allele is null),
consistent with production of some normal mRNA. Finally, a mutation at the IVS 6 acceptor
in COL1A2 reduces the R; value of the splice site from 5.4 to 2.4 bits and results in a mild
form of Ehlers-Danlos (type VII) syndrome due to 50% exon skipping (Table 1, #13; Fig. 1).
Splicing at this site is completely impaired in vitro at 39 °C and restored at 30 °C. The
temperature sensitivity of this mutation indicates that this 2.4 bit sequence is weakly bound
by the spliceosome.

By contrast, mutations at the exon 1 donor splice site in the CAT gene (Table 1, #4;
6.0 — 2.5 bits), in IVS 33 of COL1A2 (Table 1, #14; 6.7 — 3.2 bits) completely abolish
mRNA splicing. The R; value of this COL1A2 mutation is inconsistent with the result found
for mutation #13, since the mutation with lower information content would be expected to

<Table 1

«<Fig 1
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be inactive. This difference may not be significant depending on the (unknown) precision
of the R;,(b,]) matrix, however it seems more likely that residual splicing at the mutated
site in mutation #14 may not have been detected. Residual splicing was observed at several
mutant splice sites with R; values greater than 2.4 bits and less than 3.2 bits (Table 1, #
9, 41 and 52). These splice junction mutations define a range of values for R; ., of either
donor or acceptor sites. Although the confidence interval around R, is unknown, donor
and acceptor splice sites with R; > 2.4 bits are rarely found in a set of random sequences
with human dinucleotide composition (p = 0.008). To simplify comparisons between R; .,
and other R; values, we use R; i, ~ 2.4 bits.

Leaky splicing To determine whether the information present in a mutant site was
related to splice site use, the R; values of mutated splice sites that inactivated splicing were
compared with R; values of leaky splice sites. Completely inactivated sites generally had R;
values less than R; i, (e.g. Table 1, #46), whereas mutations with R; values greater than
R; pmin reduced but generally did not abolish splicing. For example, a G—C point mutation
in the exon 2 donor site of the LFA1 gene (Table 1, #44) decreased R; from 8.6 to 4.2
bits and this mutation is leaky, i.e. 3% of the normal spliced product is detected from this
allele [Kishimoto et al., 1989]. Likewise, a patient with mild cholesterol storage disease was
homozygous for a donor site mutation in the LIPA gene (8.8 — 5.7 bits; Table 1, #45; Fig. 2).
Mutations #1, 6, 7, 9, 10, 13, 18, 22, 26, 34, 41, 44, 45, 50, 52, and 56 (Table 1) and #2, 3, 4,
7,9, 16, 21, 23, 27, 28, 30, 32 and 41 (Table 2), which have R; values > R; in, are leaky at
the respective natural splice sites. The average decrease in R; values is smaller for primary
mutations that result in reduced levels of normally spliced mRNA; AR; is —2.92 + 0.98 bits
for donor sites (n = 12; versus —7.67 for all donor sites) and —4.25 + 2.20 for acceptor sites
(n = 4; versus —5.97 for all acceptor sites). When cryptic splice site mutations that result
in residual splicing at the natural site are considered in addition, the change is negligible:
AR; = —3.00 £ 0.98 bits (n = 14) for donor sites and AR; = —4.68 + 3.29 bits (n = 15) for
acceptor sites.

Quantitative relationship The quantitative relationship between splice site use and
information content is illustrated by the polymorphic alleles in IVS 8 of the CFTR gene
(Table 1, #6; Fig. 3). The frequency of exon 9 skipping is inversely related to the length
of the polypyrimidine tract of the upstream acceptor site [Chu et al., 1993; Chillon et al.,
1995; Rave-Harel et al., 1997]. This is not surprising since the length of a homopolymeric
polypyrimidine tract has also been related to splice site strength [Dominski and Kole, 1991].
The 4.1 bit difference between the R; values of the shortest and longest alleles accounts for
the lower amount of spliced mRNA from the shorter allele and is probably related to the
phenotype of congenital bilateral absence of the vas deferens in male homozygotes. A 4.1
bit reduction in information would correspond to at least a 17 fold (22Fi = 241) decrease in
splicing, assuming minimal conversion of information to energy dissipated [Schneider, 1991b;
Schneider, 1994]. This corresponds closely to the relative amounts of mRNA produced by
the shortest (5T) and longest (9T) alleles [Chillon et al., 1995].

Only two exceptional mutations were found in which R; > R; i, although these sites
were reportedly not used (Table 1, #5 [11.6 bits|, #43 [5.7 bits]). The minimum predicted de-
creases of 3 and 11 fold, respectively, in binding affinity would not be expected to completely
abolish splicing at these sites. Reduced amounts of splicing can occur at mutant splice sites
with R; > R; min, although a modest decrease in R; at a splice site can apparently sometimes

<Fig 2

«<Fig 3
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inactivate splicing.

I1. Detection of cryptic splice sites

Categories of cryptic splice sites R; analysis detected secondary cryptic splice sites
that are activated by mutation in or adjacent to the natural primary splice site. This
indicates that the R; values of activated cryptic sites may be determined with an information
model derived from natural splice sites [Stephens and Schneider, 1992]. Table 2 shows 33
experimentally-identified cryptic sites confirmed by information analysis of the respective
genomic sequences (section A), and 13 mutations that were predicted by R; analysis to exhibit
cryptic splicing (section B). For example, a mutation at position 35066 of the adenosine
deaminase gene (Table 2, #1) does not alter the R; value of the natural splice site (at
35099), but creates a secondary cryptic site of similar strength at position 35067. There were
7 additional mutations in which a new cryptic site was either created or predicted without
altering the R; value of natural splice site (Table 2, #12, 14, 15, 26, 31, 40, 43). Activation
of cryptic sites can also prevent splicing at natural sites by promoting exon skipping (e.g.
in 79% of transcripts resulting from a mutation in the iduronate-2-sulfatase gene; Table 2,
#26; [Jonsson et al., 1995]). Exon skipping mutations occurred predominantly at donor
splice sites (7 of 8) and in each instance, a cryptic site was created upstream whose R; value
exceeded or was similar to that of the natural site.

Several types of cryptic splicing mutations were distinguished:

1. The most common category (n = 17) showed a concerted increase in information at
the cryptic site (AR; = +6.17 4 2.94 bits) accompanied by a reduction in the R; value
at the natural site (AR; = —5.92 4 3.09 bits). All of these were acceptor sites (Table
2, #7, 23, 25, 27, 29, 30, 32, 34, 36, 37, 38, 39, 41, 42, 44, 45, 46). The distance
between these cryptic and natural splice sites is, on average, 4.3 nucleotides, which
would be expected for a mutation that simultaneously alters the R; values of both
sites. Detection of cryptic sites that overlap the natural site requires sequence analysis
of the mRNA, since changes in the size and sequence of the processed transcript are
subtle. Use of these cryptic sites would either alter the reading frame or insert or delete
one or more codons (e.g. Fig. 4).

2. Novel cryptic sites were created simultaneously with either missense mutations (Table
2, #4, 12, 14, 15) or silent coding substitutions (Table 2, #31). By creating a cryptic
site, some of these coding sequence substitutions (Table 2, #35, 36, 37, 38, 40, 43)
could also inactivate the natural splice junction or cause frame shifting instead of exon
skipping. Cryptic sites that generate mRNAs with in-frame insertions or deletions can
also be recognized by R; analysis [Allikmets et al., 1998].

3. Mutations that decreased the R; value of the natural site resulted in the use of pre-
existing cryptic sites with R; values in the normal range (Table 2, #2, 3, 9, 10, 11, 13,
17,18, 19, 20, 21, 22, 24, 28, 33). Some residual splicing may occur at a mutated natural
site when the sequence change produces mutant and cryptic sites with similar R; values
(e.g. Table 2, #7). Natural and cryptic sites compete with each other [Treisman

<Table 2

«Fig 4
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et al., 1983; Orkin et al., 1982] when the natural site exhibits either a moderate or no
reduction in R;.

Susceptibility to activation Of 31 experimentally-verified cryptic splicing mutations
(Table 2A, excluding #5 and 6), there are 19 splice sites whose R; values exceeded the
cryptic site prior to its activation (AR; = 6.65 4 3.65 bits). For the remaining 12 mutations
(10 of which involve the same site in HBB), the inactive cryptic sites exceed the natural
site by only an AR; of 1.66 & 0.66 bits. Furthermore, the differences in R; values between
natural and cryptic sites prior to mutational activation are much smaller for donor sites
(AR; = 1.25 + 4.68, n = 17 for donors vs. AR; = 7.03 4+ 3.59, n = 15 for acceptors).
Likewise, cryptic donors were activated by an increase of AR; = 3.12 & 2.85 bits (n = 5),
whereas cryptic acceptor sites were activated by AR; = 5.86 & 3.27 bits (n = 10). From
these observations it would appear that donor sites may be more susceptible to the effects
of neighboring cryptic sites.

Distance effects Cryptic sites activated by a mutation that weakens the natural site
must reside within a few hundred nucleotides of the natural splice site, since the novel exon
is restricted in length [Hawkins, 1988; Berget, 1995]. For example, a strong cryptic acceptor
in intron 2 of the B-hemoglobin gene is activated by mutations at the exon 3 acceptor 271
nucleotides downstream (Table 2, #24). Mutation at a natural site can, however, activate
sites that are further away when a cryptic exon is created. For example, mutation at the
exon 3 acceptor of the CFTR gene activates a cryptic, non-coding exon in intron 3 (2,354
nucleotides downstream of exon 3 and 19,329 nucleotides upstream of exon 4; Table 2, #3).

Exceptions Although pre-existing or novel cryptic sites with R; values less than that
of the strongest local splice site were usually not recognized, there were exceptions. Infre-
quently, a weaker cryptic site can interfere with a natural site, even when the natural site is
strengthened by the mutation (e.g. Table 2, #16). For example, activated cryptic sites with
R; values lower than those of the natural splice site after mutation may sometimes be used
(Table 2, #1, 3,4, 6,9, 16, 23, 32). In at least one instance (Table 2, #1), a cryptic acceptor
site upstream of the natural site is predominantly used despite the fact that both sites have
similar R; values, which suggests that the cryptic site is recognized first. Conversely, the R;
value of the exon 1 donor in the (3-globin gene is less than that of an upstream cryptic site
(Table 2, #12-15, 17-22), however this cryptic site is not activated unless it is strengthened
or the donor is weakened. These exceptions suggest that besides direct competition between
the cryptic and natural splice sites, other factors can influence splice site selection.

Another class of exceptional splice sites were those that generated alternatively processed
transcripts. Active “cryptic” sites that resided in introns of the CSPB gene had R; values
in the normal range (Table 2, #5, 6) [Trapani et al., 1988; Klein et al., 1989]. They may
represent alternative splice sites regulated by other sequence elements that can be present
in the adjacent exons [Lavigueur et al., 1993; Sun et al., 1993b; Dirksen et al., 1994; Huh
and Hynes, 1994; Humphrey et al., 1995] or polypyrimidine tracts [Sun et al., 1993b; Wang
et al., 1995].

ITI. Non-deleterious splice site substitutions

Nucleotide substitutions that do not significantly alter the R; value of a natural site
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are expected to produce functional rather than mutant sites [Rogan and Schneider, 1995].
Given that such substitutions are not likely to be deleterious, they may be polymorphic in the
germline, as has been shown for a sequence change in an hMSH2 splice acceptor site [Leach
et al., 1993]. We identified other nucleotide substitutions that did not significantly alter the
R; value (Table 3):

1. Reported mRNA analyses of substitutions #4 and 5 did not reveal splicing defects
that altered either the size, structure or quantity of these transcripts although these
changes had been suggested to affect splicing [Carstens et al., 1991; Higashi et al.,
1988; Speiser et al., 1992; Owerbach et al., 1992; Barbat et al., 1995].

2. A C—G substitution 12 nucleotides upstream of the IVS 2 acceptor of the CYP21
gene (Table 3, #6) decreases in R; value by only 1.56 bits and mRNA of normal size
and quantity was present [Higashi et al., 1988]. Asymptomatic individuals with this
sequence have been reported [Day et al., 1996; Schulze et al., 1995; Day et al., 1995]
and a comparable AR; results from a benign C—A polymorphism at the same position
(Table 3, #5).

3. An A—G substitution at the exon 7 donor site of the OTC gene was suggested to cause
exon skipping, however Northern analysis did not show either the size or quantity of
mRNA to differ from controls and the change in R; was negligible (Table 3, #4). Since
OTC protein was not detected, this patient may harbor a mutation elsewhere.

Splicing patterns for several nucleotide substitutions #1, 2, 3, and 7 (Table 3) were not
reported, however, based on information analysis, these changes would not be predicted to
alter mRNA splicing. The substitutions either maintain or increase the information content
of the natural splice site. The R; values of the proposed cryptic sites for substitutions
#1, 2, and 8 were either negative or unchanged, suggesting that they are not activated by
these substitutions. A proposed cryptic site in exon 3 of the p53 gene (substitution #7) is
significantly weaker than the natural acceptor site (by 6.14 bits) and has an R; value only
slightly larger than R; ;- It would seem unlikely that this cryptic site is preferentially used.

DISCUSSION

The number of bits in a splice site is related to the amount of splicing at that site. Pre-
viously, we demonstrated that a polymorphic splice junction variant caused little change in
information [Rogan and Schneider, 1995]. The present study extends this finding and shows
that mutant splice sites often contain significantly less information than their corresponding
natural sites. Further, cryptic splice sites are activated by increases in information or by
decreases at the natural splice site, and the information at activated cryptic sites is often
comparable to or exceeds the natural site.

Predicting the effects of mutations A required step of information analysis is to
compute the total information over all positions in a site. This value must then be compared
with that of other sites prior to concluding that a substitution that changes a positive to
a negative weighting is deleterious (compare Tables 1 and 2 to Table 3). Functional splice
sites can have nucleotides with negative weightings (e.g. Fig. 1, position 63) that are offset

<Table 3
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by strong contributions at other positions (e.g. Fig. 1, position 64), as we have shown for
other binding sites (Figure 2 in Schneider, 1997b; Hengen et al., 1997). Statistical analyses
of the distributions of point mutations in splice sites are useful [Krawczak et al., 1992] but
can sometimes obscure these compensating effects. Within a binding site, the context of a
mutation can be as important as the mutation itself.

The difference between the observed value of R; i, (~ 2.4 bits) and its expected value
(zero bits) may have a biological basis. However, this difference could also be explained by
errors in the database used to create the splice weight matrices [Schneider, 19970], statistical
limitations of the data and matrices, motifs that are different from the majority of sites [Hall
and Padgett, 1994], or intrinsic limits to the precision of splice site recognition [Schneider,
1991a]. Although the standard deviation of Rgeguence can be determined [Stephens and
Schneider, 1992], the confidence intervals on individual R; values are unknown. These inter-
vals are expected to be larger at the lower and upper bounds of the R; distribution, where
fewer functional splice sites are observed. The existence of a natural site with R; < R; min
(2.2 bits; Table 2, #26) and an exon-skipping mutation with R; > R, (3.2 bits; Table 1,
#14) suggests that R; i, is not known precisely. The error (|R; — R; min|) may be as little
as 0.2 bits (R; = 2.2 bits; Table 2, #26), but it might be as much as 2.4 bits (R; = 0 bits;
Schneider, 1997a).

Susceptibility to mutation Donor sites may be more susceptible to inactivation than
acceptor sites. The R; values of mutant donor sites are more likely than mutant acceptors
to be less than R; ;. Natural donors possess less information than acceptors [Stephens
and Schneider, 1992] and the average decrease in information due to mutation at donor sites
exceeds the reduction in R; at acceptors. Information is also less densely distributed across
acceptor splice sites (0.3 bits per nucleotide) than in donor sites (0.8 bits per nucleotide), so
changes at acceptors often have a smaller effect on R;. Significantly more primary mutations
in donor sites (n = 45) than acceptor sites (n = 12) were found, as has been noted [Krawczak
et al., 1992; Nakai and Sakamoto, 1994].

Cryptic splicing The R; values of most novel cryptic donor sites exceeded or were sim-
ilar to those of the corresponding natural sites. Although similar results were also inferred
from Shapiro-Senapathy consensus values [Krawczak et al., 1992], information analysis de-
tects fewer incorrect cryptic splice sites [O’Neill et al., 1998], more accurately discriminates
true sites from non-sites, and visually depicts both changes (Fig. 4).

An exon is initially defined by recognizing the acceptor [Berget, 1995]. Cryptic acceptor
sites occur either upstream (n = 9) or downstream (n = 7) of the natural site (p = 0.4),
suggesting that they are not located by scanning [Stephens and Schneider, 1992]. The exon
definition model predicts that the spliceosome then scans downstream until a strong donor
site is located [Robberson et al., 1990; Niwa et al., 1992], so a novel cryptic donor site
created downstream of an intact natural site should not be recognized unless the natural
site is mutated. In all cases, a decrease in the information content of the natural donor site
activated pre-existing cryptic sites downstream (Table 2A). Furthermore, cryptic donor sites
were activated more frequently upstream of the natural site (15 of 20; p = 0.02). The idea
that the splicing machinery selects for the strongest local acceptor splice site and scans for
donors is supported by R; analysis.

Nucleotide substitutions within 17 natural acceptor sites have been shown to create or
strengthen adjacent cryptic sites that are thereby activated (see results: II. Detection of
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cryptic splice sites). Only acceptors were found, perhaps because the variable polypyrimidine
tract potentiates spliceosome recognition at many positions, whereas donor sites have high
information density and a non-repeating sequence pattern [Stephens and Schneider, 1992].
For this reason, weaker cryptic sites are often found near natural acceptor sites (e.g Fig. 4).
Mutations involving the natural acceptor sometimes strengthen and activate these cryptic
sites. The resulting aberrant exons may in some cases have been misidentified as natural
splice products (e.g. Table 2B), since their length and sequence would differ by only a few
nucleotides from the normal mRNA.

Conclusion We have shown that individual information theory can be used to rank
normal and mutant splice junctions. As a consequence, silent polymorphisms can be distin-
guished from true mutations, changes in individual information are related to splice site use,
and activated cryptic splice sites can be detected. These distinctions are possible because
the information measure is related to the thermodynamic entropy, and therefore can be con-
nected to the binding energy [Szilard, 1964; Schneider, 1991a; Schneider, 1991b; Schneider,
1994]. The information in the splice site should be related to the specific binding inter-
action between the spliceosome and the site [Berg and von Hippel, 1987; Berg and von
Hippel, 19884; Berg, 1988; Berg and von Hippel, 1988b]. However, the relationship is an
inequality—the second law of thermodynamics [Schneider, 1991b; Schneider, 1994]—and can
only be explored empirically at this stage. The correlation between information measures
and measured thermodynamic parameters is expected to more precisely relate genotypes to
phenotypes in genetic disorders.

ACKNOWLEDGEMENTS

We thank Greg Alvord for statistical consulting, and Kenn Kraemer and Howard Young
for reading the manuscript. Grant support is acknowledged from the Public Health Service
(CAT4683) and the American Cancer Society (DHP-132) to P.K.R. We thank the Frederick
Biomedical Supercomputing Center for access to computer resources and support services.



Rogan et al., Information at human splice site mutations 13
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R
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t 1donor 2.4 bits @60

Figure 1: A primary splice junction mutation represented by sequence walkers.

A G—A mutation 1 nucleotide upstream of the exon 6 donor of the COL1A2 [GenBank
accession number M35391] gene results in 50% exon skipping and Ehlers-Danlos syndrome,
Type VII (Table 1, #13). This substitution, which significantly reduced the R; value, defines
the lower threshold of information required for splice site recognition since it is temperature
sensitive, being non-functional at 39 °C but functional at 30 °C. The splice sites are shown
by walkers [Schneider, 1997b] in which the height of a letter is the contribution of that base
to the total conservation of the site. The upper bound of the vertical rectangles is at +2
bits, and their lower bound is at —3 bits. Letters that are upside down and point downwards
represent negative contributions. The upper walker shows the normal site; the lower one
displays the mutant sequence. The black arrow shows the position of the mutation (boxed).
The dashed arrow represents the coding region.
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* *190 * *200
5 ot tt 3

donor 8.8 bhits @188

* l *190 * *200

5 Eot tt 3

donor 5.7 bits @188

Figure 2: A leaky splice junction mutation.
A G—A mutation 1 nucleotide upstream of the exon 8 donor site of the lysosomal lipase
gene [LIPA; U04292] results in mild cholesterol ester storage disease with 4-9% enzymatic
activity (Table 1, #45). The reduction in information content is significant even though the
R; value is still much greater than R; .-
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Figure 3: Polymorphic variation that affects splicing.

Splicing varies among 3 common alleles that differ in length in the polymorphic polythymi-
dine tract of the IVS 8 acceptor of the gene encoding the cystic fibrosis transmembrane
regulator [CFTR; M55114] (Table 1, #6). The shortest allele (bottom walker) shows 90%
outsplicing of exon 9 and is associated with congenital absence of the vas deferens. Individ-
uals with the two longer alleles have a normal phenotype, although the 7T allele produces
less mRNA than the 9T allele. Exon 9 begins at the base indicated by the left bracket and
dashes.
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il (R
et e ttttttteett acceptor 16.5 bits @5153
et ettt £t t &t acceptor 4.5 bits @5154

Figure 4: Cryptic site creation concurrent with mutation of the natural site.

An A—G mutation in intron 3 of the iduronidase synthetase gene [IDS; L35485] significantly
decreases the information content of the IVS 3 acceptor while simultaneously creating a
strong cryptic site at the position of the mutation, 1 nucleotide upstream from the natural
splice junction (Table 2, #27). The upper two walkers show a pre-existing cryptic site at
position 5153 and a natural site at 5154. The lower two walkers show the activated cryptic
site at 5153 and the mutant site at 5154. For simplicity, only sites with greater than 4.3 bits
are shown. In addition, a 4.2 bit site that is not used at position 5155, is reduced to 2.5 bits
as a consequence of the mutation. The lower bound of the vertical rectangles is at —7 bits.



I~ joeay ourptwdyjdjod oy o YIB8ud[ oy} 03 1051 ‘T,6 ‘T.L ‘1.G ‘so[o[e orydiowsod (9#
- potiodal uoryeuLIOful
ou :1u ‘upjoid [RUOHOUNY 10 YNYW poaolds A[[ewiou Jo soussqe : — (SPOYIOW 90s) osn 9318 901[ds [eInjeU YSI[OGR J0U S0P UOHRINUW : +
9918 2017ds PojeINUI 9} JO ON[eA UOIYRULIOJUL [RNPIAIPUI 9} :FUPMUWhr {9319 9o1ds [eINYRU 9} JO ON[LA UOIJRULIOJUI [ENPIAIPUI JT[} :S:E:@ﬁm
"uoryeINU YY) JO UOTI)RIO]
OTUOX® 10 JTUOIJUT JT[} 9JRIIPUT UOXD PUR SAT “[g86T T 10 Ioproutyodg] adusnbas syueguor) ut 9seq 9} JO UOILIO] RILIOWNU YY) ST )RUIPIOOD YT,
V66T “'T¢ 19 OH
0661 ¥ 99 [ - 90°¢- < IF'S 09 19 ‘LD ‘touop ‘g GAT  [16€SEN] eVITOD &l
F66T T8 90 uuRUIyd]
‘G66T [ 19 UOSIBA\
TE61 ¢ 90 WeseA - 6€°C- < IS 09 09 ‘LD ‘10u0p ‘9 GAT  [TI6€CEIN] eVITOD 11T
¢661 “'Te 90 eqRINYyRg
m@@wﬁ “Te 99 IO + 9¢°G < ¢h'8 TLIE 0LTE ‘YD ‘0uop ‘g uoxy  [68L0gIN] TVIIOD 0T
¢661 ‘T8 90 eqRINYRS
‘0661 ‘T 90 o1peuOoq + IL'C < €69 ¥Ies 816S V<D ‘Iouop FT SAT  [68L0¢IN] TVITOD 6
€661 8 1 19zaIPNY - 6.°¢- < 10°0T 106 106 V<D ‘0U0p ‘€T SAI [STTGSIN] MLID 8
C661 “'Te 30 souof + 189 < 1601 ¢c¥ gey ‘DD ‘10U0p ‘() UOXY [L21SeIN] MLAD 2
L66T T 10 [PIRH-0ARY + c90T ="4 c9v (103donoe [euLION) 6 ‘8 SAI
G661 T8 90 UO[[IYD + 168 =" 097 (103dadoe [ewIon) T) ‘8 SAI
€661 “'Te %0 Ny + 9¢'9 =" 8SF p (109doooe yuenur) 16 ‘g AT [FTTCSIN] MLAD 9
7661 “'Te o NUATLIG - 8C'TT < FZ'€T T8I 28T ‘LD ‘103dadde ‘z QAT [SOTCSIN] MLAD ¢
Z66T 'Te 19 0jOWIYSTY]
J066T “Te 30 Uapp - 16°C < €09 671 €61 V<D ‘10U0p ‘F SAI [88070X] IVD ¥
V661 T 10 ©8oA-opuopalry - 82'0- < 2S¢l 80T 80T “V<¢—D ‘10U0p ‘g SAT [06120X] vaVv ¢
1G8CE-6£83¢ [opul
V661 T 10 ©8oA-opuopalry - 66'1- < 0’8 098TE ‘109de0o® ‘G U0XE /8 SAT [e6L6TIN] VAV @
GE6T “'Te 30 UeqIISIHURS + 99'C < GT'L 6£66¢ P766¢ V<1 ‘10U0p ‘G SAT [C6LTIN] VAV 1
"PpI1009
¢ Sunords g P 90Ts
(s)eouaInjey | [enpisey] ¢ I renye N [ 9JRUIPIOOD D[O[[R JURININ [uotsso00y | auar) #

suorye)nur 9918 201[ds Arewrid jo sisATeur uorjyeurioju] 1 9[qe],



08¢ ‘I<D ‘€ SAT X

o0

T 86T ‘epnyng pue opnyy - 88°0- < 01'6 08¢ LLT V4= ‘10U0p ‘g UOX]] [CeTFCIN] ddAD  6€
2661 “'Te 10 qRINYRS — VT < 126 S0L0T 80L0T ‘LD ‘10U0p ‘9 SAT [SFPPIX] VIO 8¢
€661 “Te %0 Suy - 2eT- < 889  692¢ 0L3C ‘D4, ‘10U0p ‘Z SAT [SPFPPIX] VID L€

7661
‘ueSop pue pig sdIIyd - ¢Z'0 < 90'8  Z¥29 ere9 ‘LD ‘Iouop ‘F SAI [120200] HD 9¢
€661 e 19 ueso)) — VL' 1- < 90'8 ¢FT9 ¢rg9 ‘DD ‘10uop ‘p SAT [120¢00] HO <€
€661 TR 19 ueso)) + 79'¢ < 90'G  G86G 066G ‘D¢ ‘10U0p ‘¢ SAT [120€00] HD  ¥¢
2661 ‘TISMoqeIr) pue doff - L0°0- < €LT1  Th6I TYET V=D ‘10uop ‘g SAT [6S0€0r] AODH/vAD €€
G661 T8 19 [[PYDS Tu GLTT < L6'CT 69 0L ‘1D ‘103dadoe ‘g uoxy] [6E908IN] THADA €
G661 T8 19 [[PYOS Tu GO'6 < L6'CT 69 L9 ‘D<1, ‘109denoe ‘y GAT [GEO0SIN] 2HYADT 1€
T66T “'T& 39 I[[euueL) — 06°C- < 89'F 98.E¢ 982€¢ ‘YO ‘103dadoe ‘) QAT [20vz031] 64 0¢
1661 “Te 30 [[[ouueIy) — 8C'C- < 12°¢ T1E€SET 1€G€C ‘LD ‘10U0p ‘9 SAT [20v2031] 64 62
1661 ‘1% 19 [[[euueI) — 8C°L- < 1T'C TECET T€GEC V<D ‘I0uop ‘g SAT [20v20>] 64 8¢
1661 ‘1% 19 [[euueI) — LE°G-+TH'T  €9L0¢ €920% ‘LD ‘I0uU0p ‘G SAT [20720M] 64 L
T66T & 39 I[[Puuery + 97’8 <= 0C'IT €£90¢ | 82902-G290¢ 9P ‘103dadde ‘§ QAT (207203 64 92
I66T “Te 10 I[[ouueIy) - 19°0- < 6G°L 8996 6996 ‘D<—J, ‘10U0p ‘¢ SAT [207203] 64 G2
I66T “Te 10 [[[ouueIy) - ¢TI0 < 65°L 8996 6996 ‘DT, ‘10U0D ‘¢ SAT [207203] 64 ¥¢
I66T T8 39 [[[ouueLy) - 2eC- < 9T°G  9%geT 9¢geT ‘YO ‘103dadde ‘¢ QAT (20720 64 €¢
0661 “Te 70 vwol0fg + L9°G < 60°L GS¥6 09%6 ‘D¢ ‘10U0p ‘Z SAT (20720 64 TC
T661 “Te 19 I[[ouuery) - 92°0 < 60°L GST6 09¥6-L5¥6 1o ‘10U0OD ‘7 SAT [20720M) 64 1€
T66T & 39 [[[euuery) - 80'T < 09F €80¢ L80€ ‘V<—D ‘Iouop ‘T SAT (207203 64 02
T66T & 39 [[[euuery) - CTHI- < 09F €80¢ G80£-9L0€ 9P ‘I0UOp ‘T SAT (207203 64 61
1661 “'Te 30 I[[ouuern) + PGy < 69°L 8996 L996 V<D ‘I0U0p ‘¢ UOXj] [20720M) 64 ST

QE66T T8 19 S1I0qOY
‘TE6T TR 99 $310q0Y - 9¢'¢- < 29V 89C 6CC ‘V<— I, ‘10u0p ‘89 SAI [26898IN] ANd LT
P66T T8 10 UOIIA — €L0- < 9¥'L 90¢ L0E “D<T, ‘10U0p ‘97 SAT [6£9¢0T] ANA 9T
0661 “"T& 39 910D — 29°0- < LT'CT 29 g9 ‘v ‘0uop ‘1F SAT  [€09SSIN] TVETOD ¢
1661 & 90 A[nguen) - 02'¢ < ¢L9 The 9F¢ ‘YD ‘10U0p ‘¢ SAT  [62CZFIIN] TVITOD FI
96861 ‘T8 10 [PM + CeT <~ I7°S 09 6¢ ‘YD ‘1ouop ‘9 SAT  [I6€SEIN] eVITOD €1

‘PpI1009
Surords v 9019

(s)eouaInjoy | [enpisay] ¢ MU reInye N 9)RUIPIOOD ‘D[R JURINA [uotsso00y | auar)  #




19

UISIIO DIJRWOS JO OIOM SIOWIN) ‘IOAMOY JOSUO A[I8D LG FC ‘CGH#,

([FTL6CIN # uotssedoy] Apanoedses ‘g pue (g suonisod je) s3iq [g°¢ pue [9'T JO L uoxo ut seyis o1pdL1d oyearjoe 0y sreadde,
POATSsqO UOTUR}RI uoljul pue Sulddiys UOXd [30q :ZH#,

SHQ 66'F  00°¢ ‘uoreInw £q pauSYISULIIS SI ZRE 9RUIPIO0D Je oS o1pdAI [eInjeu (OF#,

066T & 30 Ioqe ¢ — €e'G- < 1%L 0091 619T-F6G] [9p ‘IOUOD ‘¢ UWOXTY [0g91eX] TILM LG
V66T T8 10 S9N + I1€G < 176 €16 GI6 ‘LD “I0U0p ‘0G SAI [F98GZIN] AMA 96
6861 “"T® 39 [[opuex Tu VI'C < 98¢ 65C 86z ‘D ‘103dadde ‘0z SAT [c98LeIN] 94 ¢¢
6S6T “T® 99 ZIIMOIOL] gTu 09°0 < 208 09% 19% ‘D1, ‘10u0p ‘6T SAI [09822IN] A9 ¥¢
6861 “T® 19 [[Ppuex g~ 2ee- < 8¢V 9.8 9.¢ ‘LD ‘10u0p ‘0T SAI [cegleiN] 94 €¢
7661 “Te 30 outlnsy, L+ 8.C < 0Z0T ¥9¢ €9z ‘D4V ‘103doooe ‘9 AT [80€0.S]) INMAd  2¢
Q6861 T8 1o dureyppuers) — GZ'e- 786 CG6F G6 V<D ‘10U0p ‘T GAT [66L8TIN] aDdd  1¢
DESGT “Te 19 dureyppuels) + €T < ¥5°6 S6F 767 ‘LD ‘I0u0p ‘T UOX7 [66.8TIN] aDdd 0¢
I66T ‘'Te 10 sue)sIR)) - V60~ < 229 L. 8L ‘D¢, ‘10uop ‘2 SAT [2zzo0d] DLO 6F
G661 T 90 oIepuRIn - 09°¢- < 0201 6¢FT 6CFT ‘LD ‘I0uop ‘QT SAT [18921N] TAN 8F
066T “'Te 79 eIl - 800 < 99°L 0F 0F V<D ‘103dedoe ‘g GAT [96912S] TdT L¥
Z66T “Te 10 Tuormry)) - 20°¢- < 2L6 0T P ‘DD ‘q0uop ‘T SAT [96912S] TdT 9%

G661 T 0 TuojUnI
‘C66T TR 90 eUWIY] + 69°C < GL'8 881 181 ‘V<—D ‘10U0p ‘g UOX [z62v0oNn]) vdIT ¢SF
66T “'Te 19 0jouwIySTY + Py < 79'S 81 8T ‘DD ‘I0U0p ‘7 SAT [18¢628] TVAT ¥V
0661 “"T® 19 sqqrH — VLG 926 T110¥ GITOV V<D ‘I0u0p ‘g GAT [FEP9eIN] LMdH  €F
886T ‘DInzng pue ouy() g~ 10°0- < 8.6 10T L0T ‘D40 ‘10U0p ‘GT SAT [ceP9TIN] VXHH o
G66T “'Te 90 eIeNz( + 79'C < 0L'G 121 LTT ‘YD ‘10u0p ‘G UOX [CTPOTIN] VXAH T¥
Z66T T 10 epudy — IT°C < 0V'6 GLE ¢ GLE ‘DD ‘103doooe ‘T GAT [66700A] dIH  0F

‘PpI1009
Surords v 9019

(s)eouaInjoy | [enpisay] ¢ MU reInye N 9)RUIPIOOD ‘D[R JURINA [uotsso00y | auar)  #




20

sisAreue 3y £q pajorpaid ez ‘Fg L#,
(sproe ourwre 9 uey) I9YJRI ¢ JO) UOIIS[OP dWRl-ul 9onpoid os[e p[nom g "piood je 931s pajorpaid ‘yueserd jou oy1s o13dA1d pojrodar L #,
SINDD0 UoIRINW Ou 9918 o1pd A1 [eanjeu Bqesrdde jou e u 19 ‘GH#,
LLTTG 0yeUIpI00d YR [TTT000DVSH] Ut 031s 1ouop o1pd4L10 sures 10§ s31q g.'¢ = 'y :0ousnbes owydiowd[od (¢#,
*103d0oe o13dA10 9A0QR 9Y} YIIM UOIROUN[UOD UL PajeAl}or 93is touop o13dL1d,
"692STT Ul L9 YR S9)RUIULID) PUR 9ZCZT Ul T6F Y8 suISoq yoiym uoxd d13d41d e jo jred se poyeasd 931s 103doooe o13dL1o,
"931S YR} POJOSHR JOU SeY UOIINGIISANS Y} ‘OuIes 9} dIe son[eA 3y UM ;

DEEET T8 90 ung - GG'G < GC'G  88CH V8¢~ < L6°L TIEY LTEV-ETEY 9P “10U0D F SAT [082E6IN] 3IDD 01
LV < L7’ 8101 zouop o1pdL10 ‘T GAT 62095X]
90'6 < 90'6 8¢S 109doooe o19dA10 ‘T SAT
$66T “T& 90 oI
‘G66T T %0 [P0NI0g + 166 < 196  LET €8'TT < 8L'E€T  ¥SI ZHT ‘D1, ‘103dadde ‘T SAT ‘l0802sX] VVD 6
G661
“Te 30 198SO0[YIG - 0T'€ < 90°G- €29¢ 9L 1- < 18°C  Tg9¢ 2g9¢ ‘v ‘103dode ‘¢T SAT [99FLTIN] 214 8
L IVe < 17e 931
L9607 < 187 T1€1
DEG6T
“e 10 spqoYy + 197 < 70'¢  aV1 197 < 68 TT €€T CET ‘DD ‘103doode LG SAT [879¢0'T] AN 2
6861 ““Te 99 ULy
‘886T “Te 10 ruedery, | ew 0£'8 < 0€'8 99¢T G6'0T < G6'0T SEVT 10uop ‘g SAI [cLogor] €dSO 9
6861 “Te 99 ULy
‘8861 “Te %0 tuedely, | U Vel < THET  TPIT eV'9 < Th'9  68CI 103dodoe ‘T GAT [cLogor] 9dSO ¢
T66T “'Te 1o souop + CT'T < ST'T 1¢SF 189 < T6°0T €C¥ ooy ‘DD ‘ouop ‘0z SAT  [LeISSIN] YILAD ¥
GGy < GGF g ¢ LL9 ouop [69252T]
V66T I8 90 TIIM + 16'C < 16C ;S6V | 09°CI < 08'F1 ST €67 ‘LD ‘103doode ‘¢ SAT  ‘[601SSIN] MILJID €
L86T
“Te 19 sereper) + LE'8 < L€'8  9TLE G9°g < 180T 08.€ 6,1 ‘D ‘103doooe ‘¢ SAT  [G900TIN] HOAV @
G661
“Te 10 ueqa)SIIURS + 0£°6 < FI'T  L90S¢E 666 < 666 6605€ 990G¢ V<D ‘109dedoe ‘0T SAT [e6LeTIN] VAV 1
so91s o13dA10 poyLIoA-ATejuswILIodXs Y
wﬁﬁoﬂaw HH:ESE,.@N ﬂwﬁsgsgm&
[eanyeu ¢ PPUtr p100d ¢ PmPPUr -p100d
(s)eouaiejey | [enpisay (s)eq1s orpdAapy (s)oyis [eINYRN 9)RUIPIOOD ‘UOIRIN]N  [UOISSe0DY] auer)  #

so91s 019dA10 AIRPUO0I9S JO 9SN O} UI JNSOI JeT[} SUOIJRINU JO SISAJeUr UOI}RUWLIOJU]

17 919RL,



ﬂ "9918 [RINYRU O} e SINdd0 Juldrds Tenpised jey) sorjdut SIYJ, [[NU ST d[O[[e IOYI0 9Y} ‘eIpouLIdul rTWIOSSR[RY1-¢ pry juanied ing ‘ejep Sumords ONg
G661
“Te  jo uossuor — G8'9 < C}'CT  9G8T 61°C < 61'C T8SST 8G8T ‘D ‘I0UOp ‘g UOXH [e87GeT] SAI 92
0661 “T® 19 sqqIH L SL°L QLT LSTTF CoPIH-T1SH T
‘6861 “'T® 10 sqqIH - GO'FV < 99'C TLVIP 67°'T < G8'8 FSPI¥ ‘LLL< VLY ‘103doooe ‘g GAT [PEF9TIN] TMdH ST
L G0°L < S0L  9FFIT
GRGT “'I® 10 oMy - 696 < 696 LLIT LT'G < €€°¢T  8PPI LEPT ‘DY ‘103deooe ‘g QAT [66F700A] 99H  ¥2
9861
“Te 30 [[RIYPN g+ 80°G < 99°¢-  T19¢ TLL <+ 0F'6 GLE 19¢ ‘D« I, ‘109deooe ‘T QAT [66700A] 99H €T
8861
“Te 1o TURQIY) - 19°L < 192 0£¢ ¥8'C- < 99°G  9FC LT ‘DT, ‘I0U0p ‘T SAT [66700A] 99H TT
€861
“Te 39 URWSIAL], + 19°L < 19°L 0€¢ YTy < 99°C  9%¢ 162 ‘D<—1, ‘1ouop ‘1 SAI [66V00A] 99H 1T
LS6T “Te 10 qomiy + 19°L < 19°L  0£C QLT < 99'C  9%¢ 08g ‘LD ‘10U0p ‘T SAT [66700A] 99H 0T
€861
“Te 10 URWSIAL], — 19°'2 <+ 19°L 0€% TL'T < 99°C  9%¢ 0Gg ‘DD ‘I0U0Dp ‘T GAT [66700A] 9IH 61
€Q°C < €9°C 89T
€9°) < €9°2  80%
6861
“Te 30 pnepip - 19°L < 19°L 08¢ CT'F- <+ 99°C  99¢ 9pg ‘DD ‘10U0D ‘T SAT [66700A] G9H 8T
LS6T “Te 19
ornozownodery — 19°'2 < 19°L 0€% P1C < 99°C  97C 08Z V<D ‘10uop ‘T SAT [66700A] 99H LT
1861 T 39 zj1adg + 687 < ¥F'1T  GG¢ 696 < 07’6 9LE GG¢ ‘Y ‘103dadde ‘T GAT [66700A] G9H 9T
€861
“Te 1o [yrwspion) u €L'6 < 19°L 082 99°G < 99'C  9¥¢ 82T ‘<1 ‘10U0p ‘T UOX[Y [66F700A] g9l <1
Z86T “'Te 30 uryiQ Tu €8'8 < 19°L 0£¢ 99°G < 99'G  97¢ Qee ‘LD ‘I0U0p ‘T UOXY [66700A] G9H T
6861 e 10 pnepip
‘€86T TR 0 URWISIALY, - 19°L < 19°L  0£¢ 29T < 99°C  9%¢ Gpg ‘DD ‘10U0p ‘T UOXY [66F700A] 9IH €T
Z86T “'Te 10 U1 + 108 < 19°L 0€¢ 99'G < 99°¢  9%C 2ET ‘Y<—D ‘Iouop ‘T uoxyy [66700A] 99H 2T
1661
“Te o pOITORIN - 96°¢ < 96'¢ 18. C0'6- < $L'E TIL 29 ‘YD ‘I0U0p ‘7 SAT [8FTOOC] HD 11
wﬁﬁoﬂaw H:ESE,.@N EESE“NM.N
[eanjeu ¢ PRI PI00D 4= 1PAMPUTA T pI00D
(s)eouaiejey | [enpisay (s)eq1s orpdAapy (s)oy1s [RINYRN 9)RUIPIOOD ‘UONRIN]N  [UOISSe0DY] auer)  #




N SYIq 6T 0— < 00°0 = FUPIMWIy ¢ IPEMDU T g1 LT ) T 9)RUIPIO0D e 9918 o13dL10 ' sjotped jrodar ‘ge %2

o "991s 0o13dA10 paztuSooerun A[snotaoid e ye *y ul oseorour Aq porueduwiosde ¥y [eINjRU POSedIddp U0 paseq ST UOTIIIPAI]

180] ST £31A130R OIpewAZUd ‘ourely SUIPRII SUTRUTRW SN 9)1s O13dAI0

ourely urpear so103so1 Sumdrds orpdAm

1661

“Te jo T[oUTRID + €97 < 70'€-  3€90T €0°€ < 6T°'TT €£90% 2£90g ‘D+Y ‘103dodde ‘§ SAT [cove0st] 64 T
1661

“Te jo T[[oUTEID + 9¢°G < CT'S 66903 eV'e < eh'e  €9.0% 10L0g ‘YD ‘10U0p ‘G UOXy [c0vg031] 64 OF

1661 “[® 39 Io[AeN - 26’9 < G9°0- 48¢ €9'G < 08'€T 98¢ ¢8¢ ‘DY ‘103dadde ‘G AT [€€988IN] D8 6€
z1 V66T “T@ 99

yyoedisjur pp T 89'G < TLV LTIAT 61°G < 0€'€T  6CTLT 8TILT ‘DY ‘109deode ‘0z SAT  [LPEOTT] TVETIOD 8€
7661

“Te 90 nuoAUIY Tu VLG <+ 0T'S 98T 8G'TT ¢ V€T  ¥81 81 ‘LD ‘103dedoe ‘g SAT  [S0TSSIN] MLAD L€
€661

“Te 10 jozaIpNY T LT€ < 687 19T L9°C < ¥Z' 0T 99¢ 99z 'V ‘103deooe ‘6T SAT  [LGTCSIN] MLAD  9€
€661

“re 0 jozIpNY Ta 016 0T’  G06 6L°C- < 10°0T 106 106 V<D ‘10u0p ‘6T SAT  [STTCSIN] MLAD &€

V66T “Te 19 TV Tu T6'E < €T~ L6T G0’ < T9'6 96T 96T V<D ‘103deode ‘9 SAT [999STIN] OATY  ¥€

17 Sos 011ds o1y d A1 pojoIpald g
€661

“Te 90 Ueqa)sIURG - CTE < TTE 88FFE | 6T°C < 1901 T8F¥e P8YVE V<D ‘10U0p ‘0T SAI [c6L6TIN] VAV €€
1661

“Te 90 YeZOTWIOM(T | o + L9°C < 67 LL 8LY < TGS 98 9. ‘YD ‘109desoe ‘0T SAT [92£9.8] HVd g€
661

“Te %0 UAWO[Y + V.01 < L3°€  80T6T €9V < €97 89T61 6026T ‘LD ‘10U0D ‘@ SAT [egpeeT) sar 1€
€661

“Te 3 poomdoy + 01T < GS'C 98061 8E'C < GET  €6061 98061 ‘D« L ‘103dadde ‘4 GAT [egpeeT) sar o€

€661 “Te %0 oSung 6~ OF'T < CT°0- GOT6T V6'C- < GE'T  €6061 €6061 ‘DD ‘103dodde L QAT [e8FceT] SAT 68

€661 “Te %0 oSung + 16'C < 16'G  G08ST 687 < 09°CT  TGLST 0GLCT ‘DY ‘103dodoe ‘g SAT [e8veeT] sAr 8¢

€661 ‘e 0 o8ung + 67'91 < 16'8  €SI¢ 7Sy < 0.1 ¥SIG €G1G ‘DY ‘103dedde ‘¢ SAL [e8peeT] SAI LT

wﬁﬁoﬂaw H:ESE,.@N EESE@M.N
[eanyeu ¢ PRI PI00D 4= 1PAMPUTA T pI00D
(s)eouaiejey | [enpisay (s)eq1s orpdAapy (s)oy1s [RINYRN 9)RUIPIOOD ‘UONRIN]N  [UOISSeDDY] auer)  #




23

"931S pajeInw oYy e Furords [RNPISA JO JUSWLINSROUL SOINISYO S[O[[R IOYI0 9y} e Furdrds [eanjeN,

0661 T %0 sqqr) Tu G0 < OF'V  F8LYT 92°C < 92'8  6LLVT LLLPT ‘1Y ‘ro3deode ‘T SAT  [pEP9CIN] THAH 9%
€661 “[e 10 Sufy | o TU 9¢'8 < 16°L TIS0T €0°¢ < 0T'CT 60907 | 80S0T-L0OSOT [op ‘103dadde ‘G SAT [8PFPIX] VID  SF
G66T “T® %0 TIPYDS Tu €08 < S0 89 18'C < L6'€T 69 89 ‘DY ‘103doooe ‘Y SAT  [GE90SIN] THADA  FF
1661
“Te 10 T[PUURL) + L9°¢ < €16 GLLOT eh'e < e €920¢ GLL0T D4V ‘T0U0p ‘G SAT [c0720] 64 €
1661
“Te jo IUUeRID - 61°9 < 120 S€90% 16'€ < 61'TT  ££90% £€90g ‘DD ‘103dadoe ‘p GAT [c0F20M] 64 TP
wﬁﬁoﬂaw H:ESE,.@N EESE@M.N
[eanjeu ¢ PRI PI00D 4= 1PAMPUTA T pI00D
(s)eouaiejey | [enpisay (s)eq1s orpdAapy (s)oy1s [RINYRN 9)RUIPIOOD ‘UOIRIN]N  [UOISSe0DY] auer)  #




24

"8 UOXo Ul 9318 o13d 410 © 9YeAIIOR 0} jou sisA[eur uoryewIoyul £q pojorpard ST § UOXD UL UOIIRINW OY,q

" uoxo ur o318 o13dL1d s1yy e pojroder sem Sunndg,

"9}1S [RINJRU O} URY} IoXeom AJUROYIUSIS ST pojeIoudd o3is 9011ds o13d4L10 oY T,

(9661 ‘T2 30 Ae(q) oryewojdudse oq UeDd JURLIRA ST} [ILM S[RNPIAIPUL JO SOALYRY

"G#£ W URY) UOTPRULIOJUT 9IOW SUTRIUOD 1 ‘IOASMOY {PIZIUS0IdI J0U ST 9IS STy} ey} $75933ns 110do1 oy Ly
(8861 “Te %0 WyseSiy) wsiydiowA[od uoWwWod © 8¢ 0} POYRIISUOWSP SBM JURLIRA SIT,,

‘punoq usSrjue pue sow} SUIPIO[D WOIJ POIIDJUL SeM UOISSAIdX

orqeordde jou :eu;

766T “Te %0 9980N ru g GV T+ 1, ¥SLG 16'C < 16'S 189 88G% VY D<) ‘I0uU0p § uoXy [19%F¢IN] dS 8
P66T & %0 URqNIH T o TF'G+ < 00°G- 60071 GG'8 < GG'8  666ET | 800¥VT ‘L« V ‘103dasoe ) uoxy [769%1IN] ged 2
9661 “'Te 10 Le
‘8861 “Te 0 IyseSI ¢t 66°L < 0L'0 €E€EC y 67°0T <-G0'CT  GVET €eeg ‘D ‘103doode ‘g SAT  [26LZTIN] 12dAD 9
8861 “Te %0 TyseSI + 7G'8 < 0L'0 €€€T ¢ 86'6 < G0'CT GFEC £eeg ‘v ‘103doooe ‘g SAT  [26LTTIN] TedAD ¢
1661 T8 10 suajsIe) + eu R C1'9 < TG99 LL 6L ‘D+V ‘10u0p ‘4 SAT  [Lgz00d] DLO ¥
T66T T %9 I[[[oUUeL) ¢t €L < €TV GLPET €G°TT < €T'TT  TLPET LLVET "DV ‘10U0p F GAT [c072031) 64 €
T66T “Te 90 I[[ouUern ¢+ 8L°6T- < 8L°9T- 92L0% eV'e < ¢h'e  €9L0% 93L0g ‘YD ‘10U0p ‘G WOXy [c0¥2031] 64 G
€661 “Te 10 jozoIpny Tu 01°9- < 9928~ 691 9%'01 < 6S°0T  G8I 691 ‘D« ‘103doooe ‘g1 SAI  [92TSSIN] MLID 1
Surords

[eanyeu nuvinuTar - *pI00d (LA S o8 (610 %) 9)RUIPIO0D

(s)eouaIejey | [enpisoy ¢ Pamputar HndAIn ¢ PP RNy ‘uoIIm)IIsqns aprjod[onyN  [UOISse0Iy| auer)  #

suoTINYIISqNS 918 991[ds SNOLISJOPP-UOU PIIIPAI] :¢ d[qe],



25

REFERENCES

Ali M, Tuncman G, Cross NC, Vidailhet M, Bokesoy I, Gitzelmann R, Cox TM (1994): Null
alleles of the aldolase B gene in patients with hereditary fructose intolerance. J Med Genet
31:499-503.

Allikmets R, Wasserman WW, Hutchinson A, Smallwood P, Nathans J, Rogan PK, Schneider
TD, Dean M (1998): Organization of the ABCR gene: analysis of promoter and splice junction
sequences. Gene 215:111-122. http://www.lecb.ncifcrf.gov/ toms/paper/abcr/.

Arredondo-Vega FX, Santisteban I, Kelly S, Schlossman CM, Umetsu DT, Hershfield MS (1994):
Correct splicing despite mutation of the invariant first nucleotide of a 5’ splice site: a possible
basis for disparate clinical phenotypes in siblings with adenosine deaminase deficiency. Am J
Hum Genet 54:820-830.

Atweh GF, Anagnou NP, Shearin J, Forget BG, Kaufman RE (1985): Beta-thalassemia resulting
from a single nucleotide substitution in an acceptor splice site. Nucleic Acids Res 13:777-790.

Atweh GF, Wong C, Reed R, Antonarakis SE, Zhu D, Ghosh PK, Maniatis T, Forget BG,
KazazianJr HH (1987): A new mutation in IVS-1 of the human £ globin gene causing (3
thalassemia due to abnormal splicing. Blood 70:147-151.

Audrezet MP, Mercier B, Guillermit H, Quere I, Verlingue C, Rault G, Ferec C (1993):
Identification of 12 novel mutations in the CFTR gene. Hum Mol Genet 2:51-54.

Barbat B, Bogyo A, Raux-Demay MC, Kuttenn F, Boue J, Simon-Bouy B, Serre JL, Mornet E
(1995): Screening of CYP21 gene mutations in 129 French patients affected by steroid
21-hydroxylase deficiency. Hum Mutat 5:126-130.

Berg OG, von Hippel PH (1987): Selection of DNA binding sites by regulatory proteins,
statistical-mechanical theory and application to operators and promoters. J. Mol. Biol.
193:723-750.

Berg OG (1988): Selection of DNA binding sites by regulatory proteins. Functional specificity
and pseudosite competition. J. Biomol. Struct. Dyn. 6:275-297.

Berg OG, von Hippel PH (19884): Selection of DNA binding sites by regulatory proteins. Trend.
Bioch. Sci. 13:207-211.

Berg OG, von Hippel PH (1988b): Selection of DNA binding sites by regulatory proteins. II. The
binding specificity of cyclic AMP receptor protein to recognition sites. J. Mol. Biol. 200:709-723.

Berget SM (1995): Exon recognition in vertebrate splicing. J Biol Chem 270:2411-2414.

Bienvenu T, Hubert D, Fonknechten N, Dusser D, Kaplan JC, Beldjord C (1994): Unexpected
inactivation of acceptor consensus splice sequence by a -3 C to T transition in intron 2 of the
CFTR gene. Hum Genet 94:65—68.

Black DL (1991): Does steric interference between splice sites block the splicing of a short c-src
neuron-specific exon in non-neuronal cells? Genes Dev 5:389-402.

Black DL (1992): Activation of c-src neuron-specific splicing by an unusual RNA element in vivo
and in vitro. Cell 69:795-807.



26

Boerkoel CF, Exelbert R, Nicastri C, Nichols RC, Miller FW, Plotz PH, Raben N (1995): Leaky
splicing mutation in the acid maltase gene is associated with delayed onset of glycogenosis type
IT. Am J Hum Genet 56:887-897.

Bonadio J, Ramirez F, Barr M (1990): An intron mutation in the human « 1(I) collagen gene
alters the efficiency of pre-mRNA splicing and is associated with osteogenesis imperfecta type I1.
J Biol Chem 265:2262-2268.

Bottema CD, Ketterling RP, Yoon HS, Sommer SS (1990): The pattern of factor IX germ-line
mutation in Asians is similar to that of Caucasians. Am J Hum Genet 47:835-841.

Brunak S, Engelbrecht J, Knudsen S (1990): Neural network detects errors in the assignment of
mRNA splice sites. Nucl. Acids Res. 18:4797-4801.

Bunge S, Steglich C, Zuther C, Beck M, Morris CP, Schwinger E, Schinzel A, Hopwood JJ, Gal
A (1993): Iduronate-2-sulfatase gene mutations in 16 patients with mucopolysaccharidosis type
IT (Hunter syndrome). Hum Mol Genet 2:1871-1875.

Carothers AM, Urlaub G, Grunberger D, Chasin LA (1993): Splicing mutants and their
second-site suppressors at the dihydrofolate reductase locus in Chinese hamster ovary cells. Mol
Cell Biol 13:5085-5098.

Carstens RP, Fenton WA, Rosenberg LR (1991): Identification of RNA splicing errors resulting
in human ornithine transcarbamylase deficiency. Am J Hum Genet 48:1105-1114.

Chibani J, Vidaud M, Duquesnoy P, Berge-Lefranc JL, Pirastu M, Ellouze F, Rosa J, Goossens
M (1988): The peculiar spectrum of S-thalassemia genes in Tunisia. Hum Genet 78:190-192.

Chillon M, Casals T, Mercier B, Bassas L, Lissens W, Silber S, Romey MC, Ruiz-Romero J,
Verlingue C, Claustres M, Nunes V, Férec C, Estivill X (1995): Mutations in the cystic fibrosis
gene in patients with congenital absence of the vas deferens. N Engl J Med 332:1475-1480.

Chimienti G, Capurso A, Resta F, Pepe G (1992): A G-C change at the donor splice site of
intron 1 causes lipoprotein lipase deficiency in a southern-Italian family. Biochem Biophys Res
Commun 187:620-627.

Chu CS, Trapnell BC, Curristin S, Cutting GR, Crystal RG (1993): Genetic basis of variable
exon 9 skipping in cystic fibrosis transmembrane conductance regulator mRNA. Nat Genet
3:151-156.

Cladaras C, Hadzopoulou-Cladaras M, Felber BK, Pavlakis G, Zannis VI (1987): The molecular
basis of a familial apoE deficiency. An acceptor splice site mutation in the third intron of the
deficient apoE gene. J Biol Chem 262:2310-2315.

Cogan JD, Phillips3d JA, Sakati N, Frisch H, Schober E, Milner RD (1993): Heterogeneous
growth hormone (GH) gene mutations in familial GH deficiency. J Clin Endocrinol Metab
76:1224-1228.

Cole WG, Chiodo AA, Lamande SR, Janeczko R, Ramirez F, Dahl HH, Chan D, Bateman JF
(1990): A base substitution at a splice site in the COL3A1 gene causes exon skipping and
generates abnormal type I1I procollagen in a patient with Ehlers-Danlos syndrome type IV. J
Biol Chem 265:17070-17077.



27

Day DJ, Speiser PW, White PC, Barany F (1995): Detection of steroid 21-hydroxylase alleles
using gene-specific PCR and a multiplexed ligation detection reaction. Genomics 29:152-162.

Day DJ, Speiser PW, Schulze E, Bettendorf M, Fitness J, Barany F, White PC (1996):
Identification of non-amplifying CYP21 genes when using PCR-based diagnosis of
21-hydroxylase deficiency in congenital adrenal hyperplasia (CAH) affected pedigrees. Hum Mol
Genet 5:2039-2048.

Dirksen WP, Hampson RK, Sun Q, Rottman FM (1994): A purine-rich exon sequence enhances
alternative splicing of bovine growth hormone pre-mRNA. J Biol Chem 269:6431-6436.

Dominski Z, Kole R (1991): Selection of splice sites in pre-mRNAs with short internal exons.
Mol Cell Biol 11:6075-6083.

Dworniczak B, Aulehla-Scholz C, Kalaydjieva L, Bartholome K, Grudda K, Horst J (1991):
Aberrant splicing of phenylalanine hydroxylase mRNA: the major cause for phenylketonuria in
parts of southern Europe. Genomics 11:242-246.

Eng CM, Resnick-Silverman LA, Niehaus DJ, Astrin KH, Desnick RJ (1993): Nature and
frequency of mutations in the a-galactosidase A gene that cause Fabry disease. Am J Hum
Genet 53:1186-1197.

Flomen RH, Green PM, Bentley DR, Giannelli F, Green EP (1992): Detection of point
mutations and a gross deletion in six Hunter syndrome patients. Genomics 13:543-550.

Foster DC, Yoshitake S, Davie EW (1985): The nucleotide sequence of the gene for human
protein C. Proc Natl Acad Sci U S A 82:4673-4677.

Ganguly A, Baldwin CT, Strobel D, Conway D, Horton W, Prockop DJ (1991): Heterozygous
mutation in the G*5 position of intron 33 of the pro-a 2(I) gene (COL1A2) that causes aberrant
RNA splicing and lethal osteogenesis imperfecta. Use of carbodiimide methods that decrease the

extent of DNA sequencing necessary to define an unusual mutation. J Biol Chem
266:12035-12040.

Giannelli F, Green PM, High KA, Sommer S, Lillicrap DP, Ludwig M, Olek K, Reitsma PH,
Goossens M, Yoshioka A, Brownlee GG (1991): Haemophilia B: database of point mutations and
short additions and deletions—second edition. Nucleic Acids Res 19:2193-2219.

Gibbs RA, Nguyen PN, McBride LJ, Koepf SM, Caskey CT (1989): Identification of mutations
leading to the Lesch-Nyhan syndrome by automated direct DNA sequencing of in vitro amplified
cDNA. Proc Natl Acad Sci U S A 86:1919-1923.

Gibbs RA, Nguyen PN, Edwards A, Civitello AB, Caskey CT (1990): Multiplex DNA deletion
detection and exon sequencing of the hypoxanthine phosphoribosyltransferase gene in
Lesch-Nyhan families. Genomics 7:235-244.

Goldsmith ME, Humphries RK, Ley T, Cline A, Kantor JA, Nienhuis AW (1983): “Silent”
nucleotide substitution in a 3T-thalassemia globin gene activates splice site in coding sequence
RNA. Proc Natl Acad Sci U S A 80:2318-2322.

Grandchamp B, Picat C, Kauppinen R, Mignotte V, Peltonen L, Mustajoki P, Romeo PH,
Goossens M, Nordmann Y (1989a): Molecular analysis of acute intermittent porphyria in a



28

Finnish family with normal erythrocyte porphobilinogen deaminase. Eur J Clin Invest
19:415-418.

Grandchamp B, Picat C, Mignotte V, Wilson J, Te Velde K, Sandkuyl L., Romeo P, Goossens M,
Nordmann Y (1989b): Tissue-specific splicing mutation in acute intermittent porphyria. Proc
Natl Acad Sci U S A 86:661-664.

Haber DA, Buckler AJ, Glaser T, Call KM, Pelletier J, Sohn RL, Douglass EC, Housman DE
(1990): An internal deletion within an 11p13 zinc finger gene contributes to the development of
Wilms’ tumor. Cell 61:1257-1269.

Hall SL, Padgett RA (1994): Conserved sequences in a class of rare eukaryotic nuclear introns
with non-consensus splice sites. J. Mol. Biol. 239:357-365.

Hata A, Emi M, Luc G, Basdevant A, Gambert P, Iverius PH, Lalouel JM (1990): Compound
heterozygote for lipoprotein lipase deficiency: Ser-Thr244 and transition in 3’ splice site of intron
2 (AG-AA) in the lipoprotein lipase gene. Am J Hum Genet 47:721-726.

Hawkins JD (1988): A survey on intron and exon lengths. Nucl. Acids Res. 16:9893-9908.

He GS, Grabowski GA (1992): Gaucher disease: A G+1—A+1 IVS2 splice donor site mutation
causing exon 2 skipping in the acid (-glucosidase mRNA. Am J Hum Genet 51:810-820.

Hengen PN, Bartram SL, Stewart LE, Schneider TD (1997): Information analysis of Fis binding
sites. Nucl. Acids Res. 25 (24):4994-5002. http://www.lecb.ncifcrf.gov/ toms/paper/fisinfo/.

Higashi Y, Tanae A, Inoue H, Hiromasa T, Fujii-Kuriyama Y (1988): Aberrant splicing and
missense mutations cause steroid 21-hydroxylase [P-450(C21)] deficiency in humans: possible
gene conversion products. Proc Natl Acad Sci U S A 85:7486-7490.

Ho KK, Kong RY, Kuffner T, Hsu LH, Ma L, Cheah KS (1994): Further evidence that the
failure to cleave the aminopropeptide of type I procollagen is the cause of Ehlers-Danlos
syndrome type VII. Hum Mutat 3:358-364.

Hopwood JJ, Bunge S, Morris CP, Wilson PJ, Steglich C, Beck M, Schwinger E, Gal A (1993):
Molecular basis of mucopolysaccharidosis type II: mutations in the iduronate-2-sulphatase gene.
Hum Mutat 2:435-442.

Horowitz JM, Yandell DW, Park SH, Canning S, Whyte P, Buchkovich K, Harlow E, Weinberg
RA, Dryja TP (1989): Point mutational inactivation of the retinoblastoma antioncogene.
Science 243:937-940.

Hruban RH, van der Riet P, Erozan YS, Sidransky D (1994): Brief report: molecular biology
and the early detection of carcinoma of the bladder-the case of Hubert H. Humphrey. N Engl J
Med 330:1276-1278.

Huh GS, Hynes RO (1994): Regulation of alternative pre-mRNA splicing by a novel repeated
hexanucleotide element. Genes Dev 8:1561-1574.

Huie ML, Chen AS, Tsujino S, Shanske S, DiMauro S, Engel AG, Hirschhorn R (1994):
Aberrant splicing in adult onset glycogen storage disease type IT (GSDII): molecular
identification of an IVS1 (-13T—G) mutation in a majority of patients and a novel IVS10
(+1GT—CT) mutation. Hum Mol Genet 3:2231-2236.



29

Humphrey MB, Bryan J, Cooper TA, Berget SM (1995): A 32-nucleotide exon-splicing enhancer
regulates usage of competing 5’ splice sites in a differential internal exon. Mol Cell Biol
15:3979-3988.

Jones CT, McIntosh I, Keston M, Ferguson A, Brock DJ (1992): Three novel mutations in the
cystic fibrosis gene detected by chemical cleavage: analysis of variant splicing and a nonsense
mutation. Hum Mol Genet 1:11-17.

Jonsson JJ, Aronovich EL, Braun SE, Whitley CB (1995): Molecular diagnosis of
mucopolysaccharidosis type IT (Hunter syndrome) by automated sequencing and
computer-assisted interpretation: toward mutation mapping of the iduronate-2-sulfatase gene.
Am J Hum Genet 56:597-607.

Kishimoto TK, O’Conner K, Springer TA (1989): Leukocyte adhesion deficiency. Aberrant
splicing of a conserved integrin sequence causes a moderate deficiency phenotype. J Biol Chem
264:3588-3595.

Kishimoto Y, Murakami Y, Hayashi K, Takahara S, Sugimura T, Sekiya T (1992): Detection of
a common mutation of the catalase gene in Japanese acatalasemic patients. Hum Genet
88:487-490.

Klein JL, Shows TB, Dupont B, Trapani JA (1989): Genomic organization and chromosomal
assignment for a serine protease gene (CSPB) expressed by human cytotoxic lymphocytes.
Genomics 5:110-117.

Klima H, Ullrich K, Aslanidis C, Fehringer P, Lackner KJ, Schmitz G (1993): A splice junction
mutation causes deletion of a 72-base exon from the mRNA for lysosomal acid lipase in a patient
with cholesteryl ester storage disease. J Clin Invest 92:2713-2718.

Krawczak M, Reiss J, Cooper DN (1992): The mutational spectrum of single base-pair
substitutions in mRNA splice junctions of human genes: causes and consequences. Hum Genet
90:41-54.

Kudo S, Fukuda M (1989): Structural organization of glycophorin A and B genes: glycophorin B
gene evolved by homologous recombination at Alu repeat sequences. Proc Natl Acad Sci U S A
86:4619-4623.

Lapoumeroulie C, Acuto S, Rouabhi F, Labie D, Krishnamoorthy R, Bank A (1987): Expression
of a (8 thalassemia gene with abnormal splicing. Nucleic Acids Res 15:8195-8204.

Lavigueur A, LaBranche M, Kornblihtt AR, Chabot B (1993): A splicing enhancer in the human
fibronectin alternate ED1 exon interacts with SR proteins and stimulates U2 snRNP binding.
Genes Dev 7:2405-2417.

Leach FS, Nicolaides NC, Papadopoulos N, Liu B, Jen J, Parsons R, Peltomaki P, Sistonen P,
Aaltonen LA, Nystrom-Lahti M, Guan XY, Zhang J, Meltzer PS, Yu JW, Kao FT, Chen DJ,
Cerosaletti KM, Fournier REK, Todd S, Lewis T, Leach RJ, Naylor SL, Weissenbach J, Mecklin
JP, Jarvinen H, Petersen GM, Hamilton SR, Green J, Jass J, Watson P, Lynch HT, Trent JM,
de la Chapelle A, Kinzler KW, Vogelstein B (1993): Mutations of a mutS homolog in hereditary
nonpolyposis colorectal cancer. Cell 75:1215-1225.



30

Lehmann HW, Mundlos S, Winterpacht A, Brenner RE, Zabel B, Muller PK (1994):
Ehlers-Danlos syndrome type VII: phenotype and genotype. Arch Dermatol Res 286:425-428.

MacLeod JN, Liebhaber SA, MacGillivray MH, Cooke NE (1991): Identification of a splice-site
mutation in the human growth hormone- variant gene. Am J Hum Genet 48:1168-1174.

Mertes G, Ludwig M, Finkelnburg B, Krawczak M, Schwaab R, Brackmann HH, Olek K (1994):
A G+3-to-T donor splice site mutation leads to skipping of exon 50 in von Willebrand factor
mRNA. Genomics 24:190-191.

Metherall JE, Collins F'S, Pan J, Weissman SM, Forget BG (1986): Beta zero thalassemia
caused by a base substitution that creates an alternative splice acceptor site in an intron.
EMBO J 5:2551-2557.

Mount SM (1982): A catalogue of splice junction sequences. Nucl. Acids Res. 10:459-472.

Muntoni S, Wiebusch H, Funke H, Ros E, Seedorf U, Assmann G (1995): Homozygosity for a
splice junction mutation in exon 8 of the gene encoding lysosomal acid lipase in a Spanish
kindred with cholesterol ester storage disease (CESD). Hum Genet 95:491-494.

Nakai K, Sakamoto H (1994): Construction of a novel database containing aberrant splicing
mutations of mammalian genes. Gene 141:171-177.

Naylor JA, Green PM, Montandon AJ, Rizza CR, Giannelli F (1991): Detection of three novel
mutations in two haemophilia a patients by rapid screening of whole essential region of factor
VIII gene. Lancet 337:635-639.

Neote K, Bapat B, Dumbrille-Ross A, Troxel C, Schuster SM, Mahuran DJ, Gravel RA (1988):
Characterization of the human HEXB gene encoding lysosomal 8- hexosaminidase. Genomics
3:279-286.

Niwa M, MacDonald CC, Berget SM (1992): Are vertebrate exons scanned during splice-site
selection? Nature 360:277-280.

Nogee LM, Garnier G, Dietz HC, Singer L, Murphy AM, deMello DE, Colten HR (1994): A
mutation in the surfactant protein B gene responsible for fatal neonatal respiratory disease in
multiple kindreds. J Clin Invest 93:1860-1863.

O’Neill JP, Rogan PK, Cariello N, Nicklas JA (1998): Mutations that alter RNA splicing of the
human HPRT gene: A review of the spectrum. Rev. Mut. Res. in press:—.

Ohno K, Suzuki K (1988): A splicing defect due to an exon-intron junctional mutation results in
abnormal S-hexosaminidase o chain mRNAs in Ashkenazi Jewish patients with Tay-Sachs
disease. Biochem Biophys Res Commun 153:463-469.

Orkin SH, KazazianJr HH, Antonarakis SE, Ostrer H, Goff SC, Sexton JP (1982): Abnormal
RNA processing due to the exon mutation of 3 E-globin gene. Nature 300:768-769.

Owerbach D, Ballard AL, Draznin MB (1992): Salt-wasting congenital adrenal hyperplasia:
detection and characterization of mutations in the steroid 21-hydroxylase gene, CYP21, using
the polymerase chain reaction. J Clin Endocrinol Metab 74:553-558.



31

Ozkara HA, Akerman BR, Ciliv G, Topcu M, Renda Y, Gravel RA (1995): Donor splice site
mutation in intron 5 of the HEXA gene in a Turkish infant with Tay-Sachs disease. Hum Mutat
5:186-187.

Proia RL (1988): Gene encoding the human [-hexosaminidase 3 chain: extensive homology of
intron placement in the a- and (-chain genes. Proc Natl Acad Sci U S A 85:1883-1887.

Purandare SM, Lanyon WG, Arngrimsson R, Connor JM (1995): Characterisation of a novel
splice donor mutation affecting position +1 in intron 18 of the NF-1 gene. Hum Mol Genet
4:767-768.

Rave-Harel N, Kerem E, Nissim-Rafinia M, Madjar I, Goshen R, Augarten A, Rahat A, Hurwitz
A, Darvasi A, Kerem B (1997): The molecular basis of partial penetrance of splicing mutations
in cystic fibrosis. Am J Hum Genet 60:87-94.

Renda M, Maggio A, Warren TC, Kazazian HH (1992): Detection of an IVS-1 3’ end (G-C)
[-thalassemia mutation in the AG invariant dinucleotide of the acceptor splice site in a Sicilian
subject. Genomics 13:234-235.

Robberson BL, Cote GJ, Berget SM (1990): Exon definition may facilitate splice site selection in
RNAs with multiple exons. Mol Cell Biol 10:84-94.

Roberts RG, Bobrow M, Bentley DR (1992): Point mutations in the dystrophin gene. Proc Natl
Acad SciU S A 89:2331-2335.

Roberts RG, Bentley DR, Bobrow M (1993a): Infidelity in the structure of ectopic transcripts: a
novel exon in lymphocyte dystrophin transcripts. Hum Mutat 2:293-299.

Roberts RG, Passos-Bueno MR, Bobrow M, Vainzof M, Zatz M (1993b): Point mutation in a
Becker muscular dystrophy patient. Hum Mol Genet 2:75-77.

Rogan PK, Schneider TD (1995): Using information content and base frequencies to distinguish
mutations from genetic polymorphisms in splice junction recognition sites. Hum Mutat 6:74-76.

Sakuraba H, Eng CM, Desnick RJ, Bishop DF (1992): Invariant exon skipping in the human
a-galactosidase A preemRNA: A G+1 to T substitution in a 5'-splice site causing Fabry disease.
Genomics 12:643-650.

Santisteban I, Arredondo-Vega FX, Kelly S, Mary A, Fischer A, Hummell DS, Lawton A,
Sorensen RU, Stiehm ER, Uribe L, Weinberg K, Hershfield MS (1993): Novel splicing, missense,
and deletion mutations in seven adenosine deaminase-deficient patients with late/delayed onset

of combined immunodeficiency disease. contribution of genotype to phenotype. J Clin Invest
92:2291-2302.

Santisteban I, Arredondo-Vega FX, Kelly S, Loubser M, Meydan N, Roifman C, Howell PL,
Bowen T, Weinberg KI, Schroeder ML, Hershfield MS (1995): Three new adenosine deaminase
mutations that define a splicing enhancer and cause severe and partial phenotypes: implications
for evolution of a CpG hotspot and expression of a transduced ADA ¢cDNA. Hum Mol Genet
4:2081-2087.

Schell U, Hehr A, Feldman GJ, Robin NH, Zackai EH, de Die-Smulders C, Viskochil DH,
Stewart JM, Wolff G, Ohashi H, Price RA, Cohen Jr. MM, Muenke N (1995): Mutations in
FGFR1 and FGFR2 cause familial and sporadic Pfeiffer syndrome. Hum Mol Genet 4:323-328.



32

Schloesser M, Hofferbert S, Bartz U, Lutze G, Lammle B, Engel W (1995): The novel acceptor
splice site mutation 11396(G—A) in the factor XII gene causes a truncated transcript in
cross-reacting material negative patients. Hum Mol Genet 4:1235-1237.

Schneider TD, Stormo GD, Haemer JS, Gold L (1982): A design for computer nucleic-acid
sequence storage, retrieval and manipulation. Nucl. Acids Res. 10:3013-3024.

Schneider TD, Stormo GD, Gold L, Ehrenfeucht A (1986): Information content of binding sites
on nucleotide sequences. J. Mol. Biol. 188:415-431.

Schneider TD (1991a): Theory of molecular machines. I. Channel capacity of molecular
machines. J. Theor. Biol. 148:83-123. http://www.lecb.ncifcrf.gov/ toms/paper/ccmm/.

Schneider TD (19916): Theory of molecular machines. II. Energy dissipation from molecular
machines. J. Theor. Biol. 148:125-137. http://www.lecb.ncifcerf.gov/ toms/paper/edmm/.

Schneider TD (1994): Sequence logos, machine/channel capacity, Maxwell’s demon, and
molecular computers: a review of the theory of molecular machines. Nanotechnology 5:1-18.
http://www.lecb.ncifcrf.gov/ “toms/paper/nano2/.

Schneider TD (1995):. Information Theory Primer.
http://www.lecb.nciferf.gov/"toms/paper/primer/.

Schneider TD (1997a): Information content of individual genetic sequences. J. Theor. Biol. 189
(4):427-441. http://www.lecb.nciferf.gov/ toms/paper/ri/.

Schneider TD (1997b): Sequence walkers: a graphical method to display how binding proteins
interact with DNA or RNA sequences. Nucl. Acids Res. 25:4408-4415.
http://www.lecb.nciferf.gov/“toms/paper/walker/, erratum: NAR 26(4): 1135, 1998.

Schulze E, Scharer G, Rogatzki A, Priebe L, Lewicka S, Bettendorf M, Hoepffner W, Heinrich
UE, Schwabe U (1995): Divergence between genotype and phenotype in relatives of patients
with the intron 2 mutation of steroid-21-hydroxylase. Endocr Res 21:359-364.

Senapathy P, Shapiro MB, Harris NL (1990): Splice junctions, branch point sites, and exons:
sequence statistics, identification, and applications to genome project. Meth. Enzym.
183:252-278.

Shannon CE (1948): A mathematical theory of communication. Bell System Tech. J.
27:379-423, 623-656. http://cm.bell-labs.com/cm/ms/what/shannonday/paper.html.

Soria JM, Fontcuberta J, Chillon M, Borrell M, Estivill X, Sala N (1993): Acceptor splice site
mutation in the invariant AG of intron 5 of the protein C gene, causing type I protein C
deficiency. Hum Genet 92:506—508.

Speiser PW, Dupont J, Zhu D, Serrat J, Buegeleisen M, Tusie-Luna MT, Lesser M, New MI,
White PC (1992): Disease expression and molecular genotype in congenital adrenal hyperplasia
due to 21-hydroxylase deficiency. J Clin Invest 90:584-595.

Spritz RA, Jagadeeswaran P, Choudary PV, Biro PA, Elder JT, deRiel JK, Manley JL, Gefter
ML, Forget BG, Weissman SM (1981): Base substitution in an intervening sequence of a
BT-thalassemic human globin gene. Proc Natl Acad Sci U S A 78:2455-2459.



33

Stephens RM, Schneider TD (1992): Features of spliceosome evolution and function inferred
from an analysis of the information at human splice sites. J. Mol. Biol. 228:1124-1136.
http://www.lecb.nciferf.gov/ " toms/paper/splice/.

Sterner DA, Berget SM (1993): In vivo recognition of a vertebrate mini-exon as an
exon-intron-exon unit. Mol Cell Biol 13:2677-2687.

Stormo GD, Schneider TD, Gold L, Ehrenfeucht A (1982): Use of the ‘Perceptron’ algorithm to
distinguish translational initiation sites in F. coli. Nucl. Acids Res. 10:2997-3011.

Sun F, Knebelmann B, Pueyo ME, Zouali H, Lesage S, Vaxillaire M, Passa P, Cohen D, Velho
G, Antignac C, Froguel P (1993a): Deletion of the donor splice site of intron 4 in the glucokinase
gene causes maturity-onset diabetes of the young. J Clin Invest 92:1174-1180.

Sun Q, Mayeda A, Hampson RK, Krainer AR, Rottman FM (1993b): General splicing factor
SF2/ASF promotes alternative splicing by binding to an exonic splicing enhancer. Genes Dev
7:2598-2608.

Szilard L (1964): On the decrease of entropy in a thermodynamic system by the intervention of
intelligent beings. Behavioral Science 9:301-310.

Talerico M, Berget SM (1990): Effect of 5 splice site mutations on splicing of the preceding
intron. Mol Cell Biol 10:6299-6305.

Trapani JA, Klein JL, White PC, Dupont B (1988): Molecular cloning of an inducible serine
esterase gene from human cytotoxic lymphocytes. Proc Natl Acad Sci U S A 85:6924-6928.

Treisman R, Orkin SH, Maniatis T (1983): Specific transcription and RNA splicing defects in
five cloned (- thalassaemia genes. Nature 302:591-596.

Tsujino S, Servidei S, Tonin P, Shanske S, Azan G, DiMauro S (1994): Identification of three
novel mutations in non-Ashkenazi Italian patients with muscle phosphofructokinase deficiency.
Am J Hum Genet 54:812-819.

Vasan NS, Kuivaniemi H, Vogel BE, Minor RR, Wootton JA, Tromp G, Weksberg R, Prockop
DJ (1991): A mutation in the pro «a 2(I) gene (COL1A2) for type I procollagen in Ehlers-Danlos
syndrome type VII: evidence suggesting that skipping of exon 6 in RNA splicing may be a
common cause of the phenotype. Am J Hum Genet 48:305-317.

Vidaud M, Gattoni R, Stevenin J, Vidaud D, Amselem S, Chibani J, Rosa J, Goossens M
(1989): A 5’ splice-region G—C mutation in exon 1 of the human [-globin gene inhibits
pre-mRNA splicing: a mechanism for 31-thalassemia. Proc Natl Acad Sci U S A 86:1041-1045.

Wang Z, Hoffmann HM, Grabowski PJ (1995): Intrinsic U2AF binding is modulated by exon
enhancer signals in parallel with changes in splicing activity. RNA 1:21-35.

Watson RB, Wallis GA, Holmes DF, Viljoen D, Byers PH, Kadler KE (1992): Ehlers Danlos
syndrome type VIIB. Incomplete cleavage of abnormal type I procollagen by N-proteinase in
vitro results in the formation of copolymers of collagen and partially cleaved pNcollagen that are
near circular in cross-section. J Biol Chem 267:9093-9100.



34

Weil D, D’Alessio M, Ramirez F, de Wet W, Cole WG, Chan D, Bateman JF (19894): A base
substitution in the exon of a collagen gene causes alternative splicing and generates a
structurally abnormal polypeptide in a patient with Ehlers-Danlos syndrome type VII. EMBO J
8:1705-1710.

Weil D, D’Alessio M, Ramirez F, Steinmann B, Wirtz MK, Glanville RW, Hollister DW (19895):
Temperature-dependent expression of a collagen splicing defect in the fibroblasts of a patient
with Ehlers-Danlos syndrome type VII. J Biol Chem 264:16804-16809.

Weil D, D’Alessio M, Ramirez F, Eyre DR (1990): Structural and functional characterization of
a splicing mutation in the pro-a 2(I) collagen gene of an Ehlers-Danlos type VII patient. J Biol
Chem 265:16007-16011.

Wen JK, Osumi T, Hashimoto T, Ogata M (1990): Molecular analysis of human acatalasemia.
Identification of a splicing mutation. J Mol Biol 211:383-393.

Will K, Dork T, Stuhrmann M, Meitinger T, Bertele-Harms R, Tummler B, Schmidtke J (1994):
A novel exon in the cystic fibrosis transmembrane conductance regulator gene activated by the
nonsense mutation E92X in airway epithelial cells of patients with cystic fibrosis. J Clin Invest
93:1852-1859.

Wilton SD, Chandler DC, Kakulas BA, Laing NG (1994): Identification of a point mutation and
germinal mosaicism in a Duchenne muscular dystrophy family. Hum Mutat 3:133-140.

Winterpacht A, Schwarze U, Mundlos S, Menger H, Spranger J, Zabel B (1994): Alternative
splicing as the result of a type II procollagen gene (COL2A1) mutation in a patient with Kniest
dysplasia. Hum Mol Genet 3:1891-1893.

Yandell DW, Campbell TA, Dayton SH, Petersen R, Walton D, Little JB, McConkie-Rosell A,
Buckley EG, Dryja TP (1989): Oncogenic point mutations in the human retinoblastoma gene:
their application to genetic counseling. N Engl J Med 321:1689-1695.

Phillips 3rd JA, Cogan JD (1994): Genetic basis of endocrine disease. 6. Molecular basis of
familial human growth hormone deficiency. J Clin Endocrinol Metab 78:11-16.



