
Weak Donor and Acceptor sites prefer not to have strong
cryptic neighbors. The biases also point at direction of
scanning by commitment complex from inside an exon.
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FIGURE 7: Acceptor-hnRNP A1
interaction
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FIGURE 8: Donor-hnRNP A1
interaction

Compare to cryptic sites, real sites vicinity is depleted
of hnRNP A1 silencers.
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FIGURE 9: Acceptor-9G8 inter-
action
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FIGURE 10: Donor-9G8 interac-
tion

Compare to cryptic sites, real sites vicinity is rich of 9G8
enhancers.

We demonstrate the prediction improvement compared
to GeneSplicer ; a recent splice-site detection pro-
gram reported to perform favorably when compared to
NetPlantGene , NetGene2 , HSPL, NNSplice ,
GENIOandSpliceView .
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FIGURE 11: Acceptor classi�-
cation improvement

0 10 20 30 40 50
70

75

80

85

90

95

Gene Splicer

Splice Scan

True Sites Missing (%)

F
al

se
 P

os
iti

ve
s 

(%
)

Donor classification

FIGURE 12: Donor classi�ca-
tion improvement

Future work
We plan to improve our method by consideringde novo
motifs combined with digrammatical analysis of true ex-
ons vicinity.
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Protein High-af�nity binding site Functional ESE
SRp20 WCWWC GCUCCUCUUCC

CUCKUCY CCUCGUCC
SC35 AGSAGAGUA GRYYMCYR

GWUWCCUGCUA UGCYGYY
GGGUAUGCUG
GAGCAGUAGKS

GUUCGAGUA
UGUUCSAGWU

AGGAGAU
9G8 (GAC)n

ACGAGAGAY
WGGACRA

SF2/ASF RGAAGAAC CRSMSGW
AGGACRRAGC

SRp40 UGGGAGCRGUYRGCUCGY YRCRKM
SRp55 YYWCWSG
TRA2� (GAA)n

nhRNP A1 UAGGGW

TABLE 1: Nucleotide symbols used: M! (A/C), R ! (A/G), W !
(A/U), Y ! (C/U), S! (C/G), K ! (G/U).

For the classi�cation we use Na�̈ve Bayes model:

P(SS; ESE1; D1; : : : ; ESEn; Dn) �
P(SS) �

Q N
i=1 P(ESEi jSS; Di )P(D i )

HereN is the number of signals in the context (� 400),
SS is a splice site strength andD i is distance between
the splice site and a certain Enhancer/SilenserESEi .

This factoring is equivalent to the sum of LODs.

Results
Some of the biases we use:
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FIGURE 5: Acceptor-Acceptor
interaction
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FIGURE 6: Donor-Donor inter-
action

Rules for splicing mechanism
� ESEs and ESSes are frequently located in downstream

exons [4];

� The precise mechanism by which hnRNP A1 bind
ESS in upstream exon and represses splicing of the
upstream intron remains unknown [5];

� Most splicing enhancers are located within 100 nu-
cleotides of the30splice site and are not active further
away [2];

� Each enhancer complex assembles independently for
30and50sites and there is a minor interaction across
an intron [3];

� Based on current views of exon de�nition, each exon
should be recognized by the splicing machinery as an
independent unit [3];

� Analysis of the experimental data revealed that the
splicing ef�ciency is directly proportional to the cal-
culated probability of a direct interaction between the
enhancer complex and the30splice site:

– Strong natural enhancers function at a greater dis-
tance from the intron than weak natural enhancers
[4];

– The closer ESE is located to a splice site, the more
ef�cient it is [2];

– Multiple enhancer sites increase the probability of
splicing activating [2];

– Strong ESS sites may suppress an effect from ESE(s)
located upstream [5].

The proposed approach
We use Boltzmann machine for recognition of the splice
sites. To get training set we ran our gene annotation util-
ity GIGOgene on the wholeRefSeq(Jan. 2003).

The ESE/ESS sites are detected according to the follow-
ing consensuses [1]:

There are 10 Serine/aRginine-rich (SR) Splicing Enhancer
proteins known today: SRp20, SC35, SRp46, SRp54,
SRp30c, SF2/ASF, SRp40, SRp55, SRp75, 9G8 and ap-
proximately 20 hnRNP Splicing Silencing factors, among
them, the most studied, hnRNP A1 complex. Tra2� is
reported being SR Splicing regulator.

Together, with inef�cient splice-site signals, the appro-
priate balance of ESE and ESS elements somehow al-
lows �ne tuning of the splicing mechanism. The com-
plexity of constitutive and alternative splice site recog-
nition suggests multiple layers of regulation, with each
layer being the result of combinatorial arrays of elements
and factors.

Spliceosome - ESE/ESS
interactions

There are several interactions have been reported by re-
searchers:
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FIGURE 2: Splice sites recognition
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GIGOGene 1.0 predicted gene structure for gi|14211894|ref|NM_032578.1
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Introduction
Biology has entered genomic era. The accuracy and
speed with which genes can be predicted is still far from
satisfactory. Only 45% exons are predicted right, which
requires costly cDNA alignment for further gene detal-
ization. Exact exonic boundaries �nding (50and30splice
sites) is essential �rst step for anyab initio gene anno-
tation process. Here we introduce a method to improve
prediction quality of the splice sites.

Biologically, the precise removal of introns from pre-
messenger RNAs (pre-mRNAs) byspliceosomeis a crit-
ical step in expression of most metazoan genes.

Spliceosome is a complex snRNA - protein assembly
within which the splicing reactions occurs. An ordinary
active spliceosome consists of �ve small nuclear RNAs
(snRNAs) (U1,U2,U4,U5 and U6), more than 50 pro-
teins, a supramolecular assembly that is nearly as com-
plex as ribosome. The spliceosome acts through a mul-
titude of RNA-RNA, RNA-protein and protein-protein
interactions to precisely cut out each intron and join the
exons in the correct order.

Weakly conserved splice signals are necessary, but not
suf�cient, for the exact recognition of the exons.
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FIGURE 1: Structure of an intron

ESE and ESS signals
Speci�city in the splicing process derives partly from se-
quences other than splice-site signals, including Exonic
Splicing Enhancer (ESE) and Exonic Splicing Silencer
(ESS) signals.

Abstract
In this paper, we describe a new approach to improve the
precision of splice site annotation in human genes. The
problem is known to be extremely challenging since the
human splice signals are highly indistinct and frequent
cryptic sites confuse signal sensors. There is a strong
evidence that Exonic Splicing Enhancers (ESE) and Ex-
onic Splicing Silencers (ESS) in�uence commitment to
splicing at early stages. We propose the use of a Na�̈ve
Bayesian Network (BN) combined with Boltzmann ma-
chine splice sensor, to improve the speci�city of splice
site prediction. TheSpliceScan program is imple-
mented to demonstrate feasibility of speci�city enhance-
ment based on ESE/ESS signals interactions.Splice-
Scan outperforms recentGeneSplicer program for
low false negatives. The designed method is of particu-
lar value forab initio gene annotation.
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