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ABSTRACT

Alternative splicing is an important regulatory
mechanism to create protein diversity. In order to
elucidate possible regulatory elements common to
neuron specific exons, we created and statistically
analysed a database of exons that are alternatively
spliced in neurons. The splice site comparison of alter-
natively and constitutively spliced exons reveals that
some, but not all alternatively spliced exons have splice
sites deviating from the consensus sequence, implying
diverse patterns of regulation. The deviation from the
consensus is most evident at the -3 position of the
3' splice site and the +4 and -3 position of the 5'
splice site. The nucleotide composition of alternatively
and constitutively spliced exons is different, with
alternatively spliced exons being more AU rich. We
performed overlapping k-tuple analysis to identify
common motifs. We found that alternatively and
constitutively spliced exons differ in the frequency of
several trinucleotides that cannot be explained by the
amino acid composition and may be important for
splicing regulation.

INTRODUCTION
Among all animal tissues the brain is probably the most
molecularly complex organ with about 30% of the mammalian
genome expression dedicated to it [1]. Both kinetic [2] and clonal
[3] analysis indicate that 40-65% of the mRNA expressed in
brain is restricted to this tissue. Furthermore, the majority of
this mRNA is expressed in neurons and not in glia [4], [5].
Neuron specific gene expression can be achieved by
transcriptional (reviewed in [5, 6]) and post transcriptional
mechanisms including splicing and RNA editing [7]. In order
to analyze common features of neuron specific exons, we
compiled and analyzed the currently available neuron specific
exons.

It has been estimated that alternative splicing is involved in
more than 5% of on/off regulation in Drosophila genes [8]. In
addition, it has been shown that the inclusion of alternatively
spliced exons alters the electrophysiological properties of ion
channels like the the Glutamine A-D [9] and the NMDA [10]
receptors. In 11 genes listed in this survey, alternatively spliced

exons encode stop codons leading to truncated proteins. In 10
genes listed, the alternatively spliced exon introduces a
phosphorylation site and in one case a phosphorylation site is
removed.
The exact mechanisms that regulate the alternative use of

neuron specific exons are not well understood. Several regulatory
sequences have been identified, including splice sites deviating
from the consensus [11], RNA binding factors [12, 13], elements
in the flanking introns [14, 15] and secondary structures [16].
In addition, several components of the splicing machinery have
been found to be specific for neurons, among them the
composition of SR proteins [17], U2 RNA composition [18] and
the protein SmN [19] that might be involved in the etiology of
the Prader Willi syndrome [20], but whose functional significance
is not clear [21].
Neuron specific alternatively spliced exons can be the result

of neuron specific transcription followed by alternative splicing,
or the result of transcription that takes place in all cells followed
by neuron specific splicing. Although the consequence in both
cases is an exon that is alternatively spliced in neurons, the
mechanistic regulation might be quiet different. For example,
neuron specific exons generated by neuron specific promoter use
are alternatively regulated in non-neuronal cells [22]. In contrast,
several genes exhibit neuron specific splicing only when
expressed in neuronal cells, but not in any other cell type [11],
[15, 23]. The neuron-specific usage of the exons compiled here
has been established by comparison with some, but not all, non-
neuronal tissues like liver or muscle. Therefore, more detailed
investigations may detect some use of these exons in non-neuronal
cell types. Furthermore, inspection of the compiled sequences
shows that certain functional subclasses such as receptors are
highly represented, which probably reflects the current focus of
research on these molecules, rather than their greater use of
alternative spliced exons.

METHODS
Collection of alternative spliced exons and control database
Exons that are alternatively spliced in neurons were collected
from the literature using the Medline database, searching with
the key words 'alternative splicing' and 'brain' or 'neuron'. The
sequences were run against GenBank using the BLASTN 1.3.12

*To whom correspondence should be addressed

.=/ 1994 Oxford University Press



1516 Nucleic Acids Research, 1994, Vol. 22, No. 9

Table 1. Compilation of exons that are alternatively spliced in neurons

Mutually exclusive exons 0 5
Gene regulation experimental evidence aceion species sequence ref.

_______________number

Glycine receptor regional and nieuronspecific, in situ X57281 R ttgcattctgcagGGTCCTCCAGTAAACGTTACTTGCAATATTTTTATCAACAGTTTTGGATCAG 7507
cx2A developmental TCACAGAAACCACCATGgtaagtgctacagt
Glycine receptor regional and neuronspecific, in situ X61159 R gttcaaattacagSGGCCTCCTGTAAATGTTACCTGCAACATATTTGGGTCAATAGCAGAAACTA [5F
a2B developmental CAATGgtgagtgggactgagcattga
Glutamate regional and rneuronspecific, in situ, M364l9 R .atgttttatcgtttcaagAGAATGCGGTTAACCTCGCAGTACTAAAACTGAATGAACAAGGCCTG T9F*
receptor, B type, developmental electrophysiology TTGACGgtcATGAAccCAATGGTCAAAGGGGGCGGGGGTAT

Glutamate regional and neuronspecific,. in situ, M38061 R tattttccacgtgaagAQ ACCCCAGTAAATCTTGCAGTATTGAAACTCAGTGAGCAAGGCGTCTT 1511
receptor, B type, developmental electrophysiology TAACGACAAtGCTGAAkCAAAGTGAGTAGTATGGACAGAT GA

ratbrainCa ~~expression in brain, heart M67516 R OGGTTACTTTAGTGATCCCTGGAATGTTTTTGACTTCCTCATCGTCATTGGGAGCATAATTGATG T52]
channel, alpha and adreanal gland TCATTCTCAGTGAAACTAATgtgagtatc
subunit rbC-1
rat brain Ca M89924 it ccccatgcagSCACTATTTCTGTGATGCATGGAATACATTTGACGCCTTGATTGTTGTG.GGTAGC [52]
channel, alpha ATTGTTGATATAGCAATCACCGAGGTACAC
subunit rbC-I

Ca channel al, expression in brain and L01776 M JAT-GCAAGACGCTATGGGCTATGAGTTGCCCTGGGTGTATTTTGTCAGTCTGGTCATCTTTGGAT TI3F
form 1 cardiac muscle, heart CCTTTTTCGTTCTAAATCTGGTTCTCGGTGTTTTG

Northern analysis __
Ca channel al expression in brain and L01776 M *GTCAATGATGCCGTAGGAAGGGACTGGCCCTGGATCTATTTTGTAACACTAATCATCATAGGGT [53
form cardiac muscle, heart CATTTTTTGTACTTAACTTGGTTCTCGGTGTTTTGAGCGGGGAGTTTTCCAAAGAGAGGGAGAAA

Northern analysis GCCAAAGCCCGAGGAGATTTCCAGAAGCTTCGAGAGAAGCAGCAACTAGAACAAGATCTCAAAGGCTACCTGGACTGGATCACCCAOGCAGAAGACATTGACCCCGAGAATGAGGACGAGGGCATGGATG
__________ ~~~AAGACAAGCCTCGAAACA

Ca channel al, expression in brain and L01776 M *OGGTTACTTTAGTGATCCCTGGAATGTTTTTGACTTCCTCATCGTCATTGGGAGCATAATTGATG [531
form4 cardiac muscle, heart TCATTCTCAGTGAGACTAAT

Northern analysis __
expression in brain and L01776 M ICACTATTTCTGTGATGATGGAATACATTTGACGCCTTGATTGTTGTGGGTAGCATTGTTGATA [53]
cardiac muscle, Northern TAGCAATCACCGAGGTACAC
analySis_

Rt15 cDNA regional (ring neuron specific, M17535 A BTATATG [54F
gaglin in situ, protection ___

regional neuron specific, Ml17536 A 1AGTGATG.AAGCGCAGAGAGAAGACCGTACACCAGGATGGGATCCWGT4G
(abdominal in situ, protection

____________ganglion) ____________________________________________

casette exons, expression of the gene In all tissues, expression of the exons only In neurons

Clathrin light developmental expression in neurons, L01564 R tccttctctaacggttttcctcaagGGATCGCTGACAAAGCGTTCTACCAGCAGCCAGATGCTGA [111],
chain B PCR, 1TACCATTGGCTATGTgtacgtgcctcctttgctc [55]

__________immunocytochemistryt
Clathrin light expression in neurons M20469 H G@ATCGCTGACAAAGCATTCTACCAGCAGCCAGATGCTGATATCATCGGCTACGT T567
chain B immunocytochemistry __

Clathrin light X04852 B GSATCGCTGACAAAGCATTCTACCAGCAGCCAGATGCTGATATCATCGGCTACGT [56]
chain B

Clathrin light NA M gctgtctagG@ATCGCTGACAAAGCGTTCTACCAGCAGCCAGATGCTGATACCATTGGCTATGTg 1571
1chain B tatgttgca
Clathrin light expression in neurone, M20471 R GSaGTGGCAGATGAAGCTTTCTACAAACAACCCTTCGCTGACGTGATTGGTTATGT [55F
chain A, LCA2 Western blot, [58]

___________immunocytochemistry
Clathrin light M20471 H GQGTGGCAGATGAAGCTTTCTACAAACAACCCTTCGCTGACGTGATTGGTTATGT (561
chain A, LCA2

Clathrin light X04849 B G8GTGGCAGATGAAGCTTTCTACAAACAACCCTTCGCTGACGTGATTGGTTATGT 1591
chain A LCA2

Clathrin light neuronspecific, M15882 R C@AAACATAAACCATCCTTGCTACAGCCTAGAACAGG i55F
chain A, LCAI _______ mmunocytochemisrty [581
Clathrin light M20471 H C@AAACATAAAkCCATCCTTGCTACAGCCTAGAACAGG (561
chain A, LCAI ____
Clathrin light X04849 B CXaAACATAAACCATCCTrTCTACAGCCTAGAACAGG 159]
chain A, LCA1 ____
neuronal cell developmental neuron specific M15939 C tcttcttcacagGQCACACCGCCGATACTGCAGCTACTGTTGAGGACATGCTrGCCTTCTGTAACT 1601
adhesion immunocytochemistry ACGCGGCACCACTAACTCTGACACTATCACTGAAACTTTTGCCACTGCTCAGAACAGCCCCACGAG
molecule, exon 18 CGAGACCACCACCCTGACCTCCAGTATTGCCCCGCCAGCCACGGCCATACCTGACTCAAACGCCA

TGTCGCCTGGCCAGGCTACTCCAGCCAAAGCGGGAGCCTCCCCTGTCTCTCCACCACCACCCTCC
TCTACGCCCAAAGTGGCCCCCCTTGTTGATCTCAGCGATACCCCAAGCTCTGCTCCAGCTACTAA
TAATTTGTCTTCAAGTGTCCTGTCCAACCAAGGTGCAGTGCTGAGCCCCAGCACTGTTGCTAACA
TGGCCGAGACCTCCAAAGCAGCAGCTGGTAACAAGTCAGCTGCCCCAACCCCTGCAAACCTCACT
AGTCCTCCAGCTCCATCAGAGCCCAAGCAGGAGGTCTCAAGCACCAAGAGCCCCGAGAAAGAAGC
TGCGCAGCCCAGTACAGTGAAGAGCCCAACAGAGACAGCCAAGA.ATCCAAGCAATCCGAAGAGTG
AGGCTGCTTCAGGCGGCACCACAAACCCCTCCCAGAATGAGGACTTTAAAATGGACGAAGGGACC
TTCAAGACACCAGACATTGATCTTGCAAAGGATGTTTTTGCAGCTCTTGGCACTACTACTCCTGC
CAGTGTGGCTAGTGGGCAAGCTCGTGAGCTTGCTTCTTCCACTGCAGACAGCTCTGTACCTGCTG

_____________ ~~~~~~CACCTGCAAAGACCGAgtat act cct
neuronal cell developmental neurons specific, also in M32611 R ttgttctctccagQGCATCGTGGACTCGACCAGAGAAGCAAGAGgtatagcttacctgaccacta [61,
adhesion heart and adreanal gland gcca 62],
molecule, VASE
exon__

neuronal cell X14527 M ttctctccag@GCATCGTGGACTCGACCAGAGAAGCAAGAGgtata 1631
adhesion
molecule, VASE
(x)exon ___________________________________

protein 4.1, exon predominantly expressed L00919 M ttatggcaga~ACTCGAAGTAGTTAAGAGGAGt 164l
115 _______in brain,PCR analysis - agCCtattttccctttc
Protein 4.1, eason 5 predominantly expressed. L0)0919 M ltgtcttcaaCgQAAACATGCTAATTTACAAGACTTGCTGAAGCGAGTGTGCGAGCACCTCAACCT 1641

in brain, PCR analysis TTTGGAAGAAGACTACTTTGGTTTAGCCCTGTGGGACAGCGCAACCTCTAAGgtaaggagac
nI src neuron specific, M61224 C tgctttcatgtagGoAGAAAAGTGGACGTCAGgtgtgtaccgag 151

Westem analysis, PCR [65]
nI src neuron specific, NA F G@AGGAAGATAAACTGCAG [66]
IPCR
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(Table 1. Cont.)
nl src neuron specific NA H ccttagGGaAGGAAGGTGGATGTCAG i67F

protection analysis_______________________________
rd src neuron specific M61225 M cgctgccccttagGeAGGAAGGTGGATGTCAGgtgtgtaccgagg [151,

PCR analysis [14]
sarc+ 1 developmental neuron specific M80900 X ctgtgccatag5GAGACCTGACATAAGgtatgtgaccatcca 1681

"CR analysis ________________________

sarc+ 2 developmental neuron specific M80901 X cacatgctgtgccatageGAGACCTGACATGAGgtatgtgaccatacagcgaccatatttgtgca 1681
PCR analysis gctat

dopa developmental brain specific X04661 D tttcaataatcgcacattctttcatattagctctaaccattcgagTTCATATCATTGCAAAAGTC ~
decarboxylase ~protection analysis AAACGAAAAJLGTAAATCTCTGAABATGAGCCACATACCCATTAGTAACACAATTCCAACAAAACAA
decarboxylase ~~~~~~~~~~ACTGATGGTAATGGTAAAGCTAACATTTCGCCGGATAAGCTGGATCCCAAGGTTTCGgtatgtct

att attta atataaaaccaacaattatg
preprotackykinin, usage in brain, also in X01399 B gtatttttccagGGOCATAAAACAGATTCCTT7TGTTGGACTAATGGGCAAAA-GAGCTTTAA.ATTC [70]
substance K thyroid and intestine, TGgtatgtataaaa

orotection analysis ___ ______________________________ __

preprotackykinin predominat usage in M34161 R catatattcagaagcttgttaactttgtactagttatgagtttatttcttcaaaaacatacatac [16]-
substance K brain, taaaatacccctaaatgtattttccagGGGCATAAAACAGATTCCTTTGTTGGACTAATGGGCAA

protection analysis and AAGAGCTTTAAATTCTGgtatgtataaaatcatgtctgaaaatatgtaaatcaacttctgtaatt
primer extention tttacg

gephyrin, C4 form brain specific, X66366 IR BGCTCGGCTTCCCTCGTGCTCATCTACCTATAGTGTATCTGAG [711
PCR S38683 _________________________ ____

kinesin light bramn specific, M75148 IR 1 @GTGAGTATGAGCGTAGAGTGGAATGGG [2

chain, B form cDNAcloningIII
exon destroys phshato-it
In05551 1,4,5, developmental Tneuron specific TM64699 IR @CAAATTTCCATTGATGAATTGGAAAATGCCGAGCTGCCACAGCCACCGGAAGCTGAGAACTCCA [ 731
trlsposphtsreepim ________ IP~CR __ CAGAGCAGGAGCTTGAACCAAGTCCACCCCTGAGGCAACTGGAAGACCATAAAAGGI

exon introduces st codon
drnssn Igh chain, C Drain specific M75147 R @ATGAGAAAGATGAAGCTCGGGCTGGTTAAATGACTTGCTCAGCGTCCATG 21~
__M_ cDNA cloning

glycoprotein Iprotection, in situ AGgtaggttccgggggccactgc [5

(1B236), exon 12 [76],

myelin associated jbrain specific, 1M74780 M 'TCCAGAGAGGTCTCTACCCGGGATTGTCACTGAGAGCCCCAGGAG [771
12_

exon introduces pisophorylation site _________
nIl arc developmental -neuron specific M34469 H CGCAGACCTGGTTCACATTCAGATGGCTGCAAAGgtac [78]

protection__
'RTEIN KINASE C regional neuron specific M16829 R ccccctctcatagSTGTGGGCGAAACGCTGAAAACTTCGACCGGTTTTTCACCCGCCATCCACCA [79.801
B11 developmental in situ GTCCTAACACCTCCTGACCAGGAAGTCATCAGGAATATTGACCAATCAGAATTCGAAGGATTTTC

CTTTGTTAACTCTGAATTTTTAAAACCCGAAGTCAAGAGCTAAGTAGATCTGTAGACCTCCGTCC
_____________ __________________ TTCATTTCTGTCATTCAAGCTCAACAGCTATCATGgtgacattttttttPROTIN KINASS C brain specific, M18254 H cctctcatagGTGTGCiGCGAAATGCTGAAAACTTCGACCGATTTTTCACCCGCCATCCACCAGTC l811

B1 alao expressed in tumor CTAACACCTCCCGACCAGGAAGTCATCAGGAATATTGACCAATCAGAATTCGAATTCGAAGGATT

lymphocytes TT~~1'CCTTTGTTAACTCTGAATTTTTAAAACCCGAAGTCAAGAGCTAAGTAGATGTGTAGATCTCCGlymphocytes ~~~TCCTTCATTTCTGTCATTCAAGCTCAACGGCTATTGTGGTGACATTTTTATGTTTTTCATTGCCA
______AGTTGCATCCATGTTPTGATTTTCTGATG

exon introduces frsameshift__
Oct 2.5 T predominantly in brain, X57940 AGAGCACAATGGTGGGGTTGAGCTCTGGGCTGAGTCCAGCCCTCATGAGCAACAACCCTTTGGCC 182.

low levels in neurona M ACTATCCAAG 831.
dopamineD3 ~ ~ neuron specific M69190 R ttttctctgccag@GTGACAGGTGGAGTCTGGAATTTCAGCCGCATTTGCTGTGACGTTTTTGTC 184
reetrTM3del electrophysiology ACCCTGGATGTCATGATGTGTACAGCCAGCATCCTGAACCTCTGTGCCATCAGCATAGACAGgtg

I_ aggacaacaat

casette exons, expression of the gene In neuronal tissue where It Is aiternatively spliced

NMDR receptor 1 regional neuron specific, S45121 R attattcatcagBAGTAAAAAAAGGAACTATGAAAACCTCGACCAACTGTCCTATGACAACAAGC [10],
exon 5 protection analysis L08228 GCGGACCCAAGgtatatatgcat [85]

NJMDAR neuron specific, X65227 R GATAGAAAGAGTGGTAGAGCAGAGCCCGACCCTAAAAAGAAAGCCACATTTAGGGCTATCACCTC [10]
reeptorl, exon 21 _______protection analysis L08228 CACCCTGGCCTCCAGCTTCAAGAGACGTAGGTCCTCCAAAGACACG
dopamine D2 regional neuron specific, M32241 R cttcacagQGGCAACTGTACCCACCCTGAGGACATGAAACTCTGCACCGTTATCATGAAGTCTAA 1861,
receptor (444) ______ electrophsiology TGGGAGTTTCCCAGTGAACAGGCGGAGAATGgtaagtgt 1871,1581.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~fel
dopaminte D2 regional neuron specific, X51646 H act'ccacagSGGCAACTGTACTCACCCCGAGGACATGAAACTCTGCACCGTTATCATGAAGTCTA 1891,
receptor, D32A ______ in situ ATGGGAGTTTCCCAGTGAACAGGCGGAGAGTGgtaagtgctcaggcca i501
dopamine D2 neuron specific, X55674 M *GGCAACTGTACCCACCCTGAGGACATGAAACTCTGCACCGTTATCATGAAGTCTAATGGGAGTT 1911
receptor, D2A p______~rotecfion analysis _ __ TCCCAGTGAACAG-GCGGAGAAGT
NaChannel I predominantly brain, X03638 R JGTGATAATAGATAAGCCAGCTACTGATGACAAT 1921

minor expressionin
skeletal and cardiac

____________ ______ ______ muscle, protection _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

NaChannel IlI brain expression S97388 R GTBATGTCATCCAGGATGGTGCCAGGGCTTCAGCAATGGGAAGATGCACAGCACTGTGGATTGCA I92]
protection analysis ATGGTGTGGTTTCCTTG

NaC.hannel aIc brain expression
protection analysis

K

tau, exon 2 neuron specific H
immunocytochemistry

tau, exon 3 neuron specific H
immunocytochemistry

tau, exon 4 neuron specific M93652 H
immunocytochemistry

tau, exon 6 neuron specific X61371 H

I I~~~immunocytochemisftyI I

,CTGAGGACGGATCTGAGGAACCGGGCTCTGAAACCTCTIGATGCT 1193],

ATGAGGGAGCTCCCGGCAAGCAGGCTGCCGCGCAGCCCCACACG 191
[94]

[941
1[931

[931
CCTCTCC7
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tau, exon 8 neuron specific X61375 H tttttctctttaagCGG ACTAAGCAAGTCCAGAGAAGACCACCCCCTGCAGGGCCCAGATCTGAG i93]

immunocytochemistry AGAGgtactcgggagcc

tau, exon 10 neuron specific H tctggctaccaaagBGTGCAGATAATTATTAAGAAGCTGGATCTTAGCAACGTCCAGTCCAAGTG [95
immunocytochenistry taGCTCAATAATATCAAACACGTCCCGGGGCGGCAGTgtgagtaccttcac

big tau regional, neuron specific, M84156 R MC_ _&GAAGGcGAGr 9 GA
peripheral in situ hybridization,
nervous system Northern analysis

GX~~~~~~~~~~~~~~~~~~G

AAA

tau neuron specific, M26157 B attttItctttttaagCASACCATGCAAGTGCAGAAAAACCACCCCCTGCAGGGGCAAAATCTGA (97]
GAGAGgtaatt

microtuble developmental neuron specific X17682 R GCACTGCAAGAAGCAACAAGTGGTGAATCAGC (98]
associated protein immunocytochemistry
map 2C
Neurexin m alpha brain specific, L14851 R BGGTAGAAGTAAA (99]

Northern analysis
Neurexin m alpha brain specific, L14851 R ACBTGTATCAGGATAAACTGTAACTCCA (99]

Northern analysis
Neurexdn m alpha brain specific, L14851 R GGCAACACTGATAATGAACGCCGCCAAATGGTAAAACAGAAAATCCCCTTCAAATATAATCGGC [991

Northern analysis CTGTAGAGGAGTGGCTGCAGGAAAAA
Neurexin m alpha bra specific, L14851 R GTGAGGTCAG (991

Northern analysis
C Ckd regional brain specific, M16112 R QGAGCCTCAAACCACCGTTATCCATAACCCAGTGGACGGCATTAAG [100,
D" ' 'm, 8 Northern analysis loll
g groioi bcto, exon neuron specific L12261 H IGAGATCATCACTGGTATGCCAGCCTCAACTGAAGGAGCATATGTGTCTTCAGAGTCTCCCATTA 11021

in situ GAATATCAGTATCCACAGAAGGAGCAAATACTTCTTCA

W growlh bcbr, swn 5 neuron specific L12259 8 BGAGATCACCACTGGCATGCCA 1021
GAATATCAGTATCAACAGAAGGAACAAATACTTCTTCAT

intergrase like neuron specific X60468 R cggacccagA9GAGAGgtattaacgtcca [1033
protein FE65 protection and northern

analysis
exons containinistop codons
NMDA receptor 1 Tneuron specific S39221 R CCCTCTGTCCATCACACAGGTCGGAAAGAGCAGGCCCGCAGCACCAAATGTAATACAAGTTGCCT 1101

electrophysiology GCAGCCAGTTGCAGAGGCGGTGAACATTCTATCCCTACAATGCACTGCCCCTGACCACCAAGAGG
GAACCGGTAAAAAACTAACCTAGAAGCATCAGAGGGCCAAGAGCAGTGTGAATCATGACGGTGCG
GAAGGAGCCATGTTCACTCA

NEUREMN IIIMYN1 brain specific L14851 R CCBAGAAGCTCTAATGCAGCTAGGATCACTCCGTGCCGCCCTTACATGGACATGGCGACTCACTT l991
Northean analysis ACACAAACCTTCTCATCTTCATCTCCTGTGTAGTACACTCATAGACACACCCCTCCCCTTTC

CGCACCCCTTCTTTCCCATGCTCCCCCCTTCTTTAGCGTTGTTAAAATTTATGTGCTGTCATCCA
CCCCCCTAATTAAATTCAGAAAAATCT TTTGTCAAAAAGACATAATATCTAAATATTTATCT
GAAAACTAACAATGAAGTTCATCAAA ATCCTATAGATGCATAGATTmTTrrAAGGCAAAT

I TATAATTTTTTTCACTTTCAG
NEUREXIN III ALPHA brain specific L14851 R TC_CTAGAAAGCAAGAATATTCAACTTTTAAA AAGTGCCCATCCTAGTCCAAAGTAA[991

Northem analysis AACTTTTAAAGTT ATGTAATT TTTTCTCTCATGCCAAAAAATGCGGTTGTTGAT
CCCTGTATCATCCTCTGTTGTAAATTACTATATCTAAACTAG

NEUREXIN III ALPHA brain specific L14851 R Q ACATTTTGCW_ u99 A
Northem analysis

NEUREXIN III ALPHA brain specific L14851 R ATA CTACA CAACAAAAAAAACAACA 991
Northem analysis CTTACACACTTTCTTTATAAATArGTCT TCCATTGCCAAAAACATGCGGGCATTTGTTGAT

GAGGTGAATTAGTTATCCTCTTCTTGTAGAAGACCCTTTAGCTACCCCTCCTATTGCTACTCGT
GTACCCTCCATTACACTCCCCCCTACCTTCCGCCCCTCTTCACCATATATGAGACCACCAAAGA
TTCCCTGTCCATGACCTCTGAGGCGGGGTTACCTTGCCTGTCGGACCAAGGCAGCGATGGTTGTG
ATGATGATGGCTTGGTGATATCT TTGTAGGACTTATCTAACCTGCCCCCT
ACTATGTGAGATTTTCACACCTTCTCCTTGGTAACAG

NEUREXIN aciALPHA brain specific L14851 R ATtAAGAGTCTTTCCACTTCAATCTTCGAAGGTGGCTACAAGCGCATGCGCCCAAGTGGGAATC 1991
Northem analysis CAAGGACTTTAGACCTAACAAAGTCTCGGAACTAGTAGAACTACAACCACCCTTGTCCCCTG

AGCTGATCCGCTTCACAGCGTCCTCCTCTCGGAGGGCCAAATTGCCAGCTGGAAT
AATAACCGTGATCTCAAACCCCAGCCTGTTATTTCTCGTTGCCCACTGCCTATGAGCT
AGACAGCACCAAACTGAAGAGCCCACTAATTACTTGCCCCATGTTCCGTAATGTGCCCACAG

glutamic a c id developmental neuron specific M38351 R cttcctttatcagGCCATCAGACATGAGGGAGTGT!TGGTTGCTACGGTGATGGGGCTCAGAGCA 1991
decarboxylase in situ GGACCAAAGCATGAGTGTGGCCTCCAGAGGTGATGgtaactgaacactgtt

exon introduces a frameshift
Chdno neuron specific S45018 H STTCTTTGTCTTGGATGTTGTCATTAATTTCCGCCGTCTCAGTGAGGGGGATCTGTTCACTCAGT 11041Aransleras3fe _ _ immunocytochemistry TGAGAAAGATAGTCAAAATGGCTTCCAACGAGGACGAGCGTTTGCCTCCAATTGGCCTGCTGACG

TCTGACGGGAGGAGCGAGTGGGCCGAGGCCAGGACGGTCCTCGTGAAAG
exons containing a phosphorylation site
GABA A receptor, regional neuron specific X15376 H cccaaag9CTTCTTCGGATGTTTTCCTTCAAGgtataat 1105
y 2 subunit developmental electrophysiology I___]
GABA A receptor, regional neuron specific X54994 C |CTTCTTCGGATGTTTTCCTTCAAG [106
y 2 subunit developmental I

Il
GABA A receptor, neuron specific M55563 B |CTTCTTCGGATGTTTTCCTTCAAG 1105
y 2 subunit I|__
GABA A receptor, regional neuron specific M62374 M | tccaaageCTTCTTCGGATGTTTTCCTTcAAGgtatactgttttt [T107-,
y 2 subunit developmental 1081
Ll neuronal cell regional neuron specific X59149 R 9GTCCAGTTCAAT 109]
adhesion PCR, northem analysis
molecule

asECG k] all genes are only expre"ed In neuronal tissue, the alternativly spliced exon Is underlinedalternative 3' splic* site
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D3 receptor(o2del) neuron specific, M69192 R accaca GGeGATCCCAGCATCTGCTCCATCTCCAACCCTGATTTTGTCATTTACTCTTCAGTGG (841
electrophsiology TGTCCTTCTACGTTCCCTTCGGGGTGACTGTCCTGGTC

POMPC neuron specific |00291 H cattgttttgtccttgcagGGGTCCCACGAATCTTGTTTGCTTCTGCAG [1121

prolactin regional expressed in pituritary J00767 R cactgatacctgaatttctttagCAG [1131
neurons
immunocytochemistry

nervous sysitem developmental neuron specific, in situ M34894 X attactttataaacaa _TCCACTCCAACCCGA GGGGGTTTCTTGGAAC [114
specific RNP I
protein-1
exon introduces frameshift _________
Synapsin I regional neuron specific, f M27812 R ccttgC CAGCCCC 1i15

immunocytochemistry I
Synapsin I regional J05431 H tccaccttgtctctctctag =CTTTGCCAG (116

CC t

alternative 5'ends udiIi)]

t-aminobutyric neuron specific X56647 C G@TGAGAGAGCAGgtttgtccccttc [117]
acid A receptor B84'
subunit
raw2 (NGK2, neuron specific, Y07521 M GTQAGGAAACCTCTCAGAGGCATGTCGATCTGACCTTTCACCTCCGCCCCCTGTAGCAATGATTC 1118
Kv3.1 b) electrophysiology I _ CAGATCCAGTCAGACTGCTT
exon introduces a stop codon
GLALGROWTH FACTOR neuron specific L12259 |B GTAAGAGATGCCTACTGCGTGCTATTTCTCAGTCTCTAAGAGGAGTGATCAAGGTATGTGGTCA 1102
l | | ~~~~~~~~CACTTGAATCACG

exons introducing a phosphorylation site
H tyrosine neuron specific M18115 H BGTAAGAGGGCAGgtaggtgccc [1191,
hydroxylase, HTH- immunocytochemistry [1201
2 [121,

122]

Er,,n
alternative 3' and polyadenylation stop

a tropomyosin, regional neuron specific M34138 R cctcttccttctgcctcttcttttctgctaaCccttgctgacctgcccagATGCAACTcTAccAT [231
exon 9c developmental immunocytochemistry CAACTCGAGCAAAACCGCCGTCTAACTAATGAACTAAAGCTGGCCCTGAATGAGGATTAAAACCC [1231

a tropomyosin, brain specific, M64288 C tctttctcttcccaccggcgctgatgtctctgtttgctctagAGgCoCTCCCG GCAGGAGGCGA
exon 9c, BRT-1 __ protection GAAAAACCGCGTTCTCACTAACGAGCTGCGAGTCATCCTTACCGAGCTTAACAACTGAGCT
neuroglian regional neuron specific M28231 D ABCAATTTACCGAGGATGGCTCCTTCATTGGCCAATATGTTCCTGGAAAGCTCCAACCGCCGGTT (125

developmental immunocytochemistry AGCCCACAGCCACTGAACAATTCCGCTGCGGCGCATCAGGCGGCGCCAACTGCCGGAGGATCGGG I
AGCAGCCGGATCGGCAGCAGCAGCCGGAGCATCGGGTGGAGCATCCGCCGGAGGAGCAGCTGCCA I

| |GCAATGGAGGAGCTGCAGCCGGAGCCGTGGCCACCTACGTCTAAGAGGCGTGGCTGGGATTCACT I
| |TGCCCCATTGTTCTCCCTGATTTTCTACCAAACGATTCAAACGCCTCTTAAACAAAAAAGAAACT I

l | I | | ~~~~~~~~GTGTAATTCTATGTGTAAAACGAAAACTGCTTTAAGTGTCT
Calcitonine gene neuron specific N00016 |R catcctgaatatcagT@GTCACTGCCCAGAAGAGATCCTGCAACACTGCCACCTGCGTGACCCAT [1261,
related peptide, neuro peptide expression CGGCTGGCAGGCTTGCTGAGCAGGTCGGGAGGTGTGGTGAAGGACAACTTTGTGCCCCACCAATG [127],[
CALC-I gene TGGGCTCTGAAGCCTTCGGCCGCCGCCGCAGGGACCTTCAGGCTTGAACAGATAATAGCCCCAGA 1281

AAGAAGgtgacttccttgtacaactgg |,12]
B23.2 brain specific M37039 R ctatctccttggtttaattgcagQGCGCATTGAACATTCCTGGGCACTACTGGTAAATTAAGCCC 11291

cDNA doning AAAGATGGGGAAAGAGGAAAAGGAGAAACAAATATAGTACCATCAACAATCCAGACTGAAGTCTT
| |CTATTTTAATCTCAATCCCCTTCCTGATTGGCCATCCATTCCCCCTTGCAGGCTGGAAGCAATC| |

GTTTGTCCTAAAGCATTTTTCTTTTTCACTCGTGTGATGCAG,AAAACTTGACTGCTTTTCTATACC| |
| |ACTTGTGCATATGCCTTAACTCTGACCATGTTTTAATTmAACcTTTGTATccTTAGcTGcTcGA| |
| |AATAAATTTTTGAATGAACCAATAAGGATgtatgtgacaatatttttaaattgtagtgaattatc| |

I | II~~~~~~~1 ttctacatcatqaaagcaatttaaatactca
raw2 Kv4 isoform neuron specific M68880 R ATBTCCAAACTGAATGGGGAGGTGGCGAAGGCCGCGCTGGCGAACGAAGACTGCCCCCACATAGA 1[130]

instu, electrophysiology |CCAGGCCCTCACTCCCGATGAGGGCCTGCCCTTTACCCGCTCGGGCACCCGCGGAGAATACGGAC|insI tu, electrophysioogy
CCTGCTTCCTCTTATCAACCGGGGAGTACGCGTGCCCGCCTGGTGGAGGAATGAGAAAGG

pairwise mutually exclusive

I C.0 alnha -Pyn)n 7Rt I I mainiv in hr:2in lacc in MflnlAl R 1 ---- ---------------OxPxPLoPnss I rinit IMaIrUy In Drain, iess in
heart and lung,
Northem blot

GO alpha, exon 8B mainly in brain, less in M60162 H
heart and lung,
Northem blot

GO alpha, exon 7A mainly in brain, less in M60163 H
heart and lung,
Northem blot

GO alpha, exon 8A mainly in brain, less in M60164 H
heart and lung,
Northem blot

scccctccactwctwgtwtgcagyAeCGATGACGATCCTGAGlCTTTTTG^rl-llACAGCATCTGCAAC
AACAAATGGTTCACAGACACGTCCATCATCCTGTTTCTTAACAAGAAGGACATATTTGAAGAGAA
GATCAAGAAGTCCCCGCTCACCATCTGCTTTCCTGAATATACAGgtagagacccc

AACAAGTTCTTCATCGATACCTCCATCATTCTCTTCCTCAACAAGAAAGATCTCTTTGGCGAGAA
GATCAAGAAGTCACCTTTGACCATCTGCTTTCCTGAATACACAGgtgggtgcca

P1311,

uu dipnd, exon / DI IMOU101 li [1311,
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Distant coordinated expression

Agrin, exon A only in neurons exon A M97371 C QAAATCCCGTAAG [132]
and exon B
simultanously used
PCR analysis

Agrin, exon B only in neurons exon A M94271 C TQCCCGACGCATTGGACTACCCTGCTTGAGCCCAG [1321
and exon B
simultanously used
PCR analysis

retained intron Eii
FMFRF-2, regional n e u ron spec if c, M14958 A G9TTCGGGAAAAGGTTTATGCGATTTGGAAGGGGCTCCAGCGATGATGATGAAAGTGGTGATGAC [133

im.munocytochemistry GATGTGCAGGATCTGACGGATATTGGTGATGGTCTTGGGGGCGAAGGGGAAGTAAATAAACGGTT
CATGAG

gene structure unknown
Calcium channel expressed in brain and L01776 M QAGAGGCGCTCCAGCGGGCTTGCATGATCAGAAGAAAGGGAACTTTGCTTGGTTAGTCACTCTAC [53]
a 1, Form2 cardiac muscle AGAAACCCATGTG

Northem analysis
Calcium channel expressed in brain and L01776 M AQCCGGCCAG (53]
a 1, Form3 cardiac muscle

Northern analysis
a 1 Calcium expressed in brain, heart M57682 R QGTGAAGGCGAGACCCAGGGATGCTGTGGAAGTCTCT [1341
Channel and lung,

Northern blot
DHP sensitive Ca- brainspecific M86621 R QAAAATGAAGGATTCAGAAACC [1351
Channel, rB-a 2 cDNA cloning
rawl neuron specific, M34052 R ATQAACTGCAAAGATGTTGTCATTACTGGTTACACGCAAGCCGAGGCCAGATCTCTTACTTAATG [136]
R shaw in situ ACTTGGGAAAGGCACAAAACATGAAAGAAAG ,[137],
homologue

raw I, Kv3.2b neuron specific, M59211 R GAQTATGAAAAATCCCGAAGCTTAAACAACATAGCGGGCTTGGCAGGCAATGCTCTGAGACTCTC [138],
in situ, TCCAGTAACATCCCCCTACAACTCTCCGTGTCCTCTGAGGCGCTCTCGGTCTCCCATCCCATCTA
r TCTTGTAAACCACTAAGCCCAT CGGTAAATTCTATACTAA CAACTCCTGTCCACCCTGTACT 138

insiu GGAAACAATTAACTATAGAGTTTCTCCAGGCTCCATTAAGAACAGTGTAGATCCTGCATGACATTA
ACTATTCGAAGTCAGAAATGCTACTCGAGTAGCTAGAACATCTTTTCCTGGCTTTAAAGATGGCC
|TAAAGTAGTGCTGCTACTCAGTAAGAGTTGCCCAATT TCCGCTATACGGTGACCAATAGCG
TCAGATATTGGCCAGTGCACGAATGCATAAGCAAATCTCCAGGGAGATATTCTTTAATAGTGTGC
TTCTAAATGCCAAAACTTACTGGACTTCTTTCTTGTGA CT CCATTCTGAAGA
TGTCTACGGGATCCTATCTAGATCGTATAAACCATGACTTTGGTCAGCTCGTTTGCATGGACCAT
CTTGCCTGTATCACCTGAATACAGTGTGTAGCGTCCTGGTACC

|raw I, Kv3.2.c, |neuron specific, |M59313 R |CAeAGCACACTAGAGCCCATGGAGAGTACTTCACAGACTAAAGGAGACACGAGACCAGAAGCTCA |[1381,
|in situ CTGGAATTGTGCGCATTTACTCAATTTTGGCTGTCCTACGGGAAGTTCATTTCCCACCCTCTAAGC

TGTTCGGTGGAACTGCCAAACGTTTATTTCCAAAGCTGTGTGGTGATAGGACTCCATTTTCATTC
| |CCGTGTCTTGCTCTCCACGTTACGTCACGCTTTGTATGAGACGCGCCCCCAGCTCATCCAGCTGC| |

CTCTAATAGTCTACTGAAAATGCGTATGACTGCCTTCAAAGGTCACAGGATGGGGTCCTGGTTGG
| |AGTGGTTAGGGAAATCCACCAAGCTCGTGTTCCTGAGAAGCTGTTTGATTATCTAAGTACACGGC|
|TACCACCAACAATAGATTAGGTTGAGAATTATTGGTTAAAATAAAATTGACCTTAGTTCGTGGAG

GGAGAGGGAAAGAGAGGAAGTCATCTGCATACATTTATTCAGATCTATTTCGCTAAAATTATGA
|l ~~~~~~~~~~~CTCGGTTTACATTCCATTGCGTTCCTTTTTATTTAATTTAATTTTATTACCTAAGGGATTGGTAA| |

|TGTGCTTTCCATCCTGAATCACGTGGATAATGGCACCCAATGCCATTATTCTATGAATCACTCTT
| |TTAAACTAACTAGTAAACCTTAAAAATACATGTTGGAAACAAGTGCACACCTGTAGGTTAAGCAT| |
| |GCTTCATTAATTAATCATACCTAAAATTTAAAAGAATGTATCTCCTATATTTTTAATTTTTTAGA| |
| |AACATGTCCTGAAAATTTAAAAGTGTTTAGTCTGTAAACTTACTTAAGGCCTTTTTTTTTTTTTG| |
| |GCCTAATTTTCAAAAGTTCTTGTAGTCTCTATGCCAAAATCATGTCAGTACTAATTATGATCGAG|
| |CATAAATATGTTTTGAAAGACTGTAGCTATAATTTGTTATAGCTGGTTTAATTTTTTTCAGAATG|

ll l l ~~~~~~~~~~~TGTGAATTGTGTCAATATTGAATTC
a-4 Acetylcholine neuron specific M15681 R CTQTGCTGATGGCTTCGACAGTGTTCTCAGGCTCACGTCTCCTGCTGACTTTGTTTCCCAG (139|
Receptor, 4.1 in situ
isoform
a-4 Acetylcholine neuron specific M15682 R GT@ATGATCTAGGGACGTGGTGGTGCCCAGCTCCCACATCTCTGTAGG3GCCATACGACTCGTCAG [1391

Receptor, 4.2 in situ TCACCCACATCTTCCAAACCGGCTGACCATGAGACACCCTAGGAGAGAGATGATGCTTCTTGGGA
isoform GATG

myelin associated developmental brain specific M74780 M CCTTCTGTGTTAGCGTTCCTCAGCTCCTCATTGCAGTTCCCTGAAGAGACTTG 177]
glycopotein MAG, Northern analysis
exon 2 _ ____

Neurexin II neuron specific M96376 R ACGCAGGGATTGGACACGCTATGGTAAACAAACTGCATTATCTG [140]
ALPHA in situ, protection
Neurexin II neuron specific M96376 R GTGCTGCAG [1401
ALPHA in situ, protection
Neurexin II neuron specific M96376 R GGAACTTTGATAACGAGCGCCTGGCGATTGCTAGACAGAGAATCCCCTACCGGCTTGGTCGAGTA 140]|
ALPHA in situ, protection GTAGATGAATGGCTGCTCGACAAAG

Neurexin II neuron specific M96376 R CGACGAGGGCTCCTACCAAGTGGACCAGAGCCGGAATTACATCAGTAACTCGGCCCAGAGCAATG 1[4°1
ALPHA in situ, protection GGGCGGTGGTGAAGGAGAAGGCCCCCGCTGCCCCCAAGACGCCCAGCAAGGCCAAGAAGAACAAA

GACAAAGAGTATTACGTCTGAGCACCCAGTCCAGGCACCGCGCCCCACTGCCAGCTGCTCCTCCC
GGGAAGGCCCGGGAGGAGGGTGCGGCCCTCTCCCTGCAGGGGGATCTGGGGACCCTCTCCCCGGC
TGCCTCAGGCTTCTCCCACGAAGAGGAAACGCAAAAAGAAAAGGAATATAACTACTACGTGCTCA
TCCCCTTCCCTCCCACTGCCCTCGGCGCCGCACTGTCAGCTCTGGGGCTGGCTGTCCTCCGCTCT
GCGCCTGTCAGGCAGGGCACGTGCTCACAGCCCTGGGTTGATTTATTTTTTAAGGGGCGTAGTTT
TATTTTGGTGGGGCTGGGCGGGAAGGAAGGCTGGGGTTTTGTAAAGTGTCCACTGCGCCGTTCGT
TTATTTCCCTCGATTTTCTTCTTCCTCCCAGCTCCTCCCGCCTTCCTTCTTCGCAGCCCTCCTGT
CCTGGTTCAGGCTTGCTGTGTCTTTTGTCCCTACCCTCCTCCACCCCATCCCCCCTTTCTTTCCT
TTTCTTTTCTCTTCTTTTCCTTTCTTTCTTTTTTAAATTCTGTTTTCTCTGCTTCCCTTCCTTTG
GGTTTCCAGAGTCGCTGGGAGAAGAAGGGTGGGC,rTGGGTGGCTGGGGCCGGGCAGTGGGGCTCA

I TTCCCCTG
Neurexin II beta neuron specific, in situ, M96377 R GAGGAGAGTTAATATTGCCCATTATCACGGAGGACTCCTTAGACCCCCCTCCCGTGGCCACCCGG 11401

protection TCCCCCTTCGTGCCCCCGCCCCCCACCTTCTACCCCTTTCTCACGGGCGTGGGTGCCACCCAAGA
CACCCTGCCTCCGCCCGCCGCGCGCCGCCCGTCCTCCGGGGGCCCGTGTCAGGCCGAGCGCGACG
ACAGCGACTGCGAGGAGCCCGTGGAAGCCTCGGGCTTCGCCTCCGGGGAGGTCTTTGACTCCAGC
CTCCCCCCCACGGACGACGAGGACTTTTACACCACCTTCCCCTTGGTCACGGACCGCACCACCCT
CCTGTCACCCCGCAAGCCTGCGCCCCGACCTAACCTCAGGACAGATGGGGCCACGGGCGCCCCCG
GGGTGCTACTTGCGCCCTCCGCCCCAGCCCCCAACCTGCCCGCGGGCAAAATGAACCACCGAGAC
CCACTGCAGCCGCTGCTGGAGAACCCACCCCTGGGGCCTGGGGTCCCCACGGCCTTCGAGCCGCG

II GCGGCCGCCTCCCCTGCGCCCCGGCGTGACCTCAGTCCCCGGTTTCCCCCGTCTGCCCACAG
NeurexinI alpha neuron specific, M96374 JR |GACAACAATGTAGAAGGTCTGGCGCACCTGATGATGGGCGACCAAGGTAAAAGTA ([140
L____________________I_I in situ, protection
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_PP2BcDNAdoningI
Calcineurin, PP2B regional brain specifc, also J05480 M 1GCTACTGTTGAGGCTATCGAGGCTGATGAA [143]
a 1 exprssed in thymus

Regional distribution indicates the alternative splicing is different in the various regions of the brain. Developmental regulation indicates a regulation
during embryonic and early postnatal development. Experimental evidence lists the experimental methods employed to determine the specificity
(in situ: RNA in situ hybridisation). If the alternative spliced exons were found to a lesser extent in other tissues, it is indicated under 'experimental
evidence'. A '@' sign in the sequences indicates the beginning of a codon. The species are abbreviated as follows: R: rat, M: mouse, H: human,
D: drosophila, B: bovine, C: chicken, F: fish. The accession number refers to GenBank. Exon sequences are indicated by capital letters, intron
sequences by small letters.

program (NCBI) [24] to find related sequences and entry errors.
Vertebrate internal exons and their corresponding downstream
donor sites were obtained from the GeneId-datasets [25]. The
vertebrate acceptor sites were kindly provided by Dr Knudsen
(CEDB, West Florida). In order to produce scores for the
combined 5' and 3' splice sites, we randomly selected 200
Genbank (80.0, 12/10/93) vertebrate splice site pairs that flank
constitutively spliced exons. cDNA sequences upstream and
downstream of the alternatively spliced exons were extracted from
Genbank as control sequences for constitutively spliced exons.
LOG-ODD scores were calculated according to Zhang and

Marr [26] using the GeneId dataset and randomly extracted splice
sites as a comparison. The scoring function is defined as:

SA(X) = log2 Q(X)

Pi(X) is the frequency of finding X at position i that is equal to
CD(X)Di. The normalization Di is the sum of the counts Ci(X)
over X (=A,C,G,T). We used Q(X)= 1/4 for all X as the random
background frequency. The score for a splice site is the sum of
the scores for each individual nucleotide.

RESULTS AND DISCUSSION
Different classes of alternatively spliced exons in neurons
The different classes of alternatively spliced exons are shown
in Table 1. They were arranged according to their gene structure,
gene expression and splicing pattern. The splicing pattern is
schematically indicated on top of each class. Exons that introduce
known regulatory elements like phosphorylation sites, stop codons
or frameshifts are listed at the end of each list. The reading frame
is indicated by a '@'. The regulation of the alternative splicing,
the expression pattern and the experimental techniques used to
analyse the alternative exons are included if such information
was available in the literature.

Splice site analysis
The nucleotide composition of splice sites surrounding
alternatively spliced exons has been shown to be important for
their alternative use [27]. The deviation of splice sites from the
consensus sequence [28] seems to decrease binding of splicing
factors around the alternatively spliced exon and to limit its use.
Mutations in the 5' splice site that interfere with Ul snRNA

100 -

80

* A
u G

Tc
b 60

S 0

20

0.0 - - - D1 INI
-3 -2 -1 +1 +2 +3

5' splice site consensus C A G g t a

U1 snRNA 3' G U C C A U

a g t

U C A U ApppG 5'

Figure 1. Nucleotide usage at the 5' splice site. The percent nucleotide usage
of constitutively (left) and neuron specific alternatively spliced exons (right) is
pairwise compared. The Ul sequence and the vertebrate consensus splice site
sequence are shown at the bottom. The different nucleotides are indicated by
different pattems, as indicated in the figure.

binding have been shown to decrease the usage of exons [29,
30]. The composition of the 3' splice site [31] and the branch
point has been shown to be important. However, the splice sites
of alternative exons do not always deviate from the consensus.
For example, the splice sites surroundng the exons coding for
substance P [16], sexlethal and the Drosophila P element [8]
match the consensus sequence.

General 5' splice site composition
The 5' splice site consensus sequence reflects base pairing with
Ul snRNA. A comparison of 5' splice sites from common and
neuron specific alternatively spliced exons is shown in Figure
1. On average, neuron specific 5' splice sites deviate most from
the consensus at the +3 and -4 position, where the consensus
nucleotide is present 40% less often than in constitutive exons.
In position + 2, + 1, and -3 use of the consensus nucleotide
is increased by 8%, at the position -5 it is decreased by 16%
and at -6 it is increased by 26%. Addition of these percentages
shows that neuron specific 5' splice sites overall use 49% fewer
consensus nucleotides complementary to U1 snRNA. However,
this deviation is not equally distributed. Most deviation takes place
at two positions, +3 (consensus: C) and -4 (consensus: A).
Whether this uneven distribution has functional significance has
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to be determined. The nucleotide at the -4 position has been
postulated to interact with A49 of the U6 snRNA in a late step
in splicing [32, 33]. Compared to constitutive 5' splice sites,
alternatively spliced neuronal 5' splice sites have fewer A, but
more U at this position, thus on average binding of their 5' splice
sites with U6 snRNA might be facilitated. It is interesting to note

100

2 a E jg80
G o60

c -140 oo

T 20

0.0
y y y y y yyy y y y y c a g G

-3 -2 -1 + 1

Figure 2. Nucleotide usage at the 3' splice site. The percent nucleotide usage

of constitutively (left) and neuron specific alternatively spliced exons (right) is
pairwise compared. The vertebrate consensus sequence is indicated at the bottom,
exon sequences are in capital letters. Note the use of A in alternativly spliced
exons at the - 3 position. The different nucleotides are indicated using the same

patterns as in Figure 1.

|5' splice sites I

that the consensus nucleotide at the -4 position in yeast is also
U, but the significance of this similarity is unclear.

General 3' splice site composition
The comparison of the 3' splice sites from neuron specific
alternatively spliced exons and common exons reveals differences
at the - 3 position (Figure 2). Twenty one percent of all neuron-

specific exons use an A at this position, compared to only 4%
in constitutively used 3' splice sites. The reason why a pyrimidine
is conserved at the -3 position is not clear. However, it has been
demonstrated that a C -A mutation at this position reduces
splicing efficiency by 70% [30]. In addition, in each but the -14
position, neuron specific 3' splice sites have a higher purine
content when compared with constitutive 3' splice sites.

Evaluation of splice sites using LOG -ODD scores

In order to assess the splice site quality, we calculated
LOG -ODD scores for each splice site. The LOG -ODD scores

express the coincidence of a splice site with the consensus

sequence; a higher coincidence generates a higher score. We first
calculated a score for each alternative splice site and compared
the distribution of individual scores with constitutively spliced
exons. Since it has been postulated that the splice sites
surrounding an exon define its borders in a concerted way [34],
we then calculated the LOG-ODD scores for the splice sites

| 3'splicesites I Icombined splice sites f
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Figure 3. Distribution of splice sites scores in neuron specific and consitutivly spliced vertebrate exons. The scores are plotted on the x-axis, the higher the score

the better is the match to the consensus sequence. The number of splice sites that accompany a certain score are plotted on the y-axis. Neuron-specific exons are
shaded. A. Distribution of neuron-specific 5' splice sites. B. Distribution of common 5' splice sites. A perfect match to Ul would have a score of 12.2. The mean

of the distribution is 7.1 for neuron specific exons and 8.0 for constitutively spliced exons. C. Distribution of neuron-specific 3' splice sites. D. Distribution of
common 3' splice sites. A 'perfect' 3' splice site (u) IIcagG would have a score of 15.6. The mean of the distribution is 5.7 for neuron specific exons and 9.4 for
constitutively spliced exons. E. Distribution of combined scores of 5' and 3' splice sites that surround an neuron-specific exon F. Distribution of combined scores

of 5' and 3' splice sites that surround an common exon. An exon surrounded by a 'perfect' 3' and 5' splice site would have a score of 27.8. The mean of the
distribution is 12.2 for neuron specific exons and 16.9 for constitutively spliced exons.
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surrounding one exon. Compared to the control splice sites, the
distribution of alternative donor and acceptor splice sites is
broader and the mean of the distribution is at a lower score
(Figure 3, A and B). This could indicate the presence of two
subclasses of splice sites in alternatively spliced exons, with one
subclass having the splice sites in consensus and the other subclass
having sub-optimal splice sites. When the splice sites surrounding
one individual exon are considered, the presence oftwo subclasses
becomes more apparent (Figure 3, E and F). One group of

alternatively spliced exons has splice sites that are sub-optimal,
whereas another group has splice sites that score similar to the
splice sites of constitutively spliced exons. This could mean that
the first group of exons is most likely regulated by their splice
site quality, which is in agreement with the exon definition model
[34]. Skipping of these exons is the most likely default
mechanism. The second group is most likely regulated by other
elements like steric hindrance [15], secondary structures [16] or
factors that bind to flanking intron sequences [35].
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Figure 4. Trinucleotide and amino acid distribution in neuron specific (shaded) and constitutively spliced exons (open). A. Distribution of overlapping 3-tuples in

alternatively and constitutively spliced exons. The actual nucleotide distribution of alternativly and constitutivly exons was used to calculate the random nucleotide

distribution by random shuffling, the means and the double standard deviations of these random samples are plotted as dots and error bars. Columns indicate the

actual percent usage of each 3-tuple. B. Distribution of amino acids in alternatively and constitutively spliced exons. The percent usage of each amino acid is indicated.

The error bars indicate the standard deviation.
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Nucleotide composition of alternative spliced exons and
possible motifs
We analysed the nucleotide composition of the alternatively
spliced exons to assess its possible role in exon usage. Overall,
alternatively spliced exons are more AU-rich ( 26%A, 27% C,
24%G, 23% U) than common exons (25%A, 28% C, 27%G,
20% U). The p-values [36] calculated for the differences of the
A, C, G, and U values are 0.015, 0.106, 2.97x10-'2 and
4.68 x 10-11, respectively. Therefore, the null hypothesis that
the nucleotide composition in constitutively and alternativly
spliced exons are the same should be rejected at the 0.05
significance level for all nucleotides except C. We conclude from
this statistical analysis that the differences in nucleotide
composition are significant.

Since several groups reported the involvement of exon motifs
in recognition of alternatively spliced exons [13, 37-47] we
analysed the neuron specific exon database for k-tuple frequencies
according to Claverie et al. [48]. The overlapping 3-tuple
distributions in both alternatively and constitutively spliced exons
are plotted in Figure 4, A. The expected frequencies and the
dispersions for random sequences with the same nucleotide
compositions were calculated by randomizing each data set and
are indicated as error bars in Figure 4, A. The general feature
for all exons is the rare use ofTA and CG dinucleotides as shown
by the deviation below the random expectations, possibly to avoid
termination and methylation. Assuming that the nucleotides
assemble independently of each other, most of the differences
in 3-tuple frequencies between the two exon data sets can be
explained by the single nucleotide composition, because the
3-tuple frequencies follow the trend of the random expectations.
However, some of the major differences cannot simply be
attributed the single nucleotide composition, for example the
relative high frequency of trinucleotides AAA and TTT in
alternatively spliced exons cannot be explained by the single
nucleotide composition and by the amino acid composition of
the alternativly spliced exons (Figure 4, B).

In common exons, the trinucleotides CAG, CTG, AGA, TGG
and GAG are more frequent than what would be expected in a
random assembly. Their high frequency cannot be explained by
the amino acid composition of the common exons (Figure 4, B),
because only the amino acids F, S, W, Y could contribute to
a 3-tuple frequency difference but except F these differences are
not correlated to the different trinucleotide distribution. We
therefore assume that constraints that lead to the different 3-tuple
distribution are due to regulatory requirements on the RNA level.
We furthermore conclude that the different 3-tuple composition
of alternatively and constitutively spliced exons might have
regulatory significance in splicing.
The high frequency of certain trinucleotides probably represents

the general characteristics of common exons. In order to see how
these 3-tuples are distributed in alternatively spliced exons, we
computed the 3-tuple frequency per sequence for the neuron
specific exons (each 3-tuple counts at most once in each exon),
CAG and AGA were found to be the most frequent, with more
than 89% of the alternatively spliced exons containing either CAG
or AGA (data not shown).

In order to find motifs common in alternatively spliced exons,
we used the RTide program which was designed to search short
motifs in multi-sequences [49]. We were unable to identify a motif
in the exon sequences or in subset of these sequences. However,
our RTide analysis indicated that CAGA might be part of possible
motifs in alternatively spliced exons.

The AU rich nucleotide composition and the distribution of
tri and tetranucleotides in alternatively spliced exons is in contrast
to several AG rich sequence motifs that have been described as
necessary for alternative exon usage [38-40, 42, 43, 45-47].
It is tempting to speculate that the AG rich motifs that are in
an AU rich context of the alternatively spliced exons serve as
signals for the splicing machinery, presumably through binding
to an hnRNP. In the light of our analysis, the mutation of these
motifs leads to skipping of the alternative exon, because different
or no trans factors are now binding to the mutant exon and make
it recognizable to the splicing machinery.

Since rapid progress is being made in sequencing and
identifying neuron specific exons, we hope that in future updates
of this sequence comparison putative motifs will become more
clear.

Update
Since we are planning to update this compilation in the future,
we would be thankful for the communication of new or here
omitted neuron specific exons. Furthermore, the sequences can
be obtained electronically either from stamm@cshl.org or by
anonymous ftp from phage.cshl.org in the /pub/science/alt_exon
directory.
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