
CHAPTER 6

Searching for Splicing Motifs
Lawrence A. Chasin"

Abstract

I ntron removal during pre-mRNA splicing in higher eukaryotes requires the accurate
identificationofthe two splicesitesat the endsofthe emns, or emn definition.Thesequences
constimtingthe splicesitesprovideinsufficient informationto distinguish true splicesitesfrom

the greaternumber offalsesplicesitesthat populate transcripts.Additional informationusedfor
emn recognitionresidesin alargenumberofpositivdyor negativdyactingdements that lieboth
within emns and in the adjacentlntrons.Theidentification ofsuchsequencemotifshasprogressed
rapidlyin recent years. suchthatextensive listsarenowavailable forexonicsplicingenhancersand
emnic splicingsilencers. Thesemotifshavebeen identifiedboth byempiricalexperimentsandby
computationalpredictions,thevalidityof the latter beingconfirmedbyexperimentalverification.
Molecularsearches havebeen carriedout eitherbythe selectionofsequences thatbind to splicing
factors,or enhanceor silencesplicingin vitroor in vivo.Computational methodshavefocusedon
sequences of6 or 8 nudeotides that areover-or under-representedin exons,comparedto introns
or transcriptsthatdonot undergo splicing. Thesevariousmethods have sought to provideglobal
definitionsof motifs,yet the motifsare distinctiveto the method usedfor identificationand dis-
playlittle overlap. Astonishingly, at least three-quartersofa typicalmRNA would be comprised
of these motifs. A present challenge lies in understandinghow the cdl integrates this surfeit of
information to generatewhat is usually a binarysplicingdecision.

Splice Site Sequences Are Necessary but Not Sufficient
In the processofconvertinga pre-mRNA moleculeto a maruremRNA, introns are removed

bythe spliceosome, averylargeprotein-RNA complexthatcontainsfive small nuclearRNA mol-
eculesand scoresofproteins (referto chapterbyMatlin and Moore).During this reaction,the two
bordering exonsmust be brought dose together, much as two substratesin a synthetic reaction
ofintermediarymetabolism. But in the latter case, eachof the two substratesusuallyconsistsof a
population ofidentical molecules. whereasthe two ends of the intron haveavariedcomposition.
Theenzymethat is the spliceosome mustbringtogether the GU andAG (whicharealmostalways
identical) in the midst ofsomevarietyamong the adjacentnucleotides,

The Splice Sites
The adjacent nudeotides at each splicesite are far from random; they comprise two easily

distinguishedconsensus sequences ofnine basesfor the 5' splicesiteand about 15 basesfor the 3'
splicesite.Positionspecific scoringmatrices(PSSM)compiledfrom thousands ofintrons reflect
the relative contributions ofeachbaseat eachposition and allowanygivensequenceto be quan-
titativdyevaluated for its degreeof agreementto a consensus. One widdy used suchindex is the
consensusvalue (CV), which rangesfrom 100 (perfect consensus) to 0 (the worst consensusl.v'
The median CVsofhuman 5' and 3' splicesitesare82 and 80. respectively, and the distribution of
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scores is wide: cutoffsof78 fOr 5' splicesitesand 75 for 3' splicesirescapture only three-quarters
of the sites.Interestingly, the consensus sequences themselves do not representa majorityamong
splicesites. For instance,in a set of 5000 randomlychosenconstitutiveemns, less than5%con-
tain 5' splicesitesthatperfectlymatch the consensus ( (C or A)AG/GT(A or G)AGT) and the
consensus sequences do not represent the four most common 5' splice site sequences (Fig. lA).
5' Splicesites that contain only threeof the sevenvariablebases arenot uncommon; the data in
Figure lB suggestthat about 20,000 such mismatched5' splicesite sequences are present in the
human transcriptome.

The protein factors that recognizethe 5' and 3' splice sites need to bind to many distinct
sequences. Asan example, U2AF,6S whichbinds to the polypyrimidine tract of3' splicesites,can
accommodateawidevarietyofpyrimidinerichsequences in its bindingsite.sThus, thisdegreeof
diversitymight be tolerableifintrons and cmns hadevolvedto lack sequences that resemble the
splicesiteconsensuses, sothat the splicesiteswouldbeeasily recognizabledespitetheirdegeneracy,
Butjust theoppositeis thecase: pseudosplicesitesequences (false splicesitesequences thatarenot
used)areabout an orderof magnitudemoreabundant thanthereal splicesitesin large transcripts
and are present at a frequencysimilarto or greater than that expectedbychance (seeFig. lC,D
for the human HPRTgene).Moreover, manypseudo 5' splicesitesexistthat perfectlymatch the
sequenceofreal splicesites;in thesecases factorsother thanintrinsicstrength" must playa rolein
distinguishing betweenthe real and pseudosites.

Differentsplice sitesequenceshavedifferentstrengthsand thisstrengthgenerallycorrelateswith
the CV score.Thus the words "strong" and -weak" usuallyreferto the CV and not to a splicing
measurement. Indeed,splicingregulationtakes advantageofthisstrength-on average, alternative
splicesitesare slightlyweaker thanconstitutivesplicesites.5-7 However, the correlationbetween
splicesite strength and splicingis farfrom perfect. For instance,Eperon and colleagues placed
different5' splicesitesin competitionwithaconstantglobin5' splicesiteandmeasuredthepropor-
tion ofsplicingat the test site.' Correlationcoefficientsbetween splicingefficiencyand agreement
to the consensus wererespectable (0.68 to 0.76) but farfrom perfect.Strengthexperimentshave
usually beenset up ascompetitionsbetweentwo nearbysplicesites,'a situationthatis not always
the casefor endogenoussplicesites. That is, a weak splicesitemayberecognizedefficiently if no
nearbycompetitor is present.Inefficient splicingofa splicesite in a heterologouscontext implies
thatin thenatural contextasplicesitecommunicates with other nearbysequencedements. Splice
sitesequences mayevenhaveto betailoredto their context.Forexamples,mutation ofaDHFR 5'
splicesitefromAGAIGTAAGT(CV79 .6)toAGG/GTCAGT (CV80.9) preservedthe CVand
the predictedabilityto formaduplexwith Ul snRNA,yet reducedsplicingefficiencyfrom 100%
to 3%.9 Moresophisticatedmethods,such astreatingthe PSSMasprobabilldes,'?usingmaximal
dependence decomposition (MDD),II or a support vector machine (SVM),12 may marginally
improvesplicesite predictions. However, suchenhancementsdo not changethe conclusionthat
manyrealweak splicesitesmust be efficiently recognized,whilemanystrongpseudosplicesites
must beignored in the courseof splicinga typicalpre-mRNA.

The Branch Point
A thirddement that playsacentralrolein pre-mRNAsplicingis thebranchpoint.Thehuman

branchpoint consensus is YNYCRAY, although thissequencewasderivedfrom the biochemical
characterization ofasmallnumbercfbranchpotnts,'!Theconservedadenosineattaeks the 5' splice
siteand is usuallylocated18to40 nt upstreamofthe 3' splicesite,althoughit canbemoredlsrant,"
Thevariabledistanceand poor conservationofthe branchpoint makes it a poor predictor ofreal
3' splicesites.For instance,includingthebranchpoint in a computationalsearchfOr real 3' splice
sitesin the HPRTgenedid not increase theaccuracy of 3' splicesitepredictions.'!

Exon Definition
Theexcisionofan intron requires thepairingofsplicesiresat theendsoftheinrron,whichcanbe

considered "introndefinition': However, the initialrecognitionofmostsplicesitesprobablyinvolves
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Figure 1. A) Histogram of the number of occurrences of each unique splice donor site sequence
found among a set of 5000. The arrows show the points representing the four consensus
sequences. For instance, there are 2 sequences that each appear 61 times in this set of 5000,
one of which is a consensus sequence. B) Distribution of the number of mismatches to the
4 donor site consensus sequences among 5000 human donor sites. C) Frequency of pseudo
donor splice site sequences in the 40,000 nt human HPRT transcript having the indicated
minimum CV score. Also shown is the same analysis of randomized versions of the HPRT
transcript (average of 10 randomizations). The symbols along the abscissa indicate the values
for the eight real splice sites. The vertical line indicates the third quartile score for donor sites
of real exons (i.e., one-quarter of real donor sites have CV scores below that value). D) As
C, but for acceptor sites.

"exondefinition", theidentification ofthe two splicesitesacross theezon.Thereisplentifulgenetic
evidence supportingthisidea,in thattheusualconsequenceofmutatingonesplicesiteisskippingof
theexon-the remainingwildtypesplicesiteon theother end oftheexon isnot used.9•16 Similarly. a
downstreamS' splicesitegreatlyenhancessplicingto an upstream3'splicesitein vitto. 17•18Terminal
exonsaredefinedbyinteractionsbetweenfactorsthatrecognizethe S'capand Ul snRNPfor the
firstexon19.20 and polyadenylation factorsand splicingfactors that recognize the 3' splicesite for
the last exon.21 Despite the widespread acceptance ofexondefinition, the molecularbasisfor the
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impliedcommunicationhas been seldomstudied,18,ll with experimental designs favoring 2-exon
RNA molecules and interpretationsemphasizingspliccosomal interactionsacross introns.

Intemalhuman cmns havean average sizeofabout 120nt and lessthan 5%ofcmns aregteater
than250 nt in length.2.3Ifone adds the constraint that a potenti.al3' splicesite must be followed
by a 5' splicesite within 250 nt, then the number of false 3' splicesitesis substantially reduced,
but the number offalse 5' splicesitesisnot, as they becomethe limitingfactor.Thepseudoemns
that aredefinedbythesefalse 3' and 5' splicesiteswhich areassumedto beneverused,outnumber
the realcmns bymore than anorderofmagnleude,"Ifweacceptcmn ddiriition asthe usualcase,
then the problem becomesthat ofdistinguishingrealcmns from thesepseudoemns,

Additional Sequence Information Lies within Exons and Introns
Earlyexperimentsimplicatedcmns as a sourceof infurmation necessary fur alternativesplic-

ing.2-I·25 In 1993,Shiromaand colleagues definedan cmnic enhancer sequenceasa short purine
rich sequence." Sincethat discovery there has been a steadystreamofdescriptions of analogous
regulatorysequences.Thesesplicingregulatorysequences fall into four caregories basedon their
locationand their modeofaction:cmnic splicingenhancersand silencers (cmnic splicingenhanc-
ers [ESEs] and cmnic splicingsilencers [ESSsDand their intronic counterparts(intronic splicing
enhancers [ISEs] and intronic splicingsilencers [ISSsD. There aremyriadexamples of ESEsand
the great majoriryofthesehavebeen identifiedfrom studiesof alternatively splicedexons,More
recently, it hasbecomeevidentthatconstimtivdysplicedcmns requireESEs aswcll.27,2JlIngeneral,
ESEsbind membersofthe SRprotein family(refer to chapterby Lin and FU).29 AllSR proteins
havean arginine-serine (RS)-richdomain that can interact with other proteins3° and with the
RNA itsd£31 Theyalso contain one or more RNA recognition motifs (RRMs). Most ofthe SR
protein RRMs bind to a highlydegenerateset ofRNA sequences, yet display enough specificity
soas to be distinguishable from one another,"

Although lessbroadlystudied, a number ofESSs havebeen identifiedin alternativeexans.33

ESSs aretypicallyboundbyheterogeneous nuclearribonuclearproteins(hnRNPs) (refer to chapter
byManinez-Contreraset al), suchashnRNPAI and hnRNPI (polypyrimidinebinding protein.
PTB). Lila:SRproteins. hnRNPsshowpreferences fur particularsequencemotifswhilebinding
manyother sequences withless. yet notable,affinity.34 FewerISEsandISSs havebeen described, but
someofthesehavebeenextcnsivelycharacterized.35Comprehensive listsofmammalian alternative
exonssubject to both enhancementand silencing(both byESSs and ISSs) togetherwith manyof
their mediatorshaverecentlybeen compiled}3.36

Global Approaches for Defining Sequence Motifs for Splicing .
A powerfulapproachto undemanding how splicesitesarerecognizedand regulatedis to use

bioinfurmatics or experimental approaches to defineall the cis-dements that are implicatedin
splicesiterecognition.Thehope hereis that generalruleswillbecomeevidentasone uncoversthe
·splicingcode':37Theglobalapproaches have beenprincipallytwo: (1)statisticalanalysisofgenomic
sequences to findmotifsassociatedwith enhancementor silencing;and (2) molecularselecti.on to
defineallthe sequencemotifsthatwillenhanceor silence splicingin aparticular contextand/or in
responseto aparticularsplicingfactor,or to find the sequences that bind bestto apurifiedsplicing
factor.The remainderof this chapter will focus on such global approaches. Understanding the
splicingcode willallowfur a more exhaustive identificationofexansand thereforeofgenesand
proteins.with wideimplicationsfurgenomicsand medicine.In addition,it willhdp uspredict the
patternsof alternativesplicingand understand the mechanismand regulationof splicing.

Exonic Splicing Enhancers (ESEs) Predicted by Computation
ESEslie bydefinitionwithin cmns and most cmns differfrom the rest of the genomein con-

tainingsequences thatmustcodefurproteins.Thusa searchfur motifsthat areabundant in exons
vs.other regionswouldbe confoundedbythe inevitableemergence ofcommoncodon sequences.
Thisproblem has beendealt with in several differentways.
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Fedorovet al3ll compared the frequencies of tetramers and pent:l11lers in aons to those in
intronless genes, reasoningthatwhile both codeforproteins,theformerrequiresplicingsignals but
the latter do not. Twenty-threesequences were identifiedthat weresignificantly moreabundant
in erons, rangingfrom 1796 to 4296 overrc:presentation. The number of intronIess genes used in
thisstudywasrelatively small,63 perhapslimitingsignificance scores; and thebiological activityof
the sequences foundwasnot tested.

Fairbrotheret al39 got aroundthe protein codingproblembyComparing aons to emns, thus
neutralizingthe effectof protein coding. Theyreasonedthat ESEs shouldbe more abundant in
aons with weak splice sites than in aons with strong splicesites.Usingall 4096 possible hex-
amers, they identifiedmotifsfor which this frequency difference washigh, treatingdonor sites
and acceptorsitesseparately, To sharpenthe selection, they addedanother criterion:the motifs
must also be more abundant in aons comparedto flanking intronic regions. Usinga cutoffof
>2.5 standarddeviations for both criteriayieldeda combinedsetof238 hezamers, or 5.896 of all
possibilities.About a quarterof thesewere: commonto 5' and 3' splice sites.Manyof thesemotifs
were shown to be active in functionalassays demonstratingthe validityof this approach. Thus
mostofthesehexamersarecapableof aetingasESEs andareknownas"RESCUE-ESEs". Sincethe
success rateofthe validitytestswashigh,one mustconcludethat thisselection wasstringentand
that additionalhaamers falling belowthe cutoffsmayalsoactasESEs. Even at aselectionrateof
5.896, about 2396 of randomizedemn sequences wouldcorrespondto RESCUE-ESEs (Table1).
Thusthisstudysuggested that ESEs areabundantmotifs.RESCUE-ESE sequences canbefound
at http://genes.mit.edulbutgdab/rescue-ese/ESE.ttt.

In allmotifselection a:pc:riments (computationalor molecular) there: arecaveats due to biases
inherent in eachselection strategy. Forexample, in the RESCUE-ESEapproach, byfocusing on
aons withweaksplice sites, there: mayhavebeena biasedselection forESEs associated with alter-
narivcly splicedemns, sinceasawholetheyexhibitweaker splice sitesequences than constitutive
aons.S-7 A more subtlebiasarises from the factthat the transcriptome has an intrinsically high
A +T content of5796.2 When that content isreasonably usedasa background to calculate splice
sitePSSMscores, G + C-richsplice sitesequences will tend to stand out in informationcontent
as "strong" (more distinct) whereas A + T-rich sequences will appear "weaker" (lessdistinct
from background). A search for weak splice sitesusingPSSMvalues willthus mvorA + T-rich
sequences for this reasonaloneand thesesiteswillbeassociated withA + T richgenes (in A + T
rich isochores) and consequently A + T-richESEcandidates. Thisargumentcouldexplainwhy
RECUE-ESEs have a relativdyhigh(6196) A + T content (Table2).

ThevalidityofRESCUE-ESEswassubsequently testedbyaaminingevolutionaryconserva-
tion. SNPdensityat synonymous siteswithin thesemotifsislowerthan expected. especiallywhen
locatednearerto splice sites, supportingthe ideathat thesemotifshavebeensubjectto purifying
sdection and thus arefunctional.40

A second study used the same general approach, but different criteria to search for ESE
candidates. Out laboratory" circumvented the protein codingproblemby limitingthe analysis
to nonprotein-codingaons. Forrypercentof human genes contain noncodingfirstaons42 and
there are alsoa substantialnumber of genes with translationinitiation siteslocated in the 3rd
emn, or an aon that isfurther downstream. The latter representa pool of about 2000 internal
noncodingesnns,ofwhichabout 500were: chosenthat were less likdy to have originatedfrom
sequencingerrors.Wesearchedforallpossible octamers in thisexonset, allowingasingle mismatch
per oetamer in order to obtain a sufficient number of hits. Octamerswereidentifiedthat were
present at a much higherfrequency in the noncodingaons comparedto the sequences of two

differentnegative controlsets: (1) pseudoaons fromthe samegenes; and (2) the 5' untranslated
regions(UTRs) ofintronIessgenes. Neitherof these sequences codeforproteinsand the intron-
less UTR sequences maycontain informationfor stability, transport and translationthat should
alsobe present in the noncodingaons and so would be filteredout. Motifs that fell above2.8
standarddeviations fromthe meanwere: considered putativeESEs (PESEs) and numbered2069
of 65536possibilities, or 3.296. Thiscomparison alsoallowed the identification of motifsthat are
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rarein real cmns comparedto pseudocmns and the 5' UTRs of intronless genes and thesewere
consideredputativeESSs (PESSs). Eightof eight PESEs enhancedsplicing in a functionalassay
and single basemutationsthat reducedthePESEscores to nearneutralityreducedthisactivity.Of
58examples of mutationsreponed in the literatureto reducesplicing, 33%couldbeexplainedby
thedisruptionofaPESE(and28%couldbeexplained bethe creationofaPESS). Again, because
thesuccess rateof the validation testswas high, it islikdy that additionalPESEs wouldbefound
amongoctamcrswith somewhat lowerscores than thosechosen.At the conservative thresholdof
3.2%,about 17%of a randomizedcmn sequence wouldbe represented by PESEs (Table1); so
likeRESCUE-ESEs, thesemotifsareabundant.Theaverage internal(coding)constitutivecmn
of 120nt containsnine PESEs, oftenin overlapping clusters. PESEs are2-fuldmoreabundant in
exons comparedto introns.A full setofPESE sequences canbe foundat http://www.columbia.
edu/cu/biology/faculty/chasin/xz3/pese262.txt. A list of the scores fur eachof the two criteria
for all 65,536 octamers canbe found at http://www.columbia.edu/cu/biology/faculty/chasin/
xz3/ocramers.txt.

Again, biasescould haveinfluencedthe typesof motifs that wereselected.The 5' UTRs of
intronlessgenesthat wereused asan ESE-under-reprcscnted data set areofien situated within
regions that are rich in CpG sequences, since the CpG islandsthat lie upstream of numerous
genesoften extend as much as 2 kb into the gene!3Moreover, noncoding exons used as the
positiveexamples are lowin CpG content relativeto codingcmns." Forboth ofthese reasons,
CpG-containing ESE motifs may have been under represented in this selection, since they
maynot be enriched over the relatively high backgroundof CpG-containing octamers in the
5' UTR of intronlessgenes. In the earliercomparisonof cmns to intronlessgenesmentioned
above,38 most of the candidate ESS pentamers identified as being relatively scarce in exons
contained CpG dinucleotides. Although they havea CpG content similarto that of cmns asa
whole (Table2, comparecolumns2 and 12),PESEs do not includemanyESEspredicted from
molecularselectionsand thesetend to haveveryhigh CpG contents (Table2, columns5 to 8).
Another possibleweakness in the selectionmethod describedabovestemsfromthe assumption
that noncodinggenesdo not contain protcin codinginfurmation. In fact, suchezonsmayhave
coded fur proteins in the evolutionarypast and maintained a vestige of this nonrandomness,
In this case, PESEcandidatesthat merelyoverlap with highly used dicodonscould havebeen
isolatedas false positives. However, such sequences maytend to be ESEs nonethelessand the
high validation ratesofPESEs arguesagainstthispossibility.

PESEs weresubsequently tested in a morerigorous fashion.28 Sixreal mammalian cmns (five
constitutive and one alternative) were computationally scannedfur PESEs. About four PESE
clusters per 100 nt werefound, Byknockingout each individualPESEclusterwith singlebase
substitutionsand assaying splicing in vivo, 18ofthe 22 predictedPESEs wereshownto be func-
tional.In additionto functionality, thisresultshowedthateachemn requirednearlyallofits ESEs
to workin concertto promotec:fIicient splicing; Le.,mostwerenot redundant.A similartesthas
been carriedout usinga minigene containingan alternatively splicedalpha-tropomyosin cmn.45

Eleven PESEs or PESSs were mutatedto reducetheir absolute scores and in 10of the 11 trials the
splicinglevels respondedaccordingly (J. Colesand CWo Smith, personalcommunication). As
wellasprovidingadditionalvalidation ofPESEs, thisstudyprovides the firstsuchexperimental
test ofPESSs.

Althoughentirely different criteriawereusedto selectRESCUE-ESEs and PESEs, theyshow
considerable overlap, a factthatfurther supports the validityof both sets (Table3). At thesame
time,thetwo setscontaindistinetESEs.AscanbeseeninTable1(column4),eachmotifset covers
about 30%of the nucleotides in a collection of5000 humanexons, but together theycover47%,
only slightly less than wouldbe expectedif they wererandomlyassociared (~52%). Thus these
two conservativelyderivedsetsofESEsalready coverhalfof an average emn and thereareseveral
additionalmotif sets yet to bediscussed.
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Table3. Overlaps between motif seti

Motif Set Expected by Expected by Motif
Size PESEsl Chance' PESSSl Chance' Reference

RESCUE-ESE'" 238 74% 36% 11% 23% 45
FAS-hex385 103 10% 37% 54% 23% 87
Goren ESRS1 285 53% 44% 19% 21% 54

1 Percentageof the indicated hexamer set members that can be found within PESE or PESS octamers.
1 PESE, PESS:ref.44,asamendedathttp://www.columbia.edu/culbiologylfaculty/chasin/xz3/octamers.txt
J calculated by simulation. Goren ESRs based on 3721 allowed hexamers.

Exonic Splicing SUencers (ESSs)Predicted byComputation
Globalcomputationalsearches forESSmotifshave alsobeen carriedout. Sironiet al46 collected

a subsetofpseudo emns thatwas rich in predicted ESEsand then searchedfor overrepresented
hcxamersas candidatesfor ESSs. A second criterion, overabundancein pseudo erons compared
to sequencesflankingthe pseudoemns, was appliedto normalizefor possiblebasecompositional
differences between 'pseudo exon and emn regions. This second criterion also sharpened the
searchto make it test the hypothesisthatESSsfunction to prevent the splicingofpseudo emns,
asopposed to simplybeingavoided in real exons.Thewinning motifswereclusteredinto families
to generatethree consensussequences. One of the three ((TIG)G(TIA)GGGG ) reduced emn
inclusionabout five-fold in a functional assay. ThisG-rich motifwas overrepresentedin a test set

ofpseudo emns compared to real erons,
A large set ofputativeESSsemergedfrom our statisticalanalysis describedabovefor PESEs.41

By searchingfor oetamers thatwere underrepresented in realemns compared to both pseudo
emns and the 5' UTRs ofintronlcss genes,the influenceofcodonswas avoidedand the influence
ofother nonsplicingsignalsresidingin mRNA wasminimized.A set of974 PESSswas identified,
grouped into families and a sampling tested in functional assays. Eleven of 12 PESSsincreased
cxon skipping and single base mutations reversed this skipping. Sinecn of 58 cxonic splicing
mutations in the literature could be explainedbyPESSformation,a number comparableto those
that could be explainedbyPESEdismption .The PESSset representsabout 1.596 ofalloctamers,
ThesesequencesareveryT-rich (4796) and C-poor (Table2, column 9). PESSsare 3.5-foldmore
abundant in introns compared to cxonsoveralland show an additional increasejust downstream
of real 5'splicesites,suggestingthat they mayfunction to facilitate accurate recognitionofthe real
sites.They are also found at a higher frequency in the vicinity of pseudo cxons,suggestinga usc
in repressingfalse splicesites.The combination ofPESEs and PESSsincreases the discrimination
between realand pseudoemns: the ratio ofPESEs to PESSsin real cxonsis 5.5 asopposed to 0.6
for pseudo cxons.This difference has been used as a guide to suggestwhether a givensequenceis
a cxonor a pseudo cxon (e.g.,seeFig.6 in reference45). However, the frequencydistribution of
ESEsand ESSsin cxonsand pseudo cxonsoverlapconsiderably, makingthem lessthan a reliable
predictorofrealemns, A listofPESSsislocatedat http://www.columbia.cdulculbiology/faculty/
chasin/xz3/pcss262.txt .

Exonic Splicing Regulators (ESRs) Predicted byComputation
Yet another computational strategy to search for splicing regulatory motifs was devisedby

Gorenetal.47Rcasoningthat splicingsignalswouldbeboth conscrvedandabundant in cxons,they
ranked hcxamccs that stood out in these two respects.To get around the protein codingproblem
conservationwas scoredonly at synonymoussites.Overabundant hcxamccs werechosenasdlco-
dons that appeared more frequently than expected ifcodons were paired randomly; here again
only codons differingat synonymoussiteswerecompared so as to avoidthe influenceofprotein
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coding. Hexamerswith high scores for both criteriawere collected,resultingin a setof285 (7.7%
ofallhexamers considered)that representedthebestcombinationofscores.Tenofthesesequences
were tested in functional assays and most ofthesewere shownto either increase or decrease cxon
inclusion while none of nine control hcxamerswith low abundance and conservation scores
significandy affected splicing.One might havethought thata selectionbasedon abundanceand
conservation would favorESEs, but both enhancerand silencereffects wereobserved,depending
on the hcxamerand on the host cxon.Theauthorsfollowed up on this dichotomybyplacingeach
of two winning hexamersat 26 differentpositions within an 81 nt test cxon. Here again, both
enhancingand silencingresultswere obtained, this time dependent on position. Finally, when
fourwinninghemmersresidentin real cxonswere mutatedsoasto losetheir high score,amixture
of positiveand negativeeffects was observedwhile mutation of nonwinners had no effect.The
authors thus calledthese motifs ESRs,for eronic splicingregulators, sincetheir effects could be
either positiveor negativedependingon the context.They furthersuggested that putativeESEs
and ESSsidentifiedbyothersbut untested forapositioneffectshouldbe similarly regarded. Alist
ofallhcxamers surveyedand their scores in terms ofp-valucs for the significance oftheirdeviation
from mean frequencies can befound at http://www.tau.ac.il/~gilast/sup_mat7.htm.

Thehexamers selectedherewill be biasedtoward sequences that harbor synonymous codons,
Extremeexamples arehcxamersthat containa stopcodon aseither the firstor lastthree positions;
these375 hexamers arc removedfrom consideration.A secondlimitation is that the criteriaused
do not speci.6.caIly target splicingmotifsbut applyto anyfuncrion implicit in mRNA (transport,
stability. eec.), However, the fact remains thatgreatersplicingeffects were seenwith manyofthese
sequences comparedto controls.Someofthe substitutionsmade to test for splicingphenotypes
also causedsequencechangesin overlapping endogenous PESEor RESCUE-ESEmotifs (not
shown), an outcome that is not surprisinggiventhe coverage figures shownin Table1 and since
anyhexamersubstitution changes10overlappinghcxamcrs (or 13octamers),Nevertheless, there
were somanyESRstestedhereat somanydifferentpositions,that it is likelythat the ESRsetdocs
contain manynovelmotifs that affectsplicing.

An interestingideathat thisworkgives riseto is the possibilitythat the samemotif can act as
an enhancer in one context and a silencerin another.The efficacy ofsomeenhancersis known to
be dependent on the distancefrom a target splicesite. For example, the enhancementofsplicing
at the dsx3' splicesitehasbeenshownto drop offwhenESEsareplacedmore than 150to 200 nt
downseream/" On a chemical level, the abilityofan RSdomain to crosslinkto a splice sitealso falls
offat distances greater than 100nt.'9However,whiledecreasingefficiency, thesefarpositionings
do not reverse the effectof an enhancer. Individualnatural ESEshavealso beenshownto beable
to actnegatively when placedwithin an intronSOand there arcexamples in which asplicingfactor
actspositively at one splicesite and negatively at another (e.g••hnRNP H/F and SRrp8635) . or a
singlesequenceelementis a target for both positiveand negativefactors.51•53 One couldarguethat
there is a need for ESSs in cxonsin order to silence internal pseudosplicesites.But there are few
of these in constitutivecxons: summedpseudo 5' and 3' splicesitesnumbered less than 0.2 per
120nt ofcxon in a set of5000 examined(with a sizclimit of250 nt] and over80%ofcxons had
neither suchsite. (Exansthatcontain alternative5' or3' splicesitesobviouslyhavemorethan one
splicesiteper cxon,but theseshould beconsideredreal sites,not pseudosites.)

The cautionarynote sounded byGoren et alS4presentsa serious challenge, as there have been
few systematic studiesofthe effectofposition on motifs isolatedbyglobalsearches. For the most
part. however, experimentshavenot showna contesr-dependenteffecton activity. For example,
eightPESSsthat wereoriginallyfound to be effectivewhen insertedjustdownstreamofa 3' splice
sitein a first test cxonwereequallyeffective when insertedjustupstreamofa 5' splicein a second
test exon," ESSs isolatedbymolecularselectionsimilarlyacted consistentlyassilencers in several
different contexts.55 Still, in these studies position wasnot systematically variedwithin a single
context.Analysis ofnatural occurrences of splicingmotifsmaybe more relevantand heretoo, the
resultshaveso farbeen consistentwith prediction. For example, when we knockedout predicted
ESEsin a beta-globincxon 2, five of the sixdisruptionsdecreasedsplicingand the exceptiondid
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not significantly increase splicing. Ifsomeof the predictedESEs were really ESSs, aspredictedby
the ESRidea,someof the knockouts shouldhaveincreased splicing. Finally, almostallofa panel
ofhwnan mutationsaffcaingsplicingcanbeexplainedbythe disruptionofpredictedESEsor the
creationofpredictedESSs,56 in accordwith the expectedbehavior of the moti£ It ispossible that
thesemotifsfunction aspredictedwhen in their natural contextsbut that their normalaaivity
canbesubverted whencxperirnentallyplacedin ectopicpositions. An analogous result,knownas
transcriptional Interference, hasbeenseenwith cxperirnentally manipulatedpromoters."

Molecular Selections
Most molecular selections havetargeted ESEs. Almostall of these types of experiments arc

basedon the Systematic Evolution of Ligands byExponential Enrichment(SELEX), originally
designedto selectfor nucleicacid sequences that bind to a givenprotein or smallmolecule,"
SELEXhasbeenappliedin two ways: (1) determiningthe sequences that can be recognized by
a givenRNA binding protein (binding SELEX);and (2) isolating sequences that functionally
enhancesplicing (functionalSELEX).

Protein BinJingSELEX
In protein-bindingSELEX, acomplexpoolofRNAmoleculescontainingarandomizcdregion

8 to 20 nt longis incubatedwith apurifiedRNA-bindingprotein or domain.TheRNAsthatarc
bound bythe protein arc isolated, convertedto eDNA, amplified byPCR and then transcribed
into RNAforasubsequentroundof selection, Thisprocess isrepeatedseveral timesto enrichfor
RNAmolecules withhigh affinity forthe RNA bindingprotein. In thisway, the bindingspecifici-
tiesof several SRproteins,hnRNPsand other splicing factors have beendetermined.32.34.59-67 The
sequences arcthen analyzed to determinea consensus bindingsite(s).

The consensus motifs that haveemergedfrom these binding SELEXexperiments'" (refer
to chaptersby Lin and Fu,Martinez-Contreras et al, and Ule and Darndl) illustrate thateach
protein binds to adistinctsetofsequences but at the sametimecanrecognize a diverse repertoire
of sequences." Forinstance, Cavaloc et al63 sequenced over90 oligonucleotides bound bythe SR
protein SC35 and found five distinct consensuses. However, suchdegeneracy is not always the
case. Onlyasingle longconsensus was foundbyTacke andManleyin bindingSELEXexperiments
performedwithSRp40(re£66).Whymorethanoneconsensussequenceappears in manyof these
experiments is not clear. In cases of proteins with more than one RRM, it is possible that each
bindsadistinct sequence. Yet, whenSELEXwas appliedto a single RRMderivative ofASF/SF2,
the one resultingconsensus sequence differedfrom the two consensus sequences yieldedbythe
intact,wildtype protein.59Alternatively, asinglebindingsitemaybeendowedwithsomeflexibility
to accommodate a specific set of diffi:rcnt sequences,"A certaindichotomyin bindingbehavior
mightalsoberelatedto themultiplerolesSRproteinsplayin thesplldngprocese'" initialrecogni-
tion, cxondefinltion," spliceosome assemblf1,72 and perhapsthe catalytic stepsthemsdves.49.7>-75

(referto chapterbyLin and Fu fora moredetaileddescription of the functionsof SRproteinsin
splicing.) It is alsolikely that the diversity ofsequences recognized isrelatedto the faa that many
RNAbindingproteinsmustbind to proteincodingcmns.Thus, the rangeofsequence motifsthat
canexistin a givencxonis confinedbythe protein sequence encodedin that exon,

Theadvantage ofbinding SELEXexperiments isthat theyprobeand definethe bindingspeci-
ficityof a purifiedprotein, in the absence of possible interference byother faaors. As suchthey
providea valuable startingpoint in the interpretationof the rolesof SRproteins and the motifs
dictatingtheir action. On the other hand,SELEXmayidentifyRNA sequences that bind to any
surface of a purifiedprotein, not necessarily the natural RNA binding site and could therefore
includesequences that arcnot functionally relevantin a biological context.

FunctionalSEUX
In this strategy motifs that arc able to influence splicing activityarc selected. The iterative

isolation and amplification steps of SELEX arc used here to select for short sequences that,
when inserted into an exon,enhancepre-mRNAsplicing. In thesestudies, a pre-mRNApool is
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first synthesized that contains a weak test emn containing a localizedrandomized region.This
pre-mRNApool is usedin in vitro or in vivosplicingassays and the succcssful1y splicedmRNAs
are isolatedand amplifiedby RT-PCR. As with the binding SELEXexperiments, the winning
RNA sequences from the first round arerecycledthrough several additionalrounds,enrichingfor
RNA sequences thatbest enhancesplicing.

The first experiments of thiskind were carried out in vitrobyTian and KoIc.76 Theyround that
the winning sequences were quiteheterogeneous and couldbe divided into two classes: a majority
thatwere purine-rich. typically consisting of short runs of S-6purine nuclcotidcs and a significant
minority(lS% to 30%)thatwere not richin purincs.A1mostallofthe rctestcdsequences produced
efficient splicing, whereas only 1 in 10 of the unsclcctcd sequences promoted splicing. In a subse-
quent refinement ofthis procedure, shorter versions of the winning sequences were produced and
theseyieldeda less heterogeneous groupwith a consensus GACGAC...CAGCAG (thecorebeing
ofvariable length) thatwasshownto bind SRp30.77

Twolargerstudiesusedrandomsequences inserted into the secondemn ofa2-emn transcript
splicedinvitro.Liuet af7B-~selectedsequences that respondedto one offour differentSRproteins
byusingSloo extractsfor splicing. Theseextracts lackallSRproteins,but splicingactivitycanbe
restoredupon supplementationwith individualSRproteins.

Usingthisapproach.the authorsselected20-metsequences thatpromoted splicingin response
to SRp40.ASF/SF2,SC3SandSRpSS.Eachoftheseselectionsyieldeda consensus sequencethat
wasdistinctfrom theothers.However, therewas considerable hetcrogencitywithineachgroup,the
consensuses were oftenshort (Sto 8 nucleotides) andcontainedmanyambiguous positions.Some
ofthe degeneracy mightbeexplainedbyassigninga roleto the sequences flankingeachtest motif.
asnot allthe motifscouldpromotesplicingwhen testedon theirown.Nevertheless,it was possible
to assemble a PSSMfor each class of motifs and this Informadon has been incorporated into an
ESE searchingprogram "ESEfinder" (http://rulaLcshl.cdu/tools/ESE/) that scores sequences
for their ability to match each ofthe SR protein-specific consensuses/" High-scoringmotifs are
round at a significandyhigher&cquencywithinemns asopposedto introns,~.alalthough the dif-
fcrcnceismodest (10%-20%).Thesemotifsarealsomorestronglyassociated withwcakcompared
to strong3' splicesites.82

Thisexperimentalapproachwas refined in a later studythat focusedon motifsthatmediatethe
activityofASF/SF2.S6Hcrc, therandomoligomerpoolswere restrictedtocimer7or 14nucleotides
and wereused to replace a 7-nuclcotidenatural ESE inBRCAl cmn 18.In this construct, emn
18 waspresent as thecentralcmn of a 3-emn transcript,an internal emn situation that is more
commonly round in nature. Once again a degeneratethough obvious sequencepreferencewas
evidentfrom theseexperiments. Most ofthesesequences not onlyenhancedinclusionofBRCAl
cmn 18,but alsofunctioned in the heterologouscontext ofcmn 7 ofthe SMNl gene. A PSSM
was derivedusing not only the relative prevalenceofbascs at each position, but also, in a novd
approach,taking into account the degree to which eachsequenceenhancedsplicing. The PSSM
derivedfrom the 7 nt oligomers (consensus ofCCCCGCA) provedto be the better predictor of
enhancementthan the PSSMderivedfromthe 14nt oligomers. Thisconsensus differedfrom that
ofthe earlierderivedASF/SF2 consensus sequences (CACACGA) from the functionalSELEX
experimentemployinga 2-emn pre-mRNA and both of these consensus sequences differfrom
the consensus sequences (AGGACAGAGC and RGAAGAAC) derivedfrom binding SELEX
expedments,"Theauthorscombinedthe matrices fromthe two functionalselections and showed
that the resultingPSSM(with the consensus CGCACGA) wasableto predlce, with a statistically
significantfrequency, the outcome of a setofcmnic mutationsknownto affectsplicing.

Schaaland Maniatis83 took a slighdydifferentapproachto defining consensus sequences that
mediateSRprotein funerion.Asin the studybyLiu et al describedabove, they inserted random
oligomers into the second emn of a 2-emn transcript but assayed for splicing in vitro using
nuclearextracts instead ofS100 extracts. Sequences that enhancedsplicingwereidentifiedafter
multiplerounds ofselectionusingthe sameprocedureasin Liuet at Thewinningsequences were
subsequently screenedfor their abilityto respondto specific SRproteinsin S100extractsand the
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sequenceswen: grouped accordingro their response. Here again heterogeneity and distinctness
characterizedthe sequencesidentified.Most SRproteinsdisplayed somesequencepreferences but
in generalthese sequencesdo not match the Liu et al consensuses mentioned above,nor do they
match wcl1 with the results ofbinding SELEXexperiments.That different motifs emergefrom
thefunctional SELEXexperimentscould be due to theeffectof context, including the position
of the insert or substitution, or related to the another aspectof thetest ezon used. e.g.,smallsize,
mutational weakeningofsplicesites,natural weaknessof an alternativesplicesite,etc.

FunctionalSELEXfor splicingwas performed in vivobyCoulter et al,84who inserted random
14-mersinro apoorlysplicedsecondemn in a 2-c:mnconserucr.Afierseveralrounds ofselection
basedon transienttransfection,the winningclonesweresequenced.Thesefell inro threecategories,
purine-rich, adenine- plus cytosine-rich(ACE) and neither. Within the first two categories, the
identifiable motifswere quitedegenerate, AnACE motifin thehuman CD44genewas subsequently
shown ro act asan ESEand to be bOundby the nonSRprotein YB-I. 85 This last resultrepresentsa
cautionarytale: bytestingonly for responsiveness or binding to SRproteins, other,possiblymore
significant,mediators targeting the isolatedmotifs maybeoverlooked.

In an interestingvariation on the functional SELEXscheme,Woerful et al tested the activity
of-50 bp fragmentsoftheCD44mRNA in an enhancer-dependentexon in vitro.86About half
of the activesequencestested enhanced splicingand many of these mapped ro a specific region
within the CD44mRNA. Most ofthe sequencescontained a short AC-richmotifwhereas others
containedpurine-richruns.This starting materialwas quitelimitedcomparedro randomoligomers
and the fact that a restrictedsubsetofESEs was overrepresented suggests that thetest exon likely
hasa preferencefor particular ESEs.

ESS,
Wangeral87 usedan elegant geneticselectionroisolatesequences that couldcauseemn skipping

in vivo. When the central exonis included,it interrupts the readingframeofGFP; when skipped,
functional GFP is expressed, allowingthepositivecells to be isolatedbyFACS. .Afrc:r insertion of
a set of random decamers, 133 unique sequencespromoting GFP expressionwere isolatedfrom
thisscreen.Many of the most common hexamerscausedskipping in a heterologousexon.This
collectionof l03 common ESShezamersisknown asFAS-hex3. Byavoidingthe iterativeenrich-
ment processofSELEX, anysequencesthat inhibit splicingwereisolated,rather than only those
that havethe strongestESSactivity. FAS-hex3 sequencesare2-foldoverrepresentedin intronsvs.
exonsand areespeciallyoverrepresentedin exonicregionslocatedbetween alternative5'or 3' splice
sites.55Likethe computationallyselectedPESSs,they showapeak just upstreamand downstream
of3' and S' splicesites,perhaps to prevent neighboringpseudo sitesfrom bcingused. Mutation of
these sequencesin natural emns increasedthe useofthe proximalsitesand resulted in increased
exoninclusion,attcstingro the sUencingfunctionofthesesequences in natural alternativesplicing.
Alternativeintron retention eventswerealso inhibited byFAS-hex3sequences, oficn in favorof
skippingof the retained intron alongwith its flankingemns, Interestingly, FAS-hex3 sequences
that could inhibit intron retention by increasedskippingtended to be different from those that
actedro decreasethe useof an alternativesplicesite,suggestingthat differentESSsact via differ-
ent mechanisms.

ISE, anJISS,
Whereastherehasbeenc:nc:nsiveinvestigation oftheeffectofintronic sequences on thealterna-

tivesplicingofindividualgenes(e.g.,35,88-90),therehasbeen relativdylittle globalscarchingfor
intronicsplicingregularorymotifs.EarlystudiesbyNussinov" identifiedG-runsasoverrepresented
in introns ncar both the 3'and 5' ends of emns, Thiswork was extendedbyMcCullough et al92."
to show that these sequencescan enhance splicingat 5' splicesites byenhancing the binding of
U1 snRNP. Statisticalanalyses and comparativegenomicsshowed that intronic Hanks of emns
harbor short runs of G, C or T.43.94Evidence for a role of intronic Banks in splicingregulation
comes from the finding that the Banks of alternativdy spliced exons are more conserved than
those ofconstitutivec:mns.6,95
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Subsetsofthe genomehave beensearchedfor ISE motifs.Statisticalanalysis ofsequences at
the endsofshort inttons in severaldifferentorganismsproducedpentamersthat couldbeusedto
enhancethe accuracyofsplice siteprediction in suchinttons.w; Forhumans,8 ofthe 10 top pen-
tamerswererichin G-triplets.Individualmotifshavealso beensttonglyassociatedwith alternative
splicingin the brain. Brain-specific ISE and ISScandidate motifswereidentifiedstatistically by
analyzing25 brain-specific alternatively splicedcmns97; in contrast to inttons overall,G-triplets
wereunderrepresenteddownstreamof these exons, One of the ISE sequences, UGCAUG, was
subsequentlyshownto bindtheFox-IandFox-2splicingfactors andto beassociatedwithregulated
alternativesplicingin differenttissues, includingbrain and musclein a number of Species.98-I02 A
downstreaminttonic G-tetramermotifwas found to beassociatedwith cmn-skippingin alterna-
tivelysplicedcmns in the brainbyHanetaland, interestingly, thiselementwasshownto function
in conjunction with an cmnic UAGG to effectsilencing.103

Our own laboratoryhasused machine learning to assess whether information for splicesite
recognitionispresentinsequencesHankingconstitutivecmns.12A supportveetormachine(SVM)
found that sequences residingwithin -50 basesof the splicesitescanhelp distinguishreal exons
from pseudo cmns and identified overrepresented (ISE candidates) or underrepresented (ISS
candidates)pentamericmotifsthat best aided the distinction.Theseincludedsomenovelmotifs
aswdls as G-triplets mentioned aboveand, despite its degeneracy, branchpoint-likesequences,
with a clear peak 24 nt upstreamof the 3' splicesites.Thiswork wasfollowed up by a statistical
test for pentamers overrepresented in human cmn Hanks compared to pseudo cmns Hanks.104

A conservationfilter was also applied here: only those pentamers that werealsopresent within
a 50 nucdeotide region Banking the orthologous mouseexonswere retained. The resulting ISE
candidatesfell into two distinct groupsbasedon G + C content.A surveyofl00,000constitutive
cmns showedthat their 50-nt Hanks in generalfell into distinct GC-rich or GC-poor categories;
remarkably, the extent ofthisdichotomywasmuch greaterthat that exhibitedbythe host genes
overall(i.e•• due to residence in a particular isochore).Thus the factorsthat recognize theseputa-
tiveISEsareprobablydifferentfor GC-rich genesandAT-richgenes.leavingopen the possibility
that distinct mechanisms operate for these two gene classes. The GC-rich cmns differed from
the AT-richcmns in other ways: the GC-rich ISEstended to havea complementaryISE in the
opposite Bankwhereasthe AT-richISEstended to havethe sameISE in the opposite Bankand
predicted basepairingbetween the Banks and the cmn tended to beavoidedfor GC-rich erons
but not for AT-richexons.

Although our predicted ISE/S motifswerenot specifically tested,we did show that intronic
sequences are often important for efficientsplicing.104 Specifically. we found that splicingofan
cmn isofteninefficientwhen it isnot Bankedbythe 50 nt intronic sequencebeyondits splicesite
sequence(Le., - 63 to -14 and +7 to +56). In addition, two ofthree cmns lackingtheir Banking
intronsexhibiteddecreasedor aberrant splicingwhenmovedto ectopicpositionswithin the same
intton. Thesestudiesshowthat intronie sequences proximalto cmns contribute to splicesite rec-
ognition in an cmn-specific manner.The interplaybetweenexoniedements and presumedISEs
could also beseenin our test ofnatural PESEs. In transcripts (from theHBB-2and THBS4-13)
tested for ESEsbymutationalanalysis, the wildtype cmns exhibited50%to 80%inclusionwhen
their Hankinginttoniesequences wereremoved; in thissituation,the removalofanyoneofseveral
PESEsreducedinclusionseveral-fold. However, ifthe flankinginttonie sequences wereretained,
splicingwas refractory to such singlePESE knockouts," A similar interaction wasseen with a
PESSknockout, the mutated cmn in this casesheddingits intton Hank requirement (X. Zhang,
unpublished result).

FunctionalSELEXfor Splice Site Sequences
Branchpoint sequences are activeparticipants in catalysis rather thanISEs,but they do pres-

ent an analogoustension between specificity and degeneracy. FunctionalSELEXhasalso been
used for the selection of effective branchpoint sequences. After sevenrounds of sdection at a
fixedposition the consensus that emergedwasTACTAAC,105 which can optimallypairwith U2
snRNA.However, whenonlyasingleround ofselectionwascarriedout. awidevarietyofeffective
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sequences werefound, manywith only3 to 5basescapableofpairingwith U2 snRNA.105.1D6 Ifthe
starting transcript hada weakpolypyrimidine tract, or ifan ESEwas removed, a better match to
U2 snRNA was selected,another indication that a balanceofcompensatoryfactorsdetermines
a splicingoutcome.

FunctionalSELEXhas alsobeenusedto definesplicesitesequences, includingthe polypyrimi-
dine traet.I05•I07 Here again, multiple rounds ofselectionconverged on the consensus sequences
and so no additional insight was providedinto how exonswith weak splicesitesare recognized.
Interestingly, the 5' splicesite consensus was also selectedin extracts lacking the Ul snRNA 5'
end,l07 suggesting that this sequencemay be recognized by protein components as well as by
RNA-RNA hybridization.

Comparison ofComputationally Predicted and Functional SELEX
Selected Exonic Motifs

Asshownin Table3,RESCUE-ESEs showconsiderableoverlapwith PESEsand avoidoverlap
with PESSs. Similarly, fas3-hc:x3 silencersoverlapwith PESSs andavoidPESEs.GorenESRs, which
exhibit either enhancer or silenceractivities, overlapless with PESEsand not significantly with
PESSs (Table3).Thuseachset containscommonanduniqueInformadon,Incontrast,ESEsdefined
byfunctionalSELEX56.76-79,83 appearquitedistinctfromtheircomputationally-derived ESEs.These
differences canbe seenat the levelofbasecompositionand particularlyin CpG content,which is
remarkably high in SELEXwinnersobtained in four differentlaboratories(Table2,columns5to
9). BindingSELEXmotifsalsousually differfromor showonlyweaksimilarities to thoseyielded
byfunctionalSELEX,68 althoughcertainoftheformeralsodisplayahighCpG content.63.66 Given
themethylatedstatus ofmostCpGsin genomicDNA, oneis tempted to speculateon connections
to transcription:the slowingofttanscriptionalelongationat methylatedCpGsI08mayprovidetime
fur the reloadingofsplicingfactorsonto the C-terminal domain (err» of RNA polymerase,Ill'}
aswell as increasedtime fur the association offactorswith weak splicingsignals independent of
anyassociation with the CTD (refer to chapterbyKomblihrr),

One way to compare computationallyderived motifs with those obtained from functional
SELEXis to useESEfinder, a Web-based program80 thatscores sequences usinga PSSMderived
from motifsselectedfur responsiveness to fourdifferentSRproteins.78•79 About 40% ofthe PESE
oetamerscontain sequences that fall abovethe threshold fur at leastone of the four SRproteins,
a proportion thatis not unreasonable given thatPESEspresumablyincludebinding sitesfur all
SRproteins whereasESEfindercovers only four,However, 28%ofa random set ofoctamersalso
achieves thisrather undemanding benchmark.ASF/SF2 motifs werethe most common among
PESEsat 15%.Lookingmore directlyfur overlaps, Wanget al alsoconcluded that there was no
significantoverlapbetweenESEfindermotifsand RESCUE-ESES or PESEs, with the exception
of ASF/SF2 motifswith PESEs.81

An Embarrassment ofRiches?
The multi-pronged globalattacks on definingsplicingregulatory motifs summarizedabove

havepromoted optimism that the "splicing code" maysoon be solved.l1O,111At thismoment how-
ever, the number ofeffective motifs that have been experimentally definedor predicted mayhave
reachedthe point ofdiminishingreturns. The useoffour computationallyselectedsetsof ESEs
and one genetically selectedsetofESSscovers about three-quartersof thenucleotidesin a typical
exon(Table1). Moreover, there is no reasonto think that allESEsand ESSs havebeen identified.
While it is probablytrue that someofthe predicted but untested ESEcandidares will turn out to
be inactive, it is evenmore certain thatmanymore as yet unidentifiedmotifswill haveenhancer
activity. Thesemotifsareto befound in the sequencespacebelowthe conservative thresholdsthat
havebeen usedin selectingpredicted ESEs. Hard evidence fur such newsequences can be found
in the testsofthe predicted sequences. Thespecificity ofboth RESCUE-ESEs and PESEswas as-
sessed bymutating the predicted enhancerto asequencethat did not scorehighly. In almostevery
case, the predicted decreasein splicingwas indeed observed.But in halfthese tests the decrease
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was modest, with more than 50%ofthe enhancer activityremainingand a several fold splicing
enhancementwas stillinevidence.39AIThus the percentage ofsequencespaceassignedto ESEsin
these two studiesmust undoubtedly be increasedbyat least 5096 and probablymore. Stadleret
alm havenowformalizedasearchfuradditionalESEsand ESSs bydevelopinganalgorithm,called
Neighborhood Inference, that searches fur newESEson thebasisofsequencesimilarityto known
ESEsand dissimilarityfrom ESSs andviceversa.A sampleofhigh-scoringhexamers identifiedby
this algorithm proved to act as ESEsor ESSs as predicted.The authors concludethat the list of
splicingregulatorymotifs is much greaterthan previously thought.

An unreported reservoir of ESEsis also evident in most SELEXexperiments. For example
of the 28 ASF/SF2-responsive heptamer motifs isolated in a functional selection, no two were
identical.56A repeat ofthisexperimentwould thereforebeexpectedto turn up manyadditional
unique heptamers.

The extensiveness of the ESE list results in a ubiquity of these elements. Although present
at lowerdensities in introns than in emns, computationallydefined ESEsnevertheless heavily
populate pseudo exons(Table1. column 9). and ESEspredicted byfunctional SELEXoccur in
introns at about 8096 to 9096 of the level found in exans.81WhUefrom a strictlybioinfurmatics
point ofviewone can takesolace in the highstatisticalsignificance of thesedifferences. the fact
remains that the overaII differences aremodest. Thuswe areonce againchaIlenged with figuring
out how.in the faceofthisrichness of signals. the celldistinguishes realsplicesitesfrom pseudo
sites and realemns from pseudoemns, Thispresent situation hasengenderedthe lessoptimistic
viewthat we haveindeed reacheda point "righton the edge ofchaos"113

One consequenceoftheprevalenceofsplicingmotifsis technical:onemustbecareful in draw-
ingconclusionsfrommutationalperturbationsofpre-mRNAsequences.A singlebasechangecan
impinge on manypossibleresidentmotifs; and insertions,deletionsand new junctions increase
the number ofcollaterally emergentsequences considerably. It maybe necessary to tum to very
simpleexonsor to aim at easily characterized or isolatedregionsto minimizeambiguity in the
results.Itwillalso beprudent to takethis accumulated listofESEsinto accountwhen interpreting
the result ofanyselectionexperiment(computationalor SELEXbased).An examinationofthe
resultsof three types ofESEs (sequences underlyingESEfinder, binding SR proteins or discov-
ered in individualgenes)showedthree-quarters to be populated by at least one RESCUE-ESE
or PESE (data not shown). The second consequence is conceptual.How can we explainhow so
manysequences canact togetherto producethe binarydecisionthat is madefor the greatmajority
of exans?How can the perceivedmodestyet realdifferences in ESE and ESSdensities between
emns and pseudo erons be leveraged to produce that binary decision? To saythat it involves a
"balanceofcombinatorialfactors"is not much better than sayingthat it depends on "context~ in
that it describes the situationwe seewithout reallyexplainingit.

One easywayout is to invokesecondarystructureactingto "present" someof these motifsbut
not others(e.g.•asloops:seeref 114)orto masksomemotifsandnot others(e.g, seeref lIS).One
technicalprobleminevaluatingtheroleofsecondarystructureon thesplicingofnaturalemns is that
we do not reaIIy knowhow transeriptsmid in vivo.In particular. manyconformations that would
beconsideredtoo unstableto contribute to predicted equilibriumstructurescould be kinetically
trapped duringtranscriptionand last long enough to influence splicingoutcomes. h is clearthat
secondarystructuresdo playrolein manysplicingdecisions (reviewed in ref 116)(refer to chapter
byPackand Gravdey) but whetherthisinfluence ispervasive is not yetclear.Ifsecondarystructure
is not invokedthen we need modelsthat seek to explainwhyso manyESEs arepresent.

It is reasonable to think that themajorityof these splicingmotifs are playinga role in cmn
definition.l7.l8 The main feature of thismodel is that both ends of an cmn must be recognized
beforesplicingat eitherend can occur.Theimpliedcommunicationbetweenthe two endsofthe
cmn could be realizedviaa bridgeof proteins.eacha necessary linkin a How ofinfurmation me-
diated bya series ofallosterictransitions.Thisis a rather complicatedmodelbut does explainthe
necessityofmultiple ESEsto construct thisbridge.Moreover. a fitting combinationofproteins
maybeneededto ensurepropersignalpropagation.although thisneed not beauniqueassemblage



Searchingfor SplicingMotifi 101

(Fig. 2A). Consistent with thismodel is the findingthat differentpre-mRNAmolecules associ-
ate with differentsets of nuclearproteins.U?Arguments againstsuch a model are that random
sequences can be insertedinto cmns ofienwithout dire consequences. Thusinsertionof bacterial
sequences from 100118to 1000119nucleotides longinto the centralcmn of a3-exonconstructdid
not impairsplicingdespitethe probabilitythat theydo not havehighdensitiesofESEs.Although
wefound that one-third of a randomlychosenset ofhuman genomicsequences of about 100 nt
decrcascdsplicingwhen inserted into anemn, theother two-thirds had littlecffcct.118An argument
againsta requirementfor specific proteinsliesin the fact: that insertionof anyof a widevarietyof
predicted ESEsequences canenhancethe splicingof a crippledcmn.39.41.112 Indeedit shouldnot
be necessary to invokea continuousbridgefor the two endsof an emn to communicate in cmn
definition:an ESEat eachend couldsuffice to recruit splicingfactorsthat couldthen interact by
simplyforminga loop (Fig.2B).

An alternative modd that necessitates largenumbersofESEs puts the emphasis on ESSs. If
ESSsarefairlycommon and ifthe binding of an inhibitory factor to a singleESSissufficient to
inhibit splicingl2O,12l then it maybeneccssarytohaveenoughESEs percmn to preventevenasingle
silencing protein from binding (Fig. 2C-E).Ifthere arc no ESSs this isnot a problem asmaybe
the caseofthe bacterialinserts mentionedabove. But theprotein codingrequirementsof the ezon
maynot allowthe completeexclusion ofESSs,and thesesequence dements mayhaveadditional
downstream rolesevenin constitutivdy splicedemns, such as in translation.m.m Furthermore,
splicinginhibitorssuchashnRNP Al canundergomultimcrization leadingto cooperative bind-
ingl24with the consequentdisplacement of manymoredistant ESEbindingfact:ors (Fig.2F-H).
Extensive coverage of the emn with ESEs and their binding factors mayprevent proteins like
hnRNP Al from gaininga foothold.The ESEin the immunoglobulin M2 emn acts in thisway
bydismpting the association ofPTB with an ESS.u° Ofcourseneither of theseanti-ESS models
excludes a positiverolefor other ESEsin promotingsplicing at the sametime.

It is possible that ESSs providemore of the information for discriminating real cmns from
pseudocmns than ESEs (fora reviewseeref. 46). Ascanbeseenin TableI, RESCUE-ESEs plus
PESEs arc about 60%more abundant in realcmns thanpseudoexons, but PESSs and FAS-hc:x3
silencers arc2-foldmoreabundant inpseudocmns thanreal exons, Therearcnowseveralexamples
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Figure 2. Models incorporating a role for extens ive exon coverage in exon definition. Thick
lines, exons; thin lines, introns; E, enhancer binding prote ins; 5, silencer binding proteins,
rectangle and oval, spliceosomal or prespliceosomal complexes. A) A bridge of proteins is
required in order to sense that both ends of the exon have been recognized as splice sites.
Complete exon coverage is requ ired for efficient transmission of this information via alloste-
ric transitions. B)The opposite case, in wh ich enhancers help recruit splicing factors to the
splice sites and then interact with each other directly to convey the information that both
sites have been recognized. C) A single silencer disrupting the interaction in B, so that splic-
ing does not occur and the exon is skipped. D) Even if many splicing activators are bound to
many enhancers, the binding of a single inhibitory protein to an available silencer can still
inhibit splicing. E) Coverage of the exon is extensive enough for steric hindrance to prevent
the bind ing of even a single silencer protein. F-H) Despite many enhancers, leaving a single
silencer uriobstructed allows binding by an inhibitory protein (e.g., hnRNP A1). Once bound,
the inhibitory protein multimerizes, leading to the displacement of splicing factors .
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ofintronicmutationsthatcreate newcxonsapparentlybytheinactivationofsUenccrselements (e.g.•
seeref 125). Sucheventshaveled to the cxonization ofAlu sequcncesl26 and couldunderliethe
evolutionofnewgenes in general17.7Thereislittledoubt that ESSs can playa rolein the silencing
of pseudocxons, but whetherthismechanism represents a globalrolehasnot been established.

1heFuture
Structure determinesfunctioninbiologyandthestructure ofRNAwithinanRNP isultimately

dictatedbyitssequence.WhatproteinsbindtowhatRNAs,121howthepositionandorderofmotifs
influence fuetorbindingand splicing and howpositiveand negative intron sequences factor into
the equation arc allquestions thatare approachable experimentally. Answers to thesequestions
will help moveus fromlists to mechanisms. Frombioinformatics we can expectyet moreglobal
informationdefiningISEsand ISSs as wdl as rdining ESEs and ESSs. Relationships between
motifs (e.g., sec rc£103) and betweenmotifs and expressed splicing fuetors129-131 arc beginning
to be revealed usingcombinedcomputational and molecular approaches. The problemof how
the cellintegrates informationfroma large setof overlappingsignals is not uniqueto splicing. In
transcriptional regulationthechoiceof truepromotersfromamongpseudosignals hasparalldsin
theidentificationoftrue splicesites, andeventhecdlulardecisions thatarc madeduringembryonic
development arc somewhat analogous in that slightdifferences in a morphogenetic gradientarc
amplified to produceabinaryresponse. Forsplicingwe nowknowmanyoftheplayers, anecessary
stepin order to decipherthe rulesofthe game.
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