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ABSTRACT

A clean data set of verified splice sites from Homo

sapiens are reported as well as the standards used
for the clean-up procedure. The sites were validated
by: (i) standard cleaning procedures such as requiring
consistency in the annotation of the gene structural
elements, completeness of the coding regions and
elimination of redundant sequences; (ii) clustering
by decision trees coupled with analysis of ClustalW
alignments of the translated protein sequence with
homologous proteins from SWISS-PROT; (iii) matching
against human EST sequences. The sites are cate-
gorised as: (i) donor sites, a set of 619 EST-confirmed
donor sites, for which 138 are either the sites or the
regions around the sites involved in alternative
splice events; (ii) acceptor sites, a set of 623 EST-
confirmed acceptor sites, for which 144 are either the
sites or the regions around the sites are involved in
alternative splice events; (iii) genuine splice sites, a
set of 392 splice sites wherein both the donor and
acceptor sites had EST confirmation and were not
involved in any alternative splicing; (iv) alternative
splice sites, a set of 209 splice sites wherein both the
donor and acceptor sites had EST confirmation and
the sites or the regions around them were involved in
alternative splicing. A set of nucleotide regions that
can be used to generate a control set of false splice
sites that have a high confidence of being non-
functional are also reported.

INTRODUCTION

a sequence (1). This process is complicated by variation in the
gene products through ‘alternative splicing events’ (2).

The above-mentioned procedure to identify the gene structural
elements requires an accurate encapsulation of information
from known sites. Different models such as patterns, profiles,
weight matrices and neural networks have been used to
achieve this. The success of these methods depends largely on
the quality of the data sets that are used as the training set.
Different researchers have created their own data setsad an
hocmanner and until recently there had been no single common
data set. A standardised data set is necessary when the prediction
accuracy of different programs needs to be assessed. Recently,
Burset and Guigo (3) created a common data set to assess the
prediction accuracy of these programs and observed that the
accuracies they calculated were lower than those reported by
the authors originally.

A major observation of this assessment was that while the
programs performed well at recognising coding regions, they
were poor at predicting the exact boundaries of exons. A reason
for this may have been that the training sets used by the authors
of these programs had higher quality in terms of identifying
coding regions than in terms of identifying the exact position of
splice sites. Generally less attention had been paid to validating
the exact boundaries of genes. Even the data set that was created
by Burset and Guigo (3) for benchmarking did not consider
this explicitly. The emphasis in their work was on having a
large data set of known gene structures. Consequently, the current
programs have drawbacks such as their failure to predict alter-
native gene products and the accuracy of splice site prediction
is better only when it is done ‘in context’ (1).

The importance of having clean data sets has been described
in the literature (4). There is a need for a standardised and clean
data set of high integrity wherein much attention is paid to the
quality of the splice sites in terms of specifying the boundaries
of each exon exactly. In this communication, we report a clean

The identification of genes is a major objective of genomedata set of splice sites for human sequences. Matches with
sequencing efforts. To fulfil this objective, the molecularhuman EST sequences at both the donor and acceptor junctions
biology community has turned to computational approaches teonfirm each of the reported sites. The splice sites were cate-
help in the identification of genes. Most current computationaporised further as either genuine or alternative splice sites.
approaches involve two major steps: (i) identification of gene
structural elements (e.g. translation start/stop and splice site
in an unknown sequence using signals observed in sequenc TERIALS AND METHODS

of known structural elements; (ii) identification of potential DNA sequence entries for cleaning were retrieved from the
coding regions from homology searches against databases BMBL database (5). The programs that were used in the cleaning
protein, EST and cDNA sequences. It is now recognised thairocesses were FASTA (6), CLUSTALW (7) and Decision-
accurate prediction of eukaryotic gene structure is dependehbuse (a commercial decision system from Quadstone Ltd).
largely upon the ability to pinpoint exactly the splice site signals irHuman EST sequences were retrieved from the EMBL database
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(5). The SWISS-PROT (8) protein sequence database was usBdcision trees to identify unusual splice sites
for homology searches to resolve discrepancies. The proced

o . . . . Ui mmercial ision r m Decisionh
for data cleaning is described in the following sections. e commercial decision support syste ecislonhouse

(Quadstone Ltd) was used to classify the splice sites into
Standard cleaning procedures groups that shared common characteristics using decision

_ trees. Unusual splice sites that do not fall into common groups
The standard clean-up procedures as adopted by researchers indig pe taken for further examination. A decision tree finds

field (3,4,9) were followed and improved upon. Human nucleages that recursively bifurcate the data set in order to produce
DNA entries reporting protein coding regions as submitted by sets that are homogeneous within subsets and heterogene-
individual authors (and not from genome projects) were, s peween subsets. The contents of these subsets can be
retrieved from the EMBL database (as of December 1997)yeqcribed by this set of rules that use one or more data fields
The following selection criteria were then applied. (termed as analysis candidates) of the data. In situations where
(i) The entries reported genuine human nuclear DNA. Care Wage incoming data are of uncertain quality, the unusual data are
tgken not to !nclude any synthetic, artificial or foreign genes. sften highlighted when they do not comply with the rules for

(if) The entries contained only one CDS or mRNA featuregroups found with the training set. Thus a decision tree is useful
entry. for identifying the unusual splice sites that warrant additional
(iii) The entries did not contain a pseudogene or any alternativecrutiny.

gene products, conflicts, variations or mutations in the nucleo- T¢ yse such a decision support system, we generated a control

tide sequence. _ . _ set of false donor sites (from the GT dinucleotides that
(iv) Each entry contained a complete coding region for a gengccurred in a region of —20 to +20 nt around the annotated
and had at least one intron. ones) and a set of false acceptor sites (from the AG dinucleo-

(v) The description of the gene structure as given in the featurgdes that occurred in a region of —20 to +20 nt around the
table [MRNA, CDS, exon, intron, 5- and 3'-UTR, poly(A) signal, annotated ones). A 20 nt region on either side of these sites was
etc.] was checked for consistency in annotation. extracted and the nucleotides at these positions were used as
(vi) Every nucleotide in a region, the end points of which arethe analysis candidates in a decision tree for distinguishing
defined in the CDS or mRNA feature table, had been annotatefdise splice sites from true ones. Description of analysis candidates
as from either an exon or an intron. and generation of the false sites are shown in Figure 1a and b.
(vii) Care was taken to ensure that the start of each CDS did not

wrongly denote the start of an exon. Similarly, the end of eachilustration of the decision tree approach with donor junctions.
CDS did not wrongly denote the end of an exon. The gene total of 1550 annotated exon—intron sites were mixed with
structure as given by the CDS line was often confirmed by912 false sites (generated as described above) and this
additional feature table information (e.g. mRNA, exon, intronpopulation was used as input to the decision tree to find rules
and UTR descriptions). that could differentiate true exon—intron sites from false ones
(viii) The entries were checked to conform to simple sanityon the basis of the nucleotides around the junction. A four-
checks. For instance: (a) the stop and start codons are standdagler decision tree (shown in Fig. 2a) produced eight leaf
ones (ATG for a start codon; TAA, TAG or TGA for stop nodes of different match rates. Each of these nodes is described
codons); (b) the coding length is a multiple of 3 nt; (c) no in-by a simple rule involving a few of the analysis candidates. For
frame stop codon occurred; (d) the splice sites are marked yxample, exon-intron sites belonging to node 7 (Fig. 2a)
the universal consensus dinucleotide sequences, namely Gdllow the rule ‘(li5! = G) AND (lel! = G) AND (li4! = Ay,

and AG (with the introns starting with GT and ending with which characterises a population of 1271 sites of which only
AG). two are true and the rest are false exon—intron sites. Similarly,
node 8 contains a population of 307 sites of which only nine
are true exon—intron sites. The 11 true exon—intron sites that
For each entry, an exonic sequence was constructed by coare identified with 1567 false exon—intron sites in nodes 7 and
catenating its constituent exons. The exonic sequences weBemay be interpreted either as the results of incorrect anno-
searched against each other for similarity using FASTA (6). Iriation or as exceptions and may require further study. The
a similar manner an intronic sequence was constructed father six nodes (9-14 in Fig. 2a) required further splitting, as
every entry by concatenating its introns. The intronicthe rules generated thus far have not been able to differentiate
sequences were also searched for similarity amongst eaellequately between true and false exon—intron sites. Figure 2b
other. To ensure non-redundancy of the data set, if any grougives further splitting of one of these nodes (node 14 from
of entries shared >80% identity (either in the exonic or intronidFig 2a). Node 7 (Fig. 2b) shows two true exon—intron sites
sequences), then only one sequence was retained and the othmymbined with 30 false exon—intron sites. Nodes 9, 10, 12 and

Eliminating redundant sequences

were discarded. 13 indicate collectively 23 false mixed with 452 real exon—intron
, sites. Such unusual sites were studied further by examining the
Data reduction so far information in the corresponding SWISS-PROT (8) entries, by

We started with 4300 entries extracted from the EMBL datamatching with the corresponding mRNA entries (if available)
base (as of December 1997). The stringent standard cleaniggd by studying the CLUSTALW alignment of the translated
procedures that we adopted reduced this to 400 entrieprotein sequence with homologous proteins from SWISS-PROT.
Removing the redundant sequences brought this number downMany of the supposed true exon—intron sites that were
to 310. These remaining entries were cleaned further asentified by the decision tree as being false turned out to
described below. indeed be wrong, as indicated by the following observations:
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a splice sites. While carrying out this exercise, it was decided to
examine whether the regions proximal to the sites (and the sites
Exon 1 Iniron 1 . Fxon2 Intron 2 as well) were involved in alternative splice events. This exercise
S would enable us to select nucleotide regions that could be used
to generate false splice sites. Such a set of false sites could be
' o T - e used as a n_egat_ive control set in any work that uses the data set
e z2112  — > >  — 2112 . 20 presented in this report. 5" and 3' EST sequence data from
El IE human, as found in the EMBL database, were used to validate
{donor) {acceptor) these 925 splice sites.
A splice site is characterised by its donor (exon—intEir),and
Analysis candidates for Annotated Sites acceptor (intron—exonE) junctions (Fig. 3). We generated four
characteristic fragments for every splice site of length 50 nt:
exon_El, the region 50 nt upstream of tii junction;
intron_El, the region 50 nt downstream of tk# junction;
intron_IE, the region 50 nt upstream of thé junction;
Objective field is : Splice/Mot = yes exon_IE, the region 50 nt downstream of tHe junction.
For every splice site, seven types of query sequence (Fig. 3) were
b defined that were used to query the EST sequences based on
similarity.

| 2019 .. 321123 .. 1920
El | lex - leg| G TH .. lizg

IE ™ . iy AG| e, Mesy

El _____GT GT GT
(donor)

Query sequence to confirm both the 5' (donor) and the 3'
E AG AG AG o (acceptor) splice sitedn this query sequence, labelled as the
{acceptor) exon_El-exon_IEsequence, thexon_El andexon_IE frag-
ments were concatenated together. Nucleotides 1-50 of the
Faise £l Site FE'SEE‘S"E guery constitute the end of an exon at a donor and nucleotides
20 - 2112 . 20 20 - 2112 . 20 50-100 constitute the start of an exon at an acceptor junction.
Splicing concatenates these two exons together. This 100 nt
Analvsis candidates for false sites length sequence was searched for similarity with EST
20 19 . 321,123 . 1820 sequences in EMBL using FASTA. The objective of this
o | e | GTH . Iy segrch is to identify those splice sites of the gquery sequence for
fin w1y AG| re, ey which a match to at least one human EST exists (ideally along
all the 100 nt) and thus to confirm the annotation of both the 5'
and 3' splice sites.

Objective field - Splice/Not = no

Query sequences to confirm donor sit€lree types of query
Figure 1. (a) Annotated sites for decision trees. Analysis candidates for annotategequence were defined to confirm the donor sites: (i) the
splice sites. El represents exon—intron (donor) and IE represents intron-exggxon_El andintron_EI fragments at a donor junction were
(acceptor) junctionsb) Generation of false splice sites and analysis candidatesegncatenated together to form a query sequence of Iength
GT or AG in blue corresponds to annotated donor or acceptor sites; in reﬁi_00 nt (Iabelled exon El-intron EI sequence); (ii) the
corresponds to false sites. - —. .

exon_El fragment of a donor junction formed a query

sequence; (iii) thentron_EI fragment of a donor junction

; ; ; d a query sequence. The resulting EST hits of the
(i) the corresponding mMRNA sequence entry did not match Eifrme query sequ : 9

these sites; (ii) mismatches or gaps occurred at corresponding'S 1A searches against 'IEMBdL using these three types of
positions in the CLUSTALW alignment; (i) SWISS-PROT YUErY Sequences were analysed.

entries report conflicts at these junctions or alternative eventsQuer sequences to confirm acceptor sitBhree tvbes of
Similarly, many of the false exon—intron sites identified by Y S€q P yp

the decision tree as being true turned out to be possible corrféyery sequence were defined to confirm the acceptor sites:

. . . the intron_IE andexon_IE fragments at an acceptor site
junctions. As a gengral rule, we remov_ed such entries from t re concatenated together to form a sequence (labelled
data set. The exercise was repeated with all the other nodes ti?

o : : on_|E-exon_|E) of 100 nt length; (ii) theexon_IE frag-
needed further splitting (8 and 11 of Fig. 2b) and with all node§nent of an acEepior site formedga q(uzary sequgnce; (Qi]ii) the

of Figure 2a. _ _ _ intron_IE fragment of an acceptor site formed a query
A similar exercise was carried out in the case of intron—exoRequence. The resulting EST hits of the FASTA searches

junctions. At this stage of cleaning the data, we were left withygainst EMBL using these three types of query sequences were
925 splice sites (pairs of donor and acceptor junctions) derivegnalysed.

from 219 entries.

Objectives of EST searches and a typical outcome of a search
The objective of searches usiexon_El-exon_IE as query
Every splice site was confirmed by comparing sequenceequence was to obtain confirmation using EST sequences for
fragments encompassing the sites with human EST sequencesth the 5' and 3' splice sites. The objectives of the searches
thus to obtain experimental proof for the annotation of theusing the other six types of query sequences were two-fold:

Validation by match with human EST sequences
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Figure 2. Human exon—intron junctionsa) A four-layer decision tree for human donor junctions. A red node indicates a population rich in real annotated sites; a
blue node indicates a population poor in real annotated sites. The two numbers against each node indicate population size of the node and theahsitelser of r
e.g. the numbers 1550 of 4462 for the root node indicate the population size as 4462 of which 1550 are real annotdtpBwither §plit of a leaf node from the

first level four-layer decision tree (from a) for human examtron junctions. In this case, node 14 from (a) is split further.

() to identify alternative splicing events involving the Ina search usingxon_IE as the query sequence, if a region
junctions or their proximal regions; (i) to confirm the from an EST sequence shows a match with the query but the
annotated donor (or acceptor) site, irrespective of theipstream region of EST does not match with the corresponding
confirmation status of the corresponding acceptor (or donorintron_IE fragment, then the EST sequence is taken to validate
site. the junction. If the EST shows a match with only a portion of
In a search usingntron_IE-exon_IE as the query sequence, theexon_|E sequence, itindicates that either the annotation of
if a region from an EST sequence shows a match with théhe donor junction was doubtful or alternative splicing events
exon_IE fragment, but the upstream region of EST does notake place in the proximity of the junction.
match with thentron_IE fragment, then the EST sequence is In a search using thiatron_IE sequence as the query, if a
taken to validate the junction. region from an EST sequence shows a match with the query
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(EN) NTRON (IE) Results of searches pertaining to both the 5' and 3' splice
" intron_E| Intron_IE B sites

The distribution ofexon_El-exon_IEquery sequences having
exon Elexon IE : A F SR R LR at least one EST hit for different values of pid is shown in
Table@. Roughly 50% of the query sequences tested for
similarity with EST sequences showed a pid value of 100 and

exon_El-intron_EI:  _° — ~70% of queries showed a pid value 280. As the require-
ment on pid value reduces, more query sequences showed sim-
bt TR T DAL ilarity with EST sequences. It should be mentioned here that

~10% of the query sequences did not show a match with any
nir: EST sequence.

ox0_El ! e intron_[E: s=—— A We considered only those query sequences that had EST hits
b e iritron B with a pid value of >80, of which there were 661 such entries
e exon_IE: ; (Table [1h). Each one of these 661 entries was scrutinised

against the following criteria: no mismatches or gaps occurred
) ) ) o ) in the vicinity (—20 to +20 nt) of the junctions and the effective
Figure 3. Query constructs involving splice sites for searching EST sequence ignment lenath extended to at least a range of —30 to +30 nt
Seven types of query constructs. Query order for the first three constructs is 1-1 g .g . g ’
and for the last four constructs is 1-50 nt positions. ortened alignments occurred when either the EST sequence
was incomplete (typdsandc in Fig. 4a), there was a potential
IE junction in theexon_Elfragment (types andf) or a poten-

and the downstream region of the EST also matches with thi#d! El junction in theexon_IE fragment (typesl ande). The
correspondingxon_EI fragment, then it indicates that either MOSt common form of EST hit was tyge(Fig. 4a) wherein

the junction is doubtful or the annotated junction undergoef0Oth theexon_El and exon_|E fragments matched with the
alternative splicing events. EST. When the EST sequence was incomplete, the presence of

@G (typeb) or GT (typec) dinucleotides was checked for in the
guery sequence at the corresponding endtipos and it was
ensured that the short alignments were not a result of the

FASTA searches and analysis of the EST Nite. performed prgsen;:el of S:O“(?e Jl;nr? tions (I)th(ejr tha_r;)tr:josg ann_(;tate_g. d610
FASTA searches (gap penalties =-12/-2, ktup = 6E@ardlue areful analysis of the results described above identifie
' annotated splice sites (out of 925) as being correct at both the

< 1) against EST sequences for all seven types of YueT¥onstituent donor and acceptor junctions and these sites could

sequence defined. An initial analysis of the EST hits as identlbe characterised as shown in T 1b. Except in 10 cases, all

fied by the FASTA searches was performed for every quergq o the nycleotides on either side of the intron that is spliced
sequence as described below. It is our observation that hl%t are coding

with a percentage identity (pid) value of <80 were often erro-
neous matches. EST hits with a pid value in the range 80—9Results of searches pertaining to the donor junction

required careful scrutiny. The types of EST hits against the three types of query

For hits with low pid values, the mismatches Occurre,dsequences (pertaining to donor junction) are as shown in
mostly towards the ends of the sequence and the effec“"ﬁgure 4b—d
' .

length of the alignment was reduced to lower values in suc
queries. FASTA had usually reported the same hits in Othiﬁ/‘The results of FASTA searches for each of these search types

A similar procedure was applied to searches pertaining t
donor site.

h ithal lenath of ali t but with a hiaher pid €€ scrutinised to determine those queries that showed a
se?rc ES wi ?hOW?fr et'_”g IO a}[rl]gnfm?n u V\;' ang Ier F;' atch with at least one EST with a pid value in the range 80—-100
value. rence, the etiective length ot alignment was evaluateq, y o any alignment length. The search usingaken_EI-

in each case. , intron_EI sequences reported 574 such entries (with 4675
EST hits with alignment lengths in the range of 20 nt werecsT hits). The corresponding result in the case of the search
considered to have occurred by chance and were ignoregith the exon_El sequences was 682 entries (with 6864 EST
Certain intronic and exonic sequences had biased base CORjts) and forintron_E| sequences was 142 entries (with 317
positions and in these cases, only those hits with a pid value IBST hits). This identified 695 donor junctions. The FASTA
the range 95-100 were considered. results for each of these cases were examined. Having already
For hits of lower pid value, it was checked whether theidentified the splice sites that had proof from EST sequences at
mismatches were due to undetermined nucleotides in the ESJoth the constituent donor and acceptor junctions, the emphasis
and if the few mismatches were not concentrated at one posow was to confirm the results, to identify those donor junctions
ition in the alignment. Consensus nucleotides as displayed byhich were missed (because they were overlooked or the
other EST hits for the same query were used to resolve theorresponding acceptor sites were wrongly annotated) and to

nucleotide at the mismatching positions. identify potential alternatives involving the donor junction.
Of the 695 donor junctions, 659 met the criteria described in
RESULTS g/leallé%\r;als and Methods and could be classified as described

The types of EST hits obtained for the seven types of searchesDirect_EI junctions, i.e. donor junctions for which at least
are shown in Figure 4a—g. They are discussed below. one EST hit existed for a match to te&on_EI fragment and
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exon_El | 50 intron_IE

-850 a1 g 50 \G

exon Il

En

exon IE

T

type a - most common type. type a - direct_[E

type b - incomplete ESTs,

—— type b - faraway IE

type ¢ - incomplete ESTs,

—— iype ¢ - proximal_IE

type d - possibility of short donor type o - proximal_|E
and acceptor exons.

= type e - possibility of short aceeptor
exon.

type e - proximal IE

type - possibility of shon donor - tmial 1E
cXon. type - proximal_

e = Mlatching portion of EST, - Outside-the-range portion of EST;
- Unmatching portion of EST,

e = Matching portion of EST, s = Quitside-the-range portion of EST;
— - | Inmatching portion of EST.

P LI;'|' 20 1 Con_TE 30
-0 N | intron_EI

type a - possible direet [E

type a - direct_El
type b - proximal_IE

type b - faraway _El. type ¢ - proximal 1E

iype e - proximal_EL
tvpe d - abrupt end of exon

type d - proximal_El

type ¢ - proximal El

type £ short exon in donar- g

niron intron_IE AG
P r————r———r—
e« Matching portion of EST; - Dtside-the-range portion of EST; -b0 -1
— - Unmatching portion of EST. hrpé i pDSSth fﬂﬂwa}' B
type b - proximal_IE
c type ¢ - proximal_I[E
exon 1=
re————— tvpe d - doubtful_|E
-30 =

type a - possible direct_EI

type b - proximal_El

type ¢ - proximal_El

seermrTT type d - abrupt end of donor-exon

imron_Ll

(3 =
| S50

type & - possible faraway El

type b - proximal El

type ¢ - short exon in donor-intron

type d - short exon in donor-intron

Figure 4. Types of EST hits obtained for the different types of searahEST hits forexon_El-exon_IEquery sequencesb) EST hits forexon_El-intron_EI

query sequencesc) EST hits forexon_El query sequencesd) EST hits forintron_EI query sequencese)(EST hits forintron_|E-exon_IE query sequences.
(f) EST hits forexon_IE query sequencesg) EST hits forintron_IE query sequences.

the downstream region of the EST not matchingititeon_EI correspondingexon_El-exon_IEsequence also identified the
fragment (typeain Fig. 4b and c). same EST hit).

A Direct_EIl junction was reclassified as Genuine_El If for a Genuine_Eljunction there existed at least one other
junction when the downstream region on the EST matched thEST hit where the downstream region of the EST matched with
correspondingexon_IE fragment (and the search using thetheintron_EI fragment, then the junction was reclassified as a
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Table 1a.Distribution ofexon_El-exon_IEquery sequences having at least one EST hit
for different pid values

pid value No. of query sequences No. of matching EST sequences
100 430 2579
295 591 5168
=90 619 5776
=80 661 6656
=270 737 7912
=60 800 9561

Table 1b.Results of FASTA search usirexon_El-exon_IEsequences against EST sequences

Effective length of alignment No. of entries Percentage identity as reported by FASTA
100 502 100 (in the case of 352 queries)

95-100 (in the case of 133 queries)

90-95 (in the case of 17 entries)

95-99 49 >90 (in the case of 38 queries)
>85 (in the case of 11 queries)

90-94 22 >90 (in the case of 19 queries)
>85 (in the case of 3 queries)

75-90 27 >90

75-90 160 >90

3EST sequences were incomplete in these cases.
bAlignment did not cover the complete length of these query sequences.

FarawayAlternative_EI junction (typeb in Fig. 4b; typeain If a Genuine_El junction exhibited more than one type of
Fig. 4d). alternative event, then it was classified asMultiple-

If the match of the EST with thimtron_EI fragment did not  Alternative_EI junction.
cover the complete region of 50 nt (i.the alternative func-  The junctions that could not be classified into any of the

tional donor junction was within the 50 nt range of the above categories were classifiedsubtful_EI junctions.
intron_El fragment), then the junction was reclassified as a The results of the search usiagon_El-exon_IEsequences
ProximalAlternative_EI junction (typecin Fig. 4b; typebin  had earlier identified a set of 10 splice sites (see e 1b and
Fig. 4d). If an EST hit exhibited a match with only a portion of Fig. 4, typesH, and Fig. 4c, type)) where the alignment did
theexon_Elfragment (typesl ande in Fig. 4b; typesh andc ~ Not cover the complete length of the query sequences. Many of
in Fig. 4c), then there was probably an alternative functionai€se donor junctions are classifiedsubtful_EI junctions.

donor junction upstream of the annotated one and such a . ] ] ]
junction was also classified #&oximalAlternative_EI . Terminal_EI JunctionsThe donor junctions checked thus far

There were instances of EST hits where an EST match d the cqrresponding acceptor jgnctions a\{ailaple in the
with a short region in thentron_EI fragment (typd in Fig. 4b MBL entries. There were 13 te'rmmal dqnor junctions (for
and type<c andd in Fig. 4d) and if the junction was otherwise which we could get the 50 nt regions on either side) that had

. . o ; . not been checked so far. Upon checking for EST validation,
gigﬂ:ﬂ%;ggﬂ;gi:'te was classified@nuineEl_WithShort- four of them had confirmation from EST sequences. These

, . four were categorised d®rminal_EI junctions.
If the above-mentioned alternative events were observed for

ajunction that did not have proof afxrect_El junction, then  pon6r junctions with EST confirmatioriThe results of the
the site was classified asrarawayAndWrong_El junction.  gearches pertaining to the donor junctions are shown in
Ifan EST hit exhibited a match to thexon_Elfragmentbut * Tapidp. The 619 donor junctions that had validation from EST
the downstream region of the EST pointed to a nucleotidgnatches were categorised into eight types. Donor junctions
region other than thexon_IE fragment, then the junction was from four categories (4-7 in Tab@ 2) involving alternative
classified as @irect_EI_DifferentAcceptorExon junction or  events may be treated as a separate group because the sites may
as aGenuine_EI_AlternativelnAcceptorExon junction (if  carry multiple codes. The 50 nt regions around the junctions
the junction was otherwise@enuine_EI). from categories 1-3, 5 and 8 (see Ta@le 2) could be used for
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generating false donor sites. The other categories could not Iparticular transcript from which the EST was derived. If the
used for generating false sites because the 50 nt regions woylthction had other EST hits making it@enuine_IE junction,
carry EST-confirmed alternative donor junctions. then the junction was implicated as being involved in alter-
native splicing events with thiatron_IE fragment (the com-
plete or a portion of the 50 nt) acting as the exonic region in
alternative transcripts. Examination of the length of alignment
ascertained whether the alternative acceptor junction occurred

Table 2. Categorisation of the EST-confirmed donor junctions

Category _Type of Junctidn No. of entries upstream of the completatron_IE fragment (such an event
1 Genuine_EI 463 was named &arawayAlternative_|E junction) or within the
2 Genuine_EI_AlternativelnAcceptorExon 20 intron_IE  fragment (such an event was named a
3 Direct_E|_DifferentAcceptorExon 14 ProximaIAItgrnative_IE ju.nction).. If the junction was other-
) ) wise not aDirect or Genuine_|E junction, then the junction
4 Genuine_E|_WithShortExoninDonoriniron 13 was considered as not proven by EST matches and was classified
5 FarawayAlternative_El 68 as aWwrongAndFaraway_IE junction. An EST hit showing a
6 ProximalAlternative_ElI 29 match with only a portion ointron_IE (typeein Fig. 4e and
7 MultipleAlternative_E| 8 type ¢ in Fig. 4g_) ind_icated a proximal funct_ionr_:\I acceptor
_ junction; if the junction possessed other hits indicating a
8 Terminal_El 4 Genuine_IEjunction, then such a junction was classified as a
Total number of EST-confirmed donor sites 619 ProximalAlternative_IE junction; otherwise it was assumed
WrongAndFaraway_El 23 that the annotation was wrong and the site was classified as a
Doubtful El 17 WrongAndFaraway_|E junction. There were instances when

EST sequences showed matches to portiorexon_IE frag-
ments (type< andf in Fig. 4e and typeb andc in Fig. 4f).
Such instances pointed to the possibilities of the occurrence of
short exons and hence the possibility of additional acceptor
junctions. If such a junction was also confirmed to be a
Direct_IE junction by other EST hits, then the junction was

also classified as BroximalAlternative_IE junction. Finally,

The results of the FASTA searches with each of the three typgfere were cases that could not be resolved unambiguously into
of query sequences (perta|r_1|ng to th_e acceptor site) Wergny of the above types and they were classified as
analysed to select those entries for which at least one EST h¥q ptful IE junctions.

was reported with a pid score in the range 80-100. The searc
with intron_IE-exon_IE sequences reported 601 entries (with

4986 EST hits). The corresponding figures in the cases Rions that have not been considered so far. Upon checking for

searches usingxon_IE andintron_IE sequences were 689 S ;

(with 6995 EST hits) and 145 (with 359 EST hits), respectively.EST validation, it was found that 11 of them could be validated
. as correct acceptor junctions.

Together these entries corresponded to a total of 701 acceptor

junctions. In each of these cases, the EST hits were scrutinised . . . , .
using the criteria described in Materials and Methods. Th ceeptor junctions with EST confirmatiofihe results of the

acceptor junctions were classified in a manner similar to thatc2rches are shown in Table 3. A total of 623 acceptor junctions
for the donor junctions. could be validated and were categorised onto six groups. Junc-

An acceptor junction for which thexon_IE fragment tions from categories 2, 4 and 5 may be treated separately

matched with a region of the EST sequence and the immediaf$cause the sites may carry multiple codes. Except for
ProximalAlternative_|E junctions (50 nt regions around such

upstream region of the EST did not match with thigon_IE : . \ X
fragment was classified aiirect_|E (typeain Fig. 4e and f) junctions would carry EST-conﬂrmeq acceptor sites), all .other
junction. junctions could be used for generating false acceptor sites by

If the Direct_IE had also been confirmed earlier by the considering the =50 to +50 nt regions.
search using thexon_El-exon_|E sequences with the same c
EST hit (i.e. if the immediate upstream region in the EST
matched with the correspondirexon_El fragment) then the Depending on the types of the constituent donor and acceptor
junction was reclassified as@enuine_|E junction; otherwise Ssites, the splice sites were categorised into six types (Tgble 4).
the junction was renamed a®aect_IE_DifferentDonorExon.  These are: (ifenuine, where both the constituent donor and

If for a Genuine_IE junction, there existed another EST hit acceptor junctions had proof from EST confirmation and were
where the immediate upstream region corresponded to a nuclegast involved in any alternative splice events; (Egnuine-
tide region other than trexon_Elfragment, then such a junction Alternative, where both the donor and acceptor junctions had
was renamed as &enuine_IE_AlternativeInDonorExon  proof from EST confirmation but either or both of them were
junction. involved in alternative splice events; (iiDirect El, where

If for an annotated acceptor junction, the immediateonly the donor junction had EST confirmation; (Djrect IE,
upstream region in the EST sequence showed a match with théhere only the acceptor junction had EST confirmation;
intron_IE fragment (type® andd in Fig. 4e or typesaandb  (v) Terminal El ; (vi) Terminal IE where only the donor or
in Fig. 49), itindicates that the junction is non-functional in theacceptor junction was available for examination.

aFifty nucleotide regions around the junctions from categories 1-3, 5 and
8 could be used to generate false donor sites.

Results of searches pertaining to the acceptor site

erminal_IE JunctionsThere were 16 terminal acceptor junc-

ombining the results to generate the data set on splice sites
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Table 3.Categorisation of the EST-confirmed acceptor junctions the acceptor site paired with alternative donor sites in addition
to the annotated donor site. In 11 cases, the acceptor site paired
Category Type of junctioh No. of entries with donor sites other than the annotated ones. In 50 cases,
1 Genuine 1E 257 alternative functional acceptor sites were observed in the —50
T , to +50 nt region around the donor sites.
2 Genuine_IE_AlternativelnDonorExon 2 (i) A set of 601 splice sites where both the constituent
3 Direct_IE_DifferentDonorExon 1 donor and acceptor sites had proof from EST confirmation and
4 FarawayAlternative_|E 71 could be categorised unambiguously. Of these, 392 are genuine
5 ProximalAlternative 1E 50 sites wherein both the constituent donor and acceptor sites
_ - were not involved in any alternative splicing events. Such a set
6 Terminal _IE 11 is useful to study the interactions between the donor and acceptor
Total number of EST-confirmed acceptor sites 623 sites.
WrongAndFaraway_|E 9 (iv) The data set contains 44 donor and 50 acceptor junctions
Doubtful IE 33 located in the untranslated regions of genes and the rest from

translated regions of the genes.

(v) In the case of 569 donor (categories 1-3, 5 and 8 in
Tablg 2) and 573 acceptor (categories 1-4 and 6 in Table 3)
sites, the 50 nt regions on either side of the site could be used
to derive either false donor or acceptor sites. Such generated
false sites are useful as negative controls when training the
Table 4. Categorisation of the EST-confirmed splice sites gene prediction programs and these false sites have a h|gh
probability of being non-functional ones.

aFifty nucleotide regions around the junctions from categories 1-4 and 6
could be used to generate false acceptor sites.

Category Type of junction No. of entries . . . .
1 Gomiine 397 Quality of the splice sites in the data set
’ Genuine-Alternative 209 The_different splice sites _included in the data set showeq a
, varying number of matching EST sequences. The variation
3 Direct El 14 depends upon factors such as the type of the splice junction
4 Direct IE 11 (one thatis involved in alternative splicing will have more EST
5 Terminal El 4 hits), the expression Ievel_of the gene (highly expressed genes
6 Terminal IE " may be over-represented in the EST database) and presence or

absence of poly(A) tails [genes that lack poly(A) tails may be

under-represented in the EST database]. However, it is useful
to annotate every splice junction with a confidence value that
DISCUSSION is derived using the number of observed EST hits with a

In this work, we have created a standard data set of humastlitable correction.

splice sites through exhaustive cleaning procedures such aslhe overall average number of unique EST hits for a donor
requiring consistency in the annotation and completeness & acceptor site in the data set was found to be 17, while the
the coding regions together with elimination of redundantverage value for a junction involved in alternative processing
sequences and identification of ambiguous sites which a@as 25 (higher than the overall average) and that of a junction
prone to alternative splicing. The latter was carried out with thé'0t involved in alternative processing was 15. The correction
use of decision trees applied to a combination of annotatefp" the differential expression of genes was done by assigning
splice sites and generated false sites. The splice sites wefeMaximum value of 17 for the number of unique EST

further confirmed by comparison with SWISS-PROT and ESTS€dUences. The confidence value for a junction was calculated
data. In the following sections, we discuss the characteristic3> [”“”?ber .Of unique EST sequences/average value for this
of the data set. type of junction]. Values of more than 1.0 were truncated to

1.0. It was found that in the case of both donor and acceptor

Contents of the data set junctions, 75% of the junctions had a confidence value greater
. : ._than 0.50 and 60% of the junctions had a confidence value of 1.0.
The contents of the data set can be interpreted in the following |, st be emphasised that very stringent criteria (such as
ways. _ _ _ high percentage identity, loi value and not allowing any

(i) The data set contains a set of 619 donor sites confirmeghismatches in the —20 to +20 nt region around the junction)
by EST matches. In 463 sites, the donor site always paired Witlyere used to identify the EST hits and four different types of
the annotated acceptor site only. In 88 sites, the donor site pairgdarches with the EST database were made before a splice
with alternative acceptor sites in addition to the annotateglinction was confirmed. As a result, even if one EST hit was

acceptor sites. In 14 cases, the donor site paired with acceptgpserved for a splice junction, such a splice junction is to be
sites other than the annotated ones. In 50 cases, alternatiyénsidered as significant.

functional donor sites were observed in the —50 to +50 nt ) o
region around the donor sites. Comprehensiveness of the validation procedures

(ii) The data set contains a set of 623 acceptor sites corFhough the initial data cleaning made sure that the EMBL
firmed by EST matches. In 457 of these sites, the acceptor sisnotation did not mention any alternative splicing in the
always paired with the annotated donor site only. In 94 sitessequence entries, the final results identified alternative splicing
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in some sequence entries. A discussion on how comprehensieger, these values as percentages of annotated splice junctions
is the validation from EST sequences is in order here. It is &rom the respective ends of the genes (the 5'-end had 443 donor
common notion that while the presence of an EST hit supportand 330 acceptor junctions; the 3'-end had 364 donor and 480
an event, absence of an EST hit cannot be taken as a proof thatceptor junctions); the values were 75% for the 5'-end and
the event does not occur. Such an event in our study is thé8% for the 3'-end. Thus the distribution of EST-confirmed
involvement of the splice sites (that were identified assplice sitesinthe 5'- or 3'-end of the genes reflected the pattern
Genuine_Splicesites) in alternative splicing. Every splice site observed for the genes.
that was analysed had on average as many as 17 EST hits and henc:?
we can regard the conclusions with a high level of confidence. LUty of the data set

Only 67% of splice sites could be validated with ESTIn summary, the data set classifies splice sites as donors,
sequences and 4% turned out to be annotated wrongly. Of tteeceptors, genuine and alternative splice sites. Such a data set
remaining sites, 8% did not have a match with any ESThas considerable utility both for its own intrinsic interest and
sequence and 22% did not have significant matches with arfgr its applicability to techniques such as computational gene
EST sequences. The reasons that almost a third of the junctiofinding, whose effectiveness is dependent on appropriate
did not get support from EST sequences might be due to thigaining sets. The data set can also be used as a standardised set
EST database not being completely representative of all thier comparing the performance of different gene-finding
genes in an organism and the inherently high rate of sequencipgograms. The data set would be useful for several invest-
errors in EST sequences. igations on splice site predictions and alternative splicing. In

A discussion aboufaraway_Alternative sites (TabIeE|2 and addition we have set standards for creating high quality data
3), which applies to certain annotated intronic sequences &ets on splice sites.
well as exonic sequences, is in order here. Wolfsberg and
Landsman (10) noted that there are a significant number oé
intron sequences reported in EST sequences and thus they XAILABILITY OF THE DATA SET
useful to analyse the splicing pattern of the cDNA sequenceBhe data set is available on the World Wide Web at http://
characterised previously. They further remarked that there is\vaww.ebi.ac.uk/~thanaraj/splice.html . The data set of the
small possibility of contamination in cytoplasmic mRNA by splice sites contains the EMBL entry ID name, the location of
genomic DNA or partially spliced nuclear hnRNA. However, thethe constituent donor and acceptor junctions, the upstream and
alternatively spliced transcripts of thearaway_Alternative  downstream regions of 70 nt, the type of splice site, the types
sites included in our data set may represent unreported novef the constituent donor and acceptor junctions (the types are
transcripts. We support such a hypothesis by: (i) the observatiaas described earlier) and the confidence values for the splice
that at least 30% of human genes are spliced alternatively (23jtes. A region of 70 nt on either side of the junctions is
(i) our observation that such an alternative junction showed aprovided; such a longer region might be needed to retrieve
average of 25 EST hits (50% more than that for a splice junctiosignals regarding poly(Y) tracts and branch sites. In addition
of any type); (iii) these sites were able to be resolved unamwe have provided the nucleotide sequences of genes (along
biguously. Such sites that could not be resolved in a similawith gene structure annotation) that resulted after the cleaning
manner were eliminated &arawayAndWrong andDoubtful ~ using decision trees. Regions of 50 nt that could be used to
junctions (Tables]2 anﬂ 3). generate false donor and false acceptor sites are also provided.

o Such sites have a high probability of being non-functional

How representative is the data set ones.
EST sequences are usually sequenced from cDNA sequences
(derived from the mRNA) using the poly(A) tail of the mRNA
as primers. As a result, genes whose mRNA does not possesggNCLUSIONS
poly(A) tail would be under-represented in the data set. InThis report presents not only a set of direct donor and acceptor
addition, because of the cleaning procedures, genes with nosites validated by EST hits, but also sets of sites that are
standard start and stop codons as well as those with nomvolved in alternative splicing events. Most importantly, we
standard splice junctions (i.e. those that do not have GT...A@resent a set of splice sites in which both the constituent donor
as the consensus dinucleotides at the splice junctions) are remid acceptor sites have EST proof and are not involved in any
represented in the data set. Moreover, since the EST databasealiternative splicing events. The data set presented herein is
biased towards highly expressed genes, genes of low expressidean and has experimental proof. Itis our hope that such a data
levels would be under-represented in this data set. set is useful not only for studies to derive signals for either

Because of the above-mentioned method of deriving ES®onor or acceptor junctions, but also for interactions between
sequences, it is important to examine whether the splice sitébe donor and acceptor sites. We also report nucleotide regions
from the 5'-end of the genes are disfavoured in the data set. Alaround the real junctions) which could be used to generate
examination of human EST sequences in the database revealatse control junctions. Such sites have a high confidence level
that the 3' EST sequences outnumbered 5' EST sequencesdfjbeing non-functional.
only 11%. Analysis of the locations of the splice sites along the
genes from the data set revealed that a total of 580 (336 dongqr
plus 244 acceptor) splice junctions originated from the 5'-en CKNOWLEDGEMENTS
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