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We address the problem of efficiently aligning a transcribed and spliced DNA sequence with a genomic

sequence containing that gene, allowing for introns in the genomic sequence and a relatively small number of

sequencing errors. A freely available computer program, described herein, solves the problem for a 10 0 -kb

genomic sequence in a few seconds on a workstation.

With large am oun ts of both expressed an d gen om ic

DNA sequen ce data bein g m ade available, it is be-

com in g m ore com m on to align th e two. We h ave

writ ten a com puter program , called sim 4 , to per-

form such align m en ts very efficien t ly an d accu -

rately, un der th e assum ption th at th e differen ces

between th e two sequen ces are lim ited to (1) in tron s

in th e gen om ic sequen ce, an d (2) sequen cin g errors

(in eith er sequen ce).

Th e n ext section describes use of sim 4 in a pro-

duction sett in g. Th en , th e tool’s accuracy is assessed

usin g sim ulated data, in to wh ich ‘‘sequen cin g er-

ro rs’’ are in t ro d u ced u sin g a ran d o m n u m b er

gen erator. Next, we report som e experim en tal data

obtain ed by align in g h um an m RNAs with th e h o-

m ologous gen om ic sequen ce from th e m ouse. Th is

application is som ewh at outside sim 4 ’s in ten ded

scope, as evolu tion ary differen ces such as lon g in -

sert ion s n eed to be h an dled, but usefu l resu lts are

frequen tly produced. We th en illustrate h ow th e ca-

pabilit ies of sim 4 can be in corporated in to larger

tools an d software packages an d fin ish with a brief

descrip tion of sim 4 ’s algorith m ic approach .

Th e program can be obtain ed by an on ym ous

ftp from globin .cse.psu .edu or over th e World Wide

Web from h ttp :/ /globin .cse.psu .edu/ .

The BDGP: cDNA vs. Genomic Alignments

Th e Berkeley Drosoph ila Gen om e Project (BDGP) is

a con sortium wh ose goal is to determ in e th e com -

plete DNA sequen ce of th e euch rom atic gen om e

of th e fru it fly Drosophila m elanogaster an d to de-

velop exp erim en tal an d com p u tat ion al too ls to

probe its biological sign ifican ce (Rubin 1996). It in -

cludes a large-scale sequen cin g project , togeth er

with both biological an d com putation al an n otation

projects, th e resu lts of wh ich are curated by experi-

en ced Drosophila bio logist s. Th is work is avail-

able on th e W orld W ide W eb at h t tp :/ / fru it fly.

berkeley.edu/ .

Am on g gen om ic an n otation s, th e location of

gen es in th e gen om ic sequen ce is of great in terest to

both biologists an d com puter scien tists. An accurate

an d well-curated tran scrip t m ap h elps biologists un -

derstan d m utation al effects an d th e regulation of

gen e expression , an d it gives com putation al biolo-

gists a powerfu l data set for train in g an d evaluatin g

algorith m s. Like oth er large-scale gen om e projects

(Eddy 1994; Ch erry et al. 1998) th e BDGP provides

both com putation al prediction s an d experim en tal

resu lts. Com putation al resu lts com e from a collec-

t ion of gen e fin ders, in cludin g Gen ie (Reese et al.

1997) an d dGrail (Xu an d Uberbach er 1997), each of

wh ich h as differen t stren gth s an d weakn esses. Ex-

perim en tal an n otation s are based on sequen ce data

from a variety of EST an d fu ll-len gth cDNA sequen c-

in g projects. Th ese cDNA sequen ces h ave been po-

sit ion ed on th e gen om ic sequen ce usin g a variety of

tools [prim arily Bla st (Altsch ul et al. 1990)] with

substan tial m an ual in terven tion . In creasin g quan ti-

t ies of data h ave m ade th is tech n ique un workable,

n ecessitat in g a specialized tool for align in g cDNA

an d gen om ic sequen ces. sim 4 fills th is n eed by

quickly align in g a cDNA sequen ce to its paren t ge-

n om ic sequen ce with sufficien t accuracy to require

m in im al m an ual edit in g.

Validating sim4’s Alignments

To evaluate sim 4 ’s align m en ts on a set of gen es
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with kn own structures, we started with a curated set

of gen om ic Gen Ban k sequen ces for m ultiexon Dro-

sophila gen es th at was developed to train th e Dro-

sophila version of Gen ie (Reese et al. 1997). Gen -

Ban k en tries for th ese sequen ces in clude feature an -

n otat ion s th at describe both m RNA an d cod in g

sequen ce (CDS) subsequen ces with in each en try.

Th e m RNA features m ost closely approxim ate our

experim en tal data, bu t th e CDS en tries are m ore

carefu lly curated, so th ey were th e basis for our ex-

perim en ts. Th e data set con tain s 202 Gen Ban k flat-

file en tries, 184 of wh ich h ave usable CDS features

with a total of 681 exon s. Of th ese 184 en tries, 156

h ave 2–5 exon s, 21 h ave 6–9 exon s, an d 7 h ave 11–

15 exon s. Th e average exon len gth is 425 bases.

Th ere are 64 exon s with <50 bases, 441 exon s with

len gth s between 50 an d 499 bases, 107 exon s with

len gth s between 500 an d 999 bases, an d 69 exon s

with len gth s between 1000 an d 5000 bases. A n um -

ber of en tries h ave un usually sm all exon s (16 en tries

h ave exon s <10 bases, 15 h ave exon s between 11

an d 20 bases, 13 h ave exon s between 21 an d 30

bases). In m an y cases, th is is an art ifact of on ly usin g

th e CDS portion of th e tran scrip t; som e of th e in it ial

an d fin al exon s on ly con tribu te a few bases to th e

codin g sequen ce.

We extracted each CDS sequen ce from its par-

en t sequen ce an d used sim 4 to align it to th e origi-

n al Gen Ban k sequen ce. sim 4 ’s perform an ce was

m easured by h ow closely th e in tron –exon boun d-

aries correspon ded to th e Gen Ban k CDS an n ota-

t ion . Th e reported error is th e n um ber of bases m is-

iden tified for each exon . For exam ple, if an exon is

kn own to occur at th e location 345–465 but sim 4

reported an exon of 340–460, th e error would be 10.

If sim 4 is told th at a pair of sequen ces con tain

very few errors an d are very sim ilar (by sett in g th e

N = 1 option ) it will m ake extra efforts to accurately

h an dle sm all exon s at th e begin n in g an d en ds of th e

align m en t s. W e exam in ed s i m 4 ’s p erfo rm an ce

both with out an d with th is optim ization .

With out usin g optim ization s for h igh -quality

sequen ces, sim 4 gen erated align m en ts th at exactly

m atch ed th e Gen Ban k sequen ce an n otat ion s for

166 of th ese sequen ces. Of th e rem ain in g 18 align -

m en ts, 11 h ad errors in th e ran ge of 1–10 bases, 6

h ad errors in th e ran ge of 11–20 bases, an d 1 h ad an

error of 25 bases. All of th ese erron eous align m en ts

resu lt ed from a com m on m istake, n am ely th at

sim 4 failed to align sm all in it ial or fin al exon s in

th eir proper location s an d frequen tly in cluded som e

or all of th eir bases in a n eigh borin g exon , doubly

pen alizin g th e m istake. Man y of th ese sm all exon s

are an art ifact of ou r usin g th e CDS featu re se-

quen ces in our experim en ts. In th ese sequen ces,

on ly a sm all portion of th e in it ial or fin al exon is

part of th e CDS; th e rem ain der is part of th e th e 58-

or 38-un tran slated region (UTR). Alth ough we de-

cided th at th e m RNA feature en tries are n ot curated

well en ough to be used as th e basis of our experi-

m en ts, we did use th em to test th is explan ation for

sim 4 ’s difficu lt ies. Of th e 18 Gen Ban k en tries for

th e p rob lem seq u en ces, 9 h ave m RNA featu res

(DMU52952 h as 3 m RNA features with differen t in i-

tal exon s, n on e of wh ich are in cluded in its CDS

feature). In each of th ese n in e cases, sim 4 produced

correct align m en ts between th e m RNA subsequen ce

an d th e gen om ic sequen ce.

Usin g th e optim ization s for h an dlin g sm all ex-

on s in h igh -quality sequen ces, sim 4 was able to

correctly align 172 of th e sequen ces (th e 166 se-

quen ces th at were iden tified by th e un optim ized

run plus 6 sequen ces th at th e un optim ized run h ad

align ed in correct ly). Of th e 12 erron eou s align -

m en ts, 9 h ad difficu lt ies th at were sim ilar to th ose

described above. Two of th e align m en ts h ad a pre-

viously un observed type of error: Each h ad a sm all

exon th at was perfectly align ed to an in correct lo-

cation . Th e fin al erron eous sequen ce m issed a sm all

‘‘in t ern al’’ exon , d ist ribu t in g som e of it s bases

am on g th e n eigh borin g exon s.

It m igh t be possible to recogn ize th is m istake in

a sim 4 postprocessor, as th e align m en ts h ave less

th an perfect sim ilarity, with th e m ism atch es occur-

in g at th e en ds of th e sequen ces. Tun in g with a

sp lice site p red ictor, as described in Reese et al.

(1997) could h elp in crease th e accuracy of th e pre-

diction .

Comparisons with Similar Tools

We kn ow of th ree oth er tools th at are design ed to

align spliced sequen ces (m RNA, cDNA, ESTs) to th e

correspon din g gen om ic sequen ces. Th e goal of th is

section is to com pare sim 4 with th ese oth er tools.

Gelfan d et al. (1996) describe a tool for iden tifyin g

gen es in gen om ic sequen ce usin g align m en ts of

spliced sequen ces. Birn ey an d Durbin (1997) h ave

developed a set of tools for au tom atically gen eratin g

align m en t program s based on a h igh -level descrip-

t ion of th e desired dyn am ic program m in g recur-

ren ce. Th eir tool kit con tain s an exam ple program ,

est 2 g en , wh ich align s EST an d gen om ic sequen ces.

Rich ard Mott’s tool (Mott 1997) est g en o m e uses

a carefu lly crafted im plem en tation of a lin ear space

d yn am ic p rogram m in g recu rren ce to op t im ally

align spliced sequen ces to th eir gen om ic coun ter-

parts.
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W e were u n ab le to acq u ire an

im p lem en t a t io n o f t h e id eas p re-

sen t ed b y G elfa n d e t a l . (1 9 9 6 ).

est 2 g en produces on ly graph ic dis-

p lays of th e align m en ts th at it gen er-

ates, an d it does n ot explicit ly gen er-

ate a list of exon s an d th eir posit ion s

on th e sequen ces. A visual in spection

o f it s a lign m en t s sh o wed t h at a l-

th ough it usually align ed several of

th e m ajor exon s, it frequen tly om itted

exon s an d its align m en ts usually in -

cluded a great deal of n oise aroun d

exon boun daries. Th ese ch aracterist ics

m ad e it too u n wield y to exp licit ly

sc o r e t h e a l ign m e n t s u s in g t h e

sch em e discussed above, but we did

in clude it in our run n in g tim e com parison . Like

sim 4 , est g en o m e produces an ou tpu t form at

th at is easily parsed an d th at explicit ly describes th e

exon –in tron structure of th e align m en t it foun d.

Table 1 presen ts th e resu lts of our com parison s.

W e u sed e st 2 g e n , e st g e n o m e , an d si m 4 to

align 184 sequen ces from th e Drosophila t rain in g

set , as described above (Reese et al. 1997). (To suc-

cessfu lly align th ese sequen ces it was n ecessary to

in crease an upper boun d on th e am oun t of m em ory

th at est g en o m e could allocate.) All align m en ts

were perform ed on a dual 266-MHz In tel Pen tium II

system with 128 Mb of RAM run n in g RedHat Lin ux

5.0.

Bo t h s i m 4 a n d e s t g e n o m e h a d so m e

trouble h an dlin g sm all exon s. As discussed above in

Validatin g sim 4 ’s Align m en ts, very sm all exon s oc-

cur as an artifact in our experim en tal data set . Gen -

erally, sim 4 h ad trouble on ly with exon s th at are so

sm all (10–20 bases) th at th ey are very un likely to

occur in real sequen ces. Wh en run with its defau lt

set t in gs, th e exon s th at est g en o m e h ad diffi-

cu lty posit ion in g were sligh tly larger, th ough still

un likely to occur in real data. It also h ad a pro-

n oun ced ten den cy to in clude an extra base at th e

begin n in g of th e first exon , wh ich can be seen in

th e large n um ber of align m en ts in th e 1–10 base

error category. It sh ould be possible to in crease th e

likelih ood th at est g en o m e will correctly h an dle

sm all exon s by tu n in g it s param eters, alth ou gh

th ere is also an in creased risk of spurious align m en ts

(Mott 1997).

Assigning cDNAs to a Genomic Clone

Th e Adh region of th e Drosophila gen om e h as been

th e object of in ten se gen etic an d bioch em ical scru-

t in y for m an y years. Because of th e wealth of avail-

able in form ation , th e BDGP h as been usin g it in a

pilot study for its an n otation project . It is on e of th e

foci of th e large-scale sequen cin g project , an d m uch

of our cDNA sequen cin g h as been con cen trated on

tran scrip ts from th is region . As part of th e an n ota-

t ion project we h ave iden tified 27 cDNA sequen ces

in Gen Ban k th at are from th e Adh region an d h ave

been assign ed to particu lar P1 clon es. We used th ese

sequen ces to determ in e if sim 4 would be able to

detect th e correct location of a cDNA sequen ce in

our pool of gen om ic sequen ce.

Each of th e 27 cDNA sequen ces was com pared

to th e curren t collection of 3120 con tigs from our

P1 clon es, coverin g th e Adh region as well as oth er

region s of th e gen om e, for a total of 84,240 align -

m en ts. Selectin g th e align m en ts th at in cluded >90%

of th e cDNA’s sequen ce an d were >90% sim ilar over

all of th e exon s gave a sin gle align m en t for each of

21 of th e sequen ces. All of th e six sequen ces m issed

by th is sim ple screen in g ru le were easily accoun ted

for.

1. Four of th e cDNAs span n ed m ultip le P1 clon es.

Th eir a lign m en t t o an in d ivid u al clo n e ac-

coun ted for <90% of th eir len gth , th ough th ey

were very sim ilar.

2. On e of th e cDNA sequen ce an n otation s refered

to a related, bu t in correct , Gen Ban k en try. Th is

in correct en try is n ot in a region for wh ich we

h ave gen om ic sequen ce, so si m 4 was correct

wh en it was un able to assign it to a P1 clon e.

Usin g th e correct Gen Ban k sequen ce for th e gen e

resu lts in a th ree-exon m atch with 100% iden tity

usin g 100% of th e clon e.

3. Th e fin al cDNA h ad two difficu lt ies. First , it is

on ly partially con tain ed in our collection of ge-

Table 1. Comparison of Running Times and Accuracy of
Programs That Align Spliced Sequences to their Genomic
Counterparts

Time (sec)/ seq.

Errors per alignment

0 1–10 11–20 21–35

est2gen 156 — — — —
est_genome 20 143 21 13 7
sim4, N = 0 0.06 166 11 6 1
sim4, N = 1 0.06 172 6 5 1

Running times are the average time per sequence in the 184-sequence Dro-

sophila test set. Errors were scored as described in Validating sim4 ’s Alignments.

As discussed in Comparisons with Similar Tools, est2gen results could not be

scored but were less accurate than est_genome or sim4.
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n om ic clon es an d th e clon e en ds in th e m iddle of

a large in tron . Secon d, th ere are som e substan tial

d ifferen ces between th e gen om ic an d cDNA se-

quen ces th at are probably due to differen ces in

th e paren t Drosophila strain s or to sequen cin g er-

rors. sim 4 ’s align m en t to th e correct P1 clon e

foun d th ree exon s, wh ich were 100%, 94%, an d

88% sim ilar, respectively. Th e m ism atch es were

all clustered in m ultibase deletion s.

Our sim ple screen could easily be augm en ted to

pass align m en ts th at h ave stron g sim ilarity an d th at

h ave exon s th at run off of th e en d of a clon e. With

som e tun in g it m igh t also be possible to pass correct

align m en ts th at h ave weaker sim ilarit ies an d/or in -

tron s th at run off of th e en ds of th e clon es. Because

relaxin g th e filter too m uch m igh t resu lt in a h igh

false-posit ive rate, it m ay be n ecessary to m an ually

in terven e in th ese cases.

Tests on Simulated Data

To furth er assess th e accuracy of sim 4 , we extracted

m RNAs from 16 gen es in a 222,930-bp gen om ic se-

quen ce from h um an Ch rom osom e 12p13 (An sari-

Lari et al. 1997; Gen Ban k accession n o. HSU47924)

based on th e an n otated exon boun daries. Usin g a

ran dom n um ber gen erator, n ucleotide substitu tion s

were in troduced an average of twice as frequen tly as

eith er (sin gle-n ucleot ide) in sert ion s or delet ion s.

W e m od eled two kin d s of d ata—ESTs an d fu ll-

len gth m RNAs.

ESTs were sim ulated by ran dom ly selectin g 500

bp from th e m RNA an d in troducin g errors at rates of

1%, 3%, an d 5%. Th e resu lts cited in Table 2 in di-

cate th at even with ESTs, sim 4 sh ould usually give

th e correct align m en t. For fu ll-len gth m RNAs, we

m easured perform an ce with error rates of 0.1% an d

1%. sim 4 failed to correctly iden tify th e boun daries

of a sh ort (6 n ucleotides) in tern al exon in th e hBAP

gen e. Th e 6 n ucleotides were in stead distribu ted at

th e en ds of th e adjacen t exon s. Even so, th e experi-

m en t’s resu lts, sum m arized in Table 3, suggest th at

with h igh ly accurate fu ll-len gth cDNA sequen ces,

sim 4 ’s align m en t sh ould be com pletely correct th e

vast m ajority of th e tim e.

Cross-Species Alignments

sim 4 is in ten ded to produce a correct align m en t

th at accoun ts for in tron s an d for sequen cin g errors.

It is n ot design ed to deal properly with evolu tion ary

m utation s, such as m ultin ucleotide in sert ion s an d

deletion s. To get a better feel for th e rate at wh ich

sim 4 ’s accuracy degrades with evolu tion ary diver-

gen ce, we m easured its effectiven ess at align in g th e

16 h um an m RNAs discussed in th e previous section

with th e orth ologous gen om ic sequen ce from th e

m ouse, wh ich is available as Gen Ban k accession

n um bers AC002393 an d AC002397 (An sari-Lari et

al. 1998).

Of th e 16 gen es, 13 are m ore h igh ly con served

th an th e average of 84.6% n ucleotide iden tity re-

ported in a survey of 1196 h um an /m ouse orth ologs

by Makalowski et al. (1996). Th e on ly gen e th at is

substan tially less con served th an th is average, CD4,

is associated with th e im m un e system , wh ich is fre-

quen tly th e case with h igh ly divergen t gen es.

Table 4, colum n 4, reports h ow m uch of each

m RNA was align ed by sim 4 , an d colum n 5 sh ows

h o w m u ch o f each p ro t ein -co d in g regio n was

align ed. We also com pared th e posit ion s of exon

b o u n d aries wit h t h e p o sit io n s d et erm in ed b y

sim 4 ’s putative exon s. Colum n 6 gives th e n um ber

of n ucleotides th at were align ed to n on -m RNA re-

gion s of th e m ouse, as a percen tage of th e m RNA’s

len gth . Each tim e an exon boun dary was m isplaced

by, for exam ple k n ucleotides, k was added to th is

Table 2. Accuracy of sim4 with Simulated
ESTs

Rate (%) 1 2 3

1 0.15 0.23 89.5
3 0.20 0.35 81.7
5 0.26 0.47 75.7

The numbered columns record the following data. (1) The

percentage of nucleotides in putative sim4 exons that are not

in the true mRNA. For instance, at a rate of 1% simulated

errors, each 500-bp simulated EST had an average of five

errors. The 0.15% false-posit ive rate means that an average of

500 2 0.0015 = 0.75 predicted nucleotides were not in the

true mRNA. (2) The percentage of nucleotides in the true

mRNA but not in putative sim4 exons. (3) The percentage of

splice junctions that were determined exactly.

Table 3. Performance of sim4 with
Simulated Full-Length mRNAs

Rate (%) 1 2 3

0.1 0.031 0.031 98.3
1 0.059 0.060 94.7

Columns are as in Fig. 2. The default setting for sequence

accuracy (N = 0) was used.

FLOREA ET AL.

9 7 0 GENOME RESEARCH

 Cold Spring Harbor Laboratory Press on August 5, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


am oun t, an d in on e case (gen e A-2) an erron eous

exon of len gth 8 was predicted. Th us, we are assum -

in g th at th e m ouse m RNA preserves th e h um an

splice jun ction s.

Two tren ds are eviden t from th e data presen ted

in Table 4. First , sim 4 is frequen tly m uch m ore ef-

fective at align in g protein -codin g region s th an for

th e UTRs at th e en ds of th e m RNA. For in stan ce, for

9 of th e 16 gen es, sim 4 was 100% accurate in th e

codin g region s, wh ereas 100% accuracy for th e en -

tire gen e was attain ed in on ly th ree cases. Th is re-

flects th e fact th at a gen e’s 58 an d 38 UTR are usually

m uch less well con served th an th e codin g region

(Makalowski et al. 1996). Secon d, typically <1% of

th e n ucleotides in sim 4 ’s putative exon s were n ot

in th e true m RNA, even in cases wh ere sim 4 was

un able to fin d th e gen e accurately.

Other Uses of Sim4

Th e approach im plem en ted in sim 4 m ay be fru it-

fu lly in tegrated in to a variety of sequen ce an alysis

packages, as illu st rated h ere. On e n atu ral use of

th ese m eth ods is for com parin g a gen om ic sequen ce

with an EST database. Th at problem was addressed

earlier by Huan g et al. (1997), usin g oth er com pu-

tation al m eth ods.

To explore th e use of sim 4 ’s algorith m for th is

poten tial application , we built a prototype program ,

called b l EST, t h a t can q u ickly id en t ify n ear-

iden tity m atch es between a gen om ic sequen ce an d

an EST database. After m askin g in terspersed repeats

(e.g., Alus) an d low-com plexity region s in th e ge-

n om ic sequen ce, b lEST extracts from th e database

all ESTs th at sh are a 32-bp exact m atch with th e

gen om ic sequen ce. Th e resu lt in g ESTs are th en com -

pared with th e un m asked gen om ic sequen ce usin g a

varian t of sim 4 th at reports on ly th ose ESTs th at

m eet certain (adjustable) con dit ion s, such as (1) th e

putative iden tified exon s m ust cover at least 70% of

th e database sequen ce, an d (2) th e overall iden tity

with in th ose exon s m ust be at least 95%. Alth ough

th e run n in g tim e depen ds on th e n um ber of m atch -

in g ESTs, we foun d it to average ∼ 1 m in /100 kb of

gen om ic seq u en ce on a 200-MHz workst at ion ,

wh en com parin g a h um an gen om ic sequen ce with

all h um an ESTs in th e dbEST database (Boguski et al.

1993). However, th e loss of effectiven ess caused by

restrict in g atten tion to on ly very stron g m atch es

(e.g., at least 95% iden tity) rem ain s to be evaluated

Table 4. Performance of sim4 W hen Aligning Human mRNAs
with the Orthologous Mouse Genomic Sequence

Gene 1 2 3 4 5 6

ISOT 91.9 98.6 20 (20) 100 100 0.00 (0/3115)
HSENO-2 91.7 99.1 12 (13) 83.0 100 1.23 (28/2274)
hBAP 91.3 100 10 (9) 100 100 0.89 (11/1240)
GNB3 89.8 98.2 11 (10) 75.0 100 0.10 (2/1922)
A-2 89.5 96.8 5 (7) 94.0 98.5 1.78 (27/1515)
HSPTP1CG 89.2 96.1 15 (14) 80.1 96.8 1.87 (38/2033)
HUMDRPLA 88.9 95.1 10 (10) 98.4 99.2 0.12 (5/4341)
C10 88.7 97.6 3 (3) 78.2 100 0.00 (0/519)
TPI 88.7 96.0 7 (7) 52.9 100 0.00 (0/1843)
C3f 88.6 93.2 12 (12) 100 100 0.32 (6/1856)
C9 87.4 92.0 2 (2) 98.5 100 0.11 (1/877)
B 86.4 90.9 14 (14) 74.2 93.3 1.17 (25/2129)
C2f 85.0 92.2 6 (6) 72.8 100 0.23 (2/886)
B7 81.6 86.6 7 (5) 64.2 64.4 0.33 (4/1208)
C8 81.5 75.9 6 (6) 71.0 98.4 0.48 (6/1247)
CD4 70.2 62.9 10 (7) 21.0 47.3 0.59 (18/3051)

Genes, as named in the left-most column, are taken from data reported by Ansari-Lari et al. (1997, 1998) and

sorted according to nucleotide identity. The numbered columns record the following data: (1) Percentage of

nucleotide identity between the human and mouse sequences in the protein-coding region. (2) Percentage

of amino acid similarity. (Data in columns 1 and 2 are taken from Ansari-Lari et al. 1998.) (3) Number of exons

in the gene and, in parentheses, number of putative exons found by sim4. (4) Percentage of the entire mRNA

aligned by sim4. (5) Percentage of the protein-coding region aligned by sim4. (6) Percentage of nucleotides

aligned by sim4 to posit ions not in the true mouse mRNA (assuming preservation of splice junctions).
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before th is approach can be recom m en ded for gen -

eral use.

Typ ically, resu lts from database search es are

com bin ed with oth er sou rces of in form at ion to

reach certain con clusion s. In part icu lar, a m ajor use

of ESTs is for iden tifyin g gen es in a sequen ced ge-

n om ic region (e.g., Sm ith et al. 1996; An sari-Lari et

al. 1997; Flin t et al. 1997; Ruddy et al. 1997). Several

groups h ave foun d th at th e in form ation provided

by ESTs substan tially en h an ces th e resu lts of gen e-

prediction program s, such as GRAIL (Uberbach er et

al. 1996).

We recen t ly began to exp lore th e pred ict ive

power of com bin in g h um an /m ouse sequen ce com -

parison with oth er tools to iden tify gen es (An sari-

Lari et al. 1998). A goal is to produce a system th at

can autom atically an alyze orth ologous h um an an d

m ouse gen om ic sequen ce data at , for exam ple, a

rate of 100 kb in a few m in utes (i.e., in a sm all m ul-

t ip le of th e tim e taken to iden tify repeats) an d th at

presen ts th e resu lts in a readily un derstood graph ic

form at.

A n u m ber of app roach es an d software tools

h ave been developed by various groups to provide a

graph ic sum m ary of sequen ce posit ion s th at m atch

ESTs. At on e ext rem e are p rogram s (e.g., Harris

1997; An sari-Lari et al. 1998) th at do n ot dist in guish

region s th at m atch on ly on e EST from region s with

m ultip le m atch es. At th e oth er extrem e, th e pro-

gram P o w e rBLAST (Zh an g an d Madden 1997)

sh ows each m atch , com plete with th e iden tification

of posit ion s wh ere sequen ces disagree. An in n ova-

t ive approach of Sm ith et al.

(1996) uses colors an d a kin d

o f ‘‘p ro ject ed t h ree-d im en -

sion al’’ disp lay to in dicate h ow

m an y ESTs m atch in a given re-

gion , as well as th e stren gth s of

th ose m atch es.

Th ere is a stron g ration ale

for at least givin g som e in dica-

t ion of h ow m an y ESTs m atch

t h e gen o m ic seq u en ce in a

given region . A n um ber of in -

vestigators h ave observed th at

gen om ic region s align in g with

several ESTs are m ore likely to

con tain a gen e th an if on ly on e

EST align s. Fo r in st an ce, in

tests usin g gen om ic sequen ce

d ata with well-ch aract erized

gen e con ten t, an d at strin gen -

cies com parable to th ose used

by b l EST, essen t ia lly every

EST cluster detected a gen e, wh ereas on ly 70% of

sin gleton align in g ESTs did so (Fig. 2C in Bailey et

al. 1998). Moreover, an in dication of th e n um ber of

h its m ay provide at least a weak in dication of ex-

pression levels for each gen e.

Figure 1 sh ows part of a pip (percen t iden tity

plot; Hardison et al. 1997) of a h um an /m ouse align -

m en t in th e BTK region (Oelt jen et al. 1997), th at

h as been autom atically an n otated usin g th e output

of b lEST. Note th e sin gleton h um an ESTs con tain -

in g portion s of in tron s 13, 15, 16, an d 17 of BTK

an d th e m ouse EST exten din g sligh tly upstream of

exon 19. Also n ote th at th e in tron s estim ated by

b lEST an d th e in dication of EST redun dan cy accu-

rately iden tify th e true exon s.

METHODS

In th e approach described h ere, an expressed sequen ce is

align ed with a gen om ic sequen ce in th e followin g steps.

1. Determ ine high-scoring segm ent pairs (HSPs). An HSP is just a

h igh -scorin g gap-free align m en t of region s of th e two se-

quen ces, such as com puted by th e b la st program (Altsch ul

et al. 1990). sim 4 detects exact m atch es of len gth 12 an d

exten ds th em in both direction s with a score of 1 for a

m atch an d 15 for a m ism atch , stoppin g wh en exten sion s

n o lon ger in crease th e score. Code to locate HSPs in a pair

of lon g DNA sequen ce was borrowed from a program de-

scribed by Sch wartz et al. (1991).

2. Select a set of HSPs that could represent a gene. A dyn am ic

program m in g algorith m selects a best ch ain of th e HSPs

subject to th e con strain t th at (a) th eir start in g posit ion s in

th e expressed sequen ce are in in creasin g order, an d (b) th e

Figure 1 Graphic representation of a genomic alignment together with EST
matches computed by blEST. Human genes and interspersed repeats are drawn
along the top of the box, with horizontal lines inside the box indicating the
human positions and percent identity of gap-free portions of an alignment with
the mouse genomic sequence. Above these are representations of the matches
between the genomic sequences and the dbEST database (Boguski et al. 1993).
The taller boxes show human ESTs matching the human sequence; and the
shorter boxes show mouse ESTs matching the mouse sequence (with posit ion
on the human sequence deduced from the alignment). Shading of boxes indi-
cates one match (white), two to three matches (light gray), or four to nine
matches (dark gray). Thus, there are at least four mouse ESTs extending beyond
the annotated end of the Fci12 gene, suggesting a longer 38 UTR in the mouse.
Arrows connecting EST boxes indicate introns identified by blEST using the
sim4 strategy.
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diagon als of con secutive HSPs are eith er n early th e sam e or

differ by en ough to be a plausible in tron . HSP scores are

m ultip lied by 100 an d reduced by th e differen ces between

diagon als of con secutive HSPs to determ in e a score for a

ch ain .

3. Find exon boundaries. Wh en con secutive ‘‘exon cores’’ (each

given by a collection of HSPs on n early th e sam e diagon al

in th e gen e m odel) overlap , th e en ds are trim m ed in an

attem pt to fin d an in tron m atch in g eith er GT. . .AG or

CT. . .AC. (It m igh t be worth wh ile to con sider m ore so-

ph ist icated ru les for splice jun ction s, e.g., th ose used by

Burge an d Karlin (1997), bu t we h ave n ot don e so.) If th e

cores do n ot overlap , th ey are exten ded toward on e an -

oth er usin g a ‘‘greedy’’ strategy (Miller an d Myers 1985)

un til th ey m eet at a row of th e dyn am ic program m in g

m atrix, an d th at row is th en adjusted, if n ecessary, to sat-

isfy th e above in tron con sen sus sign als. If th e exten sion

procedure fails, th e region between th e two adjacen t exon

cores is search ed for HSPs at a reduced strin gen cy (start in g

with exact m atch es of len gth 8). Sim ilarly, th e first an d last

exon cores are exten ded toward th e en ds of th e expressed

sequen ce, first by a greedy approach , an d th en , if n eces-

sary, by a reduced strin gen cy search for HSPs. We added an

option for h an dlin g h igh ly accurate expressed sequen ce

data (th e N = 1 option m en tion ed in Table 1). Th e pro-

gram looks for very sm all first or last exon s wh ose splice-

sign al orien tation is con sisten t with th at of oth er in tron s.

4. Determ ine the alignm ent. Th e align m en t for each exon

(wh ose boun daries in each of th e sequen ces are deter-

m in ed by th e previous step) is com puted by th e m eth od of

Ch ao et al. (1997).
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