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Abstract. We have determined the genomic structurelntroduction
of an integrin-subunit gene from the coraf\cropora

millepora. The coding region of the gene contains 26 Integrins are a large family of cell surface receptors and

introns, spaced relatively uniformly, and this is signifi- S€rV€ @s the primary molecules by which metazoan cells
cantly more than have been found in any integisub- interact with extracellular matrix (Hynes 1992). A func-

unit genes from higher animals. Twenty-five of the 26 tional integrin is composed of ar-{3 heterodimer, and

coral introns are also found in@subunit gene from at POtha andp subunits are large (approximately 100 kDa

least one other phylum, indicating that the coral intronsOf MOre) transmembrane proteins. Integrin genes have

are ancestral. While there are some suggestions of introf€en identified in all types of metazoans, including

gain or sliding, the predominant theme seen in the hoSPonges and cnidarians (Pancer et al. 1997; Brower et al.

mologues from higher animals is extensive intron loss 1997; Wimmer etal. 1999), but they have not been found

The coral baseline allows one to infer that a number of! 1Y fungi or plants, including the completed genomes
introns found in only one phylum of higher animals re-

of Saccharomyces cerevisiaad Arabidopsis thaliana
sult from frequent intron loss, as opposed to the seem(Mewes et al.

1997; Arabidopsis Genome Initiative
ingly more parsimonious alternative of isolated intron 2000). Integrina and3 subunits are nonhomologous to

gain. The patterns of intron loss confirm results from ON€ another, but for each subunit type the overall struc-
protein sequences that most of the vertebrate genes, wifif@! Properties of the proteins appear to be highly con-
the exception oB4, belong to one of tw@ subunit fami- served. Indicative of this structural conservation, nfst

lies. The similarity of the patterns within each of the subunits contain 56 extracellular cysteines, proposed to

81,2,7 andp3,5,6,8 groups indicates that these geneform a set of conserved disulfide bonds. One likely rea-

structures have been very stable since early vertebraf$Pn for the overall high degree of conserved structure is
evolution. Intron loss has been more extensive in thdhat thea and@ subunits appear to interact along their

invertebrate genes, and obvious patterns have yet tgntire lengths and undergo concerted allosteric changes
emerge in this more limited data set. when the heterodimer switches between active and inac-

tive conformations (Humphries 1996).

We set out to examine the genomic organization of an
integrin B-subunit gene, corresponding to cDNAS previ-
ously isolated from the coralAcropora millepora
(Brower et al., 1997). We found an unexpectedly large
number of introns in the cnidarian gene and compared
the locations of these t@-subunit genes fronCae-
norhabditis elegans, Drosophila melanogastend hu-
Correspondence tdDanny L. Brower,email: dorower@u.arizona.edu mans. Integrir@ subunits seem to be well suited to this
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Fig. 1. Genome organization of th&. milleporaBCnl integrin gene. Introns are numbered 1-27, and the sizes of the introns and exons are
indicated.Arrows indicate the positions of the initiating AUG and the stop codon. Introns 22 and 23 were polymorphic in size in our sample.

type of analysis, since they are large and structurally welB1, NM 002211;82, NM 000211;33, NM 000212;84, X52186;B5,
conserved, containing residues throughout that permﬂggggifsﬁ' Nl'i"13030558.88?57' tNSMUO:I.090784849;B|\;8|‘It"\”\IA 002214?3':’?
one to make sequence homology assignments with corjo-2> -eneu: : an@pat-3, ) Multiple sequence align-

. . ments were done using ClustalW (Baylor College of Medicine web
f'dence- The results lead to the conclysmn that the coraljte), with subsequent adjustments by hand, keying on the homologous
introns represent an ancestral genomic structure and praysteines.
vide novel insights into the evolution of genomic orga-

nization in animals.

Results

Methods . . .
Using sequence from ai. milleporacDNA as a guide,

Acropora milleporagenomic DNA was a kind gift of Julian Catmull we generated primers from which we PCR-amplified

and David Miller and was extracted from embryos collected near Mag-S€ctions of the corresponding gene frd millepora
netic Island, Queensland, Australia. Using themilleporaintegrin  genomic DNA. We then directly sequenced the amplified
B-subunit cDNA sequence [Genbank accession number AFO0535)NA to determine the locations of all introns. In all, 27
(Brower et al. 1997)], PCR primers were generated from multiple sitesintronS were identified within the boundaries of the

and fragments were amplified using Pfu Turbo DNA polymerase , R L
(Stratagene) from the genomic template. Amplified fragments wereCDNA sequence, one' 5o the initiating methionine and

sequenced directly at the LMSE DNA sequencing facility of the Uni- 26 within the coding sequence (Fig. 1).

versity of Arizona, and the splice sites of all introns within the cDNA  The A. millepora B-subunit gene is broken up into
sequence were identified. Locations in the cDNA sequence of the Iaste|ative|y small exons, ranging in size from 57 to 151
nucleotide of each exon (where 1 is the start of the initiating AUG) arencleotides. The intron sizes range from 115 base pairs

as follows: exon 1, nucleotide — 30; 2, 64, 3, 41; 4, 237; 5, 301; 6, 433; . . .
7,521; 8, 612; 9, 702; 10, 789; 11, 867; 12, 963: 13, 1059; 14, 1133(PP) 10 almost 2 kilobases (kb). (The sizes of some in-

15, 1191; 16, 1256; 17, 1344; 18, 1415; 19, 1478; 20, 1552; 21, 1633lrons were not determined by complete sequencing but

22, 1761; 23, 1869; 24, 2020; 25, 2137; 26, 2250; and 27, 2307.  are estimated from gels.) Not surprisingly, intron se-
Sequences of other genes for comparisons were from work in ougjuences display more polymorphism than the exon se-

lab and theC. eleganaaindDrosophilagenomic sequencing projects for guences, and two introns from our sample show signifi-

the invertebrate gene€( elegansSequencing Consortium 1998; Ad- t | hi . . Th di
ams et al. 2000). Human gene structures were from Weitzman et afc@nt polymorphism in size. € sequences surrounding

(1991) @2), Lanza et al. (1990)8@), lacovacci et al. (1997p4), and  the splice sites match well with the consensus frequen-
Jiang et al. (1992)Q7), from sequences deposited in Genbank by the cies seen for vertebrate mRNAs (Padgett et al. 1986).
International Human Genome Sequencing Consortium (2001) (primar-  Genomic structures have been determined for the

ily B1, B5, and B8, although parts of the previously published se- singIeC. eleganstwo Drosophila, and eight human in-
quences were checked as well), and from the Celera.com web site for

6 (Venter et al. 2001). To identify splice sites, Blast searches were rur*engnB genes (See MethOdS)‘ By way of baCkground' the

using both protein and cDNA sequences against the appropriate gé]ematoqe and fly each contain only one typical in.tegrin
nome sequences. (Genbank accession numbers for cDNA sequencgs:subunit gene (Hynes and Zhao 2000). Dresophila
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Bv is a highly divergent protein with a restricted expres-amino acid sequence homology disappears following the
sion that suggests a specialized function (Yee and Hynesonserved tryptophan-lysine doublet at the membrane
1993), and there are no obvious orthologueRitd&known  interface. Additionally, the cytoplasmic intron @8
from other animals. aligns reasonably well with the other vertebrate cytoplas-
Figure 2 shows the assembled intron locations, andnic introns.
comparisons of the different genes are summarized in Compared to the vertebrates the fly and worm genes
Table 1. Although many of the genes, including thehave many fewer introns. All of these invertebrate in-
coral, have an intron in the' Bintranslated sequence, we trons line up well with coral cognates. There are no clear
did not include this since there is no corresponding pro<cladistic relationships between these invertebrate intron
tein sequence from which to make independent inferositions. In particular, th®rosophila v is not obvi-
ences of positional homology. Even though absolute se0usly more similar to the fiy3PS than to the nematode
quences are not always well conserved in parts ofiPat-3 or to any of the vertebrate genes.
integrin B subunits, the positions of the 56 cysteines
present in most of the proteins allow structural homolo-
gies to be assigned with good resolution for most of theDiscussion
sequence.
Of the 26 coding region coral introns, 24 have at least .
one cognate in a higher animal. Additionally, we find 1he Coral Genomic Structure Is Ancestral
that the position of one of the two “unique” coral introns,
number 10, is precisely conserved in the spor@jehli-
taspongia tenui¢S. Miller and D.B., unpublished). This

suggests that the cor@tsubunit gene structure is ances- . . . -
99 A 9 eléowever, comparisons with other integrrsubunit

tral (see Discussion), and we describe the results bas .

. . . .genes reveals that the coral pattern is ancestral and that
on this interpretation. We also assume that intron posis : )
tions can move slightly during evolution. Although there loss in the more advanced phyla has been extensive and
. : gnhtly g ev ) 9 variable. (It should be noted that the term “ancestral”
is some disagreement regarding the scope of sucn

. - ) ere refers to the metazoan lineage only; since integrins
intron sliding (e.g., De Souza et al. 1998; Rzhetsky et aI‘appear to be specific to animals, our data do not address
1997; Stoltzfus et al. 1997; Roy et al. 1999), for most

. ) ~~"issues related to more distant events.)
of the analyses this seems much more parsimonious Only one of the coral introns has not been found in

than positing multiple intron losses and gains to explamany of the other animals examined. Since at least nine of

relatively minor shifts in position. Many of the e coral introns (and possibly more, depending on how
slight deviations in position, especially those in gne interprets some potential cases of intron sliding),
the highly divergent humap4 and fly v genes, are  paye peen retained in only one of the otifegenes, it
likely to result from uncertainties in the multiple se- seems reasonable statistically that loss of all of the non-
quence alignment. Introns that may represent genuingora| cognates could be expected in some cases. Also,
additions to the ancestral coral positions are the humaghe coral gene is characterized by fairly short exons, and
sets near coral introns 6, 7, 18, and 23. (For easy refelif the unique coral intron was deleted the resulting exon
ence, all noncoral intron positions are indicated relativeyould be the longest in the sequence. These consider-
to the coral positions, numbered in Fig. 2.) Since eachations suggest that the unique coral intron represents a
of these coral introns is matched with a cognate insite at which the cognates have been lost from all of the
the humang4 gene, we infer that the coral introns are other animals, as opposed to a site at which the coral

The relatively large number of introns found in the-
roporaintegrin -subunit gene raised the possibility that
intron accumulation may be a derived state of this gene.

ancestral. lineage gained an intron after its divergence from other
For the vertebrate introns, the distributions clearly metazoans.
sort into three sets, comprised of the divergéhtind the Less clear is whether any ancestgasubunit introns

related1,2,7 andp3,5,6,8 groups. For the latter two have been lost fronA. millepora.Although some exons
groups, most intron sites are conserved for all severrould be bisected to yield exon pairs that would be
genes, except for introns 6, 7, 18, and 24, where thevithin the minimum size range present in the rest of the
patterns segregate the vertebrate genes into the twgene (50-60 bp), there are no corresponding introns in
groups. the other phyla to indicate the presence of primal introns
Two of the vertebrate geneB4 and8, have cyto- at these sites. The best case for an intron unique to non-
plasmic domains that are generally considered to be norcoral species, which might therefore indicate a site of
homologous to the othg subunits. However, each gene coral loss, is th@1,2,7 intron between coral intron 6 and
has a cytoplasmic intron that aligns with oth@&mgene coral intron 7. However, it should be noted that if the
introns, as determined by the distance from the transexon bounded by coral intron 6 and coral intron 7 was
membrane domain. The first cytoplasmic intron@f  divided in the middle at one time in akcroporaances-
aligns precisely with a coral intron, even though all tor, the resulting exons would be the shortest in the gene.
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human (8 MCGSALAFFTAAFVCLQNDRRGPASFLWAAWVFSLVLGLGQG%DNRCASSN..AASCARCLALGPECGWCVQ&%FISGGSRS.ERCDIVSNLISKGCSVDSIEYP
....................... MGIELLCLFFLFLGRNDSRTR?LCLGGA...ETCEDCLLIGPQCAWCAQM F . THPSGVGERCDTPANLLAKGCQLNFIENP

...... MPRAPAPLYACLLGLCALLPRLAGLNICTSGS. . FGSPRSIT.SRCDLRANLVKNGCGGE. IESP
MRARPRPRPLWATVLALGALAGVGV! PNICTTRG.‘VSSCQQCLAVSPMCAWCSDﬁﬁLPLGS . PRCDLKENLLKDNCAPESIEFP
human 7 ..MVALPMVLVLLLVLSRGESELDAKIPSTGDATEWRNPHLSMLGSCQPAP. . . SCQKCILSHPSCAWCKQ%&FTASGEAEARRCARREELLARGCPLEELEEP
...................... MLGLRPPLLALVGLLSLGCgLSQECTKFK..VSSCRECIESGPGCTWCQ 1 [FTGPGDPDSIRCDTRPQLLMRGCAADDIMDP
.................... MNLQPIFWIGLISSVCCVFAQTﬁENRCLKAN‘.AKSCGECIQAGPNCGWC :FLQEGMPTSARCDDLEALKKKGCPPDDIENP

MAGPRPSPWARLLLAALISVSLSGTL&NRCKKAP..VKSCTECVRVDKDCAYCT RD...... RRCNTQAELLAAGCQRESIVVM
MKRRLCLLVSIFLYWGYFCTPHVDACTRL .. . TKCNQCIGEA.NCAWCS FGS...... SRCDSQKILELNGCSN. . ISNP
fFly BV oo MTSLGGRAFLWIYLVFLIAEISHSDADSI?DQCRHAD . . SCERCLSAHLECAWCTDEEYQVG. . .. . YRCLSRRQLLNYNCSETDIYEN
fly BPS ....... MILERNRRCQLALLMIAMLAATAAQTNAQKAAKLTAVSTCASKE. .KCHTCIQ.TEGCAWCMQPDFKGQ. . ... SRCYQNT. . . SSLCPEEFAYSP
worm Bpat3 ....... MPPSTSLLLLAALLPFALPASDWKTGEVTGKVVEKSEFPCYSLSRDNYTCSACIQYHESCAWCGAggFDEKKPY..ARCDSRAKLMEHGCPNSYIEDP
4 5 6
human B8 SVHVIIPTENEIN............... TQVTPGEVSIQLRPGAEANFMLKVHPLKKYPVDLYYLVDVSASMHNNIEKLNSVGNDLSRKMAFFSRDFRLGFGSYV
human B6 VSQVEILKNKPLSVGRQK..... NSSDIVQIAPQSLILKLRPﬁGAQTLQVHVRQTEDYPVDLYYLMDLSASMDDDLNTIKELGSGLSKEMSKLTSNFRLGFGSFV
human 5 ASSFHVLRSLPLSSKGSGS. . AGWDVIQMTPQEIAVNLRPéDKTTFQLQVRQVEDYPVDLYYLMDLSLSMKDDLDNIRSLGTKLAEEMRKLTSNFRLGFGSFV
human B3 VSEARVLEDRPLSDKGSGD.. ... SSQVTQVSPQRIALRLRP@DSKNFSIQVRQVEDYPVDIYYLMDLSYSMKDDLWSIQNLGTKLATQMRKLTSNLRIGFGAFV
human B7 RGQQEVLQDQPLSQGARG. . . . EGATQLAPQRVRVTLRPGEPQQLQVRFLRAEGYPVDLYYLMDLSYSMKDDLERVRQLGHALLVRLQEVTHSVRI {FGSFV
human BZ TSLAETQEDHNGG. ............. QKQLSPQKVTLYLRPQQAAAFNVTFRRAKGYPIDLYYLMDLSYSMLDDLRNVKKLGGDLLRALNEITESGRI FGSFV
human B1 RGSKDIKKNKNVTNRSKGTAEKLKPEDIHQIQPQQLVLRLRSQEPQTFTLKFKRAEDYPIDLYYLMDLSYSMKDDLENVKSLGTDLMNEMRRITSDFRI FGSFV
human B4 ESSFQITEETQIDTTL.......... RRSQMSPQGLRVRLRPGEERHFELEVFEPLESPVDLYILMDFSNSMSDDLDNLKKMGQNL%RVLSQLTSDYTIGFGKFV
CORAL BCnl KSESKIQEESNV ............. GAKVQVQPKKIRLNL: PAKFTLTVRPAENYPVDLYYLMDMSSSMKDDLGNLRSLAGQM&TTMKEITSNFKLGFGSFV
fly Bv QPVLDVLQDKPLKD....... YETSDQAVQVTPQRAYLKLVK QRMKLSYRTARNNPLDLYVLMDLTWTMRDDKKTLEELGAQLSQTLKNLTGNYRLGFGSFA

fly BPS ITVEQILVNNKLTNQYKAEL*YEEYGEIVQIQPQSMRLALRVNEKHNIKISYSQAEGYPVDLYYLMDLSKSMEDDKAKLSTLGDKLSETMKRITNNFHLGFGSFV
worm Ppat3 ATKLDITEDSKLSDQGQVES. . ..EEEAVQIKPQEMYVEIRPXSRVRFNVTYRQAVDYPVDLYYLMDLSYSMKDDKQKLSELGDLLAERMRTVTKNFRLGFGSFT

7 8 9

human B8 DKTVSPYISI.HPERIHNQCQDYNLD..CMPPHGYIHVLSLTENITEFEKAVHRQKISGNIDTPEGGFDAMLQAAVC'_ IGWRKE. . AKRLLLVMTDQTSHLAL
human B6 EKPVSPFVKT.TPEEIANPCSSIPYF..CLPTFGFKHILPLTNDAERFNEIVKNQKISANIDTPEGGFDAIMQAAV ¥)KIGWRND. . SLHLLVFVSDADSHFGM
human B5 DKDISPFSYT.APRYQTNPCfﬁYKLFPNCVPSFGFRHLLPLTDRVDSFNEEVRKQRVSRNRDAPEGGFDAVLQAAVC; IGWRKD. . ALHLLVFTTDDVPHIAL
human B3 DKPVSPYMYISPPEALENPCY%MKTT..CLPMFGYKHVLTLTDQVTRFNEEVKKQSVSRNRDAPEGGFDAIMQATVC YJKIGWRND . . ASHLLVFTTDAKTHIAL
human B7 DKTVLPFVST.VPSKLRHPCPTRLER. .CQSPFSFHHVLSLTGDAQAFEREVGRQSVSGNLDSPEGGFDAILQAAL IGWRN. . .VSRLLVFTSDDTFHTAG
human B2 DKTVLPFVNT.HPDKLRNPCPNKEKE. .CQPPFAFRHVLKLTNNSNQFQTEVGKQLISGNLDAPEGGLDAMMQVAAC] SEIGWRN. . . VTRLLVFATDDGFHFAG
human Bl EKTVMPYIST.TPAKLRNPCTSEQN. . CTTPFSYKNVLSLTNKGEVFNELVGKQRISGNLDSPEGGFDAIMQVAVC%&LIGWRN . . VTRLLVFSTDAGFHFAG
human B4 DKVSVPQTDM. RPEXLKEPWEN. . . . .. SDPPFSFKNVISLTEDVDEFRNKLQGERISGNLDAPEGGFDAILQTAVC;@DIGWRPD . STHLLVFSTESAFHYEA
CORAL BCnl DKAVSPFVRT...‘ELKLPCDNNS‘.. CVATYGFKNVLPLVNDTVEFEEKINQQIISGNLDAPEGGFDALMQVAACﬂEEIGWSRNGTSRRLVVFATDDSFHIAG
fly Pv DKPTLPMIL...PQHRENPCAAERAT..CEPTYGYRHQLSLTDDIPAFTSAVANSKITGNLDNLEGGLDALMOVIVCTKEIGWKEQ. . ARKVVILVTDGFMHLAG

fly BPS DKVLMPYVST.IPKgLEHPCEN ...... CKAPYGYQNHMPLNNNTESF§§EVKNATVSGNLDAPEGGFDAIMQAIACRSQIGWREQ .ARRLLVFSTDAGFHYAG
worm Ppat3 DKKLMPFIDP.RIEKQLSPCPTP..... CAEPYGFKHQMSLTTNTAKFKAEVDKAEISGNLDAPEGGFDAVVQALAC&&TIGWRER . ARKMIVFSTDAGFHFAG
10 11 12

human B8 DS..KLAGIVVPNDGNCHL.KNNVYVKSTTHEHPSLGOLSEKLIDNNINVIFAVQGKQF LPLLP. . GTIAGETESKAANLNNLVVEAYGRLISEVKV .
human B6 DS..KLAGIVIPNDGLCHLDSKNEYSMSTVEEYPTIGOLIDKLVQNNVLLIFAVTQEQVHL AKLIP..GATVGLLQKDSGNILQLIISAY%;ERSEVEL
human B5 DG..KLGGLVQPHDGQCHLNEANEYTASNOMBYPSLALLGEKLAENNINLIFAVTKNHYMLY®NFTALIP. . GTTVEILDGDSKNI IQLIINAYMSTRSKVEL .
human B3 DG..RLAGIVQPNDGQCHVGSDNHYSASTTE
human B7 DG..KLGGIFMPSDGHCHLDSNGLYSRSTE}
human P2 DG..KLGAILTPNDGRCHLEDN.LYKRSNEEDYPSVGOLAHKLAENNIQPIFAVTSRMVKTYBRLTEIIP. . KSAVGELSEDSSNVVHLIKNAYHN
human Pl DG..KLGGIVLPNDGQCHLE.NNMYTMSHY¥HYPSIAHLVQKLSENNIQTIFAVTEEFQP KNLIP. .KSAVGTLSANSSNVIQLIIDAYNSLSSEVIL.
human B4 DGANVLAGIMSRNDERCHLDTTGTYTQYRTQDYPSVPTLVRLLAKHNIIPIFAVTNYSYS HTYFP. . VSSLGVLOEDSSNIVELLEEAFNRIRSNLDI .

CORAL BCnl DG..[EBGGIVTPNDGKCHLDSNGYYTKSKDERYPSIAHLHEKLOESNVLPIFAVTKQFASLY{RVSTMWSDLGAVTGTLATDSDNVVEL IKNK Y[ TVSTVSLY .

fly Bv DG..LLAGIIQRNDKQCHLNKAGEYTGSLNYDYPSLEEIYRELLRRKINVIFAVTEEVVSSYWELSALMKE . ISYVDILSADSSNILELIKKEYESLIKRTQFAD
fly BPS DG..KLGGVIAPNDGECHLSPKGEYTHSTLQDYPSISQINQKVKDNAINIIFAVTASQLSVYEKLVEHIQ. . GSSAAKLDNDSSNVVELVKEEYREISSSVEMKD
worm Ppat3 DG..RLAGVVEPNDGTCHLDREGYYTETLNQDYPSIALLHOMIKDRKANVIFAVTKNNQDLYTQLSNALPDVSSSVGVLANDSRNIVDLIEKEYLKISEKIIMVD

SKLIP. .KSAVGELSEDSSNVVQLIMDA

o
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14 15 16
human B8 VENQVQGIYFNITAICPDGS....RKPGMEGCRNVTSNDEY¥LFNVTVTMKKCDVTGGKNYAIIK. . PIGFNETAKIHIHRNCS.CQCEDNRGPK. . ... GKCVDE
human B6 VLGDTEGLNLSFTAICNNGT. . ..LFQHQKKCSHMKVGD! FSVTVNIPHCERRSRH. .IIIK. .PVGLGDALELLVSPECN.CDCQKEVEVN. . ..SSKC.HH
human B5 VWDQPEDLNLFFTATCQDGV. . ..SYPGQRKCEGLKIGD FEVSLEARSCPSRHTEHVFALR. . PVGFRDSLEVGVTYNCT .CGCSVGLEPN. . . . SARC.
human B3 VRDLPEELSLSFNATCLNNE. .. .VIPGLKSCMGLKIGD! FSIEAKVRGCP.QEKEKSFTIK. . PVGFKDSLIVQVTFDCD.CACQAQAEPN. . ..SHRC.

g5

human B7 HSSLPPGVHISYESQCEGPEKREGKAEDRGQCNHVRINQFYTFWVSLQATHCLPE. PH.LLRLR. . ALGFSEELIVELHTLCD.CNC.SDTQPQ. . . . APHC. SD
human B2 HNALPDTLKVTYDSFCSNGV..THRNQPRGDCDGVQT FQUKVTATECT.QE.Q. SFVIR. . ALGFTDIVTVQVLPQCE.CRCRDQSRDR. . . .S.LC. .H
human Bl NGKLSEGVTISYKSYCKNGV..NGTGENGRKCSNISIGDEYQFEISITSNKCPKKDSD.SFKIR. .PLGFTEEVEVILQYICE.CECQSEGIPE. . . .SPKC.HE
human B4 ALDSPRGLRTEVTSKMFQKT. RTGSFHIRRGEQQIYQVQLRALEHVDGTHVCQLPEDQKGNIHL KP. SFSDGLKMDAGI ICDVCTCE(JKEVR. . . . SARC. .S
CORAL fCnl .YKEPERVSVTVKANCEPNS VNTQTRMCSNVKLGQEISFDVSVKLEGCPTKDADKAKEFVVRVPGFGS VELELNYICQ.CDCEQADR[EEY. .NSSAC. .N
£ly Bv ..NSPDFIDMAYYTDCGGOF. . . PSLOKRNYCNNVTLGKQIDFYVDUTLKKYE . DNQV¥%HKIRVEETSLSEFMDLDVELQ . RECPCQETPDPENEEGRFLC . . D

fly BPS NA.TGD.VKITYFSSCLSNG. . ..PEVQTSKCDNLKEGQQVSFTAQIQLLKCPEDPRDWTQTTHISPVGINEVMQIQLTMLCS . CPCENPGSIGYQVQANSC. . S
worm Ppat3 NANASEGLKLTYRSMCL@GT . TLKDTNVCEGIRVGDEVQFEVTLENTHC . IDKRD. . FVLRIGPSGLDETLIVNVKVLCD . CDCERQDRIVT. .NSADC. .N

Fig. 2. Positions of introns in integrif-subunit genes. Intron positions are indicatedsbgding;coral introns are in thelarker boxedetween
the human and the invertebrate sequences and are numbered (intron 1 is in the untrahkdatit)5 Boxes with two residues denote splice sites
that fall at the codon boundary. For nucleotide positions of the coral splice sites, see Methods.

We cannot say why the coral integrfhgene should tures of another structurally conserved protein family,
retain the ancestral introns so effectively. Previously dethe nuclear lamins. In this work, as with our study, most
termined cnidarian gene structures, including those ofntron positions were conserved between the vertebrate
noncoral cnidarians, do not suggest any trend towardjenes, and the nematode and fly had reduced numbers of
intron richness relative to animals such as vertebratemtrons in divergent patterns. However, the cnidarian
(Bosch et al. 1989; Fisher and Bode 1989; Aerne et al(Hydra attenuatq was missing the majority of the in-
1993; Lopez et al. 1994; Gendeh et al. 1997; Sun et altrons seen in the higher animals, retaining just three at
1997; Vibede et al. 1998; Erber et al. 1999; Spafford ethe 3 end of the gene.
al. 1999; Tom et al. 1999; Miller et al. 2000). Indeed, One of the more interesting studies in this regard is
several of these studies indicate that cnidarians can haweat of Spafford et al. (1999), who compared intron po-
reduced numbers of introns relative to higher animalssitions in a sodium channel gene from a hydrozoan jel-
For example, Erber et al. (1999) examined gene struclyfish with those from vertebrates and flies. Like the
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18 19 20 21
human B8 TFLDSKCFQC...... DENKCHFDEDQFSSES. . ..... CKSHK. . ... DQPVCSGRGVCVCGKCSCHKIKLGK . . VYGKYCEKDDF SCPYHHGNLCA# . . HGEC
human B6 GNGSFQCGVCACHPGHMGPRCECGEDMLSTDS. . .. ... C.KEA.‘.‘PDHPSCSGRGDCYCGQCICHLSPYGN.‘IYGPYCQCDNFSCVRHKGLLCG;..NGDC
human B5 GSGTYVCGLCECSPGYLGTRCECQDGENQSVYQNL. .. .C.REA. ...EGKPLCSGRGDCSCNQCSCFESEFGK. . IYGPFCECDNFSCARNKGVLCSH . . HGEC
human B3 GNGTFECGVCRCGPGWLGSQCECSEEDYRPSQQDE. ...C.SPR..... GQPVCSQRGECLCGQCVCHSSDFGK..ITGKYCECDDFSCVRYKGEMCSé .HGQC
human B7 GOGHLQCGVCECAPGRLGRLCECSVAELSSPDLESG. . .CRAPN. .. .GTGPLCSGKGHCQCGRCSCSGOS. . . . . . SGHLCECDDASCERHEGILCGQ .FGRC
human B2 GKGFLECGIC%CDTGYIGKNCECQTQGRSSQELEGS .CRKDN. .... NSIICSGLGDCVCGQCLCHTSDVPGKLIYGQYCECDTINCERYNGQVCGGPQRGLC
human 1 GNGTFECGAC?CNEGRVGRHCECSTDEVNSEDMDAY .CRKEN. . ... SSEICSNNGECVCGQCVCRKRDNTNEIYSGKFCECDNFNCDRSNGLICG@ .NGVC
human B4 FNGDFVCGQCVCSEGHSGQTCNCSTGSLSDIQP. .. ... CLREG. .... EDKPCSGRGECQCGHCVCYGEGRY . EGQFCEYDNFQCPRTSGFLCN& .RGRC
CORAL BCnl KLGALTCGLCACNEEEFGKFCQCDTPFSKTEQDK ..... CKESN...STDEPLCSGRGECACGECVC@EEQGQR FYGKLCECNDFSCPEYEGNLCGEAERGVC
fly BV YKGYLYCGMCECDEGWTGTYCNCPTDATNVTSNEALLQKCRQPFSDKSTSELVCSNHGDCDCGTCLCDEPGYT. . . . . . GPFCECRE. .C..... LDCDE. KLADC
fly BPS GHGTSMCGICNCDDSYFGNKCECSATDLTSKFANDTS. .CRADS. . . .TSTTDCSGRGHCVCGACECHKRPNPIEIISGKHCECDNFSCERNRNQLCSGPDHGTC
worm Ppat3 G.GDMVCGVCRCKGGNVGKYCECNRPGMSTAALNEK...CKgTN ..... ESATICEGRGVCNCGRCECNPRANPEEQISGEFCECDNFNCPRHDRKICAE. . HGEC
22 23
human B8 EAGRCQCFSGWEGDRCQ. ..CPSAA.AQHCVNS.KGQVCSG. .RGTCV. .. .. CGRCECTDP. . . .RSIGRFCEHC. PTCY. TACKEN“NCMQCLHPHNLSQAIL
human B6 DCGECVCRSGWTGEYCN. ..CTTST..DSCVSE.DGVLCSG..RGDCV. .. .. CGKCVCTNP. . ..GASGPTCERC. PTCG. DPCNSKRSCIECHLSAAG QA.G
human B5 HCGECKCHAGYIGDNCN. ..CSTDI..STCRGR.DGQICSE..RGHCL..... CGQCQCTEP. . ..GAFGEMCEKC. PTCP. DACSTK§DCVECLLLHSGKPD N
human B3 SCGDCLCDSDWTGYYCN. ..CTTRT..DTCMSS.NGLLCSG. .RGKCE. .. .. CGSCVCIQP. . ..GSYGDTCEKC.PTCP.DACTFKEECVECKKFDREPYMTE
human 7 QCGVCHCHANRTGRACE. ..CSGDM. .DSCISP.EGGLCSG. .HGRCK. .. .. CNRCQCLD. .... GYYGALCDQC.PGCK.TPCERH&DCAECGAFRTGPLA..
human B2 FCGKCRCHPGFEGSACQ. ..CERTT..EGCLNP.RRVECSG..RGRCR. .. .. CNVCEC.HS. ...GYQLPLCQEC.PGCP.SPCGK ‘SCAECLKFEKGPFG..
human Bl KCRVCECNPNYTGSACD. ..CSLDT..STCEAS. NGQICNG.ARGICE ..... CGVCKCTDP. . .KFQGQTCEMC.QTCL GVCAEHE ECVQCRAFNKGEKK..
human B4 SMGQCVCEPGWTGPSCD. ..CPLSN..ATCIDS. ICNG. .RGHCE. .... CGRCHCHQQS. . . LYTDTICEINYS] PGLCEDLRSCVQCQAWGTGEKK.G
CORAL BCnl RCRKCQCKDKYHGDACDQKNCTFFPPETICKQD. CGGADRGRCVKDSVNCYKCQCNKE. . . . . FDGTYCENC. ENGMCTRNVDCALCSTFQGKSLK. .
fly Bv FCGQCVCKYGWSGSKCN. . .CDGDT. .DACVGP.TGEICSE. .RGTCQ. .. .. CEECQCEEP. . ... YLGKFCEID. PEKDNKLCLFYEPCVTCLIEQKQGMG. .
fly Bps ECGRCKCKPGWTGSNCG...CQESN..DTCMPPGGGEICSG.‘HGTCE ..... CGVCKCTVNDQG. RFSGRHCEKC . PTCS . GRCQELKDCVQCQMYKTGELKNG
worm Ppat3 NCGKCICAPGWTGRACE...CPIST..DSCLSA.NGKICNG..KGECI..... CGRCRCFDSPDGNRYSGAKCEIC. PTCP. TKCVEYKNCVMCQQWQTGPL . NE
24
human B8 DOCKTS . . cCA. . .ttt ettt et e e ettt et e e e e et e e e LMEQQHYVDQTSECFSSPSYLRIFFIIFIVTFLIGLLKVLIIRQV
human B6 EECVDK...CKLAGA.... TISEEE;FSKDGSVSCSLQGEN .ECLITFLITT.DNEGKTIIHSINE.
human B5 QTCHSL...CRDEVI..... TWVDT; DDQEAVLCFYKTAK. .DCVMMFTYVE . LPSGKSNLTVLRE.
human B3 NTCNRY...CRDEIE...... SVKEL \DTGKDAVNCTYKNED. . . . DCVVRFQYYE.DSSGKSILYVVEE. P CPKGPDILVVLLSVMGAILLIGLAALLIWKLL
human B7 TNCSTA...CAHTNV........ TLALAPILDDGWCKERTLDN...Q LFFFLVEDDARGTVVL . RVRPQ. ERGADHTQ. . ATVLGCVGGIVAVGLGLVLAYRLS
human B2 KNCSAA...CPGLQL........... SNNPVKGRTCKERDSE. . . . GCWVAYTLEQQDGMDRYLIYVDES . RECVAGPNIAAIVGGTVAGIVLIGILLLVIWKAL
human Bl DTCTQE...CSYFNITKVESRDKLPQPVQPDPVSHCKE. KDVD...DCWFYFTYSVNGNNEVM.VHVVEN.Py PTGPDIIPIVAGVVAGIVLIGLALLLIWKLL
human B4 RTCEE. .CNFKVK...... MVDELKR&EEVVVRCSFRDEDD...DCTYSYTMEGDGAPGPNSTVLVHKKK@CP PGSFWWLIPLLLLLLPLLALLLLLCWKYC

CORAL BCnl ECKQSGK CEENVL. EVQIVDDIKKKTEEGLYRCEGIDGQD GCTYYFTTETEADSKNFVLYVQKDKiéCPTEAPVLPIVLGVVGGILFLGLLILIVIKGL
fly Bv .VCENLTEICSSLDR..QETYPYNFVHELDPGQDQCLVRLVNKHGIQCDSFFAYQVI.DHSNFLTIQA. . .VDC.EPPDYVALVGYISAFTLLIGLLIIFIILWY
fly BPS DDCARN...CTQFVP. . VGVEKVEIDETKDEQMCKF . FDED. . . DCKFMFKYSEQGELHVYAQEN. .KECPAKVFMLGIVMGVIAAIVLVGLAILLLWKLL
worm Ppat3 TACDQ.,..CEFKVI ....... PVEELP%LNETTPCQFVDPAD.,.DCTFYYLYYYDEATDNATVWVRKH.KDCPPPVPVLAIVLGVIAGIVILGILLLLLWKLL

26 27
human B8 ILQWNSNKIKSSSDYRVSASKEBKLILQSVCTRAVTYRREKPEEIKMDISKLNAHETFRCNF
human B6 VSFHDRKEVAKFEAERSKAKWQPYTNPLYRGSTSTFKNVTYKHREKQKVDLSTDC
human 5 VTIHDRREFAKFQSERSRARYEMASNPLYRKPISTHTVDFTFNKFNKSYNGTVD
human B3 ITIHDRKEFAKFEEERARAKWI
human 7 VEIYDRREYSRFEKEQQOLNWKGHSNPLYKSATTTTINPRFQEADSPTL
human B2 IHLSDLREYRRFEKEKLKSQ .NPLFKSATTTVMNPKFAES
human Bl MITHDRREFAKFEKEKMNAKWDPGENPIYKSAVTTVVNPKYEGK
human B4 ACCKACLALLPCCNRGHMVGFKEDHYMLRENLMASDHLDTPMLRSGNLKGRDVVRWKVINNMORPGF + hundreds more
CORAL Pcnl FTMIERIEYQKFERERMHSKWTEBKNPLYOAAKTTFENPTYAGGRQ
fly Bv IRAKDAREYAKFEEDQKNS..VRQENPIYRDPVGRYEVPKALSVKYDENPFAS
fly BPS TTIHDRREFARFEKERMNAKWDSSENPIYKQATSTFKNPMYAGK
worm Ppat3 TVLHDRSEYATFNNERLMAKWDENENPIYKQATTTFKNPVYAGKAN

Fig. 2. Continued.

Table 1. Intron positions shared by integriirsubunit genes vertebrate genes, including all 11 present in regions en-
coding the conserved domains within the membrane.
Thus, although the cnidarian was not conspicuously in-

Total BCnl p4 pl27 B358 PPS Bv

Coral pCn1 26 tron rich, there appears to have been very little loss or
Humanp4 17 17 gain in any of the animals examined for the most con-
Humanplz27 14 11 8 served structural domains of the proteins.

Humanp3,58 14 12 9 12 "
Fly BPS 5 5 2 3 3 _ Anthozoans (sqch as corals) occupy a ba_sal position
Fly v 5 5 3 4 4 2 in the phylum Cnidaria (Schuchert 1993; Bridge et al.
Worm ppat-3 7 7 3 4 5 2 2 1995), and it will be interesting to see if corals generally

retain ancestral genomic structures more faithfully than
include possible vertebrate cognates near coral introns 6, 7, 18, and thher cnidarians or if the |ntegr|n gene is unusual in this
It does include thg34 intron near coral intron 15, as this apparent respect. From the relat'vely feWcroporaor other coral
misalignment is likely to result from problems with the multiple se- genes that have been characterized previously for geno-
quence alignment, due 4 nonhomology in this region. N4 in- mic structure, there has been no indication of unusual

trons after position 26 are included, since the extensive cytoplasmiGntron richness (Tom et al. 1999; Miller et al. 2000).
domain of this gene is nonhomologous to that of other integrins.

2The table includes only introns in the coding region. It does not

integrin B subunit, these genes have a highly conservedietazoan Intron Loss Has Been Extensive

overall structure, in this case consisting of four repeats of

six transmembrane domains. They found that 17 introriThere is an ongoing debate as to whether the evolution of
positions were conserved between the jellyfish and twayene structures is characterized primarily by intron loss
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or intron gain, with the complication that introns canEP4 [31, 2, 7 ﬁ3, 5, 6, 8
occasionally move or “slide” to some degree (DeSouz
et al. 1998; Rzhetsky et al. 1997; Stoltzfus et al. 1997,
Roy et al. 1999; Gilbert 1987; Palmer and Logsdon 1991, \
Stoltzfus et al. 1994). Tests of these ideas are limited by Introns stable
the fact that all genes, including those of primitive or-
ganisms, have been evolving for many millions of years
since the divergence of the major phylogenetic groups,
and the ancestral gene structure can be difficult to infer.
Because of this, investigators often are forced to rely on
statistical analyses of relatively small data sets, and it is
not unheard of for different studies to reach dissimilarrig. 3. Groups of vertebrate integrip subunits. The extent of intron
conclusions from similar data (e.g., Dibb and Newmanremodeling decreases with time and is essentially zero in the most
1989; Nyberg and Cronhjort 1992). recent branches, which are hundreds of millions of years old.

The remarkable correspondence of almost all of the

introns in the intron-rich coral integrig-subunit gene . . .
grip 9 for hundreds of millions of years. It will be very inter-

with one or more introns in a homologue from a higher <ting to see if this is a general broperty of human and
animal allows one to view the coral gene as an ancestral o9 9 property

“baseline.” Although suggestions of intron gain and ind-gthSr vertfebr?hte .genc;mbes.t A S|m|I§r cogglu5|onhpannot
ing are evident in Fig. 2, it is clear that evolution of the tign ri\gg vc\)/gulg II?Izleertc? r:Zvigeenr?jr’nti?: astrJSti?éslsf(?ruZS-
gene structure in the higher animal homologues is charl- ' le of inteari gf vl
acterized predominantly by the loss of ancestral introns.2 9¢ Sample otin egrip genes from one phylum.
It is particularly noteworthy that without the coral base-
line sequence, at least 15 of tle elegans, Drosophila, Integrin B-Gene Evolution
or human introns would be restricted to a single phylum,
and based on simple parsimony arguments these woulfihe $1,2,7 and33,5,6,8 genes group together based on
likely be considered as evidence for sporadic intron gainprotein sequence (Brower et al. 1997; Hughes 1992;
as opposed to extensive intron loss. In metazoans at leagturke 1999; Hughes 2001), as well as intron pattern.
intron loss may have been much more extensive thatdowever, the34 protein sequence does not fit neatly into
previously suspected, and this must be taken into accourgither theB1,2,7 or the33,5,6,8 group. Th@4 sequence
when making estimations of parsimony. is also difficult to interpret from an evolutionary stand-
point since this protein is functionally unique, being the
only vertebratg3 subunit that contributes to an integrin
The Vertebrate Introns Have Been Stable Since the that associates with intermediate filaments (Van der Neut
Early Gene Duplications et al. 1996; Rezniczek et al. 1998). Thus, the divergent
protein sequence could reflect an unusual rate or direc-
An early origin for the gene duplications that created thetion of selection.
B1,2,7 andB3,5,6,8 groups is indicated by the fact that The B4 intron pattern indicates conclusively that this
members of both groups have been identified in an amgene diverged early, before the separation of the other
phibian (Ransom et al. 1993). Within the hum@h,2,7  vertebrate groups. (Fig. 3) Indeed, the pattern and se-
andp3,5,6,8 groups, there are 26 locations in which allquence of34 are so unusual that it raises the question of
three or four members of a group are found, and only twawvhether this gene diverged before the establishment of a
locations in which one member of a group is absent. Inprecursor vertebrate lineage (see also Hughes 2001).
one of these two sites (intron 24), there is an extensivad here is noB4 orthologue inDrosophilaor C. elegans,
gap in the protein sequence f88, and the intron has but we cannot rule out the possibility that an ancegial
disappeared along with the coding sequence. So, diggene was lost from these lineages. This is especially true
counting this deletion, there is only one case of a singlesince, althoughC. elegansdoes express intermediate
intron loss within a group, intron 2 of7. Even this filament genes (Dodemont et al. 1994), theosophila
intron is in the N-terminal unconserved domain (includ- genome appears to be missing such genes completely
ing the signal sequence), and so it is possible that th€Goldstein and Gunawardena 2000).
intron was not lost precisely, but disappeared along with The invertebratgd genes display no clear pattern of
a replacement of the coding sequence due to a largentron loss that would shed light on their cladistic rela-
rearrangement affecting the gene. tionships. In particular, the flgPS and3v do not show
The above observations indicate that most of the in-any similarities that might allow one to determine if the
tron loss in the humam-subunit genes occurred rela- Bv gene, which so far is unique to flies, was initially
tively early in the evolution of the phylum and that these established in the arthropod lineage. This may suggest a
genes have been very stable with respect to intron losdeeper derivation fopv, but it also is possible that the

Some intron changes

Extensive intron changes
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patterns are less clear because of a generally high rate bfnes RO, Zhao Q (2000) The evolution of cell adhesion. J Cell Biol

intron loss in the ecdysozoa. 150:F89-F95
lacovacci S, Gagnoux-Palacios L, Zambruno G, Meneguzzi G,
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