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Abstract. Since separation from fungi and plants, analyses of five subfamilies based on the maximum like-
multicellular animals evolved a variety of gene families lihood method revealed frequent isoform duplications in
involved in cell-cell communication from a limited num- a period around or just before the gnathostome-—
ber of ancestral precursors by gene duplications in twayclostome split. An evolutionary implication was dis-
separate periods of animal evolution. In the very earlycussed in relation to the Cambrian explosion.

evolution of animals before the separation of parazoans

and eumetazoans, animals underwent extensive gene diley words: Protein tyrosine phosphatase — Amphi-
plications by which different subtypes (subfamilies) with oxus — Hagfish — Ray — Tissue-specific isoform —
distinct functions diverged. The multiplicity of members Gene duplication — Phylogenetic tree — Evolution
(isoforms) in the same subtype increased by further gene
duplications (isoform duplications) in the first half of
chordate evolution before the fish—tetrapod split; differ- )
ent isoforms are virtually identical in structure and func- Introduction
tion but differ in tissue distribution. From cloning and

phylogenetic analyses of four subfamilies of the proteinprotein tyrosine phosphatases (PTPs) are involved in
tyrosine kinase (PTK) family, we recently showed ex-various physiological events, including cell proliferation,
tensive isoform duplications in a limited period around differentiation, migration, and adhesion in concert with
or just before the cyclostome—gnathostome split. To obprotein tyrosine kinases (PTKs) (Hunter 1995; Tonks
tain a reliable estimate for the divergence time of verte-and Neel 1996 for reviews). The PTPs comprise a di-
brate isoforms, we have conducted isolation of cDNAsyerse family that shares one or two PTP domains carry-
encoding the protein tyrosine phosphatases (PTPs) frofiag the PTP activity in common (Mauro and Dixon 1994;
Branchiostoma belcherian amphioxus Eptatretus  Brady-Kalnay and Tonks 1995; Streuli 1996; Stoker
burgeri, a hagfish, andPotamotrygon motorca ray. We ~ 1996; Chien 1996 for reviews). Since separation from
obtained 33 different cDNAs in total, most of which fungi and plants, animals evolved a variety of PTPs from
belong to known PTP subfamilies. The phylogenetica common ancestral gene by gene duplication and do-
main shuffling. The PTP family is classified into at least
17 subtypes or subfamilies (9 receptor-type and 8 non-
receptor-type PTPs), which are characterized by different
The nucleotide sequence data reported in this paper will appear in th%rganization of functional domain and independent clus-

DDBJ, EMBL and GenBank nucleotide sequence databases with ac:_ ™. . .
cession numbers AB033560-AB033592. ter in the family tree (Ono et al. 1999). Cloning of PTP
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u.ac.jp one of the most primitive multicellular animals, and a




Table 1. Degenerate primers used for the cloning of cDNAs
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Subtype Name Sequence Amino acid sequence
Specific primers
1. PTPR5 sense S1 "FGCCGATG-AAISANTTYSYNAARCA-3' (KIN)(HIQIE)F(PIVIA)KH
sense S2 BCAGGATCG-MANCAYCCNGANAAYAA-3’ (N/Q)HP(D/E)NK
antisense Al 5GTGAATTC-CKYTGISWICKDATRTG-3 HIR(S/T)QR
2. PTPR4 antisense Al 'BTGAATTC-ADYTCNGTRTCNCCRTA-3 YGDTE(L/I)
3. PTPNG6 sense S1 "BEAGTAGGC-TTYTGGGARGARTTYGA-3 FWEEFE
antisense Al BTGTCGCGG-ATIAYRTCDATNARDAT-3 ILID(I/V)I
antisense A2 B5CGATGTAC-TGYTGNACNGCCATRTA-3 YMAVQ(Q/H)
4. PTPR2A sense S1 "BC-GGNCARCANTTYACNTGG-3 GQ(Q/H)FTW
5. PTPN3 sense S1 'BTGCATTC-AAYMGNTAYMGNGAYGT-3’ NRYRDV
antisense Al 5GTGAATTC-GTYTGDATNARNCCCAT-3 MGLIQT
General primers
sense S1 BCAGGATCC-TYTGGMGNATGRTNTGG-3 FWRM(I/V)W
sense S2 BCAGGATCC-INGAYTTYTGGMGNATG-3 XDFWRM
antisense Al 5GTGAATTC-RYICCIGCNSWRCARTG-3 HCSAG(VIT/A)
antisense A2 B5GAGAATTC-GTICKNCCNACNCCNGC-3 AGVGRT

Cloning was performed by using specific primers, general primers, or by the combination of specific primers and general primers for sense and
antisense strands (i.e., specific primers for the sense strand and general primers for the antisense strand or vice versa). For example, ray ryPTPR5a
belonging to the subtype PTPR5 has been cloned by using the specific primers S1 and Al of PTPR5 in primary PCR and the general primers S1
and Al in nested PCR.

phylogenetic analysis of the family members revealedimate for the divergence time of isoforms, it is never-

extensive gene duplications (subtype duplications) thatheless required to accumulate many data from other

gave rise to different subtypes (subfamilies) in the verygene families.

early evolution of animals: creation of most, if not all, of  In this paper, we have conducted isolation of cDNAs

the subtypes present in triploblast animals have beeencoding PTPs frorBranchiostoma belcheran amphi-

completed before the parazoan—eumetazoan split, thexus, Eptatretus burgeria hagfish, andPotamotrygon

earliest divergence among extant animal phyla (Ono emotoro,a ray. Phylogenetic analyses of five subfamilies

al. 1999). Although sponges are thought to be lackingbelonging to the PTP family revealed extensive isoform

cell cohesiveness and coordination typical of eumetazoeuplications in a period around or just before the gna-

ans (Margulis and Schwartz 1998), multiple receptor-thostome—cyclostome split. The result is consistent with

type PTPs involved in cell adhesion phenomena found irthe previous one obtained from the phylogenetic analy-

triploblast animals exist in sponges (Ono et al. 1999)ses of PTKs.

The same pattern of divergence was also found in other

animal-specific gene families involved in cell-cell com- \paterials and Methods

munication (Koyanagi et al. 1998a, 1998b; Suga et al.

1999a, 1999b) and developmental control (Hoshiyama ejtolation and Sequencing of Amphioxus, Hagfish, and Ray cDNAs.

al. 1998). Total RNA of B. belcheri,an amphioxus, was extracted from the whole
In many eukaryotic gene families, including the PTP body; that ofE. burgeri,a hagfish, was extracted from each of the brain

family, the multiplicity of members in the same subfam- and liver; and that oP. motoro,a ray, was extracted from each of the

. . . . . brain, liver, ovary, spleen, and eye using TRIZOL Reagent (GIBCO
ily rapidly increased in the first half of chordate evolu- BRL). These total RNAs were reverse transcribed to cDNAs using

tion before the fish—tetrapod split by further gene dupli- gligo(dT) primer with reverse transcriptase (SuperScript Il, GIBCO
cations (isoform duplications), which gave rise to BRL) and were used as templates for PCR amplifications with Expand
different isoforms (e.g., lwabe et al. 1996). In most High Fidelity PCR System (Roche) or Ampli Tagq Gold (PE Applied
cases. different isoforms in the same subfamily are Vir_Biosystems). The sense and antisense degenerate primers were de-

tually identical i truct d f ti but differ i signed from conserved amino acid residues as shown in Table 1. PCR
ually ldentical In structure and tunction but dirier in amplifications were carried out under annealing condition of 45-46°C.

tissue distribution. The chromosomal duplications in the  The pPcR-amplified fragments were purified and cloned into the
early evolution of vertebrates might be responsible forpT7Blue vector (Novagen). More than three independent clones were
the isoform diversification in part (Ohno 1970; Roussetisolated for each gene and sequenced using BigDye Terminator Cycle

et al. 1995; Bailey et al. 1997; Amores et al 1998: Pe Sequencing Ready Reaction Kit and ABI PRISM 377 DNA Sequencer
) ’ ) ! ) ' (PE Applied Biosystems). The @nds of cDNAs were amplified using

busque et al. 1998). From cloning of the. amphioxus,3, RACE System for Rapid Amplification of cDNA Ends (GIBCO BRL).
hagfish, and lamprey PTKs and phylogenetic analyses of

four subfamilies belonging to the PTK family, Suga etal. = Sequence Dats&Sequence data used for phylogenetic tree inference
(1999¢) recently showed frequent isoform duplicationsere taken from DDBJ release 38.

in the early evolution of vertebrates around or just before  sequence AlignmenMultiple alignment of the amino acid se-
the divergence of cyclostomes. To obtain a reliable esguences of PTPs was carried out by a method developed recently by us
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(Katoh et al. in preparation). This method is basically an extendedtimes more closely on the basis of a large amount of data,
version of the progressive approach of Feng and Doolittle (1987) byWe have addressed isolation of cDNAs encoding PTPs
improving the calculation procedure of dynamic programming

(Needleman and Wunsch 1970), by which the speed of computation hafsrom m_ember_s of CEphak_)ChordateS’ cyclostomes, and
been greatly improved without sacrificing accuracy and efficiency; thecartilaginous fishes, for which no PTP sequence has been

computation time required by the new method is only about one-tentieported to date, except for shark CD45 (Ac. No.
of that by the standard method (for example, CLUSTAL W [Thompson U34750)_
et al. 1994], a widely distributed multiple alignment program).

Amphioxus, Hagfish, and Ray PTPs and Phylogenetic
orree of PTP Family

Phylogenetic Tree Inferenc®n the basis of the alignment de-
scribed above, the phylogenetic trees of five subfamilies belonging t

the PTP family were inferred by a maximum likelihood (ML) method . .
developed recently by us (Katoh and Miyata 1999): This method is a¥Ve have isolated 9 PTP-related cDNAs fr@mbelcheri,

heuristic approach (ML-TBR) of ML analysis based on tree topology 11 cDNAs fromE. burgeri,and 13 cDNAs fronP. mo-
search by the tree bisection and reconnection (TBR) algorithm (Swof{gro by the method described in Materials and Methods.
ford et al. 1996). The tree topology search is repeated until no im‘l’hese c¢DNAs encode amino acid sequences of fragment

provement on the log-likelihood is found for a given initial tree. In the . . .
present work, 100 initial trees were generated by bootstrap resamplingléangth covering from the C-terminal 2/3 of the first PTP

and neighbor-joining (NJ) method (Saitou and Nei 1987). The actualdOmain to the stop codon; for ray ryPTPN6b and
computation was performed on a PC cluster composed of 32 PentiumyPTPNG6c, their cDNAs encode the complete PTP do-
I11 500 MHz processors. The bootstrap probability (Felsenstein 1985)main sequences. These sequences were aligned with
was calculated by the method of Adachi and Hasegawa (1996) (Ioca\known PTP sequences from animals for the PTP domain
bootstrap probability; LBP). . . '
Each tree inferred by ML-TBR was reexamined by the intact ML According t(_) the _allgnment, the clp_ned (?DNAS sharg
method (Kishino et al. 1990), in which all possible tree topologies are2 7—97% amino acid sequence identities with known ani-
examined, by assuming the tree topology of branches within a clustemal PTPs. In addition, the amino acid sequences of these
with a high bootstrap probability at the deepest node. The bootstraggDNAs contain the PTP signature motif HCxXGxxR(S/
probability in the intact ML analysis was calculated by the RELL ; . ;
method (Kishino et al. 1990; Hasegawa and Kishino 1994). For sub-:[l;]) (e'fg" DhPanl]JI etl.kal'l 13?6? tﬁt the Ip;eglseDE?:Itlon' gqls
families with OTUs fewer than nine, the intact ML analysis was di- ereiore highly likely tha € Isolated ¢ s are the
rectly performed. The overall tree of the PTP family was inferred by theProducts of PTP genes.
NJ method; the distance matrix was estimated by the ML method, using  On the basis of the alignment, a phylogenetic tree of
the JTT model (Adachi and Hasegawa 1996). the PTP family was inferred by the NJ method (Fig. 1).
According to the NJ tree, each of 33 cDNAs isolated here
belongs to any one of subfamilies classified recently
Results and Discussion (Ono et al. 1999) with high bootstrap probability, except
for amphioxus amPTPR10. The amPTPR10 has tan-
. S . . demly duplicated PTP domains and thus is likely to be a
Each of animal gene families including the PTP family y dup . v .
receptor-type PTP. Judging from the phylogenetic posi-

involved in cell—-cell communication and developmentaltion, the amPTPR10 is likely to be a member of a novel
control diverged from one or a few ancestral genes dur-

) ) : o ._subtype, although there is still a possibility of a member
ing animal evolution by gene duplications and domalnOf PTPR2B subtvbe. The phviogenetic tree of Fig. 1
shufflings. The phylogenetic tree of members of a gene ype. phy’og g

. ) ) confirmed our previous result that most subtype dupli-
family comprises several independent clusters corre-

sponding to different subtypes or subfamilies that di_catlons antedate the parazoan—eumetazoan split (repre-

verged before the divergence of parazoans and eumetg.—enteOl by afilled circle), although the phylogenetic po-

zoans (Koyanagi et al. 1998a, 1998b; Hoshiyama et aISltlon of two sponge PTPS.’ SPTPR4 and sPTPRS, differs
) . from that described previously (Ono et al. 1999). The

1998; Suga et al. 1999a, 1999b; Ono et al. 1999). After o

. subtype classification of these sponge PTPs should be

the separation from protostomes, chordates expanded the . . o
e . . réexamined based on the overall domain organization.

multiplicity of members in the same subfamily by further

gene duplications (isoform duplications). These isoform

duplications have been completed before the fish-phylogenetic Tree of PTPR4 Subfamily

tetrapod split (Miyata et al. 1994; lwabe et al. 1996; Suga

et al. 1997, 1999a, 1999b; Hoshiyama et al. 1998). Front-or five subfamilies (PTPR2A, PTPR4, PTPR5, PTPN3,

cloning and sequencing of the protein tyrosine kinaseand PTPNG6 subfamilies), the amino acid sequences are

(PTK) cDNAs from an amphioxus, a hagfish, and a lam-available for comparison among cephalochordates, cy-

prey and phylogenetic analyses of four subfamilies beclostomes, cartilaginous fishes, and tetrapods, and thus

longing to the PTK family, we recently showed that the the number and the time of occurrence of isoform dupli-

isoform duplications occurred at dates around or justation are possible to estimate from the phylogenetic tree

before the divergence of gnathostomes and cyclostomesf each subfamily. Figure 2 shows the phylogenetic tree

(Suga et al. 1999c). To accumulate more data on thef the PTPR4 subfamily. From a comparison of the

isoform duplications and to determine the divergenceamino acid sequences of six PTP cDNAs cloned here
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Fig. 1. Unrooted tree of PTP family. From a
comparison of the PTP domain sequences of
fragment length (141 amino acids), the tree was
inferred by the NJ method (Saitou and Nei
1987); gap sites were excluded from the
analysis. Filled circles correspond to
parazoan—eumetazoan split. Clusters
corresponding to PTP subfamilies are shaded.
The bootstrap probability at the deepest node of
each cluster is shown. The classification of
subfamilies and their names were followed by
Ono et al. (1999). The lineages of PTPs whose
sequences have been determined in the present
work are shown by heavy lines. The sequence
names and accession numbers are as follows: 1,
human PTP (M64572); 2, human PTP

(M68941); 3, human pez (X82676); 4, human
PTP D1 (X79510); 5, sponge sPTPN8
(AB019133); 6, human PTP-BAS type 1
(D21209); 7, human DKFZp566K0524
(ALO50040); 8, human 70zpep (AF077031); 9,
human PTP G1 (D13380); 10, human BDP1
(X79568); 11,XenopusPTPX1 (L33098); 12,
XenopusPTPX10 (L33099); 13, human PTP
MEG2 (M83738); 14, sponge sPTPN1
(AB019129); 15, human IA-2/PTP (L18983); 16,
ray ryPTPR8 (AB033585, present work); 17,
human IAR (AF007555); 18, ray ryPTPN6b
(AB033591, present work); 19, human PTP 1D
(X70766); 20,XenopusSH-PTP2 (U15287); 21,
hagfish hgPTPN6a (AB033576, present work);
22, hagfish hgPTPN6b (AB033578, present
work); 23, Drosophilacsw Y1229 (U19909); 24,
amphioxus amPTPN6 (AB033567, present
work); 25, sponge sPTPN6 (AB019132); 26, ray
ryPTPN6c (AB033592, present work); 27, ray
ryPTPN6a (AB033580, present work); 28,
human hPTP1C (U15528); 29, human LCA
(Y00638); 30, shark CD45 (U34750); 31,
DrosophilaPtp69D (M27699); 32, sponge sPTPR5 (AB019127); 33, ray ryPTPR4b (AB033589, present work); 34, huraaiMBZ668);

35, XenopusPTRx (U09135); 36, hagfish hgPTPR4 (AB033572, present work); 37, human EHPA$4134); 38, ray ryPTPR4a (AB033583,
present work); 39, amphioxus amPTPR4c (AB033564, present work); 40, amphioxus amPTPR4a (AB033562, present work); 41, amphioxus
amPTPR4b (AB033563, present work); 42, amphioxus amPTPR10 (AB033561, present work); 43, sponge sPTPR2B (AB019126); 44, human
hR-PTRy (X58288); 45, human RPTP{AF043644); 46, human h-P&kRZ70660); 47, ray ryPTPR2B (AB033587, present work); 48, hagfish
hgPTPR2B (AB033574, present work); 49, human hPTP-J (U73727D&SophilaLar (M27700); 51, human PT®P(L38929); 52, ray
ryPTPR2Ab (AB033584, present work); 53, amphioxus amPTPR2A (AB033566, present work); 54, ray ryPTPR2Ac (AB033586, present
work); 55, chicken CRYRL1 (L32780); 56, human PTP(U35234); 57, human LAR (Y00815); 58, ray ryPTPR2Aa (AB033581, present
work); 59, hagfish hgPTPR2Aa (AB033569, present work); 60, hagfish hgPTPR2Ab (AB033571, present work); 61, leech HmLAR1
(AF017084); 62, leech HmMLAR2 (AF017083); 63, hagfish hgPTPR2Ac (AB033575, present work); 64, sponge sPTPR4 (AB019125); 65,
human PTPR (M93426); 66, chicken CPTP(L27625); 67, human PTPR(L09247); 68, chicken PT{(U38349); 69, ray ryPTPR5b
(AB033590, present work); 70, ray ryPTPR5a (AB033588, present work); 71, hagfish hgPTPR5a (AB033570, present work); 72, hagfish
hgPTPR5b (AB033577, present work); 73, amphioxus amPTPR5 (AB033565, present wolRjpZdphila Ptp99A (M80539); 75, sponge
sPTPR3 (AB019128); 76, human DEP-1 (U10886); 77, chicken PTP (AJ238216); 78, humaf KR5Z.31); 79, hagfish hgPTPR3
(AB033573, present work); 80, rat PTPRQ (AF063249); BigsophilaPtp10D (M80465); 82ProsophilaPtp4E (L20894); 83, amphioxus
amPTPR3 (AB033560, present work); 84, human PTP-U2 (Z48541); 85, chicken CRYP-2 (U65891); 86, mouse Esp (U36488); 87, human
SAP-1 (D15049); 88, human STEP (U27831); 89, human HPCPTP1 (D64053); 90, human LC-PTP (D11327); 91, sponge SPTPR7
(AB019131); 92, human PTPN1 (M33689); 93, chicken PTP1B (U86410); 94, human PTPRF (M25393); 95, ray ryPTPN3 (AB033582, present
work); 96, amphioxus amPTPN3 (AB033568, present work); 97, hagfish hgPTPN3 (AB033579, present watkjpsephila Ptp61F

(L11253); 99, sponge sPTPN2 (AB019130); 100, human DKFZp564F0923 (AL110210).

with those of known PTPs belonging to the same sub- According to Fig. 2, the gnathostome PTPs are clas-
family for a region of 416 amino acids, including the sified into two different isoforms (designated as TP
C-terminal 2/3 of the first PTP domain and the completeand PTR), which were generated by gene duplication
second PTP domain, the tree was inferred by a heuristiisoform duplication). In the PTdisoform, the branch-
approach of the ML method (Katoh and Miyata 1999),ing order of PTPs coincides exactly with species order,
using human, chicken, and shark PTPs belonging to theuggesting that the ray ryPTPR4b and hagfish hgPTPR4
PTPR1/6 subfamilies as an outgroup. are orthologs of human/chicketénopuPTRx. The am-
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ray ryPTPR4b
Fig. 2. Maximum likelihood tree of PTPR4

* human RPTPo (M34668) subfamily. From a comparison of the N- and

: PTPa ~ i ;
— chicken PTPo. (232749) E C-terminal PTP domain sequences of fragment

i length (416 amino acids), the tree was inferred by
Xenopus PTPo. (U09135) __} a heuristic approach of ML method (Katoh and
100 Miyata 1999), using human, chicken, and shark
hagfish hgPTPR4 [QLlERETLI) PTPs belonging to the PTPR1/6 subfamily as an

outgroup; gap sites were excluded from the

— human HPTPe (X54134) ‘ PTP comparison. The number at each branch node
© . ray ryPTPR4a € represents the local bootstrap probability estimated
e by the LBP method (Adachi and Hasegawa 1996).
amphioxus amPTPR4c For shaded clusters, monophyletic grouping was
assumed in the intact ML analysis (see text).
amphioxus amPTPR4a Isoforms that are considered to be present in

. gnathostomes in common are shown on the right
amphioxus amPTPR4b hand side of the tree. Open circle, ray—tetrapod
= human LCA (Y00638) split; filleq circle, cyclostome—gnathostome sp'lit;
p— double circle, cephalochordate—vertebrate split;
100 == chicken PTPA (L13285) filled rhombus, gene duplication that antedates the
L cyclostome—gnathostome split; open box, gene
shark CD45 (U34750) duplication in amphioxus lineage. Accession
numbers of sequences are shown in parentheses;
0.1 substitutions/site reverse letters, present work.

| I

phioxus amPTPR4a, amPTPR4b, and amPTPR4c form Bhylogenetic Tree of PTPR5 Subfamily
cluster in the tree, which was generated by gene dupli-

cations on cephalochordate lineage, independently frongigure 4 shows the phylogenetic tree of PTPR5 subfam-
isoform duplications in vertebrates. Judging from theijly inferred from the intact ML method (Kishino et al.
phylogenetic position of the hagfish hgPTPR4, the is0-1990: Adachi and Hasegawa 1996); the ML tree was
form duplication that gave rise to the gnathostome isoqnferred from a comparison of sequences for a region of
forms PTR and PTR is likely to predate the divergence 435 amino acids, including the C-terminal 2/3 of the first
of gnathostomes and cyclostomes, but postdates theTp domain and the complete second PTP domain, using
cephalochordate—vertebrate split. To confirm the MLhe DrosophilaPtp99A belonging to the same subfamily
tree inferred from the heuristic approach, an ML analysisas an outgroup (Ono et al. 1999). According to the tree of
based on the intact ML method of protein phylogeny pTpR5 subfamily, at least two different isoforms, RTP
(Kishino et al. 1990; Adachi and Hasegawa 1996) hasand PTR, exist in gnathostomes. The cloned ryPTPR5a
been performed, assuming the tree topology within eaclind ryPTPRS5b from a cartilaginous fish are likely to be
cluster (shaded in Fig. 2) with a high bootstrap probabil—orthmogous to the human/chicken RT&nd PTR iso-

ity (LBP > 95%) at the deepest node. The intact ML forms, respectively. The hagfish hgPTPR5a is likely to
analysis supported the tree of Fig. 2 at the significanceye orthologous to the human/chicken RTFhe amphi-

level o + 1 SE. oxus amPTPR5 is possibly an ancestral precursor of the
two isoforms. Judging from the phylogenetic position of
Phylogenetic Tree of PTPN3 Subfamily hgPTPR5a, the isoform duplication that gave rise to

PTPy and PTR might have occurred on an ancestral
The phylogenetic tree of PTPN3 subfamily was inferredlineage of vertebrates before the separation of gnatho-
by the intact ML method (Kishino et al. 1990; Adachi stomes and cyclostomes, but after the separation from
and Hasegawa 1996) by comparing sequences of a reephalochordates.
gion of 180 amino acids including the C-terminal 2/3 of  Although the tree shown in Fig. 4 has the largest
the PTP domain and using thgrosophila Ptp61F be- log-likelihood value (Lmax) and the largest bootstrap
longing to the same subfamily as an outgroup (Fig. 3).probability p (=31.1) among all possible trees, alterna-
The ML tree of Fig. 3 was supported at the significancetive trees (tree i, i= 1, 3) are also possible (Fig. 4
level o £ 1 SE. According to Fig. 3, gnathostomes haveinsert): they have the differencklLi ( =Lmax — Li) of
two different isoforms, PTPN1 and PTPRF, which werelog-likelihood values from Lmax being smaller than + 1
generated by one isoform duplication. In addition, theSE. All the four trees, including the ML tree, evidently
isoform duplication occurred on vertebrate lineage afteishow the occurrence of isoform duplications in a period
the separation from cephalochordates, as in the case bktween the cephalochordate—vertebrate split and the
PTPR4 subfamily, but the date of occurrence clearly dif-cartilaginous fish—tetrapod split. However, the number of
fers: the isoform duplication postdates the divergence ofsoform duplication (Nb) before and (Na) after the cy-
gnathostomes and cyclostomes. clostome—vertebrate split varies depending on tree con-
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Fig. 3. Maximum likelihood tree of PTPN3
subfamily. From a comparison of the PTP
domain sequences of fragment length (180
amino acids), the tree was inferred by the
intact ML method (Kishino et al. 1990;
Hasegawa and Kishino 1994), using
DrosophilaPTPs belonging to the same
subfamily as an outgroup; gap sites were
excluded from the comparison. The number at
each branch node represents the bootstrap
probability estimated by the RELL method
human PTPN1 (M33689) B PTPNA (Hasegawa and Kishino 1994). Isoforms that
chicken PTP1B (U86410 ) are considered to be present in gnathostomes
in common are shown on the right-hand side
of the tree. Open circle, cartilaginous

human PTPRF (M25393) "t

i PTPRF ' L .
J ray ryPTPN3 fish—tetrapod split; filled circle,
cyclostome—gnathostome split; double circle,
© "
4 hagfish hgPTPN3 cephalochordate—vertebrate split; open
amphioxus amPTPN3 rhombus, gene duplication that postdates the
cyclostome—gnathostome split, but antedates

Drosophila Ptp61F (L11253) the cartilaginous fish—tetrapod split. Accession

numbers of sequences are shown in
0.1 substitutions/site parentheses; reverse letters, present work.

human PTP( (M93426) %

chicken CPTPL (L27625) PTPL

ray ryPTPRSa  [CEEETEN

human RPTPy (L09247 )
chicken PTPy (U38349) f pTRy
ray ryPTPR5b

hagfish hgPTPR5a
amphioxus amPTPR5  ELIEEE)

Drosophila Ptp99A (M80539)

| I—|
0.1 substitutions/site

Tree 1 Tree 2 Tree 3

human PTP{ human PTP{ ray ryPTPR5a
chicken CPTP{ chicken CPTP{ human PTP{
ray ryPTPR5a ray ryPTPR5a chicken CPTP{
hagfish hgPTPR5a human RPTPy hagfish hgPTPR5a
human RPTPy chicken PTPy . human RPTPy

: chicken PTPy ray ryPTPR5b chicken PTPy
ray ryPTPR5b . hagfish hgPTPR5a ray ryPTPR5b
amphioxus amPTPR5 amphioxus amPTPR5 amphioxus amPTPR5

Fig. 4. Maximum likelihood tree of PTPR5 subfamily. From a com- side of the treelnsert, three alternative trees withL < + 1 SE (branch
parison of the N- and C-terminal PTP domain sequences of fragmeniengths are arbitrary). Open circle, cartilaginous fish—tetrapod split;
length (435 amino acids), the tree was inferred by the intact ML methodfilled circle, cyclostome—gnathostome split; double circle, cephalochor-
(Kishino et al. 1990; Hasegawa and Kishino 1994), udimgsophila date—vertebrate split; open rhombus, gene duplication that postdates the
and sponge PTPs belonging to the same subfamily as an outgroup; gajyclostome—gnathostome split, but antedates the cartilaginous fish—
sites were excluded from the comparison. The nhumber at each brandetrapod split; filled rhombus, gene duplication that antedates the cy-
node represents the bootstrap probability estimated by the RELLclostome—gnathostome split. Accession numbers of sequences are
method (Hasegawa and Kishino 1994). Isoforms that are considered tshown in parentheses; reverse letters, present work.

be present in gnathostomes in common are shown on the right hand

sidered (i.e., Nb= 1 and Na= Oin ML tree, Nb= 2and  Phylogenetic Tree of PTPN6 Subfamily

Na = Ointree 1, Nb= 0 and Na= 1 in tree 2, and Nb

= 2 and Na= 0 in tree 3). Taking a weighted mean of the Figure 5 shows the ML tree of the PTPN6 subfamily.
number of isoform duplications among the four trees byFrom a comparison of sequences for a region of 182
using renormalized bootstrap probabilities as weight facamino acids, including the C-terminal 2/3 of the PTP
tors, we have Nb= 1.18 and Na= 0.24 on the average. domain, the tree was inferred by the heuristic approach
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Fig. 5. Maximum likelihood tree of PTPN6
subfamily. From a comparison of the PTP domain
sequences of fragment length comprising 182 amino
acids, the tree was inferred by a heuristic approach of
the ML method (Katoh and Miyata 1999) using
Drosophilaand sponge PTPs belonging to the same

- ray ryPTPNED subfamily as an putgroup; gap sites were excluded
ol from the comparison. The number at each branch
4;\uman PTP1D (X70766) ! pTPID node represents the local bootstrap probability
51 Xenopus SH-PTP2 (U15287) } estimated by the LBP method (Adachi and Hasegawa

% 1996). For shaded clusters, monophyletic grouping

el was assumed in the intact ML analysis (see text).
hagfish hgPTPNGD . Isoforms that are considered to be present in

chicken Syp (U38620)

100

" ray ryPTPN6c i yPTPN6c  gnathostomes in common are shown on the right-hand
e | an hPTPIC (U15528) side of the tree. Open circle, cartilaginous
i pTP1C fish—tetrapod split; filled circle, cyclostome—
ray ryPTPNGa gnathostopme sglit; double circle,ycephalochordate—
hagfish hgPTPN6a vertebrate split; filled rhombus, gene duplication that
amphioxus amPTPN6 antedates the cyclostome—gnathostome split; open
o hila cow (U19909) rhombus, gene duplication thgt postdates the
. ~ cyclostome—gnathostome split, but antedates the
sponge sPTPNG (AB019132) cartilaginous fish—tetrapod split. Accession numbers of
sequences are shown in parentheses; reverse letters,
0.1 substitutions/site present work.

of ML method usingDrosophila and sponge PTPs Phylogenetic Tree of PTPR2A Subfamily
belonging to the same subfamily as an outgroup.

According to the tree, gnathostomes have at least t,hreﬁigure 6 shows the phylogenetic tree of the PTPR2A
isoforms (PTP1C, PTP1D, and ryPTPN6C) beIong'ngsubfamily inferred by the heuristic approach of ML

to the PTPNG subfamily, and they diverged by isc)formmethod. A region of 458 amino acids, including the C-
duplications in a period between the cephalochordate+, ’

. o . terminal 2/3 of the first PTP domain and the complete
ver.tebrate. split and the cartllagmou.s' f|$.h—.tetr'apodseconol PTP domain were compared, ddbsophila,
gpht. Judging frqm the bootstrap 'probab|I|ty, itis hlghly mosquito, and leech PTPs belonging to the same sub-
likely that one isoform duplication that gave rise 10 ¢, i\ \were used as an outgroup for tree inference. The
PTP1C and ryPTPNGc postdates the gnathostomep,qfish hgpTPR2AC was excluded from the present

cyclostome split. However, the branching order of four 55y sis because the evolutionary rate is extremely high.
groups leading to PTP1D, PTP1C/ryPTPNGc, hagfishy,qging from the bootstrap probabilities, the three lin-

hgPTPN6a, and hagfish hgPTPNG6b is statistically Unrézages, human PP chicken CRYRZ, and ray
liable. _ _ ryPTPR2AC, represent species relationship and are clus-
These four groups, together with amphioxustered as an independent group (BJFbut the branching
amPTPNG6 Drosophilacsw, and sponge sPTPN6, were order of human PTR ray ryPTPR2ADb, and PTPis
subjected to the intact ML analysis, assuming the tregincertain. Also, each of two groups, human LAR/ray
topology of human hPTP1C, ray ryPTPN6a, andrypTPR2Aa (designated as LAR) and hagfish duplicated
ryPTPN6c (in PTP1D group, the branching order [ray,genes hgPTPR2Aa/hgPTPR2Ab forms an independent
(Xenopus[human chicken])] was assumed). We also as-cluster, but the phylogenetic relationship among the three
sumed that the divergence of protostomes and deuterogroups—PTB/a/ryPTPR2Ab, LAR, and hgPTPR2Aa/b—
tomes antedates the divergence of cephalochordates ardunreliable, although their divergence might have oc-
vertebrates (e.g., Margulis and Schwartz 1988), althougleurred around the time of divergence of gnathostomes
aldolase and triose phosphate isomerase clocks suggesid cyclostomes.
their close divergence times (Nikoh et al. 1997). The The intact ML analysis was performed for seven
intact ML analysis confirmed that the tree shown in Fig.groups, PTB, ryPTPR2Ab, PTB, LAR, hagfish
5 is the ML tree, but is not significantly supported, as hgPTPR2Aa/b, amphioxus amPTPR2A, and outgroup.
expected. There are nine other trees whike are less The intact ML analysis showed that the tree topology
than £ 1 SE. We have estimated the average numbers shown in Fig. 6 has the largest log-likelihood value (i.e.,
isoform duplications before and after the gnathostome-ML tree), but is not statistically significant: the differ-
cyclostome split by the same calculation procedure agnceALs of nine different trees, including the ML tree,
described in the case of the PTPR5 subfamily and havare less tha+ 1 SE. Following the calculation procedure
obtained to be 1.65 and 0.67, respectively. described above, the average numbers of isoform dupli-
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human PTP5 (L38929) ._ PTP3 Fig. 6. Maximum likelihood tree of PTPR2A
. subfamily. From a comparison of the N- and
ray ryPTPR2Ab ' ryPTPR2Ab C-terminal PTP domain sequences of fragment
5 ray ryPTPR2AC - length (458 amino acids), the tree was inferred by
a heuristic approach of the ML method (Katoh and
48 = chicken CRYPa1 (L32780) : PTPo Miyata 1999) usingdrosophila, mosquito, and
i leech PTPs belonging to the same subfamily as an
human PTPc (U35234) wed outgroup; gap sites were excluded from the
= human LAR (Y00815) ey comparison. The number at each brapf:h not_je
. ! LAR represents the local bootstrap probability estimated
ray ryPTPR2Aa o by the LBP method (Adachi and Hasegawa 1996).

! For shaded clusters, monophyletic grouping was
hagfish hgPTPR2Aa assumed in the intact ML analysis (see text).

L hagfish hgPTPR2Ab  TY=0EEERZN] Isoforms that are considered to be present in
gnathostomes in common are shown on the right

= amphioxus amPTPR2A hand side of the tree; there is a possibility that
— leech HMLAR1 (AF017084) _PTFB and ryPTP_RZAb be!ong to the_ same
- isoform. Open circle, cartilaginous fish—tetrapod

leech HmLAR2 (AF017083) split; filled circle, cyclostome—gnathostome split;
. ) double circle, cephalochordate—vertebrate split;
= mosquito Anlar (X85217) open rhombus, gene duplication that postdates the

cyclostome—gnathostome split but antedates the
cartilaginous fish—tetrapod split; open box, gene
duplication in hagfish or leech lineages. Accession
l ] numbers of sequences are shown in parentheses;
0.1 substitutions/site reverse letters, present work.

Drosophila lar (M27700)

'Ie'able 2. The numbers of isoform duplications in evolutionary peri-

cations before and after the gnathOStome_CyCIOStomods before and after the divergence of cyclostomes and gnathostomes

split were estimated to be 0.52 and 1.60, respectively.

Nb Na Nb/Na
Isoform Duplications in a Period Around or Just @) ;TTF'?RfZ‘m"V o 0o
Before the Cyclostome—Gnathostome Split PTPN3 00 10
PTPR5 1.2 0.2
The results on the number and timing of isoform dupli-  ptpNng 17 07
cations obtained from the five different subfamilies are PTPR2A 0.5 1.6
summarized in Table 2, together with those obtained Total 4.4 3.5 13
from previous analyses on the four PTK subfamilies ano(z)) g;‘;:a’:‘c"'tiin X 20528 6'214 3é34
three other proteins families (Suga et al. 1999c). In Tablé P S ' ' '

2, the number Nb (Na) of isoform duplications that an- () + () + (c) 30.4 12.0 25
tedate (postdate) the gnathostome—cyclostome split is
shown for each subfamily; the method for estimating theNs and N, the numbers of isoform duplications tha_t occurre(_j at dates
Na and Nb used in the previous work slightly differs befqre and after Fhe.cyclostome—gnathos_tome split, respectively. Note
. . .~ that isoform duplication was observed neither before the cephalochro-
from that in the present_ work. Note that isoform dupli- date—vertebrate split nor after the fish-tetrapod split.
cation was observed neither before the cephalochordatepata from Suga et al. (1999¢). The numbers of isoform duplications
vertebrate split nor after the fish—tetrapod split. Table 2in (b) and (c) are a total of four subfamilies (fibroblast growth factor
shows that the isoform duplication occurred about 2_5eceptor, Ephsrc,and platelef[-derivg‘d growth factor receptor subfami-
times more frequently in the period before the CyC|O_I|es) and tha_t of three protein families (aldolases, enolases, and gene
. . . roup encoding the complement components C3, C4, and C5), respec-
stome—gnathostome split than in the period after thaﬁvely.
split, although the ratio Nb/Na varies greatly for different
subfamilies due to small sample size. Thus we conclude
that isoform duplications have occurred in a periodsilence, instead of proceeding gradually: in the early pe-
around or just before the cyclostome—gnathostome splitiod before the parazoan—eumetazoan split about 900
The above result on isoform diversification, togethermillion years ago (Nikoh et al. 1997), animals underwent
with those on subtype diversification obtained from pre-extensive subtype duplications that gave rise to different
vious analyses, suggests the pattern of gene diversificaubtypes with diverse functions and almost complete sets
tion characteristic of multicellular animal—specific genes,of present-day subtypes had been established within this
which is characterized by two active periods in geneperiod. Since the separation from cephalochordates, ver-
duplication interrupted by a considerably long period oftebrates increased the multiplicity of isoforms in the
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