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The human genome is composed of long-range mosaic structures of G+C% (GC%), which are thought to be
related to chromosome bands. We previously identified a boundary of Mb-level domains of GC% mosaic
structures in the human major histocompatibility complex (MHC) and found in the domain boundary a sequence
very similar to pseudoautosomal boundary (PAB) sequences of human sex chromosomes. We designated it
‘PABL’ and found many PABLSs in the human genome. By analysis of six genomic and six transcribed PABLs, a
core and consensus sequence of about 650 nt was defined; the 3 - and 5'-edges of the PABLs were strictly
conserved. Northern blot analysis showed sizes of PABL transcripts to be 5-10 kb in length. Divergence time of
PABLs was estimated to be 60—-120 million years ago by analysis of human PABLs and PABXY1 of seven primates,
and the evolutionary rates deduced showed PABLs to have been under selective constraints. A model for
evolutionary formation of the present pseudoautosomal boundary was proposed by postulation of illegitimate
recombination between two PABLSs.

INTRODUCTION viors connected with chromosome bands, we may precisely
locate their boundaries by using informative landmarks on
The human genome, like the genomes of warm-blooded verigenomic DNA. Boundaries may be structurally assigned where
brates in general, has long-range G+C% (GC%) mosaic strubere are clear GC% transition points, and characteristic signals
tures related to chromosome bands: Giemsa-dark G bands er&y be found that punctuate and/or differentiate distinct func-
composed mainly of AT-rich sequences, T bands (a subgrouptihs, such as a signal that switches from early to late DNA
Giemsa-pale R bands) are of GC-rich sequences, and ordinaryeRlication. We previously reported a boundary of long-range
bands are heterogeneous and appear to be intermediate (1€8)% mosaic domains in the human major histocompatibility
Bernardiet al. called the GC% mosaic domains ‘isochores’ (1)complex (MHC) disclosing a sharp GC% transition, and found in
DNA replication timing, gene density, CpG island density, codothe boundary region high sequence similarity with the pseudo-
usage, chromosome condensation, repeat sequence density,ardsomal boundary (PAB) sequence in the short arms of human
chromosome behavior such as recombination are related sex chromosomes (13).
chromosome bands and to long-range GC% mosaic domaingluman sex chromosomes have two functionally distinct
(5-12). Because chromosome bands are structures observedrbgions, sex-specific sequences and pseudoautosomal regions
microscopes, precise location of their boundaries may sedPARs). X and Y chromosomes exchange DNA sequences
meaningless. However, considering the various genome beltiarough homologous recombination in PARs during each male
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meiosis, and PAR sequences in the two chromosomes avere similar [(B0% nucleotide identity) to separate portions of
practically identical because of the obligatory recombinatioRABLs (Fig. 2), suggesting that some, if not all, PABLs are
(14-17). There are two PARs for human sex chromosomes: PAR&nscribable and presumably have functions. For identification
is at the distal ends of the short arms of the X and Y chromosonwdsthe characteristics of the predicted PABL transcripts, Six
and PAR2 is at the ends of the long arms (17,18). The interfabaman cDNA libraries of different tissues and cells were screened
between the PAR1 of 2.6 Mb and the sex-specific region is théth the PABL1 segment as a probe. Clones were obtained from
pseudoautosomal boundary, PAB1, and therefore PAB1 is th# six libraries, and inserts of all 20 cDNA clones analyzed were
centromeric limit to recombination in PARL. Ellis and Good{onger than the PABL size. We then sequenced the following six
fellow (16) and His et al (19,20) reported sequenceswuard the  cDNA clones: Mol and Mo2 from the monocyte library; Bc4
interface, PABX1 and PABY1l sequences (abbreviatefiom the B-cell library; Sk13 from the skin library; and Sp2 and
PABXY1). A sequence found in the boundary of long-rang&p3 from the spleen library. Alignment around théeBninal
GC% mosaic domains in the MHC is very similar to PABXY1portion of all available PABLs found in the cDNA clones
being the functional interface in sex chromosomes. We desimcluding ESTs (T92306 and R12279) is shown in Figure 3A. The
nated the sequence found in the MHC ‘pseudoautosomsimilarity terminus of the'gportion of these transcribed PABLs
boundary-like sequence 1', abbreviated PAEL3). With the corresponds closely to that defined for genomic PABLSs. It should
PABL1 segment as a probe, many copies of pseudoautosorfigdt be noted that a portion of the Mo2 cDNA sequence was
boundary-like sequences (PABLs) were detected by Southguractically identical to one of the ESTs mentioned above,
blot hybridization against genomic DNASs. In the present study weSAAAAWAH. The identity portion spanned not only the PABL

characterized both genomic and transcribed PABLSs. sequence but also the entire flanking region of 266 nt
HSAAAAWAH, predicting the EST to correspond to a portion of
RESULTS the Mo2 transcript and the transcript to be fairly abundant.
) Sequences of three recently reported ESTs (R12279, R07404, and
Core sequences of genomic PABLs T99392, derived from at least two independent cDNA libraries)

were almost identical with each other, indicating the transcripts

Using the PABL1 segment found in the human MHC as a probgre also abundant.

we isolated about 150 independent cosmid clones having PABLSFigure 3B shows alignment around the pdrtion of the

Figure 1 shows alignment of genomic PABLs sequenced thus {a < ined PABLs and one EST (T47905). Again, the similarity
and PABXY1 plus their flanking sequences; the Sequenggmins of these transcribed PABLS closely corresponds to that
orientation for PABXY1 is from telomere to centromere (i..4efineq for genomic PABLS and thus to the homology terminus
from PAR1 to the sex-specific region). Similarity for all pairs ofyoy yeen PABX1 and PABY1. Therefore, the results of Figures 1
PABLs and PABXY1 were high.B0% nucleotide identity), and 5,4 3 showed conservation of bothed 3-termini of genomic

the 3-terminus of the similar region among all PABLs corre- : : ;
sponds closely to the PABXY1 homology terminus reported gnd transcribed PABLs. Open reading frames (ORFs) with

Eliis et al (19 20 here the X and Y ¢h ignificant sizes could not be found for the obtained cDNAs, for
liis et al (19,20) as where the X and Y chromosome Sequencgy, ¢ore sequences or their flanking sequences. We searched thes
diverge completely (sex-specific in Fig. 2).

. cDNA sequences, using the BLASTX program, against the
In the case of the germinus of PABXY1 sequences there wasy oein sequence database compiled by the Human Genome
no reason to assign a specific site because the upstream 2.6

X . X ) ter of Japan. Little if any similarity with known proteins was
sequence of PAR1 should be practically identical in Sefoacted. GRAIL, a computer program that predicts protein-cod-

chromosomes. In fact, thé-terminus of PABXY1 sequences ing ORFs in human DNA (21), did not detect reliable protein-

reported (19) was aBcdRl site chosen arbitrarily in PAR1. codin : ; e ;
i g capacity. For identification of the genomic structures of
Fukagaweet al (13) noted that, even if PABXY1 and PABLs the transcribed PABLs, &-phage library of human genomic

correspond to a certain functional signal, therl of the DNA was screened with a probe of the Sp2 cDNA fragment
rived of the PABL core. The genomic PABLSp2 sequence

about 300 nt so far known for Sp2 cDNA were identical to those
of the genomic PABLSp2 clone, showing that there were no
ron/exon structures around this PABL core.

sequence upstream of tledRl site. PABXY1 in Figure 1
includes this sequence. Multiple alignments of Figure 1 show
that sequence similarity among all PABLs and PABXY1 actually

extended 200 nt upstream of tBedRl| site of PABXY1. We

propose that a total of 650 nt including the 200 nt extended is thi@rthern hybridization analysis

core form of PABLSs. Figure 2 is a diagram of their structure. Strict )

conservation of both termini for all PABLs and PABXY1 may belhe six cDNAs of PABLs analyzed were longer than the PABL

due to their function. size. For estimation of the intact sizes of PABL transcripts,
northern blot analysis of human total or poy2NA fraction was
The transcripts of PABLS done with the PABL1 probe. Figure 4A shows the results for the

total RNA extracted from B-cell line GM01416D. Broad bands
Although multiple copies of PABLs were found in the humarmainly with mobility slower than that of 28S rRNA and estimated
genome, genomic sequences in the recent GenBank (Releas¢ode 5-10 kb in length were detected. The results for the polyA
including update data; 1995) exhibiting significant similarityRNA fractions were practically the same for total RNA (Fig. 4B).
with the PABLs were confined to PABXY1. In the case ofAll samples shown in Figure 4 gave signals, although expression
expressed sequence tag (EST) sequences, however, eleven ES/Es seemed to differ. The broad bands shown are likely to
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PREXKL AGAGTEGAASTEICEOAGEECCAG -6 —C T~ C-ROT-ARC~~ACRGECCOCCACARCA
FABYL ATAGTGGAASTG ICGCAGGECCAG 6T -~ - - C-ACT-BAC—ACR GELCCOCACARCA
PAELL TITGCCTTAC TG IGGCASEE-CAG- BT - ~CT - C-GC T ARG -~ GCA GGLCT COATARCA
PABLZ ASCCCCCTACTGIGECACEOCAGE - ~TO0r~A =T~ ARCA-=CREGICTCCRTARCA
PAEL3 TAGGEEACEI TEIGECAGE TCAGE TCT COCTARGCECTCARCAGECAGGCCTCOATANGA
PABLE;Z  TAGCTGATCITCTEECARECOACT T TCAC TRATAGC TG ARCAGECAGELCTOCATGOLA
* *k kkhih o L] x *y » thkE AT FAF waAW
PABKL CCTETTTCASTATTEACTGAGT -G -~ -G TAAN PA- T~ TRA-ARGCCACTG-CmnT—G
PAEY), COTETTTCASTAT TCACTGAET -G - 4
PAELL ACTGTTTCAICACTGACTEAGT 6 - m - ~GTTAAGT - ~T= ARA—TETTAAARE G Tl
PAELZ ACTGTTTCRICTCTGACIGAGT GET ARG TIARATACTAAREGCC CREACAGCCABTOCT
PAEL3 ACTGTCTCRSCACTGATTCAGT G T ARG T TAAL FATTA AR GCTERCAGAGOCAGTAIC
EABLSPZ  ACTGITICRG—C=-ACTGAGTAGT ARG~ T o~ Tmmm kmm- - ATRGRGCCAGTCTC
bk kg kb trkgprbwia A Tatkwe * L] wh xexw L]
PAEK] TT-ATACARLGEC TGRANT BTAAC AR ACCOCRCCOABAGTTTTTCC CAGEAC TERECAE
PARY1 TT-ATACARAGGC TGEAAT GTAAC AAAAGCCCACCGAGASTTTTTCC CACEACT TYCORG
PABLL AT-ACRGCCAGAC TAGAATETAAC -~ ARGCOCACCARGAG-TTTGCC TACGCCTETCCTE
PABL2 CTTATACAGAGGC TGEAATCTAAC ARG OCACCAAGASTITTEEC TACEC CTETCCTG
PAEL3 CTCATACARLGCCTCUANDCTAAC AL AACCCD ACCAACANT TTTACC CALSC O T DT OTE

PARLEpZ  CTCATACGTAGGCTGGAATGCRACAAMRTCCCACCAATAGTITTECC TASTCOTITOME

b odhyhs  hkAhr ok v PR M AR R a R A kA A kdd gk p N TR NAa KA RMp g ¥

FAEX] GECC TTAARSCATEACAAAATAAT GARATCAAT TCETARC AGCACCCATTIAGGATT-RAA
PAEYL SR TTARRGCAT A AANTAAT CAA TCANT TC T TARCAGCACCC AT M AG GATT- A A
PAEL1 GECC TTGARSCATGACAAGATTACCAA GEART ICTTARCAGCACCCETTIAGGATTARNY
PABLZ GBCC TTGARSCATGACANAATAAC ARA AGRRT TCTTARCAGAATC TATTIAGGATTARAC
FABL2 GECT TTE=-AGCATAACAAGATBAT GARGGAAT TCTTAACAGGACC COTTTAGGATTARAC

PAELEpRZ GICC TTGERASCATGACAAGAT AACCARGGAATTC TTAACAG CACCCCTTIACAATTARAT

ANk hd Bh b b bdd ddah srd hdbwdhwm Ak kA ok hs hd Ak hhh dA

PABX1 CAM TT I TACTGCEGETCTACACAAAS 1L -CCAEEUCTCCACAAAC RACT TTAT TOEEE
PABY1 ARG TTTTACTGEEGGTC TGCAGAAAL TCC-CCACECCTCCACRAAC BACT T TAT IGEEE
PAELL CARGTTTATTEGEGEGGTCTEAASAAAC TCC ~CCAGGLCCTTCACRARC AACTTTAT IGARE
FADLZ AAGT TTTACTGEGEGT TE L GARGARAS TGC-GCABTCCTRCACABAL BACT I T AL = G566
PARL3 RAGT T AT TEEERGETCTGAAGARACTCCTCTAAGCCTCCACAAAC RRCT I TAT TGGEE
PABLER2?  RIGTTTTAITESEEG-COTGRAGGACCTCO-CoAGAT TECCACAACCAACCTTTACTEEE

- LLE] EER 2 thk kdehrAdtd Aata "uaokii‘ﬂilktaipitl + FEN
FABXL CITT GAAGGAAL TUTECABAULECC GUA LT T AGCAGGAGA CARCATGACCETAATCRCC
PABY1 CTTTGRAGGARCTC TECAAACCTCCTGEATTTACCAGGAGALARCAT GREGGTARTCAGT
PABLL GPCT-TCTGAA-——-G-GAR-CTCC-ATAT I TAGCAGGAGACARGAT AR CEGTRATCRCT
PREL2 GICT GARAGAACTCCCCARACCTCCATGATTTAGCAGOAGR CAAGAT AACGETARTCRGS
PABLI GTCT GAAGGAACTCC COAMCE FCCATEATTT AGCAGGAGRCARGATARGEGTAATCACT

PAELEpY GRCTARARGGAACTCCCCARACCTCCATGATT TAGCTAGGAGACAAGATARCEGTARTCTUT
Bk wa WhMaas  nphkakERk LA REARF L ER AR RAARR Ak AAbdkddhdak

PAEX] COGECACCTEGACCCA-TTAGAT TAAGTCAAT T TAL TGAGGCTCC TGAGCAAGATCCTCA
PADY] GG O T GRCCCA-T TAGA T T AAG TC AR T TTAC TGAGE L TLC TG AGEATGATEC TR
EAELL CCAGCACCPECACCCAT T TAGATTAAGTARAT T TACTGAAGCTC TAG ARCARAGC CTTCA
PAELE CLAGCRCCTEGACCCAGC TAGATTTACTCAATTTACTBAGECTAC AAAGCARGETCTICA
PAEL3 CUAGCACCTGGRCCCAT Y TAGT T TAAA TARRT T TAC TEAGECTACAGAGCAAGATCTTCA

BABLED2 AreE TGOS GACCCA I TTAGAT T AAGTARATT TAC TCAGE ST CEAGAGEAAGGTC TTCA

#p A b EFNEREANN Rk rhaTak AEENTEWF LN RNR 3 s ARI G b4 hkk

PAEX]1 GEAC TCAGACCTTAGT TATAGATTAAAACARGT TARTCACT IAT G TC P I IAGATARAT—
PAEY1 GEAC TCAGRCCTTAGT TATAGAT TAARAGAAGT TAATCATT IATE TCGTIACATARATG G
PAEL] GRS TCACATCTTAGTCACAGAT T AGARS ARG TIARTGACT TRTG TE TTTAGATCAATEC
PABL2 GERC TCAGRCCTCAGTTATARATTACRAGRAGTTAATCACT TATOTC PRTASATLAT T6r
PARLI GEAC TGACATCTTAGT TACAGAT TECAAGRAGT TARTCE CT AL GTC ~~TAGATGRATAC

PABLSp2 REAC TCAGATCTTAGT TATAGAT T=-=AGAAGTI TRAA TCACT TATE TCTPIAGATGARTGC

aRAMHaA b kkakdha b hdkad T S AFANEAFRAN AR AR TR G REAAE N4y

. éﬁj!u‘-insmi ch mite
PARX] GLACACBCATATCTCCACATAGCT TG AAGGTATA, GCTLTLEEAAARC-=-TATAATTT
BABYL GoRCTTACACAT AGACETATAGC FCAGARGETATATAAGCTC TATAR ALCT TTATCATTT
PaBLl ACRCTIACAL ST AGACATATASCETAGARSET ATATTOCCTL IO GARAACT T TETAAYTT
FABLZ ACKRCTTACACATAGACATATAGCT TRGARGETETALARGCTC TG GARARCT TTGTAATTT
FATL2 ACTCTTACA LS TAGACAMATAGCT TAGARA SO ATATGAGCTL TG GAAARCT TTATAATT T

PABLERZ  ACRCTTACATGTAGACATATAGCTTASARGSTTATATARGCTCTG CAARACT TTETARTTT

TAR A EEE W saWe ARRA ARG R B RN R AR AR Aky FAhkAead FakAkh

EARKL TEAETTAGT CTEETGATA==ATTT CLAGGUCTTC TCCETCTAACAGE TT CCAGAARTARA
PADWL TARGTIGET LTS T AM T AT TATCTACATSC ST TC TS Y G T RACCAL TE GTAGARAT ARA
PABLL TChGTTGGT CTGE-CA-ARART TTCCAGECCTTCTOTCTETACC TAC TTATATARATAR R
BABLZ TEAGTIGGT CTGGTGATA==TTTTCCAGRCCTICTOCCTAT ACCOGE TT ACAGRAATARR
EARL3 TGRGTTEET CTEGCAATA- =T TTICCAGATC R TCTECCT GTGCC CAG TTACAGARAT A

FABLERZ TERETTEET CTGETEGATA-~T TTCCOCAGTCTTC TTCC TAT ACC DG G TT AGAGARAT--4

MM AmmARLAAL  Bael Aamntn LT LI T W omemE W

FABK1 AACTCTCTTOCT COCCAGTTCATC GO T T TCAT TAT TEGE-CTLTEAG AR FAGL AR CCS - ALY T E6G T C OGO AACASARIGTTRAATATT

BABY1 AACTCTCT TOCT TCTCAGTTCATE TGCATCTCATTAT TGEACCACAR A MM A TAGCRAGCC TGACCCTCARTTTGLTCA GEARAGACAAGCRCA

FARLL ARG TCTICTT TCTCART TCATS TCCATCTCCT TAT TEGGCCATSAAL ARA - RGCAGCCOGAT TCI CC TACC TUAGCCTCCCARGTASCTGG

PARLZ AACTTTCTTOCT COCCRET TCATE TCCATCTT G T TAATESG-CTECCAS B A TAGC AL GO AR CCOTCAGITAGS TC T GGERACACTACCICE

FABLY ARCTCCCTTCTE TCCCRGT TCACS TGCATCTTGTCATTGSG-CTAAGAG AR TAAGCALEC TEACCCITS T TTESTCCAGRRACRAGGATICA

PABLERZ AALTCRETTCT TTCCCAGTTCATE TTCAT C.'.I?CG‘ITRTTGGG-CCACMTATGCRG"CTGACCCI‘TGGTTTG.;TCCGBG.RAQMTTCC_'\CT
FANE aakdk o4 * kddhddhakusanteh B kadddd 3 i akkkamn * wae . .

Figure 1. Comparison of genomic sequences of PABXY1 and PABLs. Multiple alignment of nucleotide sequences was performed v_vith the_ MALIGN_ program. A
Alusequence present in PABY1 was omitted in the alignment. Identical nucleotides are marked with asterisks, and positions where five of six nuclgotldes are ide
are marked with dots. PABXY1 sequences upstream &t site were supplied by Dr Nathan A. Ellis. Arrows show termini of the proposed core unit of PABLs.



26 Human Molecular Genetics, 1996, \ol. 5, No. 1

PABX1 ] ey apecific
PAR Ty — W'i'ﬂ“ B2 mhrilar

PABY1 Sex-spacific

PABLY

PrREL? [

PABLA

I L e

........ s TITEE
Axdire
.......................... —_— THINE Teeaead bl | ———
e POIT33 | I

S
= e o
Corne sequenca of FABLs

Figure 2. Genomic structure of PABXY1 and PABLs. For both PABXY1 and PABLS, regions before and aferittsertion site are marked separately. The core

unit of PABL (550 nt) is present in all sequences, and their flanking sequences are divergent. In the case of PABRatik ten3titutes the sex specific region.

EST sequences showing evident similarity with PABLs are shown by horizontal lines: GenBank loci HSAAAAWAH (accession no. Z219872), hbc671 (T1110:
HSGS04158 (D25790), and GenBank loci and accession nos. R07404, R12279, T99392, T47905, T92306, R38816, and R43643.

correspond to many transcripts hybridized with PABL sequenceggions, is the strict limit for high-frequency recombination in
and their length being long was consistent with the finding that ti#\R 1 and thus the exact boundary of PARY). The pasion of

PABL cDNAs were longer than the PABL size. For detection ofhe boundary in Old World monkeys and hominoids was
a single transcript corresponding to a unique cDNA, a Sp2 cDNévactically the same. This shows that the limit of PAR1
fragment deprived of its PABL core was used as the hybridizatisscombination was at thdu-insertion site before divergence of
probe, and in this case a single sharp band of 7.5 kb was detediteshges of Old World monkeys and great apes, and th&tian
(Fig. 4C). element was inserted into the preexisting boundary of the Y
chromosome in the great ape lineage. As did &lidd, this site

is called the Alu-insertion site’ in this paper whether or not the
Alu element is present; the high- and reduced-homology regions

Obligatory pairing and crossover in the PAR ensure accura®€ thus called thalu-upstream andlu-downstream regions,
segregation of the sex chromosomes during male meiosis. AgsPectively. Downstream of tA&-downstream region, there is
unusually high rate of homologous recombination in PARTIO Similarity between X and Y sequences, which are called the
(20-fold the genome average) seems to arise from a mechani&@¥-specific regions in Figure 2. _ _

that promotes obligatory physical association and the successivéequences around th&lu-insertion site being the exact
crossover between the sex chromosomes. The strict limit #ferface that divides sex chromosomes into two functionally
terminate the high frequency recombination in PAR1 is th@istinct regions are known to be strictly conserved in species of
pseudoautosomal boundary 1 (PAB1) Amelement is situated hominoids and Old World monkey20). At the insetfon site

in PAB1 of the human Y chromosome, PABY1, but not in PABXthere is a 10 nt sequence strictly conserved even among PABLSs,
(19). Hiis et al.defined first the\lu element as the strict boundary although theAlu element is absent (see Fig. 1). Strict sequence
of PARL. A later study of the boundaries of PAR1 in Old WorlcFonservation around thi8lu-insertion site, as well as strict
monkeys, however, found #du repeats on the PABY1 (20). In conservation of the'band 3-termini, during evolution may be
spite of the lack of theAlu element, they proposed the related to possible functions of PABXY1 and PABLs. In our
Alu-insertion site itself as the strict boundary of PAR1 for thégrevious paper, we reported a rather unexpected finding that the
following reasons. In pair-wise comparisons of the X and ‘sequence similarity of tflu-downstream portion of PABX1 or
boundary sequences within each species of several hominoRsBY1 with the PABL2 (82.2 or 80.5% nucleotide identity) is
and Old World monkeys, they found sequences about 220 nt lohigher than that between PABX1 and PABY1 (77.8% identity)
downstream of thaluinsertion site to be more divergent betweerand the similarity among PABX1, PABY1, and PABLL is
sex chromosomes than the sequences d#fithepstream region equivalent (13). For clarifing evolutionary processes that
(7r8% vs.[P7% nucleotide identity; see Fig. 2 for humanformed the present PABXY1 and PABLs and investigating
PABXY1), whether or not thélu element was present. By functional constraints on the sequences, phylogenetic relation-
extensive analysis of the nucleotide substitution patterns, thelips and evolutionary rates were examined for all available
concluded that thAlu-insertion site, which corresponds to thePABLS. The reported PABXY1 sequences of great apes and Old
abrupt transition between the high- and reduced homologiforld monkeys(20) were intuded for estimation of the

Phylogenetic relationships among PABLs and PABXY1



A 5.edge of cDNA PABLs

PADLL

TTIGCCT TACT TG ECAG=GGUAG G==T==CT == ~-C~G3CT-RAC-~ GCAGGCCTCCATA
RERAGTCGRACTETCEUAGGGCCAGGTCTCACTRACACAG-GCCCCCACANCACCTGTTTE
TAGGTOATCCTETE GOAS- CCCAGGTCICACT-A~ACAGC TG RACAGGCAGECCTOCATS
ATCATGTRCCTGTGEGCA-GECCAGGTT TCACTAA TGCAG-GCCTCCATCACARAL TGTTTC
GEARTGTTTCCAGE GCA~CACCAG GACTCACTCACGCAG-CCCTCOGCGACARC TG-TTE
AGTCAGARGET BTG SCAL-GCCAE GTCTC AL T-A-ACAGCTGRACRGGCAGELE TCCATE
GEACTCEEGTTETGECAGGCLCAGBTETCACTAACGLAG-GCCTCCATEACATC TGTTTC

ARREERE G aWEEX N AN 4 KaR * * * -

ACARCTGITICAGCACTGA-CT-GAGTAGTTAAGTTARA TG TTGARAG- CTEAT -AGAGT
ACTATTGACTGAGT-G: GTTARAT A=T F=-=ARARGCCAGTGCTGTEATACA
GCARCPGTTICAG--C--A-CT-GAGTAGTTAAC TTT AATACRECCACT GTCCT CATACS
AGTACTGACCCAGTGGTTACGT TAAATAT TAAMAACT ARARARGTC AGTGCCETTATACA
RGCACTGACTGAG-GGTGAAGTGAARTCUTGARAGCT -~GAGRGUCAGC BCCLT CRCACG

. RaNR e W T N T - L I L ) * k ke

CAGGCTAGALTGTAAC--AAGCCCACCARGAG-TTT-6-CC TAGECCTT TCC TR GGCCTT
AAGGCTGEAATGTAACAAARCSCCCACCCAGAGTT TT~~TCUCRGGACTT TCCAGRGCCTT
TACGCTGEAATGCARCARAATCCCACCAATAGT T TT-G-CC TRGTCC TT TCT THEGCCTT
AAGGCTGOGRTE-AACAARAGCCTATCARGAGT T TT--GOCTAGGCTITCCC TG GGCCTT
AGGECTRCGACETARCARRRGCCCATCAAGACT T TTASCCOCAGGECTT ICT TG GGCCTT

akRHHah kak dhkpsbbokked Matatwatdh Rk kg pdke® S ANRNRAR

GAAGCATGACARGATTACGARCGAATTCT TAACAGCACCOGTTTAGSAT TAAARCAAGTT
AAAGCATGACAAAATARTGAAT GAATTCT TAACAGGACCCATTTAGGAT TARACARGTTT
GEAGUATGACAAGATANI GRRGGAATTCT TARACAGGACCCCTTTACART T-ARATATSTT
AARGCATGACAGRATARTGRAGCART TCTTARCAGGACCCATTC AGEAT TRAAC ARST I
GARGCATGAC===—= Rt oy R e h~—C———HCRGGMCCGTTTMGRTI‘J\MC}\AGTTT

skkbdbkdhhka aa p hek RekeskanrrkIhhRARE Fhakanhbhokr

TATTGEGEGETCTGARGARACTCCCCAGECCTICACRARCRAG-TTTAT TG- G5 6-0T--
TACTG-GGGETCTECAGALACTCCOCAGGCCTCCACRARCARA G- TTTAT TGEGGLTTIGA
TTATTRGEGGCCTCARGEACC TCLCCAGAC TRCCACARGCARGC TTTAC TG-GE BAC TAA
TACTETGEGTIGTGAAGRAACTCT CCACCCCT CY ACARACAAC-TTTAT TGAAGETCTAR
TACTG-GEGETCTGAAAALACTCOCCAGGOCTCOACAARCAAG- —~~ =~ TG~ ~G~——AGA

ha he kAdsartieFiawaRmHALKNRRNa N e naNEE R EAdh wesn AR B .

——CITCTGARCCAR-CTCCAT-ATTTAGCAGCAGACARGATARGGETARTCACTOCAGCA
AGGAACTCTGCARACCTCCTCGAT TTAGCAGGAGACAACATEAGBGTARTCACCDCEGCA
AGGRACTCCCCAARCCTCCATGRT TTAGTACCAGACRACATARGGCTALTCTICTGTGGTE
AGGAACTCCTCARACTTICAGTGAT TTAGCAGAAGACAAGATANG GETARTCACT CCAGCA
AGGARCTCCCCARACCTCCATGAT TTAGGACAARACARGATARG GG T —A——A~—~=GLA

HanaeFha  BaRP RNy rARERRR A KA KRNI AR N AT e Ry LT

CCTGRACCCATT-TAGATT ARG TAART T TACTGAAGC TCTAGRG BRAAG UCT TCAGGATT
COTGEACCCA-T-TAGATTAAGTCART TTACT GAGGC TCETE AL GRAGA TCO TCAGSALT
CCTGRACCCATT-TAGATTARGTARATITACT CAGGCTCCAGAG CRAGE TCT TCAAGRCT
CCTGRACCOATT-TAGATTARGTARAT I TACT GAGH U TUCAGAGGAAGE TCTTCAGGACT
TCTGEECCCRTTCTAGATC BAGTARA T TTAC T GRGTU T TCAGAG GRAGE TCTTCAGEAL

L A L L R L I e T I LT )

CACATCTTACTCACAGAT TAGARGAAGTTARTGRCTTATETCTT
CRGACCTTARTTATAGATTAAAAGAAGTTART CACTTATGTCTT
CACATCTTAGTTATAGATT-——AGAAGTTALT CACT TATGTCTT
CAGRCCTTAGTTRTAGATTARAAGAAGTTART CRCTTATETCTT
CARRCCTCARTTAGAGATCAGARGART TCART CRCGTACCTCTT

hE ko kkawkdan ANNNas shAERakahddydbaru bhena

ATTTAGCAGGAGACRRGATARGESTARTCA-CTCCAGCACCTGOACCCATITAGA-TTAN
AT TTACCAGGAGACARCAT GAGGE AT~ CACCCCRE CACCTERACCLUA-TTACA-TTAA
ATTTAGTAGGAGAC ARGAT ARGGGTARTC-TCTETEG TGCCTABRICATTTAGA-T TAN
ATTTAGCAGGAGACARGATGAGGETAR TCALCCOCEE CACCTGEACCCATI TAGA-TTAR

RJ-‘CCGCRG@\CRCMGGTCHGGGJMT P{GCCCC.RGCRCCTGGRCTCRTTTBB!TTTM
L PE T S wr haskhRirbbahdedNkEh WAKR

ETRAMNTTTACTEARGCTCTAGAGEARAGCCITCAGGACTCACAT EPTAGTCRCAGATTAG
GICART T TACTEAC COTCOTOAGRAAGATCCTCAGEACTCAGACETTAGTTATAGATTAA
GIAAATTTACTCAGGCTCORCAGGARCGTCTTCAAGACTCATAT T TAGTTATACAT T~
GTACATTTACTGAGACTCCRCA TCTTCAGGACTCASACCTTAGTTATAGATTAG
GTAAATGTACTGAGCCT CORGAGAAMGGTCTCCANGACT TAGAC TAGRG TTACAGATTAR

LR R R T e e A L T LT T T T

AAGARGT TAATGACTTATG TC-TT TAGATGAL TGCACACTTACACGTAGACATATAGCTT
ARGAACTTAATCACTTATG TS~ TTTAGATAAR TECAC AL - - ACATATEFOCACATAGCTT
—AGARGITARTCACTTATE TS -TTTAGATGAR TGCACACTTACATGTAGACATATAGCTT
ARCARGTTAATCACTTATG TCT T T TAGACARAT GCACRCTTACACATRGATETATAGCT T
AACARCTTARTCACTTATAT - T TTAGATAARTGCACAC TAACACGTAGACATACATCTT

TRENELNURAA L RARRAL 2 bhdhtds FERFAAANNCE RKY  ManmsapazuRobds

AGRACETATATTGE CTC TGGAARAC I TTGTART T TTCAGTTGATCTGGCAARDATTTCCA
GEAREGTATATAAGCTC TGGAAAA-C-TATART T TTGAG TTAGTC TGS TRATARTTTCCA
AGARGTTATATAAGCTCTGCAARACTITETAAT TTTGRGTIGGTCTCETGATATTTCOCLS
AGAGET TATATAAGCTC TGCARARETTI TG TAR TT TAGAC TTEGTCTSGTGATACTTTCNS
AGMRAANTATATARGCTCT AARCCT TG TART T TACRG T TEGTCTAGARATATTITCTS
EXT s hhkEhkApewdbddd AR NFamstakkhdhd LS A TS TS LT BN T RN N Y

GEOCTTCTCTCTGTACC TACT TATATAANT-AAARACTGTCTTC TTTCTCAGTTCATETG
GECCTTCTCCCTGTARCAGGT THCAGRRAT-AAMRACTE TCTTOCTCCLCABTTCATCG G
AECCTTCTTCCTATACCCGEI TACAGAANT-——ARACTCTETTCTTTCCCAGTTCATCTT
AGCCTTCTCCCTATACCCARTTACAGRAGT === ARACTC TCT T TTITCL CAGT TAGTCIG
GGCCTNTCTCTGTMCCGGITCCBGAMTMM TCTCTTCCTCCCCAGTTTATCTE

PRI I3 4] AR ma MR a Rk dwAwEa e RRs & RekhhhE sEmap

CATCTOETTATIGG GCCRE GANGRARRGCAGCCCOATTS TOL TACCT CAGCC TCOCAAGTAGCTES
TETTTCATTATTGEGECY ST GAGAR TAGCARCCCRGTTE CAT COGRG R ACAGARGEE T TGGTGTTA
CATCTORTTATT GEGCCACARRRA TATCC AGCCTGACCE TTGGTTTGGTCGMCMTTCCACTA
CATCTTGCTAT T GEGUCACAGCARTARGCATCTCEACCCTCT CTTTSGT T AAGTTTCGCT
CATCTCETTATTEEGCOGT CAGARATRGCAGCCAGRCCS TRAGT TTGG T LI COGARCACACTGCCT
CI\TC'i‘CGTTJ\CTGGGCCTCMGMI\TI\GCNGCCCMCCTTCAGTTTGR.CCTGGGWCGTG

saTaR L RE R RN A aE awAE M

3'-edge of cDNA PABLs
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Figure 4.Northern blot analysis of human total or polyNA. (A) Total RNA

was extracted from GM01416D cells by the AGPC method (39). Twenty-five
ug of the total RNA was electrophoresed on a 1% agarose gel in a buffer
containing 6% formaldehyde, 20 mM MOPS (pH 7.0), 1 MM EDTA, and 5 mM
sodium acetate, and then transferred to a Hybdnohémbrane. The probe
used for hybridization was a 598 nt PCR fragment of PABL1. Hybridization
was done in solution containing®SPE, 1& Denhardt’s solution, 100y/mi

freshly denatured salmon sperm DNA, and 2% SDS. The final washing was
done at 60C in 0.1x SSC containing 0.1% SDS for 15 miB) Two pg of
polyA* RNA fractions derived from different tissues (lane 1, spleen; lane 2,
thymus; lane 3, prostate gland; lane 4, testis; lane 5, ovary; lane 6, small
intestine; lane 7, colon; lane 8, peripheral blood leukocytes) were tested. The
RNAs were obtained from Clontech (Palo Alto, CA), and the probe was the
PABL1 segment described abow€) The polyA RNA filter in (B) was used

after removal of the PABL1 probe. The probe used for this hybridization was
a unique 800 nt fragment of Sp2 cDNA deprived of the PABL sequence.

evolutionary rates. Divergence between great apes and Old World
monkeys is postulated to have occurred 25 million years ago.
Because of the PAR characteristic, PABX1 and PABY1
sequences upstream of tAdu-insertion site are practically
identical within a single species. For avoidance of complications
arising from this peculiar characteristic, individual PABXY1 and
PABLs were divided into two regions and unrooted phylogenetic
trees were separately constructed by the neighbor-joining method
(Fig. 5). Trees obtained from evolutionary distances on the basis
of one- and two-parameter methods were identical in their
branching patterns or topologies, and branch lengths were nearly
the same.

The downstream portion, and thus the reduced-homology
portion for sex chromosomes, was analyzed first. PABX1 and
PABY1 of all species examined were separated into two distinct

Figure 3.(A) Comparison of the'§egion of PABLs of cDNA clones with that

of PABL1 and PABX1. Positions of identical nucleotides are marked with
asterisks, and positions where four of five nucleotides are identical are marked
with dots. Arrow shows thé-&dge of the proposed core unit of PABLs. Near
the B-edge, two EST sequences, T92306 and R12279, were added to the
alignment. The multiple alignment analyzing only cDNA and EST sequences
showed the 'Sterminus of similarity to be practically identical to that for the
genomic PABLs.B) Comparison of the'3egion of PABLs of cDNA clones

with that of PABL1 and PABX1. Near the@lge, one EST, T47905, was added

to the alignment. The multiple alignment analyzing only cDNA and EST
sequences showed that théeBminus of similarity approximately corresponds

to that for the genomic PABLs. One edge of cDNAs and ESTs were often within
the PABL core. This may be due to the stable secondary structure predicted for
PABLs which presumably inhibits cDNA extension by reverse transcriptase:
the most stable secondary structure for PABLs was calculated with the
GCGFOLD program managed by the University of Wisconsin Genetics
Computer Group (UWGCG), and energy levels found for individual PABLs
were equivalent to or lower than those of RNAs known to form stable secondary
structures such as mitochondrial rRNAs and 7SL RNA (data not shown).
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A groups and the topology within each group reflects the known
PABL3 phylogenetic relationships of the species (Fig. 5A). The diver-
I PABL gence between PABX1 and PABY1 sequences was similar in
extent to the divergence of PABX1 (or PABY1) from PABLs.
This is consistent with our previous finding obtained analyzing
PABL1 and 2, as well as with the suggestion of Ellial (20)
that genetic contact resulting in sequence homogenization
between sex chromosomes did not occur ithalownstream
portion after the divergence of great ape and Old World monkey
lineages and the strict limit of PAR1 recombination was at the
Alu-insertion site in the ancestral species of all extant higher
primates. From the evolutionary distance between human
PABX1 and Old World monkey PABX1, as well as that for
PABY1, the divergence times of PABXY1 and thus of PABLs
was estimated to be 60-120 million years. This estimate is
consistent with the finding that PABLS are present in the bovine

0.0 substiutonsite genome (13). Based on the divergence tinmuéionary rates of
5 ot Alr_inserion site individual PABLs were estimated (Table 1).
Table 1.Evolutionary rates of PABLs and PABXY1
Rates
B Spa Upstream Downstream
PABLE PABL1 1.2+£0.4 1.5+0.5
PABL2 0.6+ 0.2 0.4+ 0.1
Sp2
PABL PABL3 0.7+ 0.3 1.3+ 0.4
PABL3 Sp2 0.9+ 0.3 0.8+ 0.3
— Chiy Sp3 0.1+ 0.05 15£05
PABY1
Gory PABX1 0.9+0.3 1.0+ 0.4
PABXI PABY1 0.9+03 1505
Chi X
] Gor X All rates are in units of I8 substitutions per site per year. Divergence time of
Ora ¥ PABLs is assumed to be 60-120 million years.
Cra X
Gue X We then analyzed the upstream portion oRtlieénsertion site
Bar’Y (Fig. 5B). As expected from the PAR characteristic, PABX1 and
Gel ¥ PABY1 do not separate into two groups. Evolutionary distances
BarX of several PABLs such as PABL2, PABL3, and PABLSp3 (PABL
0,02 substiutionsi Gl X portion of Sp3 sequence) differ significantly between the
0% SubsTlone upstream and downstream portions of&heinsertion site (Fig.
Upstream of the Afu-insertion site 5A vs. B). This difference suggests that &ig-insertion site

corresponds to recombinational and/or functional interface

within a PABL as observed for PABXY1 although thA&i

element itself is absent. Evolutionary rates for the upstream
Figure 5. Phylogenetic trees of PABXY1 and PABL sequences, based on theportion estimated from the PABL divergence time obtained for
downstreamX) and upstreanB) portions to thélu-insertion site. Treeswere  the downstream por‘tion are also listed in Table 1. The evolution-

constructed for PABXY1 of four hominoids and three Old World monkeys and :
five human PABLSs by the neighbor-joining method. Mainly because of limited ary rates of some PABLs were estimated to be far smaller than 1

availability of PABXY1 sequences of great apes and Old World monkeys, the® 10_.9 substitutions per site per year (e.g.X01D" gSUbSt'tunonS_
portions analyzed (151 nt for downstream and 177 nt for upstream) were short§ler site per year for thidu-upstream portion of PABLSp3). This
than those of the PABL core. Abbreviations for the species are as foliomvs: finding indicates that the sequences evolved more slowly than
?api_‘ﬁns(*gm)a”; Hum)Pan ”°g'ggyteficthimpg‘z‘;$?hChi)%?””a gori'l'a . ypical noncoding regions, since the averages of evolutionary
gorilla; Gor), Pongo pygmaeugorangutan; Ora)Theropithecus gelada . . -
(gelada baboon: Gelylacaca sylvanuébarbary macaque; Bar), a6ércopi- rates for mammalian _pseudogenes andglntrons of trangscrlbed
thecus cephugnoustached guenon; Gue). The root of trees was predicted byd€nes have been estimated to be>4 B0~ and 3.7x 10~

the UPGMA method (40). Branch lengths were proportional to the estimatedsubstitutions per site per year, respecti@B). These rests
number of nucleotide substitutions. Evolutionary distances (number 0fsuggest that PABLs and PABXY1 have been under selective
nucleotide substitutions) were estimated by Kimura’s two parameter metho ; ;

(41), and these distances were used to construct neighbor-joining treei%onsnamts an.d. presumably. have f_unctlons. We also analyzed a
Bootstrap probabilities, based on 1000 resamplings, were calculated for ea 00 nt X'S_F?eP'f'C_ Sequenf{e immediately downs;ream Qf F?ABX]-
internal branch of neighbor-joining trees with the NJBOOT2 program (kindly (SeX-specific in Fig. 2), which has been reported in hominoids and

provided by Dr K. Tamura, Tokyo Metropolitan University). Old World monkey¢20). Pairwise-comparison of the sequence



Human Molecular Genetics, 1996, Vol. 5, No. 129

between species and the same comparisons fahtupstream DISCUSSION
or -downstream PABX1 sequence were conducted for estimation ) . ) )
of the nucleotide divergence in the regions. In most casdoundaries of long-range GC% mosaic domains

nucleotide divergence in the PABX1 sequences was lower tha  standard 850 band level, the human MHC harboring PABLL
that of the X-specific sequence, presenting evidence for evak,, 5 \yide R band, 6p21.3, which has been assigned to a T-type
utionary and functionary constraints on the PABX1 sequenge band (T bands); T bands are an evidently heat-stable subgroup
(Table 2). of R bands and mainly composed of GC-rich sequences. By
high-resolution banding, a thin G positive subband, 6p21.32, was
Table 2.Percentage of divergence in pairwise comparison of sequences ~ found within the MHC(23). On the basis of detailed base
wthin or around pseudoautosomal boundary 1 of X chromosome composition analysis, Fukagawh al (13) predicted that the
genome portion harboring the evidently AT-rich 200 kb around
the junction between classes Il and Il constitutes a portion of the

PABL sequence Sex-specific . L. o ] .
thin G positive subband. PABL1 was within the AT-rich domain
Upstream Downstream but close to the domain edge, suggesting PABL1 is located near
of Aluinsertion  ofAlu insertion a chromosome band boundary. Considering the wide range of
HumX/ChiX 15 1.2 1.0 functional behaviors of chromosome bands and GC% mosaic
HUMX/GorX 1.0 0.6 21 domains, their boundaries are most probably composed of
_ multiple signals and structures related with multiple functions.
Chix/GorX 0.5 0.6 1.7 Near the GC% mosaic boundary in the MHC the following
HumX/OraX 41 12 5.5 characteristic structures have been found: on the GC-rich side a
ChiX/Orax 46 1.2 51 dense 20 kiAlu cluster and on the GC-poor side a dense 30 kb
Gorx/Orax a1 06 6.2 LINE-I cluster and PABL1 (13). If these characteristics auad
' ' ’ for other boundaries, it will add to our comprehensive under-
HumX/BarX 10.7 8.1 11.6 standing of both DNA sequences and chromosome structures. We
HumX/GelX 9.6 6.9 10.8 focus here on GC% distribution and band structures around
PABXY1. PAR1 has been assigned to an R band (Xp22.33 and
HumX/GueX 1.2 94 14.2 Yp11.32), and judging from the high density of CpG islands a
Chix/BarX 10.2 8.1 112 major portion of 2.6 Mb of PAR1 is thought GC-ri@v). The
ChiX/GelX 9.1 6.9 10.5 boundaries with the neighboring G-positive subbands, Xp22.32
. and Ypl1.31, appear rather close to PABXY1Z,24) Fig. 6).
Chix/Guex 96 94 139 PABXY1 and their neighboring sex-specific sequences, includ-
GorX/BarX 10.7 75 122 ing SRY, RPSA4Y, and ZFY located downstream of PABY1, are
GorX/GelX 9.6 6.2 11.5 AT-rich (20). We therefore pveusly predicted that PABXY1 is
Gorx/Guex 102 8.8 145 near a boundary of the long-range GC% mosaic domains and of
chromosome bands in the sex chromosomes (13). &eentty,
Orax/BarX 96 81 108 analyzing a contiguous 41 kb sequence harboring PABY1 (22.5
Orax/GelX 8.6 6.9 10.6 kb of PARY1 and 18.5 kb of Y-specific sequence), Whitfedld
Orax/Guex 10.2 0.4 128 al. (25) showed that the PARY1 and Y-specifictipms differ
dramatically in GC%. It thus becomes clear that not only PABL1
Barx/GelX 2.0 4.4 38 in the MHC but also PABY1 are located in the GC% mosaic
BarX/GueX 4.6 6.2 5.1 boundaries and therefore genome characteristics in regions
GelX/GueX 3.6 56 5.8 harboring these elements are similar.

To further study genome features of regions with PABLs, we
recently characterized a 3 Mb portion harboring PABL2 by
analyzing YAC and cosmid clones in the respective regions. The
3 Mb region was found to be composed of long-range GC%

More than ten PABL sequences (genomic PABLs, PABXY1mosaic domains and PABL2 was in the domain boundary region
and transcribed PABLS) have been studied, and their sequengas unpublished data). Therefore, genome characteristics around
are about 80% identical or more. This high similarity allowedPABL2 are also analogous to those around PABL1 and PABY1.
deduction of a consensus sequence of 646 nt which we deposked identification of chromosome locations of other PABLS, we
with GenBank/EMBL/DDBJ (accession no. D63517); a uniquesed a standard fluoresceneesitu hybridization (FISH) onto
base could be assigned to 626 nucleotide positions in the 646mataphase chromosomes. Most of the ten PABLs mapped already
PABL core. Tree topology in Figure 5 indicates the consensugere on T-type and/or terminal R bands in which there are internal
sequence is most likely related to their ancestor sequence. Wimanrow G subbands (our unpublished data). Characteristics of the
the consensus sequence was aligned with PABLSp3, divergemgemome portions harboring PABLS appear again to resemble each
found for the Alu downstream portion (11.9% nucleotide other.
difference) was higher than that for the upstream portion (5.7%
difference). This difference and results shown in Figure 5 anshssiple functions of PABLs and PABXY1
Table 1 support the model that tidu insertion site is a
recombinational and/or functional interface within a PABL a$-unctionally important molecules evolve more slowly than less
with PABXY1. important molecules (26). PABLs probably havieldgical

Abbreviations for species are listed in Figure 5 legend.
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Telomere Centromere here that intact size of PABL transcripts ranges from 5 to 10 kb

gt No. of GoG3 islands PAB1 - but the length of cDNA sequences obtained in this study is 2 kb
X . or less. Therefore we can not exclude the possibility that
Xp.2233 (R} Xp.22.32 (G) protein-coding regions are present in the unanalyzed portions.
20 Alternatively, these results may suggest that the functional form
Y oo I of the transcripts is RNA molecules. PABL1 and PABXY1 were
_ w & both found in experiments that searched for molecular structures
Yp11.32(R) g g’;ﬁg Yp11.31 (G) and signals differentiating global characteristics in the human

PAR1 genome. Large PABL transcripts may be necessary for recogni-
tion or differentiation of global genome characteristics. XIST
- - RNA which is 17 kb long has been thought important in such
GC AT determination and differentiation in the inactivated X chromo-
some (33).

Figure 6. Chromosome bands and long-range GC% mosaic structures around

the pseudoautosomal boundary of the short arms of the human sex chrom : ; : g
somes. Pseudoautosomal regions (PAR1) have been assigned to R bar%\éomtlonary processes in formation of sex chromosome PABs

(Xp22.33 and Yp11.32) and, judging from the high density of CpG islands, . .
major portion of PAR1 is thought to be GC-rich. The boundaries with th:hecently Elliset al. (31) poposed a model for the evolutionary

neighboring Giemsa-positive subbands, Xp22.32 and Yp11.31, appear rathé@rmation of the present-day pseudoautosomal boundary of the
close to PABXY1 and tentatively placed near PAB1 according to Mahall short arms, PABXY1. They hypothesized a pericentric inversion
(Rzéé RABxglzﬁgd et ”eighborlijng Sex-specific sequences, ineluding SR¥of the 'Y chromosome with one break point in ancestral XG and
PABYYL 0 be aagiun”d%"rv; o0 Iongrfar']ge e oervartions Sudgest Mthe other break point 5 kb distal to the ancestral SRY believed to
be on the earlier long arm (see legend of Fig. 7). Here we propose
a model in which the hypothesized inversion occurred by

functions because they are transcribable and their evolutionalggitimate recombination between the two PABL elements, one
rates were slower than nonfunctional regions. Concerning tiRABL in the ancestral XG and the other near the ancestral SRY;
functions of boundaries of chromosome bands and GC%-mos&igfore recombination, the two elements on the earlier Y
domains, the switching of DNA replication timing is an importanehromosome were ordinary PABLs (Fig. 7A). After recombina-
candidate (1,13). Multi-color FISH of interphase nuclg7),in  tion, the characteristics of a pseudoautosomal boundary was
which contiguoua phage and cosmid clones in the M[@,28)  acquired and the recombinant PABL became PABY11 (Fig. 7C).
were used as probes, showed that PABL1 is located in a switchindgllis et al (20) metioned two kinds of models for formation
region of DNA replication timing (Okumurt al, in prepara- Of a strict boundary of PAR. One is based on genome rearrange-
tion). Major portions of the methylated and transcriptionallyment such as insertion, deletion, inversion, and translocation; the
inactive X chromosome replicate very late in S phase, but PARI0del proposed above postulating illegitimate recombination
escaping from the X-inactivation is thought to replicate muchelongs to this category. The other model is based on the
earlier (29,30). Therefore, a switch in DN/plieation timing, at ~ following ‘attrition’ process, and our model is different from the
least in the inactivated X chromosome, presumably occurs neaitrition’ model. High-frequency recombination acts to maintain
PAB1. PABLs including PABXY1 may be related to possiblesequence similarity in the PAR between the sex chromosomes,
signals for DNA replication timing such as a pause signal for tHut this event is infrequent in sequences close to the PAB. The
replication. Considering that high frequency-recombination iattrition model predicts that when enough sex-specific differ-
PAR1 between sex chromosomes terminates abruptly at PABNCes accumulate immediately distal to the boundary, the
PABLs are expected to be involved in a certain process gfobability of recombination in the region with mismatches is
recombination. A model for evolutionary formation of the preseriéduced. Once recombination is limited, divergence between the
pseudoautosomal boundaries is proposed below by postulation®ofind Y chromosomes accumulates more rapidly until recom-
illegitimate recombination between two PABLSs. bination events no longer include the region of mismatches,
resulting in formation of a new strict boundary. In the attrition
model, the region of reduced homology in PABXY1 (i.e.,
downstream of thalu insertion site) is taken to correspond to the
PABX1 was found within an intron of PBDXgpudoautosomal portion derived from a single PABL after attrition occurred.
boundary dvided on the Xchromosome), which encodes thétXg Therefore, when based on this model, the most probable
antigen and was recently renamed {8G,32). When RT-PCR explanation for why the’ iomology terminus between PABX1
analyses were done on human total RNA from a B-cell lingnd PABY1 is almost identical to the termini among PABLs is a
primers designed for the present cDNAs reproducibly gave PGRong functional constraint that preserves thergninal posi-
products with the expected sizes under standard conditions (dtba during course of evolution. Furthermore, an extra mechanism
not shown). However, primers designed for the PABX1 regiomay act to put an evolutionally stable interface between the
showed only occasionally a faint band of the expected size undegions of high- and reduced-homology (i.e., Alheinsertion
the same or modified conditions. RNA molecules correspondirgite) during attrition. Our explanation for the reduced-homology
to the present cDNAs may be more abundant or have longarpposed in Figure 7 is different from this attrition process, and
life-span than the RNA of the XG intron. is based mainly on the finding that the diversity between PABX1
Significant ORFs were not found for the present cDNAand PABY1 is similar to the diversity of either PABX1 or PABY1
sequences, for either PABLs or their flanks. Computer searchiesm PABLs in the respective region (Fig. 5A). In this connection,
could assign no protein-coding capacity. It should also be notéds worthwhile to consider the sequence organization of the

Characteristics of PABL transcripts
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Figure 7.Model of the evolutionary formation of the PABY1, in a modification of the model proposed ket Elli81). As the molecular process in the pericentric
inversion hypothesized by them, an illegitimate recombination between two PABLs is posAlla@edofding to Elliet al, in early primates, PAB1 was somewhere
proximal to the present-day amelogenin gene on the X chromosome (AMGX). We suggest that, in the old Y chromosome, one PABL was within XG and another
5 kb distal to SRY.R) After the divergence of lineages to higher primates and prosimians, a new boundary is considered to have been formed by a pericentric inver
on the Y chromosome initiated by break points inside XG and 5 kb distal to SRY. As the molecular process of this inversion, we propose illegitimate recombina
between the two PABLs mentioned abo@®.An inverted Y chromosome with the present PABY1 was thus formed. Further evolutionary events such as pericentric
inversion transferring AMGY to its present location were described byeE#is(31).

boundary of PAR2, the pseudoautosomal regions of the long arMATERIALS AND METHODS
of the human sex chromosomes. At the breakpoint of the X-Y

sequence homology in PAR2, Kvaletyal (18) found a portion ~ Cloning and sequencing

of LINE-I sequence (about 780 nt), and they proposed that .
illegitimate recombination between two independent LINEs oft cosmid library constructed from the total human DNA of an
earlier X and Y chromosomes were involved in the formation gfLA homogeneous B cell line on vector pWE1S by Inekal.

the present PAR2 boundary, PABXY2. The similarity betweef?4) @nd &-EMBL3 library constructed from the human DNA
the reported LINE-1 sequences in PABX2 and PABY2 is 9298/ Peripheral blood cell¢35) were used. Six human cDNA
nucleotide identity. One explanation for this reduced homolodgr""”es cloned on vectargt10 orAgtll were obtained from
may be due to attrition derived from a single LINE-1 sequence/ontech (Palo Alto, CA): placenta-&iretch plus Xgt1l),

To test this possibility, we used 780 nt of the LINE-1 sequencéiacenta Xgtll), monocyte Xgt1l), B cell Rgtl0), spleen
of X and Y chromosomes in a search of GenBank sequenc gt10), and skin fibroblasf@t10). Cloning of PABLS, their

LINE-1 of the X chromosome had 98% identitv with LINE-1 Ofsubcloning into pUC118, sequencing, and database searches of
HSL1G and LINE-1 of the Y chromosome had 39136% identity witt?€NBank/EMBL/DDBJ, as well as of PIR and Swiss-Prot protein
LINE-1 of HSRETBLAS, indicating separate origins for thedatabases, were done as described previ(L&/g8).

LINE-1 sequences in PABX2 and PABY2. This finding is not

consistent with the attrition model postulating these two LINE-Sequence alignment and construction of phylogenetic trees
sequences with 92% identity have been derived from a single

LINE-1, but consistent with the model supposing the illegitimatélignments and calculations of sequence identity were done with the
recombination between two LINEs. Boundaries of both PAR1 arfdALIGN program available on DDBJ. For identification of the core
PAR?2 therefore were probably produced by analogous processsexjuence of PABLS, all pairs of sequences with PABLs or PABXY1
that is, by illegitimate recombination between repetitive elementazere first aligned, and multiple alignments of the similar portions
PABLs for PABXY1 and LINEs for PABXY2. Analogous thus found were done as described by K&6). Phylogenetic trees
processes may have been involved in forming the present-dagre constructed by using the neighbor-joining met{®ad.
human genome, which is composed of GC% mosaic structure€volutionary rates were estimated as described by Nei (38).
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