© 2000 Oxford University Press

Human Molecular Genetics, 2000, Vol. 9, No.113-123

Molecular structure and evolution of an alpha satellite/
non-alpha satellite junction at 16p11

Juliann E. Horvath, Luigi Viggiano

1 Brendan J. Loftus 2, Mark D. Adams 2,

Nicoletta Archidiacono 1, Mariano Rocchi 2 and Evan E. Eichler *

Department of Genetics and Center for Human Genetics, Case Western Reserve School of Medicine and University
Hospitals of Cleveland, Cleveland, OH 44106, USA, lInstituto di Genetica, Via Amendola 165/A, 70126 Bari, Italy and
2The Institute for Genomic Research, 9712 Medical Center Drive, Rockville, MD 20850, USA

Received 15 September 1999; Revised and Accepted 27 October 1999

DDBJ/EMBL/GenBank accession nos AC002307, AC002038,
AF182004-AF182010, AF183323—-AF183377, AF183380

We have determined the detailed molecular structure
and evolution of an alpha satellite junction from
human chromosome 16p11. The analysis reveals that
the alpha satellite sequence bordering the transition
lacks higher-order structure and that the non-alpha
satellite portion consists of a mosaic of duplicated
segments of complex evolutionary origin. The 16p11
junction was formed recently (5-10 million years
ago) by the duplication and transposition of genomic
segments from Xq28 and 4g24. Once this mosaic
structure was formed, a larger complex was spread
among multiple pericentromeric regions. This
resulted in the formation of large (>62 kb) paralogous
segments that share a high degree (~97%) of
sequence similarity. Both phylogenetic and compar-
ative analyses indicate that these pericentromeric-
directed duplications occurred around the time of the
divergence of the human, gorilla and chimpanzee
lineages, resulting in the subtle restructuring of the
primate genome among these species. The available
data suggest that such chimeric structures are a
general property of several different human chromo-
somes near their alpha satellite junctions.

INTRODUCTION

poorly mapped areas of the human genome. Due to the repeti-
tive nature of alpha satellite repeats and difficulties associated
with mapping, cloning and sequencing DNA within its
vicinity, centromeric and pericentromeric DNA has been
generally excluded as potential targets of the Human Genome
Project (7). Relatively few physical landmarks exist which
demarcate the transition of non-alpha satellite and alpha satel-
lite DNA. The biological importance of such regions in chro-
mosome segregation and their demarcation as points of
functional transition between euchromatin and heterochro-
matin, however, necessitate additional scrutiny.

Recently another property of pericentromeric regions has
emerged which indicates that regions near the periphery of
human centromeres have been preferential sites for gene dupli-
cation. A series of recent gene duplications, often incomplete
in structure, have been documented for numerous chromo-
somal regions (1p12, 1912, 2p11, 9p11, 10p11, 13911, 14911,
15g11, 16pl1, 17pll, 18pll, 18qgll, 20p, 20q, 21qll and
22qg11) (8-18). Although gene duplications have been reported
to map near centromeric regions, the molecular relationship
between alpha satellite DNA and pericentromeric duplications
has not been explored. Preliminary data from several inde-
pendent studies indicate that evolution of such regions is amaz-
ingly complex. An evolutionary survey of the pericentromeric
region of chromosome 10, for example, revealed that markers
within the region were often absent, duplicated or rearranged
(6). The data suggest that such regions are subject to a remark-
able degree of evolutionary turnover, even among closely

Alpha satellite DNA constitutes an estimated 3-5% of allrelated primate species.

human genomic material (1). It is the only repetitive motif We present a detailed structural analysis of a 160 kb transi-
associated with centromere function (2) and has been strongtipn from alpha satellite to non-alpha satellite on human chro-
implicated in facilitating proper meiotic and mitotic chromo- mosome 16pll. Comparative sequencing and cytogenetic
somal segregation. Alpha satellite is composed of a 171 bgtudies reveal that the non-alpha satellite portion is composed
repeating monomer unit which itself may be organized intoof duplicated genic/genomic segments that originated from
several discrete higher-order repeat or array structures (3—%)q24 and Xq28. These mosaic structures were duplicated and
The ubiquity of the repeat at primary points of constrictiondistributed to other pericentromeric regions. This has resulted
among all human and primate chromosomes has been takeniaslarge blocks of paralogy (>62 kb) with a high degree of
indirect evidence of its functional role. Although alpha satellitesequence similarity (96.9%) among non-homologous chromo-
DNAs were among the first repeat motifs discovered, largesomes. Differences in the copy number and distribution of
scale sequence analysis of such regions has proceeded slowthese duplicated segments were observed among the genomes
With few exceptions (6), these regions remain among the mostf man and the great apes, indicating that such macromuta-
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tional events have been a source of chromosomal variatiomonfirmed by PCR amplification and sequencing directly from
The data suggest extensive interchromosomal exchange at thematic cell hybrid DNA (see Materials and Methods). The
periphery of alpha satellite DNA and support a two-step modedlpha satellite portion of the sequenced insert was subjected to
for pericentromeric-directed duplications within the hominoidmultiple expectation—-maximization for motif elicitation
genome. (MEME) analysis (20). A multilevel consensus sequence was
generated based on the alignment of 466 individual monomer
units (Fig. 1b). It showed 80.7% sequence identity to a previ-
ously characterized human alpha satellite consensus (X07685)
o , (21). Inter-monomeric comparisons of alpha satellite revealed
Identification of an alpha satellite boundary a non-uniform degree of conservation along the length repeat

Previously (11), we had determined that a 9.7 kb genomiéWith positions 55-170 showing the greatest degree of
segment from Xg28, containing exons 7—-10 of the adrenos€duence conservation). The canonical sequence Qf the CENP
leukodystrophy ALD) gene, had been duplicated to the peri—B box, common to most hlgher-o_rder alpha se}telllte arrays,
centromeric regions of human chromosomes 2p11, 10ply\{as_not founc_i. Instead, the canonical .blndm_g_sne for the pJ
16p11 and 22q11. The available fluoresceincsitu hybridiza- binding protein (22) was located at this position. Dot-matrix
tion (FISH) and sequence-tagged site (STS)-mapping dadnd Miropeats anz_ily5|s (23,24) of the sequence failed to show
from 16p11 had placed the duplicated segment in close pro@nY évidence of higher-order repeat structure nor could recur-
imity to the chromosome 16 centromere indicating that thident hl_gher-order restriction patterns be identifiedifgilico _
segment was the most proximally located ‘unique’ Sequencglgestlon of the alpha satellite segment (WebCutter Analysis).
probe within 16p11 (11). To determine whether the duplicate hese data suggest that the 37914 alpha satellite may be classi-
ALD segment might demarcate the transition between alphid as belonging to suprachromosomal family 4 (4). Phylo-
and non-alpha satellite sequence, a human bacterial artificigEnetic analysis of 37914 alpha satellite consensus revealed no
chromosome (BAC) library and a chromosome 16-specifi!0S€ evolutionary relationship to previously characterized
cosmid library were probed independently with the duplicated’@Nomer consensus sequences (J1, J2, D1, D2, W1-W5 and
ALD segment and a generic alpha satellite repeat probe (s&t) (data not shown).

Materials and Methods). Four clones were identified = |

(BAC37914, BAC30582, ¢366a10 and c341b10) which co-Validation of sequence

hybridized to both théALD and alpha satellite repeat probes. pye to reports of the potentially unstable nature of genomic
End-sequence analysis of each clone revealed that only oggnes harboring alpha satellite DNA (25-27), the fidelity of
end of the insert contained sequence typical of alpha satellithe sequence organization was assessed in a variety of ways.
repeat whereas the opposite end occurred within non-alpf@rst, PCR assays were developed at sites of alpha satellite
satellite DNA. These results suggested that each of thesgversion and transition (Fig. 1a, products 10-12). Products
clones spanned an alpha/non-alpha satellite DNA junction. Ifyere amplified and directly sequenced from three human
order to confirm the chromosome 16 origin of the BACs, paralcontrol DNAs and a chromosome 16 somatic cell hybrid
0ogousALD sequence variants specific for the chromosome 1§GM11000). No differences in PCR length or sequence were
duplicated segment were compared with the correspondingbserved, indicating that the junctions wena fide Secondly,
homologous sequences from the BACs. These were found tenomic BAC clones that originated from a different library
be identical to the chromosome 16 sequence signatures, thegdurce, and therefore a different individual, were identified
fore confirming their map assignment. Finally, the map loca{RPCI-11 445e5 and 347023) which corresponded to the 37914
tion of the clones with respect to the centromere-associatesbquence. ComparativEddR| andNot) restriction digests and
higher-order chromosome 16 alpha satellite array was testeSbuthern analyses of these BAC clones revealed no significant
by extended chromatin analysis using chromosome 16 somatigstriction fragment length polymorphisms, indicating that
cell hybrid nuclear spreaddn situ hybridization with the these allelic copies are virtually identical. As a final assess-
probes in conjunction with D16Z2 alpha satellite (19) repeaiment of the validity of the sequence, an underlying scaffold
consistently showed that the clones originated from thenap of chromosome 16 cosmids was developed based on a
periphery of the higher-order alpha satellite repeat domairseries of hybridizations with probes derived from 37914 (Fig.
although some variation in copy number and organization hasga). A subset of these cosmids was selected for T7 and SP6
been detected among different individuals (data not shown). end-sequence analysis. Both the sequence and its position with
respect to the insert of each clone was in agreement with the
Sequence organization of the alpha satellite boundary sequence organization of 37914, verifying that the sequence
{epresented the true genomic organization of this region.

RESULTS

The insert (161 580 bp) of one of the chromosome 16p1
BACs (clone 37914) that spanned an alpha/non-alpha SatelliE%om lex interchromosomal duplications demarcate the
boundary was sequenced in its entirety (GenBank accessi? ansl?tion P

no. AC002307). Repeatmasker analysis revealed that the

sequenced clone consisted of ~92 kb of alpha satellite repe@nce the sequence organization of the region had been veri-
(coordinates 64 536-161 580 of GenBank accession ndied, the non-alpha satellite portion (coordinates 1-64 521) of
AC002307). The tract of alpha satellite DNA was relativelythe insert was systematically examined for the presence of
homogeneous, with only four retroposed elements (L1PA5iecently duplicated segments. The sequence was masked for
L1PA2, MER9 and L1PA2) disrupting its continuity. A large common primate repeat elements (Repeatmasker v2.0) and
(33 kb) alpha satellite inversion was identified (Fig. 1a) andBLASTN nucleotide sequence similarity searches were
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Figure 1. Organization of the 16pldAnno satellite junction. §) A schematic diagram depicting the organization of the 16p11 alpha satellite junction as deter-
mined by analysis of clone 37914 (AC002307). The 4924 and Xg28 paralogy domains (shown as hatched and shaded boxes), the corresponding exonic regi
(open boxes) and the direction of transcription based on the ancestral loci (horizontal arrows) are depicted above the line. Numbers (1-1Y inetoadihe

line correspond to the positions of monochromosomal somatic cell hybrid PCR assays developed against the reference sequence (see belaws Ghe positi
cosmid clones (e.g. c308a5), long-range PCR products (pALD) and BAC clones (BC289C17) are indicated. BC289C17 corresponds to the ancesisal 4924 loc
All other probes are derived from chromosome 16-specific reagents. The coordinate start and end points of each clone were verified by endalgsjsehce an
each probe. Shown below the figure is the % GC composition calculated over a 100 bp sliding winjddwmltilevel consensus sequence of the alpha satellite
portion (~92 kb) of clone 37914. The consensus was generated from 466 alpha satellite motifs using MEME software analysis which provides aseiegive me

of the degree of conservation for each base pair position in the consensus motif (reported as information bits). The observed frequency of gdnlttmmse pa
multilevel consensus is summarized in the simplified motif letter-probability matrix. A letter ‘a’ within the motif letter-probability matoiedesonservation
approaching 100%. The underlined region in the multilevel consensus sequence correspondsxtbitiding) site.

performed. The size of the duplicated segments and the degrgenome. The largest duplication detected was >62 kb in length
of sequence similarity were determined by a combination oand showed ~97% sequence similarity between the 2p11 and
dot-matrix, Miropeat and GAP alignment analyses betweerd6pl1l paralogous segments (Fig. 2). The paralogy included the
target and query sequences (Table 1). BLAST analysis idententire non-alpha satellite portion of 37914, terminating
fied two putative genic regions that showed evidence of intronprecisely at the alpha satellite transition. Interestingly, the
exon structure when compared with cDNA source materialdegree of sequence similarity among the various pericentro-
These included: the expected duplication of four exons/intronmeric duplicated segments was virtually identical (96—97%)
of the Xq28ALD gene and a four exon segment of a putative(Table 1), suggesting that these interchromosomal exchanges
gene (UniGene cluster Hs 135840) which we assigned to chr@ccurred at a similar timepoint during evolution (see below).
mosome 4q24 (Fig. 1a). In addition, a remarkably complex To assay the extent of duplication of this region throughout
series of interchromosomal and intrachromosomal duplicathe human genome, nine PCR assays were developed based on
tions were identified from diverse regions of the humanthe non-alpha satellite portion of 37914 and used to screen a
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Table 1. Database sequence similarity

Target Map L m Indel K %simwithindels ~ Coordinates Q Coordinates T

Genomic
AC002038 2pll 60268 58531 152 0.320.001 0.96% 0.001 1-61 389 47 856-109 695
AC002038 2p11 2940 2855 5 0.029.003 0.96% 0.003 61582-64 521 140 119-143 065
U52111 Xg28 9698 9270 28 0.048).002 0.9530.002 51 358-61 150 63 156-53 400
AC002041 16p11 2957 2872 7 0.029.003 0.97@:0.003 61 560-64 521 123 953-126 919
ALO3160F  10qll 31473 30650 84 0.020.001 0.97}0.001 1-37 150 220 691-252 655
ALO3160F  10qll 2954 2859 6 0.0330.003 0.966 0.003 61 558-64 521 134 610-131 652
AC006359 2plP 2950 2844 6 0.0320.004 0.962:0.004 61 570-64 521 31012-28 057

Genic
Al027746 4924 391 379 1 0.0310.009 0.967 0.009 9638-9681, 13 501-1 3612, 394-351, 350-239, 2384

18 809-19 043

AA393779 4924 226 220 1 0.0270.011 0.96%0.011 8593-8700, 9532-9650 226-333, 334451
Al188518 4924 700 678 2 0.0320.007 0.966-0.007 42174-42351, 4264543174 1-179, 180-704
ALD4557300 Xg28 1551 1470 4 0.0940.006 0.945 0.006 56 923-58 116, 58 262-58 390, 36042379, 2378-2253, 2252—2165,

58 540-58 627, 60 927-61 072 2164-2019

A summary of highly significant sequence homologies to the non-alpha satellite portion of 16p11 BAC, AC002307, within the NR, HTGS and EST sequence
databases (BLASTN v2.0.9). The table summarizes the target region identified, the map location of that sequence, the length in bp (L) of secaredce comp
using ALIGN software, the number of sequence matches (m), the number of insertion deletions (indel) and the % sequence similarity (%sim). @tesdpordin
guery 37914 and target sequence are provided (coordinates Q and T). Genic segments refer to hits in the EST database which have non-proeassed ‘intron/
structure.

aWorking draft sequence in which the query coordinates will likely change over time.

bPutative map location.

aravae

16p11.2
GenBank#: AC002307

I -
B 2pll.2

Region of 16p11.2/2p11.2 paralogy GenBank#: AC0O02038

96.9% sequence similarity over 62 kb,

LY

Figure 2. Duplications of larger segments between 16p11.2 and 2p11.2 pericentromeric regions. Miropeat analysis was performed on 323 kb of sequence fro
16p11.2 BAC clone 37914 (AC002307) and 2p11.2 BAC clone 101B6 (AC002038). Miropeats identifies regions of sequence similarity and displagsithis sim
information graphically in the positional context of the sequence (vertical line) as black bars delineated by joining lines between the twe $htipdnce
www.genome.ou.edu/miropeats.html ). Arcs distinguish internal repeat sequences. The analysis was performed using 37914 and 101B6 sdyhadds=enhic
masked for common repeat elements. As a result, breaks in the sequence similarity are indicated due to the masking of Alu, LINES etc. Not alitelpha satel
sequence homology was removed using the repeat-masked alpha satellite consensus. Many of these intrachromosomal repeat sequencdgedrbyshiidenti

peats as multiple arcs within 37914. Sequence alignment (ALIGN) of the duplicated segment revealed 96.9% sequence identity over >62 kb of pdrhj2dred 16
2p11.2 sequence. This larger complex includes a 43 kb segment derived from 4g24 and 9.7 kb of adrenoleukodystrophy sequence originallyaup{iqagd fr

A and B demarcate junctions of duplication which have been verified by PCR and direct sequencing from monochromosomal hybrids of chromosomes 16 and :
respectively.

panel of monochromosomal somatic cell hybrid DNAs. The(Table 2). All seven of these paralogous STSs (pairs 1-7)
PCR products were directly sequenced, the sequences alignachplified more than one chromosome. The sequenced prod-
and the average pairwise nucleotide similarity calculatedicts confirmed the high degree (~96-97%) of sequence simi-
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Table 2.Paralogous STS PCR

Primer pair Oligo name Sequence Position in 37914 Chromosoméé similarity =~ GenBank accession nos
duplications

1 101-74 CTGTATCAATCACTGCTGTGCTCAG 8866—8842 16,2,4,10,22 9614 AF183346-AF183350
101-110 TCTTCATGAACCACCTAGATTTGC 8505-8528

2 101-78 CTAGTATCAGAGATGTGGCAGAAG 9307-9330 16, 2, 4, 10, 1396.8+ 0.9 AF183323— AF183326,

15,Y, 22 AF183366-AF183369

101-79 CAACCAGAATGAGGGGATTTCCTA 9745-9768

3 101-10 TATCAAGCTGGTTCCAGGAACTGG 17064-17087 v 2126, 2,4,10,196.1+0.8 AF182004-AF182010
101-38 GTACTGAACATGATCCAGTGTGCTG 17718-11742

4 101-116 AACTCCTGGTGTTATGAGGGCAAC 18505-18528 16,2,4,10,22 283 AF183352-AF183356
101-118 AAGAAGTAGGCAGATGATGACAGG 19055-19032

5 101-11 CACTTGGTACAATCACCAATGCAAAG 22829-22854 16, 2, 4,10, 1397.6£ 0.8 AF183339-AF183345
101-39 GGAAGCTGTGAAGAAGCTGGTCTC 22375-22398

6 101-14 TGGCTGATCTGTCTGACAACAGTG 37576-37599 16,2,4,10,22 909 AF183333-AF183337
101-41 CAACACCTAGTTGGCCATATAGTCC 38347-38371

7 101-42 CAAACAGCTTTGGATCCATAGCCAC 42801-42825 16,2,4,10,22 9709 AF183327-AF183331
101-81 AGTTTCCTGCCTGGGATGGTTCAC 43152-43175

8 83191 CACCCGCAGCACCTGGATGTCAGC 52052-52075 16,2,10,22,X $96.4 AF183371-AF183375
83192 TCACAGGCTAGTGGACATGGCAGAC 51851-51875

9 101-85 CCTTGTGTGACCAGGTGATCTACC 61027-61050 16,2,10,22,X 9540 AF183358—-AF183362
101-86 ACAGTAGCCATCACTGCACACATG 60414-60437

10 37914-1 CATCACAAAGCAGTTTCTCAGAGAGC 64779-64804 16 NA AF183377
37914-3 TCCACAACATGGTTTACTTCCAAG 64349-64372

11 37914a2 GGCTTTGTGATATGTGCATTCATC 86785—-86808 16,7 HE2 AF183364-AF183365
37914a4 AAAGCTTTCTGAGAAGCTGCTTTG 86169-86192

12 37914a5 GTCTCTTCTTGTTTTTAAGCTGGG 119607-119625 16 NA AF183380
37914a6 CAAATATCCCTTTGCAGATCCTTC 119957-119980

This table summarizes the PCR assays used in somatic cell hybrid analysis to investigate the distribution and degree of paralogy among nos-homologou
chromosomes. The position of each PCR assay with respect to the 37914 reference sequence is summarized in Figure 1. Oligonucleotides beginning wit
‘101’ were designed to chromosome 2 BAC sequence (GenBank accession no. AC002038). Chromosomal duplications denote monochromosomal hybrid:
which were positive for this PCR assay. All hybrid products were sequenced and the degree of sequence similarity calculated as the average of pairwise
sequence alignments. Sequences have been deposited into GenBank under accession nos AF182004-AF182009, AF183323-AF183331, AF18333:

AF183337, AF183346—-AF183350, AF183352-AF183356, AF183358-AF183362, AF183364-AF183369, AF183371-AF183375, AF183377, AF183380.

larity predicted by database searches. Based on the distributipggmaeuls and one representative cercopithecdMacaca

of these paralogous STSs, two distinct domains of duplicatiofascicularig. Several different subcloned portions of the chro-
could be discerned within the non-alpha satellite segmeninosome 16 region (Table 3 and Fig. 1a) were used as FISH
aregion (~43 kb in length) paralogous to chromosome 4 and grobes. Our analysis revealed that the different duplication
region (9.7 kb in length) paralogous to the X chromosomedomains bordering the alpha satellite domain were of diverse
These data, taken together with the database sequence si@olutionary origin. The proximal ~43 kb portion of the region,
larity searches, indicate that the two duplication domains formepresented by subclone c308a5, cross-hybridized to the
part of a larger duplication complex (>62 kb), at least for chrosyntenic region of 4q24 among all five species examined
mosomes 16p1l and 2pll. Interestingly, these patterns Q¥ig. 3a). Both the chromosome 16 cosmid, c308a5, and a
paralogy do not appear to extend into the alpha satellite portiofione representing the human 4g24 locus (BC289C17) cross-
of 16p1l. In fact, the only STS that was specific to chromo,yigized only to the human syntenic region of 4g24 among
some 16 was designed to span across the alpha satellite/nqfs o most distantly related primates, indicating that this
alpha satellite transition, indicating that this structure is uniqug, ;s represented the most likely ancestral location of this

to this chromosome. duplication. Similarly, analysis oALD revealed that this 9.7
. L . kb segment cross-hybridized consistently to the distal end of
Evolution of the alpha satellite junction Xq28, defining the ancestral origin of this segment (Fig. 3b). In

In order to evaluate the evolutionary origin of this region, twoboth of these cases, pericentromeric localizations of these
complementary sets of experiments were undertaken. Firgpyobes were identified only in man and the African apes
comparative FISH analysis was performed against metaphag@orilla—Pan). Among these species, both quantitative and
chromosomal spreads representing four hominoid speciegialitative hybridization differences were observed in the
(Homo sapiensPan troglodytes Gorilla gorilla and Pongo  distribution of FISH signals. In contrast to these regions,
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Table 3. Summary of comparative FISH analysis

Species Probe

308a5/289c1%7 ALD9.7 445c9
Homo sapiens 4924, 16pl11, 10911, 22q11, 2p11, 14p1l, Yqll X928, 16pll, 22q11, 10q11, 2p1l 16p11
Pan troglodytes 4924, 16p11, 10q11, 22q11 Xq28, 16p1l, 22q11, 10p11 16p11
Gorilla gorilla 4924, 16p1l1, 10p11 Xq28, 16p112, 10p1l, 2pll, 1411 16pll
Pongo pygmaeus 4q24 Xg28 16p11
Macaca mulatta  4q24 Xqg28 16pl1

A summary of FISH cross-hybridization for three different probes representing the 4q24 duplicated segment (308a5/289c17),
the Xg28 duplicated segment (pALD9.7) and the monomeric alpha satellite segment (445c¢9). Chromosomal band assignments
are written with respect to the corresponding human chromosomal assignments and do not refer to the specific chromosomal
nomenclature for each species.

2289C17 and 308a5 represent the 4924 and 16p11 duplicated segment, respectively.

bTwo distinguishable metaphase signals were observed on each homologue.

¢Centromeric signals were detected among multiple chromosomes within this species including phylogenetic group XVI.

probes derived from the alpha satellite repeat portion (c445c8f the tandem repetitive DNA (31). Sequence analyses of such
and c305a8) hybridized to the pericentromeric region of phyloperipheral DNA (32,33) have generally confirmed this predic-
genetic chromosome 16 (28) among all species examinetibn, although in most cases the length of alpha satellite DNA
(Table 3), indicating that the diverged alpha satellite sequencsequenced has been relatively short, making it difficult to
within 16p11 represents a more ancient structural property afompletely eliminate the possibility of higher-order structure.
this particular chromosome. Our detailed analysis of ~92 kb of contiguous alpha satellite
As a second approach to investigate the evolutionary historNA from chromosome 16 failed to detect any evidence of
of the region, phylogenetic analyses were performed omultimeric arrays. Interestingly, the monomeric repeat
aligned sequences derived from each of the human paralogussquences characterized in this study show no closer phylo-
and an orang-utan species as a defined outgroup. Phylogeggnetic relationship to the chromosome 16 specific higher-
construction (using both neighbour joining and maximumorder alpha satellite sequence (D16Z2) (19) than to any other
parsimony methods) for both the 4924 and Xg28 duplicationghromosome. The greatest sequence similarity was observed
(Fig. 3c and d) resulted in tree topologies which werewith other members of the alpha satellite suprachromosomal 4
consistent with the comparative FISH results. The data suggegt). MAST database sequence similarity searches of the 466
that the duplication of the Xg28 and 4q24 genic segmentgipha satellite monomers found the highest conservation
occurred after the separation of orang-utan from ifeene-  [P(N) = 5 €53 with non-multimeric alpha satellite previously
Pan-Gorilla clade [<15 million years ago (mya)] (29,30). characterized from a junction from chromosome 7 (32).
Following this initial transposition event to the pericentromericcomparative FISH analysis (Table 3) indicates that this mono-
regions of human chromosomes, secondary events Wefgeric alpha satellite structure is found in association with the
responsible for the spreading of these paralogous segmem{gntromeric region of chromosome 16 among all primates
among other pericentromeric regions (chromosomes 2, 10, 18&amined (Table 3). Such conservation contrasts sharply with
and 22). A clear separation of these two events is supported ijmjjar analyses of higher-order repeat alpha satellite segments
both phylogenetic trees by nearly 100% of all bootstrap repliyyhose chromosome specificity appears to have evolved much
cates (data not shown). Using an estimate of evolutionan,qre recently (34,35). In this regard, it is important to note that
distance (Kimura two-parameter model) between orthologoug,e 95 kh of alpha satellite sequence is virtually devoid of
4024 and Xq28 orang-utan and human sequences and a diVefeNp_g hox motifs. Instead, the consensus sequence at this

gence time of ~14 mya (29,30) between these wo species (Sgﬁe matches nearly perfectly to the previously reported pJ
Materials and Methods), we estimate that the initial transposig;, i site (22). Cél\FI)PB bozsequenge motifsyare lE)elievez to
tion of the 4924 and Xq28 segments to a pericentromeri ave emerged at the time of the divergence of man, chim-

region occurred 6.z 2.3 and 6.3t 3.0 mya, respectively. : L X . e
Similarly, we have estimated that the subsequent pericentr anzee and gorilla (34). This is confirmed by the identification

meric swapping of these segments occurredtal® and 3.5 f only pd binding-site variants among lower primates and

. e Id world monkey alpha satellite sequence (36). Taken in total,
2.0 mya. These data suggest that the evolutionary timing ) ) : i
transposition and pericentromeric swapping of the 4q24 an ese data suggest that the alpha satellite domain described in

: is study did not simply originate as a consequence of degra-
Xq28 segments may have been closely synchronized. dation at the boundary of the chromosome 16 multimeric array,

but that it is a relatively ancient structure which has existed at
DISCUSSION this chromosome location for the last 20 million years of
human/primate evolution.
Alpha satellite monomeric organization

Alpha satellite repeats devoid of higher-order structure were 'al'he mosaic organization of the 16p11 junction

predicted property of centromeric junctions based on earhAnalysis of the non-alpha satellite component located at the
models of restricted unequal crossing-over near the boundaripgriphery of 16pl11 alpha satellite reveals that the region has
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Figure 3. Phylogenetic analysis of the 16p11 pericentromeric region. Comparative FISH analys)B&289C17 (representing the 4924 duplicated segment)

and p) pALD [representing the Xq28 duplicated segment against metaphase chromosomal preparations from human (HSA), common chimpanzee (PTR), gorill
(GGO), orang-utan (PPY) and macaque (MMU)]. Chromosomes are designated using phylogenetic group assignments (roman numerals). As a st of hybridi
tion specificity, FISH analyses were performed with probes representative of both duplicated and ancestral loci. Pericentromeric signglshsereehbhmong

human, chimpanzee and gorilla chromosomes. Among macaque and orang-utan metaphases, human probes derived from duplicated and ancesti@d regions hy
ized only to regions syntenic to human Xq28 and 4g24 loci, respectively. Phylogenetic tree construction based on maximum parsimony analy$i2{BAUP) o

bp aligned sequences from thg) #g24 and 604 bp of alignedl) Xq28 duplicons. Orang-utan sequence taxa (accession nos AF182010, AF183332, AF183338,
AF183351, AF183357, AF183363, AF183370, AF183376) from the corresponding regions of 4q24 and Xg28 (designated PPY 4 and PPY X) were specified a
an outgroup within each analysis. The number of bootstrap replicates supporting each branchpoint in the tree are indicated.

been the target of remarkable mutational dynamism over thines). Similar sequences have been postulated to play a role in
last 10 million years. The available data indicate that the 16plithe movement of genomic material to the pericentromeric
junction was formed as a result of at least two distinct evoluregions of human chromosomes (10,11,37,38). After the
tionary events (Fig. 4). The first step involved the duplicationformation of this complex mosaic structure, we propose that a
and transposition of genomic segments from 4g24 and Xq28 tmuch larger segment (>62 kb), which included the original
the pericentromeric region of an ancestral hominoid chromoXg28 and 4g24 duplicons, was spread among the pericentro-
some~6 mya. Although the precise termini of the 4q24 junc-meric regions of several primate chromosomes, most notably
tion have not yet been determined, it is interesting that th&6pl1, 22911, 2p11 and 10p11 (Fig. 2). The rapid dispersal of
inserted 4924 and Xg28 sequences occur in close proximity tilhese segments among pericentromeric regions would account
GC-rich repeat sequences (Fig. 2, indicated by the verticdbr the multiplicity of genic paralogues which have been
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I. TRANSPOSITION SEEDING
6.7 +/- 2.3 mya 6.3 +/- 3.0 mya

II. PERICENTROMERIC EXCHANGE
3.9 +/-2.0mya

Figure 4. Model of interchromosomal pericentromeric duplications. A two-step model for the occurrence of duplicated segments within the pericentromeric
regions of human chromosomes is proposed: (1) initial duplication and transposition of genomic segments from 4924 and Xg28 to a pericentomé& inyegi

followed by (I1) the dispersal of this larger complex among multiple pericentromeric regions, ~4 mya. The target chromosome of the initiatitanspagi

known.

observed among several non-homologous chromosomes (1irechanistic barrier in the process of ‘pericentromeric’
13,39). In addition to these events, both the FISH and PCR datpreading or that the larger 4924-Xq28 duplication was
(Tables 2 and 3) suggest more complex events for other periargeted to the alpha satellite boundary during the non-
centromeric regions such as 14p11 and Yqg11. It is possible thhAbmologous exchange events. In this regard, it will be inter-
these duplications represent separate, more restricted pericassting to determine how long the proximity of the alpha
tromeric exchanges among non-homologous chromosomesatellite and non-alpha satellite segments has been maintained.
Alternatively, these smaller paralogous segments may have
formed as a result of secondary deletion events which furthepericentromeric exchange
reduced the size of the paralogous segment after the initial | _ o ) _ .
duplication event between non-homologous pericentromerig@pid evolutionary turnover within centromeric regions is
regions. neither uncommon nor unexpected (40). Several different
Both the comparative and phylogenetic analyses supportrQUtanon"’lI Processes have been |_nv0_ked to account for the
model in which pericentromeric swapping of larger segmentg,ompl_ex organization of alpha satellite, including gene conver-
occurred near or shortly after the time of the divergence of mafion: interchromosomal exchange and unequal crossing-over
and the greater apes (<5 mya). It is surprising that evolutiona*0)- Three findings from this analysis, however, are unex-
estimates for the arrival of the 4924 and Xq28 modular COmpopected. First, the boundaries of interchromosomal .exchar)ge
nents within the pericentromeric region is similar (6.4 and 6.8'ave been shown to extend to the non-alpha satellite portion
mya, respectively). This estimate is consistent with thdocated at_the periphery of the alpha satellite domayn. Seconql,
comparative FISH analysis, which indicates that the transpostbe material that has been shuttled among the pericentromeric
tions occurred after the divergence of man and the orang-utdi§9ions is composed of genic segments originating from
but before the divergence of the chimpanzee/gorilla lineage$listinctly non-pericentromeric regions of the hominoid
Such temporal synchronization might suggest that the genong€nome. Third, the degree of sequence similarity is high
of our ancestral hominoid was particularly unstable 6 mya and/-97%), indicating that such events occurred more recen8y (
or that this specific pericentromeric region accepted nontya) than the origin of suprachromosomal families which was
homologous segments over only a narrow window of evoluthought to have predated the divergence of man and the great
tionary time. Differences in the cytogenetic distribution ofapes (>5 mya) (41). It has been suggested by several groups
these segments (Table 3) among different primate chromdhat the spread of suprachromosomal alpha satellite
somes are likely the consequence of secondary duplication tbfamilies may underlie the origin of duplications of non-
deletion events specific to each primate lineage (6). Althougldlpha satellite located at the periphery (12). The paralogy
the mechanism for the amplification of the mosaic structurélomains identified in this study, however, clearly do not corre-
among non-homologous pericentromeric regions is unknowrlate with the defined suprachromosomal stratification (4).
it is interesting that the monomeric alpha satellite repeal hese pieces, therefore, would unlikely have been moved as a
sequence precisely demarcates the duplication boundary of thensequence of events which spread suprachromosomal fami-
larger segment between chromosomes 2p11 and 16p11 (Fiigs during great ape evolution. It is also unclear how the dupli-
2). FISH analysis with subclones representing the alpha satetated segments are organized with respect to other satellite
lite and non-alpha satellite portions clearly indicate that theseepeat families which have been identified by low resolution
two segments have not been subjected to the same level wichniques at the periphery of higher-order alpha satellite DNA
genomic duplication (Table 3). These observations migh¢2). Perhaps mutational processes independent from higher-
suggest that the alpha satellite sequence provided an importander repeat alpha satellite turnover are required to explain the
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preferred integration and rapid dispersal of these segmenis$). All probes were radiolabeled and hybridized as described
among pericentromeric regions of human chromosomeg11) with the exception that the probe was blocked with Cotl
Further high-resolution molecular and cytogenetic analyses al2NA for 1 h at 65C prior to hybridization.

required to resolve the complex organization and evolution of

these regions. Sequence analysis

The presence of large paralogous segments within pericen- . .
tromeric regions of non-homologous chromosomes sugge%jandom shotgun library for BAC37914 was prepared in

recent interchromosomal exchanges of genetic material. SudtyC18 vector, as previously described (46). Base-calling was

transfers of alpha satellite sequences have been postulatedPe/formed using phred (47) and sequence assembly was
P d P Jperformed using TIGR Assembler. A suite of software tools

satellite suprachromosomal family sequence on chromosom¥@S used to assess the quality and completeness of the
1, 5 and 19 (42,43). Similarly, the homogeneous nature opeduence assembly at the end of the random phase. Directed

sequence among the short arms of the acrocentric chromg€duencing was performed as suggested by these software
somes (chromosomes 13, 14, 15, 21 and 22) has been taken'@@lS and as determined by manual inspection of contigs to
evidence of frequent interchromosomal exchange, possibfgl0S€ any remaining gaps (generally <12/100 kb BAC DNA),
due to the close association of these chromosomal segmer@d improve the quality of weak regions. Each base was
within the nucleolus (44,45). It is possible that the presence diovered either on both strands or by two independent
large duplicated segments within chromosomes 2p11, 10p1§€duencing chemistries (e.g. dye-labeled terminators and dye-
16p11 and 22q11 facilitates non-homologous associations ¢iPeled primers).

that such illegitimate associations in the recent evolution of our ] ) ]

species promoted these exchanges. The functional significanb&onochromosomal somatic cell hybrid analysis

of such Iarg_e paralogous_ segments located at t_he_junction & monochromosomal somatic cell hybrid DNA panel
alpha satellite DNA remains obscure. One possibility may benjGMs. Human Genetic Mutant Cell Repository Mapping
that these transposed and duplicated ‘genic’ segments Wifbane| 2) was assayed by PCR to determine the extent of
their asspuated ‘euchromatlp—blndmg sites’ for transcrlptlorb(,iram(‘:]y and the degree of sequence similarity among dupli-
and splicing may serve effectively as a buffer between euchrqsong PCR amplification reactions were carried out in a final
matin and heterochromatin associated proteins. Such transitiolume of 20 ul containing 0.20 mM dNTPs (Pharmacia,
zones might alleviate the potential deleterious position eﬁeCtp’iscataway, NJ), 20 pmol of each primer and 0.625 U ax

of bona fidegenes residing at the periphery of alpha Sate"itepolymerase in standard x1 reaction buffer (Boehringer

DNA. Of course, from the evolutionary perspective suchyiannheim, Indianapolis, IN). Amplification conditions were
malleable regions of the genome could also confer d|st|nc-%%

. : . entical for PCR primer pairs 1-2 and 5-10 (Table 2): an
selective advantages to an evolving species. For example, thie:. o1 qenaturation of 2 min at g€, followed by 35 cycles of

juxtaposition of different genic segments from diverse regionsyy ¢ ot 98¢ 30 s at 58C and a 45 s extension at°. A final

of the genome within a new chromosomal context could allow,sensjon of 7 min was carried out at“T2 PCR reactions with

for the formation of new genes with potentially new functions. imer pairs 3 and 4 were performed as described with the
Alternatively the rapid genomic diversification of such regionsey cention that annealing temperatures of 65 antCé@ere
might affect h_omolo.gous.chromosome pairing, proy|d|ng Qused, respectively. All cycling conditions were optimized for
means for meiotic d|srupt|qn and post-mating genetic barr!eﬁse in a PE 9600 thermocycler (Perkin-Elmer Applied Biosys-
between two incipient species/populations. Direct comparativ; ms, Norwalk, CT). Amplified PCR products were directly
sequencing of orthologous segments from closely related,, onced using both forward and reverse PCR primers and

primate species will ultimately be necessary to evaluate thgicp|ororhodamine  dye-terminator  sequencing  chemistry
evolutionary plasticity of these and other dynamic regions o Perkin-Elmer Applied Biosystems). Reactions were

the human genome. performed following the manufacturer’s protocol with the
following modifications. Prior to sequencingu8of each PCR

MATERIALS AND METHODS product was treated with 1.5 U exonuclease | and 0.30 U of
shrimp alkaline phosphatase to remove excess single-strand
Hybridization DNA and deoxynucleotide triphosphates. Reactions were incu-

" L bated at 37C for 5 min and then heat inactivated at®@2for
A chromosome 16-specific cosmid library (LALENCO2) and 15 min. Cycle sequencing reactions were performed in a total
two total-genomic libraries (RPCI-11 and CIT-HSP) were eaction volume of §ul: 5 ul (30-90 ng) of Exo/SAP-treated
probed with PCR amplified inserts representing the qu%roduct, 20 pmol of sequencing primeru2 of dichlorhod-
ALD duplication and chromosome 16 alpha satellite sequence. Twgyine dye-terminator mix. All fluorescent traces were
degenerate  oligonucleotides, ~ 117934 “TBT(CA)-  gnaiyzed using the Applied Biosystems Model 377 DNA
(TA)TT(CG)AGCAGT(GT)TTGAAACACTC] and 117935 [5 Sequencing System (Perkin-Elmer Applied Biosystems) and

GTGAG(AG)(CT)GAATG(TC)ACACA(TG)CAC], designed 10 he quality of sequence data assessed with PHRED/PHRAP/
conserved portions of aligned alpha satellite sequence were useqigyNSED software (http://genome.wustl.edu ).

generate by PCR a generic alpha satellite ladder (171 bp) from

chromosome 16 monochromosomal somatic cell hybrid DNAFISH

(NIGMS GM10567). DNA probes specific to the duplicated

portion of Xq28ALD were generated by long-range PCR asChromosome metaphase spreads were prepared from
previously described (11) (Table 1, PCR products 7, 12 antymphoblastoid cell lines representative of five hominoid
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species IKl.sapiens Pan troglodytes G.gorilla, Pongo tion events (T = K/2r) was calibrated using this estimate and
pygmaeus Hylobates laj and one cercopithecoid associated standard errors for each estimate of genetic distance
(M.fasciculari. Probes were nick-translated with either (29).

biotin-16-dUTP or digoxigenin-11-dUTP, and hybridized to

ch(omosomal preparations as prev_lously descr_lbed (48). %CKNOWLEDGEMENTS
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