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A 9.7 kb segment encompassing exons 7–10 of the adrenoleukodystrophy ( ALD) locus of the X chromosome has
duplicated to specific locations near the pericentromeric regions of human chromosomes 2p11 , 10p11, 16p11 and
22q11. Comparative sequence analysis reveals 92–96% nucleotide identity , indicating that the autosomal ALD
paralogs arose relatively recently during the course of higher primate evolution (5–10 million years ago). Analysis
of sequences flanking the duplication region identifies the presence of an unusual GCTTTTTGC repeat which may
be a sequence-specific integration site for the process of pericentromeric-directed transposition. The breakpoint
sequence and phylogenetic analysis predict a two-step transposition model , in which a duplication from Xq28 to
pericentromeric 2p11 occurred once , followed by a rapid distribution of a larger duplicon cassette among the
pericentromeric regions. In addition to facilitating more effective mutation detection among ALD patients , these
findings provide further insight into the molecular basis underlying a pericentromeric-directed mechanism for
non-homologous interchromosomal exchange.

INTRODUCTION

Adrenoleukodystrophy (ALD) is a relatively common X-linked
neurodegenerative disorder with an estimated incidence among
males of 1/15 000–1/20 000 (MIM #300100, McKusick). The
disease, which exists primarily in two forms, cerebral childhood
ALD and adrenomyeloneuropathy among adults, is characterized
by accumulation of saturated very long chain fatty acids in serum
and other tissues, adrenal insufficiency and a general
demyelination of the central nervous system. The molecular basis
of this disease was determined by the identification of the ALD
gene in Xq28 (1). This 21 kb gene consists of 10 exons encoding
a peroxisomal-specific ATP-binding cassette transporter (ABC)
protein (1,2) whose dysfunction leads to aberrant methylation
and/or aberrant transport of very long chain fatty acids. Several
systematic analyses of ALD kindreds have revealed that ∼90% of
molecular lesions associated with the disease are the result of
nonsense, missense or frameshift point mutations within the coding
portion of the ALD gene (3–11). Unambiguous detection of
mutation in ALD, however, has been confounded by the presence
of other cross-hybridizing genomic fragments corresponding to the
distal portion of the ALD gene, but not localized to the X

chromosome (2,3,5,10). Based on the pattern of
cross-hybridization, it was purported that these paralogous ALD
copies represented non-functional pseudogenes (2,5). One such
pseudogene has been identified recently (10), which raises the
possibility that co-amplification of pseudogene products could
present serious impediment to molecular diagnosis of ALD.

The regions flanking the Xq28 ALD locus demonstrate an
unusual degree of genomic instability (12,13). A cluster of
tandem and polymorphic duplications of the red and green cone
pigment genes (RCP and GCP) is situated ∼600 kb telomeric to
the ALD locus (2,13). These genes exhibit a high degree of
heteromorphism, with variable numbers of copies of these genes
correlating with differential red–green color vision sensitivity
among males. A region of Xq28, 20 kb proximal of the ALD
locus, has been identified recently which shows an unusual
proclivity to duplicate and transpose to the pericentromeric
regions of chromosomes (12). Analysis of the region revealed
that a 26.5 kb segment had been transposed recently to human
cytogenetic band 16p11.1. The duplicon included the entire
creatine transporter (SLC6A8) and part of the CDM (DXS1357E)
genes (GenBank accession nos U41302 and U36341). In
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addition, cytogenetic mapping among non-human higher
primates indicated that the region had been duplicated multiple
times to the pericentromeric regions of additional autosomes,
without synteny to human chromosome 16 (12). These data
suggest that an ∼700 kb interval extending from SLC6A8 to the
RCP/GCP region of the X chromosome had been subjected to
signficant interchromosomal and intrachromosomal duplications
in the last 5 million years.

During our analysis of the creatine transporter (CTR)–CDM
duplicon, we identified a second domain of paralogy which
included a substantial portion of the ALD gene. Preliminary
analysis indicated that this region had been duplicated
independently and also with a strong transposition bias toward the
pericentromeric regions of specific chromosomes, particularly
cytogenetic band 2p11.1 (12). These findings were consistent
with the existence of additional fragments, not linked to the X
chromosome, which cross-hybridized with ALD cDNA probes
(2). We sought to investigate the nature of these duplications in
more detail for two reasons. Determination of the size, timing and
breakpoint sequence of the ALD duplications would provide
greater insight into the phenomenon of pericentromeric-directed
transposition and the propensity of this region of Xq28 to
duplicate and transpose in human evolution. An understanding of
the architecture and sequence of ALD paralogs would also
facilitate mutation detection by enabling more effective design of
primers to analyse bona fide Xq28 sequence.

RESULTS

Identification and mapping of ALD duplications

Using cosmids spanning a 50 kb interval between the CTR and
ALD genes as probes, we previously reported strong fluorescent in
situ hybridization (FISH) cross-hybridizing signals at human
cytogenetic bands 2p11, 16p11 and Xq28 (12). Once the
CTR/CDM paralogy domain had been defined precisely at the
sequence level, FISH analysis was repeated to analyze the ALD
paralogy domain in more detail. An X-chromosome-specific
cosmid probe, U184E11, was chosen which strongly hybridized to
ALD cDNAs, H8 and T19, (2) and which largely excluded the
CTR/CDM duplication domain. FISH of human metaphase
spreads with U184E11 suggested the presence of at least five ALD
paralogous segments localized in Xq28, 2p11, 10p11, 16p11 and
22q11 (Fig. 1). PCR screening of a human somatic cell hybrid
monochromosomal panel (NIGMS) using oligonucleotide primers
specific for ALDXq28 exons 7 and exons 9 (Table 1, products 4 and
11) confirmed these autosomal locations and that the duplications
involved the ALD locus (data not shown). As a final verification of
the existence of the autosomal copies of ALD, products 4 and 11
(Table 1) were used as probes to screen flow-sorted
chromosome-specific cosmid libraries, LL02NC01, LA10NC02,
LA16NC02 and LL22NC03, corresponding to chromosomes 2,
10, 16 and 22, respectively. Cosmid clones 2-11c12, 2-74a10 (from
LL02NC01), 10-204a1 (from LA10NC02), 16-341b10,
16-366a10, 16-431f4 (from LA16NC02) and 22-11c7 (from
LL22NC03) were identified. Subsequent PCR analysis (Fig. 2)
revealed that these cosmid clones represented autosomal
duplications of the ALD locus. 

In order to map more precisely the genomic location of each ALD
paralog, hamster somatic cell hybrid chromosome-specific deletion
and radiation hybrids were screened by PCR using the Xq28-derived
primers. The chromosome 10 ALD locus was regionally localized by

Table 1. ALD PCR probes. PCR probes are numbered sequentially relative
to the orientation of ALD transcription of Xq28

The length, location and annealing temperature for each primer are indicated.
The sequence of each primer is shown with respect to GenBank accession no.
U52111. IG denotes intergenic PCR products. *Indicates that the reverse
complement of this sequence was used to generate an oligonucleotide primer.

screening a chromosome 10 hybrid panel (14) using products 4 and
11 (Table 1). Hybrids 175, 132, 57, 10 and 43 from this panel were
positive for both products by PCR, and hybrids 168 and 170 were
negative, which is consistent with a map position for ALD10p11 in
distal 10p11.1 to proximal 10p11.2. Similarly, the chromosome 22
ALD locus was finely localized by screening of chromosome 22
hybrids (15). Hybrids Cl 6-2/EG, GM10888, D655 and Cl-4/GB
were positive for products 4 and 11, and Cl1-9/5878 was negative,
which suggests a location for ALD22q11 proximal to the commonly
deleted region (cytogenetic band 22q11.2). FISH analysis using
ALD-specific cosmids as probes against human metaphase spreads
of velocardiofacial/DiGeorge (VCF/DG) patients confirmed this
location (data not shown). The map position of the chromosome 16
ALD locus was resolved by screening a CEPH mega-YAC panel
spanning the 16p11.1–11.2 interval (16). Probes 4 and 11 (Table 1)
were both positive for My662d12. My662d12 is located ∼500 kb
distal to YAC My895g9, which contains the CTR–CDM duplicon
(12). The map position of the ALD paralog on chromosome 2 was
not refined due to the unavailability of well-characterized hybrids or
YAC contig maps in this region.

Extent of paralogy

In order to assess the size of the ALD duplicons on various
chromosomes, 23 sets of Xq28-derived primer pairs were
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Figure 1. Cytogenetic mapping of ALD cosmid U184E11. Chromosome metaphase spreads were prepared from peripheral lymphocytes from a male donor and
hybridized with biotin-labeled, nick-translated cosmid probe, U184E11. Cosmid U184E11 was derived from an X chromosome-specific library and includes the entire
ALD gene (12). Hybridization signals to Xq28, 2p11, 10p11, 16p11 and 22q11 are indicated by arrows.

developed, extending from CDM exon 5 (position 16 851,
GenBank U52111) to the first exon of a putative plexin-related
gene (position 79 726). A subset of these and their positions with
respect to the ALD intron–exon structure is shown in Table 1 and
Figure 2. Each cosmid was subjected to PCR analysis using a
battery of these primer pairs (Fig. 2) in order to define the extent
of paralogy. Occasionally, cosmid vector–insert junctions
occurred within duplicated portion of the ALD locus. To eliminate
the possibility of this artifact, all Xq28–autosome boundaries
were confirmed by PCR using monochromosomal panel DNAs
as templates (data not shown). In addition, all breakpoint
junctions were sequenced and compared with Xq28 ALD
genomic sequence (GenBank U52111), confirming the end of
Xq28 paralogy (see below). The data indicated that the autosomal
duplications were all similar in size (∼10 kb) and encompassed
exons 7–10 of the ALD genomic structure (Fig. 2). The genomic
organization of the ALD cassettes was highly conserved among
the four autosomal loci (Fig. 2). The absence of the proximal

portion of the ALD gene indicates that the autosomal copies
represent truncated non-processed pseudogenes.

Comparative sequence and phylogenetic analyses

Genomic fragments corresponding to exons 8, 9 and 10 were
sequenced for the four autosomal paralogs of the ALD locus and
deposited in GenBank (accession nos U90288, U90289, U90290
and U90291 for ALD10p11, ALD16p11, ALD2p11 and
ALD22q11, respectively). The genomic sequences corresponding
to exons 8, 9 and 10 were aligned with previously published Xq28
ALD sequence (Fig. 3). An average nucleotide identity of 94.6%
was calculated over this 790 bp region for the five ALD paralogs
(Table 2). ALD2p11 exhibits the greatest divergence, with an
average nucleotide identity of 93.3%. ALD16p11 and ALD22q11
exhibit the least divergence, with an average nucleotide identity
of 95.3% to all other ALD paralogs.
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Figure 2. The extent of ALD paralogy. The exon–intron structure of the distal portion of the Xq28 ALD gene is shown, as derived from GenBank U52111. Filled boxes
indicate the position of exons (6–10). The shaded box shows the position of the 3′ UTR of the ALD gene. Various repetitive structures (SINEs and LINEs) and their
orientation are shown by arrows. Horizontal bars show the position of PCR products used in determining the organization of the various ALD duplicons (see Table 1).
Bars which overlap share one common oligonucleotide primer. PCR analysis, using primer pairs from Table 1, was performed using autosome-specific ALD cosmids
as templates (see Materials and Methods). + indicates that a product of approximately the same size as expected (based on Xq28 sequence) was generated.

Table 2. Pairwise nucleotide identity among ALD paralogs

ALD paralog 2p11 10p11 16p11 22q11 Xq28

2p11 – 93.2 92.4 94.5 93.2

10p11 – – 94.5 95.4 95.9

16p11 – – – 95.6 95.8

22q11 – – – – 96.1

Xq28 – – – – –

A 790 bp genomic segment corresponding to ALD exons 7–10 was aligned as
indicated in Figure 3. The percentage nucleotide identity for each pairwise
alignment was calculated using the BestFit program (GCG software).

Maximum parsimony analysis was employed in an attempt to
reconstruct the phylogeny of the ALD duplications. Parsimony
analysis without a defined ancestral state generates two equally
parsimonious trees, one of which is slightly favored by bootstrap
analysis (Fig. 4) (100 branch and bound replicates, tree
length = 105, CI = 0.94). This analysis supports the existence of
a clade occupied by sequences from ALD22q11, ALD2p11 and
ALD16p11, which is separated from ALD10p11 and the func-
tional Xq28 duplicon by five unique genetic mutational events
(Fig. 4). Within this clade, a remarkable asymmetry is observed,
with 34 genetic events separating ALD2p11 from its nearest node.
A majority-rule consensus tree of both equally parsimonious trees
was uninformative (data not shown). The majority-rule consen-
sus tree and bootstrap analysis support a model of rapid
duplication and dissemination of ALD copies over a short period

of recent human evolution, as shown by the ambiguity of
branchpoint resolution (bootstrap values of ∼50% or less).

ALD Xq28–autosome paralogy breakpoints

PCR-generated products derived from the Xq28 sequence
(Table 1) were used as probes to refine the location of the junction
fragments between Xq28 and autosomal ALD copies. Southern
blot analysis of digested ALD paralogous cosmids using these
products as probes (data not shown) resolved both breakpoints to
within 50 bp. Sequence analysis of both Xq28–autosome
breakpoints indicated that the junctions were identical for all four
autosomal duplicons. The original 5′ transposition breakpoint
(relative to the orientation of Xq28 ALD transcription) lies within
intron 6 of the ALD gene. Located <100 bp proximal to the ALD
junction sequence, an unusual GCTTTTTGC repeat structure
was observed among the autosomal ALD copies (Figs 5a and 6).
The sequence consists of GCTTTTTGC direct, non-tandem
repeats. These elements occur with a density of one repeat motif
every 30 bp. BLAST searches of this sequence against GenBank
databases (release 1.4.9) revealed a strong similarity of this repeat
sequence (∼70% over 100 bp) to a previously described motif
implicated in the transposition of the chromosome 2p11.1
immunoglobulin light chain Vκ genes to chromosome 1 (17). The
Xq28 3′ junction sequence occurs ∼4 kb distal to the last exon of
the ALD gene, near a cluster of inverted Alu repeats (Figs 2
and 7). An Alu monomer repeat sequence was identified
precisely at the 3′ breakpoint junction among all four autosomal
ALD duplicons (Fig. 5b). Sequence similarity among the
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Figure 3. ALD paralogous sequence alignment. A ∼790 bp genomic fragment corresponding to exons 8–10 was sequenced from the various chromosome-specific
ALD cosmids (accession nos U90288, U90289, U90290 and U90291 for cosmids 10-204a1, 16-366a10, 2-11c12 and 22-11c7, respectively). The corresponding Xq28
genomic sequence was derived from GenBank accession no.U52111. Sequences were aligned using the BestFit program (GCG software) and a consensus sequence
was extracted. Divergent nucleotides are indicated among the various ALD paralogs. Horizontal bars indicate the position of ALD exons.

autosomal ALD duplicons extends both 5′ and 3′ of the
Xq28–autosome paralogy junctions (Fig. 5a and b).

DISCUSSION

Origin of the ALD duplications

We have documented the existence of five copies of the ALD
locus situated at cytogenetic bands 2p11, 10p11, 16p11, 22q11
and Xq28. The only known functional transcript of ALD is

derived from the Xq28 locus (1). The ALD duplicons at 2p11,
10p11, 16p11 and 22q11 are truncated non-processed
pseudogenes. This fact and the observation that mouse–human
comparisons map the ALD locus only to the syntenic portion of
Xq28 (18) may be taken as strong evidence that the Xq28 locus
represents the ancestral copy. Comparative sequence analysis
between the Xq28 and autosomal loci (Fig. 3 and Table 2) reveals
an average nucleotide identity of 94.6%, suggesting that the
duplications occurred relatively recently in human evolution.
Based on estimates of rates of divergence among paralogous
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Figure 4. Phylogenetic analysis of ALD paralogous sequence. Parsimony analysis of aligned sequences (Fig. 3) generated two equally parsimonious trees. The
cladogram which was favored by bootstrap analysis (n = 100 replicates, tree length = 107) is depicted. The number of informative character states separating each
sequence is shown above each branch line. The percentages indicate the frequency of bootstrap replicates which support each node.

sequences, which may be as high as 13×10–9 mutations per site
per year (19), we calculate that the duplications from Xq28
occurred 5–3 million years ago. Parsimony analysis reveals that
the majority of the duplications occurred over a very narrow
window of evolutionary time, as demonstrated by the ambiguity
of branchpoint discernment (Fig. 4). Interestingly, ALD2p11
shows the greatest level of divergence (Table 2, Fig. 3). This may
indicate that the ALD2p11 copy arose earliest (>5 million years
ago), or that this particular region of the chromosome is subject
to higher rates of mutation.

Pericentromeric-directed transposition

FISH analysis indicates that transposition of Xq28 ALD sequence
has been directed to the pericentromeric regions of 2p11, 10p11,
16p11 and 22q11 (Fig. 1). Attempts to refine the map locations
using deletion and radiation hybrids as well as local maps of
contiguous YAC clones confirm an extreme transpositional bias.
The ALD duplicons appear to map near the heterochromatin–
euchromatin boundary (p11.1–p11.2) for chromosomes 2, 10 and
16. ALD22q11 is exceptional in this regard as the chromosome is
acrocentric and the duplicon maps to 22q11.1–q11.2. Cosmid end
sequencing of a chromosome 16-derived ALD cosmid
(16–341b10, Fig. 2) has identified satellite III sequences (data not
shown). Satellite III sequences are commonly associated with the
heterochromatic regions near centromeres (20). Mapping and
sequencing data would suggest, then, that the ALD duplications
have been directed to precise locations in the genome near
heterochromatic repeat sequences, with a bias to the short arms
of specific chromosomes.

Several recent reports indicate that pericentromeric-directed
transposition may be a general phenomenon for interchromoso-
mal duplication among the genomes of higher primates
(12,21–23). Interchromosomal duplications ranging in size from
10 to 30 kb have been documented for the CTR gene (12),
immunoglobulin Vκ light chain locus (17,24), the immunoglobu-
lin heavy chain VH region (25), the MS29 locus (26) and the
neurofibromatosis type 1 (NF1) gene (22). All of these recent

duplications demonstrate a preference for integration near the
pericentromeric regions of chromosomes, suggesting that the
organization/structure of these regions of chromosomes may be
particularly amenable to site-specific integrations. It has been
suggested that this unusual bias may be related to the high degree
of homology observed among α-satellite sequences within a
given suprachromosomal family (22). This model was based on
the observation that six out of seven NF1 pericentromeric
duplications involved chromosomes belonging to the same
α-satellite suprachromosomal family (family 2) (22). Our
analysis of ALD duplications, however, does not support this
model. ALD transposon integration sites occur on four chromo-
somes belonging to two distinct α-satellite suprachromosomal
families (suprachromosomal families 1 and 2) (27). The pericen-
tromeric bias, thus, cannot be explained by α-satellite sequence
homology alone.

GCTTTTTGC: a transposition-associated sequence

The sequence, 100 bp proximal to the 5′ junction of ALD2p11,
ALD10p11, ALD16p11 and ALD22q11 (as defined by the
orientation of transcription of the Xq28 ALD gene), revealed the
presence of an unusual (A/T)-rich repeat. At the core of the
repetitive sequence is a GCTTTTTGC/GCAAAAAGC motif
followed by a GC-rich repeat tract ranging in length from 9 to 30
bp (Figs 5a and 7). The sequence and organization of this repeat
bears a strong homology to the junction sequence of an
immunoglobulin light chain Vκ gene segment transposed from
2p11.1 to chromosome 1 (17,23). Although the ancestral loci of
ALD and Vκ on Xq28 and 2p11 are clearly distinct and the events
responsible for these transposition events likely occurred inde-
pendently, the similarities between the ALD and Vκ duplications
are striking. Both sets of duplications are estimated to have
occurred recently in human evolution (∼5 million years ago).
Both involved the mobilization of substantial amounts of
genomic material (10–15 kb). In addition, both events were
directed to the pericentromeric regions of chromosomes (23) and
integrated near or at GCTTTTTGC repeats (17). In conjunction
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Figure 5. Breakpoint sequence analysis. The sequences flanking the Xq28–autosome ALD paralogy breakpoints are shown. The 5′ (a) and 3′ (b) junctions are
determined relative to the orientation of transcription of the ALD gene in Xq28 (centromere to telomere). The X–autosome duplicated sequence is boxed, and arrows
define the position of the junctions. Vertical lines indicate nucelotide sequence identity between the derived autosomal ALD consensus sequence and Xq28/Alu
repeat/Vκ orphon sequence. Junction sequences have been deposited in GenBank (5′ breakpoint GenBank accession nos U90295, U90293, U90292, U90294; and
3′ breakpoint accession nos U90296, U90299, U90298 and U90297 for chromosomes 2, 10, 16 and 22, respectively).

a

b
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Figure 6. GCTTTTTGC: a transposition-associated sequence. The sequence
and organization of the GCAAAAAGC repeat (complementary stand
GCTTTTTGC) flanking the 3′ paralogy breakpoint of chromosome 16 cosmid
341b10 are shown. A portion of this sequence from the complementary strand
is shown in Figure 5a. Perfect GCAAAAAGC repeat motifs are in bold, while
sequences with one base pair degeneracy are underlined. The brackets define
the extent of sequence depicted in the gel. The arrow indicates the distance to
the 5′ Xq28–autosome junction.

with results from other studies (12,17,25,26), these data would
suggest that the human genome has undergone subtle restructur-
ing mediated by a transpositional burst of various genomic
segments in the last 5 million years. In addition, GCTTTTTGC
repeat sequences appear to have served as sequence-specific
integration signals for these transpositions. If such sequences are
located preferentially at the pericentromeric boundaries of
chromosomes, this may explain the plethora of duplications
occurring at these chromosomal positions. In this regard, it should
be noted that sequences other than GCTTTTTGC have been
identified at the transposition breakpoints in humans (12,17). For
example, a CAGGG repeat motif has been identified at the
breakpoint of the Xq28 transposed CTR–CDM duplicon in
16p11.1 (GenBank accession no. U41302) (12). Although the
sequence of this repeat clearly differs from the GCTTTTTGC
sequence associated with ALD duplicons, the organization of
these repeats is remarkably similar. Both sets of repeats are
organized in a direct, but non-tandem, fashion, occurring with an
average periodicity of once every 22–30 bp (12) (Figs 5 and 7).
In addition, degenerate copies of both sequence motifs are
common in the repeat tract (Fig. 6). The mechanism by which
these sequences promote transposition integration is, as yet,
unknown. One possibility may be that these repeats, similarly to
the CTGGG repeats of the immunglobulin switch recombination
regions (20,28–30), may be hyper-recombinogenic signal
sequences which promote the integration of duplicated genomic
segments, perhaps, in the form of episomal intermediates (12).

Xq28: a donor hotspot for transposition

Analysis of the duplications of the ALD locus defines the second
region of Xq28 with extensive autosomal paralogy. The
CTR–CDM cassette (26.5 kb) demonstrated a similar proclivity
to duplicate to various pericentromeric regions in man and higher
primates (Fig. 7) (12). Both duplication cassettes show a similar,
yet distinct pericentromeric distribution (Figs 1 and 7). These data
suggest that this 65 kb portion of Xq28 has been particularly
prone to transpose. There are striking similarities between these
seemingly independent paralogy domains. Estimates of sequence
divergence indicate that both the ALD and CTR–CDM cassettes
duplicated ∼5 million years ago (12). Xq28 breakpoints for both
duplicons occur near or at inverted clusters of Alu repeats. Both
sets of duplications were directed to the pericentromeric regions
of the short arm (or long arm of acrocentric) chromosomes (Fig.
7) (12). One possible explanation may be that the entire 65 kb
region including the complete copies of the CTR, CDM and ALD
genes was duplicated once, possibly to 2p11.1, and that
subsequent deletions and transpositions generated two
transposon lineages which were duplicated independently to
different chromosomes. In this regard, it may be noteworthy that
both the ALD and CTR–CDM duplicons map to the two YACs
separated by <500 kb (My895g9 and My662d12) in human
16p11.1–11.2. Alternatively, this particular portion of Xq28 may
have been subjected to several independent transposition events
which mobilized different segments of Xq28 to various pericen-
tromeric and occasionally coincident locations (Fig. 7).

It has been estimated that 6% of all mutations associated with
ALD are the result of sporadic deletions on the X chromosome
(1). A comparison of the mapped breakpoints for these deletions
(1) with duplication breakpoints (Figs 3 and 7) reveals an
interesting association. Of the four deletion patients studied in
detail during the molecular cloning of the ALD disease gene
(1,31), all share at least one breakpoint within 5 kb of the 5′
transposition breakpoint identified in this study (Figs 3 and 5).
The 3′ transposition breakpoint does not show a similar
association. These comparisons might suggest that a similar
molecular mechanism underlies the proclivity of this region to
both delete and transpose. More rigorous examination of the
deletion breakpoints at the sequence level is warranted to evaluate
this hypothesis critically.

Two-step model for ALD transposition

Examination of Xq28–autosome junction sequences among the
four ALD paralogs reveals that all four sets of breakpoints are
identical (Fig. 5). Furthermore, the autosome–autosome paralogy
extends in both directions from the Xq28 junctions. This indicates
that the mechanism responsible for duplicating and distributing
the ALD copies in the human genome involves at least two
distinct steps. We propose the following model.

Xq28 transposition. A single event mobilized a 9.7 kb Xq28
segment corresponding to the distal portion of the ALD locus to
a pericentromeric chromosomal region integrating it near a
CTTTTTG and Alu monomer repeat junction (Fig. 7). Compara-
tive sequence analysis reveals that ALD2p11 has undergone the
greatest sequence divergence (Table 2) and, probably, represents
the site of the first duplicon integration (>5 million years ago).
This is supported by parsimony analysis which indicates that the
ALD2p11 sequence occupies the deepest branch within the
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Figure 7. Summary of pericentromeric-directed transpositions. Seventy kilobases of Xq28 sequence spanning the distance from the CTR (SLC6A8) to the ALD locus
are depicted (GenBank U41302 and U52111). The orientation of each gene is indicated by a large arrowhead, and exonic regions are depicted as boxes. Filled arrows
indicate the location and orientation of Alu repeats. Other repeat sequences (LINE and MIR) are shown as open arrows. The CTR–DX1357E (26.5 kb) duplicon and
its transposition is shown by the red horizontal bars. Duplications of the ALD cassette (9.7 kb) are shown as a green bar. An initial duplication seeded a copy to 2p11,
followed by a transposition burst of this sequence to 16p11, 10p11 and 22q11. The Xq28–autosome breakpoints are shown by vertical lines.

cladogram (Fig. 4). The initial transposition may have involved
a larger portion of Xq28 which subsequently may have become
deleted (see above).

Pericentromeric exchange. Once the initial ALD autosomal copy
had been integrated, it served as a ‘seed’ for further pericentrom-
eric transposition (Fig. 7). This is supported by the fact that the
Xq28–autosome breakpoints are identical and that the paralogy
extends in both directions from these junctions (Fig. 6). In
addition, parsimony analysis shows that ALD2p11, ALD22q11
and ALD16p11 constitute their own clade, suggesting that the
duplicons among the pericentromeric regions are more closely
related (Fig. 4). Determining the sequence junctions among the
autosome–autosome paralogy domains may shed some light on
this second step of pericentromeric exchange. It may be
noteworthy, in this regard, that sequencing of the ends of one of
the ALD16p11.1 cosmids (16–341b10) has identified satellite III
sequence homology (data not shown). Centromeric satellite

sequences are found frequently to be associated with extrachro-
mosomal polydispersed circular DNA fractions (32,33). It is
possible that such episomal intermediates may occasionally
include adjacent non-repetitive sequence. If these vectors are
capable of integrating into homologous satellite sequence on
another chromosome, this could provide the molecular basis for
the observed pericentromeric shuttling.

ALD disease implications

The identification and characterization of ALD duplicon se-
quences on four autosomal loci should provide the means for
more efficient mutation detection among ALD patients. The
extraordinary degree of sequence conservation (Fig. 3) among
paralogous exons has probably hampered the identification of
bona fide mutations associated with ALD. Indeed, several
missense mutations commonly reported for ALD patients, such
as the G→ A transition at position 2211 (1) and C→T transition
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at position 2235 (GenBank Z17859) (5,8,9) are also found among
ALD paralogous sequences (Fig. 3, positions 65 and 89,
respectively). These ‘mutations’ may represent false-positives
detected upon co-amplification of autosomal ALD loci. A catalog
of duplicated intronic and exonic sequence should facilitate more
effective primer design and more critical evaluation of mutations
among patients. It should be noted, however, that despite the high
degree of conservation (∼95%) between autosomal and X-
chromosome ALD loci, polymorphic autosomal variants from
exon 8–10 have rarely been misclassified as ALD mutations
(3–11).

Evolutionary implications

Our analysis of the duplications of the ALD locus to 2p11, 10p11,
16p11 and 22q11 is the third clear-cut example of an unusual
phenomenon of pericentromeric-biased transposition (12,22).
Extrapolations from earlier data regarding the identification of
paralogous gene segments near centromeric regions of chromo-
somes (17,24,34–37) indicate that the acquisition of genes and
gene families within these regions may be a general, hitherto
unrecognized property of the pericentromeric portions of primate
chromosomes. Analysis of these duplications indicates that most
duplicons represent truncated non-processed pseudogenes with
little functional significance. Occasionally, however, a gene (such
as the CTR segment) may be duplicated in its entirety, including
its putative promoter (12), maintain transcriptional activity and
acquire a new function in an organism (38). Another evolutionary
benefit of such pericentromeric plasticity may be to juxtapose
different cassettes from diverse genes to create a reservoir of
genes in the genome with potentially new functions. Such events,
if they did occur, could accelerate an organism’s adaptability,
allowing for rapid quantitative and qualitative genetic differences
within the same species. The evolutionary cost of such pericen-
tromeric plasticity, however, may be that genes of adaptive value
occasionally are rearranged or deleted due to their proximity to
these areas of ‘genetic flux’. It is tempting to speculate that some
of the microdeletion syndromes located near the centromeres,
such as Prader–Willi/Angelman syndromes in 15q11.2 (39,40),
Smith–Magenis syndrome in 17p11.2 (41) and VCF/DG syn-
dromes in 22q11.2 (42,43), may be the consequence of such
pericentromeric instability.

MATERIALS AND METHODS

Fluorescent in situ hybridization

Chromosome metaphase spreads were prepared from human
peripheral blood lymphocytes of a male donor. Cosmid probes
were nick-translated, labeled and hybridized to chromosomal
preparations as previously described (44). Biotin-labeled cosmid
DNA was detected using fluorescein isothiocyanate (FITC)-conju-
gated avidin (5 µg/ml) (Vector Laboratories). Digoxige-
nin-11-dUTP (Boehringer Mannheim)-labeled Alu PCR products
were co-hybridized to generate an R-banding pattern for cytogene-
tic band identification (45). A Zeiss Axioskop epifluorescence
microscope with a cooled charge-coupled device (CCD) camera
was used to generate digital images (Fig. 1).

Library hybridization

Five arrayed chromosome-specific cosmid libraries ( LL02NC01
‘X’, LA10NC02, LA16NC02, LL22NC03 ‘N’ and LLOXNCO1
‘U’ corresponding to chromosomes 2, 10, 16, 22 and X,
respectively), were obtained from Lawrence Livermore and Los
Alamos National Laboratories (46,47). A sufficient number of
clones were isolated and grown for each library such that >5×
coverage was obtained for each chromosome. Filters were
pre-hybridized for 1 h at 65�C with 0.25 M NaPO4, 0.25 M NaCl,
5% SDS, 10% polyethylene glycol and 1 mM EDTA; and blocked
with 20 µg/ml herring sperm DNA. PCR-generated products
(Table 1) were purified (QiaQuick column) and 25 ng of product
was random-hexamer labeled (MegaPrime) with [α-32P]dCTP
and 1 U of Klenow fragment, according to the manufacturer’s
specifications (Amersham). Probes were purified through a G-50
Sephadex column and allowed to hybridize overnight at 65�C in
a rotisserie oven. Filters were washed three times for 30 min each
at 65�C with 0.05 M NaPO4, 0.5% SDS and 1 mM EDTA
solution and exposed to autoradiographic film.

Physical mapping

Genomic DNAs (150 ng) from a somatic cell hybrid
monochromosomal panel (NIGMS, Human Genetic Mutant Cell
Repository) were used as templates in PCR amplification with
primer pairs 4 and 11 (Table 1) to confirm the chromosomal
location of each ALD paralog. Appropriate control DNA from
mouse, hamster and human was included in the PCR analysis. To
refine the map location for chromosomes 10 and 22, radiation and
deletion hybrid panels were analyzed by PCR. For chromosome
10, the following hybrids were tested: 10, 43, 57, 132, 168, 170
and 175 (14). For chromosome 22, hybrids Cl 6-2EG,GM10888,
D655, Cl-9/5878 and Cl-4/GB were analyzed (15). In addition,
cosmid DNA (22-11c7) containing the chromosome 22 ALD
paralog was used in FISH as a probe against DiGeorge deletion
and translocation patients to map the ALD duplicon to the
VCF/DG critical region. For chromosome 16, a panel of CEPH
YAC clones, 614A5, 653D12, 662D12, 663G12, 693C11,
700E10, 769B3, 897E10, 895G9 and 950B3, which had been
STS mapped to the 16p11.1–16p11.2 interval (16) were analyzed
by PCR. Cosmid DNA (1 ng) was analyzed by PCR to determine
the organization and extent of paralogy (Table 1). With the
exception of the annealing temperature (Table 1), PCR conditions
were identical (95�C for 3 min; followed by 35 cycles of 95�C
for 1 min, 60/65�C for 1 min and 72�C for 2 min). PCR
amplification reactions were carried out in a final volume of 25
µl containing 0.25 mM dNTPs (Pharmacia), 25 pmol of each
primer and 1.25 U of Taq polymerase (Boehringer Mannheim) in
standard 1× PCR buffer (Boehringer Mannheim). All cycling
conditions were optimized for use in a PE 9600 thermocycler
(Perkin Elmer Cetus).

Sequence analysis 

PCR products were subcloned both into a TA cloning vector,
pGEMT (Promega), using the manufacturer’s suggested proto-
col. Ligation products were transformed into XL1-Blue super-
competent cells (Stratagene), and transformants were screened by
PCR to identify clones which contained inserts of the correct
length. Positive clones were sequenced with T7 and SP6 primers
and fluorescently labeled dideoxy terminators from a single-
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strand template using an automated DNA sequencer (ABI 373).
Multiple clones from independent ligations were analyzed to
confirm the sequence. Sequence analysis of the autosome–Xq28
paralogy breakpoints was performed using the fmol cycle
sequencing kit (Promega) and cosmid DNA (2 µg) as template.
Primers were developed as close as possible to the breakpoint
junction based on Xq28 sequence (GenBank accession no.
U52111). Primer 79490, 5′GAAAGCTGGGTGTCCACG-
GAGGGAA, was used for analysis of the 5′ breakpoint, and
primer 110516, 5′GTACACAGCGACCACTAGGTGAATAC,
was used for analysis of the 3′ breakpoint. Primers were
end-labeled with [γ-33P]ATP, and sequencing reactions were
analyzed on a 6% denaturing polyacrylamide gel.

Phylogenetic analysis

Sequences were aligned using the BestFit program from the GCG
software package (Wisconsin Sequence Analysis Package, v. 8).
PAUP (phylogenetic analysis using parsimony) version 3.1.1
(Illinois Natural History Survey) was employed to assess
phylogenetic relationships based on 790 bp of comparative
sequence among the ALD paralogs. As gaps in sequence
alignments are problematic for phylogenetic analysis, deletions
were counted as a single event in these phylogenetic analyses.
Parsimony analysis (PAUP) was performed on aligned sequences
using exhaustive searches. No ancestral state nor outgroup
sequence was defined during the analysis. Two equally parsi-
monious trees were generated. Bootstrap analysis (100 branch-
and-bound replicates) was used to assess the quality of each
equally parsimonious tree.
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