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Tandemly repeated DNA families appear to undergo concerted evolution, such that repeat units within a
species have a higher degree of sequence similarity than repeat units from even closely related species. While
intraspecies homogenization of repeat units can be explained satisfactorily by repeated rounds of genetic
exchange processes such as unequal crossing over and/or gene conversion, the parameters controlling these
processes remain largely unknown. Alpha satellite DNA is a noncoding tandemly repeated DNA family found
at the centromeres of all human and primate chromosomes. We have used sequence analysis to investigate the
molecular basis of 13 variant alpha satellite repeat units, allowing comparison of multiple independent
recombination events in closely related DNA sequences. The distribution of these events within the 171-bp
monomer is nonrandom and clusters in a distinct 20- to 25-bp region, suggesting possible effects of primary
sequence and/or chromatin structure. The position of these recombination events may be associated with the
location within the higher-order repeat unit of the binding site for the centromere-specific protein CENP-B.
These studies have implications for the molecular nature of genetic recombination, mechanisms of concerted
evolution, and higher-order structure of centromeric heterochromatin.

The complex genomes of eukaryotes contain large
amounts of tandemly repeated DNA, often comprising sev-
eral percent of an organism's genetic complement. These
DNA families contain as many as several thousand repeat
units at a given location, arranged in a head-to-tail fashion.
Noncoding tandemly repeated DNAs are possible candi-
dates for providing some of the structural requirements for
proper chromosome function (14, 20), while multigene fam-
ilies such as ribosomal DNA (rDNA) and immunoglobulin
genes are important for the development and biology of
complex organisms (16). One interesting but poorly under-
stood property of these DNA families is the high degree of
sequence similarity observed among repeat units within a
species compared with the relatively low similarity of repeat
units between closely related species (5, 16). Models to
explain this phenomenon of concerted evolution invoke
repeated rounds of homologous genetic exchange processes
such as unequal crossing over and conversion, such that
mutations arising in individual repeat units can be duplicated
and eventually spread throughout the DNA family within a
species (24, 30). Genetic exchange processes are thought to
be important in shaping complex genomes, resulting in gene
duplication, deletion, or fusion (reviewed in reference 15)
and contributing to genetic diversity between populations
during evolution (8, 32).
Alpha satellite DNA is a tandemly repeated DNA family

found in arrays of up to several thousand kilobase pairs at
the centromeres of all human and primate chromosomes.
The fundamental units of alpha satellite DNA are diverged
171-bp monomers, which are tandemly organized into dis-
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tinct linear arrangements that form highly homologous chro-
mosome-specific higher-order repeat units (6, 50). These
have presumably been homogenized on their particular
chromosomes by genetic exchanges between misaligned
arrays aligned on the register of the higher-order repeat units
(31, 38, 50). Within a particular chromosomal subset, higher-
order repeat units that differ in length by integral numbers of
monomers but are otherwise closely related in sequence can
be detected. These variant repeat units are presumably
generated by exchange between misaligned higher-order
repeat units aligned on the homologous monomers (43, 44,
50). In these cases, the location of the recombination events
can be determined by comparison of the sequence of the
variant repeat units to the putative progenitor repeat unit
(12, 13, 43, 44).
Two important parameters need to be considered in the

examination of these recombination events: the register of
(mis)alignment of the two repeat units that are undergoing
exchange. and the location of the actual recombination event
within those sequences. The register of misalignment is in
general determined by sequence homology. However, in the
case of tandemly repeated DNA families, many such homol-
ogous alignments are possible. Data from previous studies
suggest that the locations of unequal crossing over and/or
conversion events occur preferentially in regions that are
among the largest available stretches of perfect sequence
identity between the (mis)aligned sequences (19, 29, 36). It is
not yet clear, however, what effect secondary characteristics
such as chromatin structure may have in the determination
of such events. On the basis of a limited number of previ-
ously described examples, recombination events in the alpha
satellite have been proposed to cluster in a distinct region of
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TABLE 1. Alpha satellite repeat unit variants

Name Chromosome(s) Source Nmisoalmneomers Monomers in Reference(s)

15-mer 17 PCR lb 12-14 This report
14-mer(AA) 17 PCR 2 12-15 This report
13-mer 17 Clone, PCR 3 9-13 25, 39, 43
12-mer 17 PCR 4 9-14 This report
11-mer 17 PCR 5 9-15 This report
24-mer 17 Cosmid clone 8 13-6 This report
9-mer 17 Cosmid clone 7 9-1 This report
AAA 17 Clone, PCR c A-A 44
14-mer(CD) 17 PCR 2 8-11 This report
3kb X X PCR 5 7-3 39
3kb X(cl) X Lambda clone 5 6-2 This report
CDCD 1, 17, X Clones 2e D-C 25, 49
EAEA 1, 17 Clones 2e A-E 25, 49

a This number is equal to the number of monomers that are deleted or duplicated in the variant repeat unit.
b Chromosome 17 repeat unit variants (no. 1 to 9) are described relative to the 16-mer repeat unit (44).
c The triple A is an ancestral event in the formation of the present chromosome 17 16-mer and is derived by maximizing the homology between monomers.
d Chromosome X repeat unit variants (no. 10 and 11) are described relative to the 2-kb 12-mer repeat unit (42).
e These crossovers are derived relative to a canonical pentamer (ABCDE).

the 171-bp monomeric repeat unit rather than being ran-
domly distributed throughout the repeat unit (12, 25, 43, 44).
Additionally, this region has been noted (10) to lie in close
proximity to the CENP-B box, the 17-bp recognition site for
the alpha satellite DNA-binding protein CENP-B (18, 21,
28).
Examination of the molecular basis for multiple recombi-

nation events in closely related DNA sequences should
provide a better understanding of the biological principles
and constraints involved in these processes. To extend
previous work, we have determined the molecular basis of a
set of 13 variant repeat units from the pentamer subfamily of
alpha satellite DNA (suprachromosomal subfamily 3) (1, 2,
49). The positions of recombination events appear to cluster
in a window of approximately 20 to 25 bp within the 171-bp
monomer. As such, this recombination window may repre-
sent an evolutionarily significant beginning of the monomer.
Also, since misalignments of higher-order repeat units giving
rise to these recombination events invariably involve the
juxtaposition of CENP-B boxes, a possible role for the
CENP-B protein in genetic exchange processes is suggested.

MATERIALS AND METHODS

PCR amplification, isolation, and sequencing of alpha sat-
ellite DNA repeat units. Chromosome 17 alpha satellite DNA
was polymerase chain reaction (PCR) amplified with primers
17-1A and 17-2A, as described previously (37). Direct se-
quencing ofPCR products, as well as cloning and sequencing
of individual repeat units, was performed as described
previously (39). Individual variant repeat units were selected
by the size of their insert. Up to seven independent 13-
monomer (13-mer) repeat units, as well as at least two
independent clones of each of the 15-, 14(AA)-, 12-, and
11-mer repeats, from chromosome 17 were analyzed. A
single clone of the 14-mer(CD) was obtained and sequenced
in its entirety. In each case, the sequences of the variant
repeat units were compared with 16-mers from the same
chromosome 17, which had been segregated into mouse-
human somatic cell hybrids (37, 39). DNA from a mouse-
human somatic cell hybrid containing a single chromosome
17 of African pygmy origin gave an amplification product

corresponding to the 11-mer repeat unit, while DNA from
nonpygmy origins never yielded an 11-mer PCR product
(37). Direct sequencing of PCR-amplified DNA was per-
formed for the 13-, 12-, 11-, and 16-mer repeats from each
chromosome, as described previously (39).
Comparative sequence analysis was performed with the

aid of the DNAstar, Inc. (Madison, Wis.), software package.
Sequencing of multiple clones, as well as direct sequencing
of PCR products, identified positions of sequence heteroge-
neity within higher-order repeat units (39). In the present
study, any base change between any clones of a particular
repeat type was considered to define a heterogeneous posi-
tion. A match to either of the bases at a heterogeneous
position in the comparison of progenitor and variant repeats
was not counted as a difference; this results in a conservative
and robust estimate of the location and size of the window of
recombination (39).

Primers complementary to chromosome 17 alpha satellite
DNA used for sequencing have been described previously
(39). Additional sequencing primers used in this study and
their positions in the published sequence (41) are as follows:
17-7B, 5'-TTG AAC CCT CCT ATG G-3' (positions 1108 to
1124); 17-liD, 5'-AAA GGA ATT ATC TTC CCG-3' (posi-
tions 1712 to 1730); 17-16E2, 5'-GAA GTT ATT TCC TT
ACT ACG G-3' (positions 2568 to 2546).

Isolation of variant alpha satellite repeat units from librar-
ies. Isolation and sequence analysis of lambda clones con-
taining the X chromosome alpha satellite have been de-
scribed previously (9, 42). One such lambda phage contained
a single copy of a 3-kb variant, which was subsequently
subcloned as a BamHI fragment. This may represent a rare
variant, since there was no evidence for its existence on the
basis of PCR analysis (39), and it was identified as a single
copy within a lambda clone that otherwise contained tandem
nonvariant (2-kb) higher-order repeat units (9). Subcloning
and sequence analysis were performed with exonuclease
digestions, as described previously (44). It is not clear
whether this variant [3kb X(cl); Table 1] or the previously
described X chromosome PCR product [3kb X(PCR); Table
1] (39) is present constitutively, since they would be indis-
tinguishable by the genomic restriction enzyme analysis that
originally showed the presence of this variant (48, 53).
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FIG. 1. Analysis of a recombination breakpoint in an alpha satellite repeat unit variant. (A) The abrupt and symmetric breakpoint in
sequence similarity at positions 1518 and 2345 allows the recombination event to be localized to a window of 18 bp (boxed region). The
sequence similarity is expressed as mismatches per total base pairs for the entire sequenced region of the 11-mer extending to the PCR
primers. Heterogeneous positions were determined either by direct sequencing of PCR products or by sequence variation between individual
clones. A match to either base at a heterogeneous position was not considered a mismatch. (B) The homology breakpoints allow determination
of a deletion of monomers 10 to 14 relative to the 16-mer. (C) The putative register of misalignment between two chromosome 17 16-mers to
generate the 11-mer is shown. The 16-mers have misaligned by five monomers. The positions of PCR primers 17-1A and 17-2A in the 16-mer
and 11-mer are indicated.

Isolation and characterization of cosmids containing chro-
mosome 17 alpha satellite DNA have been described previ-
ously (38). The 9-mer and 24-mer (Table 1) presumably
represent low-copy variants because of the fact that they
were detected as single copies (not tandemly repeated) in
alpha satellite-containing cosmids. Their presence, however,
has been confirmed in the hybrid line from which the library
was constructed and/or in other rodent-human hybrid lines
by hybridization to characteristic unique restriction frag-
ments found in these variants (data not shown).
Computer-modeled statistical significance. The statistical

significance of the nonrandomness of the distribution of
recombination windows (see Fig. 2B) was tested by using
two independent computer algorithms. In general, 13 win-
dows of the length given in Fig. 2B were placed randomly on
a 171-unit circle. In the first algorithm, the maximum overlap
found at any single point on the 171-unit circle was deter-
mined and compared with the value for the actual datum set.
Only 28 of 5,000 repetitions (P = 0.0056) gave a distribution
that was greater than or equal to the maximum overlap for
the datum set. In the second algorithm, the number of times
that 12 or 13 of the windows overlapped any 25-unit interval
within the 171-unit circle (by at least one unit) was deter-
mined. This condition reflects the datum set. None of 1,000
repetitions satisfied this condition, giving a value of P <
0.001 for the distribution to be seen randomly.

Nucleotide sequence accession numbers. The GenBank ac-
cession numbers for the sequences of progenitor and variant
repeat units used in the study are L08506 to L08547.

RESULTS

Analysis of a chromosome 17 alpha satellite repeat unit
variant. The predominant alpha satellite repeat unit on
chromosome 17 is a 2.7-kb 16-mer higher-order repeat unit
(16 171-bp monomers) (44). Chromosome 17 alpha satellite
DNA is further characterized by several polymorphic repeat
unit variants, ranging in size from 11- to 15-mer repeat units
(51), which form the basis for haplotypic analysis of this
subset (47). 11-mers are found only in an isolated population
of African pygmies and thus define a rare pygmy-specific
variant (47). A PCR assay has been developed to simulta-
neously amplify all of these variant repeat units in a haplo-
type-specific manner by using primers 17-1A and 17-2A (37).
The 11-mer PCR product, as well as 16-mer PCR products
from the same pygmy-derived chromosome 17 hybrid, was
excised from an agarose gel and directly sequenced. Addi-
tionally, two independent repeats of each type from the PCR
were cloned and sequenced (39).
By aligning the sequences of the 11-mer and the 16-mer

repeat units (nucleating at either the 5' or 3' end, as shown),
we identified the position of the putative recombination
event between two 16-mers which gave rise to the li-mer
(Fig. 1). When aligned on PCR primer 17-2A, the sequences
were more than 99% identical (one change of 467 bp se-
quenced) until position 1518 at the beginning of monomer 10
(numbering as in reference 44), after which identity dropped
to less than 80% (68 changes of 326 bp). Conversely, when
aligned on PCR primer 17-1A, the sequences were less than
76% identical (111 changes of 450 bp) until position 2345 at
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the end of monomer 14, beyond which identity was more
than 99% (one change of 343 bp). This abrupt and symmetric
breakpoint in sequence similarity at positions 1518 and 2345
localizes the recombination event to within an 18-bp win-
dow, between the end of monomers 9 and 14 or the beginning
of monomers 10 and 15 (Fig. 1A). Thus, monomers 10
through 14 are deleted in the 11-mer relative to the 16-mer
(Fig. 1B). This deletion could result from two 16-mers being
misaligned by a register of five monomers (Fig. 1C), with a
recombination event within the 18-bp window.

Isolation and analysis of multiple repeat unit variants. In
order to further investigate recombination in alpha satellite
DNA, a total of 13 variant repeat units from the pentamer
subfamily were isolated and analyzed (Table 1). PCR prod-
ucts corresponding to the prominent chromosome 17 repeat
unit variants (11- to 15-mers), including the previously
published PCR-amplified 13-mer (39), were analyzed and
compared. Two different 14-mer repeat units, 14-mer(AA)
and 14-mer(CD), were cloned from the PCR-amplified DNA.
Two additional low-copy chromosome 17 alpha satellite
variants, a 9-mer and a 24-mer, have been isolated from a
cosmid library. An additional 3-kb X chromosome repeat
unit with an origin apparently different from that shown
previously by PCR (39) was isolated from a lambda library
(see Materials and Methods).

Further examples of repeat unit variation were obtained
by examination of the pentamer subfamily of alpha satellite
found on chromosomes 1, 11, 17, and X, which is based on
a canonical pentameric repeat unit (ABCDE) in which each
monomer can be unambiguously assigned to one of five
homology groups (44, 49). The different higher-order repeat
units on these chromosomes are postulated to have been
derived from several crossover events between canonical
pentamers (2, 40). The present higher-order repeat units
contain three variations from the canonical pentamer (pen-
tameric deviations) consisting of the monomeric pattern
...ABCDCDE... (42, 44), the monomeric pattern ...ABCD
EAEAB... (44, 49), and a triplication of highly homologous
A monomers resulting in an ...AAA... pattern (44). The
16-mer from chromosome 17 includes all three of these
pentameric deviations (44).

Location of windows of recombination. A total of 13 variant
repeat units (Table 1) were analyzed to determine whether
recombination events occur randomly or within a particular
region of the 171-bp monomer. The location of recombina-
tion windows was determined (as for Fig. 1B) by the abrupt
and symmetric breaks in homology of the variant repeat
units to the presumed progenitor repeat in both registers
(Fig. 2A).
For each variant repeat, the size of the window to which

the recombination can be localized depends on several
factors, including the degree of identity of the monomers at
the recombination breakpoint (i.e., monomers 9 and 14 and
monomers 10 and 15; Fig. 2B). For example, since the
recombination event for the 24-mer (Fig. 2A) falls within
highly homologous A group monomers from the pentamer
family (49), the window is large (43 bp). Similarly, the
windows of recombination derived for the 15-mer and 14-
mer, which both fall within an alignment of highly homolo-
gous A group monomers, are too large (-100 bp each) to be
included in Fig. 2A.
For each of the pentameric deviations (ABCDCDE and

CDEAEABC), the monomer register that maximizes homol-
ogy between duplicated monomers was determined (49). The
location of the transition between areas of different levels of
sequence identity represents the putative position of recom-

bination, which is analogous to similar analyses of dupli-
cated gene families (11, 19). Independent analysis of the
chromosomal higher-order repeat units in which the variants
occur (see Table 1) gave similar locations for these windows
of recombination, shown as a consensus in Fig. 2A (25, 49).
The window size in these cases is established by the number
of base pairs that the register can be shifted without decreas-
ing the maximized identity. In a similar fashion, analysis of
the -AAA- repeat is derived by maximizing the identity of
the three A monomers within the sequence of the 16-mer
from chromosome 17 and determining the 171-bp register
that maximizes this identity (44).
The sequences in Fig. 2A are aligned on the basis of the

homology between monomers, such that the relative loca-
tion of each window can be seen within the 171-bp repeat
unit. This is shown schematically in Fig. 2B, including the
size and location of the windows for the 14-mer and 15-mer.
The windows of recombination are not randomly distributed
throughout this 171-bp region; instead, 12 of the windows
overlap in a 20- to 25-bp region. The cloned copy of the X
chromosome 3-kb variant falls slightly outside the window of
the other pentameric family members. Thus, the windows of
recombination cluster in a distinct region of the alpha
satellite monomer as opposed to being randomly distributed
throughout the 171-bp repeat unit. This clustering is highly
significant statistically, as two independent algorithms to test
the randomness of this distribution gave P values of 0.0056
and <0.001 (see Materials and Methods).

Registers of misalignments of repeat units. The location of
windows of recombination enables analysis of the molecular
basis of each of the variant repeat units, as demonstrated
explicitly for the 11-mer in Fig. 1. The eight repeat unit
variants from chromosome 17 are shown for convenience as
deletions (or an insertion) relative to the constitutive 16-mer
(Fig. 3). The putative register of misalignment between two
16-mers that would generate these variants (i.e., a misalign-
ment by one monomer gives the 15-mer, one by two mono-
mers gives the 14-mer, etc.) is implied by these deletions
(Table 1). Additional misalignments and recombination
events between repeat units other than the 16-mer can also
be postulated in some cases to give rise to repeat unit
variants. However, given the abundance and constitutive
nature of the 16-mer in all haplotypes (47), we feel that it is
reasonable (and parsimonious) to consider the events im-
plied by Fig. 3.
Each of the two 3-kb variant repeat units from the X

chromosome would result from the same misalignment of
2-kb repeat units, with the recombination breakpoint in
different locations (39). Both the -CDCD- and -AEAE-
pentameric deviations could result from similarly misaligned
canonical pentamers, with recombination in different loca-
tions (2, 40). The chromosome 17 14-mer(CD) variant in-
volves a deletion (relative to the 16-mer) in the duplicated
pairs of CD monomers which in fact restores a canonical
pentamer. This variant may represent an ancestral repeat
that preceded the -CDCD- duplication (Fig. 3) and therefore
may not be an independent event.

Crossover and sequence conversion events have been
found to occur preferentially in regions that are among the
largest available stretches of sequence identity between two
(mis)aligned sequences (19, 29, 36). Therefore, the length
and position of regions of sequence identity between mis-
aligned 16-mers from chromosome 17 (in each register) were
examined relative to the recombination breakpoints. In three
of the eight chromosome 17 variants, in which two or more
highly homologous A group monomers are aligned [14-(AA),
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FIG. 2. Location of recombination windows in variant repeat

units. (A) Approximately 100 bp of the sequence of each repeat unit
around the position of the breakpoint in sequence similarity are
shown. The sequences are aligned such that the relative location of
each window within the homologous monomers can be seen. In each
example, the variant repeat is shown in the middle, with the
hypothesized progenitor repeat unit in either register shown above
and below for comparison. A dot represents a match to the variant
sequence; a colon represents a heterogeneous position that matched
the variant repeat unit (see the legend to Fig. 1). Each recombination
event can be located to a window of several base pairs (boxed
region). The mismatch per total base pairs for the entire available
sequence is shown on the right. The locations of CENP-B boxes are
underlined. The 15-mer and 14-mer(AA) from chromosome 17 are
not shown (see text). The 9-mer is cloned into the EcoRI site as
indicated; restriction mapping of the cosmid from which this variant
originated showed continuation into monomer 1 of a typical chro-
mosome 17 16-mer. (B) Schematic representation of the location of
the windows of recombination in panel A relative to the complete
171-bp monomer. The large windows from the 15-mer and 14-
mer(AA) are included here. As opposed to being randomly distrib-
uted, these windows appear to cluster within a distinct region within
the 171-bp monomer.
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FIG. 3. Structure of variant repeat units from chromosome 17
alpha satelfte DNA. The variant repeat units are shown-as deletions
(and an insertion) relative to the 16-mer, which is the most abundant
constitutive chromosome 17 repeat unit. The pentameric homology
group (A to E) for each monomer is indicated. At the bottom is a

summary of these recombination events, indicating their apparent
interrelatedness. The locations of the CENP-B boxes in the 16-mer
are shown. In each case, the register of misaligmnent resulted in the
juxtaposition of two CENP-B boxes in close proximity to the
position of recombination.
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15-, and 24-mer], the breakpoint is found in the longest
region of sequence identity available in that register of
misaligmment. The other recombination events (with the
exception of the relatively ancient pentameric deviations,
which may have accumulated mutations) occur in windows
of sequence identity of 12 to 24 bp. VAfile these regions are

among the largest regions of sequence identity in each
register of misaligmment, there are many other regions of
sequence identity of greater or equal length found through-
out the repeat units in afl registers of misaligmment. For
example, there are an average of'21 regions of sequence
identity of 15 bp or more in each hypothesized register of
misalipment (data not shown).
We therefore examined the misaliped 16-mers further to

identify any additional features associated with preferential
occurrence of the recombination events in these locations. A
search for regions of identity that were aliped between
misaliped repeats revealed a total of five juxtaposed regions
of 15 bp or more in each register of misaligmment of
chromosome 17 16-mers (Table 2). Of these five regions,
region I seems particularly notable, since it contains the
recognition site for the centromere-specific alpha satellite
DNA-binding protein CENP-B (18, 21, 28) and occurs within
several base pairs of seven of the eight recombination events
in the chromosome 17 variant repeats (Fig. 3). Examination
of these sequences in the derived consensus monomer for
the pentamer subfamily (49) reveals that region I has a high

degree of sequence heterogeneity among the five monomer
groups. In contrast, the other four regions are quite con-

served, and in fact region II is found in the consensus of all
five monomer groups and in a large number of monomers
from chromosomes 17 and X (Table 2). Nfisaligmment involv-
ing such conserved regions would be predicted to result in a
much larger number of variants, not just the set observed
here. Further, regions IV and V would not be juxtaposed in
the predicted misaligmment of the X chromosome repeat
units (Table 2). Thus, the limited pattem of predicted mis-
alignments best correlates with the presence of juxtaposed
pairs of region I.

In support of this correlation, we have not observed any
evidence for misalignment not involving juxtaposed copies
of region I (e.g., misaligmnent of two 16-mers by six mono-
mers, resulting in a 10-mer or reciprocally a 6-mer). Neither
of these variant repeat units has been isolated, nor are they
apparent by PCR or on even highly overexposed Southem
blots with at least three appropriate restriction enzymes
(data not shown). This, of course, does not formally rule out
their presence in low copy number or their isolation in an
untested population. Finally, the predicted recombination
points for both the PCR and cloned X chromosome 3-kb
variants (Table 1) are one and two monomers away, respec-
tively, from juxtaposed copies of region I (39) (Table 2),
while the recombination points of the two pentameric devi-
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TABLE 2. Juxtaposed sequence motifs in misaligned higher-order repeat units

No. of times the no. of misaligned monomers' is juxtaposed in
misalignments on:

Chromosome and monomer
Region Position' and sequence containing sequence X chromosome Chromosome 17

5 1 2 3 4 5 7 8 6b

I 15-30; TTCGTTGGAAACGGGA 17: 1, 6, 10, 13, 14, 15 1 2 1 2 3 2 3 2 0
X: 1,4, 9

II 54-69; GAAGCATTCTCAGAA 17:4,5,6,8,10,11,13,14 4 4 4 4 3 3 4 4 4
X: 1, 2, 3, 5, 7, 10, 11

III 86-101; TGCATTCAACTCACAG 17: 7, 9, 10, 13, 14, 15 1 3 2 2 2 2 1 1 2
X: 12, 5

IV 132-146; TGAAACACTC-1-1-1T 17: 1, 3, 6, 10, 13, 14, 15 0 2 2 3 3 2 3 2 1
X: 6,2

V 157-171; CAAGTGGATATTTGG 17: 1, 5, 6, 9, 12, 14 0 1 1 3 2 3 2 3 1
X: 9, 12

a Position in pentamer family consensus monomer (49).
b Number of monomers misaligned (see Table 1).
c A 6-monomer misalignment of chromosome 17 16-mers was not seen (see text).

ations are each one monomer away from aligned monomers
which have region I (including the CENP-B box) in their
consensus sequences.

DISCUSSION

In this report, we describe the molecular basis for 13
variant higher-order repeat units from the pentamer subfam-
ily of alpha satellite DNA (1, 49). These analyses allow us to
examine multiple recombination events in closely related
sequences in an attempt to identify possible underlying
mechanisms that may affect this process. Several mecha-
nisms have been proposed for the recombination of DNA
(for a review, see reference 26). A simple explanation for the
generation of these variant repeats involves unequal crossing
over between misaligned higher-order repeat units aligned
on the register of homologous monomers (Fig. 1C). Unequal
crossing over, which unlike other mechanisms is restricted
to tandem DNA sequences, satisfactorily explains the gen-
eration and local homogenization of higher-order repeat
units (30, 31, 50) and accounts for the large size variation
observed among alpha satellite arrays on homologous chro-
mosomes (45). Nonetheless, the lack of observed variant
repeat units representing reciprocal crossover products may
argue for nonreciprocal processes such as sequence conver-
sion and double-strand gap repair (26) in the generation of
the variant repeat units. However, given the low probability
and stochastic nature of the generation and subsequent
fixation of any particular variant repeat unit, it may not be
surprising that pairs of reciprocal unequal crossover events
are not observed. This might be addressed by further screen-
ing of clonal libraries for less abundant variants, such as the
9-mer and 24-mer described here (Fig. 3).
Sequence conversion between misaligned repeat units has

been shown to account for repeat unit homogeneity, espe-
cially if a conversion bias (lack of parity in heteroduplex
repair) is considered, but may not account for changes in
array size (23). The paucity of heterologies (due to mismatch
repair) around the abrupt and symmetric recombination
breakpoints described in this report (Fig. 2A) could suggest
a lack of extensive heteroduplex formation. However, a
conversion bias in heteroduplex repair in favor of the pro-
genitor repeat unit could also account for the cleanliness of
these breakpoints. It seems plausible to us that the existing
abundant repeat units may have had the opportunity to

accumulate such a bias during their widespread homogeni-
zation and fixation. In this light, the relatively few hetero-
geneous positions detected in multiple clones (see, for ex-
ample, Fig. 1A and 2A) may represent positions with a
greater parity in the direction of mismatch repair. Other
models that do not require extensive heteroduplex forma-
tion, such as double-strand break repair processes, could
also account for formation of these variant repeats if one or
both ends of a break misaligned on a monomer register, with
subsequent repair by ligation. Since a single recombinational
mechanism need not be solely responsible for the homoge-
neity of higher-order repeat units, differences in array
length, and/or the generation of variant repeat units, it seems
plausible that the observed patterns of variation in tandemly
repeated DNA reflect the complex interplay of several
recombinational processes (8).
The beginning and end of a tandem repeat. A general

paradigm of tandemly repeated DNA is that repeat units of n
bp, arranged in a head-to-tail fashion, have an arbitrary
beginning or end that can be described as starting at any of
n registers (31). Any of the 171 positions within tandem
monomers reveals the underlying homology, as, for exam-
ple, any of the 16 171 positions would reveal the underlying
homology among tandem 16-mers (50). The historical use of
the location of restriction enzyme sites has resulted in many
different published starts of homologous repeat units which
do not necessarily have any biological or evolutionary
significance. For the 13 variant repeat units from the pen-
tamer subfamily described here, the window of recombina-
tion was clustered in a distinct region of approximately 20 to
25 bp of the 171-bp monomer (Fig. 2B), allowing us to reject
the a priori hypothesis of random distribution throughout the
entire 171-bp region. This recombination window delineates
a biologic. v and evolutionarily significant beginning of the
171-bp moinomeric repeat (Fig. 2B) since such recombination
events are a major force in the generation and homogeniza-
tion of tandemly repeated DNA (30, 44, 50). One predicted
effect of every recombination event occurring within a
particular region on the monomer is the evolution of distinct
types of 171-bp units. If the location of each event were
variable, then many novel monomer types would arise and
the distinct monomeric homology groups characteristic of
the pentamer family would likely not be apparent (49).
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Interestingly, this window of recombination corresponds
to the spacer region for the most abundant nucleosome
phase determined for alpha satellite DNA (22, 52, 55). The
delineation of a preferred location of recombination provides
supporting evidence for models in which recombination
events occur in the linker region between phased nucleo-
somes on repeat units. Such models have been previously
proposed to explain the evolution of tandemly repeated
mammalian DNA (17, 43) as well as the chromatin structure
of Tetrahymena rDNA genes from different species (27). A
limited number of additional windows of recombination have
been described for the other suprachromosomal subfamilies
(12, 13, 35, 41), raising the interesting possibility that dif-
ferent suprachromosomal subfamilies and chromosome-
specific subsets are characterized by different monomeric
registers of recombination and, possibly, by different nucle-
osomal phases. Indeed, several additional minor nucleosome
phases were reported for alpha satellite DNA in a study that
did not distinguish among different chromosome-specific
subsets (52). Additional analysis of the chromatin structure
of human alpha satellite DNA from the pentamer and other
subfamilies, performed with the present knowledge and
utility of chromosome specificity, would be extremely infor-
mative.

Registers of misalignment. Data for the 13 variant repeats
analyzed here suggest that recombination events in alpha
satellite DNA do occur in relatively long regions of sequence
identity, which is consistent with the conclusion of Metzen-
berg et al. (19) based on an analysis of unequal crossover
events at the human 0-globin locus. However, the large
number of such regions in each examined register of mis-
alignment suggests that factors other than (or in addition to)
sequence homology affect the position of recombination. In
all variant repeat units examined, the proposed misalignment
between higher-order repeat units results in the juxtaposition
of several sequences of 15 or more base pairs (Table 2),
including the binding site for the centromere-specific protein
CENP-B. This protein has been reported to form a complex
that contains dimerized CENP-B protein and two DNA
molecules (21, 54). The close proximity of the recombination
junctions to these CENP-B dimer-alpha satellite DNA com-
plexes suggests that they may play a role in these events, for
example, by providing a barrier for strand migration or
boundaries for double-strand breaks. Significant homology
between CENP-B and a protein encoded by the Pogo DNA
transposable elements of Drosophila melanogaster may fur-
ther implicate CENP-B in DNA recombination (34).
Alignment of arrays of alpha satellite DNA on the register

of a complete higher-order repeat unit may be stabilized by
multiple CENP-B dimer-alpha satellite DNA complexes that
would be formed along the length of the array (Fig. 4A),
which is consistent with models of centromeric higher-order
chromatin (21, 54). Upon misalignments of higher-order
repeats (Fig. 1C), monomeric registers that retain some
CENP-B dimer-alpha satellite DNA complexes (Fig. 4B)
might be stabilized over those that do not. Thus, in this
model, registers of misalignment (and hence variant repeat
units) would be determined in part by the position and
number of available pairs of juxtaposed CENP-B boxes. The
observed conservation of the 17-bp CENP-B box in other-
wise highly diverged centromeric DNA from distantly re-
lated species (for example, mouse) (18, 46) would be consis-
tent with this model because identical sequences that are
juxtaposed in misalignments would be maintained despite
the evolution of surrounding sequences (Fig. 4B). In con-
trast, other registers of misalignment (i.e., those not favoring

A Alignment on register of higher-order repeat unit maximizes CENP-B interactions

CENP-B / DNA

CENP-B box

B Alignment on monomerc register that retains some CENP-B interactions

...- _>-_
conserved conserved conserved

FIG. 4. Model for the role of CENP-B in the misalignment and
evolution of alpha satellite DNA. Hypothetical higher-order repeat
units each containing four CENP-B boxes (boxed) are shown. (A)
Misalignment on the register of the higher-order repeat unit will be
stabilized because of the formation of large numbers of CENP-B
dimer-alpha satellite complexes. The number and position of
CENP-B boxes are maintained. (B) Misalignments on monomeric
registers that retain some of these complexes will also be stabilized,
as seen for every variant described in this report. Recombination in
such misaligned repeat units will result in the conservation of
juxtaposed CENP-B boxes.

a recombination event) could result in the eventual loss of
sequences important for recombination over evolutionary
time (i.e., thousands of such crossover events) by stochastic
processes (7, 30).
Tandemly repeated DNA at centromeres. In effect, we have

used the description of multiple unequal recombination
events to probe indirectly the higher-order structural char-
acteristics of alpha satellite DNA at centromeres. A unique
chromatin structure at centromeres would likely be formed
by phasing nucleosomes on alpha satellite DNA, because of
the spacer regions between nucleosomes being of identical
length, as opposed to other regions of the genome that
contain phased nucleosomes but do not have similar-length
linker regions (3). Such a regular repeating structure over
megabase-sized arrays of alpha satellite DNA (45) might lead
to formation of large highly compact higher-order chromatin
structures, which is consistent with the observation of
heterochromatin at centromeres (33). The nucleosomal
phase suggested by the window of recombination observed
here would place the CENP-B box directly adjacent to the
pr6posed linker region (see Fig. 2B). Thus, it is possible that
CENP-B would displace the nucleosome in monomers that
contain a CENP-B box, perhaps providing a boundary for
the phasing of the nucleosomes along the remainder of the
higher-order repeat unit. Although alternative interpreta-
tions are possible (28), the number and/or spacing of
CENP-B dimer-alpha satellite complexes within arrays (4,
14, 54) may be important for permitting correct interactions
between neighboring structures in the formation of func-
tional centromeric heterochromatin.
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