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Abstract. Using vector-CENP-B box polymerase chain reac-
tion (PCR) we isolated and cloned from a human chromo-
some 21-specific plasmid library, a 1 kb DNA sequence,
named paH21. In in sita hybridization experiments, potH21
hybridized, under high stringency conditions, to the cen-
tromeric region of all the human, chimpanzee, gorilla and
orangutan chromosomes. On human chromosomes potH21
also identified non-centromeric sequences at 2q21 (locus
D2F3381) and 9q13 (locus D9F33S2). The possible deriva-
tion of these sequences from ancestral centromeres is dis-
cussed. Sequence analysis confirmed the alphoid nature of
the whole paH21 insert.

Introduction

The centromeric region of primate chromosomes contains
long arrays of tandemly repeated DNA sequences, referred to
as alpha satellite DNA or alphoid DNA (Maio 1971; Kurnit
and Maio 1973; Manuelidis 1978; Rosenberg et al. 1978;
Willard and Waye 1987). The common feature of this DNA
is the length of the repeat unit, which is about 170 bp.
Alphoid repeats have been studied widely, especially in hu-
man, where subsets highly specific for a single chromosome
or shared by several chromosomes have been documented.
Other subsets are distinguishable from each other using very
high stringency conditions of hybridization or by restriction
analysis (see Choo et al. 1991 for review). A human alphoid
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DNA sequence that hybridizes to every human and great ape
centromere under fairly high stringency conditions, has also
been reported (clone p82H, Mitchell et al. 1985; Aleixandre
et al. 1987; Miller et al. 1988). Chromosome-specific organi-
zation and sequence conservation has been shown for a sin-
gle gorilla- and a single chimpanzee-derived alphoid DNA
sequence (Durfy and Willard 1990; Baldini et al. 1991).
However, the evolutionary studies on alpha satellite DNA
among human and great apes have not yet collected enough
data to draw general conclusions. The highest sequence sim-
ilarity so far reported between human and great ape alphoid
sequences is 91% (Baldini et al. 1991), much lower than the
expected similarity for selectively neutral sequences (see
Goodman et al. 1989 for review), suggesting that this DNA. is
rapidly changing. However, sequence comparisons between
tandem repeats from different species are of limited value
owing to obvious difficulties in identifying orthologous DNA
segments. No function has so far been assigned to the alpha
satellite DNA. It contains a 17-bp protein binding domain,
referred to as the “CENP-B box™ owing to its ability to bind
the CENP-B protein (reviews in Pluta et al. 1990; Ratiner
1991). The CENP-B box is also present in the mouse minor
satellite (Wong and Rattner 1988), which is located at the
centromere of mouse chromosomes but is otherwise unre-
lated to the alpha satellite DNA. We used the CENP-B box
sequence as a primer, in combination with a vector-specific
primer, to amplify alpha satellite sequences from the DNA of
a chromosome-specific library, using the polymerase chain
reaction (PCR). With this method, we isolated and cloned a
1-kb alphoid DNA sequence, named poH21, that hybridized,
in situ, to the centromeric region of all the human and great
ape chromosomes. Further, paH21 identified non-cen-
tromeric sequences on human chromosomes that could be the
remnants of ancestral centromeres.
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Materials and methods

Polymerase chain reaction

The chromosome 21-specific plasmid library, pBS21A., was kindly pro-
vided by J. Gray (University of California, San Francisco). It consits of
HindllI fragments derived from {low sorted chromosomes 21, ligated in
the HindIII site of the Bluescribe plasmid vector (Collins et al. 1991},
These inserts can be amplified by PCR using standard primers hybridiz-
ing to the T3 and T7 promoters located at the two extremities of the vee-
tor polylinker sequence.

PCR reactions were performed using 100 ng of pBS21A and primer
pairs Notl-« and T3 or Norl-o and T7. The Notl-o a sequence, 5°-GCG-
GCCGCCTTCGTTGGAAACGGGAZ’, contains 57 to the 17-mer
CENP-B box the Notl rccognition sequence (italicized) for other
cloning purposes. The T3 and T7 primer sequences were 5" ATTAACC-
CTCACTAAAGS” and 5’AATACGACTCACTATAG3', respectively.
Each primer was used at a final concentration of (0.5 u M. PCR mixtures
contained 1.3 mM MgCl, 10 mM TRIS-HCIL, 50 mM KCI, 0.001%
gelatin, 130 uM each of the four dNTPs and 2 U of Tag polymerase
(Perkin Etmer/Cetus). After initial denaturation at 95°C for 3 min, 32
cycles of PCR were carried out with denaturation at 94°C for 1 min, an-
nealing at 55°C for 1 min and extension at 72°C for 4 min (last cycle
7 min). The thermocycling was performed using a commercially avail-
able automatic machine (Ericomp). The products were ethanol precipi-
tated in the presence of 2 M ammonium acetate and resuspended in TE
(10 mM TRIS, | mM EDTA).

PCR products were isolated from low melting temperature agarose.
A 1-kb fragment amplified by the T7-Notl-o primers was cloned using
a commercially available kit (TA clening system. Invitrogen) and the
clone was named paH21. The kit is based on the non-template depen-
dent activity of Taq polymerase, which adds single deoxyadenosines to
the 37 end of duplex molecules produced by PCR, creating A-over-
hangs. The products are ligated to a linearized plasmid vector (named
pCR1000) that has T-overhangs.

DNA sequencing

The nucleotide sequence of double-stranded DNA was determined with
the dideoxy method using T7 DNA polymerase (Pharmacia) following
the procedure suggested by the manifacturer. [*S]-dATP was the la-
beled deoxynucleotide. M13 forward and reverse primers were used to
sequence the inserts in the plasmid vectors. Two Hincll fragments were
subcloned from paH2t in order to obtain the entire sequence. Sequence
data werce handled using the University of Wisconsin Genetics Com-
puter Group (LWGCG) software package (Devereux et al. 1984) and
compared with the sequences recorded in the GenBank (Release 70.0,
12/91) and EMBL (Release 29.0, 12/91) databases using previously de-
scribed algorithms (Wilbur and Lipman 1983).

In situ hybridization

Standard metaphase spreads were obtained (rom peripheral blood lym-
phocytes of a human male donor and from lymphoblastoid cell lines
from gorilla (Gorilla gorillu, individual Machi, female), chimpanzee
(Pan troglodytes, individual Tank, male) and orangutan (Pongo pyg-
maeus. individual Jari, female). The primate cell lincs were derived by
D. A. Lawlor (Stanford, Calif.) {rom blood samples provided by O. R.
Ryder (San Diego, Calif.). Probes were labeled with biotin-11-dUTP or
digoxigenin-11-dUTP using nick translation. Probe labeling and fluo-
rescence in sita hybridization were performed essentially as described
by Lichter et al. (1990). Three post-hybridization washes at 42°C in
2 % §SC 50%, formamide were followed by three washes in (.1 x SSC
at 60°C. Chromosome identification was based on in situ hybridization
banding using digoxigenin-11-dUTP (Boehringer Mannheim) labeled
Alu-PCR products as a co-hybridization probe {(about 2 pg/ml). This
produces an R-banding pattern suitable for gene mapping studies (Bal-
dini and Ward 1991). Biotin-labeled DNA was detected using fluores-
cein isothiocyanate (FITC)-conjugated avidin DCS (5 ug/ml) (Vector
Laboratories); digoxigenin-labcled DNA was detected using a rho-
damine-conjugated anti-digoxigenin antibody (Bochringer Mannheim).
Ten to 20 metaphase spreads were analysed per species. In some cases

chromosome identification was performed by simultancous 47.6-di-
amidino-2-phenylindole (DAPI) staining, which produces a Q-banding
pattern. The nomenclature and presumptive horologies of great ape
chromosomes used in this paper are according to the International Sys-
tem for Human Cytogenetic Nomenclature (ISCN 1985).

Digital images were obtained using a cooled charge-coupled device
(CCD) camera (Photometrics) as previously described (Baldini and
Ward 1991).

Southern blot analysis

Southern blot analysis of genomic DNA of human and somatic cell hy-
brids was performed as described (Baldini et al. 1992). Hybridization
was carried out in 50% formamide, 4 x SSC, 5 x Denhardt’s solution,
0.5% SDS. 10 mM EDTA, pH 8 and 100 pg/ml sonicated herring sperm
DNA at 42°C for 16—18 h. Post-hybridization wash conditions were
65°Cin 1 x S8C, 0.1% SDS, twice for 15 min. Filters containing DNA
from somatic cell hybrids were washed under higher stringency condi-
tions, i.e., at 65°C in 0.1 x SSC, 0.1% SDS, twice for 15 min.

Results

Isolation and sequence analysis of paH21

Vector-CENP-B box PCR amplification of the chromosome
21-specific plasmid library led to products ranging from 1 kb
to about 200 bp in size (data not shown). These amplified se-
quences, isolated as separate bands from a gel, hybridized in
situ to chromosome 21, but none of them showed chromo-
some 21 specificity. However, all of them were located at the
centromere as expected for alphoid DNA sequences. The 1-
kb amplified fragment was clones as described (see Materials
and methods) and further characterized. It was chosen be-
cause it was the longest amplified fragment.

The sequence of the potH21 insert (recorded in the Gen-
Bank/EMBL databases under the accession number M64321)
revealed the alpha satellite nature of the whole clone. The se-
quence shows the characteristic alpboid structure composed
of ~171-bp repeats and aligns well with alphoid DNA con-
sensus sequences (Waye and Willard 1987; Choo ct al.
1991). Sequence database secarches revealed that the most
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Fig. 1A~F. Fluorescence in situ hybridization of paH21 (shown in red;
vellow in C, D and E) to human chromosomes (in vellow-green; blue in
C and F). The digital images (see Materials and methods) were pseudo-
colored to distinguish the different fluorochromes. Photographs were
taken from the computer screen. A Chromosome spread from g human
male donor; arrows indicate the non-centromeric hybridization sites.
Chromosomes were R-banded by in situ hybridization banding (see Ma-
terials and methods). B Human chromosome 2. The arrow indicates the
extracentromeric signal at 2g21. C Extracentromeric signals at 9q13.
Chromosomes were counterstained with 47,6-diamidino-2-phenylindole
(DAPI). D Hybridization of alpha satellite centromeric repeats at the
centromeric region of chromosome 3. Lefi, poH21: center, pAEO.08
(identifying the locus D3Z1); on the right. the two signals are merged.
Note the different morphology of the two signals. E A lymphocyte nu-
cleus hybridized with poH21 (on the left, in yellow) and with pC1.8 (in
the center, in red; this is an alpha satellite DNA clone hybridizing to the
centromere of chromosomes 1, 5 and 19). On the right, the two images
are merged. The poH21 signal is more grainy and dispersed than the
pC1.8 signal. F Left detail of a metaphase spread hybridized with
poH21 (in red) and with ¢8.1 (in yellow, identifying the fusion point of
the two ancestral chromosomes that formed human chromosome 2; ¢8.1
also hybridizes to several telomeric sites). On the right, karyotyped and
magnified chromosomes 2 are shown (chromosomes were counter-
stained with DAPI)
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similar sequence present in the GenBank and EMBL data-
bases is that of the clone pTRA7 (Vissel and Choo 1991;
82% sequence similarity).

In situ hybridization of pat H21

Clone potH21 was hybridized in situ to banded human, chim-
panzee, gorilla and orangutan chromosomes under high strin-
gency conditions (see Materials and methods). On human
chromosomes, paH21 hybridized to every centromere as
well as to bands 2g21 and 9q13 (Fig. 1A-C). The intensity of
the hybridization signals at the non-centromeric loci was
lower than in the centromeric regions. In situ hybridization
experiments were also performed using two subclones of
paH21. The signals had the same distributions but were of
lower intensity (data not shown). In situ hybridization exper-
iments under the same conditions were also performed using
the probe pTRA7 (Vissel and Choo 1991) whose sequence is
similar to that of poH21 (see above, sequence analysis). The
hybridization signal had a different chromosomal distribu-
tion and did not detect extracentromeric Joci (data not
shown).

On human chromosome 3, the hybridization signal often
showed a characteristic morphology, i.e., discrete, punctate
signals at the periphery of the centromere (Fig. 1D, on the
left). In contrast, the hybridization signal of a chromosome 3-
specific alphoid DNA clone appears more compact and cen-
trally located (Fig. 1C, in the center, same chromosome hy-
bridized with clone pAE0.68 identifying the locus D3Z1;
Baldini et al. 1989a). The two signals are superimposed on
the right-hand side of Fig. 1D. These data suggest that on this
chromosome, potH21-like sequences are located peripherally
compared with the tandem arrays of chromosome-specific al-
pha satellite repeats. In interphase nuclei the poH21 hy-
bridization signals showed different degree of condensation,
often appearing as grainy and dispersed. Figure [E shows a
nucleus hybridized in a dual labeling experiment with paH21
(Fig. 1E, on the left, shown in yellow) and the muiti-loci
alphoid DNA clone pC1.8 (hybridizing to the centromere of
chromosomes 1, 5 and 19; Baldini et al. 1989b) (Fig. IE, in
the center, shown in red). On the right hand side of Fig. 1E
the two images are superimposed. There is a clear difference
in appearance between the signals from the two probes,
potH21 being more grainy and dispersed. The signal from
pC1.8 appears more compact and, therefore, more typical of
long arrays of tandem repeats.

On chimpanzee, gorilla and orangutan chromosomes,
poH21 hybridized to every centromere but no extracen-
tromeric location was apparent (data not shown). Because the
gorilla and orangutan individuals that we studied were both
female, we do not know whether parH21 hybridizes to the Y
chromosome in these species; lymphocyte lines from males
were not available for study.

Southern blot analysis

potH21 was hybridized to a Southern blot containing human
genomic DNA cut with EcoRlI, Stul, Hinfl, Hind1l1, BamHI,
Pst1 and Bell (Fig. 2). Results show a complex pattern with
no indication of a higher order repeat. However, bands of 2.7,
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Fig. 2. Autoradiograph of a Southern blot containing human genomic
DNA cut with: lane 1, EcoRY; lane 2, Stul; lane 3, Hinfl; lane 4,
Hind1lL; lane S, BamHl, lane 6, Pst1 and lane 7, Bell. The filter was hy-
bridized with peH21 under the stringency conditions described (see
Materials and Methods)

1.4 and 0.68 kb are predominant in EcoRI, Stul and Pst1 di-
gested DNA (Fig. 2, lanes 1, 2 and 6) suggesting a basic
tetrameric organization.

In order to determine whether sequences detected by
poH21 are highly conserved in different chromosomes, we
performed a Southern blot analysis under higher stringency
conditions (see Materials and methods) using a standard
mapping panel of human-hamster somatic cell hybrids (Roc-
chi et al. 1986). Higher stringency conditions were not tested
on in situ hybridization experiments because they would
strongly reduce the efficiency of signal detection. The results
of the hybridization to the somatic hybrids panel are shown
in Fig. 3 where lanes 1-18 contain DNA from hybrids, lane
Hu contains total human genomic DNA and lane CHO, ham-
ster DNA. DNA was cut with EcoRI. The chromosome con-
tent of each hybrids is listed in Table 1. Two major bands are
present in the human genomic DNA, one of about 2.7 kb and
the other of about 1.4 kb. The two bands are not always pre-
sent in the same hybrid indicating that they are present in dif-
ferent chromosomal subsets. The 1.4-kb band is 100% con-
cordant with the presence of chromosome 18. The 2.7-kb
band could not be assigned to a specific chromosome sug-
gesting that this fragment is present in mutliple chromo-
somes. However, the hybridization signal in certain hybrids
is very weak or absent (lanes 6, 7 and 12). This suggests that
in some chromosomes paH21-like sequences may be present
as a single copy. In other chromosomes paH21-like se-
quences, although detected by in situ hybridization, are not
detected by Southern blot analysis (performed under higher
stringency conditions), probably due to slight sequence di-
vergence from the probe.

poH21 is a PCR clone and therefore its sequence may not
reproduce exactly the genomic sequence. It is known that
Tag DNA polymerase lacks proof-reading activity. However,
our clone is unlikely to be an artifact because: (a) its se-
quence completely aligns with alpha satellite consensus se-
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Fig. 3. Autoradiograph of a Southern blot
containing EcoRI-cut genomic DNA from a
standard mapping panel of human-hamster
somatic cell hybrids (Rocchi et al. 1986)
(lanes 1-18} as well ag total human genomic
DNA (lane Hu) and hamster DNA (lane
CHO). Experiments were performed under
0.68 high stringency conditions (see Materials
and methods). The chromosome content of
each hybrid is listed in Table 1

14

Table 1. Chromosome content of hamster-human somatic cell hybrids of the panel used in Fig. 3. This panel has been extensively used for gene map-
ping studies (Rocchi et al. 1986). Lane numbers are referred to in the autoradiograph shown in Fig. 3

Chromo- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 I5 16 17 18
some
1 - - - - - - - - - - + - - + + - -
2 — — — - — — - + - - _ — —_ — _ _
3 - - - - - - - + - + - - - - + - + -
4 - - - - - - - + - - - - - + + -
5 - + + + - + - + - - - - + - - - + -
6 - - + + - + - + - - + - - + + +
7 - - - - - - + - + - - - + + - - + -
8 - + + - - t - - - - - + - +
9 - - - - - + - - - - - - + + - - - -
10 - - - - - - + - - - - - - - + +
11 - - b - - - - + - - - - + + + +
12 + + + - - + - - - - + + - - + + + -
13 + - - t + - - - - + - - + - - - -
14 + + + + - - - + + - - - - - + + - -
15 + - - - + - - - - - - + + - + - - -
i6 - - - - + - + - - - - - - - - + +
17 - + - - - - - - - - + - - - - - + -
18 + + - + - - - - + - - - + - + + - -
19 - + - - - - - - - - - - - + + -
20 + - - + - - - - - - - - - + - -
21 - - + - + - - - - + - + + - + - -
22 - - - - + + + - + - - - + - +
X q- + + + + + + + + - - + + + + + -
I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
quences; (b) two different subclones gave identical chromo- Discussion

some distribution in fluorescent in situ hybridization experi-
ments; (c) the clone clearly identifies homologous sequences
under high stringency conditions on Southern blot experi-
ments.

Alpha satellite DNA has been demonstrated at the cen-
tromeric region of every human chromosome. Owing to the
divergence of the chromosomal subsets of this repetitive
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DNA, a given alphoid clone will preferentially hybridize to a
single or to a limited number of chromosome pairs. To date,
only one alphoid clone (p82H) has been shown to hybridize
to every human and great ape chromosome under fairly high
stringency conditions (Mitchell et al. 1985; Aleixandre et al.
1987; Miller et al. 1988). In this paper we describe a second
alphoid DNA clone, paH21, that hybridizes to the cen-
tromeric region of every human and great ape chromosome
{however, with the caveat that the Y chromosome in gorilla
and orangutan could not be evaluated). The high stringency
conditions of the in situ hybridization experiments (see Mate-
rials and methods) should prevent any non-specific cross-hy-
bridization of paH21 with the numerous, diverged alphoid
DNA subsets that are chromosome specific. However, the
parH21-like sequences located on different chromosomes are
likely to be slightly divergent from one another owing to in-
dependent evolution. This appears to be true for the p82H-
like sequences. In fact sequences identical, or quasi-identical,
to the cloned one were only demonstrated at a very low copy
number in a single chromosome (Waye ct al. 1988). Our ex-
periment of Southern hybridization, under high stringency
conditions, to a somatic cell hybrid panel suggests that pa
H21 identifies a limited number of sequences located on mul-
tiple chromosomes.

parH21 also hybridizes to the non-centromeric bands 2q21
and 9913 in human. Human chromosome 2 is derived from
the end-to-end fusion of two ancestral chromosomes. The fu-
sion point has been recently identified at 2q13 (IJdo et al.
1991). The centromere of one of the two chromosomes has
been lost or inactivated. Standard cytogenetic techniques,
such as C-banding, failed to detect any heterochromatic
block on the long arm of human chromosome 2, suggesting
that the bulk of the centromeric repetitive DNA has been lost.
In this paper we demonstrate centromeric repeats at 2q21 that
could be the remains of the ancestral centromere. This is sup-
ported by the fact that poH21 hybridizes at the centromeres
of both chromosomes that are the origin of human chromo-
some 2. In Fig. 1F a dual labeling hybridization with clones
poH21 and ¢8.1 (identifying the fusion point, IJdo et al.
1991) shows the relative location of the remnants of the two
chromosomal structures. Although definitive demonstration
would require further comparative mapping in this region
using more specific probes, our data are nevertheless com-
patible with data obtained by comparative banding analysis
(Yunis and Prakash 1982) and add a new element to the de-
lineation of the chromosome 2 phylogeny. No alphoid clone
so far reported identifies repeats at 2q21. This could be ex-
plained by the relative rarity of poH21-like sequences com-
pared with chromosome-specific alphoid subsets. However,
Bellis et al. (1991) showed that yeast artificial chromosome
(YAC) clones from the centromeric region of chromosome
21 hybridized in situ to the same region of chromosome 2 as
porH21. The sequences hybridizing to chromosome 2 are still
to be characterized.

Non-centromeric sequences on 9q13 might be due to resid-
ual alphoid repeats that persisted after the pericentric inver-
sion that this chromosome underwent during the evolution
from the great apes. Alternatively, alphoid sequences could
have remained isolated after the amplification and/or genera-
tion of the non-alphoid heterochromatic block at 9q11-q12
(absent in the homologous great ape chromosomes). Alphoid

sequences at this region have also been demonstrated using
p82H (Aleixandre et al. 1987) but could not be detected by
the chromosome 9-specific alphoid clone pMR9IA (Rocchi et
al. 1991).

Our results demonstrate that alphoid DNA sequences in
the human genome are not restricted to the centromeric re-
gions of chromosomes. We also showed that alphoid-vector
PCR is an effective method to isolate alpha satellite DNA se-
quences from genomic libraries.
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