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ABSTRACT

We isolated and characterized the first chromosome-
specific satellite DNA (HC2sat) of Chinese hamster.
This novel satellite was localized to the pericentric
region of hamster chromosome 2. The 2.8 kb long
repeat unit of HC2sat was identified and two such units
were sequenced. Extended short range periodicity
could not be revealed in repeat units. These elements
are amongst the largest satellite repeat units reported
from mammals to date. HC2sat is a major constituent
of the pericentric region of CHO chromosome 2
representing a 7- 14 Mb long DNA segment. Studies
of long range organization of HC2sat indicated that the
formation of the satellite array might occur in different
phases and involved different amplification
mechanisms.

INTRODUCTION

The genome of higher eukaryotes contains large amount of
seemingly useless interspersed and tandemly repeated sequence
elements. Although our knowledge regarding the function of
repetitive sequences is limited, there are indications for their
involvement in organization and function of chromatin (1).
Interspersed repeats are distributed more or less evenly in the
genome, however, recent studies have revealed the concentration
of different types of repeats in distinct chromosomal bands (2).
The origin of interspersed repeats now has become clear,
however, their role in the present-day eukaryotic genome is
enigmatic. Interspersed repeats might contribute to some general
aspects of eukaryotic chromatin: perhaps they act as replication
origins and may play a role in the fluidity of the genome (3, 4, 5).

Satellite sequences are characterized by DNA segments (repeat
units) repeated up to several thousand times in a tandem manner.
They usually reside on the telomeric and pericentric regions of
chromosomes. The characteristic association of satellites with
these heterochromatic, structurally resistant chromosome regions
indicates their possible role in the organization and function of
telomeres and centromeres.

DNA elements necessary for protection of chromosome ends
have been identified. A terminally located DNA fragment,
containing an ~ 0.5 kb (TTAGGG), sequence is necessary and
sufficient for de novo telomere formation in mammalian cells
(6). Subtelomeric repeats are thought to have only minor effects
on telomere structure (7).

DNA sequences capable of forming a centromere have not yet
been identified in mammalian cells, although, there are
observations that tandemly organized satellite sequences located
near centromeres affect chromosome segregation (9, 10).

In human chromosomes a number of satellite DNA families
have been identified. Their organization and possible function
have been studied in detail. Two of them, the alpha satellite and
perhaps pentameric satellite are present at all human centromeres
(7). It has been shown that repeated units of alpha satellites,
containing a 17 bp long sequence motif (CENP-B box) can
interact with an evolutionarily conserved centromere protein
(CENP-B) (11, 12). Although CENP-B is one of the major
protein components of most human centromeres it could not be
detected on the Y chromosome. This fact, and the stability of
human chromosomes in hamster cells from which the CENP-B
box is absent (19), raise questions about the role of the alpha
satellite in centromere function. Recent descriptions of a natural
chromosome 14 variant and a marker chromosome 10, containing
no detectable amounts of either pentameric or alpha satellites (13,
14), also make the role of these sequence elements in proper
chromosome segregation uncertain.

A number of different chromosome specific repetitive
sequences have been described. In human, alpha satellite
subfamilies specific to several chromosomes have been identified.
Chromosome specificity of alpha satellites is mainly based on
sequence divergence of repeat units but specific higher order
repeat structures can also contribute to the characteristic
organization of a repeat array (15).

Repetitive sequences specific to mouse chromosome X and 8
have also been isolated. Both repetitive elements are present in
relatively low copy number on a given chromosome and are parts
of long complex repeat elements (16, 17).
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Chromosome specific repetitive sequences have not been
known in Chinese hamster. Centromeric regions of most hamster
chromosomes comprise TTAGGG telomeric hexanucleotides.
The pericentric regions of large hamster chromosomes (# 1 and
#2) are free from large blocks of telomeric repeats (18). Aside
from a recently described 6 kb long single copy DNA fragment
specific to chromosome 1 (19), centromeric DNA has not yet
been isolated from these chromosomes.

In this paper we report the isolation, cloning and molecular
characterization of the first chromosome specific centromeric
satellite sequence of Chinese hamster. To isolate centromeric
DNA fragments from Chinese hamster chromosomes we applied
the in vivo chromosome fragmentation technique described
recently (19), combined with immunoprecipitation using anti-
centromere serum. This novel satellite is located exclusively on
chromosome 2. The identified 2.8 kb long repeat unit is one of
the longest homogeneous repetitive elements reported from
mammals to date. An estimated 2,500—5,000 copies of repeat
units occupy a 7—14 Mbp long chromosome segment making
the novel satellite the major component of the pericentric region
of chromosome 2.

MATERIALS AND METHODS
Cells and cell lines

HeLa, LMTK~ and CHO-K20 cells were grown in F12
medium supplemented with 10% FCS. Concanavalin A (5—10
mg/ml)-induced Chinese hamster spleen cells were grown in
RPMI medium for 72 h.

In vivo chromosome fragmentation, immunoprecipitation of
chromosome fragments and plasmid sublibrary construction

4% 108 CHO K-20 cells were cultured for 20 h in F12 medium
in the presence of 2 mM hydroxyurea. The medium was
supplemented with 5 mM caffeine and 0.5 mg/ml colchicine and
cells were incubated for additional an 5.5 h. Mitotic cells were
harvested by selective detachment and collected by centrifugation
(200 g for 10 min). Pelleted cells were resuspended in
glycine —hexyleneglycol —Triton X-100 (GHT) buffer (21),
supplemented with 1 mM PMSF and burst by passing through
a 23 gauge needle several times. Nuclei, cell debris, intact
chromosomes and large chromosome fragments were removed
by differential centrifugation (1500 g for 20 min) and supernatant
was collected.

400 mg Protein-A —Sepharose CLAB (Pharmacia) was swollen
in sterile PBS containing 0.05% Tween-20 (Tween—PBS) and
incubated for 2 h at room temperature with 100 ml of human
anti-centromere serum LU 851 (21). Sepharose was washed with
Tween—PBS, mixed with supernatant and incubated for 3 h at
room temperature with gentle agitation. Sepharose was pelleted
by low speed centrifugation and washed three times (5 min each)
with Tween—PBS. Pellet was resuspended in 3 ml of TE buffer
containing 1% SDS, 100 mg/ml Proteinase-K and incubated for
8 h at 50°C. Immunoprecipitated DNA was phenol extracted,
precipitated with isopropanol in the presence of 0.2 M ammonium
acetate and washed with ethanol. Purified DNA was digested with
Nael restriction endonuclease, end-repaired with Klenow
polymerase and cloned into pUC 19 vector.

DNA techniques, sequencing

All DNA manipulations were performed using conventional
techniques (31). DNA probes used for Southern hybridization
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were labeled using Megaprime kit (Amersham). The CHO-K1
genomic lambda phage library (Stratagene) was screened as
described (31). Di-deoxy sequencing reactions were performed
on single stranded M13mpl8 or M13mpl9 phage clones.
Sequence analyses were carried out manually using Sequenase
(USB) or with an automatic sequencer (373 DNA Sequencing
System, Applied Biosystems).

Sequence analyses, homology comparisons

Nucleotide sequence analyses were carried out using MicroGenie
(Beckman) and PC/Gene programs. DNA sequences were
compared with the GenBank (Release 82.0, April 9, 1994) and
EMBL (Release 38.0, April, 1994) databases using BLAST (32).

Pulsed field gel electrophoresis

For preparation of high molecular weight DNA 2 X108 CHO-
K20 cells were harvested, washed with PBS and resuspended
in 2.5 ml PBS. An equal volume of 1% LMP agarose in PBS
was added and the cell suspension was poured into block moulds.
After chilling, the blocks were incubated in ESP buffer (0.5 M
EDTA, pH 8, 1% Na-lauroyl-sarcosine; 100 mg/ml Proteinase-
K) at 50°C overnight. Blocks were stored in S0 mM EDTA (pH
8) at 4°C.

Prior to restriction enzyme digestions blocks were incubated
in TE buffer containing 1 mM PMSF for 2 h at 37°C, washed
with TE buffer and equilibrated with recommended restriction
buffers. Restriction enzyme digestions were carried out according
to the manufacturer’s instructions. PFGE was performed on a
home-made ‘waltzer’ (rotating gel system) apparatus. Restriction
enzyme digested high molecular weight DNA was separated in
1% agarose gel in 0.25 X TBE buffer at 180 V. The temperature
was maintained at 15°C for 30 h. The pulse time was 20 s and
the angle of rotation was set at 110°.

In situ hybridization
DNA probes were labelled with biotin 11—-dUTP (Sigma) by

nick translation using the Amersham nick translation kit. In situ
hybridizations were carried out as described (8).

Microscopy

Observations and microphotography were made by using an
Olympus AHBS Vanox microscope. Fujicolor 400 Super HG
color films were used for photographs.

RESULTS

Isolation of a chromosome specific centromere sequence from
CHO cells

Hydroxyurea treatment of CHO cells inhibits DNA synthesis and
arrests cells at the G1/S boundary. Addition of caffeine to
hydroxyurea-treated cells (HUCAFF treatment) induces mitosis
coupled with premature condensation of unreplicated chromatin.
It has been shown that centromeric chromosome fragments attach
to microtubules of the mitotic spindle, align on the equator of
the dividing cell and show apparently normal anaphase
movements. These observations indicate that hydroxyurea—
caffeine induced in vivo chromosome fragmentation has no
considerable damaging effect on centromere function (20).
We induced chromosome fragmentation in CHO cells by
HUCAFF —colchicine treatment. This procedure generated
chromosome fragments free of mitotic microtubules.
Chromosome fragments were liberated from cells by detergent
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lysis and small chromatin pieces were separated from nuclei and
intact chromosomes by differential centrifugation. Chromosome
fragments carrying centromeric proteins were immuno-
precipitated from the supernatant by using a human anti-
centromere serum (21). DNA molecules were purified from
immunoprecipitated material, and used to produce a plasmid
sublibrary.

Hamster DNA fragments were excised from 8 randomly
selected plasmid clones and used as probes for in situ
hybridization to metaphase CHO chromosomes. One clone
(HUCAFF170) showed strong hybridization to the centromeric
regions of two hamster chromosomes (data not shown). To
identify the hybridizing pair of chromosomes we performed in
situ hybridization on Chinese hamster spleen cells. In this way,
we were able to determine that the cloned DNA fragment
originated from the pericentric region of hamster chromosome

2 (Fig. 1).

The isolated centromeric DNA is part of repeat units of a
novel chromosome specific satellite

The sequence of the 536 bp HUCAFF170 insert showed no
extended homology to known DNA sequences. The species
specificity of the cloned DNA fragment was examined by in situ
and Southern hybridization experiments. The fragment did not
hybridize to metaphase human and mouse chromosomes. In
Southern hybridization HUCAFF170 clone found no homologous
sequences in human, mouse or Syrian hamster genomic DNA
under stringent conditions. These results indicated that the novel
centromeric sequence was evolutionarily not conserved, and was
specific to the Chinese hamster genome.

The intensity of the in situ hybridization signal obtained with
the HUCAFF170 clone indicated that the DNA segments
homologous to the 536 bp DNA fragment were present in high
copy number in the centromeric region of chromosome 2. To

Figure 1. In situ hybridization of biotin-labeled HUCAFF170 probe to Chinese
hamster chromosomes. Metaphase spreads were prepared from spleen cells.
Chromosomes were counterstained with propidium iodide.

characterize the organization of this genomic region, we isolated
a lambda phage clone (HC90) from a Chinese hamster genomic
library by using the 536 bp fragment as a probe. The 13.3 kb
insert of HC90 phage hybridized to the centromeric region of
chromosome 2 (data not shown).

Restriction mapping revealed that the 13.3 kb HC90 insert
contained three tandemly arranged 2.8 kb Sacl fragments
hybridizing to HUCAFF170 (Fig. 2a). Two of them showed
identical restriction patterns. Both units contained a 1.8 kb Bg/lIl
fragment at the same position. We subcloned the Bg/II fragment
in a plasmid vector (pHC450, Fig. 2a) and used it as a
hybridization probe to metaphase hamster chromosomes. The 1.8
kb Bglll fragment hybridized to chromosome 2 similarly to
HUCAFF170 and HC90 (data not shown). The third 2.8 kb Sacl
fragment separating two identical Sacl units showed a different
restriction pattern. It contained a 2.4 kb BglIl — Sacl subfragment
cross-hybridizing to pHC450 and HUCAFF170 clones.

From these results we concluded that the tandemly arranged
2.8 kb related Sacl fragments were repeat units of a novel
satellite. The originally isolated 536 bp HUCAFF170 fragment
was homologous to the 3’ ends of these units. The two different
Sacl fragments of HC90 phage might represent two repeat unit
variants (type ‘a’ and type ‘b’, Fig. 2b,c) of the satellite.

HC90 clone contained a 1.2 kb BamHI —Sacl fragment adjacent
to the type ‘@’ unit. Since this fragment hybridized to
HUCAFF170, it could be regarded as a mutilated repeat unit
(Fig. 2b, see later). The leftmost 3.2 kb Sall —BamHI fragment
had no homology to Sacl repeat units. We subcloned the extreme
left part of this region in a plasmid vector (pHC312, Fig. 2a)
and used it for in situ hybridization to metaphase hamster
chromosomes. The fragment hybridized evenly to arms of all
hamster chromosomes, indicating the presence of an interspersed
repeat (data not shown). Sequence analyses confirmed that this
fragment indeed contained a LINE element (unpublished result).

Nucleotide sequence of type ‘a’ and type ‘b’ repeat units

The 2.8 kb Sacl fragments corresponding to type ‘a’ and type
‘b’ repeat units were subcloned in M13 vectors and nucleotide
sequences were determined. The 2,847 bp type ‘a’ unit showed
93.6% homology to the 2,843 bp type ‘b’ unit. In a computer
search, neither of the repeat units found extensive homology in
databases. Internal short range periodicity spread over the whole
Sacl units could not be found. The overall base composition of
repeat units were symmetrical (G—C: 52.1%). The central
regions were A—T rich, while 5’ and 3’ ends showed higher
G—C concentrations (data not shown).

In central parts of the repeat units we found some sequence
peculiarities that are generally thought to be associated with
genomic instabilities (26). These regions contained different
simple repeat tracts and subregions with high A—T content
(Figure 2c). The type ‘a’ unit contained an (ATTT)y tract. In
one out of nine tetranucleotide repeats there was a T—C
transition. In the corresponding region of the type ‘b’ unit the
tandemly reiterated ATTT tetranucleotide repeats were replaced
by ATTG repeats. Two out of six repeats contained T—A
transversions. The simple repeat tracts are flanked by pyrimidine
rich degenerated direct repeats in both units.

Close to the A—T rich simple repeats there were long (CA),
tracts. The ends of the (CA), tracts showed sequence variations,
which was consistent with Smith’s predictions made for tandemly
repeated arrays generated by unequal exchanges (22).



The 400 bp long fragments (1,100—1,500) of repeat units
connecting two simple repeat tracts contained A—T rich regions,
d(A—T),>3 runs and short sequence motifs repeated two or
three times in a tandem manner.

The sequence differences between ‘a’ and ‘b’ units showed
non-random distribution (Fig. 2d). The 5’ and 3’ ends of the
repeat units had more than 99% homology. On the other hand
the homology between the central regions was only 88.5%. The
mutations were mainly transitions and transversions but deletions
and insertions also occurred close to the simple repeat tracts. A
possible explanation for this significant divergence is that the
central part of an ‘a’ unit had been replaced with sequences of
a diverged repeat variant by unequal double crossing over, which
resulted in the formation of the unit ‘b’.

The 369 bp 5’ segment of the HUCAFF170 insert had 90.6%
homology to the corresponding regions of the Sacl units. The
3’ end was unrelated to these repeat units and did not show
homology to known DNA sequences. Whether this junction was
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present in the genome or it was generated during cloning remains
to be elucidated.

The 1.2 kb long BamHI — Sacl fragment is a mutilated repeat
unit

The 1.2 kb long BamHI—Sacl subfragment of HC90 phage
hybridizing the to HUCAFF170 insert was subcloned (1.2BS,
Fig. 2a) and its nucleotide sequence was determined. The 1,164
bp fragment consisted of two unrelated regions. The 617 bp
segment adjacent to the type ‘a’ repeat unit showed 99.2% and
98.2% homology to 3’ ends of type ‘a’ and ‘b’ units, respectively.
The A—T rich 5’ end of the fragment had no homology to the
repeat units. These two parts were separated by a 66 bp segment,
which showed 86.4% homology to the 130—195 regions of the
Sacl units. These observations indicated that the 3’ end of the
fragment corresponded to a mutilated repeat unit from which a
2.1 kb long segment had been deleted (Fig. 2b). The possibility
that this junction was a cloning artifact generated during ligation

a
Subclones pHC 450
PHC 312 1288 PRUZSD pRUZE
|
i_ | I | I I 1
A21kb
b —
LINE T a b a
) P— o
S S S S
RI Bg Xb RI B BgB XbX Bg.BgB RI BgB XbX Bg
HCS90 | T Ly T Y Y
I AL LS Ll l Ll T 1T ' T T A L l l
1kb
I
_________________ 'Alﬁitrac’t CAitract
T e THE M |
unit"a" | -+ { -+ i g |
Sacl Bg B N Xb RV HIX Bg Sp H Sac|
--------------- m é;"af,‘, CA-tract
f oo 1] | N T L m |
unit "b" f —TT T B p) E T B pi 1
Sac | Bg B N B RI D RV Bc H SpH Sac |
d 0.2kb
Number of ey
mismalches /20 bp
10 j
| ' | | e %eﬁi %iin ) E:z.i?s L.‘s,.sin.\e;z.:‘ Ei:i(i%,gg‘g..l‘ Caals
20 400 600 800] 1000 200 400 600 B0 2000 200 40 600 800
Homology 99.9% 88.5% 99.1%

Figure 2. (a) Subclones of HC90 phage used in these studies. Indicated fragments were subcloned into pUC18 or pNEB193 plasmid vectors. (b) Restriction map
of HC90 phage. Arrows indicate tandemly organized 2.8 kb repeat units. Shaded regions of repeat units indicate segments homologous to HUCAFF170. Black box
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of Sau3A fragments into the phage vector can be ruled out by
the absence of Sau3A sites from the region connecting the two
unrelated sequences.

Copy number of the novel repetitive sequence

Known amounts of subcloned 2.8 kb Sacl unit and genomic
hamster DNA were blotted onto nitrocellulose filters and
hybridized with radioactively labeled fragments of the repeat unit.
Hybridization intensity of genomic DNA was compared to
hybridization signals obtained on different amounts of cloned Sacl
fragment. By this method the copy number of the novel satellite
was estimated to be 2,500—5,000 per haploid genome.
Consequently, the hamster chromosome 2 satellite (HC2sat)
sequences occupy a 7—14 Mb region of chromosome 2.

Genomic organization of HC2sat sequence

To investigate the genomic organization of the novel repetitive
sequence, restriction enzyme digested Chinese hamster DNA was
separated by conventional or pulsed field gel electrophoresis and
hybridized to radioactively labeled DNA fragments. We used

different probes in these experiments: subcloned 2.8 kb Sacl
fragments (pRU2.8a, pRU2.8b), HUCAFF170 and pHC450
inserts (Fig. 2a).

Figure 3 shows results of Southern hybridization experiments.
The hybridization patterns obtained with the HUCAFF170
(Fig. 3a) and pHC450 (Fig. 3b) probes were very similar, which
indicated that DNA segments homologous to the probes were
linked in the genome. The Sacl, Bg/ll and HindIll sites were
located at an apparently identical position in the majority of
genomic repeats, like in types ‘a’ and ‘b’ units as confirmed by
double digests (Fig. 3c).

In the majority of repeat units Sacl, Ncol, Sphl, Stul and Ndel
cleaved only once. The relative positions of cleavage sites were
similar to that observed in types ‘a’ and ‘b’ repeat units (Fig.
3d).

An intense 2.8 kb band appeared in all restriction digests and
the ladder-like hybridization patterns of Ndel and EcoRI digested
DNA confirmed the tandem organization of the 2.8 kb repeat
units (Fig. 3e). The weak bands observed were thought to
represent less abundant repeat unit variants and/or junction
regions.
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Restriction enzymes having recognition sites in central parts
of type ‘a’ or type ‘b’ units detected significant heterogeneity
of genomic repeats. Distribution of EcoRYV sites defined three
major repeat variants (Fig. 4a, b). (i) There were repeat units
from which EcoRYV sites were absent. The majority of these units
were clustered and stayed in the unresolved region of the gel.
(ii) Repeat units with unique EcoRYV sites gave a band at 2.8 kb.
The positions of EcoRYV sites in these units were the same as
in types ‘a’ and ‘b’ repeat units (at ~ 1.6 kb). (iii) The 2.3 kb
EcoRV band corresponded to repeat variants with two EcoRV
recognition sites. Double digests indicated that the additional
EcoRV sites located at positions ~ 1.1 kb. The apparently absent
~0.5 kb long EcoRV fragments of these units could only be
revealed by hybridization with pHC450 at low stringency
condition (data not shown).

Distribution of Xbal, Bcll, and Dral sites were also examined
(Fig. 4c). About 70% of repeat units contained Xbal sites
similarly to the type ‘a’ unit. In the majority of these units Bcll
and Dral sites were absent. Results of double digests indicated
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that in the remaining ~30% of repeat units Bcll and Dral
recognition sites were linked, and their positions were similar
to that observed in the type ‘b’ unit (Fig. 4d).

We also investigated the long range organization of the HC2
satellite in CHO cells by pulsed field gel electrophoresis. We
found that enzymes containing CpG motifs in their recognition
sites (Mlul, Sacll, Eagl, Sall, Xhol, Clal, Fspl) gave smeared
and inconsistent fragment patterns. Enzymes with 8 bp
recognition sequences (Ascl, Notl, Sfil) produced fragments > 1
Mb, which stayed in the unresolved region of the gel. Figure
5 shows hybridization patterns of CHO DNA cleaved with several
enzymes with a 6 bp recognition sequence.

Asel, Aflll, Spel, Sspl and Nsil released three bands between
375—440 kb. The rest of the homologous sequences were located
on fragments up to 250 kb (Fig. S5a). EcoRI, Nhel and Pvull
resulted in hybridization patterns similar to that discussed above
except that one of the bands of the 375—440 kb size range was
absent. Double digests did not alter significantly fragment patterns
(Fig. 5b), which indicated that the majority of cleavage sites for
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enzymes used were not farther from each other than several
kilobasepairs. On the other hand it is interesting to note that EcoRI
caused the smallest band of the 375 —440 kb range released either
by Asel, AflIl, Spel, Sspl or Nsil (Fig. 5c lanes 1—5, see later)
to disappear.

As mentioned above, Xbal, Bcll, Dral and EcoRV produced
2.8 kb fragments corresponding to monomer units. The varying
amounts of homologous sequences remaining in the unresolved
region of the conventional gel were resolved into fragments by
pulsed field gel electrophoresis (Fig. Sa, lanes 9—12). Bcll, Dral
and EcoRV gave fragments up to 220 kb. Xbal released an intense
370 kb band and several smaller fragments up to 90 kb. Double
digests (Fig. 5c, lanes 6 —10) revealed that the 370 kb Xbal band
corresponded to the smallest band of the 375 —440 kb size range
produced either by Asel, AflII, Spel, SspI or Nsil.

EcoRI, Nhel and Pvull cleaved the 370 kb Xbal fragments (Fig.
5c, lanes 11 —13), which was consistent with the absence of the
smallest band of the 375 —440 kb range from single and double
digests of these enzymes. Additional bands appeared above 90
kb in AflIl—Xbal, Asel —Xbal and SspI—Xbal double digests
indicated that the 370 kb Xbal band represented at least two
similar sized fragments.

DISCUSSION

In this paper we described the isolation, cloning, and molecular
characterization of the first chromosome specific repetitive
centromeric DNA from Chinese hamster. To obtain centromeric
DNA, we applied hydroxyurea—caffeine (HUCAFF) induced in
vivo chromosome fragmentation combined with immunoprecipit-
ation of centromeric chromosome fragments by a human anti-
centromere serum. Using a principally similar approach
Ouspensky and co-workers have recently reported the isolation
of a single copy DNA fragment from the centromeric region of
hamster chromosome 1 (19). The authors have suggested that
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their method has the potential for selective enrichment of
centromeric chromatin fractions. Considering the small number
of clones examined so far (3 in ref.19 and 8 in this paper), we
think that the feasibility of the applied procedure requires further
investigation, and can be established only after statistical analysis
of a sufficient number of clones.

We demonstrated by restriction mapping of a phage clone
(HC90) that DNA regions homologous to the 536 bp
HUCAFF170 clone were part of 2.8 kb long repeat units of a
novel satellite-like repetitive sequence family specific to Chinese
hamster chromosome 2 (HC2sat).

This 2.8 kb repeat element is one of the longest satellite units
reported from mammals to date. The longest mammalian satellite
described is the 3.8 kb long 1,709 bovine repeat, but the published
sequence contains additional interspersed repeat elements
embedded in the unit (24). In the sequenced 2.8 kb units of
HC2sat neither known interspersed repeats nor extended internal
periodicity have been found. Repeat units contained clusters of
simple repeats. The type ‘a’ unit contained an (ATTT)y tract.
In the equivalent region of the type ‘b’ unit, ATTT repeats were
replaced by ATTG motifs. In principle, there are alternative
explanations for the origin of these simple repeat tracts. (i) It
is possible that tetranucleotide repeats were amplified locally by
polymerase slippage or unequal crossing over between misaligned
simple tracts. The ancestral 2.8 kb long single copy DNA segment
might contain a tetranucleotide (ATTT or ATTG or other) motif
at the corresponding position, which then could mutate and
amplify independently in descendant repeat units. This
explanation implies that DNA segments surrounding
tetranucleotide motifs could induce processes (e.g. polymerase
slippage or unequal crossing over) thought to be involved in
formation of simple repeat tracts (22, 23). (ii) An alternative
explanation is that simple repeat tracts integrated into repeat units
in a site specific manner. Pyrimidine rich degenerated direct
repeats flanking simple tracts on both sides may be relics of such
site specific integrations.

Figure 5. PFGE analyses of the long range organization of HC2sat in the CHO-K20 cell line. The hybridization probe was 32P-labeled pRU2.8b fragment.



Repeat units also contained long (CA), tracts. (CA), repeats
have some interesting features. It has been shown that alternating
purine —pyrimidine tracts can adopt a left handed Z-DNA
conformation and bind specific nuclear proteins. Studies have
also indicated that (CA), repeats may be involved in gene
regulation and associated with recombination hotspots (24). It
is possible, as suggested for other satellite sequences (25) that
acquisition of a highly recombinogenic (CA), tract was the key
event for amplification of the ancestral 2.8 kb sequence.

We confirmed the tandem organization of the novel repetitive
sequence by Southern hybridization on restriction enzyme
digested genomic hamster DNA. The majority of repeat units
had restriction patterns similar to the type ‘a’ unit present in HC90
phage. Significant heterogeneity could be observed with
restriction enzymes having recognition sites in the central parts
of repeat units. This observation is consistent with the presence
of sequence peculiarities in the central regions of the repeat units.
High A—T content, long d(A—T), stretches and simple repeat
tracts are generally associated with genomic instabilities. For
example, novel joints of amplified structures often coincide with
A—T rich sequences (26). The low melting temperature of A—T
rich segments might facilitate opening of the DNA duplex, which
is indispensable for recombination and replication. Long
d(A—T), runs also have strong influences on chromatin
structure by inducing curvature of the axis of the DNA molecule
(27). Concentration of such sequence elements in central regions
of repeat units might accelerate processes of genomic turnover.
We cannot rule out, however, that the homogeneity of 5’ and
3’ ends of repeat units relative to central regions may also reflect
some functional significance.

Studies on the long range organization revealed some
interesting properties of the HC2 satellite. The majority of
enzymes used for digestion of high molecular weight hamster
DNA gave two or three large bands between 375—440 kb and
numerous smaller bands up to 250 kb. Double digests indicated
that the bands between 375—440 kb might represent large
homogeneous domains of the tandem array. The homogeneity
of domains can be explained if one supposed that they were
generated by rapid and local amplification of short segments of
the tandem array. Our results also indicated that the domains
differed from each other and they might be results of independent
short range amplification events. The secondarily amplified DNA
segments were not shorter than a repeat unit, because the 2.8
kb long periodicity was general in the tandem array. On the other
hand, the homogeneity of domains makes it unlikely that the units
of amplifications were significantly larger than several repeat
units. Besides this short range amplifications, there were
indications for long range amplification events. The 370 kb Xbal
band might represent at least two similar sized DNA fragments
which were generated by duplication of a 370 kb long domain.

In conclusion, our data suggest that the amplification events
which led to the formation of the chromosome 2 satellite array
took place on different scales and involved different mechanisms.
The primary event was the amplification of an ancestral 2.8 kb
DNA segment, probably induced by acquisition of a
recombination prone (CA), tract. This amplification was
followed by divergence of the tandem array. The accumulation
of mutations was partly counterbalanced by homogenizing
processes (unequal crossing over, gene conversion) (28). In the
next stage, certain repeat units in the array began to amplify
locally. As a result, several hundred kilobasepairs long
homogeneous domains formed. The mechanism of these
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secondary amplifications probably was different from the primary
amplification. During the primary amplification recurrent unequal
exchanges led to the expansion or contraction of the tandem array.
Spreading of repeat variants by this mechanism required several
generations. In contrast, secondary amplifications might have
occurred via ‘rolling circle-like’ (29) amplification intermediates.
This type of amplification could result in formation of a large
number of identical repeat units during a single generation. In
parallel, large segments of tandem array were also duplicated
by unequal exchanges between misaligned arrays (see 370 kb
Xbal fragments).

The role of satellite sequences of higher eukaryotes is still the
subject of debate. Although, it is generally accepted that
pericentric satellites could affect chromosome segregation, the
lack of sequence conservation between satellites of different
species make it difficult to attribute a specific function to them.
The only centromeric repetitive sequence described in Chinese
hamster to date is the TTAGGG repeat. It is suspected that these
telomere specific repeats are relics of Robertsonian fusion of
ancient acrocentric chromosomes (18). The mechanism by which
hamster cells can tolerate large internal blocks of (TTAGGG),
without affecting the telomere function is unknown. The role of
telomeric repeats in the pericentric region, if any, is also obscure
but it is conceivable that their function is similar to that of different
pericentric satellites found in other species. Satellite sequences
are constant components of constitutive heterochromatic regions.
The regular periodical repetition of a DNA stretch may provide
these chromosome segments with some insulating feature. The
insulation of the centromeric region from the euchromatic
chromosome arms is perhaps essential for proper centromere
function and/or protecting genes from some harmful effect of
centromeric chromatin.

There are no large, amplified blocks of telomeric repeats at
the pericentric region of hamster chromosomes 1 and 2 (18). The
HC2 satellite, which is the major constituent of pericentric region
of chromosome 2, may be functionally equivalent to centromeric
TTAGGG repeats. Some general features of satellites such as
concentration of A —T residues, sequence directed curvature and
occurrence of simple repeat tracts (27) make it possible that
otherwise unrelated sequences can adopt similar chromatin
conformation and fulfil similar functions.

Chromosome specific satellites perhaps contribute to the
establishment of the order of the interphase nucleus by marking
different chromosomes and may play a role in meiotic pairing
of homologous chromosomes (30). By affecting these processes,
fixation of novel satellites may represent one of the initial steps
of speciation.
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