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Abstract

This thesis describes the characterization of two mammalian centromeric satellite
DNA families, human gamma satellite DNA and cervid satellite | DNA. A subfamily of
human gamma satellite DNA, specific for the centromere of the X chromosome, was
identified and defined. This subfamily is characterized by tandemly organized, 220 bp,
GC-rich repeat units (monomers) which share approximately 62% sequence similarity to
the repeat units of the previously described gamma 8 satellite DNA subfamily. A conserved

20 bp continuous DNA region was observed in the monomers of gamma 8 and X satellite

fragment lengths of this DNA subfamily are well conserved among unrelated individuals.
The fluorescent in sitn hybridization (FISH) localization pattern of this DNA subfamily are

often seen as two distinct fluorescent dots at the lateral sides of the primary constriction,

kinetochore region and implies a functional role for this DNA sequence in proper
chromosome segregation. Further studies on the functional significance of this DNA
sequence include the observed conservation of gamma satellitc DNA in the genomes of two
old world primates (African grecn monkey and chimanzee). On the other hand, gamma
satellite DNA could not be detected in a mitotically stable marker chromosome using the
currently available detection sensitivity of FISH.

Cervid satellite I DNA is a prominent centromeric satellite DNA family which is
well conserved in deer species. Over 10,000 nucleotide bases of cervid centromeric
satellite I DNA, from 10 independent clones of 6 different deer species, was sequenced and
subjected to cntical sequence analyses and comparisons. From this work, it was postulated
that this DNA family originated from the amplification of a 31 bp DNA sequence (also

found in the centromeric DNA of bovine species) which produced a 0.8 kb higher-order



repeat unit. The divergence of telemetacarpalial deer from plesiometacarpalial deer is
associated with a 0.18 kb tandem duplication in this higher-order repeat unit, resulting in
the genomic organization of this DNA family as 1 kb higher-order repeats in the former
palentological division and 0.8 kb higher-order repeats in the latter palentological division.
These higher order repeats have maintained more than 95% sequence similarity between
centromeric repeats on nonhomologous chromosomes of a given animal, as well as

between different animals of a particular deer species. Such data suggest the presence of
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""Given a sufficient lack of comprehension, anything (and that includes a quaritel of

Mozart) can be declared to be junk. (Repetitive DNA) is, in fact, a collectors'
item."" ’ '

Zuckerlandl E, Henning W (1995) Tracking heterochromatin. Chromosoma
104: 75,



CHAPTER 1

INTRODUCTION

A literature review of centromeric DNAs in human and cervid species.



The term centromere is thought to have first been coined by Waldeyer in 1903. Itis
the chromosome structure responsible for the proper segregation of chromosomes during
mitosis and meiosis. Acentric chromosomes (chromosomes which lack a functional
centormere) experience chromosome lag during cell division and are subsequently lost in
the resulting daughter cells. Although centromeres can be non localized in the
chromosomes of certain eukaryotes (c.g. Hughes-Schrader and Ris 1941, Bokhari and
Godard 1980, Albertson and Thomson 1982), most centromeres are localized in nature,
appearing as a primary constriction at a fixed locus for each nonhomologous chromosome,
For the purposes of this introductory chapter, centromeres will refer to the localized type.

The centromeric locus of mammalian chromosomes are thought to be composed of

complexes of centromeric proteins and repetitive DNAs, Upon this specific organization of

The specific DNA sequences required for a f unctioning centromere in mammalian cells has

not yet been ascertained and is the focus of this thesis.

Repetitive DNA in mammalian genomes.
Higher eukaryote genomes contain various repetitive DNA sequences which do not
appear o code for proteins. The discovery of repetitive sequences ori ginated from an

unexpected observation made when high molecular weight DNA was purified in cesium

the bulk of genomic DNA, Kit (1961) observed additional small discrete (satellite) bands.
DNA reassociation experiments revealed that these "satellite" bands had DNA which
reannealed much more rapidly than the DNA of the main band (Waring and Britten 1966).
From this and other studies, Britten and Kohne (1968) concluded that satellite DNA bands
consisted of repeated DNAs, a ubiquitous component of higher eukaryote genomes.

These non-coding repetitive DNAs generally exhibit two forms of organization,

Repeat units can either be interspersed among other DNA sequences or tandemly arranged



in continuous DNA arrays. The latter scenario is characteristic of repetitive DNAs which
have been termed "satellite DNAs"! .

For some time, satellite DNAs were considered non-essential to higher eukaryote
genomes and even coined by some as "junk" DNA (Doolittle and Sapienza 1980, Orgel and
Crick 1980). However, the frequent localization of these "junk" DNAs to functional
chromosome domains, such as centromeres, remained an enj gma. Some arguments were
made that the extremely low rate of recombination at constitutive centromeric
heterochromatin? regions could account for the persistence of repetitive DNA sequences in
these chromosome regions (Charlesworth er al. 1986). Others speculated that satellite
DNAs may exist to provide certain cellular functions without necessarily coding for
proteins. Such cellular functions could include the provision of binding sites for specific
nuclear proteins or the adoption of irregular, locus specific secondary structures for
transcriptional regulation of adjacent protein coding sequences (reviewed in Vogt 1990),
Some centromeric satellite DNAs were also believed to assist in recognition of homologues
during meiotic pairing (Haaf er al. 1986, Choo et al. 1988); an idea recently shown to be
valid in Drosophila (Karpen et al. 1996).

To investigate the nature and function of centromeric satellite DNAs, which may be
responsible for centromere activity in higher eukaryotes, numerous studies have been
directed at identifying and characterizing DNA sequences in centromeres. Each centromeric
satellite DNA family is composed of repeat units (monomers) which are often identified by
a characteristic ladder pattern of restriction fragments produced by cleavage at a regular
pericdicity. The sequence and size of independently isolated monomers are similar, but
seldom identical and can sometimes be organized in a hierarchical fashion to produce
chromosome-specific higher-order repeats (HORs), comprised of integral number of

monomers. These HORs are thought to reflect recent multimeric units of amplification and
! Pech et al. (1979) suggested that any tandem repetition of a unit DNA sequence be considered as "satellile

DNA".
2 Constitutive heterochromatin refers to chromosome regions which are thought to be densely packaged and

often associated with repetitive DNA sequences.




exhibit increased sequence similarity, on the order of > 95% between related HORs (e.g.
see Willard and Waye 1987b for a review).

Among higher eukaryote species, the nucleotide composition of human centromeres

centromeric satellite DNA family have recently emerged. Following is a comprehensive

review of centromeric DNAs currently identified in these two mammalian species.

Human centromeric DNAs.

All currently identified human centromeric DNAs are repetitive in nature, with the
vast majority of these DNA sequences being tandemly repeated. EXtensive reference will
not be made to human centromeric repetitive DNAs which have not been characterized at
the level of the primary nucleotide sequence. A list of human centromeric DNAs, which
have been sequenced and localized to the centromeres of particular chromosomes, is

provided in Table 1.1.

Satellite DNA families.

1. Human classical satellite DNAs. The first human centromeric DNAs to be identified
were isolated from three genomic DNA fractions having sli ghtly different buoyant densities
in CsSO4 gradients supplemented with DNA-binding metals such as silver or mercury
(Corneo er al. 1967, 1968, 1970, 1971). These DNA fractions were referred to as
satellites I, 11, and III. Each fraction most likely contains a heterogeneous population of
repeated DNA sequences with similar buoyant densities, complicating the analysis of these
satellite DNA fractions. As it would not be appropriate to define these DNA fractions as
individual satellite DNA families, Prosser e al. (1986) identified a single predominant
lamily of simple repeated sequence in each classical satellite DNA fraction. These three

simple sequence families were named satellite DNA families 1, 2, and 3, to indicate their



CEN - Centromere

Zat. - Satellite

HOR - Higher order repeat
R.d, - not determined

* = Net shown to be chramosome specifie

TABLE 1.1. Human centromaric DNAs
Chramosome  Repeat Unit Repstitive Cione(s) HOR Arfray size Referencss
Regien {bp) DNA family {kb/enzyme) estimation (Mb)
1 een 171 Alpha Sat, psD1-1 1.9 # Hindill 0.44 - 1,51 Ways 2t 31, 1987¢, Wavilek and Willard 1985
nd. ATES pl6-1 ni.d. n.d. Wevrick af 3l 15952
2 cen 53 5at. 2 52 f.d. n.d. Tagaro et 3l 19943
171 Alphs Sat. pBS4D, p2-11 0.68 / Xbal 0s- 2, Rocehi of al. 1990, Hasf and Willard 1992
= 406 RS peErsns n.d. né, Johnzon ef al, 1992
nd. ATRS p16-1 nd. Ad. Wevrick sr al, 1952
3 een 17, 25 Lat, 1 pTRI-E 2 / Bspt 02-2 Kalitsis &1 3/ 1993
171 Alpha Sat. Vil B4, p3-5 2.75 / Hindlll 1-=1.5 Delattre ef 2/, 1988, Waye and Willard 1989b
4 cen 17, 2% Bat. 1 pTRI-E 3 7 sspl 0D2-2 Kalitsis 2ral, 1993
171 Alpha Sat. panisa 3.4 / Baci n.dg. D'aiute et al. 1953
171 Alpha Sat, pYAM3-B4 2.6, 0.6 / Mspl nd, Mashiova ef 3/, 1954
§ cen 1A Alpha Sat. eG-A1E" 2.25 / EcoRl 0.17-0.34  Hulsebos & 3/, 1988
& cen 171 Alpha Sat. p308 3 / BamHl =23 Jabs ef af, 1984, 1985
7 gen 171 Alpha Sat. pa7dl, pa7ti 1 / Ecobl-partia) 1.53 - 3.B1  Waye er 2. 1957h, Wevrick and Willard 1585
171 Alpha Sat. FMGET 2.7 / Hindill 0.1-0.55  Waye ara/, 19876, Wewick and Willard 1988
n.d. ATRS p16-1 nd. n.d. Wewrick &t 2/, 1992
B cen 171 Alpha Sat, pJM128, pESB-164 2.5 7 Hindiil 2.18 Donlen &f 3f. 1987, Ge #r al, 1992
220 Gamma Sat. 50E1, 50E4 n.d. =043 Lin et 3/, 1993
& cen &8 Sau3A/Beta Sat. pB3 2.5/ EcoRl 0,125-0.25 Waye and Willard 1989a, Greig ang Willed 1992
171 Alpha Sat. pMRIA 2.7 / Bsul nd. Recehi ef 3l 1981
f.d ATRS pl&-1 n.d. A.d. Wevrick &t /. 1992
16 cen 535 8at. 2 pA75MZ.4 1.8 / EcoRl dsckson et 3l. 1993
5,10 83t 3 mC219.2/28 n.d. Jackson of al, 1993
171 Alpha Sat, palORPE 1.35 7 Rsal Deville ef 2. 1988, Wewrick and Willard 1989
11 cen 171 Alpha Sat. pLE1A 0.85 / ¥bal 1.96 - 4.76  Waye ef 31, 19873, Wewvrick and Willard 1989
12 een 171 Alpha Bat. pBR12, p5P12-1 1.4 7 Pyull 2:25-4.3  &aldini ar o/, 1990, Greig et a1, 1991
13 een 5,10 53t 3 PTR2-HZ 2.6 / Fokl n.d, Vigsel of al, 1992
17, 25 Sat. 1 pTRI-& 3/ 5spl 0z-2 Kalitsis er 3. 1993
171 Alpha Sat. L1.26 nd =1 Deaviles 2r 2/, 1986
nd. ATRE pi&=1 nd. R.d, Wevrick af al, 1852
* 408 sn5 persns n.d, fi.d. Johnson et 3l 1592



TABLE 1.1. Huran centromeric DNAs {comtinued)

Chromosome  Repeat Unit Repetitive Clone(s) HOR Array size Refarence
Region (bp) DNA family (kb/enzynie) estimation (Mb)
14 cen 5,10 Sat. 3 PTR9-HZ 2.6/ Fokl ngd. Vissel et 3/, 1992
17,25 Sat. 1 pTRI-6 37 Sspl 02-2 Kalitsis #r 3/ 1993
17 Alpha Sat. pB2H 2.4 7 EcoRt+Hindlll = 0,035 Waye aral. 1984
> 406 sns persnS nd. n.d. Johnson ar 3l 1992
nd. ATRS p16-1 n.d. n.d. Wevrick &t 3/, 1992
15 cen 5,10 Sat. 3 15C-3-1, pTR9-H2 nd. n.g. Jabs 2r 3/, 1989, Vissal &f 3/, 1992
17,25 Sat. 1 PTRI-6 3/ Sspl 02-2 Kalitsis ar af, 1933
17 Alpha Sat, PTRA-20 2.5/ Dral A.d. Chos #f 3. 199%0b
17y Alpha Sat. pTRA-25 4.5 / Ecofl n.d. Ches ot 3/, 19306
> 406 snS persnS nd. LE-N Johnsen & al, 1982
n.d. ATRS p16-1 n.d. A.d. Wavrich ef 3l 1892
16 cen 171 Alpha Sat, pSEV6 1.7 / Sau3A 043 -2 Greig et al. 1988, Wevaick and Willard 1985
nd. ATRS p16-1 n.d. f.8. Wewick ef al. 1952
17 cen 7 Alpha Sat, p17HB, p3-6 2.7 7 EcoRi 1.35- 27 Waye and Willard 1986
171 Alpha Sat. £7 2.2/ Psti =4.8 Ches 2t 3/, 1987
nd. ATRS p16-1 n.d. nd, Wevrick =f 3/, 1892
18 cen 7 Alpha Sat, L1.84, pYAM 9-60 1.36 7 EcoRi =1.368 Devilee ot 2/, 1986, Alesandrov of 2/, 1991
7 Alpha Sat, pYAM 4.22 1.7 7 Hindtit n.d. Aiexandrov £ al. 1991
19 cen 7 Alpha Sat, pGA16° 2.25 / EcoRl 0.17-0.34 Hulsebos #f 3/, 1988
20 cen 171 Alpha Sat, p220 1/ Hinft n.d, Batdini et al, 1992
> 406 snS persns nd. nd. dohnson ef af, 1952
21 cen 5,10 Sat, 3 PTRI-HZ 2.6 / Fokt nd, Vissel 2 3. 1932
17,25 Sat, 1 pTRI-6 37 Sspl 0E-2 Kahiisis er 3/, 1993
48 48 bp Sat, pcosé nd. 0.2-1.1 Muilenbach 2r a2/, 1992
17 Alpha Sat, L1.26 n.d =1 Deviles er 3l 1986
> 406 snS persnS n.d. fA.d. Johnsan of 3i. 1552
n.d. ATRS p16-t n.a. A.d. Wevrick ef 3/, 1992
22 cen 17,25 sat. 1 pTRI-6 37/ Sspl 0.2-2 Ealitsis ef 2/, 1993
. 48 48 bp Sat. p22hom48.4 nd. n.d. Metzdor! 2t 2. 1988
171 Alpha Sat. p22/1:0.73 2,1, 2.8/ EcoRI n.d. McDermid ef 3/, 1986
> 406 snS persns nd. KA Johnsen ar 2. 1992
nd. ATRS p16-1 nd. f.g. Wevrick er 3l 1992
X cen 7 Alpha Sat, PXBR-1 2/ BamH) 1.38-3.73  Yang ef al, 1982, Maktani and Willard 1950
Y cen 5,10 Sat. 3 pYS n.d. 0.4 Cooper af o/, 1993
48 48 bp Sat. pY48 n.d. 20018 Cooper of 3/, 1992, 1593
48 48 bp Sat. pY48 n.d. 0.0 Coopar of 4/, 1932, 1553
68 Sau3A/Beta Sat. pKFC6E8 16.9 /7 Haelll =0.027 Cooper atal, 1997
17 Alpha Sat. cos Y84 5.5 / EcoRl 0.24 - 1.6 Walle er a/. 1985, Lafin &f 2/, 1954
1”7 Alpha Sat. Yis.1 n.d. =0,018 Cooper 8t 3/, 1991

cen - centromere
Sat. - Satellite

HOR - Higher order repeat
n.d. - not determined
* = Not shown to be chromosome specific



enrichment in classical satellite fractions I, II, and II1, respectively. Satellite DNA family 1

is comprised of 42 bp repeats arranged as two al ternating DNA sequences (i.e. A-B-A-B-
-..). Sequence A is a 17 bp repeated sequence (ACATAAAATAT%AAAGT) and sequence

B is a 25 bp repeat unit (ACCCAAAAT%T%TATTATATACT GT). Satellite DNA family 2

consists of poorly conserved ATTCC repeats which contain the sequence (ATTCC
ATTCG)2, followed by one or two ATG(s) (Deininger et al 19813, Shaul et al. 1986,

Jeanpierre 1994). Satellite DNA family 3 is defined by repetitions of well conserved
ATTCC pentameric repeats, interspersed with a specific 10 bp sequence

(AETCGGGTTG).

Initial in situ hybridization studies using the hetemge,hc—zcus populations of repeated
DNAs from each satellite DNA fraction suggested that the human classical satellite DNA
fractions had both pericentromeric and non-centromeric chromosome localizations (e.g.
Jones et al. 1973, Jones et al. 1974, Gosden et al. 1975, Prosser et al. 1981). However,
interpretation of these i situ hybridization results should reflect the sequence heterogeneity
of each DNA fraction. In situ hybridization experiments with clones of known sequences
suggested that satellite 1 DNA is primarily localized to the pericentric regions of
chromosomes 3, 4, as well as the pericentric regions and the short arms of the acrocentric
chromosomes (Kalitsis er al, 1993, Meyne et al. 19944, Tagarro et al. 1994b5). Satellite 2
DNA sequences were shown to be primarily localized to the variable heterochromatic
regions of chromosomes 1 {Cooke and Hindley 1979%, Tagarro er al. 1994a), and 16

(Moyzis er al. 1987, Schwarzacher-Robinson ef al. 1988), with less prominent domains in

3 In this study clone pPD17 is referred to as satellite III, but based on the above definitions, is actually a
human classical satellite 2 clone.

4This paper also demonstrated by strand specific hybridization methods (i.e. Chromosome Orientation
-FISH) that satellite 1 sequences are arranged predominantly, if not completely, in a head-to-tail tandem
fashion.

5 Tagarro et al. (1994b) specifically suggested a chromosomal localization of 3q11.2 and 4q11-12 for
satellite 1 sequences on chromosomes 3 and 4, respectively. They further revealed two satellite 1 domains
in chromosome 13: one at 13p13 and a second at 13p11.2,

6 In this communication, a 1.77 kb repeat (designated as satellite III) is shown by Southern blot
hybridizations to DNA 1o originate from chromosome 1. However, a close examination of the partial
sequence from clone AHSS5, suggests that this 1.77 kb fragment is actually a satellite 2 clone.



the pericentromeric regions of chromosomes 2 and 10 (Tagarro et al. 1994a). Satellite 3

heterochromatin of chromosome 1 (Nakahori et al. 1986) and 9 (Moyzis er al. 1987,
Schwarzacher-Robinson e al. 1988), and the long arm of the Y-chromosome (Cooke et al.
1982). Satellite 3 DNA sequences were also localized to the short arms of all acrocentric
chromosomes, proximal to the tDNA region (Wang er al. 1984, Higgins et al. 1985, Choo
et al. 1990a). Other in situ hybridization experiments suggested that arrays of satellite 3
may also exist in chromosomes 5, 10, 17, and 20 (Tagarro et al. 1994a). Grady et al.
(1992) suggested that diverged pentameric repeats, similar to satellite 3, may actually exist
at the centromeric regions of all human chromosomes. Molecular analyses have
subsequently identified satellite 3 DNA sequences have been identified adjacent to alpha
satellite DNA, in the centromeric regions of chromosomes 10 (Jackson et al. 1992, 1993),
13, 14, 15, and 21 (Jabs er al. 1989, Vissel er al. 1992).

It should also be mentioned that centromeric repetitive DNAs from other human
satellite DNA fractions have also been reported. Corneo ef al. (1972) identified a satellite
DNA fraction IV, but based on similar buoyant densities, reassociation kinetics (Mitchell et
al. 1979), and restriction digestion patterns (Frommer er al. 19828), the repetitive

sequences comprising human satellite DNA fraction 1V are thought to be essentially

referred to as human satellite fraction C (Saunders ef al. 1972, Chuang and Saunders 1974)

had a buoyant density of 1.703 g/cm3, unlike the DNA fractions identified by Corneo and

heterochromatin of the human acrocentric chromosomes as well as chromosome 9.
Unfortunately, sequence data for the repetitive DNAs of this DNA fraction are not

avatilable.

7 In the centromere of chromosome 15, identified satellite 3 sequences are comprised primarily of the
diverged satellite 3 repeats: GGAAT or GGAGT.
8 Disregarding the presence of alpha satellite DNA in fraction IV.
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2. Alpha satellite DNA. Maio (1971) described the isolation of a highly repetitive DNA
fraction in the African green monkey genome and referred to as component a.. Gruss and
Sauter (1975) demonstrated that this component o is composed mainly of 170 bp repeat
units. Two years later, Rosenberg et al, (1977) sequenced a member of this a DNA

family, which had somehow become incorporated into the genomes of certain SV40

then published from uncloned Hindlll fragments of African Green monkey genomic DNA
(Rosenberg et al. 1978). Manuelidis and Wu (1978) subsequently reported the consensus
sequence of homologous repeats in uncloned human EcoRI DNA f; ragments, which shared
70% - 80% sequence identity with the African green monkey consensus sequence. More
recently, consensus sequences for the 171 bp basic repcat of human alpha satellite DNA
have been constructed with 130 independent monomers from 14 different human

chromosomes (Willard and Waye 1987a) and with 293 independent monomers from the 24

Although individual alpha satellite DNA clones were used to detect alphoid DNA in
the centromeric region of every human chromosome (Jabs er al. 1984°, Mitchell et al.
1985}, the 171 bp monomers display substantial intermonomer sequence divergence, on
the order of 20% - 40%. Therefore, Juxtaposed alphoid DNA monomers in one human
centromere generally share no more sequence similarity than monomers from different
chromosomes. However, most alphoid monomers are organized in a hierarchical fashion
to produce chromosome-specific higher order repeats (HORs)!9. Individual HORs which
define each subfamily / subset have less than 5% sequence divergence (For a review, see

Willard and Waye 1987b).

9 Jabs et al. (1984) used clone 308 to show the presence of homologous sequences in the centromere of all
human chromosomes (See note in added proof). However, clone 308 was not shown to contain alpha
satellite DNA until it was actually sequenced (Jabs and Persico 1987).

10 Alpha satellite DNA monomers in the hunan genome are not all organized in distinguishable
hierarchical structures (e.g. Waye et al. 1988, Wevrick e al. 1992). In fact, Smith (1976) theorized that
crossing over mechanisms would lead to less homogenized repeat units at the periphery of satellite DNA
arrays, as compared to repeats towards the center of the array.



As for the genesis and evolution of alpha satellite DNA, the lack of any discernible
subrepeat within alphoid monomers precludes the notion that this satellite DNA family was
produced from amplification of a smaller DNA sequence. Based on studies of
interchromosomal sequence similarities, Alexandrov et al. (1988, 1991, 1993) suggested
that all human alpha satellite DNA could have arisen from two or three f undamentally
different ancestral monomers, which in turn underwent amplification and sequence
divergence to form 9 - 10 different monomer types (Table 1.2). These monomer types
were then organized to produce four distinct alphoid "suprachromosomal families" (Sec
Table 1.3). Suprachromosomal family 1 is characterized by a dimeric repeat unit, similar to
that described by Wu and Manuelidis (1980), that leads to the formation of DNA arrays on
chromosomes 1, 3, 5, 6, 7, 10, 12, 16, and 19. Suprachromosomal family 2 is
characterized by another dimer, distinct from the dimer of suprachromosomal famil y 1, and
leads to the genesis of DNA arrays on chromosomes 2, 4, 8, 9, 13, 14, 15, 18, 20, and
22. Suprachromosomal family 3 has a pentameric organization, distinctive of certain
centromeric DNA arrays in chromosomes 1, 11, 17, and X. Suprachromosomal family 4
is characterized by a monomeric construction, similar to that found in African green
monkey alpha satellite DNA which lacks identifiable HOR organization and exhibits
increased intermonomeric sequence similarity. These monomers were found in the
centromeric regions of the acrocentric chromosomes as well as the Y -chromosome.

From the data presented above, centromeres of certain human chromosomes contain
more than one suprachromosomal family of alpha satellite DNA. Alexandrov ez al. (1988)
proposed that interchromosomal transfers could have contributed to the existence of more
than one particular alphoid domain at a given centromere. Each alphoid domain could then
have been subjected to very powerful homogenization processes mantaining more than
99% sequence identity between related HORs within DNA segments of 10 kb - 40 kb
(Durfy and Willard 1989). Such homogenization processes may result from multiple

recombination events, such as unequal crossing overs and sequence conversions.
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Table 1.2. Evolution of alphoid monomer types

Ancestral  Monomer types Reference
Monomer
1 J1, D1, W1, W3 Alexandrov et al. 1991
2 J2, D2, W4, W5
3 w2
1 J2, D1, W1, W2, W3  Alexandrov et al. 1993
2 J1, D2, W4, W5, M1

11



Table 1.3. Definition of four alphoid suprachromosomal families

Suprachromosomal  Chromosomes
Family

Monomer
Type

Repeat
Organization

1 1,3,5,6,7,10,12,
16,19

2 2,4,8,9,13,14,

il B4 |

15,18,20,22

3 1,11,17, X

o

Y
Ny
e [
=
o
R

J Type

D Type

W Type

M Type

we=d1-J2-..
(Dimer)

..-D1-D2-...
(Dimer)

weW1-W2-
W3-W4-W5-,
(Pentamer)

=M1,
(Monomer)

Note: Chromosomes having alphoid domains from more than one

suprachromosomal family are underlined.



Alpha satellite DNA is primarily organized in a head-to-tail fashion in each DNA
array. Albeilt rare, a small number of inversions have been reported in alpha satellite DNA
clones (Jabs and Persico 1987, Cooper ef al. 1993, Bayne et al. 1994) and from PCR
amplification analyses of genomic DNAs (Wevrick et al. 1992). Furthermore, alpha
satellite DNA is not uniformly distributed between the centromeres of different human
chromosomes, varying from approximately 250 kb!! in the Y -chromosome (Cooper et al.
1993, Larin et ul. 1994) to almost 5000 kb in chromosome 11 (Wevrick and Willard 1989).
Polymorphic variation can also be observed in alpha satellite DNA arrays of homologous
chromosomes. Enzymatic digestions, which cut rarely within alpha satellitc DNA arrays,
usually yield restriction fragment length polymorphisms (RFLPs) that display a Mendelian
inheritance pattern (e.g. Jabs et al. 1989, Wevrick and Willard 1989, Haafl and Willard
1992) allowing the exploitation of alphoid DNAs as genetic markers.

Protein binding studies report a number of nuclear proteins which have an affinity
for alpha satellite DNA. The most extensively characterized is CENP-B (CENtromeric
Protein B) which was first identified as an 80 kDa polypeptide (Earnshaw and Rothfield
1985) but later thought to be closer to 65 kDa (Earnshaw et al. 1987). This protein has
four main domains including two highly acidic regions, a helix-loop-helix DNA binding
motif, and a proline-rich "hinge" region. CENP-B may form a complex comprising two
alpha satellite molecules and dimerized CENP-B (Muro er al. 1992, Yoda et al. 1993).
Masumoto et al. (1989) found that the CENP-B protein binds to a specific 17 bp motif (5'-
CTTCGTTGGAAACGGGA-3'), now commonly referred to as the CENP-B box, in both
human alpha satellite and mouse minor satellite DNA (Wong and Rattner 1988). Earnshaw
alphoid DNA in a stoichiometric fashion. Also consistent with the binding of CENP-B 10
certain alpha satellite DNA monomers is the distribution of CENP-B protein throughout the

centromeric heterochromatin, beneath the kinetochore {Cooke et al. 1990).

1 This estimate represents the combined length of two distinct alphoid arrays in the human Y
chromosome.
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The presence of CENP-B is not necessarily indicative of centromere activity.
Immunofluorescent studies failed to detect CENP-B in the human Y-chromosome
(Earnshaw er al. 1989, Pluta er al. 1990) and alphoid clones isolated from human Y-
chromosomes all lack CENP-B boxes (Tyler-Smith and Brown 1987). Furthermore,
CENP-B was detected at both functional and non-functional centromeres of stable dicentric
chromosomes (Earnshaw et al. 1989). Nevertheless, CENP-B is thought to be a structural
protein possibly contributing to a nucleosome phasing in centromeric heterochromatin
(Widom and Klug 1985).

Strauss and Varshavsky (1984) isolated an abundant High Mobility Group
(HMG)-like protein (called a-protein) from African green monkey cells which exhibits
preferential binding to three specific sites in a single alpha satellite DNA monomer. This 10
kDa protein (Reeves and Nissen 1990!2) recognizes the minor groove of a B-DNA double
helix where runs of six or more A-T bp are present (Solomon et al. 1986). Solomon et al.
(1986) noted that a-protein is identical to HMG-I protein (Lund e7 al. 1985) and is
therefore now considered a member of the HMG-I family. Mutation experiments in
Drosophila HMG-I like centromeric heterochromatin proteins suggested that these proteins
may in fact contribute to higher levels of heterochromatin condensation and subsequent
Kinetochore nucleation (reviewed in Schulman and Bloom 1991).

Galf er al. (1994) described a third putative alpha satellite binding protein, pla,
which has a molecular weight of 10 -15 kDa and has a specific affinity for a 9 bp alphoid-
derived direct repeat (GTGAAAAAG), found at the Junction of alpha satellite DNA and
classical satellite 3 in chromosomes 13, 14, and 21. The study could not formally exclude
the possibility that pJa is actually CENP-A, a 17 kDa centromere-specific histone
(Eamshaw and Rothfield 1985) distantly related to histone H3 (Palmer et al. 1991, Sullivan

et al. 1994). However, pJa is not thought to be an HMG-I protein based on competitive
12 Reeves and Nissen (1990) predicted a molecular structure for the three conserved binding regions of a
protein and found it to be similar to the antitumor and antiviral drugs netropsin, distamycin, and the dye
Hoechst 33258. Hoechst 33258 inhibits proper centromeric heterochromatin condensation and ultimately
prevents formation of Kinetochores in mouse chromosomes (Lica et al. 1986).
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binding results with poly [d(I-C)] molecules and an ol gonucleotide harbouring an HMG-1
binding site (Gaff et al. 1994),

Alpha satellite DNA has long been considered a strong candidate for a functional
human centromeric DNA sequence. Some key observations which support this postulation
are: (1) Alpha satellite DNA is detectable at the centromere of all human chromosomes. (2)
Alphoid monomers contain nucleotide sequences (e.g. CENP-B box) that are capable of
specific binding to a number of nuclear proteins. (3) Preliminary functional studies appear
to indicate that chromosome-integrated human alpha satellite DNA, exhibit some key
features of a functioning centromere (Haaf er al. 1992).

Other studies appear to contradict the notion that functional human centromeres

chromosomes so far lack CENP-B boxes, an observation consistent with the inability to
detect CENP-B proteins in the centromere of human and mouse Y-chromosomes, ) A
number of mitotically stable small marker chromosomes are being identified which appear
to lack detectable amounts of alpha satellite DNA, despite the presence of an obviously
functional centromere (Voullaire ef al. 1993; Ohashi er al. 1994; Sacchi et al. 1996).
Hopefully, a coherent resolution will soon be made to account for all of these seemingly

contradictory observations.

3. Beta satellite DNA. The human Sau3A DNA family was identified by Meneveri et al.
(1985) as a GC-rich repetitive DNA family comprised of 68 bp monomers. In situ

hybridization experiments localized the 68 bp Sau3A cione (pUh1-39) to the

constriction of chromosome 1 (Agresti ef al, 1987, 1989).
Waye and Willard (1989a) proposed the name of B satellite DNA for this DNA
family. They demonstrated that a 2.0 kb f satellite HOR (clone pB4) was primarily

localized to the short arms of the acrocentric chromosomes. Homologous clones to pB4
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(i.e. p21B2 and p21B7) were later used to define two distinct domains of beta satellite
DNA, one domain proximal (p11) and one domain distal (p13) to the rRNA gene clusters
in the short arm of all acrocentric chromosomes (Grei g and Willard 1992). Another beta
satellite clone (clone pB3 - 2.5 kb f satellite HOR) was mapped to human chromosome 9,
first to the variable heterochromatin region of the long arm (i.e. 9qh) (Waye and Willard
1989a) and later to the centromeric region of this chromosome (Greig and Willard 1992).
Cooper et al. (1992) also described approximately 54 kb of this DNA family in the
centromeric region of the Y-chromosome. This communication suggested that these 68 bp
repcats may actually be organized as a 16.9 kb Haelll HOR in the Y-chromosome

centromere.

4. Gamma satellite DNA. In 1992, Fan and coworkers performed physical mapping of
cosmid clones from a flow sorted human X-chromosome library. Two clones were
obtained which mapped unexpectedly to the centromeric region of human chromosome 8!3,
Chromosome 8-specific alphoid DNA failed to hybridize (o restriction fragments from these
two cosmid clones suggesting that these clones contained centromeric DNA sequences
other than alpha sétellite DNA (Fan et al. 1992).

Two EcoRI fragments, SOE1 (704 bp) and 50E4 (1962 bp), were obtained from
one of the cosmid clones and mapped to the centromere of chromosome 8. Sequence
analyses of these cloned DNA fragments revealed tandemly arranged, GC-rich repeat units
of approximately 220 bp which lacked significant sequence similarity to any other
previously identified human centromeric DNA sequence (Lin e7 al. 1993). This sequence
was designated as a human gamma satellite DNA subfamily specific for chromosome 8
(i.e. gamma-8 satellite DNA). Both gamma-8 satellite DNA subclones were specifically

localized to the primary constriction of chromosome 8, usually as two distinct fluorescent

131t is presumed that some chromosome 8 material contaminated this chromosome X flow-sorted library
because of the similar sizes of these two chromosomes.
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dots at the lateral sides of the centromere.

3. 48 bp satellite DNA. During efforts to isolate polymorphic markers from a chromosome
22 specific DNA library, a 1.9 kb EcoRI fragment (clone p22hom48.4) was recovered
from a lambda phage clone. Sequence data of a 382 bp Pstl fragment from clone
P22hom48.4 revealed tandemly arranged 48 bp repeats. Although this clone was initially
localized to 22pter-q11, this DNA f: amily is thought to reside in the centromeric region of
chromosome 22 (Metzdorf et al. 1988).

A second 48 bp subfamily was isolated from a chromosome 21-specific cosmid
library (Mullenbach et al. 1992). Sequence data from a 507 bp clone (pcos6) revealed
approximately 10 tandem repeats of 48 bp. The repeat units from chromosome 21 clones
exhibited 4% to 31% sequence divergence from the 48 bp consensus sequence of
chromosome 22. Low stringency in situ hybridization studies showed hybridization
signals at the pericentromeric regions of chromosomes 13,14, 15, and 21. Mullenbach et
al. 1992 proposed a total array length of between 200 kb and 1100 kb for this DNA family
in chromosome 21. The chromosome 21 DNA array(s) is/are approximately 340 kb away
from alpha satellite DNA in this chromosome, as shown by pulsed field gel electrophoresis
studies.

This DNA family was also identified in the centromeric region of the human Y-
chromosome (Cooper et al. 1992, 1993). At least two 20 kb blocks of these 48 bp repeats
were identified, flanking the major alphoid and satellite 3 DNA arrays (Figure 1.1). The 48
bp repeats in the chromosome Y centromere were approximately 88% identical {o the
published consensus sequence derived from homologous repeats in chromosome 22.

Restriction fragment length polymorphisms were detected in EcoRI- (Metzdorf et
al. 1988), BamHI-, and Mspl- (Mullenbach et al. 1992) digested genomic DNAs and gel
mobility shift assays imply that two or more proteins form a complex with a single repeat

unit of this DNA family (Mullenbach et al. 1992).
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Figure 1.1. Genomic map of the relative size and distribution of identified repetitive

DNA sequences in the centromeres of human chromosomes 10 and Y.

Spaces between DNA arrays in this figure are not to scale and do not reflect actual

(1992, 1993) and Jackson er al. (1992, 1993).
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6. Sn5 satellite DNA. Johnson et al. (1992) used chromosome microdissection and
sequence independent PCR to construct a DNA library from marker chromosomes in
peripheral lymphocytes of a new-born infant with a karyotype of 94, XXXX,+2mar. A
465 bp clone (pcrsnS) was isolated from this DNA library and localized to the
pericentromeric regions of chromosomes 2, 20, and the acrocentric chromosomes.
Homologous sequences were obtained from the African green monkey genome and found
to share 69% sequence identity with the human persn5 clone, over an ali gned region of 241
bp (Johnson et al. 1992). From overlapping sequence comparisons of human and simian
sequences, this DNA family was presumed to contain tandemly organized repeat units and
was therefore designated as Sn5 satellite DNA. The monomer size of the human sn5 DNA
family has not been determined but is believed to be greater than 406 bp. Sn5 satellite
DNA is thought to have evolved in a similar manner as the alphoid suprachromosomal

family 2, based on a similar chromosomal localization pattern (Table 1.3).

1. SINEs. Short interspersed repetitive elements (SINEs) are types of retroposons, which
amplify themselves and become incorporated back into the human genome through
transposition (reviewed in Rogers 1985, Okada 1991). The human Alu!4 SINE family
(also referred to as SINE-1) consists of ~300 bp repeats which are reiterated every3 - 6 kb
throughout most of the human genome, except for chromosome regions like the
centromere, where it is thought to be underrepresented some 50 fold (Moyzis et al. 1989),
Alu repeats occasionally exist in human centromeres and have been found in or near alpha

satellite DNA arrays (Jgrgensen et al. 1986, Wevrick et al. 1992, Cooper er al. 1993,

14Alu sequences were first isolated by renaturing sheared (2 kb) denatured human placental DNA to a Cqt
value of 68 and digestion of single stranded DNA with S| nuclease. Five percent of the products were 300
bp duplexes which when cleaved with the restriction enzyme Alul (hence the name of this repetitive DNA
family), produced two characteristic fragments of approximately 170 bp and 120 bp (Houck er al. 1979).
Ullu and Tschudi (1984) later established that Alu repeats were derived from 7SL cytoplasmic RNA, a
component of the signal recognition particle.
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Prades et al. 1996).

2. LINEs. Long interspersed repetitive elements (LINEs)!5 are transposable elements with
repeat units of several kb in length (reviewed in Singer 1982, Hutchison e al. 1989). The
mammalian Kpn LINE family (also known as LINE-1 or L1) has members as long as 6 - 7
kb in length!é located every 30 - 60 kb in the human genome. Presumably, such LINE
sequences are also substantially under represented in the human centromeres, accounting
for their limited occurrences in human centromeric DNA arrays (e.g. Potter 1984, Wevrick
et al. 1992, Prades et al. 1996).

Two studies have reported a single interspersed repetitive DNA element at the
Jjunction between an alpha satellite DNA array and a satellite 3 domain. Jackson er al.
(1992) reported a 485 bp truncated and rearranged L1 element at a junction between these
two DNA arrays on chromosome 10 (Figure 1.2). In the Y-chromosome centromere, an
alphoid and satellite 3 junction harbors a single Alu repeat (Cooper et al. 1993). Itis not
clear why these retrotransposon elements would incorporate at these particular centromeric
sites, although some investigators suggest that such sequences may have originated from
molecular rearrangements within alpha satellite DNA arrays rather than from de novo

insertions (Marcais er al. 1991, Prades et al. 1996).

3. 724 sequence family. A 724 sequence DNA family was identified by Kurnit et al.

(1984) during a screening procedure for cDNA clones specific for chromosome 21. Asa

sequence data for this clone has not been published and the repeat unit length is
undetermined. Based on an infrequent Southern blot hybridization to pools of recombinant

human genomic DNA cosmids, it was suggested that this DNA family is interspersed in

15 LINEs are readily distinguishable from SINEs, not only on the basis of repeat unit sizes, but also by the
presence of two open reading frames (ORFs) within a LINE element. These ORFs potentially encode some
or all enzymes required for retrotransposition.

16 However, more than 90% of identified L1 repeats are actuall y truncated copies.
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nature; although, this claim should be confirmed by direct sequence analyses. The location
of this DNA family is still in dispute. The 724 DNA family has been reported in the
pericentromeric regions of all human acrocentric chromosomes as well as at specific sites
on the long arm of chromosomes 1, 18 (Kurnit ef al. 1984), and 21 (Kurnit et al. 1986).
Others suggest that the 724 DNA family resides primarily in the short arms of the
acrocentric chromosomes (Vogt 1990, Choo et al. 1992). Copy number estimations
originally suggested that the pUNC724 clone is repeated approximately 10 times in the
human genome. However, this figure may be an underestimate, with the true copy number

being on the order of 100 - 200 per genome (Vogt 1990).

Unclassified human centromeric repetitive DNA sequences.

1. Haelll DNA family. Some centromeric DNA repetitive families have yet to be
categorized with certainty as satellite DNAs or interspersed repetitive DNAs. One such
family is the Haelll DNA family represented by a 291 bp fragment (clone A17e), isolated
and sequenced by Agresti et al. (1989). Although an internal repetition was not shown in
clone A17e, it was suggested that this DNA family consisted of repeat units which are 140
bp or 160 bp in length. Agresti et al. (1989) further suggested that this DNA family is in

close proximity to some beta DNA arrays in the human genome.

2. ATRS DNA. Another unclassified human centromeric repeated sequence is a ~65% AT

alpha satellite DNAs from a monochromosomal somatic cell hybrid (Wevrick et al. 1992).
A phage clone, which hybridized at low but not high stringency conditions to two
chromosome 7-specific alpha satellite DNA probes, contained both alpha satellite DNA and
approximately 3.5 kb of the novel ATRS DNA. Analysis of 483 bp of ATRS failed to
sequence is tandemly organized or interspersed. FISH studies revealed hybridization
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signals primarily at or near the centromeres of all acrocentric chromosomes as well as

chromosomes 1, 2, 7, 9, 16, and 17.

3. Centromeric repetitive elements from the Y-chromosome. During the construction of a
long range genomic map of the pericentromeric region of the Y-chromosome, a number of
putative repetitive elements were identified. Cooper et al. (1992) isolated three clones:
PKFC37, pKFC43, and 64b, each of which yielded a unique pattern of multiple
hybridizing restriction bands with total genomic DNA. Cooper e7 al, (1993) isolated three
highly diverged repeats in the Y centromere. YII5.1 seems to recognize a chromosome Y -
specific low repeat whereas YII1.1 and Y112.1 represent portions of a moderately repetitive
DNA sequence family which is also localized to other human chromosomes. Furthermore,
4 yeast artificial chromosomes (Y ACs), with human inserts from chromosomes other than
the Y-chromosome, were isolated and each found to contain Y112.1/ YII1.1 homologous
DNA sequences as well as alpha satellite DNA (Cooper er al. 1993). Based on this
observation and copy number estimations of ~20 YII2.1 / YII1.1 per genome, it was
suggested that at least one copy of YII2.1 and YII1.1 homologous sequences may reside in
the centromeric region of most, if not all, human chromosomes. Genomic organization

and sequence definition of these repetitive DNA families are anxiously awaited.

Cervid centromeric DNAs.

According to Whitehead (1993), there are currently 41 known deer species in the
world. Among these 41 deer species, extreme chromosome number variation can be
observed, ranging from 2n=80 in the Siberian roe deer (Capreolus capreolus pygargus)
(Neitzel, 1987) to 2n=6 in the female Indian muntjac (Mutiacus muntjak vaginalis)!?.
Hence, this mammalian family is an excellent natural source for studies in karyotypic

17 The Indian muntjac has the lowest chromosome of all known mammalian species.
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evolution.

Repetitive DNA sequences and the karyotypic evolution of the Asian muntjacs.

A longstanding enigma is based on the karyotypes of two Asian barking!8 deer
species: the Indian muntjac (Muntiacus muntjak vaginalis) and the Chinese muntjac
(Muntiacus reevesi). These two deer species are thought to be very closely related, based
on similar phenotypic features and their ability to interbreed and produce viable F1 hybrids
(Shi et al. 1980). However, their chromosome numbers vary remarkably. The Chinese
muntjac has a diploid chromosome number of 46 (Wurster and Benirschke 1967b) and the
Indian muntjac has a diploid chromosome number of 2n=6 (female) / 2n=7 (male)!®
(Wurster and Benirschke 1967a2°, 1970). All 46 chromosomes of the Chinese muntjac are
acrocentric in morphology whereas the Indian muntjac karyotype is bimodal. Hsu er al.
(1975) first proposed that the giant chromosomes of the Indian muntjac were derived by
repeated centric and tandem fusions of smaller ancestral Chinese muntjac-like
chromosomes. These authors speculated that chromosome breakages at the ends of the
smaller acrocentric chromosomes (i.e. within the centromeric and/or telomeric
heterochromatin) could have permitted the subsequent fusion of whole chromosome arms,
leading to a drastically restructured karyotype with minimal loss or no loss of euchromatin
(See Figure 1.3).

A number of investigations used chromosome banding techniques to test this
"tandem chromosome fusion" theory in these Asian muntjacs. If chromosome breakage

occasionally occurred at the short arm of the ancestral acrocentric chromosomes, interstitial

'8 The term barking deer reflects the high pitched "barking" sound these deer make when sensing danger.
121n the Indian muntjac, the X chromosome is fused to the third autosome. Therefore, in XY males, the
presence of only one X chromosome and the addition of a Y chromosome increases the total chromosome
number in male Indian muntjacs by 1.

20 Although the chromosome number of the female Indian muntjac (20=67) was first reported in the July
1967 issue of the Mammalian Chromosome Newsletter, the observation of few giant chromosomes was
thought to be due to a culture contamination. Thus, the Indian muntjac karyotype was not confirmed until
three years later. (Personal communications between Drs. Wurster-Hill and Lin.)
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chromosomes. Comings (1971) thus employed a C-banding technique to identify such

interstitial C-bands were observed along the arms of the Indian muntjac chromosomes. In
1980, Shi et al. examined the G-banded karyotype of a female hybrid produced from an
Indian muntjac father and a Chinese muntjac mother. The 23 G-banded Chinese muntjac
chromosomes in a metaphase spread of the hybrid were arranged in a specific fashion to
imply that fusion of the Chinese muntjac chromosomes could have produced the specific
G-banding pattern seen in the remaining three giant Indian muntjac chromosomes of the

DNA studies by Wurster and Atkin (1972) revealed that the DNA content of the
Indian muntjac cells is approximately 81% of the DNA content found in Chinese muntjac

cells. Schmidtke er al. (1981) and Johnston et al. (1982) suggested that this difference in

muntjac genome. Bogenberger er al. (1985) and Yu er al. (1986) isolated centromeric
satellite DNA sequences from the Indian muntjac genome and examined their distribution in
both Indian and Chinese muntjac chromosomes. Radioactive in situ hybridization
experiments suggested that these centromeric DNA sequences were confined to the
centromeric regions of both the Chinese and Indian muntjac éhrcmcsarﬂes and no
hybridization signal was located at interstital sites of the Indian muntjac chromosomes. Lin
et al. (1991) took a slightly different approach and isolated a hi ghly repetitive centromeric
DNA clone from the Chinese muntjac genome (clone C5) to examine its chromosomal
distribution in the chromosomes of the Indian and Chinese muntjacs. In this case,
fluorescent in situ hybridization results revealed non-random clusters of hybridization
signals at the centromeric and at various interstitial sites of the Indian muntjac
chromosomes. This suggested that remnants of centromeric heterochromatin did exist in
the Indian muntjac chromosomes, possibly from repeated tandem chromosome fusions of

ancestral Chinese muntjac-like chromosomes. These chromosome fusion events could
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have also left remnants of telomeric sequences at interstitial sites of the Indian muntjac
chromosomes. Such interstitial sites were subsequently identified in the Indian muntjac
chromosomes (Lec ef al. 1993, Scherthan 1995) lending further evidence for the tandem

chromosome fusion hypothesis.

Major cervid centrormneric satellite DNA (cervid satellite | DNA).

As mentioned above, the first cervid centromeric DNA sequence Lo be cloned and
sequenced was the Indian muntjac clone 1A (Bogenberger et al. 1985). This DNA clone
represents a major cervid centromeric satellite DNA family2!, which shares sequence
homology io bovine satellite ] DNA22, and is currently the only cervid centromeric satellite
DNA family identified. Bogenberger er al. ( 1987) demonstrated by Southern blot analyscs
that this satellite DNA was highly conserved in the genomes of all deer species studied.
More interestingly, this satellite DNA family was primarily organized into 0.8 kb monomer
units in deer species béIOnging to the paleontological division, Plesiometacarpalia® and into
1 kb monomers in deer species belonging to the Telemetacarpalia division?*. The presence
of such distinct, different-sized monomers in a single satellite DNA family is highly
unusual and raises questions regarding the genesis and evolution of this satellite DNA
family.

When the first two cervid centromeric satellite DNA monomers were cloned from
the Indian muntjac genome (Bogenberger er al. 1985, Yu et al. 1986), it was noted that
~ both clones consisted of internal 31 bp tandem repeats (subrepeats). These 31 bp repeats

shared significant sequence similarity to the 31 bp subrepeats found in bovine satellite |

21 This satellite DNA family can be referred to as either major cervid centromeric satellite DNA or cervid
satellite  DNA, because of its homology to bovine satellite DNA.

22 This satellite DNA is sometimes referred to as bovine satellite 1.715 based on its bouyant density in
CsCl gradients.

23 Brooke (1878) divided all deer species into two main divisions. Those deer which have retained the more
" proximal remnants of the second and fifth metacarpals were classified into the plesiometacarpalia division
whereas other deer were categorized into the telemetacarpalia division.

24 With the exception of the European roe deer (Capreolus capreolus) which has its cervid satellite I DNA
organized predominantly into 2 kb monomers (Scherthan 1991).

26



DNA (Plucienniczak et al. 1982). Subsequent reports of cervid satellite I DNA clones from
the Chinese muntjac (clone C5 - Lin ez al. 1991), the European roe deer (clone CC-Satl -
Scherthan 1991), and the Canadian woodland caribou (clone Rt-Pst3 - Lee ef al. 1994)
have all failed to demonstrate the presence of any internal subrepeats.

With the idea that 31 bp subrepeats appeared to be present in the Indian muntjac
centromeric satellite DNA clones, Bogenberger et al. (1987) suggested that the 1 kb
monomers could have simply resulted from approximately 32 amplifications of the original
31 bp DNA sequence (as opposed to the approximately 26 amplification required to
produce the 0.8 kb monomers). This postulation wouid predict that all subrepeats of a
monomer were equally divergent from one another. Lee ef al. (1994) cloned, sequenced,
and characterized a 991 bp cervid satellite DNA monomer from the Canadian woodland
caribou (clone Rt-Pst3) and found that the first ~800 bp of this clone to be similar to
previously characterized 0.8 kb cervid monomers. The authors also found that the
remaining 191 bp of the Rt-Pst3 clone actually shared 60% sequence similarity with the
first ~191 bp of the same clone suggesting that p\erhaps some 1 kb cervid satellite | DNA
monomers arose from a selective amplification of an ancestral 0.8 kb monomer along with

These hypotheses for the genesis of cervid satellite I DNA depended on sequence
data from only two monomer clones from the Indian muntjac and a single monomer clone

from the Canadian woodland caribou (Rangifer tarandus caribou). Clearly, more sequence

Rationale and scope of this thesis:

Despite the substantial number of investigations achieved on human centromeric

further characterization of this novel centromeric sequence.
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Compared to humans, less is known of the centromeric satellite DNAs of other
mammalian species. In the deer family, it has been proposed that centromeric satellite
DNAs have contributed to the extreme karyotypic diversity observed. The unique
karyotype of the Indian muntjac offers an excellent system for investigating the structure
and function of mammalian centromeres. Furthermore, several questions have been raised
regarding the genesis and e--olution of the well conserved major cervid centromeric satellite
gamma satellite DNA as well as address those questions regarding cervid centromeric
satellite DNA.

Chapter 2 describes the isolation and characterization of a subf: amily of human
examines the presence of human gamma satellite DNA in two old world primate species as
well as in a mitotically stable human marker chromosome. Chapter 4 details the
identification of a 31 bp bovine subrepeat in cervid satellite I DNA clones from four
different deer species. Finally, chapter 5 describes the higher-order organization of 31 bp
subrepeats in cervid satellite ] DNA family and postulates the genesis and evolution of this

centromeric satellite DNA.
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CHAPTER 2

DISCOVERY AND PRELIMINARY CHARACTERIZATION OF
HUMAN GAMMA X SATELLITE DNA

A version of this chapter has been published:
Lee C, Li X, Jabs EW, Court DR, Lin CC. (1995) Human gamma X satellite DNA: An X

chromosome specific centromeric DNA sequence. Chromosoma 104: 103-112.



Introduction:

Centromeric DNA sequences which are responsible for proper chromosome
segregation have been defined in two species of yeast, Saccharomyces cerevisiae and
Schizosaccharomyces pombe (reviewed in Clarke 1990). However, such functional

centromeric DNA sequences have yet to be discovered in other eukaryotic species. Among

1978) is predominant and was once even considered to be the only centromeric DNA
contribuling to the structure and function of human centromeres (Willard 1990). This
belief could stem from the following obscrvations. First, alpha satellite has been found in
the centromeric regions of all human chromosomes (Mitchell et al. 1985), Second,
monomers of some alpha satellite DNA subsets were shown to harbor a 17 bp motif which
serves as a binding site for the centromeric protein, CENP-B (Masumoto ef al. 1989; Ikeno
et al. 1994). Third, transfection studies with African Green monkey chromosomes (Haaf
el al. 1992) and telomere directed fragmentation experiments which dissect the centromere
of the human Y -chromosome (Brown et al. 1994) both suggest that alpha satellite DNA
may be all that is necessary for proper chromosome segregation. On the other hand, a
number of studies have shown that monospecific antibodies to the CENP-B protein
recognize both active and inactive centromeres of dicentric chromosomes (Earnshaw et al.
1989; Page ef al. 1995). Also, certain marker chromosomes, which are mitotically stable
and thus thought to possess functional centromeres, appeared to lack alpha satellite DNA
(Voullaire et al. 1993; Ohashi et al. 1994). Cumulatively, these observations lend to the
continued debate on how essential alpha satellite DNA is in the f ormation of a functional
human centromere.

In addition to alpha satellite DNA, other satellite DNAs have also been isolated and
localized to the centromeric regions of human chromosomes. For example, the classical
satellite DNAs have been detected in the centromeric regions of human chromosomes 3 (sat
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I), 4 (sat 1), 9 (sat 2, 111), 13 (sat 1, I11), 14 (sat 1, I1I), 15 (sat I, 2), 21 (sat I, I11), 22 (sat
1), and the Y-chromosome (sat 2) (Gosden er al. 1975; Higgins er al. 1985; Vissel er al.
1992; Meyne et al. 1994). Grady er al. (1992) suggested that the major repetitive
component (i.e. GGAAT) of human classical satellites 2 and 1II could be present in the
centromeres of almost every human chromosome. A subset of beta satellite DNA has been
reported in the centromeric region of human chromosome 9 (Waye and Willard 1989). The
centromeric region of the human acrocentric chromosomes appear to harbor a 406 bp
tandem DNA repeat (Johnson et al. 1992), and Blin and co-workers reported a 48 bp

tandemly repetitive element in the pericentromeric region of chromosome 21 (Mullenbach ef

el al. (1984, 1986) described an interspersed 724 repetitive DNA in the pericentromeric
regions of all human acrocentric chromosomes and Wevrick ef al. (1992) described the
presence of L1 repeats, an Alu element, and a novel AT rich repeat sequence (ATRS) in the
centromeric region of human chromosome 7. Homologous ATRS sequences were also

demonstrated in the pericentromeric regions of chromosomes 1, 2, and 16 (Wevrick et al.

composition, than was previously thought (Willard 1992).

To this list of repetitive DNAs, a new satellite DNA sequence was recently

DNA (Lin er al. 1993). Gamma 8 satellite DNA is comprised of 220 bp tandemly
organized repeats, which localize specifically to the centromere of human chromosome 8,
often as two distinct dots at the lateral sides of the primary constriction. This could suggest
a close proximity of gamma 8 satellite DNA to the kinetochore, implying a structural and/or

functional role for this centromeric DNA. If gamma satellite DNA indeed has some

DNA to be present in the centromeres of other human chromosomes. Here, we report the
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isolation and preliminary characterization of a subfamily of gamma satellite DNA in the

centromeric region of the human X-chromosome.

Materials and Methods:

Isolation of the 2D12/E2 subclone. A cosmid clone, CX16-2D12, containing
approximately 40 kb of human genomic DNA was specifically localized to the centromeric
region of the X-chromosome by fluorescence in situ hybridization (FISH). Chromosome
X-specific alpha satellite DNA did not hybridize to any BamHI fragments of CX16-2D12
DNA suggesting that the cosmid clone lacked alpha satellite DNA (Fan et al. 1992). To
investigate the nature of this centromeric DNA, a 1.2 kb EcoRl-digested fragment of
CX16-2D12 was subcloned into pUC 18 following standard cloning protocols (Maniatis 7

al. 1982) and designated as 2D12/E2.

Southern blot hybridizations. Ten microgram aliquots of genomic DNA from nine
unrelated individuals (7 females and 2 males) were digested separately with EcoRlI, Pstl, or
Sstl, and electrophoresed through a 0.8% (w/v) agarose gel. Fractionated genomic DNAs
were transferred onto GeneScreen Plus nylon membranes (New England Nuclear) and
hybridized to 32P-dCTP labeled 2D12/E2 insert DNA at 58°C for 16 h in a hybridization
mixture containing 2x SSC, 10x Denbhardt's, 10% (w/v) dextran sulfate, 0.4% (w/v) SDS,
100 mg/ml sheared sonicated salmon sperm DNA, and 100 mg/ml yeast tRNA.
Membranes were washed to a stringency of 0.1x SSC (15 mM NaCl, 1.5 mM sodium
citrate) / 0.4% (w/v) SDS at 60 °C.

Ten millilitre blood samples were obtained from each of 8 unrelated individuals (6
males, 2 females) from which leukocytes were isolated with equal volumes of Ficoll.
Isolated leukocytes from each individual were embedded in 1 ml of 1% (w/v) low melting
point agarose (electrophoresis grade, BRL) after a single wash with PBS. The leukocytes

embedded in each agarose block were then di gested in an NDS / proteinase K solution (0.5
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M EDTA, pH=9.5; 1% (w/v) N-lauroylsarcosine, 2 mg/ml proteinase K) for 24 h at 50°C,
until the slightly opaque blocks became clear. EDTA and proteinase K were removed by

one 12 h dialysis against low TE supplemented with 0.1 M phenylmethyl sulfonyl fluoride

enzyme were then added to each block of genomic DNA. The blocks were left on jce for 2
hours after which acetylated BSA (final concentration = 200 mg / ml) and another fifteen
units of restriction enzyme were added to each block. Restriction di gestions proceeded for
16 h in a 37 °C water bath and the digested products were electrophoresed through a 1%
agarose gel for 16 h at 150 V with a 10 sec switch time using a BRL Hex-A-Field
horizontal gel electrophoresis apparatus. Southern blot transfers of pulsed-field gels to
nylon membranes, hybridization to 32P-labeled 2D12/E2 probe DNA, and washings were

performed as with the blots of DNAs fractionated by conventional gels.

DNA sequencing. The 2D12/E2 subclone was sequenced with a Sequenase kit (United
States Biochemical Corporation) which employs the dideoxy-chain termination method.
Sequence data were analyzed on the Sequence Editor program (Applied Biosystems) for
Macintosh computers and the complete DNA sequence of 2D12/E2 was deposited into the

EMBL database library (Accession number: X87951).

Copy number determination. Serial dilutions of EcoRI-di gested 2D12/E2 plasmid DNA
(0.2 mg - 0.10 ng) and sheared human female genomic DNA (4 mg - 0.06 mg) were
loaded into separate compartments of a slot blot apparatus (Tyler Research) after the total
DNA concentration for each dilution was adjusted to 4 mg with sheared salmon sperm
DNA. The DNA samples were vacuum blotted onto a Gene Screen Plus membrane and
hybridized to 32P-labeled 2D12/E2 as described above for genomic Southern blots, After
washings and autoradiography, signal intensities of each dilution were quantified on a

scanning laser densitometer (Ultrascan XL: Pharmacia LKB).
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Chromosome preparations. Five hundred microlitres of heparin-collected whole blood
were placed in 10 ml of RPMI 1640 which was supplemented with 18% (v/v) fetal calf
serum (GIBCO/BRL) and 0.5% penicillin/streptomycin (GIBCO/BRL). One hundred and
fifty microlitres of phytohemagglutinin (M form; GIBCO/BRL) was then added to the
blood culture and the culture incubated at 37°C and 5% CO2 for 72 h. Cell harvesting
involved pelleting down all blood cells, resuspending the cells in a 0.075 M KCI hypotonic
solution for 20 min at 37°C, followed by 3 fixes in fresh Carnoy fixative (3:1, methanol :
glacial acetic acid). Slides were prewashed with 95% (v/v) ethanol, rinsed with distilled
water, and soaked in double distilled ice water. Three drops of cell suspension were
dropped onto each slide from a height of about 40 c¢m after which each slide was dried on a
hot plate (~70°C) for 5-10 seconds. Slides were aged for at least 5 days in a dessicator at

room temperature and then stored at -80°C for up to 1 y before use.

Fluorescence in situ hybridization. Fiuorescence in situ hybridizations were performed
according to Fan et al. (1990) with slight modifications. Chromosome preparations were
pretreated with DNase-free RNasc A in 2x SSC for 1 h at 37°C, and then rinsed twice in 2x
SSCat room temperature, dehydrated, and air dried. Chromosomes were then denatured
for 3 min in 70% formamide / 2x SSC at 70°C, dehydrated in 2 cold washes of 70%
ethanol (at -20°C), and 1 cold wash of 95% ethanol (at -20°C) and air dried. Thereafter,
chromosomes were digested with proteinase K (Boehringer Mannheim; 0.06 mg/ml in 2x
35C) for 8 minutes at 37°C, dehydrated, and air dried. One microgram of biotin-16-dUTP
labeled 2D12/E2 probe DNA was resuspended in 1 ml of hybridization mixture (50%
formamide, 2xSSC, and 100 mg/ml of sonicated salmon sperm DNA), denatured for 5 min
at 70°C, applied to each slide, and covered with 24 x 50 mm coverslips. Hybridization
proceeded for 16 h in a humid chamber at 37°C. Chromosomes were then washed once in

50% formamide / 2x SSC at 37°C for 10 min and twice in 2xSSC at 37°C for 10 min each.
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Subsequent steps for hybridization signal amplification and chromosomal localization were
as described in Lin et al. (1993). Photomicrographs were taken on FUJI Super G color

film, 400 ASA with a Zeiss Axioskop fluorescence microscope.

Results:

Restriction enzyme analysis of the 2D12/E2 clone. Multiple hybridization banding patterns
were observed with genomic DNAs separated by standard gel electrophoresis and probed
with 32P-labeled 2D12/E2 DNA, revealing the repetitive nature of 2D12/E2 DNA in the
human genome (Figure 2.1). The enzymes EcoRI, Pstl, and Sstl did not produce the
typical ladder pattern which is often characteristic of tandemly repetitive DNAs (Horz and
Zachau 1977). Furthermore, these three enzymes did not reveal a gain or loss of any
particular restriction fragment between 20 kb and < 0.5 kb among the nine individuals
examined.

Sstl-digested genomic DNAs from 8 unrelated individuals were separated by
pulsed-field gel electrophoresis and hybridized to 32P-labelled 2D12/E2, revealing 8
distinct hybridization bands (28 kb, 22 kb, 20 kb, 14 kb, 12.5 kb, 11.5 kb, 9.5 kb, and 6
kb) with the 20 kb bands being the most prominent (Figure 2.2A). Sstl-digested genomic
DNAs, fractionated under similar conditions but probed with 32p.|abelied S0E4 (gamma 8)
DNA, produced a hybridization pattern different from that with the 2D12/E2 probe. Two
dark hybridization bands of 36.5 kb, and 28 kb and a very faint hybridization band of 32
kb were detected in all 8 DNA samples (Figure 2.2B). Hpal-digested genomic DNAs,
separated under comparable conditions and hybridized with 2D12/E2 DNA produced a
hybridization pattern consisting of 6 bands: 80 kb, 39 kb, 25 kb, 22 kb, 19 kb, 17 kb, and
12 kb (Figure 2.2C). Likewise, similarly digested and fractionated genomic DNAs probed
with 32P-labelled 50E4 (gamma 8) demonstrated a somewhat different hybridization

pattern from that seen with the 2D12/E2 probe. Hybridization bands of 39 kb, 22 kb, 19
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Figure 2.1. Southern blot hybridization of human genomic DNAs fractionated by

conventional gel electrophoresis, and probed with clone 2D12/E2.

EcoRI- and Pstl-digested genomic DNAs from three females (individuals J ,2,and3) are
shown. In addition, Sstl-digested genomic DNAs from two of these three females are
presented. The marker lane (M) contains the DNA from a 1 kb ladder (GIBCO/BRL) and
molecular weights of certain DNA fragments are indicated on both sides of the Southern

blot.
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Figure 2.2. Southern blot hybridizations of human genomic DNAs fractionated by

satellite DNA).

Individuals 1 and 2 are both unrelated, healthy females and individuals 3-8 are all
unrelated healthy males. Genomic DNAs were digested with Sstl and probed with (A)

32p-labeled 2D12/E2 or (B) 50EA. Also, genomic DNAs were digested with Hpal and
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kb, 17 kb, and 15 kb were observed, with the 39 kb and 22 kb being most prominent
(Figure 2.2D).

DNA sequence analysis of 2D12/E2. The 2D12/E2 subclone was constructed by ligating a
1.2 kb EcoRI fragment from the CX16-2D12 cosmid clone (Fan et al. 1992) into pUC 18
vecior. Smaller fragments of 2D12/E2 were produced from double digests of EcoRI/Sst]
and EcoRI/Pstl and used as templates for sequencing (Figure 2.3A). Each fragment was
sequenced from both of its ends at least three times and the five overlapping DNA
sequences were compiled in the construction of the complete 1205 bp DNA sequence of the
2D12/E2 insert (Figure 2.3B).

When the complete DNA sequence of 2D12/E2 was analyzed, it was found to
contain five essentially complete monomers of 220 bp (b, c, e, f, g) and two partial
monomers (a and d) (Figure 2.3B). Monomers a, b, ¢, and d were arranged in a "tail-to-
head" fashion from nucleotides 75, 294, 519, and 585, respectively. Monomers e, f, and
g were oriented in a "head-to-tail" fashion, starting from nucleotides 586, 794, and 1015,
respectively.

To produce a consensus sequence which is comparable to that published for the
gamma 8 satcllite DNA monomers, the nucleotide sequences of the opposite strand of the
first four monomers (a-d), were ali gned to the sequenced strand of the last three monomers
(e-g) (Figure 2.4). The DNA sequence similarity of each essentially complete monomer to
the derived consensus sequence ranged from 72.8% (monomer g) to 78.6% (monomer b).
Most mismatches observed were single base pair deletions, insertions, or substitutions.
Exceptions included a 3 bp insertion between nucleotides 179 - 180 of monomerc, a?2 bp
deletion of nucleotides 47 - 48 in monomer e, and a 3 bp deletion of nucleotides 74 - 76 in
monomer g. No internal duplications were noted within any given monomer.

When the consensus sequence fo: the 2D12/E2 monomers was aligned to the

consensus sequence for the 50E1 and 5024 monomers, approximately 62% sequence
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Figure 2.3. Nucleotide sequence and monomer organization of the 2D12/E2 insert.

(A) Restriction map and sequencing strategy for the 2D12/E2 clone. Restriction sites
used for subcloning and sequencing are shown. Direction and extent of sequencing are
denoted with arrows. (B) Nucleotide sequence of 2D12/E2. Tandemly organized
monomeric repeats of approximately 220 bp are desi gnated a to g with an arrow showing
the beginning and orientation of each monomer. (C) Schematic representation of

monomer orientations in the 2D12/E2 clone. Two complete and two partial monomers

Sstl site (44F) extends across the point where the 220 bp monomers change orientation.
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Figure 2.4. Derivation of a 220 bp consensus sequence from the monomers in clone

2D12/E2,

Seven monomeric repeat units are aligned to show maximum DNA sequence similarity.
The nucleotide sequences from the opposite strand (Rev) of the first four monomers
(Mon/a - Mon/d) and sequenced strand (Fwd) of the last three monomers (Monle -
Mon/g)the were used in the alignment. The 220 bp consensus sequence is based on the
most abundant nucleotide at each position. In the event that at a given position, two
different bases were equally prominent, both bases are indicated in the consensus
sequence. Nucleotides which are identical to the consensus sequence are replaced with
dots. Gaps (-) were occasionally introduced to improve the alignment of certain
monomers. Ambiguous bases are denoted with an "N" and insertions are indicated by

small vertical arrows and lower case letters.
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similarity was observed (Figure 2.5). Most mismatches between the two consensus
sequences were in the form of base pair substitutions. Single base gaps were required in
the gamma 8 consensus sequence (at nucleotide positions 72, 158, 192, 216) and the
2D12/E2 monomer consensus sequence (between nucleotide positions 122-123, 197-198)
to optimize DNA sequence similarity. A 20 bp region of 100% sequence similarity was
identified between nucleotides 24 - 43 of the two consensus sequences. Based upon a
similar repeat size and the sequence similarity observed between the consensus sequences
for the 2D12/E2 monomers and the gamma 8 monomers, 2D12/E2 was thought to
represent another subfamily of gamma satellite DNA and hence termed gamma X satellite

DNA.
Copy number estimation. Slot blot hybridization experiments were used to determine the

female genomic DNA produced a similar signal intensity as 0.2 ng of EcoRI-digested
2D12/E2 (data not shown). Using Mandel e al.'s (1950) estimation that the human

genome contains 3.4 x 10-12 g of DNA, it was estimated that gamma X satellite DNA

copies of the 220 bp repeat and if contiguous, would span a total array length of

approximately 0.5 Mb,

fluorescence signals could be observed in the primary constriction of more than 90% of the
X-chromosomes. FITC signals were usually seen as two separate fluorescent dots at the
lateral sides of the X-chromosome centromere (Figure 2.6). No signal was observed at the
primary constriction of the Y-chromosome or any of the autosomes, under the FISH

conditions used. The size of the hybridization signal appeared to be much smaller than the
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Figure 2.5. Comparison of the 2D12/E2 monomer consensus sequence with the

gamma 8 monomer consensus sequence.

The 2D12/E2 monomer consensus sequence (2D12/E2 con)was compared to the
previously determined gamma 8 DNA consensus sequence (Gamma 8 con) (Lin et al.,
1993). Gaps (-) were occasionally introduced to improve the alignment and obtain
maximum sequence similarity. " he nucleotides in the gamma 8 consensus sequence,
which were found to be identical to the corresponding nucleotides in the 2D12/E2
monomer consensus sequence, were replaced with dots. The largest continuous region of

sequence identity can be found between nucleotides 24-43 and is hi-lighted with a box.
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Figure 2.6. Localization of the 2D12/E2 DNA prebe to human male metaphase

chromosomes.

the biotin labelled 2D12/E2 DNA probe, observed under a filter combination for FITC
fluorescence. Hybridization signals (yellow fluorescent dots) can be observed in the
primary constriction of a submetacentric C group chromosome (indicated). (B) The same
metaphase spread observed under a filter combination for 4,6-diamidino-2-phenylindole
(DAPI) fluorescence permitting the Q-like banding identification of the afore-mentioned
C group chromosome as the X-chromosome (indicated). The Y-chromosome can be
readily identified by its size and DAPI fluorescence. (C) Another metaphase spread
showing FITC hybridization signals after in situ hybridization with 2D12/E2 probe DNA.
Note the two distinct hybridization signals at the centromere of the X-chromosome
(indicated). (D) A third metaphase spread again showing FITC hybridization signals of

the 2D12/E2 probe to the centromere of the X-chromosome (indicated).
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signals observed with the chromosome X-specific alpha satellite DNA probe, pXBR1 (data

8 satellite DNA probe, 50E4 (Lin ef al. 1993),

Discussion:

Lack of macro restriction fragment length polymorphisms (RFLPs) with Hpal and Ssil.
The presence of macro RFLPs between unrelated individuals has been well documented in
alpha satellite DNA (e.g. Jabs et al. 1989; Mahtani and Willard 1990). However, pulsed-
ficld gel electrophoresis studies using essentially 16 different chromosome 8s (probed with
gamma 8) and 10 different X-chromosomes (probed with gamma X) failed to reveal any
macro RFLPs with either Hpal or Sstl. Any intensity differences of a particular
hybridization band appeared to be consistent with intensi ty differences of other
hybridization fragments between DNA samples. This suggests that slight differences in the
amount of DNA in different agarose plugs could be responsible for the inter-individual
differences in hybridization band intensities. This lack of macro RFLPs is restricted to the

two different restriction enzymes and eight individuals tested in this study.

Inverted repeats and a conserved 20 bp region. A change in monomer orientation was
observed in the 2D12/E2 clone between nucleotides 585 and 586. DNA sequencing from
both the Pstl site and the Sstl site revealed overlapping nucleotide sequences and confirmed
the accuracy of the DNA sequence where the repeat units change orientation. Thus the
inverted orientation of certain gamma X monomers in this clone appears to be genuine,
implying that at least one inversion has likely occurred in the gamma X genomic DNA
array. It is believed that this sudden change of monomer orientation at nucleotides 585/586
represents one of the two breakpoints required to produce such an inversion. Identification

of the other breakpoint of this inversion could facilitate a size estimation of this mversion,
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Inversions in human centromeric satellite DNA have not been frequently
documented. Jabs and Persico (1987) first reported a possible inversion in a 3 kb alpha
satellite DNA clone from chromosome 6. Wevrick er al. (1992) later observed inverted

chromosome 7 alpha satellite DNAs in two isolated phage clones. Also, an inversion in the

These inversions have all been identified by sequencing DNA clones spanning one of the
inversion breakpoints. Genomic inversions of satellite DNA could also be identified by
FISH procedures using single stranded oli gonucleotides (Meyne er al. 1994).

When the gamma 8 and gamma X consensus sequences were aligned with each
other, a 20 bp conliguous conserved region was observed. If the 20 bp region is
conserved among the different subfamilies of gamma satellite DNA, it is tempting to
speculate on its significance. In alpha satellite DNA, a 17 bp conserved motif serves as a

binding site for the centromeric protein, CENP-B (Masumoto et al. 1989).

Estimations of copy number and array length  From slot blot experiments, a 0.015% copy
number estimate was obtained for gamma satellite DNA in a single X-chromosome,

comparable to the 0.013% estimate previously reported for gamma 8 satellite DNA (Lin et

Southern blots suggested an array size of at least 96.5 kb for gamma 8 DNA and 123.5 kb
for gamma X DNA. These numbers are believed to be underestimations of the array
lengths because of the prominence of certain hybridization bands as a result of the presence
of more than one of those fragments per genome (e.g. Figure 2.2A, band 20 kb; Figure
2.2B, bands 22 kb, 19 kb, and 17 kb). The amount of alpha satellite DNA on each human
chromosome varies from approximately 800 kb on the Y-chromosome (Cooper er al.
1993) to over 3000 kb on the X-chromosome (Jabs et al. 1989; Mahtani and Willard

1990).
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The amount of gamma satellite DNA found in the centromeric region of either
chromosome 8 or X is relatively small compared 10 that of the other centromeric satellite
DNAs. For example, approximately 6 times more alpha satellite DNA (~ 3 Mb) resides in

the centromere of the X-chromosome (Jabs e al. 1989; Mahtani and Willard 1990).

of the human genome. Assuming a uniform distribution of satellite | DNA amongst the
pericentromeric regions of seven different chromosomes, 2 Mb of satellite | DNA is

the amount of gamma satellite DNA found in a single centromere.

Localization and organization of gaimna satellite DNA. The discovery of gamma satellite
DNA has added another family of satellite DNA to the growing list of human centromeric
DNAs. At present, only two subfamilies of gamma satellite DNA have been identified:
gamma 8 and X. It has been shown that gamma 8 and X satellite DNA are both restricted
to the centromeric regions of their respective human chromosomes, unlike the classical
satellite DNAs and beta satellite DNA which are also found in certain non-centromeric
heterochromatin and in the short arms of the human acrocentric chromosomes,
respectively. Furthermore, unlike alpha satellite DNA, gamma satellite DNA produces
small hybridization signals which are often seen as two distinct dots on the lateral sides of
the primary constriction, suggesting a close proximity of gamma satellite DNA to the
kinetochore domain. Interestingly, Ouspenski and Brinkley (1993) cloned a centromeric
DNA sequence {rom a kinetochore enriched fraction of Chinese hamster ovary cells and
found that it hybridized specifically to the centromere of Chinese hamster chromosome 1 as
double dots.

The juxtaposed organization of gamma satellite DNA with other satellite DNA
families in the centromere should be determined. It has been suggested that alpha satellite

DNA is continuous with little or no other intervening DNA sequences (Willard 1990). 1f
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this is indeed the scenario, then gamma satellite DNA may be expected to be entirely on one
side of or flanking an alphoid DNA array. Further investigations using multiple colored
FISH on stretched chromatin (Heng et al. 1992; Haaf and Ward 1994) could be useful in
determining the juxtaposition of these two centromeric satellite DNA families in human

centromeres.
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CHAPTER 3

ASCERTAINING THE PRESENCE OF GAMMA SATELLITE DNA
IN TWO OLD WORLD PRIMATES AND A
MITOTICALLY STABLE HUMAN MARKER CHROMOSOME

A version of this chapter is being prepared for publication.

75



Prologue

Two subfamilies of gamma satellite DNA were identified in the centromeric region
of chromosome 8 and X, respectively. {fi: situ hybridization studies suggested a close
proximity of gamma satellite DNA to the kinetochore domain, implying a structural /
functional role for these DNA sequences in the centromere. If indeed S0, gamma satellite
DNA may be expected to be conserved in the genomes of closely related primate species.
Furthermore, if gamma satellite DNA contributes to centromere function, this DNA
sequence should be present in mitotically stable marker chromosomes which originate from
chromosome 8 or X. Investigations into these possibilities have been conducted and are

presented in the following chapter.
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Introduction.

Human centromeric DNAs are primarily composed of different families of tandemly
repetitive (satellite) DNA. Among the known human centromeric DNAs, alphoid DNA is
by far the best characterized. This DNA family is comprised of 171 bp, AT-rich repcat
units. Other tandemly repeated human centromeric DNAS include satellites 1 - 3 (Prosser ez
al. 1986), Sau3A (beta) satellite DNA (Agresti et al. 1987, Waye and Willard 1989), and a
48 bp DNA family (Metzdorf et al. 1988, Mullenbach ez al. 1992). More recently, another
centromeric DNA sequence was discovered and termed human gamma satellite DNA (Lin et
al. 1993). This repetitive DNA family was defined by 220 bp, GC-rich tandem repeats, of
which two subfamilies were isolated. One subfamily was specific for the centromeric
region of chromosome 8 (Lin ez al. 1993) and the other subfamily was localized to the
centromeric region of the X-chromosome (Lee et al. 1995).

Human centromeres can be divided into three functional domains: a pairing domain,
a central domain, and a kinetochore domain (Figure 3.1). The bulk of centromeric
hetercchromatin, including alpha satellite DNA and CENP-B proteins (Cooke er al. 1990),
are confined to the central domain. Fluorescence in situ hybridization with gamma satellite
DNA probes resulted in two distinct si gnals at the lateral sides of the primary constriction
(Lin er al. 1993, Lee et al. 1995). This pattern of hybridization signals is usually observed
with certain centromeric proteins (e. g. Earnshaw and Rothfield 1985) and satellite DNAs
(e.g. Wong and Rattner 1988, Oupenski and Brinkley 1993) thought to be localized to the
kjnetéchore domain. This may imply a close proximity of gamma satellite DNA to the
kinetochore and hence a possible involvement in proper kinetochore nucleation. Further
characterization of this DNA family is therefore warranted.

Interspecific conservation of repetitive sequences in different primate species may
imply functional significance. Alpha satellite DNA has been described throughout the
primate order, including the African green monkey (Maio 1971), and new world primates

(e.g. Maio ef al. 1981, Alves et al. 1994). The first part of this communication reports on
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Figure 3.1. Three functional domains of human centromeres.

The most proximal domain where sister chromatids are in closest contact is referred to as

the pairing domain. The central domain is velieved to contain the bulk of centromeric

heterochromatin, including alpha satellite DNA and CENP-B proteins (Cooke et al.

1990). The kinetochore domain is the most distal centromeric region, harboring the

trilamellar proteinaceous kinetochore as well as the subjacent chromatin. This figure is

adapted from Earnshaw and Raitner ( 1989).
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investigations of the presence of homologous gamma satellite DNA in the genomes of two
old world primates: the African green monkey (Cercopithecus aethiops) and the
Chimpanzee (Pan troglodytes).

Some small yet mitotically stable marker chromosomes, which are formed by
chromosome deletions and/or rearrangements, offer another means for characterizing
centromeric DNAs. Marker chromosomes which have lost certain centromeric DNA
sequences yet retain the ability for proper chromosome segregation imply that the lost
sequences are less critical in the formation of a functional centromere (e.g. Voullaire et al.
1993, Sacchi er al. 1996). Recently, Ohashi et al. (1994) also reported a marker
chromosome derived from human chromosome 8, Fluorescence in sitt hybridization
studies with a chromosome 8-specific and a non-chromosome-specific al phoid DNA probe
failed to detect any alpha satellite DNA in this chromosome. The second part of this
communication reports oh studies to determine whether gamma 8 satellite DNA is

detectable in this mitotically stable marker chromosome.

-Matcrials and Methods.

1. Detection of gamma satellite DNA in two primate species.

Southern blot hybridizations. Genomic DNAs were obtained from the Epstein Barr virus
(EBV) -transformed B-cell line of a male chimpanzee (ATCC # CRL1857) and the SV40-
transformed COS cell line from the kidney of a male African green monkey (ATCC # 1650)
by standard procedures (e.g. Lee and Lin 1996). Six microgram aliquots of genomic DNA
from the two primate species were each digested with one of seven different restriction
enzymes (i.e. BamHI, EcoRlI, HindIlI, PstI, Rsal, Sstl, or Xbal) and layered into separale
wells of 0.8% agarose gels. Electrophoretically fractionated DNAs were transferred to
GeneScreen Plus nylon membranes (New England Nuclear) and hybridized to 32P-dCTP-
labeled 2D12/E2 (gamma X) DNA (Lee er al. 1995). After Southern blot washings and

autoradiography, the membranes were stripped of the radioactive probe by washing in
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0.1xSSC at 100°C for 20 minutes. The Southern blots were then reprobed with 32p-
dCTP-labeled 50E4 insert (gamma 8) DNA (Lin er al. 1993), washed, and exposed to

autoradiographic film.

Fluorescence in situ hybridizations. Metaphase chromosomes were prepared from the two
primate cell cultures as previously described for other mammalian chromosomes (Lee et al.
1994). Biotin-16-dUTP (GIBCO/BRL)-labeled 2D12/E2 and 50E4 DNA were used as
probes for in situ hybridization experiments to African green monkey and chimpanzee
chromosomes. In situ hybridizations were performed according to a detailed protocol
reported previously (Lee ef al. 1994), and at least twenty separate metaphase spreads were .

examined for each experiment.

2. Detection of gamma satellite DNA in a mitotically stable marker chromosome.

Fluorescence in situ hybridizations. A lymphoblastic cell line from patient AS (Ohashi e
al. 1994) was generously provided by Dr. H Ohashi, Division of Medical Genetics,
Nagasaki University School of Medicine, Nagasaki, Japan. Biotin-16-dUTP
(GIBCO/BRL)-labeled 50E4 and C8-50 DNA were used as probes for in situ hybridization
studies to metaphase spreads from the lymphoblastic cell line. Immunofluores‘cem

detections were performed as previously described (Lin ef al. 1993).

Results

1. Presence of gamma satellite DNA in two primate species.

Southern blot hybridizations. Multiple hybridization bands were observed in each lane of
restriction endonuclease-digested African green monkey genomic DNA, when probed with
gamma X satellite DNA (Figure 3.2a). Similarily, the same probe produced multiple
hybridization bands in each lane of digested chimpanzee genomic DNA (Figure 3.2b). No

type A-like ladder pattern was observed with any African green monkey or chimpanzee
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Figure 3.2. Southern blot hybridization of gamma X satellite DNA to genomic

DNAs from two old world monkeys,

Soutnern blots containing genomic DNAs from (a) a male African green monkey and (b)
a male chimpanzee were digested with (2) BamH]I, (3) EcoRl, (4) Hindlll, (5) Pstl, (6)
Rsal, (7) Sstl, and (8) Xbal. Lane 1 of both Southern blots contained DNA fragments
from a 1 kb ladder (GIBCO/BRL). Molecular weights of certain marker fragments are

indicated (in kb) at the left hand side of panel (a) only.
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digested DNAs. Together, this indicated that homologous gamma X satellite DNAs were
present as repetitive elements in the genomes of these two primate species, When these
Southern blots were stripped of the gamma X probe and hybridized to isotopically-labeled
gamma-8 satellite DNA, multiple hybridization banding patterns were again observed for
both primate species (data not shown). The banding patterns were different from those

seen with the gamma X probe, but still in no distinguishable register.

Fluorescence in situ hybridizations. In the African green monkey chromosomes, human
gamma 8 satellite DNA hybridized specifically to the primary constriction of a single pair of
submetacentric chromosomes (Figure 3.3a), whereas human gamma X satellite DNA, was
localized to the centromeric region of a single submetacentric chromosome in diploid cells
and two homologous submetacentric chromosomes in tetraploid cells (Figure 3.3b).
Hybridization signals in the African green monkey chromosomes appeared consistently
larger than the hybridization signals usuall y seen in human chomosomes.

In the chimpanzee chromosomes, predominant hybridization signals with the
human gamma 8 satellite DNA probe were confined to the centromeric region of a single
pair of submetacentric chromosomes in diploid cells and two pairs of homologous
chromosomes in tetraploid cells (Figure 3.3c). Human gamma X satellite probe was
localized to the centromeric region of a single submetacentric chimpanzee chromosome
(Figure 3.3d). Hybridization signal size and intensi ly approximated those seen in human

chromosomes, and were often seen as two distinct opposing fluorescent dots,

2. Apparant absence of gamma satellite DNA

Fluorescence in situ hybridizations. Examination of forty metaphase spreads from the
lymphoblastic cell line showed chromosome complements consistent with the reported
karyotype of 47, XX, +mar for patient A.S (Ohashi er al. 1994). In each metaphase

spread, a single marker chromosome was observed as the smallest chromosome in the
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Figure 3.3. Localization of human gamma 8 and X satellite DNAs to metaphase

Human gamma 8 satellite DNA was | calized to the primary constriction of (a) a single
pair of submetacentric chromosomes in a diploid African green monkey cell and (¢) two
pairs of submetacentric chromosomes in a tetraploid chimpanzee cell. Human gamma X
satellite DNA probe is localized to the centromeric region of (b) two homologous
submetacentric chromosomes in a tetraploid male African green monkey cell and (d) a

single submetacentric chromosome in a diploid male chimpanzee cell.
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complement. Biotin-labeled gamma 8 satellite DNA probe consistently revealed
hybridization signals at the centromeric region of a pair of chromosome 8s. No
hybridization signal was observed in any other chromosome, including the marker

chromosome (Figure 3.4).

Discussion:
Gamma satellite DNAs are present in the genomes of the African green monkey and
chimpanzee. Most primate species fall into three suborders: (1) Catarrhini (old world

primates), (2) Platyrrhini (new world primates), and (3) Strepsirhini (prosimians).

suborder Catarrhini and have been shown in the present study to contain gamina satellite
DNA sequences. Multiple hybridization bands in Southern blots demonstrated the
However, type-A like hybridization patterns were not observed with any of the seven

restriction enzymes used. Therefore, a 220 bp repeat unit size could not be confirmed for

Fluorescence in situ hybridization studies localized the human gamma 8 sequences
to the centromeric region of a single pair of submetacentric autosomes in the African green
monkey and in the chimpanzee. It is possible that these chromosomes are homologous to
the human chromosome 8. The human gamma X probe was localized to the centromeric
region of a single submetacentric chromosome in diploid cells of the two primate species.
As both cell lines were derived from somatic cells of male animals, the chromosomes in
question are likely X-chromosomes.

Interestingly, fluorescent signals were often observed as two distinct dots at the
lateral sides of the primary constriction. Resolution of the two hybridization signals at a
single centromere was sometimes more difficult in the African green monkey

chromosomes. This could be attributed to the overlapping of larger signals seen in this
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Figure 3.4. Localization of gamma 8 satellite DNA to metaphase chromosomes from
a lymphoblast cell line containing a single mitotically stable chromoscine 8-derived

marker chromosome.

Fluorescent hybridization signals were observed in the centromeric region of both

chromosome 8s (indicated) but not in the small marker chromosome (large arrow).






species' chromosomes, possibly as a result of increased array sizes as compared to those in
humans. It has already been shown that alpha satellite DNA constitutes a greater portion of
the African green monkey genome than the human genome (Maio 1971, Vissel and Choo

1987).

Gamma 8 satellite DNA is undetectable in a mitotically stable human marker chromosome.
Mitotically stable marker chromosomes offer an excellent means for determining which
centromeric DNA sequences are essential in the formation of a functional centromere. The
marker chromosome described by Ohashi et al. (1994) had three interesting features: (1)
Reverse chromosome painting and two-color FISH studies identified the origin of the
marker chromosome as 8pter -> 8p23.1. Amplified DNA from the marker chromosome
did not result in any hybridization signal at any centromeric region, including that of
chromosome 8. (2) Antikinetochore-antibody immunostaining, using the serum of a
patient with the CREST variety of scleroderma, implied the presence of one or more
kinetochore protein(s) in this marker chromosome. (3) Alpha satellite DNA could not be
detected in the marker chromosome during FISH studies with a chromosome 8-specific and
a non-chromosome-specific alpha satellite DNA probe.

| Ohashi et al. (1994) suggested that this marker chromosome was produced from an
inverted duplication of chromosome region 8pter -> 8p23.1 and that a latent centromere in
this chromosome region may have become activated during the development of this marker
chromosome, conferring mitotic stability.  Alternatively, a pericentric inversion,
accompanied by a chromosome break in the centromeric region, could also have resulted in
the formation of this marker chromosome (Figure 3.5). If this marker chromosome was
produced by such a chromosomal rearrangement, then some chromosome 8 centromeric
DNAs would be expected in the marker chromosome. The inability to detect chromosome
8 alpha and gamma satellite DNAs by FISH may suggest that either this chromosome is not

formed in the manner proposed in Figure 3.5 or that other DNA sequences may contribute
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from patient AS.

followed by another break in the centromeric region of the rearranged chromosome 8
resulting in two isochromosomes. The marker chromosome is the smaller of the two

isochromosomes and is subsequently inherited by patient AS.
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to a functional centromere. These studies do not exclude the possibility that alpha and
gamma satellite DNAs may still exist in this marker chromosome, but in amounts below the

detection sensitivity of FISH.
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Prologue

In contrast to human centromeric DNAs, very little is known of centromeric DNA
sequences of other mammalian species. In deer species (Family Cervidae), karyotypic
evolution has resulted in drastic difference in chromosome numbers: from 2n=80 in the
Siberian roe deer to 2n=6/7 in the Indian muntjac. Such karyotypic changes provide
excellent systems for studying mammalian centromeric structure and function. To date,
only one centromeric satellite DNA has been identified in deer species. This DNA family
is organized as 0.8 kb repeat units in plesiometacarpalial deer and 1 kb repeat units in
telemetacarpalial deer. Two reports on 0.8 kb centromeric satellite DNA monomers from
the Indian muntjac suggested the presence of 31 bp subrepeats. Subsequent reports on
monomer clones from the Chinese muntjac, European roe deer, and Canadian woodland
caribou have all failed to detect such an internal periodicity. Further characterization of
this cervid centromeric satellite DNA family is needed to resolve this discrepancy. The
following chapter describes the identification of 31 bp subrepeats in all previously

isolated cervid centromeric satellite DNA monomers as well as in a new centromeric

o
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Introduction.

It has been estimated that over 95% of some mammalian genomes consist of DNA
sequences which do not code for proteins (Nowak 1994). A substantial fraction of these
non-coding DNA sequences are repetitive in nature and are either tandemly organized (as
in satellite DNAS) or interspersed among other genomic DNA sequences. The repeat unit
(monomer) size of certain satellite DNA families can often be determined after specific
restriction endonuclease digestions which convert a tandemly repetitive DNA array into a
ladder pattern of fragments having sizes equal to integral multiples of the basic repeat

unit length.

existence of smaller internal repeat units (subrepeats). For example, the 234 bp monomer
of mouse major satellite DNA was shown to consist of four internal 58 bp subrepeats.
These subrepeats could be further divided into two related 28 and 30 bp segments, each
thought to originate from mutations and amplifications of three similar 9 bp nucleotide
sequences (Horz and Altenburger 1981).

As much as eight different families of satellite DNA sequences have been
identified in the bovine genome based on differential buoyant densities in CsClI
equilibrium gradients (reviewed in Singer 1982). Many of these repetitive DNAs
(including satellites 1.720, 1.706, and 1.711a) contain subrepeats of 23 bp, which are
thought to have resulted from a duplication of an original 12 bp DNA sequence (Pech et
al. 1979). Bovine satellite 1.715 (also referred to as bovine satellite I), has 1400 bp
monomers (Gaillard et al. 1981) which consist of tandemly reiterated 31 bp subrepeats
(Plucienniczak et al. 1982). These 31 bp subrepeats do not appear to share substantial
sequeﬁce similarity to the 23 bp subrepeat found in the other bovine satellite DNAs
although it has been suggested that both subrepeats may have arisen from a common

ancestral sequence (Taparowsky and Gerbi 1982, Jobse e1 al. 1995).
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In cervid species, a major centromeric satellite DNA family appears to be
predominantly organized into monomer sizes of 0.8 kb in the Indian and Chinese muntjac
genomes (Bogenberger et al. 1985, Yu er al. 1986, Lin et al. 1991), 1 kb in the reindeer
(Lima-de-Faria et al. 1984, Lee et al. 1994) and 2 kb in the European roe deer (Scherthan
1991). The first two cervid centromeric satellite DNA monomers to be cloned (both 0.8
kb in length and from the Indian muntjac genome) demonstrated the presence of internal
31 bp, tandemly organized subrepeats which were homologous to the 3] bp subrepeat
found in bovine 1.715 satellite DNA. Subsequent cloning reports of centromeric satellite
DNA monomers from other deer species (i.e. the Chinese muntjac, the European roe deer,
and the Canadian woodland caribou) all failed to demonstrate the presence of any internal
subrepeats. In the present study, an altempt was made (o resolve this discrepancy by
cloning and characterizing a centromeric satellite DNA monomer from another deer
species, the European red deer. Molecular characterization of this DNA clone (Ce-Pst1)
included a DNA sequence analysis strategy for examining the existence of internal direct
subrepeats. Internal 31 bp subrepeats were identified in the Ce-Pstl clone and
subsequently in the C5, CCSatl, and Rt-Pst3 clones of the Chinese muntjac, European roe
deer, and Canadian woodland caribou, respectively. Thus, amplification of an original 31
bp DNA sequence could have contributed to the genesis of centromeric satellite DNA
monomers in cervid species. Moreover, these findings substantiate the notion that
amplification of the 31 bp DNA sequence occurred in an ancestral species common to

both cervids and bovids.

Materials and Methods,
Cloning of a centromeric satellite DNA monomer Jrom the European red deer.

A cell line derived from testis cells of a male European red deer ( Cervus elaphus
hippelaphus) was kindly provided by Drs. F. Fontana and M. Rubini, University of
Ferrara, Italy, and grown in DMEM media (GIBCO/BRL) supplemented with 10% fetal
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calf serum and 0.5% penicillin/streptomycin. Cells were harvested with 1x trypsin /
EDTA (GIBCO/BRL), washed once in PBS, and lysed with a solution containing 100
mM Tris-HCI (pH=8.0), 40 mM EDTA, 0.5% SDS, to extrude genomic DNA. After
phenol and chloroform extractions, genomic DNA was ethanol precipitated and
redissolved in an appropriate volume of low TE buffer. Twenty micrograms of male red
deer genomic DNA were then digested with Pstl and fractionated through a 0.8 %
agarose gel. A bright ethidium bromide staining DNA band of 0.8 kb was observed and
electroeluted, from which a 0.8 kb fragment was cloned into pUCI19 as previously

described (Lin et al. 1991). This clone was designated as Ce-Pstl (Cervus elaphus

Characterization of the Ce-Pst] clone.

1. Southern blor analyses. Ten microgram aliquots of red deer genomic DNA were each
digested with one of 5 different restriction endonucleases: BamHI, Hpall, Mspl, Pstl, and
Rsal.  Aliquots were layered into separate wells of a 0.8% agarose gel and
electrophoretically fractionated. Southern blot hybridization, filter washings, and

autoradiography were performed as previously described (Lee et al. 1994),

2. Fluorescence in situ hybridization. Metaphase spreads of male red deer chromosomes
were obtained from the above mentioned cell culture f ollowing conventional acetic acid /
methanol fixation methods. Chromosome preparations were pretreated with RNase A
(100 pg/ml), denatured in 70% formamide / 2x SSC for 3 min at 70°C, and digested with
proteinase K (0.06 wg/ml). Fluor-12-dUTP (Stratagene) labeled Ce-Pstl probe DNA was
suspended in a mixture of 50% formamide, 2x SSC, and salmon sperm DNA (50 pg/ml),
at a concentration of 250 ng/ml. Following denaturation, the DNA probe mixture was
applied to the chromosome spreads. Hybridization proceeded overnight in a humid

chamber at 37°C, followed by a single 10 min wash in 50% formamide / 2x SSC at 40°C



and two 10 min washes in 2x SSC at 40°C. Slides were then immediately mounted in
glycerol containing P-phenylenediamine dihydrochloride (1 mg/m!), 4'-6-diamidino-2-
phenylindole (DAPI; 0.8 ug/ml) and propidium iodide (PL; 0.4 ug/ml). Chromosomes
were viewed on a Zeiss Axioskop fluorescent microscope and photographed with Kodak

Gold Plus, ASA 400 film.

3. DNA sequencing. The Ce-Pst] clone was sequenced from both ends using the dideoxy
chain termination Sequenase kit (United States Biochemical Corporation) and each
sequencing reaction was repeated twice. The DNA sequence data was compiled on a
DNA Sequence Editor Software Program (Applied BioSystems) and the complete DNA
sequence of the Ce-Pstl clone was deposited into the GenBank database (Accession

number : U48429),

Source of other cervid centromeric satellite DNA monomer sequences.

The other cervid centromeric satellite DNA sequences used for sequence
comparisons and internal repeat analyses were all previously reported: the 1A clone of
the Indian muntjac (Muntiacus munijak vaginalis) (Bogenberger et al. 1985; EMBL
accession number X02323), the C5 clone of the Chinese muntjac (Muntiacus reevesi)
(Lin er al. 1991; EMBL accession number X56823), the CCSatl clone of the European
roe deer (Capreolus capreolus capreolus) (Scherthan 1991), and the Rt-Pst3 clone of the
Canadian woodland caribou (Rangifer tarandus caribou) (Lee er al. 1994; EMBL

accession number X77013).

Internal repeat analyses.
Internal repeat analyses were performed on each available cervid centromeric
satellite DNA monomer sequence in a manner similar to that described by Plucienniczak

et al. (1982). Specifically, each cervid monomer was compared to a DNA sequence
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consisting of two adjacent copies of the same monomer. The single copy cervid
monomer was then shifted to the right in 1 base increments, with respect to the two-copy
DNA sequence. The total number of identical nucleotides observed between the two
aligned DNA sequences, after each sequence shift, was plotted on a line graph using the
CA-Cricket Graph IIl program (Computer Associates). If a monomer contained an
internal 31 bp periodicity, the internal subrepeats in both DNA sequences should alj gn
and become "in frame" with each other after every 31 base shifts, producing a significant
increase in the number of identical nucleotides and resulting in a peak in the line graph.
An Average Number of Identical Nucleotides (ANIN) was then calculated for each
monomer by dividing the sum of all data from nucleotide shift self-comparisons by the
total number of shifts for the monomer, excluding values for "in-frame" peaks. The
percent increase of each "in-frame" peak from the ANIN was calculated by using the
following formula: ((Peak size - ANIN) / ANIN) x 100%.

If 'a 31 bp periodicity could be detected in these satellite DNA monomers, the
bovine 1.715 satellite subrepeat consensus sequence could be used to arbitrarily define
the boundaries of the individual 31 bp subrepeats within each cervid monomer (as
described by Bogenberger er al. 1985). Subtraction of certain nucleotides and insertion
of gaps were occasionally required to improve the alignment of the internal subrepeats.
A 31 bp consensus sequence could then be constructed for each cervid monomer based on
the most frequently occurring nucleotide at each position of the aligned subrepeats.

Sequence comparisons were also made between each monomer-specific 31 bp
cervid consensus sequence and the bovine 31 bp subrepeat consensus sequence. As well,
each monomer-specific 31 bp cervid consensus Sequence was examined for the presence

of any further internal repeats.
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Results,
Characterization of the European red deer centromeric satellite DNA clone, Ce-Pst] :

Hybridization of the Ce-Pst] DNA probe to a Southern blot of red deer genomic
DNAs revealed multiple hybridization bands with prominent bands consistently arranged
in a 0.8 kb register for all five restriction enzyme digestions (Figure 4.1). This suggested
that the majority of Ce-Fstl DNA is organized as tandemly arranged 0.8 kb repeat units
in the red deer genome. Light hybridization bands, in a 0.7 kb and a 0.9 kb register,
could also be seen with the BamH]I-digested DNA (Figure 4.1, lane 1). More prominent
hybridization bands in similar 0.7 kb and 0.9 kb registers were observed in the Hpall and
Mspl digested DNAs (Figure 4.1, lanes 2 and 3), implying that a substantial amount of
Ce-Pst1 DNA could also be organized into monomers of 0.7 kb and 0.9 kb. Other faint
bands could also be observed in the Pstl- and Rsal-digested DNAs (Figure 4.1, lanes 4
and 5), but in no distinguishable register.

Examination of 30 metaphase chromosome spreads from male red deer cells
revealed a karyolype of 2n=68 consisting of 64 acrocentric autosomes, a pair of
metacentric autosomes, a large acrocentric X-chromosome (the largest acrocentric
chromosome of the complement) and a small submetacentric Y -chromosome (Figure
4.2). These observations were consistent with the male red deer karyotype reported by
Gustavsson and Sundt (1968). Hybridization of the fluorescein-labeled Ce-Pstl probe to
the metaphase chromosomes revealed large bright fluorescent signals at the centromeric
region of all acrocentric chromosomes, including the X-chromosome (Fi gure 4.2A). The
single pair of metacentric autosomes and the submetacentric Y-chromosome did not
appear (o exhibit any hybridization signal,

DNA sequencing of the Ce-Pst1 clone revealed a nucleotide sequence of 806 bp
(Figure 4.3A) which was slightly GC-rich (54.2%). Remarkable features of the DNA
séquence included a contiguous run of 8 cytosines at nucleotides 403 - 410, and the

occurrence of 15 CAGG or GAGG tetranucleotides. When the Ce-Pst1 sequence was
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Figure 4.1. Tandemly repetitive organization of the Ce-Pst1 DNA sequence in the

genome of the European red deer (Cervus elaphus hippelaphus).

A Southern blot of red deer genomic DNA digested with BamHI (1), Hpall (2), Mspl (3),
Pstl (4), Rsal (5), and probed with 32P-labeled Ce-Pst1 insert DNA. DNA fi ragment sizes

of 0.7 kb, 0.8 kb, and 0.9 kb are indicated to the left of the figure.
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Figure 4.2. Localization of the Ce-Pst1 satellite DNA to the chromosomes of a male

European red deer by fluorescence in situ hybridization.

(A) ‘A metaphase spread of a male European red deer observed with a filter combination
for FITC fluorescence after hybridization and immunofluorescent detection of
biotinylated labeled Ce-Pst] DNA probe. The centromeric region of all acrocentric
chromosomes, including the X-chromosome (indicated) showed largel bright
hybridization signals. A single pair of metacentric autosomes (denoted by small arrows)
and the Y-chromosome (indicateci) did not display any hybridization signal. (B) The
same metaphase spread (as in A) observed with a filter combination for DAPI

fluorescence.






Figure 4.3. DNA sequence and comparison strategy for the Ce-Pstl clone.

(A) The complete 806 bp sequence of the Ce-Pst] DNA clone is shown with a stretch of
8 continuous cytosine residues indicated in a box. Fifteen residues of CAGG or GAGG
tetranucleotides are underlined. (B) Strategic alignment of the Ce-Pstl1 clone with
centromeric satellite DNA sequences from the Indian muntjac (1A), Chinese muntjac
(C5), European roe deer (CCSatl), and Canadian woodland caribouy (Rt-Pst3). Certain
nucleotide positions of each monomer are denoted and a 260 bp gap in the CCSatl
sequence is shown as a dotted line. The percent sequence homology of each deer clone to

the Ce-Pst1 sequence is indicated to the far right.
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aligned to the previously reported DNA sequences of the 1A, C5, CCSatl, and Rt-Pst3
clones, sequence homologies of 77.4%, 74.8%, 64.2%, and 73.3% were observed,
respectively. A maximum sequence similarity of 73.0% was achieved with the CCSatl
clone when a 260 bp gap was introduced after nucleotide 730 and a 184 bp region

(nucleotides 219 - 402) removed from the CCSatl clone (Figure 4.3B). Likewise, a

Pst3 clones when nucleotides 174 - 359 of the Rt-Pst3 clone were removed prior to
sequence comparison. It was also noted that nucleotides 174 - 359 of the Rt-Pst3 clone
shared 72.6% sequence similarity (o the preceeding 184 bp of the same clone (i.e.

nucleotides 973 - 985 + 1 - 173).

An internal 31 bp periodicity for each deer monomer clone.

Using the afore mentioned nuclcotide shift self comparison system (see Materials
and Methods), a total of 805 shifts were made for the Ce-Pst] clone, 782 shifts for the C5
clone, 727 shifts for the CCSatl clone, and 990 shifts for the Rt-Psi3 clone. Line graphs
were produced with the data from nucleotide shift self: -comparisons of each deer clone.
Each graph exhibited an "in-frame" peak after approximately the first 31 single base
shifts. Additional "in-frame" peaks, of varying her:.ts, were then successively observed
after approximately every 31 shifts (Figure 4.4A: The proportion of size increase for
each "in-frame" peak was calculated for all four cervid monomers, and found to range
from 16.4% to 46.8% in the Ce-Pst1 clone, from 9.6% to 33.8% in the C5 clone, from
9.4% 10 32.0% in the CCSatl clone, and from 13.4% to 43.1% in the Rt-Pst3 clone (Table
4.1). Consensus sequences for the 31 bp subrepeats in each of the four monomer clones
could also be derived (Figure 4.5). These results confirmed the existence of 31 bp
subrepeats within all cervid monomer clones studied.

Each monomer-specific 31 bp cervid consensus sequence was found to be

extremely similar to the bovine 31 bp subrepeat consensus sequence (Figure 4.6A).

111



Figure 4.4. The existence of a 31 bp periodicity in cervid centromeric satellite DNA

clones: Ce-Pstl, C5, CCSatl, and Rt-Pst3,

Line graphs dernonstrating increased DNA sequence similarity (peak) in 31 base shift
periodicities during nucleotide shift self-comparisons of clone (A) Ce-Pstl, (B) CS5, (C)
CCSatl, (D) Rt-Pst3.
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TABLE 4.1: SIZE INCREASES OF IN-FRAME PEAKS

Largest
In-Frame
Species Clone Peak Size*
C. elaphus h. Ce-Pst1 295
M. reevesi C5 265
C. capreolus c. CCSati 239
R. tarandus c. Rt-Pst3 352
Averages:
Legend:

Smallest
In-Frame
Peak Size*

234
217
198
279

* - expressed in terms of number of identical nucleotides
ANIN = Average number of identical nuclectides

Increase = (Peak Size - ANIN)/ANIN x 100 %

-

Increase Range of

ANIN  In-Frame Peaks

201 16.4% - 46.8%

198 9.6% - 33.8%
181 9.4% - 32.0%
246  13.4%-43.1%

12.2% - 38.9%



Figure 4.5. Derivation of consensus sequences for the 31 bp subrepeats in clones Ce-

Pstl, CS, CCSatl, and Rt-Pst3.

Derivation of consensus sequences from strategically aligned subrepeats within the (A)
Ce-Pst1 clone, (B) C5 clone, (C) CCsatl clone, (D) and Rt-Pst3 clone. The nucleotide
position of the beginning of each subrepeat is indicated to the left. Deletions in each
subrepeat are replaced by dashes. The positions where nucleotides have been removed
from each subrepeat are indicated by small vertical arrows. Subtracted nucleotides are
listed to the right of each subrepeat and separated by commas. The percent sequence
similarity of each subrepeat to the consensus sequence is indicated to the far right. In C,
nucleotide position 8 of the consensus sequence finds the cytosine nucleotide occurring
as equally frequent as the adenine nucleotide. Thus, lower case letters are used to

represent cytosine and adenine nucleotides at this position in certain subrepeats.
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Figure 4.6. DNA sequence analyses of the monomer-specific 31 bp consensus

sequences.

(A) A comparison of the bovine 31 bp subrepeat to each cervid monomer-specific 31 bp
consensus sequence. The bovine 31 bp subrepeat is designated at the top of the figure.
The subrepeat consensus sequences for monomers Rt-Pst3, CCSatl, Ce-Pst1, C5, and 1A
are dis;ﬂayedb@:low the bovine consensus sequence, respectively. Nucleotides which are
similar to corresponding bases in the bovine sequence are replaced with dots. Horizontal
sequences described by Plucienniczak er al. (1982). (B) An altemative representation of
the 31 bp consensus sequences considering a self complementary region and an inverted
repeat. Each 31 bp consensus sequence is represented by a separate hairpin loop. The
complementary sections of each consensus sequence are shown base paired to each other
by short horizontal lines. Nucleotides which differ from the bovine 31 bp subrepeat
consensus sequence are in bold and underlined. Some nucleotide positions are indicated

only in the hairpin structure for the Rt-Pst3 clone.,
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Further examination of each monomer-specific 31 bp consensus sequence for the
presence of internal repetitions revealed nucleotides 1 - 4 and 5 - 8 as two related
tetranucleotides and nucleotides 9 - 19 and 20 - 31 as another pair of direct, although
imperfect, repeats. Alternatively, nucleotides 17 - 27 appeared to be complementary to
nucleotides 28 - 31 and 1 - 5, permitting these sequences (o also resemble stem loop-like

structures (Figure 4.6B).

Discussion.

Ce-Pst1 and a previously isolated 770 bp red deer clone.

European red deer genome (Lima-de-Faria er al. 1986) and used in Southern blot and
radioactive in situ hybridization experiments. In that communication, the 770 bp cloned
DNA fragment produced distinct hybridization bands in a 0.8 kb register with BamHI-,
EcoRI-, Mspl- and Hpall- digested red deer genomic DNAs, similar to the Southern blot
results in the present study. As well, in situ hybridization experiments showed
hybridization signals in the centromeric region of all autosomes (with the exception of a
pair of metacentric autosomes), as was observed with the Ce-Pst1 clone in the present
study. Overall, these findings would seem to suggest that the 770 bp repetitive DNA
fragment obtained by Lima-de-Faria and collaborators could belong to the same satellite
DNA family as the 806 bp Ce-Pst1 clone. However, the 770 bp fragment also hybridized
to the centromeric region of the submetacentric Y-chromosome and not to the acrocentric
X-chromosome (Lima-de-Faria er al. 1986). In the present study, FISH experiments
localized the Ce-Pst1 clone to the centromeric region of the X but not the Y -chromosome.
If the 770 bp repetitive DNA fragment and the Ce-Pst] clone are both derived from the
same DNA family, it is unknown whether certain sequences are present in the 770 bp
fragment which allowed it to recognize certain centromeric DNA sequences specific for

the red deer Y-chromosome. Likewise, other DNA sequences may have been present in
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the Ce-Pstl clone which detected red deer X-chromosome specific centromeric DNA
sequences. However, since DNA sequence data is unavailable for the 770 bp DNA
fragment, such speculations cannot be tested. Alternatively, these two DNA fragments
may be derived from different centromeric satellite DNA families which both happen to
consist of 0.8 kb tandemly organized monomers but exhibit slightly different
chromosomal localization patterns. It is noteworthy that other FISH studies using major
cervid centromeric satellite DNA clones as probes have so far consistently shown
hybridization to the centromeric region of deer acrocentric X-chromosomes (e.g.

Bogenberger et al. 1987, Lin et al. 1991).

CAGG and GAGG tetramers in the Ce-Pst] DNA Sequence,
The CAGG and GAGG tetramers observed in the Ce-Pst1 clone did not appear o

occurrence is probably not due to the presence of internal 31 bp subrepeats. An increased
appearance of these motifs has previously been reported in the centromeric satellite DNA
monomers of other deer species (Bogenberger et al. 1987, Scherthan 1991, Lee et al.

1994), and can be observed in human gamma 8 and X centromeric satellite DNA

associaied with DNA deletion hot spots in certain human gene loci (Huff er al. 1995). If
indeed these motifs specify the occurrence of recombination events, they may suggest a
role for certain centromeric DNA sequences in karyotypic evolution. Scherthan (1990)
proposed that the ends of acrocentric chromosomes could be brought in close proximity
clustering centromeric and telomeric DNA during the bouquet stage of meiosis.
Breakages and reunions at centromeric and/or telomeric DNAs could then promote

tandem fusions of these acrocentric chromosomes, dictating the karyotypic evolution
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necessary to produce karyotypes like those of the present day Indian muntjac (Hsu er al.

1975),

31 bp subepeats in the cervid monomers.

Although the 31 bp subrepeat consensus sequences for different monomer clones
studied were found to be quite similar, substantial sequence divergence could be seen
between the individual subrepeats of each cervid centromeric satellite DNA monomer
(Figures 4.5). Therefore, it is not surprising that an internal periodicity could not be
detected in several cloned cervid centromeric DNA monomers without the use of a
sequence comparison strategy aimed at detecting internal direct repeats,

Each monomer-specific 31 bp cervid consensus sequence could also be
represented as a hairpin-like structure (Figure 4.6C). Although the thermodynamic
stability of a hairpin structure composed of a single 31 bp subrepeat could not be
established following suggestions proposed by Tinoco er al. (1973), thermodynamically
stable hairpins or foldback structures have already been identified in heterochromatin-
associated satellite DNAs of rodents (Modi 1993), humans (Grady et al. 1992, Catastj e

al. 1994), and other hi gher eukaryote species (Ferrer et al. 1995).

Evolution of cervid centromeric satellite DNA,

To date, only one family of centromeric satellite DNA has been identified in
cervid species. This major cervid centromeric satellite DNA family has been shown to
consist of repeat units which vary in size among various deer species. Bogenberger ef al.
(1987) demonstrated that satellitc DNAs, homologous to the Indian muntjac 1A satellite
DNA clone, were organized into 0.8 kb monomer units in deer species belonging to the
paleontological division, plesiometacarpalia. Deer species belonging to the
telemetacarpalia division were shown to have the majority of their satellite 1A

homologous DNA organized into monomer units of about 1 kb.



Taking into account the existence of internal 31 bp subrepeats in all cervid
centromeric satellite DNA clones studied, various number of amplifications of the
ancestral 31 bp DNA sequence could have occurred to result in the various monomer
sizes within this satellite DNA family. For example, 25 amplifications of the 31 bp
subrepeat could account for the approximate 781 bp B1 and C5 monomer clones from the
Indian and Chinese muntjacs, respectively. One further subrepeat amplification could
account for the 806 bp monomers of the 1A and Ce-Pstl clones from the Indian muntjac
and red deer, respectively. Similarly, 32 amplifications of the subrepeat could have
generated the 991 bp Rt-Pst3 monomer clone of the caribou.

When the R1-Pst3 clone of the telemetacarpalial caribou was sequenced (Lee et al.
1994), the first 191 bp of the 991 bp clone was shown to share approximately 60% DNA
sequence similarity to the last 191 bp of the same clone. This amount of sequence
similarity seemed significant enough to warrant the postulation that these 991 bp
monomers could have resulted from selective amplification of an ancestral 806 bp DNA
monomer along with approximately 185 bp of an adjacent DNA monomer. Further
sequence analyses from the present study have shown that juxtaposed 184 bp regions
within the Rt-Pst3 clone share 72.6 % sequence similarity. Due to this observed high
sequence similarity between two adjacent 184 bp regions, it seems more favorable to
postulate that these 991 bp monomers arose from an approximate 184 bp duplication
within the original 806 bp monomer.

Simpson (1984) identified the Bovidaes, Cervidaes, and Tragulidaes as separate

early Miocene of Africa and Eurasia while cervids are thought to have first appeared in
the early Miocene of Eurasia (Scott and Janis 1987). The divergence of these two
families from a common ancestor is estimated at about 25 million years ago (Irwin and
Wilson 1990). The presence of a 31 bp subrepeat in both cervid and bovid centromeric

satellite DNA monomers substantiates the idea that this sequence was present in the
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genomes of a common ancestor, thought by some to resemble the Tragulidae species

(Scott and Janis 1987).



References:

Bogenberger JM, Neumaier PS, Fittler F. (1985) The Muntjak satellite IA sequence is
composed of 31-bp-pair internal repeats that are hi ghly homologous to the 31-base-
pair subrepeats of the bovine satellite 1.715. Eur J Biochem 148: 55-59.

Bogenberger JM, Neitzel H, Fittler F. (1987) A highly repetitive DNA component
common to all cervidae: its organization and chromosomal distribution during
evolution. Chromosoma 95: 154-161.

Catasti P, Gupta G, Garcia AE, Radliff R, Hong L, Yau P, Moyzis RK, Bradbury EM.

centromers. Biochemistry 33: 3819-3831.

Ferrer N, Azorin F, Villasante A, Gutierrez C, Abad JP. (1995) Centromeric dodeca-
satellite DNA sequences form fold-back structures. J Mol Biol 245: 8-21.

Gaillard C, Doly J, Cortadas J, Bernardi G. (1981) The primary structure of bovine
satellite 1.715. Nucleic Acids Res 9: 6069-6082.

Grady DL, Ratliff RL, Robinson DL, McCanlies EC, Meyne J, Moyzis RK. (1992)
Highly conserved repetitive DNA sequences are present at human centromeres. Proc
Natl Acad Sci U.S.A. 89: 1695-1699.

Gustavsson I, Sundt CO. (1968) Karyotypes in five species of deer (Alces alces L.,
Capreolus capreolus L., Cervus elaphus L., Cervus nippon temm. and Dama dama
L.). Hereditas 60: 233-247.

Horz W, Alienburger W. (1681) Nucleotide sequence of mouse satellite DNA. Nucleic
Acids Res 9: 683-696.

Hsu TC, Pathak S, Chen TR. (1975) The possibility of latent centromeres and a proposed

nomenclature system for total and whole arm translocations. Cytogenet Cell Gener

15: 41-49.

130



Huff V, Jaffe N, Saunders GF, Strong LC, Villalba F, Ruteshouser EC. (1995) WT1 Exon
I deletion / insertion mutations in Wilm's tumor patients, associated with di- and
trinucleotide repeats and deletion hotspot consensus sequences. Am J Hum Genei 56;

Irwin DM, Wilson AC. (1990) Concerted evolution of ruminant stomach lysozymes. J
Biol Chem 265: 4944-4952.

Jeffreys AJ, Wilson V, Thein S. (1985) Hypervariable minisatellite regions in human
DNA. Nature 314: 67-73.

Jobse C, Buntjer JB, Haagsma N, Breukelman HI, Beintema lJ, Lenstra JA. (1995)
Evolution and recombination of bovine DNA repeats. J Mol Evol 41: 277-283.

Krowezynska AM, Rudders RA, Krontiris TG, (1990) The human minisatellite consensus
at breakpoints of oncogene translocations. Nucleic Acids Res 18: 1121-1127.

Lee C, Ritchie DBC, Lin CC. (1994) A tandemly repetitive, centromeric DNA sequence
from the Canadian woodland caribou (Rangifer tarandus caribou): its conservation
and evolution in several deer species. Chromosome Res 2: 293-306.

Lec C, Li X, Jabs EW, Court D, Lin CC. (1995) Human gamma X satellite DNA: an X
chromosome specific centromeric DNA sequence. Chromosorma 104: 103-112.

Lima-de-Faria A, Amason U, Widegren B, Essen-Moller J, Isaksson M, Olsson E,
Jaworska H. (1984) Conservation of repetitive DNA sequences in deer species
studied by southern blot transfer. J Mol Evol 20: 17-4.

Lima-de-Faria A, Arnason U, Widegren B, Isaksson M, Essen-Moller J, Jaworska H.
(1986) DNA cloning and hybridization in deer species supporting the chromosome
field theory. Biosystems 19: 185-212.

Lin CC, Sasi R, Fan Y-S, Chen Z-Q. (1991) New evidence for tandem chromosome

fusions in the Karyotypic evolution of Asian muntjacs. Chromosoma 101: 19-24.



Lin CC, Sasi R, Lee C, Fan YS, Court D. (1993) Isolation and identification of a novel
tandemly repeated DNA sequence in the centromeric region of human chromosome
8. Chromosoma 102: 333-339,

Modi WS, (1993) Rapid, localized amplification of a unique satellite DNA family in the
rodent Microtus chrotorrhinus. Chromosoma 102: 484-490).

Nowak R. (1994) Mining treasures from Junk DNA'. Science 263: 608-610.

Cell 18: 883-893.

Plucienniczak A, Skowronski J, Jaworski J. (1982) Nucleotide sequence of bovine 1.715
satellite DNA and its relation to other bovine satellite sequences. J Mol Biol 158:
293-304.

Scherthan H. (1990) The localization of the repetitive telomeric sequence (TTAGGG)p in
two Muntjac species and implications for their karyotypic evolution. Cytogenet Cell
Genet 53: 115-117.

Scherthan H. (1991) Characterization of a tandem repetitive sequence cloned from the
deer Capreolus capreolus and its chromosomal localisation in two muntjac species.
Hereditas 115: 43-49,

Scott KM, Janis CM. (1987) Phylogenetic relationships of the Cervidae, and the case for
a Superfamily "Cervoidea". In: Wemmer CM, ed. Biology and Management of the

Simpson CD. (1984) Artiodactyls. In: Anderson S, Jones JK, eds. Orders and Families of
Recent Mammals of the World. New York, John Wiley and Sons, pp. 563-587.

Singer MF. (1982) Highly repeated sequences in mammalian genomes. Intern Rev Cyiol
76: 67-112.

Steinmetz M, Stephan D, Lindahl FK. (1986) Gene organization and recombinational

hotspots in the murine major histocompatibility complex. Cell 44: 895-904,

.
L]
b



Taparowsky EJ, Gerbi SA. (1982) Sequence analysis of bovine satellite | DNA (1.715
gm/cm®). Nucleic Acids Res 10: 1271-1281.

Tinoco Jr I, Borer PN, Dengler B, Levin MD, Uhlenbeck OC, Crothers DM, Bralla J.
(1973) Improved estimation of secondary structure in ribonucleic acids. Nature New
Biology 246; 40-41.

Yu LC, Lowensteiner D, Wong EFK, Sawada 1, Mazrimas J, Schmid C. (1986)
Localization and characterization of recombinant DNA clones derived from the
highly repetitive DNA sequences in the Indian muntjac cells: Their presence in the

Chinese muntjac. Chromosoma 93: 521-508.

133



CHAPTER 5

ORGANIZATION AND EVOLUTION OF
CERVID SATELLITE I DNA

A version of this chapter has been accepted for publication:
Lee C, Court DR, Cho C, Haslett JL, Lin CC. ( 1996) Higher-order organization of
subrepeats and the evolution of cervid satellite I DNA. Journal of Molecular Evolurion

(In Press).
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Prologue

As a result of the drastic karyotypic evolution in the f amily Cervidae, certain deer
species offer an excellent system for investigating mammalian centromere structure and
function. To date, only one cervid centromeric satellite DNA family has been identified
and was found to be conserved in alj deer species studied. This DNA family is organized
as 0.8 kb repeat units in plesiometacarpalial deer and 1| kb repeat units in
telemetacarpalial deer. The previous chapter reported the presence of similar 31 bp
subrepeats in both 0.8 kb and 1 kb monomer clones. However, the existence of these two
different sized monomers in cervid satellite I DNA still remains a contradiction to the
definition of a satellite DNA family. The following chapter examines the mtragencmlc
and interspecific conservation of this DNA family and provides critical data for
explaining the genesis, organization, and evolution of this mammalian centromeric

satellite DNA family.
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Introduction

Mammalian centromeric DNAs studied to date consist of tandemly organized,
repetitive DNA sequences (i.e. satellite DNA). Although more than one satellite DNA
family may exist in the centromeres of a given mammalian species, usually a single
centromeric satellite DNA family is predominant, often accounting for 5% or more of a
species' genome. Each centromeric satellite DNA family is characterized by repeat units
(monomers) of relatively consistent length. For example, primate alphoid DNA consists
of 171 bp monomers (Rosenberg ef al. 1978) and mouse major satellite DNA is defined
by 234 bp monomers (Horz and Altenburger 1981). Although substantial nucleotide
sequence variations are commonly observed amongst monomers of a satellite DNA
family, these monomers can be organized in a hierarchical fashion into higher-order
repeats which have near identical sequences (reviewed in Willard and Waye 1987).

In the family cervidae, the prominent centromeric satellite DNA family can be
referred 1o as either major cervid centromeric satellite DNA or cervid satellite I DNA
(because of its homology to bovine satellite [ DNA) and is localized to the centromeric
region of nearly all cervid acrocentric chromosomes. Interestingly, monomers of this
DNA family vary in size between deer species. Those deer belonging to the
palaentological division telemetacarpalia (Brooke 1878, Goss 1983) have their major
cervid centromeric satellite DNA primarily organized into 1 kb monomers. C)thér deer,
retaining the more proximal remnants of the second and fifth metacarpals (i.e. belonging
to the plesiometacarpalia division), have their cervid satellite | DNA, primarily organized
into 0.8 kb monomers (Bogenberger ef al. 1987). Higher-order repeats consisting of a
number of tandemly arranged cervid satellite I monomers have not been reported.

The presence of two distinctly different sized monomers in this single cervid
satellite DNA family is unusual. Previous investigations involving sequence analyses
between these two different sized monomers have revealed the presence of 31 bp

subrepeals in all monomers examined, and the occurrence of a tandem 186 bp duplication
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within a single 1 kb monomer (Lee and Lin 1996). In the present study, we demonstrate
that the 0.8 kb and 1 kb monomers actually represent higher-order structures of the 31 bp
subrepeats. As well, sequence analyses of other 1 kb cervid satellite | DNA monomers
consistently revealed a 0.18 kb tandem duplication. These data offer an explanation for
the presence of two distinctly different sized monomers in a single satellite DNA family
and provide insights into the evolution of this satellite DNA. Furthermore, extremely
- high intraspecific sequence similarities of cervid satellite ] DNA monomers validate the
use of a single monomer for each deer species when elucidating phylogenetic

relationships.

Materials and methods:

Source of genomic DNAs. Fallow deer (Dama dama) genomic DNA was prepared from
an established testis cell line (specimen 1) obtained from the University of Ferrara,
Ferrara, Italy. Specimens 2, 3, and 4 were purified genomic DNA samples from
unknown sexes of wapiti (Cervus elaphus canadensis), white tailed deer (Odocoileus
the Bovine Blood Typing Lab, Saskatchewan Research Council, Saskatoon, Canada.
Mule deer (Odocoileus hemionus) genomic DNAs were prepared from a liver sample of a
healthy 2 year old male (specimen 5) and a Kidney sample from a second healthy male

mule deer (specimen 6).

Cloning and characterization of cervid satellite DNAs. All cervid satellite I DNA clones
after electrophoretic fractionation of restriction endonuclease digested genomic DNAs,
DNA fragments were cloned into pUC19 plasmid vector and propagated in E. coli DH5a
bacteria. To determine the genomic organization of each clone, 32P-dCTP-labeled clones

were used as probes to Southern blots containing endonuclease digested deer genomic
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experiments to red deer chromosomes. Protocols for chromosome preparations and FISH
experiments werc as previously described (Lee ef al. 1994).

Each clone was digested to produce smaller fragments for subcloning and
sequencing. All sequencing reactions were performed with dideoxy chain termination
Sequenase kits (United States Biochemical Corporation) and read on an ABI DNA
Sequencer (Model 373). The DNA sequences of the subclones were combined 1o
producc a complete DNA sequence for each monomer clone. Clones Dd-Pst1, Ce-Mspl,
Ov-Mspl, Aa-Mspl, and Oh-Mspl were designated as representative monomers for the
fallow deer, wapiti, white tailed deer, North American moose, and mule deer,

respectively.

DNA sequence analyses and comparisons.

representative monomer clones, using the mcthod of Plucienniczak e al, (1982). These

methods are described in detail in another communication (Lee and Lin 1996).

comparisons between available clones from a white tailed deer, a North American moose,
and a mule deer. Since mule deer clones Oh-Msp2 and Oh-Msp3 each contained two
complete 1 kb monomers, individual monomers in these clones were distinguished from

one another by the suffix designation a or b.

one animal. For these comparisons, clone Oh-Msp1 from one animal was compared to

each 1 kb monomer in clones Oh-Msp2 and Oh-Msp3 of a second animal. To investigate



the extent of subrepeat sequence divergence in a particular species, mule deer clones Oh-
Msp! and Oh-Msp2a were arbitrarily chosen for subrepeat sequence comparisons.

study and five previously characterized satellite DNA clones). The previously
characterized clones include the Ce-Pst1 clone of the red deer (Lee and Lin 1996), 1A
clone of the Indian muntjac (Bogenberger e? al. 1985), C5 clone of the Chinese muntjac
(Lin er al. 1991), CCSatl clone of the roe deer (Scherthan 1991), and the Rt-Pst3 clone of

the caribou (Lec e al. 1994).

Results:
Initial characterization of newly isolated cervid satellite | DNA clones.

Table 5.1 lists the nine newly isolated cervid satellite I DNA clones for which
complete DNA sequences were obtained (Figure 5.1). These include one clone from a
fallow decr, one clone from a wapiti, two clones from the white tailed deer, two clones
from a North American moose, and threc clones from two mule deer. Among these
clones, lseven clones contained single monomers and two clones (Oh-Msp2 and Oh-

Southern blot hybridizations of each newly isolated clone to Xbal-digested
genomic DNAs from the five deer species studied consistently revealed type A-like
ladder patterns, similar to Southern blots for other deer species (Lee ef al. 1994). These
ladder patterns of hybridized fragments are characteristic of tandemly arranged repetitive
DNA (i.e. satellite DNA). Hybridization f ragments were observed in a 0.8 kb register for
the fallow deer and wapiti genomic DNAs and a 1 kb register for the white tailed deer,

North American moose, and mule deer genomic DNAs.
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Table 5.1. Satellite DNA Clones Isolated from 5 Deer Species

Clone Clone Description Size  Specimen Source GenBank No.
Dd-Pst1  Dama dama Pstl Clone 1 804 bp 1 testis cell line US3515
Ce-Msp1  Cervus elaphus c. Mspl Clone 1 680 bp 2 genomic DNA Us3516
Ov-Msp1 Qdocoileus virginianus Mspi Clone 1 990 bp 3 genomic DINA us3517
Ov-Msp2 Qdocoileus virginianus Mspl Clone 2 748 bp 3
Aa-Msp1 Alces alces Mspl Clone 1 987 bp 4 genomic DNA us3s18
Aa-Msp2 Alces alces Mspl Clone 2 712 bp 4
Oh-Msp1  Qdocoileus hemionus Mspl Clone 1 991 bp 5 liver U53519
Oh-Msp2 Qdocoileus hemionus Mspl Clone 2 1970 bp 6 kidney us5813
Oh-Msp3  QOdocoileus hemionus Mspl Cione 3 1975 bp 6 UsSs5814
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Figure 5.1. Nucleotide sequences of 9 monomer clones from 5 deer species,

The complete DNA sequences of clones (A) Dd-Pstl, (B) Ce-Mspl, (C) Ov-Mspl, (D)
Ov-Msp2, (E) Aa-Mspl, (F) Aa-Msp2, (G) Oh-Mspl, (H) Oh-Msp2, (1) Oh-Msp3 are

shown.



A. Nucleotide sequence for clone Dd-Pst1:

1
71
141
211
281
351
421
491
561
631
701
771

G’I‘I’C‘GCGGAG
ATCC‘EI‘GTGG

TACAATGCAG
AAGACCTAGT
ATCCATGCTT
CACGTGGAAA
GGAGAATCCC
GGGCCCTCCe
' TTCCCCTCGC
AAGCTGAAAG G
AGGGATCCTT
TAGTCCCTAG
TACAGGCATG
AGTARGGCAG

GGBACCCTGE
GAGGTGTCCC
CGCCGTAACT
GATATNCCCT

ATCGOGCCCG
TGAGARATATA

B. Nucleotide sequence for clone Ce-Msp1:

1
71
141
211
281
351
421
491
561
631

CCCCAGGTTC
AGAGCTCCGT
ACTTTACCAC

ACATCCTTTG
AACTTGATAG
AGGCGTCCCA
CCGCCGCARC
ABACCGCAAG
GGACCCCAAA

ATTGCCCTGC
157@7 ] Lc I G T VI’ I,
ACAACTCGAG
AGAGGAGGAT

AGTACGCGGA

C. Nucleotide sequence for clone Ov-Msp1:

1
71
141
211
281
351
421
491
561
631
701
771
841
511
981

ACCTGTGGAG
CCAARATCARC
CACGACCTGA
GAGTACCAAG
ATTCCCTGGC
ATAGGTATGA

TCCCTAGAGA
TATCCCTGTG

GTGAGACCCC
TGTCACAAGT
TTGAGATGAG
TTAGACTCAA
AGGAGGGACC

TTGAATACAG
AGGGGCATCC
TEARAQATGT
AGAGAGGGAC
GCCCGCTTCC
TACGTAGGCC

TAGTCTTT
'IECCCGACTC

CCGCCGTAAA
CAAGCGAGAT
ACTCCAGAGG
ACT\ECTCCGT

D. Nucleotide sequence for clone Ov-Msp2:

1

71
141
211
281
351
421
491
561
631
701

CCGGEGTTTCC
CCTGTGGAGT
AACTCGAGAA
GAATCCCAGT
TTTGCCCTGC
EGCAAAAA\?A

CC@IEEAGAA
GCACGCAGAG
ATCCCTGTGG
CAAGCCTGCG
CCGTGAGCCC
C'I’G'I‘CACAAG

AGECC‘I‘AGGT
EI‘AC'I‘GGAAA
AAGAGACTCC 1
GGCCQGCTTC

E‘ECQZACIEQ
R'TQCCCGC‘EG
o CCTCCAAGCG 2
' GTCAGGAGCC T
C'E‘C'I’EAGGTE
CCCTGCATTG

AC‘ACGACEIG AEGC'I'IEAEI‘ CCCTTTAGGC AACTCCAGAG
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GAGGCCTCAC
CCCTGCACTG
AAGGGCTCCGE

GGAARATCCC
GGGCCATCCC
TCCCCNTCGC
CTAGGTATGT
ATAAGGCCGG

G ACGGAGCCTG

GGTCTCCCGA

C CTCGTAACTC

ATGAGGCCCG
> GACTTGCTTG
CACCAGCATC
CTCCAGAGCC

'I‘TCEIGEAGA .

GTACCCCAAA

AAGCCCCTCA A
GGCATATACA C

'ITI‘QEACGEA
\ CGGAGCCTGA
3 GTCTCCCGAC
CCTCGTAAAC
ACATCAGCAT
ACCCCAGAGC
GTTCCCGa

TGTCTGAATC
ATTTTTTGAL
AAATGGATAG
ACGCGTCCCA
GAAAACCCAA
TGGACCCCAA

GGGACCOTTG
GGTCACTGTA

'TACCCCAGGT
ATTCCCCTGC
A'I‘GGATG'ICG
ATCCCCAGTI‘

ATGCCTCACA
CTCCTCTTGA
TCACE‘IY:GAG
ATGTAC(TQCA
CATCCCCOGT

EAG’I‘E&CAGG
ACCGAGATGC

TCGCAACTAG
CGAGAATATA
GGCCCGATTC
GCAACACGTA
GAGGAATACC

ATGCCTCTGA
GAAGCGTCCC
CTGACTTCGT
CCGGGCCGGA
TCCATGGGCC
CCCCATCARA

TGCCTCTGAC
ACATTGACAG
AAGCGTCCCT
TCCTGACTTC
GGETCCCCCGC
TCCCCATCAA



E. Nucleotide sequence for clone Aa-Msp1:

1
71
141
211
2B1
351
421
491
561
631
701
771
841
911
981

CCGGTAGGCA
AGGAGTGCCA
TGTTGGETACT

ACTTTCCACA J
GCCTCAAGTG

GTGACTAGAA 'I'GAAGGE‘TEG

AGGRARGAAG
ACATCCCCGC

C ACGARAGGAC

TGACCCCAAT
AAAGAGACGA
TCGTCCCTCRC

AGGGGACTCC 1

GAATTTACCC
CACCCARAAG
GCTATTCTGC

F. Nucleotide sequence for clone Aa-Msp2:

1
71
141
211
281
351
421
491
561
631
701

GACCTTACAG
ATAT&ZAC’IGT
ACGAGTTTTG
CACCACTTAG

CTAGAATGAA
AGNAACCGTA
CAGGAGAATC
AAGGGACATC
ACTCCCCCCT
CCAGGGACAC

GTTCCCAGCC
CCGAGGTGTC
AGGACCCTTG

TCATCTCACC
CCTCGCAACG
GCAGCCACCC

GG

G. Nucleotide sequence for clone Oh-Msp1:

1
71
141
211
281
351
421
491
561
631
701
771
841
911
98l

COGGCTTTCC
ACCTGTGGAG
TTTTGNCCTG
AATCAACTCG

GGAGTACCAA G

AATAGGTATG

TATCCCTGTG
CCAAGCCGCG
TAGCCCCCTG
@EGAETAGA

TTGAATACAG
GTTCACTCCT 1
GCTACTGGARA
AAGAGACTCC
AAGGGNCATT
CTEQQEC‘TC
G.AE‘SGACCCI‘
CCGCTTCCCC
CCQITIAGGC
SCA “GAG

TCCCCGACTC

CCCGCCGI‘AA
GACTGCTCCG

H. Nucleotide sequence for clone Oh-Msp2:

1
71
141
211
281
351
421

COGGCTTTCC
ACCTGTGGAG
CACCTCGAGA

TATCCCTGTG

TTGAATACAG
AAGCCCTAGG
GCTACTGGAA
TTCCCcoTC

TCTAGTCTTT
TCCCCGACTC
TCAARATTTG
AGGGACCCTG
TGAGGTGTCC ¢
CCGCCGTAAG

G‘I‘EGAGAA‘?N
' GAGACCCGAT
TCCAGAGCTA
GTTCCCCGAG
TGTACCCCAA
GGGCATATAC

ET'T‘T’(Z‘GAEGG
ACGGAGCCTG 2
GG’T\?T‘CCCEA

\ GGAACACCAAR
CAGGTATGTC

C CTTTGAGAAC

GGATAAGRAT

T GTCACTGATC
3 CCGTAACTCG
'IGCAEAGCAA
ACEATEA&'I’C

ATATCTGAGT
CCATCCCTTT
CCTGATGTCA
TCCCGCCGTA
TAGEGTGCAG
CC‘IGTACGAT
GCATTCTACA

AEACGGAEEC
'IGG_AEACCTI‘
TCAAGAGGAT
EAGAATA'I'CA
AGARACACCA

CCCCTGTGGA
CTATTGCCCT

3 ACTCCTCTTG
CTCACCTCGA G/

NNCCCCAGGT
TCCCCTGCAC

ATCCCCCGTT
AACAACGGGC

ACCGAGAAGC COTG?

AGGCCCGATT ¢ 2CC



H. Nucleotide sequence for clone Oh-Msp2 (continued):

491
561
631
701
771
841
911
981
1051
1121
1191
1261
1331
1401
1471
1541
1611
1671
1751
1821
1831
1961

Q'IEAACI\:GA
ACCTGAGGCT
ACCAAGTTCA
CCTGGCTTAG
G’I‘A’IEAGGGA
CCACCTGTGG
GAEBCE‘I‘CEA

AGAGGAGTAC
GCTGATTCCC
AGCAATAGGT
CGAAAGGAGG

AGCCCCCTGA ARCATGTCAG GAGCCTCOGAC TTGCOTTGATG

ACAAGTAGAG
GATGAGGCCC
TGACTCCCTT
GCAGAGCAAC
EGEACCCTGA
CCTTGCAGTG
AGTCCCTAGA
GAGGCACGCA G
AEI‘ATCCEE

CACGAGGGTT
AAACCATGAC
TGAGCCCCCT
TCACAAGTAG
GAGATGAGGC
CTTGACTCCC
CAAGTTCAGC
TGGCTTEEAC
ATGAGGGAGE

AGGGACCCTG
GCTTCCCCTG
TAGGCAACTC
TCGAGGACTG
TAGGCCACCT
GATTGCTGCC
GCTTGAATAC
GAAAGCCCTA
AGAGGGACCC
CCGCTTCCCC
TTTAGGCAAC
AGAGCAACTC

AGGTCACACC
CATTGACTCC
CAGAGGTTCC
CTCOGTGTAC
TTCCACAAGC
TCAATGGCAT
AGTCTAGTCT
GGTCCCCGAC
CTTCAAARTT
G AARGGGACCT
CCTGAGGTGT
CCCOGCOGTA
T CCAAGCGAGA
AGGAGCCTCG
TGAGGTCACA
TGCATTGACT
TCCAGAGGTT
GAGGACTGCT
A\ GGCCACCTTT
TTGCTGCCTC

I. Nucleotide sequence for clone Oh-Msp3:

1

71
141
211
281
351
421
491
561
631
701
771
841
911
981
1051
1121
1191
1261
1331
1401
1471
1541
lell
1671
1751
1821
1891
1961

CCGGETTTCC
ACCTGTGGAG
CAACCTCGAG
AGGAATCCCA
CTTT&GCCET

TTGCAGTGGC
TCCCTAGAGA
AAGCARCGCA
GTATCCCTGT
GOCARGCCTC
= ACCAGGGTTG
\ ACCATGAGAC
AGCCCCCTGA
ACAAGTAGAG
GATGAGGCCC
' TGACTCCCTT

1 GCAGAGCAAC

: ACTCAAGACG
GGGACCCTGA
CCTTGCAGTG
GAGTCCCTAG
| GAGAGGAACG
-~ CCAGTATCCC
CCCEGCEEAG

TTGAATACAG
AAGGCCTAGG T
GAGCTCACTG
GGCTACTGGA
GAAGAGACTC
ARGGGCCATC
TTCCCCCTCC
ARCATGTCAG
AGGGACCCTG
GCTTCCCCTG
TAGGTZAACTC
TCGAGGACTG
TAGGCCACCT
GATTGCTGCC
GCTTGAATAC
AGAAAEECCT

GAAAAACEAE

T CCGTGAGCCC C

CACTGTCAAC
TCAACTCGAG
CCTGAGGCTT
\ CCAAGTTCAG
CTGGCTTAGA

G TATGAGGGAG GG2

GCCGG

TCTAGTCTTT
ARGGGACCCT
CTGAGGTGTC
CCCACCGTAA
GAGCCTCGAC
AGGTCACACC
CATTGACTCC
CAGAGGTTCC
CTCCGTGTAC
TTCCACAAGC
TCAATGGGCA
AGTCTAGTCT
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AGCATCGCGA
AGAGCCATCC
CCGAGAACAA
CCCARATTGC
CCCTCAAGAG
ATAACACCGA
TTCATCTCAC
TCCTTTCGAC
TGACGGAGCC
TGGGTCTCCC
CCCTCGTAAC
AGTCGAGARAT
TGAGGCCCGA

ACTTGCTTGA 1

CCAGCATCGC
CCAGAGCCAT
CCCCGAGAAC
CCGTGTACCC
CCACAAGCCC
AATGGGCATA

CATCTCACAA
CTTTCGACGG
GACGGAGCCT
GGETCTCCOG
CCTCGTAACT
GTCGAGAATG
AGGCCCGATT
TTGCTTGATG
AGCATCGCGA
AGAGACATCC
CGGAGAACAR
CACAAATTGC
CCCTCAAGAG
TATACACCGA
TTCATCTCAC
CTCCTTTCGA
TTTGACGGAG

AG ATTGCTGCCT CAA

GGTGTCGAGA
AGGAGCTCCA
CCOGTTCCCC
CGGGCCAAGT
CTCGAGATGA
GAGGCTTCTC
GARAGCCCTGA
AAGCTGAAGG

GGAATGCCTC A
TGACTCETCT T

TCGACAGGAG
G“I‘ACECCAGG
~-
CCCCCGTTCC
AACGGGCCAA
TACACCGAGA

GGTGAAGGGA
AATGCCTCAC
GACTCCTCTT
ACTCACCTCG
CGACAGGACT

TECTGAETTE
TCCCCGCCGC
\ CTGCATGCAG
GACAGTCCGC
CATGGECCCT
CCATCAAACA
GTCTAGATCT
CGAGATGAGA
GGCTTCTCTC
AGCCCTGACT

TACCCCAGGT CTC

CCCCTGCACT
GATGTCGAGA
AEGAGCTCCA

QEGGCCAAET

CTCGAGATGA GA

GAGGCTTCTC

GAAGCCCTGA C

AAGGTTGAAG GGATG

CGGAATGCCT
CCTGACTCCT
CCGATTCAAC
AACTCGACAG

AATGTACCCC

CGATTCCCCT GC

CTTGATGGAT

A\ GCATCGCGAA

GAGCCATCCC
CCAAATTGCC
COCTCAAGAGG
ATACACCGAG

CCGTTCCCCA
GGGCCAAGTC
‘TCGAGATGAG
AGGCTTCTCT
AAGCCCTGAC



Fluorescence in situ hybridization experiments of each newly isolated satellite
DNA clone consistently resulted in pronounced hybridization signals at the centromeric
region of all red deer acrocentric chromosomes. These chromosomal deposition patterns
were similar to those previously observed with the red deer centromeric satellite DNA

clone, Ce-Pst1 (Lee and Lin 1996).

DNA sequence analyses of cervid satellite I DNA.
31 bp subrepeats in monomer clones. Line graphs were produced with data from
nucleotide shift self comparisons for all newly isolated representative monomers. Each

graph exhibited "in-frame" peaks at approximately every 31 single base shifts, similar to

bp subrepeats in all monomers investigated. A consensus sequence was derived from the
subrepeats in each representative monomer clone, each exhibiting a high sequence
similarity to the bovine 1.715 satellite subrepeat consensus sequence (Figure 5.2),

The sequence divergence of 31 bp subrepeats among monomers of a given deer
species was examined by comparing subrepeats in the mule deer clone Oh-Msp1 with
subrepeats in Oh-Msp2a from another mule deer. The results of all possible pairwise
sequence comparisons are shown in Table 5.2. Starting with subrepeat 9 of Oh-Msp2a
and subrepeat 2 of Oh-Msp1, all consecutive subrepeats in the Oh-Msp2a clone shared
identical or near identical sequence identity with subsequent corresponding subrepeats in
the Oh-Msp1 clone (Table 5.2, a). Excluding the values from comparisons between these
corresponding subrepeats, the remaining pairwise comparisons revealed sequence
similarities ranging from 38.7 % to 74.2 % with an average sequence identity of 53.4%,
Certain juxtaposed subrepeats in Oh-Mspl, which shared approximately 70% sequence
similarity to non-corresponding adjacent subrepeats in Oh-Msp2a, are indicated in Table
5.2 (b - e). Figure 5.3 schematically illustrates those non-corresponding juxtaposed

subrepeats which share high sequence similarity. Segment b - ¢ (involving nucleotides
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Figure 5.2. Consensus sequences from 31 bp subrepeats of representative cervid
monomer clones.

Due to the high sequence similarity of Oh-Msp1 to Ov-Mspl1 and Ce-Pstl to Ce-Mspl,
derivation of consensus sequences for representative monomer clones Ov-Mspl and Ce-
Msp1 are not shown. Consensus sequences were produced from strategically aligned

subrepeats within clones (A) Dd-Pst1, (B) Aa-Mspl, and (C) Oh-Mspl.
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212
243
274
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388
429
460
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707
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768
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466 - 650 of Oh-Mspl) have approximately 70% sequence similarity to region b' - ¢'
(involving nucleotides 869 - 985 and 1 - 63 of Oh-Msp2a). Since nucleotides 869 - 985
and 1 - 63 of Oh-Msp2a are analogous to nucleotides 651 - 837 of Oh-Mspl, nucleotides
466 - 837 of Oh-Mspl could constitute a tandem duplication of 186 bp (See top panel of
Figure 5.3). Likewise, about 70% sequence similarity is demonstrated between the DNA
segments d - e and d' - €', again substantiating the notion that DNA regions corresponding

to nucleotides 466 - 837 of Oh-Msp] could represent a 186 bp tandem duplication.

Intragenomic sequence conservation. Sequence similarities between cervid satelljte |
monomers within an individual animal were determined in three deer species. Based on
the sequence identity of clone Ov-Msp2 to the first 753 bp of Ov-Mspl from a white
tailed deer genome, an intragenomic sequence conservation of 95.6% was calculated.
Mismatches between Ov-Msp] and Ov-Msp2 consisted of 22 single base substitutions as
well as 6 single base insertions, 3 single base deletions, and a 2 nucleotide deletion in Ov-
Msp2 (Figure 5.4A). Likewise, in a North American moose, the sequence for the last 712
bp of clone Aa-Mspl showed 97.1% sequence similarity with clone Aangpl
Mismatches during this comparison consisted of 20 single base substitutions and 1 single
base insertion in Aa-Msp1 (Figure 5.4B). Clones Oh-Msp2 and Oh-Msp3 provided the
complete DNA sequences of four different 1 kb monomers from the same mule deer. All
possible pairwise comparisons between these four 1 kb monomers revealed sequence
similarities from 96.4 % to 99.6 % with an average of 97.6 % (Table 5.3).
Approximately, one half of the mismatches observed during these sequence comparisons
consisted of single base substitutions and the other half of the mismatches were single

base insertions / deletions (Data not shown). -

Intraspecific sequence conservation. DNA sequence similarities of over 95% were also

consistently achieved during intraspecific sequence comparisons between the Oh-Mspl
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Figure 5.3. A 0.18 kb tandem duplication in 1 kb monomers of Oh-Msp1 and Oh-

Msp2a having a higher-order organization of 31 bp subrepeats.

Subrepeats 16 - 18 and 21 - 23 of Oh-Mspl share approximately 70% sequence similarity
- with subrepeats 22° - 24’ and 27" - 29’ of Oh-Msp2a and are indicated by speckled bars b,
¢, b’, ¢’, respectively. Subrepeats 22 - 23 and 27 - 28 of Oh-Mspl also share 70%
sequence similarity with subrepeats 16’ - 17’ and 21’ - 22° of Oh-Msp2a and are
indicated by solid bars d, e, d’, e’, respectively. The position of nucleotides which define
the 0.18 kb duplication are indicated in the Oh-Mspl and Oh-Msp2a monomers. The
tandem duplication region is also illustrated in the top panel by boxes filled with diagonal

lines.
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Figure 5.4. Intragenomic and intraspecific monomeric sequence comparisons.

(A) Intragenomic sequence comparisons between the first 753 bp of Ov-Mspl with Ov-
Msp2 and (B) the last 712 bp of Aa-Mspl with Aa-Msp2. (C) Intraspecific sequence
comparisons between Oh-Msp] and Oh-Msp2a. Single base substitutions are denoted

either by C, T, A, G and single base insertions are desi gnated by vertical arrows.
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Table 5.3. Intragenomic and Intraspecific Sequence Similarities

Clones compared Sequence
Clone 1 Clone2 Similarity
Intragenomic: Ov-Mspl  Ov-Msp2 95.8%
Aa-Mspl  Aa-Msp2 97.1%
Oh-Msp2a Oh-Msp2b 99.6%
Oh-Msp3a Oh-Msp3b 96.4%
Oh-Msp2a Oh-Msp3a 97.1%
Oh-Msp2a Oh-Msp3b 97.3%
Oh-Msp2b Oh-Msp3a 97.4%
Oh-Msp2b  Oh-Msp3b 97.7%
Intraspecific: Oh-Msp1  Oh-Msp2a 97.4%
Oh-Msp1  Oh-Msp2b 97.8%
Oh-Msp1  Oh-Msp3a 97.1%
Oh-Msp1  Oh-Msp3b 95.6%

156



clone of a mule deer and individual monomers of the Ov-Msp2 and Ov-Msp3 clones
from another animal of the same species (Table 5.3). Approximately three quarters of the
mismaiches observed during these comparisons consisted of single base substitutions and

one quarter consisted of single base insertions / deletions (e.g. Fi gure 5.4C).

Interspecific sequence conservation. The sequence alignment strategies for interspecific
sequence comparisons between the 10 representative monomer clones from 10 different
cervid species are shown in Figure 5.5 and the results presented in Table 5.4. Maximum
sequence similarity was achieved between the 0.8 kb monomers and 1 kb monomers
when a specific region of approximately 186 bp was first removed from each 1 kb
monomer. Furthermore, maximum sequence similarities in comparisons with the CCSatl
clone of the roe deer, was achieved when the CCSatl clone was treated as a partial
sequence of a 1 kb monomer. Specifically, a gap of 260 bases was required after
nucleotide 730 and nucleotides 219 - 402 (i.e. a 184 bp region) were removed from this
clone before sequence comparisons. Relatively high interspecific sequence similarities
were observed between clones Oh-Mspl (mulc deer) and Ov-Msp] (white tailed deer)
(94.7%), Ce-Mspl (wapiti) and Ce-Pst1 (red deer) (92.3%), Dd-Psll (fallow deer) and
Ce-Pst1 (red deer) (87.8%), and Dd-Pst] (faflow deer) and Ce-Mspl1 (wapiti) (87.3%).

Discussion:
Presence and organization of 31 bp subrepeats in cervid satellite I monomer clones.

The presence of 31 bp subrepeats in cervid satellite ] DNA was initially identified
in an Indian muntjac satellite DNA clone (Bogenberger ez al. 1985). Similar subrepeats
have also been observed in a number of other deer species (Lee and Lin 1996). Here, 31
bp subrepeats were also found in newly isolated cervid satellite 1 monomer clones from
five other deer species, suggesting -.se 31 bp subrepeats exist in satellite 1 DNA

monomers of all deer species.
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Figure 5.5. Alignment strategies for interspecific sequence comparisons of 10

representative cervid centromeric satellite ] DNA monomer clones.

Certain nucleotide positions for each monomer are indicated and a 260 bp gap in the
CCSatl DNA sequence is represented by a dotted line. Specific 0.18 kb DNA sequences,
which were removed from the 1 kb monomers to obtain maximum sequence similarities

with 0.8 kb clones, are denoted by triangles.
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Table 5.4. Interspecific Sequence Homology Among 10 Representative Centromeric Satellite DNA Clones

1A Cs Dd-Pst1  Ce-Mspl CCSatl  Rt-Pst3 Ov-Msp1  Aa-Msp1 Oh-Msp1

Ce-Pst1 77.6 74.7 87.8 92.3 73.0 78.9 78.1 77.6 78.2
1A - 84.9 71.9 77.9 69.5 75.7 73.9 74.8 74.4
cs - 75.3 74.7 67.1 73.1 72.0 72.7 72.3
pd-Pst1 =~ 87.3 73.2 76.5 77.4 77.2 77.4
Ce-Msp1 - 71.6 77.9 77.3 77.5 77.9
CCSatl -—-- 74.5 73.1 72.8 73.6
Rt-Pst3 - 84.8 76.3 85.2
Ov-Mspt 7 73.9 94.7
Aa-Mspi - 74.3
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Often the presence of these subrepeats go undetected because of the extent of their
nucleotide sequence variation. In the present study, detailed sequence comparisons
among 31 bp subrepeats of monomers from two mule deer revealed an average sequence
divergence of 46.6%. However, the nth subrepeat of each monomer exhibits near or
complete sequence identity suggesting that each cervid monomer represents a hierarchical
organization of these subrepeats. Higher-order repeats in mammalian centromeric
satellite DNA families usually exhibit much more sequence homogeneity than their
constituent basic repeat units (Willard and Waye 1987). Thus, in the context of cervid
monomers as higher-order repeats, it is not surprising that extremely high intragenomic
and intraspecific sequence similarities were observed between cervid satellite I DNA
monomers. Similarly, the 1.4 kb monomers of bovine satellite | likely also represent a
higher-order repeat of diverged 31 bp subrepeats since less than 3% sequence divergence
was observed between independently isolated monomer clones (Taparowsky and Gerbi

1982).

Genesis of 0.8 kb and 1 kb cervid satellite ] DNA monomers.

Cervid satellite I DNA is primarily organized into monomers of 0.8 kb in
plesiometacarpalian deer and 1 kb in telemetacarpalian deer. Interspecific sequence
comparisons between 0.8 kb and 1 kb monomers demonstrated that the additional 0.18 kb
DNA is localized to a specific region within the 1 kb monomers (Figure 5.5).
Intraspecific sequence comparisons of subrepeats from different 1 kb monomers revealed
that each 1 kb monomer contains two adjacent 0.18 kb segments which share
_approximately 70% sequence similarity (Figure 5.3). Cumulatively, these data support
the postulation that 1 kb cervid satellite | DNA monomers are indeed derived from a 0.18
kb tandem duplication of an ori ginal 0.8 kb DNA sequence (Lee and Lin 1996).

It is uncommon to find two or more grossly variant sized monomers in a single

satellite DNA family. However, if the 0.8 kb and 1 kb cervid satellite | DNA monomers
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are considered as higher order organizations of subrepeats, then these different sized
higher-order repeats could have been produced from unequal crossing over events
(Willard and Waye 1987).

It is believed that a primordial 31 bp DNA sequence was amplified before the
divergence of bovids and cervids, some 25 million years ago. Approximately 26
tandemly arranged subrepeats (from an initial amplification event) producing a 0.8 kb
higher-order DNA unit in a progenitor deer species. A 0.18 kb duplication then occurred
in this DNA sequence in telemetacarpalian deer resulting in a 1 kb monomer, No 0.18 kb
duplication is thought to have occurred in plesiometacarpalian deer maintaining a 0.8 kb
monomer. Further amplification of these monomers account for their multiple presence

and tandem organization in the genomes of present day deer species (Figure 5.6).

Implications of intraspecific Sequence conservation.

According to Whitehead (1993), there are currently 41 known deer species in the
world of which 1 is probably extinct and 6-7 species belong to the genus Muntiacus.
Based primarily on distinct geographical distributions rather than specific marked
physical differences, 196 subspecies of deer have now been proposed.

Since all cervid satellite ] DNA monomers appear lo represent higher-order repeat
structures, high intraspecific monomer sequence conservation could be observed in deer
species (i.e. in mule deer). This validates the use of a single monomer sequence for each
deer species during interspecific sequence comparisons for the purposes of establishing
phylogenetic relationships.

Results from interspecific sequence comparisons of representative monomers
from 10 different deer species imply that the white tailed deer s very closely related to
the mule deer. This is consistent with other studies suggesting a close genetic
relationship between these two Odocoileus species (e.g. Derr er al, 1991). In 1777,

Erxleben identified the North American elk (wapiti) as the distinct species, Cervus
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Figure 5.6. Proposed genesis of satellite I DNA in cervids.

A 31 bp DNA sequence is amplified 26 times to produce a higher-order 0.8 kb DNA unit
in an ancestral deer species and 45 times to produce a higher-order 1.4 kb DNA unit in
bovids. In telemetacarpalian deer, a 0.18 kb tandem duplication occurs producing a 1 kb
monomer. No duplication occurs in plesiometacarpalian deer yielding a 0.8 kb monomer.

These monomers are then amplified, accounting for the multiple presence and tandem
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canadensis (Kurten and Anderson 1980), However, its similar morphological
characteristics and ability to readily interbreer vith the red deer, have already led others
to consider the wapiti as a subspecies of Cervus elaphus (Figure 5.7). Furthermore, some
authorities argue that the fallow deer should be classified as a species in the genus Cervus
rather than as a separate genus (e.g. Corbet and Hill 1686). The high degree of sequence
similarity between cervid satellite I DNA clones from the red deer, fallow deer, and
wapiti, in the present study, suggest a hi gh degree of genetic relatedness between these

three deer species and hence substantiates these reclassif ications.
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Figure §.7. Taxonomic reclassification of 10 deer species from which centromeric

satellite I DNA clones have been isolated.

This classification is based upon the listing found on the NCBI Taxonomy Browser

(http://www3.ncbi.nim.nih. gov/taxonomy/taxonomy_home.html).



Subfamily Genus Species Subspecies Common Name

Division: Plesiometacarpalia

Cervinae
Cervus
Cervus dama -=-====-ocmccmmceca Fallow deer
Cerwus elaphus
- C. elaphus canadensis- -~ - - »  Wapati
C. elaphus hippelaphus- - - - > European red deer
Muntiacinae
Muntiacus
Muntiacus muntjak
M. muntjak vaginalis - -~ - - - > Indian muntjac
Muntiacus reevesj ~===~=vcoeeaaoo .. 2 Chinese muntjac
Division: Telemetacarpalia
Odocoileinae
Alces
Alces alces
A. alces alces ---------->  North American moose
Capreolus
Capreolus capreolus ~===-==vacccuoo.. >  Roe deer
Odocoileus
Odocoileus hemionus = =====«-ccccaa .. »  Mule deer
Odocoileus virginianus ======-«cccaaoo 3>  White tailed deer
Rangifer

Rangifer taranudus
R. tarandus caribou------>»  Woodiand caribou
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CHAPTER 6

CONCLUSIONS

Concluding remarks and implications of this research.

170



Human gamma satellite DNA was first discovered as a 220 bp tandemly repetitive

DNA family with one subfamily being specific for the centromeric region of human

0.43 Mb of gamma satellite DNA resided in the centromeric region of a single
chromosome 8.

Chapter 2 of this thesis expounded on the characterization of this novel human
centromeric DNA family, describing the identification and characlerization of another
gamma satellite subfamily; this subfamily being specific for the X-chromosome. This
DNA subfamily was defined as gamma satellite DNA based on the presence of tandemly
arranged 220 bp repeat units which shared approximately 62% sequence similarity with
gamma 8 satellite monomers. The discovery of this second subfamily of gamma satellie
DNA suggests that other subfamilies of gamma satellite DNA may also exist in ne
human genome. However, the extreme chromosome specificity observed suggests that
other putative subfamilies may be undetectable by conventional cross hybridization
techniques.

Several features of human gamma satellite DNA were made known from

derived consensus sequences for gamma 8 and X monomers were compared. The
significance of this finding is appreciated in view of the fact that a 17 bp sequence in
alpha satellite monomers serves as a binding site for the CENP-B protein (Masumoto et
al. 1989). (2) At least one inversion is thought to exist in gamma satellite DNA array(s)
of the X-chromosome. Three kilobases of sequenced gamma 8 DNA have failed to
reveal any inverted monomers as with the gamma X DNAs. (3) Common physical
features of both gamma satellite DNA subfamilies (1.e. similar copy number estimations
and ihc’: lack of RFLPs with two different restriction enzymes) may suggest the imposition
of structural and/or functional constraints on this centromeric DNA family. (4) Finally,

gamma 8 and X subfamilies are consistently localized as two distinct and opposed
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fluorescent signals at specific chromosome centromeres. Albeit circumstantial evidence,
this may imply that gamma satellite DNA is in close proximity to the kinetochore domain
and thus could specifically interact with the kinetochore itself.

To further characterize this new human centromeric satellite DNA family, two
further experiments were conducted to ascertain the conservation of gamma satellite
DNA in two old world primate species and in a mitotically stable marker chromosome
derived from human chromosome 8. In chapter 3, gamma 8 and X satellite DNAs were
undeniably shown to be present in the genomes of the African green monkey and the
chimpanzee. Southern blot data revealed the repetitive nature of this DNA family in
these two primate genomes, however, monomer size could not be established. The
presence of gamma satellite DNA in these two old world primates further implies a
functional significance for this DNA family.

Fluorescence in situ hybridization studies permitted the extrapolation of two main
conclusions. First, sufficiently more gamma 8 and gamma X satellite DNA may reside in
the genome of the African green monkey than in the genome of humans. The
significance of this is unknown, however, similar observations have been previously
made for alpha satellite DNA. Second, these DNA sequences remain very chromosome-
specific in these two primate species. In fact, it is believed that gamma 8 satellite DNA
hybridizes exclusively to the centromeric region of the two primate species' human
chromosome 8 counterpart. Likewise the gamma X satellite DNA is thought to be
specific for the centromeric region of primate X-chromosomes. Certain authors have
suggested that a chromosome-specific nature of centromeric heterochromatin may assist
in the recognition of homologous chromosomes during meiotic pairing (e.g. Haaf et al.
1986, Choo er al. 1988),

Some small stable marker chromosomes were known not lo contain detectable
alpha satellite DNA sequences. These observations have led 1o a continuing debate as to

how essential alpha satelllite DNA is for the formation of a f unctional centromere. An
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attempt was made in chapter 3 of this thesis to examine whether other centromeric
satellite DNA sequences (such as gamma 8 satellite DNA) are present in such minute
marker chromosomes., The negative results obtained from this study suggest that either
other centromeric DNA sequences are responsible for a functional centromere or that
small amounts of alpha and/or gamma satellite DNA are actually present but in amounts
undetectable by current fluorescent in situ hybridization procedures.

Compared to the numerous studies on human centromeric DNAs, very little is
known of centromeric DNAS in other mammalian species. In particular, information and
understanding of centromeric DNAs in the deer family is extremely limited. Prior to the
investigations described in chapters 4 and 5 of this thesis, single monomer clones were
obtained, sequenced, and characterized from four different deer species (Bogenberger et
al. 1985, Yu et al. 1986, Lin et al. 1991, Scherthan 1991, Lee et al. 1994). Southern blot
and in situ hybridization experiments (e.g. Bogenberger e al. 1987, Lee et al. 1994)
suggested that all these isolated clones belonged to a single major cervid centromeric
satellite DNA family (i.e cervid satellite DNA) which is very well conserved throughout
all deer species studied. However, the monomer sizes differed between 0.8 kb in
plesiometacarpalian deer and 1 kb in telemetacarpalian deer. Cervid satellite ] DNA were
even observed as 2 kb monomers in the Siberian roe deer (Scherthan 1991). This raised
the question as to how a single repetitive DNA family could have repeat units of such
differing sizes.

The key to deciphering this dilemma was in understanding the composition and

of tandemly repetitive 31 bp subrepeats in all currently identified cervid satellite 1

monomers. Although a seemingly trivial observation, this establishes a common origin

established prior to 1994. Lee et al. (1994) then isolated and sequenced the first 1 kb
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cervid satellite I DNA monomer from the Canadian woodland caribou and observed a
60% sequence similarity between the first and last 191 bp of the clone. From this data,
two speculations were put forward. First, it was su ggested that the 1 kb monomers arose
from ancestral 0.8 kb monomers, rather than de novo. Second, the 1 kb monomers were
formed from selective amplification of a 0.8 kb monomer along with 191 bp of an
adjoining 0.8 kb monomer. This second speculation has now been refuted by the results
of detailed pair-wise Sequence comparisons between subrepeats of different 1 kb cervid
satellite I DNA monomers (Table 5.2). A tandem duplication observed in 1 kb cervid
satellite ] DNA monomers suggests that these monomers were likely formed by a 0.18 kb
DNA duplication event in an ancestra] 0.8 kb monomer (Chapter 5 and Fi gure 5.6).

The concept of the 0.8 kb and 1 kb monomers as higher order repeats of 31 bp
sequences in cervid satellite DNA provides an explanation for several previously
conceived inconsistencies. Studies of mammalian centromeric satellite DNA families
have indicated that in a given DNA family, the size of fundamental repeat units is
generally consistent. However, these fundamental repeat units can be organized into
higher-order repeat units, which can vary in length between certain non-homologous
chromosomes, but exhibit extreme sequence homogeneity within a chromosome
subfamily (Willard and Waye 1987). Therefore, the presence of two different sized
higher-order repeats in cervid species would not be contradictory to current dogma for
satellite DNA families and would account for the high intragenomic and intraspecific
sequence similarity observed between independently isolated 0.8 kb and 1 kb monomers

(Table 5.3).

During cell division, homologous chromosomes (meiosis I) or sister chromatids
(meiosis II, mitosis) segregate to opposite poles, ensuring proper distribution of genetic
material to each daughter cell. The centromere is the site of formation for the

kinetochore, which interacts with microtubules of the spindle apparatus to permit
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chromosome alignment during metaphase and segregation during anaphase. It is thought
that centromeric heterochromatin (consisting of centromeric DNAs and proteins)

facilitates the nucleation of the kinetochore. The work presented in this thesis furthers

DNAs and will hopefully enhance our understanding of the requirements and

mechanisms of proper chromosome segregation,
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