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Abstract
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The structure of alphoid satellite DNA on normal and abnormal human Y
chromosomes

The long-range structure of the Y chromosome alphoid satellite DNA has been 
determined in the cell lines 3E7 and OXEN. Variation in alphoid DNA block size 
and restriction enzyme sites were observed. The alphoid block size and restriction 
enzyme site variations were determined for a collection of 42 normal Y chromosomes. 
The alphoid DNA polymorphisms observed denned 24 Y chromosome alleles. Un­ 
expectedly, the Y alphoid DNA alleles analysed revealed two distinct groups of Y 
chromosomes indicating that most of the Caucasian and Asian men analysed were 
descended from one of two males.

The structure of the alphoid DNA was determined for 25 cell lines expected 
to contain abnormal Y chromosomes. Six of the cell lines lacked Y chromosomes. 
Four lacked both alphoid DNA and Y a centromere. 13 out of the remaining 15 
Y chromosomes had centromeres and Y alphoid DNA block sizes and restriction 
enzyme site variation similar to that of normal Y chromosome alphoid DNA. Two 
of the abnormal cell lines had alphoid DNA blocks significantly different from the 
normal Y alphoid DNA structure. These results confirm that alphoid DNA is 
located very close to, or at the centromere and make it a prime candidate for a 
functional mammalian centromere sequence.
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Chapter 1 

Introduction

1.1 The Centromere

Chromosomes carry genetic information from one generation to the next. Their 
correct segregation from mother to daughter cell is crucial in maintaining the in­ 
tegrity of an organism. At least three types of chromosomal elements are necessary 
in cis to accomplish eukaryotic replication and segregation. One is the origin of 
replication, a site on the chromosome where synthesis of new DNA begins, of which 
there are many per chromosome. A second element is the telomere, a repetitive 
sequence present at each end of a chromosome needed to replicate terminal DNA 
and protect it from degradation. The third element is the centromere, a sequence 
of DNA which is responsible for correct chromosome segregation and to which the 
spindle fibres attach during mitosis.

In mitosis the centromere is required for the segregation of sister chromatids, 
and in meiosis, for segregation of homologous chromosomes in the first meiotic divi­ 
sion and of sister chromatids in the second meiotic division. The centromere is the 
spindle fibre attachment site of a chromosome. The kinetochore, a complex pro- 
teinaceous body attached laterally to the centromeric DNA, is the structure with 
which the ends of the chromosomal microtubules are associated for chromosome seg­ 
regation. The centromeric DNA sequences responsible for spindle fibre attachment 
and for directing sister chromatid segregation in yeasts have been characterised but 
in mammalian chromosomes they are as yet unidentified.

The unique ability of the centromere to maintain correct, faithful segregation 
in chromosomes makes its role in cell division an important one. Different ap­ 
proaches have been used to analyse the mammalian centromere. The centromere 
has been examined directly by cytogenetic analysis using the light and electron 
microscope [Comings and Okada 1971]. Proteins associated with the centromere 
and the association between kinetochore proteins and centromere regions have been 
investigated using anti-kinetochore antibodies from CREST scleroderma patients 
[Moroi et al. 1980, Lica et al. 1986]. However, cytogenetic observations and analy-



sis of proteins associated with mammalian centromeres have not identified all im­ 
portant functional elements. Another molecular approach, which has been success­ 
ful in lower eukaryotes, is to analyse centromere structure at the DNA level. In 
mammalian systems, such studies are complicated by the large size and complex 
nature of chromosomes, and the lack of a functional assay for centromeric activity. 
Thus the first step in the molecular analysis of mammalian centromere function 
is the elucidation of the detailed structure of DNA sequences closely linked to the 
centromere.

Yeasts, due to their ease of biochemical and genetic manipulation, small genomes 
and the ability to assay for centromere function, have provided systems for iden­ 
tification of important centromere components. The next two sections summarise 
what is known about yeast centromere structure and how this use of structural anal­ 
ysis has led to the identification of sequences responsible for centromere function. 
Little or nothing is known about mammalian centromere sequences. The choice of 
a centromere linked sequence and a model chromosome for study is described in the 
remaining sections.

1.2 Characterization of centromere sequences in 
the yeast Saccharomyces cerevisiae

Saccharomyces cerevisiae is a budding yeast with sixteen chromosomes. In this 
yeast, centromere elements have been cloned [Clarke and Carbon 1980] first by iden­ 
tifying segments containing flanking centromere linked genes followed by chromo­ 
some walking through the centromere. Hybrid plasmids containing DNA segments 
from around the centromere plus an autonomously replicating sequence (ARS) 
[Stinchcomb et al. 1979, Hsiao and Carbon 1979] were constructed. Unlike other 
ARS bearing plasmids, these centromere containing plasmids were fairly stably 
maintained through mitosis and meiosis in yeast. The centromere containing re­ 

gion in chromosome III is known as CEN3 and enables ARS bearing plasmids to 
behave as minichromosomes in mitosis, meiosis, sporulation and germination. Sta­ 
bility is a predicted property of a replicating unit carrying a functional centromere. 
The stabilizing element was shown to be confined to a few hundred bp of DNA 
which was sequenced for CEN3 (chromosome III) and CEN11 (chromosome XI) 
[Fitzgerald-Hayes et al. 1982a] and CEN6 (chromosome VI) [Panzeri and Philippsen 1982], 
and three conserved regions were identified. Centromere DNA sequence elements 
(CDE) are: I, a 14bp sequence, II a very (80%) A+T rich region 87-89bp long 
and CDEIII an llbp region. The organisation of the centromeric elements are 

summarised in figure 1.1 (page 9).
A more direct method for generating large numbers of CEN sequences from 

chromosomes IV, XI, I, XVI, XIV, X, VI, III, XV and VII [Hieter et al. 1985] has 
been used. In these experiments an ARS plasmid was exploited which is lethal in



high copy number. Due to mother/daughter segregation bias encountered with ARS 
containing plasmids, the only stable plasmids produced were those which contained 
a functioning CEN sequence which was able to override the lethality of the plasmid 
by providing a segregation mechanism and thus controlling copy number. This 
direct method provided a rapid way of cloning CEN sequences, and 10 out of the 16 
CEN sequences were isolated. Sequence alignment revealed the common elements 
CDEI, an 8bp domain and CDEIII a 25bp domain. These sizes were slightly different 
to the previous size estimations by [Fitzgerald-Hayes et al. 1982b], but CDEII was 
the same. The right hand boundary of an active centromere has been denned exactly 
[Hegemann et al. 1986] as a triple A sequence present in the CDEIII element of 
CEN6, as determined by in vitro generation and analysis of CDEIII mutants of 
CEN6 DNA. No sequence further to the right was needed for centromere function.

Minichromosomes do not always behave mitotically and meiotically as naturally 
occurring chromosomes; they tend to be slightly less stable [Clarke and Carbon 1980]. 
Studies of centromere sequences reintroduced into natural chromosomes provided 
an alternative approach. Sequence alterations, deletions and substitutions directly 
into normal yeast chromosomes [Clarke and Carbon 1983] using fragment mediated 
transformation [Rothstein 1983] allowed the effects of CEN deletions, inversions 
and replacements to be examined. Deleting the CEN3 sequence in chromosome 
III led to a dramatic instability of the resulting acentric chromosome, but replace­ 
ment with CEN 11 or inversion of either CEN3 or CEN 11 made no difference to 
stability. [Bloom et al. 1984] have also shown that deletions of elements I-III com­ 
pletely inactivates the centromere, but substitution of CEN3 or GENII in either 
direction into chromosome III gives normal centromere function demonstrating the 
non-specificity of the CEN DNAs. [Huberman et al. 1986] have further analysed 
CEN sequences to determine whether they are conserved between strains of yeast 
with different degrees of divergence. In a study of two strains of S.cerevisiae and 
one of Saccharomyces uvarum where CEN sequences were cloned into a centromere 
selection vector, tested for centromere function and sequenced, the CEN sequences 
were found to be similar to the laboratory strain of S.cerevisiae. These systematic 
investigations into structure-function relationships in yeast centromeres have estab­ 
lished that there are crucial sequences responsible for correct centromere function 
in yeast.

Artificially constructed yeast chromosomes have helped investigate the sequence 
requirements for a correctly segregating DNA molecule. Linear centromeric plas­ 
mids have been constructed with CEN regions, ARS elements and functional telom- 
eres [Murray and Szostak 1983]. In their study, the authors found that short (7- 
15kb) linear plasmids were less stable than circular ones and were present in many 
copies per cell. Longer (55kb) plasmids, however, attained a much greater stability 
(although that were not as stable as naturally occurring chromosomes) and were 
present in one copy per cell, clearly indicating that these conditions of length and 
sequence components were approaching a more optimal, wild-type state than the 
shorter linear plasmids.
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Figurelta. Diagramatic representation of the CEN sequences identified 
in S.cerevisiae (Fitzgerald-Hayes, 1982).
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1.3 Characterization of centromere sequences in 
the yeast Schizosaccharomyces pombe

Schizosaccharomyces pombe is evolutionarily distant from S.cerevisiae 
[Kaufer et al. 1985]. It is a fission yeast, with three chromosomes which are about 
six fold larger that those of S.cerevisiae, and are condensed during mitosis and 
separated by kinetochore microtubules in the spindle apparatus in a way more 
similar to those of higher eukaryotes than S.cerevisiae.

Maps have been constructed of the centromeric regions of the S.pombe chromo­ 
somes by two different groups. The nomenclature used to describe the sequences in 
these maps differs. [Nakaseko et al. 1986] constructed genetic and physical maps of 
the centromeric regions of I and II by chromosome walking from cloned centromere- 
linked genes. These maps revealed a 50kb long domain tightly linked to the cen­ 
tromere. Later these maps were found to be inaccurate due to rearrangement of 
cloned centromeric DNAs in plasmids. However, two classes of repetitive sequences 
were found. One was chromosome specific and called ynl. The other was designated 
dg and located in all three centromere regions. The dg elements were 3.8kb long. 
Another centromeric sequence element was found [Nakaseko et al. 1987] which was 
designated dh. This sequence element was 4-5kb long and was common to all three 
centromeric domains of the S.pombe chromosomes. The organisation of centromeric 
elements in chromosome 2 are summarised in figure 1.1.

The second group found moderately repetitive DNA elements which they called 
K, B and L organised into a long inverted repeat or palindrome [Fishel et al. 1988]. 
Centromeric DNA was isolated by chromosome walking. In chromosome 2 the 
repeat elements were organised into a 35kb inverted repeat with one copy of K 
and L in each arm of the repeat. The organisation of centromeric elements in 
chromosome 2 are summarised in figure 1.1.

The use of different nomenclature has complicated the picture of the S.pombe 
centromeric region. Essentially, in cen2, a 3.8kb portion of K was equivalent to 
dgll. A 4.0kb portion of K and L were equivalent to dhll [Fishel et al. 1988].

Direct analysis of centromere DNAs using genomic targeting and homologous 
recombination techniques [Chikashige et al. 1989] showed cenl to be a 40kb stretch 
of DNA consisting of two inverted 10kb motifs each containing the centromeric el­ 
ements dg and dh flanked by a central region. Cen2 was a 70kb stretch of DNA 
with 3 motifs arranged in inverted and direct orientations with flanking domains 
(summarised in figure 1.1). Cen3 had about 15 copies of dh-dg constituting a region 
longer than 100kb. A deletion series was made from a 530kb linear minichromo- 
some containing the centric region of chromosome III [Niwa et al. 1989]. Cen3 was 
localised within a 120kb region comprising 15 centromeric repeated sequences dg-dh 
arranged in an inverted fashion with a central flanking region. Acentric minichro- 
mosomes lacking dg, dh and central flanking regions by deletion had a 100 fold 
decrease in stability compared with the original minichromosome.
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A minichromosome assay for centromere function in S.pombe has been developed. 
The S.cerevisiae yeast artificial chromosome (YAC) system [Burke et al. 1987] has 

been used to clone large DNA restriction fragments from the S.pombe genome in 
S.cerevisiae. Linear artificial chromosomes with S.pombe centromeric DNA regions 
from chromosomes I and III (cenl and cen3) were transformed into S.pombe and 
assayed for centromere function (S.cerevisiae CEN sequences do not function as 
centromeres in S.pombe). The minichromosomes were mitotically stable and seg­ 
regated properly through meiosis (as determined by tetrad analysis) which indi­ 

cated that the cloned fragments indeed contained functional S.pombe centromeres 
[Hahnenberger et al. 1989]. The centromere containing Sail fragments of chromo­ 

somes I, II and III were sized to 65, 100 and 150kb respectively and had various 
numbers of copies of the centromere specific sequences K, L and B.

In summary, yeast centromere studies provide a model for the identification 

of structural and functional elements involved in centromere function in higher 
eukaryotes. Studies have shown that in both yeast species, mapping and cloning 

experiments can identify candidate sequences. A functional test can then show 
which of these are required for centromere activity.

1.4 Centromere sequences in mammals

There has been no work on the structure of mammalian centromeres comparable 
to the structural analysis of yeast. Little or nothing is known about the sequences 

involved in mammalian centromere function. The approach used in this study 

to begin the analysis of centromere-linked sequences was to build molecular maps 

of centromeric regions and genetic analysis of mutants. This was analogous to 
the construction of a physical map and physical and genetic analysis of aberrant 

chromosomes in yeast.
To begin a search for functionally important sequences, it was first necessary to 

analyse the structure of DNA in the region of the centromere. To do this, it was nec­ 
essary to identify centromere-linked probes. In yeast, centromere-linked genes were 

exploited, and molecular maps were constructed by chromosome walking from these 

reference points. In mammalian genomes, there were no centromere-linked genes 

available for use. Unique sequences could also be used as centromere-linked probes, 
but when these studies were begun, no such sequences had been identified and no 

probes were available. However, probes were suitable for repeated sequences which 
have been located at the centromeres of human chromosomes by in situ hybridi­ 
sation. The classical satellite sequences are widely distributed at the centromeric 

C-band regions of many chromosomes [Gosden et al. 1975] but not at every chro­ 

mosome centromere. The 68bp 5au3A sequence [Agresti et al. 1989], was not at the 

time well characterised enough to feature as a candidate centromere-linked sequence. 

However, alphoid DNA has been found closely associated with all human chromo­ 

some centromeres. This property makes it a candidate sequence for a component of
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the centromere. The next step in the analysis of structure was to construct molec­ 
ular maps of the centromere-linked sequence of choice. The molecular structure of 
the alphoid DNA around the centromere of the human Y chromosome was studied 
by constructing long range restriction maps to determine the normal structure and 
variation that can be expected in a fully functioning centromere. The structure of 
the Y alphoid DNA from genetically mutant centromeres that have been inactivated 
or rearranged were compared to the normal case to see if centromere inactivity had 
a relationship with an altered Y alphoid DNA structure. In other words, were there 
any crucial sequence elements that were absent or altered in mutant centromeres 
compared to the normal functioning centromere? The mutants investigated have 
been obtained from naturally occurring and artificially made chromosome sources. 

The methylation status of DNA can reflect the activity or inactivity of a gene (for 
a review, see [Bird 1987]). It was therefore decided to ask whether there was a differ­ 
ence in methylation pattern in the alphoid DNA in active and inactive centromeres. 
In order to observe patterns of methylation in stretches of DNA, restriction en­ 
zymes may be used. Most restriction enzymes are unable to cleave at methylated 
sequences. Mspl and Hpall are commonly used for detecting methylC since they 
are isoschizomers that cleave at CCGG sites. If the internal C is methylated 5'- 
C m CGG3' Hpall cannot cleave but Mspl can. If the external C is methylated 
5'-m CCGG3' then the Mspl cannot cleave. Most methylation occurs at CpG. The 
distribution of fragments as determined by gel electrophoresis can allow conclusions 
to be drawn about the general methylation status of a genomic DNA sequence.

1.5 The human Y chromosome

There were a number of factors involved in the choice of the Y chromosome for the 
study of centromere structure. The Y chromosome is one of the smallest chromo­ 
somes in the human genome. The use of flow cytometry to measure the fluorescence 

of stained metaphase chromosomes, and hence the relative DNA content, showed 
only chromosomes 22 and 21 were smaller than the Y [Harris et al. 1986]. The Y 
has a relatively small block of alphoid DNA by comparison to other chromosomes. 
There is only one copy of the Y in a normal male, and this haploid nature makes it 

easier to study in the absence of a homologue.
The human Y chromosome has relatively few genes associated mainly with sex 

determination and male gametogenesis. The genes observed so far include the 
MIC2Y gene, the Y-linked XG locus [Goodfellow et al. 1983, Buckle et al. 1985] 
and the H-Y antigen gene [Simpson et al. 1987]. A candidate gene for maleness 
has been identified on the short arm of the Y [Page et al. 1987]. Spermatogene- 
sis factors possibly located on Yq in the euchromatic region may be necessary for 
male fertility [Page 1986]. Naturally occurring mutant chromosomes are viable be­ 
cause of the lack of essential genes on the Y and are therefore available for study. 
The study of mutants, as discussed earlier, is useful for the systematic structural
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analysis of mammalian chromosome elements, such as the centromere. The higher 
order periodicity of Y alphoid DNA and two Y chromosome alphoid blocks have 
been characterised previously [Tyler-Smith and Brown 1987], and provide a starting 
point for the construction of more detailed maps.

In summary, the small number of genes enabling the Y chromosome to be avail­ 
able in mutant forms plus the small size of the haploid chromosome and the presence 
of a small amount of alphoid DNA at its centromere makes it a good choice for the 
study of centromere structure.

1.6 Probes and mapping 

1.6.1 Repeated sequences

A brief historical view of repeated sequences

A significant but variable component of the eukaryotic genome is comprised of highly 
repetitive DNA sequences that are often localised in constitutive heterochromatin 
that is not transcribed. Repeated sequences or satellite DNA are often associated 
with constitutive heterochromatin at centromeric, telomeric or intercalary hete- 
rochromatic sites and are C-band positive [John and Miklos 1979].

The first experiments that revealed the existence of satellite DNAs came from 
density gradient centrifugation where minor bands of different densities were visibly 
distinct from main band DNA. The term satellite DNA was coined to describe DNA 
sequences which banded at a different density from the main band. However, not 
all the repetitive sequences termed satellite can be separated by density gradients 
and can remain cryptic, needing the addition of metal ions for visualization or iso­ 
lation [John and Miklos 1979]. Equilibrium sedimentation experiments in density 
gradients of mouse DNA led to the observation that the mouse had two bands, a 
main 1.701g/cm3 band plus a second satellite band of 1.690g/cm3 [Kit 1961]. The 
observation of a second minor component of DNA was also observed in guinea pig 
liver and spleen DNA, crab Cancer borelis and C. irratorus testes, calf thymus and 

mouse spleen and testes [Sueoka 1961]. Mouse satellite DNA was demonstrated 
by [Waring and Britten 1966]. In addition, the DNA in the satellite fraction reas- 
sociated much more quickly than main band DNA. This implied that the minor 
component consisted of short nucleotide sequences present in many copies. These 
experiments substantiated the hypothesis that some sequences are frequently re­ 
peated in vertebrate DNA. A measurement of reassociation is useful for comparing 
the relationships between sequences, and Cot analysis was developed to do just that 
[Britten and Kohne 1968]; DNA from organisms may be characterised by their Cot 

values.
Density gradient centrifugation and reassociation kinetics studies have been ex­ 

tended by the use of restriction enzyme analysis of repeated sequences. Restriction 
enzyme analysis can reveal repeat units and tandem organisation of a repeated se-
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quence by the presence of integral multiples of the basic repeat unit length, or a 

ladder of fragments after partial digestion. Together, these methods achieved the 

isolation and characterisation of numerous classes of repeated sequences in eukary- 

otic organisms, a few of which are discussed below.

1.6.2 Primate repeated sequences

Two types of repeated sequences are found in primate genomes; highly repeated 

tandem sequences in long arrays (satellite DNA) and repetitive elements dispersed 

throughout the genome amid repeated and unique sequences [Singer 1982]. Inter­ 

spersed repeated sequences are made up of two groups, short and long interspersed 

repeated sequences (SINES and LINES, [Skowronski and Singer 1986, Paulson et al. 1985]). 

These groups are repeated sequences, but are unrelated to the tandemly repeated 

sequences which are the subject of this study.

Tandemly repeated sequences

The human genome contains a large number of different tandemly repeated sequence 

families. These include the four major classical satellites I, II, III and IV, plus the 

68bp family and the alphoid satellite DNA. Alphoid DNA is discussed in more detail 

in a separate section. A summary of the tandemly repeated sequences found in the 

human genome is shown in table 1.1.
The major classical satellites I, II and III in the human genome contain a col­ 

lection of simple sequence components which have been defined in terms of their 

products of digestion with restriction enzymes. These simple repeated sequences 

are called satellites 1, 2 and 3 to indicate their enrichment of each one in classical 

satellites which contain other sequences as well [Prosser et al. 1986]. Satellite IV is 

nearly identical to satellite III in being highly enriched in satellite 3. The classical 

satellites are widely distributed in the centromeric C-band regions of many chro­ 

mosomes as determined by in situ hybridisation. These include chromosomes 1, 5, 

7, 9, 10, 12, 13, 14, 15, 16, 17, 20, 21, 22 and the distal C-band region of the long 

arm of the Y chromosome [Gosden et al. 1975].
The 5aw3A, (68bp) family is a clustered highly repetitive DNA family. The bulk 

of the 68bp repeats occur in tandem arrays of at least 12 repeats [Meneveri et al. 1985] 

as determined by the presence of a ladder of fragments after Sau3A digestion. The 

main locations of the SauZA family have been shown to be on heterochromatic 

blocks of acrocentric chromosomes (chromosomes 13, 14, 15, 21 and 22), and on the 

pericentric region of chromosome 1 [Agresti et al. 1989].

1.6.3 Alphoid DNA

The alphoid family of sequences was first seen by reassociation kinetics and modified 

centrifugation in Cs2 S04 in the presence of Ag+ in the African green monkey (AGM)
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Satellite Repeat unit Reference
1
2

3

5au3A

Haelll

alphoid DNA

AT rich sequences denned by Rsal 
diverged 5bp ATTCC sequences

5bp ATTCC (less diverged than 2) 

68bp repeat, 53% G+C

140-169bp repeat (closely related to
the 5aw3A family)

171-173bp subunits organised into chromo­ 
some specific higher order repeat units

[Prosser et al. 1986] 
[Frommer et al. 1988]

[Meneveri et al. 1985]

[Agresti et al. 1989]

see below

Table 1.1: A summary of the tandemly repeated sequences found in the human 
genome

Cereopithicus aethiops [Maio 1971]. AGM alpha satellite mainly hybridises to the 
centromere region of all the chromosomes. Related, but non-identical alpha satellites 
are present in Gorilla gorilla, Pan troglodytes, Cereocebus aterrimus, Macaca mu­ 
latto,, Mandrillus sphinx, Papio cynocephalus, Cerecopithecus pygenthrus, Colobus 
badicus and Cebus capuchinus [Maio 1971]. Restriction enzyme digests reveal a 
172bp repeat in AGM alpha satellite. The repeats are not identical but represent a 
set of closely related sequences and constitute 13-20% of AGM DNA.

In humans, alphoid DNA is a tandemly repeated 170bp to 172bp sequence simi­ 
lar to the alpha sequence found in the AGM [Wu and Manuelidis 1978]. The 170bp 
units are arranged in arrays and can also be characterised by longer range periodici­ 
ties marked by the presence of regularly spaced restriction enzyme sites that define a 
higher order repeat unit length. In some chromosomes the 170bp subunit is present 
as a 340bp dimer [Wu and Manuelidis 1980]. The 170bp subunits in a block may 
be divergent in sequence from one another, but the higher order repeats have been 
found to be more closely related, and thus probably represent the amplification unit 
or domain of repeating block responsible for spread of the sequence during evolution 
[Waye and Willard 1986]. Alphoid DNA has been suggested to constitute up to 5% 
of the human genome but the precise amount has not been firmly established.

A cloned human alphoid sequence called p82H [Mitchell et al. 1985] showed a 
tandemly repeated Haelll unit of length 162-177bp. In situ hybridisation of this se­ 
quence revealed hybridisation to every human chromosome centromere region. The 
cross hybridisation of alphoid DNA on different chromosomes indicates that alphoid 
DNA from different chromosomes have sequence features in common. Indeed, this 
fact has been exploited for the isolation of chromosome specific alphoid DNA se­ 
quences from chromosome libraries. However, many individual human chromosomes 
may be characterised by distinct alphoid satellite higher order repeat structures de­ 
fined by restriction enzyme periodicity and sequence [Waye and Willard 1986]. The
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Chro­ 

mosome
Higher order 

repeat
No. of copies 

per chromosome
Reference

Y 

X

17
22
11
7

6
18

13, 14,15, 
21 and 22

5.7 and 6.0 Hindlll 

2.0kb BamHI

2.7kb EcoRl
2.1 and 2.8kb EcoRl

0.85kb Xbal
2.7kb EcoRl
1.0kb EcoRl

2.9kb Hindlll
2.55kb Hindlll

3kb BamHI
0.68kb #co#I

complicated set of
subfamilies between
these chromosomes

variable

5000 

500-1000

500
10

500
about 350

[Wolfe et al. 1985]
[Tyler-Smith and Brown 1987]

[Yang et al. 1982]
[Willard 1985]

[Waye and Willard 1986]
[McDermid et al. 1986]

[Waye et al. 1987a]
[Waye et al. 1987b]

[Waye and Willard 1989]

[Jabs and Perisco 1987]
[Devilee et al. 1986]
[Devilee et al. 1986]
[Choo et al. 1988]
[Choo et al. 1989]

[Jorgensen et al. 1988]

Table 1.2: The size and copy number of the alphoid DNA higher order repeat units 
that have been characterised on some of the human chromosomes.

higher order repeat units have been characterised in a number of chromosomes, some 
of which are summarised in table 1.2 .

Table 1.2 illustrates the chromosome-specific higher order periodicities of alphoid 
DNA. In most cases, one periodicity has been reported for each chromosome. In 
some cases, more than one periodicity has been reported, for example for chro­ 
mosome 7. An exception to these general cases are the acrocentric chromosomes 
(or nucleolus organising chromosomes) 13, 14, 15, 21 and 22. These chromosomes 
have a common subfamily of alphoid DNA as determined by in situ hybridisation 
[Choo et al. 1988]. However, more than one subfamily has been reported for these 
chromosomes. There were subfamilies reported in 13 and 21 [Devilee et al. 1986]; 
14 and 22 [Jorgensen et al. 1988]. A further two subfamilies, one common to 13 and 
21 and another common to 14 and 22 have also been reported [Choo et al. 1989]. 
Clearly the higher order structure of the alphoid DNA on the acrocentric chromo­ 
somes is more complicated than on other chromosomes.

1.6.4 Y chromosome alphoid DNA
The Y chromosome alphoid DNA has been studied in depth. By screening Y cos- 
mids with the X alphoid DNA clone DXZ1, two Y alphoid DNA cosmids were 
isolated and localised to the centromeric Y DNA by in situ hybridisation. These
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cosmids identified a 5.5kb EcoRl unit structure present an estimated 100 times on 
a Y chromosome [Wolfe et al. 1985]. Nine Y-specific alphoid DNA cosmids were 
obtained by screening a cosmid library from the Y only hybrid cell line 3E7 with 
the alphoid DNA clone p82H [Tyler-Smith and Brown 1987]. These cosmids were 
characterised by restriction enzyme analysis, and subclones mapped and sequenced 
to reveal 170bp subunits arranged in a repeat unit of 5.7kb. Some cosmids contained 
a few clustered 6.0kb units. ,4uaII digestion showed no internal sites for a 5.7kb 
unit but the presence of a site in the 6.0kb unit. Haelll digestion demonstrated 
the 170bp ladder of the tandem repeat: the 5.7kb unit had 34 170bp subunits and 
the 6.0kb unit had 36. Sequence analysis showed the 170bp subunits to be between 
76% and 86% homologous to one another and homology to a consensus sequence 
of individual subunits was between 87% and 92%. Genomic analysis of two Y only 
somatic cell hybrids 3E7 and 853 showed that the 5.7kb unit had one site for EcoRI, 

Hindlll and Pstl, 2 sites for Xbal and none for 5amHI, Bell, Bglll and Pvull. 3E7 
but not 853 showed a minor band of 6.0kb for EcoRl and Pstl and a pair of bands 
at 4.1kb and 1.9kb in Hindlll digests. This was interpreted as the presence of a 
subset of variant 6.0kb units amongst the 5.7kb units. Figure 1.2 illustrates the 
structure of the Y chromosome alphoid DNA.
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a

5.7kb

Figure12Structure of the alphoid DNA on the human Y chromosome

The thick line at the top of the figure in a, represents the single block of 
alphoid DNA on the human Y chromosome and has been found to range 
in size from 245kb to 1050kb. The block consists of tandemly repeated units 
most of which are 5.7kb long, as shown by the large arrows in b. Some units 
are 6.0kb long. The 5.7kb unit is made up of tandemly repeated 170bp 
subunits as shown in c. The 6.0kb units have two additional 170bp subunits 
as indicated.
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Long range restriction mapping with pulsed field gel electrophoresis (PFGE) 
using double digests of enzymes which do not cut the units, demonstrated that the 
units were organised into a single block of alphoid DNA, which was a different size 

for the two different Y chromosomes. Restriction sites were mapped for the two 

blocks and it was noted that Avail cuts the Y block at two clusters of sites.
In summary, the Y chromosome alphoid DNA has a higher order repeat structure 

of 5.7kb units with a few variant 6.0kb units in some chromosomes. Further, more 
detailed restriction mapping of one of these blocks, the 853 Y alphoid DNA, using 

double digests showed the arrangement of a much larger group of enzymes at the 

boundary of the alphoid DNA [Tyler-Smith 1987]. It is noteworthy that the right 

hand flanking region to the alphoid DNA did not have the restriction enzyme distri­ 

bution expected for typical human DNA. The closest Apal site was 400kb away and 

Kpnl 200kb away; these should cut every 6.4kb and 8.5kb respectively. This was 

thought to be a region of simple sequence DNA. The cluster of sites just outside the 

alphoid DNA were hypothesized to indicate a small stretch of more typical DNA or 

simple sequence DNA which had these sites frequently. These clusters of sites have 

since been hypothesized to be present in diverged alphoid DNA units at the edge of 

the block (Tyler-Smith, personal communication). The left hand flanking region of 

the alphoid DNA appeared to be typical human DNA with the expected frequency 

of restriction sites and was postulated to be the boundary between heterochromatin 

and euchromatin [Tyler-Smith 1987]. Detailed map building is an important step in 

the analysis of the structure of alphoid DNA, as a prerequisite to the identification 

of crucial sequences involved in centromere function.
From the comparison of just a few human chromosome alphoid DNAs, it is clear 

that they cross-hybridise and all have a fundamental 171-173bp repeating subunit 

structure. However, the alphoid DNA blocks are organised in a chromosome spe­ 

cific way as defined by restriction enzyme analysis of periodicities that define a 

higher order repeat unit structure. These units probably represent the amplifica­ 

tion units which were involved in the expansion of tandem arrays in evolution by 

unequal crossover. The fact that the fundamental sub-unit structure is conserved 

at all human centromeres, suggests that it could play a role in correct centromere 

function, although it is a popular notion that satellite DNAs, such as alphoid DNA 

play strictly a structural role or are functionless. The fact that there has been di­ 

vergence of sequence between subunits may suggest that only a part of the sequence 

is necessary to any role. Nevertheless, it is present in a chromosome specific fashion 

in all chromosomes and it is important to find out the precise molecular structure 

of such a sequence in order to ask questions about its possible function.
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1.6.5 Possible functions of tandemly repeated DNA se­ 
quences

It has been proposed that satellite DNA could play a role in maintenance of chro­ 

mosome structure, folding, partitioning of chromosomes in the interphase nuclei, 

homologue recognition [Devilee et al. 1986], chromosome pairing and segregation, 

recombination, and chromosome rearrangements [John and Miklos 1979]. It has 

been extremely difficult to show conclusive evidence for any of these functions. One 

series of experiments with Drosophila indicated that fitness of Drosophila could 

be associated with the presence or absence of a satellite DNA sequence. The re­ 

sults indicated that deletion of the satellite DNA sequence decreased the fitness 

of the fly [Wu et al. 1989]. Satellite DNA, because of the difficulties in assigning 

its function, has been labelled selfish DNA. Selfish DNA has two main properties. 

Firstly it arises when a DNA sequence spreads by forming additional copies of itself 

within the genome. Secondly it makes no specific contribution to the phenotype 

[Orgel and Crick 1980]. When a specific function cannot be assigned to repetitive 

DNA through lack of experimental evidence, it is often given an evolutionary ex­ 

planation for its existence. For example, facilitating genetic rearrangements which 

increase evolutionary versatility, or acting as a repository from which new functional 

sequences can be recruited, or a yet to be eliminated by-product of past chromoso­ 

mal rearrangements of evolutionary significance [Doolittle and Sapienza 1980].

It is clear that the evidence for specific function assignment to repetitive DNA 

sequences is weak, and given the abundance of these sequences located throughout 

the genome, and their specific location at important sites such as centromeres, more 

investigations are necessary to account for their presence.

1.6.6 Generation and evolution of tandemly repeated se­ 
quences

There are a number of theories which attempt to explain the mechanism of the 

generation, maintenance and spread of repeated sequences in tandem arrays. Per­ 

haps one of the most popular is unequal sister chromatid exchange proposed by 

[Smith 1976]. The unequal crossovers must occur in the germ line to be evolution­ 

ary significant, either in meiosis or at one of the germline mitoses. A crossover can 

occur between repeats in register producing no change in length, or out of register 

which will result in one molecule being longer and one shorter. Accumulation of 

duplications leads to the generation of tandem repeats, and due to their homology, 

crossovers will occur more frequently in these regions expanding the array. Integral 

numbers of repeat units will be preferentially deleted or duplicated thus the funda­ 

mental repeat pattern does not change. [Smith 1973, Smith 1976]. Mouse satellite 

DNA had an EcoRll repeat unit length of 120bp. However the 240bp dimer was 

the predominant product of an EcoRll digest, [Southern 1975b] lending support to 

the idea that there has been unequal crossing over in mouse satellite DNA. Highly
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repeated DNAs may have evolved by a process of mutation, causing sequence diver­ 
gence of short repeating elements followed by amplification of the regions generated 
by mutation [Southern 1970]. Another theory that has been proposed for the evo­ 
lution of one repeat into another is the rolling helix model [Thomas 1973].

1.6.7 Mapping
Physical analysis of the human genome has been limited by the small size of DNA 
molecule that it was possible to separate on a conventional gel. The largest useful 
separation was about 50kb. At the other end of the scale, chromosome maps could 
be made using the light microscope. These were limited in humans by the visible 
banding patterns to, at best, 5Mb [Smith and Cantor 1987]. A method has been 
developed to span this resolution gap and has facilitated physical mapping of the hu­ 
man genome. The pulsed field gel electrophoresis (PFGE) technique was originally 
developed by [Schwartz and Cantor 1984] and modified by [Carle and Olson 1985]. 
This technique drastically increased the maximum size of DNA separation possi­ 
ble in an agarose gel. Subsequently, more modifications have been made to the 
PFG apparatus and one of these, the Waltzer [Southern et al. 1987], has been used 
extensively in this study. The Waltzer is capable of separating up to the largest 
S.pombe chromosome (5.7Mb, [Fan et al. 1988]) from larger DNA fragments. This 
increase in size of fragment separation has made possible the construction of precise 
long range restriction maps of regions of the genome, and hence allowed detailed 
analysis of genomic organisation. Determination of the long range structure of the 
alphoid DNA block at the centromere of the human Y chromosome is an important 
part of the analysis of the centromere region of a mammalian chromosome.

1.7 Variant chromosomes

1.7.1 Naturally occurring mutant Y chromosomes
The naturally occurring mutant Y chromosomes used in these experiments included 
individuals with monocentric or dicentric isochromosomes of Yp or Yq; transloca- 
tions of parts of the Y chromosome onto the X or autosomes, (often seen as XX males 
or XO males carrying a portion of the Y chromosome elsewhere in the genome); Y 
chromosomes present as tiny chromosomal fragments and ring chromosomes.

The chromosomes could be used for two purposes. Firstly, for localization of 

probes by deletion or interval mapping. The presence or absence of Y alphoid DNA 
was determined for each chromosome. The abnormal Y chromosomes were also used 
in deletion mapping to localise probes and define intervals along the length of the 
Y by others. The second use for abnormal Y chromosomes was for the analysis of 
mutant suppressed centromeres. For example, one Y chromosome portion including 
a centromere had been translocated onto an autosome. It had been suggested that
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the Y centromere was inactive and the autosome centromere active. Analysis of 
the structure of this type of Y centromere could be important in establishing the 
relationship between centromere inactivity and the structure of centromere-linked 
sequences.

It would have been advantageous to have studied many more abnormal Y chro­ 
mosomes in this way. However, there was a great reluctance on the part of many 
workers to share cell lines with abnormal Y chromosomes, even after publication.

1.7.2 Chromosome mediated gene transfer and the pro­ 
duction of Y chromosome fragments

Chromosome mediated gene transfer (CMGT) can be used to isolate fragments of 
human chromosomes in human-rodent cell hybrids. Fragments generated in this 

way provide an alternative to naturally occurring mutant chromosomes. They can 
be used to determine the arrangement of sequences, in this case on the Y, and 

provide a source of artificially generated abnormal Y chromosome fragments from 

50kb long to a whole chromosome. The stability of fragments does vary how­ 
ever, and an increase in stability was associated with the presence of a centromere 

[Pritchard and Goodfellow 1987].
CMGT involved the transfection of fragments of human metaphase chromosomes 

into rodent cells. The size of the transfected chromosomal fragments as a result of 

CMGT do vary as mentioned above, but have often been found to be in the range 

of l-50Mb [Porteous 1987]. However, even though substantial lengths of DNA were 
thought at the beginning of this project to be transferred intact, it appeared subse­ 
quently that molecular rearrangements do take place. In situ hybridisations provide 
evidence for extensive rearrangements of sequence in c-Harvey-ras oncogene trans- 

formants [Gosden and Porteous 1987]. Translocation events and duplications were 
found, so although it was thought that contiguous lengths of DNA could be trans­ 

ferred intact, they were in fact frequently accompanied by intrachromosomal rear­ 
rangements. Despite this, using caution, CMGT has been used to map genes with 

respect to one another [Porteous 1987]. Many CMGT transfectants were found to 

be unstable. [Klobutcher and Ruddle 1979] suggested that the stabilization process 

of chromosomal fragments in transfected cells may be viewed as the acquisition of 
host centromeric activity (integration) for transfected fragments which themselves 

do not possess a functional centromere.
A modified version of CMGT involved the cotransformation of metaphase chro­ 

mosomes with a selectable DNA plasmid which enriched for clones containing chro­ 

mosomal fragments and increased the transfer frequency
[Pritchard and Goodfellow 1987]. For the Y chromosome transfectants used in ex­ 

periments here, cotransformations were performed by [Pritchard and Goodfellow 1986] 

using the neo gene which conferred resistance to G418 into mouse LMtk~ cells. The 
plasmid and transfecting human DNA associates during the transformation process
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and preselection with G418 followed by flourescence activated cell sorting (FAGS) of 
12E7 positive clones, (the 12E7 antigen is present on mouse cells containing X or Y 
chromosomes) greatly increased the frequency of isolation of Y containing transfec­ 
tants. Further secondary transfected derivatives were also made by this technique 
of selected transfectants. Y derived fragments in transfectants were confirmed with 
Y-linked probes. A quinacrine stained metaphase spread of one of the clones was 
presented [Pritchard and Goodfellow 1986] which contained a fluorescent fragment 
which the authors concluded was a portion of the heterochromatic region of the 
Y chromosome plus an intact short arm. From these data presented, it appeared 
that these transfectants indeed contained large autonomous portions of the human 
Y chromosome transfected into a rodent background, an ideal situation in which 
to study autonomous fragments of the Y chromosome which appeared to contain 
human centromeres.
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Chapter 2

Materials and Methods

2.1 Tissue culture
Cell growth

Cells were stored in 1ml vials at 2xl06 cells per ml in foetal calf serum and 5% 
DMSO in liquid nitrogen. Cells were thawed quickly and resuspended in 10ml of 
medium, spun at lOOOrpm for 5 minutes before resuspension in a further 10ml of 
medium and incubation in a 25cm2 flask. Lymphoblastoid cells were grown in RPMI 
1640 (Imperial). To this was added 10% heat inactivated (56°C for 30 minutes) 
foetal calf serum (Gibco-BRL), 2mM L-Glutamine, 2 lU/ml penicillin and 2/ug/ml 
streptomycin (Gibco-BRL). Monolayer cells were grown in a-modified DMEM or 
DMEM (Imperial) with the same supplements as RPMI. Some fibroblast cell lines 
were grown in F-10 medium (Imperial) plus the same supplements as RPMI. For 
fibroblast cell lines near the end of their lives or for difficult cell lines in general 
essential and non-essential amino acids and vitamins (Gibco-BRL) supplemented 
the medium.

All cells were grown at 37°C in 5% CO^. To split confluent monolayer cells, the 
medium was removed and the cells washed briefly in PBS (phosphate buffered saline, 
(Imperial)). 1ml of trypsin (diluted 1:1 with PBS) (Flow) was added to the flasks 
to detach the cells from the flask surface. The trypsin was inactivated with medium 
and the cells diluted to about a third of their original density by the addition of 
medium to the flasks and transferring to more flasks. Full flasks of lymphoblastoid 
cells were poured from one flask to another and further medium added to adjust 
the cells to approximately one half of their density. All tissue culture is performed 
under sterile conditions.

Some of the transfected cell lines required selection to maintain chromosomal 
fragments. Cells cotransfected with a neo plasmid were grown in 200^g/ml G418 
(Geneticin (Gibco)). Cells cotransfected with the tk~ plasmid were grown in HAT 
medium (100//M Hypoxanthine, 1//M Aminopterin and lO^M Thymidine (Sigma)).

Table 2.1 describes the two cell lines used to build detailed molecular maps of
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Cell Line
OXEN (L)
3E7 (M)
853 (M)

IP2.2 (M)
IP2.6 (M)

K1P4.2 (M)
JP5.11 (M)

E1P4T10 (M)
E2P3T5 (M)
LMtk- (M)

Description
49,XYYYY

mouse, human Y
hamster, human Y

primary transfectant
primary transfectant
primary transfectant
primary transfectant
primary transfectant
primary transfectant

Mouse parent cell line

Selection

HAT
HAT

G418
G418

Reference
[Sirota et al. 1981]

[Marcus et al. 1976]
[Burk et al. 1985]

Pritchard and
Goodfellow, 1986

11

II

11

II

II

Table 2.1: Descriptions of Y cell lines with their selection media where applicable 
and references. L are lymphoblastoid, M are monolayer cells.

the human Y chromosome alphoid DNA. The cell lines made by chromosome me­ 
diated gene transfer containing Y chromosome fragments and their selection media 
are also shown. In addition, secondary transfectants derived from IP2.6 were used; 
these are not shown in this table 2.1. All the transfectants were kind gifts from 
Catrin Pritchard. Most of the normal Y chromosomes involved in the determina­ 
tion of variation of alphoid DNA were obtained from whole blood. Exceptions were 
OXEN, 3E7, 853 and a few of the samples were obtained from normal male trans­ 
formed lymphoblastoid cell lines. Lymphoblastoid cell lines from a family of normal 
individuals (father, mother and 10 sons) were used for determination of the meiotic 
stability of the Y alphoid DNA. These cells were kind gifts from Dr. lan Craig.

Table 2.2 lists the abnormal human Y chromosomes used in this study and their 
sources and references.

Cell harvesting

Monolayer cells were washed with PBS then detached from flasks with trypsin. The 
trypsin was inactivated with the addition of 10ml of medium. The cells were then 
poured into 50ml sterile falcon tubes and centrifuged at lOOOrpm for 5 minutes. The 
supernatants were aspirated, the pellet resuspended in 50ml of PBS and a sample 
taken for a cell count. The rest of the cells were centrifuged and resuspended in the 
appropriate volume of PBS according to the concentration of cells required. Lym­ 
phoblastoid cells were harvested in the same way except that it was not necessary 
to trypsinise them.
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Table 2.2Descriptions and sources of abnormal Y cell lines.

Cell Line
870740 (L)

863829 (L)

WSM 184 (F)

842968 (L)

861748 (L)

870377 (L)

GM06967 (L)

DL-278280R (F)

GM02668 (F)

GM03774 (F)

863712 (L)

862492 (L)

1491/76R (F)

CHoP (L)

JOW (L)

870374 (L)

862751 (L)

862752 (L)

GM02103 (F)

GM02730 (F)

GM03595 (F)

GM02469 (F)

GM00118 (F)

GM07970 (F)

RW(L)

Description*
45,X/46,X dicentric iso Yp

45,X/46,X dicentric iso Yp

70% 45,XO, 25% 46,X,
dicentric Yp, 5% 46,XY
46, X monocentric iso Yp

48, XX die iso Yq.dic iso Yq

46,X iso Yq

45,X/46,X dicentric Y
(pll)/47,Xdic Ydic Y
46,X dicentric iso Y(qll)

45,X/46,X del (Y) (pter
>qll.2:)
45,X+fragment/46,X die
iso Y (qter>cen>qter)
45,X/46,X dicentric Y

abnormal Y

45,X t(Y;18)

45,X t(Y;18)

45,X/46,X ring Y

45,X/46,X ring Y

45,X/46,X ring Y

45,X/46,X dicentric Yp

46,X,t(X;Y)(Xpter>
Xqll::Yqll>Yqter)
45,X/46,X del (Y)
(pter>qll:)
45,X/46,X del (Y)
(pter>qll:)
46,X t(X,Y) (Xpter>
Xq22::Yqll>Yqter)
46,XX,-15,+derl5,t(Y;15)
(15qter>15pl::Yqll>Yqter)
47,XX,+der(9),t(Y;9)
(9pter>9ql3::Yql2)
45,X/46,X -(-fragment Y

Source
PHLS, Porton Down

PHLS, Porton Down

A. Chandley

M . A . Ferguson-Smith

M . A . Ferguson-Smith

PHLS, Porton Down

NIGMS cell
repository
M. Fraccaro

NIGMS cell
repository
NIGMS cell
repository
PHLS, Porton Down

PHLS, Porton Down

M. Fraccaro

M. Miinke

A. Chandley

PHLS, Porton Down

PHLS, Porton Down

PHLS, Porton Down

NIGMS cell
repository
NIGMS cell
repository
NIGMS cell
repository
NIGMS cell
repository
NIGMS cell
repository
NIGMS cell
repository
M .A .Ferguson-Smith

Reference
-

-

Chandley et al, 1986

Affara et al, 1986

Affara et al, 1986

-

Fraccaro, unpublished

.

_

-

-

Maserati et al, 1986

Miinke et al, 1988

Chandley, unpublished

-

-

-

Borgaonkar et al, 1974

-

-

Riddell et al, 1986

Hahnemann et al, 1975

-

Affara et al, 1987
* The descriptions of the chromosomes vary in detail according to the information supplied with 
the cell lines. (L) indicates lymphoblastiod cell line. (F) indicates fibroblast cell line. 
The cells from PHLS Porton Down were deposited by M.A.Ferguson-Smith.

In this table, each abnormal Y cell line is described according to the information supplied with 
the cells from their source, which in some cases is comprehensive and in others, rather vague. A 
reference is given for cell lines where avaliable. Cells from PHLS and NIGMS were purchased and 
those from Chandley, Ferguson-Smith, Fraccaro and Miinke were kind gifts.
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2.1.1 Making plugs
Making plugs from tissue culture cells

Plugs were made according to [Anand 1986]. Cells were harvested as described 
above. The cells were resuspended to a concentration of 2xl07 per ml and put 
to warm briefly at 37°C in a water bath. Meanwhile 1% low gelling temperature 
(LGT) agarose (Sea Plaque from FMC BioProducts) dissolved in PBS was melted 
and left to equilibrate to 37°C in a water bath. Equal volumes of cell suspension 
and 1% agarose were mixed and dispensed quickly into a plug mould. The plug 
mould was placed on ice until the plugs had set. The final concentration of cells in 
the plugs was IxlO7 cells per ml. Individual whole plugs contained ~120/xl of cell 
suspension (~1.2xl06 cells). If the DNA content of a diploid cell is 6pg and the 
cells are diploid, each plug will contain ~7.2//g of DNA. The plugs were removed 
gently from the mould and incubated in NDS (0.5M EDTA, lOmM Tris-HCl, 1% 
lauroyl sarcosine, pH 9.5) plus ~lmg/ml pronase (Boehringer-Mannheim) at 50°C 
overnight. The solution was changed and left for a further 48 hours and the plugs 
carefully rinsed and stored in NDS at 4°C.

Making plugs from blood

50ml of blood was collected and dispensed into 4, 50ml sterile falcon tubes containing 
10//1 of 50mg/ml of heparin. Three volumes of erythrocyte lysis buffer (155mM 
NH4 C1, lOmM KHCO3 and O.lmM EDTA at pH 7.4) was added to the blood. 
The mixture was left on ice for 15 minutes and inverted every 5 minutes. The 
cell suspension was spun at lOOOrpm for 10 minutes, the supernatant removed and 
the pellets pooled. The cells were washed again in lysis buffer, centrifuged and 

resuspended in 1ml of PBS. A cell count was done and the cells diluted to 2xl07 
to make agarose plugs to a final concentration of IxlO7 cells per ml.

2.1.2 Making chromosome spreads and C-banding 

Preparation of phytohaemagglutinin (PHA) stimulated lymphocytes

Chromosomes were prepared for C-banding in two ways. Firstly 0.4ml of fresh 
whole blood was added to 5ml of Mc Coys medium (Imperial) with PHA (Sigma). 
The M c Coys medium was supplemented with 2.5^g/ml of PHA, 2.5//g/ml heparin, 

20% PCS, 200mM L-glutamine, lOOU/ml penicillin and O.lmg/ml streptomycin. 
The cultures were left at 37°C for 72 hours. The second set of chromosomes were 
prepared in a similar way except that a methotrexate (MTX) block was added to 
the cultures during part of the incubation. This was to prepare chromosomes that 
were elongated to facilitate analysis of C-bands along the length of the chromosome. 
10~ 7 M MTX was added to the M c Coys medium and incubated for 17 hours. The 

blood culture was then washed twice in medium and resuspended in medium plus
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10 5 M thymidine and incubated for 5 hours. For non-MTX cultures, 0.1/xg/ml 

colcemid (Gibco) was added to the cultures 90 minutes before harvesting for MTX 

cultures, O.l^g/ml of colcemid was added for the final 10 minutes. The cells were 

centrifuged at lOOOrpm for 5 minutes, the supernatant discarded and the pellet 

resuspended in warm 0.56% KC1 (=0.075M). The hypotonic cell suspension was left 

at 37°C for 10 minutes. The cells were then centrifuged, the supernatant discarded 

and the cells resuspended in freshly prepared fix (1 part glacial acetic acid to 3 

parts methanol). The fix was added dropwise very slowly to start with up to 7ml. 

This was left at 4°C for 20 minutes. The pellet was centrifuged and washed in fix 

3 times. After washing, 2-4 drops of suspension were dropped from about 50cm 

onto a chilled glass slide. The quality of the chromosomes were checked under the 

microscope. The preparations were stored at 4°C.

C-banding

The prepared chromosomes were resuspended in fresh fix and slides were made 

on the same day as C-banding. The slides were treated with 0.2M HC1 at room 

temperature for 30 minutes then rinsed twice in distilled water. The slides were 

treated with pre-warmed, freshly prepared filtered 0.035M Ba(OH) 2 at 37°C for 10 

minutes. The slides were rinsed in distilled water 3 times then incubated in 2xSSC 

at 65°C for 2 hours. The slides were rinsed in distilled water and stained in 5% 

Giemsa (BDH) for 1-2 hours, then rinsed in water and dried.

The stained slides were observed at a magnification of 1000 x using an Olympus 

system microscope model BHS. Individual metaphase spreads were photographed 

using 35mm Kodak technical pan film. Hundreds of spreads were scanned for each 

of 10 individuals, 10 of which were photographed per individual. The photographs 

were enlarged and printed and the sizes of the long arm C-bands of the human 

Y chromosome was measured. The visibility or extent of staining of the central 

C-band was judged by two independent individuals in a blind experiment.

2.2 Restriction enzyme digests in plugs

Each plug was cut into 3 equal sized pieces and one of these was used per digest 

(about 2.4^g of DNA). Each one third of a plug was placed in an eppendorf tube 

and soaked overnight in TE (lOmM Tris, ImM EDTA, pH 7.6 with O.lmM PMSF 

to inactivate the residual pronase activity) at 4°C. This solution was changed and 

the plugs soaked for 2 hours with 4 changes of TE on ice. The plugs were then 

soaked in 500/il of restriction enzyme buffer on ice for one hour. The choice of 

buffer was dependent on the restriction enzyme and the recipes are shown in table 

2.3. [Maniatis et al. 1982].
The solution was replaced by 50/ul of restriction buffer and between ~10U- 

50U of enzyme (depending on how well the enzyme digested DNA in plugs) plus
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Buffer
10 x High salt buffer 

10 x Medium salt buffer 
10 x Low salt buffer 

10 x Hpal buffer 
10 x EcoOl09l buffer

NaCl
lOOOmM 
SOOmM

200mM

Tris-HCl pH 7.5
500mM 
lOOmM 
lOOmM 
lOOmM 

400mM (pH 8.0)

MgCl2
lOOmM 
lOOmM 
lOOmM 
lOOmM 
lOOmM

Table 2.3: Recipes for restriction enzyme buffers.

Img/ml gelatin for 4 hours. The restriction enzymes were obtained from Boehringer- 
Mannheim, Northumbria Biologicals Ltd, Amersham and New England Biolabs. 
Salt concentrations were chosen from table 2.3. Temperatures were chosen accord­ 
ing to the manufacturers recommendations, except that 50°C was the maximum 
temperature for agarose plugs.

Care was taken throughout the soaking and digestion of plugs to avoid DNA 
degradation by non-specific nucleases.

2.3 Markers for pulsed field gels

A oligomers were made as described in [Anand 1986]. A cI857Sam7 DNA was pre­ 
pared from virions. Oligomer formation was carried out by incubating the DNA 
at 200^g/ml in 2xSSC (Ix SSC is 150mM NaCl, 15mM sodium citrate pH 7.0), 
3%Ficoll and orange-G, at 37°C for 30 minutes followed by room temperature for 
18-24 hours. Oligomers were stored at 4°C for several months and 5^1 (l//g) per 
track was used.

Yeast DNA markers were prepared according to [Anand 1986]. S.cerevisiae 
X2180-1B chromosomal DNA markers were prepared as follows. Cells were streaked 
onto a YPD-agar plate (1% yeast extract, 2% bactopeptone and 2% glucose plus 
2% agar) and grown at 30°C. One colony was picked and grown in 50ml of YPD (as 
above without the agar) overnight at 30°C. Two 2L flasks containing 500ml of YPD 
each were inoculated with 5-10ml of the overnight culture and grown to an O.D. 
of 0.36 at 600nm giving a total of 4xl09 cells in the 1L of culture. The cells were 
harvested by centrifugation at 2000rpm for 10 minutes, the pellets were pooled and 
resuspended in 1.2M sorbitol, 20mM EDTA and 14mM /3-mercaptoethanol on ice. 
The cells were counted and adjusted to a maximum of O.SxlO9 cells per ml. 1% 
LGT agarose dissolved in 1.2M sorbitol, 20mM EDTA, 14mM/?-mercaptoethanol 
was cooled to 37°C. This was added to the warm yeast cell suspension containing 
Img/ml Zymolase-20T and the mixture allowed to set in a plug mould. The plugs 
were incubated with the sorbitol solution, lOmM Tris-HCl pH 7.5 and Img/ml zy- 
molase for 2 hours. This solution was replaced with sterilized yeast lysis solution 
(1% lithium dodecyl sulphate, lOOmM EDTA and lOmM Tris-HCl pH 8.0) and in­ 
cubated for 30-60 minutes. An overnight incubation with yeast lysis solution was
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performed and the plugs stored at room temperature. [Anand 1986]. This strain of 

yeast has chromosomes which were assumed to be 245, 280, 360, 450, 600, 690, 770, 

800, 840, 940, 970, 1100 and 1370kb (Anand, 1986 and personal communication)

Schizosaccharomyces pombe (972) chromosomal DNA markers were prepared in 

a similar way except that YPD S.pombe was 0.5% yeast extract, 0.5% bactopeptone 

and 0.5% glucose. Novozyme was added to the cells to a final concentration of 

0.5mg/ml and incubated for 1 hour at 37°C. When 50% of cells had spheroplasted, 

they were mixed with 1%LGT agarose in 1.2M sorbitol, 20mM EDTA and 14mM fi- 

mercaptoethanol and plugs made at 3x 108 cells per ml. The plugs were incubated in 

yeast lysis buffer for an hour, then the solution was replaced and incubated overnight 

[Anand 1986]. The sizes of the S.pombe chromosomes have been determined as 

5.7Mb, 4.6Mb to 4.7Mb and 3.5Mb [Fan et al. 1988].

2.3.1 Size measurement
Measurements were taken from the gel photograph of the distance the size markers 

had moved from the wells. A standard curve was plotted from these measurements. 

Measurement of the distances of the radioactive fragments from the wells on the au- 

toradiograph and comparison to the standard curve enabled sizes to be determined 

with about 5% error.

2.4 Gel electrophoresis 

2.4.1 Pulsed field gels
The pulsed field gel apparatus used in these experiments was The Waltzer apparatus 

as described in [Southern et al. 1987]. The Waltzer uses a uniform electric field with 

a horizontal square gel box and a submerged circular gel rotating at each switching 

interval. The choice of interval determines the size of separation of DNA and is 

discussed in [Anand 1986].
A range of pulse times were used during the course of these experiments depending 

upon the size range of interest. Examples are shown in table 2.4.

1.5% agarose (Sigma low EEO) gels were dissolved in O.SxTAE (IxTAE is 

0.04M Tris-acetate, 2mM EDTA). 0.5% agarose gels were made by pouring a normal 

1.5% agarose gel onto the gel plate and cutting away the central portion. The 0.5% 

gel was poured inside. The wells were made in the gel using a 16 or 18 slot comb 

with teeth the correct size to allow a third of a plug to slide easily into the well. The 

gels were loaded using a metal microspatula taking care not to damage the plugs. 

An appropriate marker (A concatemers, S.cerevisiae or S.pombe depending on the 

pulse time) was loaded alongside the mammalian DNA tracks. The loaded gel wells 

were sealed with 0.5% LGT agarose. The running buffer was O.SxTAE. The run 

time was 30 hours for most gels. For gels used to detect alphoid DNA methylation
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Pulse time
14 s
19 s
34 s
44 s
65 s
79s
89s

99 s*
10 m

Voltage
150
150
150
150
150
150
150
150
44

Temp °C
20
20
20
20
20
20
20
20
4

gel cone.
1.5%
1.5%
1.5%
1.5%
1.5%
1.5%
1.5%
1.5%
0.5%

Size separation
around 150kb

up to about 360kb
around 500kb
around 600kb

up to about 800kb
up to about 900kb

around 1000kb
around 1100kb

up to 3.5Mb

Table 2.4: Conditions used for PFGE. The table lists the conditions for the appara­ 
tus used in most of the experiments described. There was slight variation between 
gel boxes. *99 s is the longest pulse time useful under these conditions of voltage, 
temperature and gel concentration.

patterns, the run time was 20 hours to keep around 6.0kb on the gel.
After the run, the gel was stained with ethidium bromide (a few drops of a 

lOmg/ml stock in 500ml of running buffer) for an hour with shaking and destained 
in distilled water for 2 hours before photography. The DNA in the gel was visualised 
under 300nm UV illumination and photographed through an interference filter (Xmax 
= 590nm, half band width = 10mm) on Kodak Technical Pan 4415 film, Sin by 4in.

2.4.2 Conventional gels
Conventional gels were run in vertical glass gel boxes using a 19 well comb large 
enough to load plugs into. The agarose concentration was 1% in O.SxTAE and 
the running buffer was O.SxTAE. The gels were run overnight at 28V using A 
Hindlll molecular weight markers. The gel was stained for 30 minutes with ethidium 
bromide and destained briefly. Photography was as described for pulsed field gels.

2.5 DNA Transfer

Gel pre-treatmeiit

DNA transfer was essentially according to [Southern 1975a]. After photography, 
waltzer gels were depurinated for 20 minutes in 0.125M HC1 [Wahl et al. 1979]. 
This was followed by denaturation for 2x30 minutes in 0.5M NaOH, 1.5M NaCl. 
The gel was then rinsed in distilled water before neutralising in l.OM Tris (pH 
8.0), 1.5M NaCl for 2x30 minutes. Each wash was done with constant shaking. 
Conventional gels were much thinner than waltzer gels and these were denatured 
for 30 minutes and neutralised for 30 minutes before blotting.
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Component
Oligolabelling buffer (OLE)

lOmg/ml Bovine serum albumen (BSA)
DNA in agarose

32 P dCTP 
Large fragment of DNA polymerase I

Volume
10/d
2//1

32.5/xl

0.5/il

Table 2.5: Oligolabelling mix

Transfer to nitrocellulose

The pre-treated gel was placed on a sheet of Whatman 3mm in contact with a 
reservoir of 20xSSC. The gel was surrounded by nescofilm to prevent solution from 
escaping around the gel and causing a short circuit. A sheet of nitrocellulose, (pre- 
wetted in 2xSSC) was carefully placed on top of the gel followed by a sheet of 
Whatman 3mm and a packet of tissues. The blot was left overnight and then the 
filter rinsed briefly in 2xSSC to reduce the salt concentration and remove any gel 
fragments. The dry filter was baked at 80°C in a vacuum oven.

Transfer to nylon
The transfer procedure for nylon (GeneScreen+) was the same as for nitrocellulose 
except that the filter was not neutralised before transfer and the transfer solution 
was 0.4M NaOH. After blotting, the filter was neutralised in 0.2M Tris-HCl pH 7.5 
and 2xSSC and then rinsed briefly in 2x SSC and dried.

2.6 Hybridisation
2.6.1 Making the radioactive probe
The Y-derived alphoid probe used in these experiments was pYal: a 6.0kb Y 
alphoid DNA unit subcloned into the EcoRl site in the vector pEMBL 18+ from cos- 
mid cY77 [Tyler-Smith and Brown 1987]. DNA probes were oligolabelled accord­ 
ing to the protocol of [Feinberg and Vogelstein 1983, Feinberg and Vogelstein 1984]. 
The Oligolabelling reaction was set up as indicated in the table 2.5.

The Oligolabelling reaction was left for about three hours at room temperature. 
After incubation, the reaction was made up to 100/fl with TE and phenol extracted 
by mixing with 100/zl of phenol followed by 100/il of chloroform. The mixture was 
spun in a microfuge for 5 minutes and the upper layer transferred to a fresh eppen- 
dorf tube. To this was added 400/il of absolute ethanol, 20//1 of 10M ammonium 
acetate and 2/zl of 10mg/ml sonicated salmon sperm DNA. This was left on dry ice 
for 5 minutes to precipitate the DNA. The tube was then spun in a microfuge for 5
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minutes, and the pellet dried under vacuum. The pellet was resuspended in lOO/il 
of water, denatured and then added to the hybridisation mix.

2.6.2 The hybridisation solution 
For nitrocellulose

Hybridisations were carried out in GxSET/Denhardts (20xSET is 3M NaCl, 0.4M 

Tris-HCl pH 7.8 and 20mM EDTA; 20xDenhardts is 0.4% BSA, 0.4% Ficoll and 

0.4% polyvinylpyrrolidone), 10% dextran sulphate, 0.1% sodium dodecyl sulphate 

(SDS), 0.1% sodium pyrophosphate, 0.5mg/ml heparin and 200/ig/ml denatured 

sonicated salmon sperm DNA. 10ml was used per filter. The filters were pre- 

hybridised in the above solution for at least three hours before addition of the 

probe. For somatic cell hybrids, the hybridisations with the alphoid probe were 

carried out at 68°C overnight. For hybridisations to human DNA, the tempera­ 

ture used was 79° overnight to reduce cross hybridisation to alphoid DNA on other 

chromosomes.

For nylon

The filters were hybridised in 5xDenhardts, 0.5M phosphate buffer pH 7.5 (2.1ml 

of 2M Na2 HP04 plus 0.4ml of 2M NaH 2 PO4 per 10ml of hybridisation solution), 

1% SDS, 10% dextran sulphate and lOO^g per ml of denatured sonicated salmon 

sperm DNA. A pre-hybridisation of 3-6 hours preceded the overnight hybridisation 

at 68 or 79°C.

2.6.3 Washing filters and autoradiography

Filters were washed first in 2xSSC, 1% SDS at 65°C for 30 minutes with shaking. 

The second wash was in O.SxSSC at 65°C for 30 minutes. The final wash was in 

O.lxSSC at 65°C for 30 minutes. The filters were air-dried and exposed to Fuji Rx 

X-ray film with a Philips intensifying screen at -70°C.

2.6.4 Determination of intensity of hybridisation from au- 
toradiographs

For dicentric and pseudo-dicentric chromosomes, the number of Y alphoid DNA 

blocks per Y chromosome was not known. To determine this, the DNA from these 

cell lines was digested with EcoRV, run on a conventional gel (as above) and hy­ 

bridised with the probes pYcd and Y190. The intensity of pYal hybridisation 

(which represented the number of Y alphoid DNA blocks per cell) compared to 

Y190 (which was an internal standard which represented the number of Y chromo­ 

somes per cell) was compared. The relative intensity of the two bands in each track
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on the autoradiograph were measured with a Molecular Dynamics optical scanner. 
The Scanner was able to produce a digitised value for the intensity of hybridisation 
in a given band. For each band scanned, the intensity value was corrected for local 
background intensity and expressed in arbitrary units.
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Chapter 3

Structure of the alphoid DNA on 
normal Y chromosomes

3.1 Detailed molecular map of the 3E7 Y chro­ 
mosome alphoid DNA

This chapter describes the structure of the centromere-linked alphoid DNA in nor­ 
mal human Y chromosomes.

Restriction maps have been made of the Y alphoid DNA on two Y chromosomes 
[Tyler-Smith and Brown 1987] using five enzymes. It was decided to extend the 
analysis of these regions to create a more detailed view of the organisation of alphoid 
DNA at the Y centromere.

First, a search was made for additional useful restriction enzymes. Y alphoid 
DNA cloned into the cosmid cY77 [Tyler-Smith and Brown 1987] was digested with 
a range of restriction enzymes. Table 3.1 shows which enzymes do not have sites 
within the alphoid DNA units. These enzymes are useful for mapping the sequences 
flanking the Y alphoid DNA blocks and have been used here to produce detailed 
restriction maps of two blocks. The Y alphoid DNA of 853, a human-Y hamster 
somatic cell hybrid, has been mapped in detail [Tyler-Smith 1987]. At the same 
time, the Y chromosome alphoid DNA from 3E7 and OXEN were mapped in this 
study using a selection of restriction enzymes which do not have sites within most 
of the units.

The digested 3E7 DNA fragments were separated on the Waltzer pulsed field gel 
electrophoresis (PFGE) apparatus and hybridised with pYal. Photographs of the 
autoradiographs of digests which contributed to the maps are shown in figure 3.1. 
Single digests revealed the fragment sizes, and restriction enzyme sites were placed 
with respect to one another with double digests. (If the product of a double digest 
was a smaller fragment than either of the two single digests, then the sites could be 
placed with respect to one another.)

The restriction map of the 3E7 Y chromosome alphoid DNA constructed from
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Restriction enzyme
Hpal 
Sstl 
Bglll 
Bgll 

Pvull 
Accl 
Avail 

Eco 01091 
BstXl 
Tthllll 

Seal 
Bell 

BamHl 
BstEll 
Kpnl 
Apal 
Sfil 
Nael 
Narl 
Sail 
Eagl 
Clal 
Pvul 
Smal 
Sstll 

BssHll 
Xhol 
Notl 

EcoRl 
EcoRV 
Hindlll 

Pstl 
Xbal 

Haelll 
Styl

Site(s) in alphoid DNA

Table 3 I" A list of restriction enzymes. - indicates the absence of sites in Y alphoid 
DNA units. + indicates the presence sites in Y alphoid DNA units. *The restriction 

enzymes were tested on the cosmid cY77.
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the data in figure 3.1 is shown in figure 3.2. The size of the alphoid block was 
determined from the Pvull single digest. 3E7 was approximately 430kb although 
the edges of the block were not clearly defined as indicated by the broken edges 
of the pYal homology in figure 3.2. Most of the restriction sites were placed by 
combined digestion with Hpal. These were Kpnl, BstEll, BamHI, Bell, Eco0109l, 
Apal, SstI, Seal, BstXl, Pvull, Bgll and Tthllll (figure 3.1, part a and b). Avail 
double digests placed AccI, Bglll and Pvull sites (figure 3.1, parts c, d and e). The 
clustered Avail sites are present in consecutive 6.0kb repeat units. The 6.0kb units 
constitute a minority of units compared to the 5.7kb units in some but not all of the 
Y chromosome alphoid DNA blocks, Avail sites have been mapped in cosmid clones 
[Tyler-Smith and Brown 1987] who showed that the 6.0kb units which contain the 
extra Avail sites are clustered together. In addition, 3E7 has an Accl cluster of 
sites within the block. Most of the other restriction sites were close together around 
the edges of the block. Exceptions included Apal which was approximately 400kb 
away from the edge of the block; Kpnl at 200kb away from the block; next in was 
BstEll about 150kb away followed by Eco0109l at 100kb away from the edge of 
the block (figure 3.2).
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Figure 3.1. 3E7 restriction fragments detected by pYctl.
3E7 DNA was digested with restriction enzymes and hybridised 

with pYcd. The restriction fragments shown here were used to con­ 
struct a map of the 3E7 Y alphoid DNA (figure 3.2). Each track 
contains DNA digested with one or two restriction enzymes as indi­ 
cated. The sizes of the fragments in kb are shown at the side of the 
tracks.
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Figure 3.2. Restriction site map of the 3E7 Y alphoid 
DNA.

The horizontal line represents the chromosomal DNA with restric­ 
tion enzyme sites marked. The two shorter maps beneath show the 
positions of restriction sites which were not oriented with respect to 
the longer map and are therefore shown in both possible directions. 
The Avail sites in the upper map are the same as the two outer most 
Avail sites on the maps below. The sites with multiple branches in­ 
dicate restriction enzyme sites which are clustered. The thick line 
beneath the maps indicates the approximate region of homology to 
pYal and the broken edges show that the ends of the alphoid DNA 
are not clearly defined. The scale shows the length of the alphoid 
DNA in kb, which is around 430kb in 3E7.

Gel photograph showing yeast and lambda markers

Fig3.



R
es

tr
ic

tio
n 

si
te

 m
ap

 o
f t

he
 3

E
7 

Y
-c

hr
om

os
om

e 
al

ph
oi

d 
D

N
A

a

O
) ffi

o 
•=

 =
 

•=

C
O

to <
c3 > L

0
 

U <

CO Y
« 

^ 
i 

^ 
< 

^
M

X
 

^
/

1 c
( 

3> 
:

Q 
<0 > t

«J
 

=
 
3

>
 

D
);

»
<

 
G

Q
lL

u o
<

m
 _

o 
"5

 
ra

o 
> 

>
<

 
Q

. 
<

cl
us

te
rs

 o
f s

ite
s

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

kb

F
ig

ur
e 

3.
2



3.2 Detailed molecular map of the Y chromo­ 
some alphoid DNA from OXEN

pYal, although derived from the human Y chromosome, [Tyler-Smith and Brown 1987] 

also hybridised to alphoid DNA sequences on other chromosomes at 68°C (see 

figure 3.3, left hand side). The cross-hybridisation produced a complex series of 

bands making it difficult to identify the Y-specific bands. To observe Y chro­ 

mosome alphoid DNA in a human background, the temperature of the hybridisa­ 

tion was raised to 79°C. This increased hybridisation stringency reduced the cross- 

hybridisation to other chromosomes as illustrated on the right hand side of figure 

3.3. The Y chromosomes from the OXEN 49,XYYYY lymphoblastoid cell line were 

mapped in a similar way to the 3E7 chromosome. The restriction enzyme digests 

which contributed to the sites on the map are shown in figure 3.4. The restriction 

enzyme sites were again placed using single and double digests, (figure 3.5). Hpal 

double digests placed A/ml, BamHl, Apal and BstEll (figure 3.4, part b). The 

remaining sites for EcoOlOOl, BstXl, Pvull, Bgll, Tthllll, Avail and Accl were 

placed with Sstl and Bell double digests (figure 3.4 part c). On the left hand side 

of the map (figure 3.5), there are two Sstl sites which produced a small alphoid 

fragment of 70kb. The restriction enzyme sites which occurred in this fragment 

cleaved it into smaller fragments allowing precise mapping in this region. On the 

right hand side of the map (figure 3.5) there were two Bell sites. Cleavage of this 

small (130kb) fragment placed restriction sites precisely on the right hand side of 

the map.
The size of the alphoid block was 1000kb although where the alphoid sequence 

ends was not clearly defined. The OXEN Y alphoid DNA block had an Accl site 

in the middle of the block, and as mentioned above, an extra Sstl site on the left 

hand side and an extra Bell site on the right hand side of the block. There was also 

an additional alphoid fragment produced when the DNA was digested with Avail 

or EcoOlOQl which indicated that these two enzymes had sites within the alphoid 

block.
The detailed restriction maps of these two Y alphoid DNA blocks and that of 

853 [Tyler-Smith 1987], showed variation between the alphoid blocks on different Y 

chromosomes. The most obvious difference was block size; 3E7 was 430kb; OXEN 

was 1000kb and 853 was 540kb. In addition there were internal restriction enzyme 

site polymorphisms. In OXEN and 853, digestion with EcoOlOOl produced two 

fragments, so there was a site for this enzyme inside the block. 3E7 lacked this 

internal site. 3E7 and OXEN had internal Avail sites whereas 853 lacked them. It 

was therefore decided to make a detailed survey of a collection of normal males in or­ 

der to determine the extent of polymorphism between chromosomes. An assessment 

of the extent of variation in the population would then allow a comparison to be 

made between the alphoid DNA of normal centromeres and that on cytogenetically 

abnormal Y chromosomes.
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6kb

Figured Hybridisation of pYalphal to OXEN, male and female 
DNA samples.
The Hindlll digests on the left hand side were hybridised at 68oC and 
those on the right at 79oC.
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Figure 3.4. OXEN restriction fragments detected by 
pYal

OXEN DNA was digested with restriction enzymes and hybridised 
with pYal. The restriction fragments shown here were used to con­ 
struct a map of the OXEN Y alphoid DNA (figure 3.5). Each track 
contains DNA digested with one or two restriction enzymes as indi­ 
cated. The sizes of the fragments in kb are shown at the side of the 
tracks.
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Figure 3.5. Restriction site map of the OXEN Y chro­ 
mosome alphoid DNA.

The horizontal line represents the chromosomal DNA with restric­ 
tion enzyme sites marked. The thick line beneath the map indicates 
the approximate region of homology to pYal. The broken edges show 
that the ends of the alphoid DNA are not clearly denned. The scale 
shows the length of the alphoid DNA in kb, which is around 1000kb 
in OXEN.
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3.3 Y alphoid DNA polymorphisms in 42 nor­ 

mal Y chromosomes

Selection of Y chromosomes and restriction enzymes to detect Y alphoid 
DNA polymorphisms

A set of restriction enzymes was selected to survey the Y alphoid DNA polymor­ 

phisms in a group of unrelated males. These males were selected from the population 

according to availability and willingness to give blood. Most of the 42 normal Y 

chromosomes came from blood samples. A few were from lymphoblastoid cell lines 

and OXEN, 3E7 and 853 cell lines. The enzymes chosen to detect polymorphisms 

of alphoid DNA block length were Bglll, Pvull, Avail, Accl, EcoOlOQl, Bell and 

Apal. All of these enzymes were expected to detect block size polymorphisms. Pvull 

and Bglll revealed the block size. Bell, Eco0109l, Avail and Accl were included 

because they showed additional internal sites in one or more of the three Y chro­ 

mosomes mapped in detail. Apal was included because it cut approximately 400kb 

from the block and thus allowed any variation in the 400kb of flanking DNA to be 

analysed.
Hindlll has a site in all of the Y alphoid DNA 5.7kb units, so Hindlll detected 

a 5.7kb fragment in all individuals. Some blocks showed additional minor 4.1kb 

and 1.9kb fragments due to an extra site in the 6.0kb units. Figure 3.6 shows 

the typical unit structure of part of an alphoid block. Structure a has some 6.0kb 

units. This type of structure would produce the extra minor fragments. The second 

structure illustrated in b, has only 5.7kb units as no minor fragments were seen in 

a Hindlll digest. Hindlll polymorphisms were detected on conventional gels and 

are illustrated in figure 3.3. The first male track has 6.0kb subunits and the second 

lacks them.
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Figure 3.6. The typical unit structure of part of a large 
and a small Y alphoid DNA block.

The horizontal line represents a region of six units of Y alphoid 
DNA. The thin vertical bars indicate the unit structure. In small 
blocks, as shown in 6, the 5.7kb units had one Hindlll site per unit. 
The Hindlll sites are represented by thicker vertical bars. A small 
block therefore had a 5.7kb fragment in a Hindlll digest. In large 
blocks, there were mostly 5.7kb units which gave 5.7kb Hindlll frag­ 
ments. However there were also some clustered 6.0kb units as shown 
in case a. These had an extra Hindlll site and additional fragments 
of 4.1kb and 1.9kb were present in a Hindlll digest.



Hindlll Hindlll Hindlll Hindlll Hindlll Hindlll Hindni HindHI

The position of the Hindlll sites in part of a large Y alphoid DNA block

Hindlll Hindlll Hindlll Hindlll Hindlll Hindlll

The position of the Hindlll sites in part of a small Y alphoid DNA block

5.7kb

Figures.6.The typical unit structure of part of 
a large and a small Y alphoid DNA block.
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Y alphoid DNA polymorphisms

The variation in block size determined by Pvull digestion is illustrated in figure 

3.7. The size range for the 42 individuals was from 245kb (male 32) to 1000kb 

(male 19). This demonstrated the polymorphic nature of Y alphoid DNA. There 

are variations in the intensity of some of the bands. The very faint bands are as a 

result of damage to the digested plugs during gel loading.

The fragment sizes for each enzyme for the 42 individuals are summarised in 

table 3.2. Column 1 lists the individuals; columns 2-8 show the size(s) (in kb) of 

the alphoid fragment(s) detected after digestion with the enzyme indicated. Column 

9 shows the presence of the 4.1kb and 1.9kb alphoid fragments (+) or their absence 

(-). Column 10 indicates the alphoid allele assignment and column 11 indicates the 

group to which the chromosome belongs (discussed below).

The Pvull fragment size distribution was plotted on the histogram in figure 

3.8. At least 20 different sizes could be distinguished between 42 chromosomes. 

The distribution of alphoid DNA polymorphisms is clearly not random. The Y 

alphoid DNA blocks appear to fall into two different groups. The small alphoid 

DNA group has a block size centred about 300kb and the large group at 900kb. A 

group number was assigned to each chromosome and listed in column 11 of table 

3.2. The Bglll and Accl fragments in most cases were similar in size to the Pvull 

fragment size. The Bell fragment was usually approximately 50kb larger than the 

Pvull size. Thus the internal size polymorphisms detected by Accl and Bell are not 

common in the population analysed. The Apal fragment was usually approximately 

400kb larger than the Pvull fragment size. The flanking sequences contained in the 

Apal fragment are not very polymorphic. Block size however, was not the only 

polymorphic feature associated with each individual. Avail and EcoOlOOl detect 

both block size differences and frequent point mutations. These polymorphisms 

along with the Hindlll polymorphism are represented by symbols inside the squares 

on the histogram (figure 3.8).
In summary, small alphoid DNA blocks (245-445kb, apart from 3E7), had no 

internal Avail sites and a EcoOl09l site approximately 100kb away from the block. 

These individuals (except 3E7) had no 6.0kb units in their alphoid block and so 

no extra Hindlll minor fragments. Large alphoid DNA blocks (650-1050kb) had 

internal sites for Avail and Eco0109l. These individuals had some 6.0kb units 

which contained extra Hindlll sites. The Avail and Eco0109l polymorphisms are 

summarised in figure 3.9. All individuals in the small group were of Caucasian or 

part Caucasian origin. The individuals in the large group were Caucasian or Asian 

(including Oriental) in origin.
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Table 3.2.Alphoid DNA restriction enzyme fragment sizes for 42 normal Y chromo­ 
somes.

1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34
35
36

37
38
39

OX
3E7

853

alphoid
Bglll PvuII AccI Avail EcoO109I Bell Apal Hindlll

2 3 4 5 6 789

265 275 285 280 380 330 650
320 320 330 330 480 380 745
310 310 330 310 450 380 695
360 350 360 355 430 410 720
275 280 275 275 390 355 690
840 810 790 680+90 830+175 900 1200 +
330 330 330 330 420 375 720
320 320 340 340 420 400 750
910 910 950 840+90 950+120 1030 1300 +
315 315 335 335 425 380 680
415 415 430 415 500 460 790

950 940 990 910+90 950+120 1030 1320 +
415 415 430 415 515 475 840

940 920 960 850+100 925+120 1010 1330 +
295 295 315 295 400 350 665
970 950 990 920+100 970+120 1060 1340 +

335 335 360 335 425 400 720
300 295 305 295 395 350 685
1065 1050 1130 1010+901070+120 1205 1360 +

270 270 285 285 400 360 690
310 310 325 325 425 370 700

680 660 620 700+80 640+150 660 1060 +

950 940 950 890+80 910+120 1000 1320 +

350 350 370 360 470 410 740
1020 1020 1080 950+90 1020+120 1100 1340 +

335 335 350 345 465 415 725
800 800 800 730+70 760+120 820 1200 +

860 860 860 730+70 840+120 900 1180 +

545 545 550 545 510+120 590 920
345 345 360 360 465 410 740
280 275 290 280 385 335 670

245 245 255 250 350 305 640

880 870 890 575+175 870+120 940 1300 +
+60

505 505 520 510 490+120 570 900

270+115 375 385 375 475 435 760
920 920 920 840+100 910+120 960 1260 +

+50
650 650 650 600+70 630+120 725 1030 +

1000 1000 1010 950+70 1000+120 1050 1270 +

650+360 650+360 650+375 650+300 675+350 675+425 1380 +
+100

970 1000 500+500 930+80 910+120 950+130 1400 +

400 430 350+45* 190+140 610 520 890 +
+100

540 540 530 530 530+120 610 930

10
22
21
22
21
22
11
22
22

7
22
18

6
17

7
22

6
21
22

1
22
23
13

6
22

2
21
12
10
15
20
22
24

8

15
19
9

14
5
3

4
16

15

11
1
1
1
1
1
2
1
1
2
1
1
2
1
2
1
2
1
1
2
1
1
2
2
1
2
1
2
2
-
1
1
1
2

-
1
2

2
2
2

2
-

-

DNA fragment sizes (in kb) and alphoid haplotypes of 42 normal human Y chromosomes. Column

I lists the individuals. Columns 2-8 show the size(s) of the alphoid fragment(s) detected after 

digestion with the enzyme indicated. Column 9 shows the presence of the 4.1kb and 1.9kb alphoid 

fragments (+) or their absence (-). Column 10 indicates the alphoid allele assignment. Column

II indicates the group to which the chromosome belongs.
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Figure 3.8. Distribution of alphoid DNA sizes and asso­ 
ciated polymorphisms on 42 Y chromosomes.

Each square represents one individual. The size of the Pvull frag­ 
ment (the sum of the two fragments for individual 39) was used as 
the measure of block size. Additional polymorphisms found in the 
individuals are indicated by the symbols inside the square. The Y 
chromosomes seem to fall into two groups. Most of the small Y 
alphoid DNA blocks from 245kb to 445kb have one Avail fragment, 
one EcoOl09l fragment and 5.7kb alphoid Hindlll fragments. Large 
blocks from 650kb to 1095kb are associated with two or more Avail 
fragments, 5.7kb, 4.1kb and 1.9kb Hindlll fragments and two alphoid 
EcoOl09l fragments. The intermediate group at 500-545kb indicates 
the possible presence of a third group of Y chromosomes and one of 
the individuals in the small group (3E7) had an odd combination of 
characteristics.
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There were a few individuals who had exceptional features. Male 35 (table 3.2) 
had an internal Bglll site. Male 39 (table 3.2) had a cluster of such sites for each 
enzyme except Apal, possibly due to an insertion of non-alphoid DNA into the 
block. Male 19 had an Accl and a Bell fragment much larger (approximately 100kb 
larger) than expected. The Apal fragment on the other hand was about 100kb 
smaller than expected. This block therefore had a few unusual features compared 
to the majority of the chromosomes.

The presence of three individuals between 500-545kb (figure 3.8) with interme­ 
diate characteristics, indicated the possibility of a third group. This group had a 
size that was intermediate between the other two groups and the internal restric­ 

tion enzyme sites were a mixture of those observed in the other two groups (figure 
3.8). The chromosomes in this group had two alphoid Eco0109l fragments typical 
of a large block and one alphoid Avail fragment plus 5.7kb only alphoid Hindlll 

fragments typical of a small type chromosome.
The highly polymorphic nature of the alphoid DNA has enabled the combination 

of restriction enzymes used here to distinguish 24 Y alphoid DNA alleles. The 
alleles are listed in column 10 of table 3.2. Since most of the Y chromosome does 
not recombine, the Y alleles denned represent distinct male lineages. The results 
define 24 male lineages, clustered into two main groups (column 11, table 3.2). The 
error associated with size measurements made on different gels was about ±5%; 
the error when samples were analysed on adjacent tracks of a gel was about ±1%. 
These errors were taken into account in assigning an allele. In many cases, apparent 
but small differences were not considered different beyond doubt and were therefore 
assigned to the same allele. In a few cases, sizes differed more significantly but 

nevertheless could not be divided into distinct categories and were assigned to one 
allele. The 24 allele in table 3.2 are therefore an underestimate of the number of 
alleles present in this population of Y chromosomes.

3.4 Analysis of meiotic stability of Y alphoid 
DNA

The Y alphoid DNA blocks of a family with a large number of males were analysed 
for variation. The restriction enzyme Bglll detected two fragments; 270kb and 

115kb due to an internal site for Bglll in this alphoid block. The digests can be 
seen in figure 3.10. Track 1 shows the father; track 2 shows the mother, who had 
no Y alphoid DNA fragments. Tracks 3 to 12 are sons. All but one of the sons had 
identical bands to their father's. However, the son in track 8 had a 285kb band 
instead of a 270kb band. A difference might occur as a result of non-paternity or of 
mutation. The individual represented in track 8 was almost certainly a legitimate 
son of the father because, as determined by the survey of the 42 males, an internal 

Bglll site is rare in the population but is present in all members of this family
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including the non-identical individual (male 35, table 3.2). In addition, further 
exposure of the autoradiographs revealed cross-hybridisation to autosomal alphoid 
bands. In the population and in the mother and father these patterns are very 
variable. However all of the bands in track 8 can be identified in the DNA of either 
the mother or the father. The increase in size of the alphoid band is therefore likely 
to be due to an unequal sister chromatid exchange event which took place in male 
meiosis. The increase in size of the block in track 8 was about 15kb, equivalent to 
an addition of 2 or 3 Y alphoid DNA units.

There is another explanation for these results. It is possible that the increase 
in block size observed in this individual resulted from a mitotic event which took 
place in one or more of the lymphocytes of the individual. The lymphoblastoid 
cell line was established from one or a few cells, it is possible that this cell had 
a Y chromosome alphoid DNA block which had undergone a mitotic event and it 
appeared to be a meiotic event. The result could be clarified by examining a blood 
sample.
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123 4 5 6 7 8 9 1011 12

270kb

115kb

m m

Figure 3.1QAnalysis of the meiotic stability of Y alphoid DNA.

Track 1 : Father. Track 2 : mother. Tracks 3 to 12 : sons. 
All DNA samples were digested with Bglll and hybridised with pYalphal. 
Two bands were present because the individuals had an internal Bglll 
site in the Y alphoid block. Track 8 had a 285kb band, not a 270kb band.
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3.5 Human Y chromosome C-band polymorphisms

C-bands are associated with constitutive heterochromatin. There are two C-bands 
on the human Y chromosome: a small pericentric C-band and a large polymorphic 
C-band located on the long arm. As shown above, the Y chromosome alphoid DNA 
block varies in size at least four fold and as alphoid DNA is a satellite sequence and 
satellite sequences are found in heterochromatin, we may ask whether there is any 
correlation between the size of the alphoid DNA block and the size of the pericentric 
C-band, as would be expected if alphoid DNA was a major constituent of the central 
heterochromatic C-band. In addition, the size of the long arm heterochromatic block 
was compared to the size of the central C-band.

C-banded metaphase chromosome spreads from 10 of the 42 chromosomes listed 
in table 3.2 were analysed. 5 were chosen from the large alphoid block group and 
5 from the small alphoid block group. The mean sizes of the long arm C-bands 
and the relative visibility (or the intensity of staining) of the central C-bands were 
determined from photographic enlargements by two independent people. The rela­ 
tive sizes of the central C-bands were assessed visually. The long arm C-bands were 
measured with a ruler and so were less subjective. The measurement of long arm 
C-band length was expressed as a percentage of the length of the whole Y chromo­ 
some because different Y chromosomes vary in length and there were differences in 
the extent of condensation of chromosomes within a preparation.

In a blind experiment, two individuals divided the central C-bands into two 
groups, one with small (faint and quite clear bands) and one with large (clear and 
very clear) C-bands. The two individuals agreed with each other in 8/10 cases. 
The assessment of relative intensity was therefore similar for both individuals. The 
size of the central C-bands did not however correspond to the amount of alphoid 
DNA present on each of the chromosomes. The results comparing the intensity 
of the central C-band, size of alphoid DNA block and the percentage of the Y 
chromosome consisting of long arm heterochromatin material are shown in table 
3.3. An example of a C-banded Y chromosome is shown in figure 3.11.
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Figure 3.11. C-banded chromosomes from a normal 
male

The length of the long arm C-band from the Y chromosome was 
measured. The intensity or visibility of the pericentric Y chromosome 
C-band was noted for each individual. In this case the pericentric C- 
band was very clear.



' /S/s
Central C-band

Figures. 11. C-banded chromosomes. 

The Y chromosome is indicated by the arrowhead.
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The central C-band intensity is assessed from 1-4 as faint (1), quite clear (2), 
clear (3) and very clear(4). 1 is the least distinct and 4 is the most distinct.

Size of the alphoid 
DNA block 

(large or small) Kb
small 245
small 350
small 275
small 295
small 415
large 940
large 1050
large 940
large 1020
large 920

Central C-band 
relative intensity

quite clear 2
faint 1
clear 3

quite clear 2
clear 3
clear 3

quite clear 2
very clear 4
quite clear 2
very clear 4

Long arm C-band 
(as a % of the total Y)

53
53
54
50
49
54
57
59
56
55

Table 3.3: Comparison between C-band and alphoid DNA block size

The central C-band was polymorphic in apparent size. The size of the central C- 
band was not related to the amount of alphoid DNA. In other words large central C- 
bands did not necessarily accompany large alphoid DNA blocks and vice versa. This 
suggested that alphoid DNA was not the main component of the heterochromatin 
present in the centromeric C-band of the human Y chromosome. Some other satellite 
sequences must be present in this region to account for the variation in intensity 
of the central C-band. Satellite 3 sequences have been found near the centromere 
region of the Y chromosome (Tyler-Smith, personal communication). Variation in 
the amount of this sequence could contribute to the polymorphic nature of this C- 
band. The size of long arm C-band was also independent of the size of the central 
C-band and the alphoid DNA block on the human Y chromosome.

56



Chapter 4

Structure of the alphoid DNA on 
abnormal Y chromosomes

4.1 Choice of abnormal Y chromosome cell lines
Cell lines with a variety of abnormal Y chromosomes were used in this study. It was 
difficult to obtain many abnormal cell lines. Therefore, due to the simplicity of the 
analysis, alphoid DNA structure was examined in all abnormal cell lines available. 
The first question asked was whether the alphoid DNA mapped into the centromeric 
interval or whether any of the chromosomal rearrangements separated alphoid DNA 
from the Y centromere.

4.2 Structural analysis of Y alphoid DNA
Table 2.2 lists the abnormal Y chromosomes used in this study, and table 4.1 shows 
the structure of the abnormal Y in each of the cell lines. The 'expected' structures 
(column 2) indicate the approximate regions of the Y chromosome expected to be 
present in each cell line on the basis of the cytological description which accompa­ 
nied the cell lines. The 'actual' structure (column 3) indicates the portion of the 
Y chromosome present in each cell line, taking into account a molecular analysis 
of the Y chromosome (Tyler-Smith, personal communication). The 'alphoid DNA' 
(column 4) indicates the presence or absence of the alphoid DNA determined in this 
study, for each abnormal Y chromosome. The idiograms representing the Y chromo­ 
some in table 4.1 are based on the cytological description by [Magenis et al. 1985]. 

Two of the cell lines, 863712 and 862492, had Y chromosomes described only as 
abnormal. Since these lines did not have a precise cytological description and have 
not been studied in detail for the presence of sequences other than alphoid DNA, 
their structures are represented by a question mark. GM03774 had a minority of 
cells with an iso Yq chromosome which is represented in brackets. In most cells, a 
chromosome fragment from the short arm of the Y was present as indicated in table
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4.1 ([NIGMS 1986 1987] and Tyler-Smith, personal communication).
870740, 863829, WSM 184, 861748, 870377, GM06967 and DL-278280R are lines 

which have dicentric iso chromosomes. 842968, has a monocentric iso chromosome. 
All these Y chromosomes have a Y-derived centromere and, as expected, Y alphoid 
DNA. 862752 was reported to have a dicentric iso Yp chromosome and would have 
been expected from its structure to have had alphoid DNA. However, it did not have 
alphoid DNA. Since it lacked other Y chromosome sequences, the Y chromosome 
from this cell line was either in very low copy number or had been lost entirely 
during cell culture.

GM02668 has a Y chromosome with a deletion of the long arm; as expected, a Y 
centromere and alphoid DNA were present. GM02730 and GM03595 have similar 
deleted chromosomes with Y centromeres according to their cytological descriptions. 
The Y chromosomes had been lost from these cell lines as determined by analysis 
of other Y chromosome sequences (Tyler-Smith, personal communication) which 
accounted for the absence of Y alphoid DNA. This is also the case for 870374 
and 862751 ring chromosomes. The ring chromosome from the cell line JOW had 
not been lost and alphoid DNA was detected. GM03774 has two abnormal Y 
chromosomes with Y-derived centromeres and Y alphoid DNA.

The two ill-defined chromosomes in the cell lines 863712 and 862492 have alphoid 
DNA but the lack of a precise description for these chromosomes meant that these 
lines were not very informative. Two translocation chromosomes 1491/76R and 
CHoP have Y derived centromeres and Y alphoid DNA. 1491/76R was of particular 
interest since it had been suggested that the Y centromere is present but inactive 
[Maserati et al. 1986]. If a loss of alphoid DNA accompanied centromere inactiva- 
tion, then the change could have been revealed by analysis of alphoid DNA on this 
Y chromosome. GM02103, GM02469, GM00118 and GM07970 were translocations 
which had as their only detectable Y chromosome material regions from the long 
arm. These chromosomes do not have a Y derived centromere and as expected, 
they lack the Y alphoid DNA interval.

RW has an interesting chromosome which has been reported as having a very 
small Y chromosome with a centromere but no Y alphoid DNA [Affara et al. 1987]. 
The absence of Y alphoid DNA was confirmed, but the cells received also lacked 
other Y sequences expected to be present on the basis of the description given by 
[Affara et al. 1987] (Chris Tyler-Smith, personal communication). 50 metaphases 
were examined and found to be 45,X; in none of them was there a small fragment 
that could have been the RW Y chromosome (data not shown). Thus the Y chro­ 
mosome fragment has been lost from this cell line.

Each cell line that was positive for the Y alphoid interval (15 out of 25 cell lines) 
was analysed in more detail with a series of seven restriction enzymes in the same 
way as the normal Y chromosomes were analysed. Figure 4.1 shows a set of seven 
digests Bglll, Pvull, Accl, Avail, Bell and Apal for each cell line. The fragment 
sizes are listed in table 4.2.
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Table 4.1. Abnormal Y chromosome structure
The structure of the abnormal Y chromosome(s) in each of the 

abnormal cell lines according to the cytological descriptions are listed 
in the 'expected' structure column. The structure of the abnormal 
chromosomes taking into account a molecular analysis of the Y chro­ 
mosome are listed in the 'actual' structure column. The presence (+) 
or absence (-) of alphoid DNA in each of the cell lines is indicated in 
the alphoid DNA column. Chromosomes that had no detailed cyto­ 
logical description and have not been studied by molecular analysis 
do not have a Y chromosome structure represented in the table.



Cell Line

870740 

863829 
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Figure 4.1. Alphoid DNA fragments on abnormal Y 
chromosomes

Alphoid DNA fragments detected in abnormal Y chromosomes 
with the restriction enzymes Bglll, Pvull, Accl, Avail, EcoOlOOl, 
Bell and Apal hybridised with pYal are shown. The size to the left 
of each of the photographs indicates the Pvu II fragment. Where there 
are two sizes, the larger size is the Apal fragment size in kb.
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Figure 4.1 and table 4.2, show that there are nine chromosomes which have a 
typical small block; two chromosomes which have a typical large block; one chro­ 
mosome which has an intermediate type structure; one chromosome which has a 
slightly different alphoid DNA structure and two chromosomes which have large 
differences in alphoid DNA structure. The different categories of alphoid DNA 
structures are discussed.

870740, 863829, WSM 184, 861748, DL-2782 80R, GM02668, GM03774, 862492 
and JOW had chromosomes with typical small blocks, with no internal Avail site 
and an EcoOlOOl site about 100kb away from the block. These were entirely normal 
type structures as seen in the study of 42 normal Y chromosomes (table 3.2).

1491/76R has a large block size, an internal Avail site and Eco0109l site char­ 
acteristic of a normal Y alphoid DNA large block. GM06967 has a Y chromosome 
alphoid DNA with an internal Avail and EcoOlOOl site characteristic of a large 
block, and an intermediate block size (probably a small size of the large type block).

870377 has an internal Eco0109l site which is typical of a large type block, a 
block size Avail fragment, characteristic of a small type block, and an intermediate 
block size. The characteristics of this chromosome fitted in with the intermediate 
group (a third possible group in the population) at 500-545kb on the histogram of 
normal individuals (figure 3.8).

863712 has a chromosome with an ;4ccl alphoid fragment smaller than expected 
probably as a result of the presence of an internal Accl site. The Y in 863712 has 
a combination of alphoid polymorphisms from the two different groups. It has an 
internal Avail site characteristic of a large block, an Eco0109l site about 100kb 
away from the block characteristic of a small block and an intermediate block size. 
These small differences are likely to represent naturally occurring polymorphisms.

842968, with a monocentric iso Yp, has an alphoid DNA structure significantly 
different from that seen in any normal Y chromosome. All the restriction fragments 
are the same size (330kb). There is a block size Apal fragment, (Apal fragments 
were 400kb larger than the block in normal chromosomes) and a block size Bell 

fragment (Bell fragments are 50kb larger than the block in normal chromosomes). 
The block also lacks internal Avail and Eco0109l sites. The cell line CHoP also has 
a significantly different alphoid structure: again, all the alphoid DNA restriction 
enzyme fragments in the CHoP digests are the same size as each other.

These analyses indicate that most abnormal chromosomes had Y alphoid DNA 
block structures which were similar to those seen in normal chromosomes or differed 
only slightly. The two exceptions were 842968 and CHoP which are considered 
further in the discussion.

In addition, this analysis of abnormal Y chromosomes allowed the alphoid DNA 
to be localised on the Y chromosome. Figure 4.2 shows the localisation of the 
Y alphoid DNA interval on the human Y chromosome determined by the analy­ 
sis of 861748, GM02888, 1479/76R and 842968 Y chromosomes. The boundary of 
the alphoid DNA interval was defined on the short arm by the Y chromosome in 
861748. This chromosome has the most proximal breakpoint on the short arm as
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Table 4.2.AIphoid DNA restriction enzyme fragment sizes for the abnormal Y chro­ mosomes.

Cell Line
870740 (L)

863829 (L)

WSM 184 (F) 

842968 (L)

861748 (L) 

870377 (L)

GM06967 (L) 

DL-278280R (F)

GM02668 (F)

GM03774 (F) 

863712 (L)

862492 (L)

1491/76R (F)

CHoP (L)

JOW (L)

870374 (L)

862751 (L)

862752 (L)

GM02103 (F)

GM02730 (F)

GM03595 (F)

GM02469 (F)

GM00118 (F) 

GM07970 (F)

RW(L)

Description*
45,X/46,X dicentnc iso Yp

45,X/46,X dicentric iso Yp

70% XO, 25% dicentric 
Yp, 5% XY 
46, X monocentric iso Yp

48, XX dicentric iso Yq 
dicentric iso Yq 
46, X dicentric iso Yq

45,X/46,X dicentric Y 
/47,X die Y die Y 
46, X dicentric iso Yq

45,X/46,X del Yq

45,X-|-fragment/46,X 
dicentric iso Yq 
45,X/46,X dicentric Y

abnormal Y

45,X t(Y;18)

45,X t(Y;18)

45,X/46,X ring Y

45,X/46,X ring Y

45,X/46,X ring Y

45,X/46,X dicentric Yp

46,X t(X;Y)

45,X/46,X del(Y)

45,X/46,X del (Y)

46,X t(X,Y)

46,XX-15 +der!5, 
t(Y;15) 
47,XX + der9, t(Y;9)

45,X/46,X +fragment Y

Bglll
300

440

365 

330

280 

510

520 

340

360

415 

650

350

1400

1460

325

-

-

-

-

-

-

-

-

-

PvuM
320

440

365 

330

280 

510

500 

340

350

410 

640

350

1400

1450

310

-

-

-

-

-

-

-

_

-

Arc]
335

475

390 

350

290 

530

520 

360

360

415 

500

370

1400

1450

320

-

-

-

-

-

-

-

-

-

Avail
335

455

375 

330

290 

530

450 

360

360

410 

560

350

1200 
+ 100
1420

310

-

-

-

-

-

-

-

-

Eco0109l
470

575

480 

330

420 

495

510 

450

450

485 

750

470

1280 
+ 140
1450

415

-

-

-

-

-

-

-

-

-

Rcl}
400

530

435 

315

330

600

580 

410

360

450 

690

400

1420

1460

360

-

-

-

-

-

-

-

-

-

Apal
730

900

720 

315

710 

910

900 

700

730

750 

1020

730

1900

1450

720

-

-

-

-

-

-

-

-

1- J „

the cell lines. More detailed information for some of the cells is found in table 2. (L) indicates 
lymphoblastoid cell line (F) indicates fibroblast cell line. All fragment sizes are in kb. - indicates 
that no alphoid DNA was detected.

The DNA fragment sizes (in kb) for each abnormal Y were detected after digestion with the 
enzymes indicated in the same way as the normal Y chromosomes. In 10 out of the 25 abnormal 
lines, Y alphoid DNA was not detected.
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determined by molecular analysis with other Y chromosome probes (Tyler-Smith, 
personal communication). The cell lines with chromosomes which have the most 
proximal breakpoints on the long arm are GM02668, with a deleted Y long arm 
chromosome and 1491/76R, with a translocated Y chromosome fragment. 842968, 
the monocentric iso Yp has a significantly different Y alphoid DNA pattern. To­ 
gether, the cytogenetic and molecular analyses suggest that the breakpoint in this 
chromosome is likely to be within the alphoid DNA. The alphoid DNA could there­ 
fore be localised to the centromere region of this chromosome as shown in figure 
4.2.
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Figure 4.2. Alphoid DNA localisation on the Y chromosome
The human Y chromosome idiogram (Magenis et a/, 1985) showing the localisa­ 

tion of alphoid DNA. On the right hand side of the chromosome the alphoid DNA 
interval is defined by the breakpoints of the Y chromosomes in the cell lines 861748 
on the short arm and GM02668 and 1491/76R on the long arm. On the left hand 
side of the chromosome, the alphoid DNA localisation is defined by the breakpoint 
in the alphoid DNA block of the Y chromosome in the cell line 842968.
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Figure4.2 Alphoid DNA localisation on the Y chromosome
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Cell line

normal Y
normal Y
normal Y
normal Y
861748
842968
870740
863712
863829
870377
862492

Intensity
of

alphoid
(arbitrary)
247027
2476951
1713529
101376
2563608
500645
762404
2653493
2493639
842557
559136

Intensity
of

Y190
(arbitrary)

56610
198344
198344
162741
526008
183892
168880
372500
287489
76745
106749

Size
of
a
kb
275
940
1050
320
280
330
320
640
440
510
350

Size
of

Y190
kb
570
570
550
570
570
550
565
640
565
530
565

Ratio
of

a:Y190

1.0
0.8
1.3
1.3
1.1
0.5
0.9
0.8
1.2
1.3
0.9

Assumed
no of

Y190 blocks

1
1
1
1
2
2
2
2
2
2
?

Nearest
integral no.
of a blocks

1
1
1
1
2
1
2
2
2
2
?

Table 4.3: Estimation of the number of alphoid DNA blocks in dicentric Y chromo­ 
somes

Alphoid DNA and inactive centromeres

Centromeric sequences are often deleted in dicentric yeast chromosomes 
[Jager and Philippsen 1989]. In mammals, dicentric chromosomes exist and are 
stable because one centromere is usually inactive. The previous sections have shown 
that the dicentric Y chromosomes examined have normal Y alphoid structures. This 
could be because two normal blocks were present per chromosome, or because one 
normal block was present and one was entirely deleted. Therefore it was decided to 
measure the number of alphoid blocks per dicentric chromosome.

Hybridisation with pYol and comparison of the intensities of the signal between 
normal and abnormal cell lines would not allow the determination of the number of 
alphoid DNA blocks because of variation in copy number of Y chromosomes in the 
cell lines and the differences in cell concentration between plugs. Instead, EcoRV 
digested DNA from abnormal cell lines was hybridised with a mixture of pYal and 
Y190 at the same time. Y190 acted as an internal standard and the intensity of the 
two bands was compared. The results are shown in table 4.3.

There was an intensity reading for the alphoid band and the Y190 band for 
each cell line. Due to the differences in specific activity of the two probes, an 
adjustment factor was necessary to produce comparable intensity figures. It was 
assumed that the normal Y chromosomes had one alphoid block and one Y190 
block. The intensities of the two bands were normalised by dividing the intensity 
of the alphoid hybridisation (column 2) by the block size (column 4) and Y190 
intensity (column 3) by block size (column 5) for the first normal male in table 
4.3. A ratio of one alphoid to one Y190 was assumed for this Y (shown in column
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6, row 1 as 1.0). Thus, for the first Y in table 4.3; 247047 divided by 275 = 898; 
56610 divided by 570 = 99. 898 divided by 99 = 9. This value was used to adjust 
the intensity values for the other chromosomes for differences due to probe specific 
activity.

The calculation of the number of blocks of alphoid DNA in an unknown chromo­ 
some can be illustrated using the data for 861748. The alphoid intensity 2653608 
divided by the alphoid block size 280 = 9477. The Y190 intensity 526008 divided 
by the block size 570 = 923. Correction for differences due to probe specific activity 
gives alphoid, 9477 : Y190, 8305 or 1 : 1.1. Since a ratio of 1.0 implies one alphoid : 
one Y190 block and from the cytological description this chromosome has two Y190 
blocks (column 7, from table 4.1), it therefore must have two alphoid DNA blocks 
(column 8).

When a different normal Y chromosome was used to calculate the adjustment 
factor for probe specific activity, the absolute values varied slightly, but the nearest 
integral number of alphoid blocks was the same for each chromosome.

For normal Y chromosomes the ratios implied one alphoid and one Y190 block; 
for the dicentric iso chromosomes, the ratios implied two alphoid blocks to two Y190 
blocks. For the monocentric Yp in 842968, the ratio was 0.5. Since the chromosome 
has two Y190 blocks (from its cytological structure), it therefore has one alphoid 
block from the ratio of intensities.

4.2.1 Methylation of Y alphoid DNA

It was decided to compare the extent of methylation of the alphoid DNA in nor­ 
mal and abnormal Y chromosomes to see if active and inactive centromeres were 
associated with different methylation patterns. The restriction enzymes Mspl and 
Hpall were used to detect methylation patterns in alphoid DNA since they cleave 
at the same site (which is present once in most units) and Hpall is sensitive to CpG 
methylation while Mspl is not. The enzymes were titrated to determine the extent 
of maximum digestion of the alphoid DNA. The DNA was digested first with Pvull 

to cut out the alphoid DNA from the rest of the DNA, then digested with 0, 20, 
40 or 60 units of either Mspl or Hpall. The results are shown in the first part of 
figure 4.3. 20 units of the enzymes were sufficient to achieve a limit digest. The 
two enzymes produced similar patterns indicating that there is little methylation 

detectable at the Hpall sites.
To take into account the possibility of cell type affecting the extent of methyla­ 

tion of the alphoid DNA, two lymphoblastoid cell lines, OXEN and male 3 (table 
3.2), and one fibroblast cell line (5659A) were digested with Pvull plus either Mspl 
or Hpall. The results are shown in the second part of figure 4.3. The male Pvull 
digest in track 14 was faint due to damage of the digested plug during gel loading. 
There was no significant variation in the alphoid DNA methylation pattern between 
lymphoblastoid and fibroblast cell types: no methylation was detected in either.

The single Y centromere from 1491/76R is thought to be inactive
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[Maserati et al. 1986]. Any difference in methylation pattern resulting from cen­ 
tromere inactivation would therefore have been seen in this analysis. For example, 
if centromere inactivation was accompanied by alphoid DNA methylation then the 
Hpall digest would not have been as completely digested as the Mspl digest. How­ 
ever, the two digests are similar (figure 4.3). Thus centromere inactivation is not 
accompanied by methylation at the Hpall site.

GM02668 (a deleted Yq), GM06967 (an iso Yq) and 870740 (an iso Yp) were 
analysed in the same way and the results are shown in the fourth and fifth parts of 
figure 4.3. There was no difference in fragment size between the Mspl and Hpall 
digests in GM02668, so there was no detectable methylation. In GM02668 and 
870470, the average fragment sizes in the Hpall digests appear to be larger than in 
the Mspl digests, therefore there may be some methylation. However, in no case was 
any block entirely methylated. The significance of this slight difference is unclear.
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Figure 4.3. The Y alphoid DNA methylation pattern in 
normal and abnormal cell lines.

Lanes 1 and 10 are Pvull only digests of OXEN DNA. Lanes 2 
to 5 are Pvull + Mspl double digests, with increasing units of Mspl 
from 20 to 80. Lanes 6 to 9 are Pvull + Hpall double digests, with 
increasing units of Hpall from 20 to 80.

The abnormal lines used were lymphoblastoid (L) or fibroblast 
(F). Lanes 11 to 19 show two lymphoblastoid and one fibroblast con­ 
trol cell lines. Digests of DNA with Pvull, Pvull + Mspl and Pvull 
+ Hpall for each of the normal Y cell lines: OXEN (tracks 11-13), 
male 3 (tracks 14-16) and GM05659A (tracks 17-19) are shown hy­ 
bridised to pYal, (note that male 3, lane 14 Pvull only digest was 
damaged during gel loading and appears faint in this picture).

Digests of DNA with Pvull, Pvull + Mspl and Pvull + Hpall for 
each of the abnormal Y cell lines: 1491/76R (tracks 20-22), GM02668 
(tracks 23-25), GM06967 (tracks 26-28) and 870740 (tracks 29-31) 
are shown hybridised to pYal.
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4.3 Analysis of Y alphoid DNA in Y chromo­ 
some fragments

The alphoid DNA from Y chromosome fragments created by chromosome medi­ 
ated gene transfer (CMGT) was analysed. At the beginning of this study CMGT 
was thought to transfer intact fragments of human DNA into rodent cell lines 
[Pritchard and Goodfellow 1986]. Y chromosome fragments generated in this way 
would have been useful in the study of the Y centromere. The question to be asked 
would be whether there was a correspondence between alphoid DNA and an active 
centromere. Stable autonomous (and therefore centric) Y chromosome fragments 
in a rodent background would have complemented the study of naturally occurring 
abnormal chromosomes.

DNA from transfected cell lines was digested with BamHl and probed with 
pYod. Pulsed field gel electrophoresis (PFGE) analysis of the alphoid DNA in these 
transfected chromosomes containing fragments of the Y chromosome from OXEN, 
revealed that these fragments were frequently rearranged and probably integrated 
into the host chromosomes. Figure 4.4 shows the patterns of fragments produced 
when some of the transfected chromosomes were digested with BamHl, run on a 
pulsed field gel and hybridised with pYal . Tracks 1-6 are the primary transfec- 
tants. There is a variety of patterns of Y alphoid DNA fragments. In the cell line 
IP2.2, one of the alphoid fragments remains in the limit mobility region of the gel, 
either because it is too large to separate at this pulse time or because the DNA was 
not completely digested. In addition, several smaller fragments were produced of 
approximately 270kb-510kb. In the cell line IP2.6, there are two alphoid fragments 
of 680kb and 460kb. In JP5.11, there was one 725kb fragment. In K1P4.2 there are 
two fragments of 470kb and 260kb although this track was rather thin due to dam­ 
age of the digested plug during gel loading. E1P4T10 has a large alphoid fragment 
at the limit of mobility at this pulse time. E2P3T5 produced one 610kb fragment. 
The remaining 7 tracks on the gel are secondary transfectants derived from IP2.6. 
Each track has a different pattern of alphoid fragments, often with multiple bands: 
figure 4.4.

Since it is seen that most transfectants have several small bands, so transfection 
resulted in small pieces of alphoid DNA (smaller than the parental size of 1000kb). 
The presence of multiple bands shows that some lines have fragments that are 
rearranged, particularly the secondary transfectants.

E1P4T10, has a single fragment located in the limit mobility band. This is 
a large fragment and it was decided to investigate this line further. Single digests 
using informative restriction enzymes were performed on E1P4T10 and compared to 
the parental OXEN Y chromosomes alphoid DNA. PvuII, Accl, Sstl, Bell, Bglll, 

Apal and BstXl were chosen because they had been used to map the OXEN Y 
alphoid DNA and the digests are shown in figure 4.5. The fragments are the same 
size in OXEN and E1P4T10. This shows that E1P4T10 contains an intact fragment
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of the Y chromosome at least 1400kb long.
Further digests with more infrequent cutting enzymes were used to study the 

longer range structure of E1P4T10 compared to OXEN, and the results are shown 
in figure 4.6. These digests were limit digests but were not actually complete since 
the restriction enzymes had CGs in their recognition sequence which are sensitive 
to methylation and produce multiple bands which may not reflect the distribution 
of sequences in the alphoid DNA of the two different cell types. Figure 4.6 shows 
the large fragments separated on these gels. Size determination at this size range is 
subject to more error than in the previous shorter pulse time gels (i.e >5%) and the 
yeast markers are sparse in this size range. For Nael, Bbel and Mlul, the alphoid 
DNA bands in OXEN and E1P4T10 are similar in size. BssHll detects a 200kb 
difference in size between the alphoid DNA fragments in the two cell lines. The 
two Sfil bands in the two lines are different sizes and in OXEN, Sstll detects two 
alphoid bands, but only one in E1P4T10. The extent of similarity between OXEN 
and E1P4T10 outside the 1400kb region is unclear.

The stability of the alphoid DNA patterns in the transfected cell lines was tested. 
Cells were grown in selective and non-selective medium for 4 weeks and the inten­ 
sity of the alphoid DNA bands compared between the selective and non-selective 
conditions. All the primary fragments appeared to be stably maintained in non- 
selective conditions. The intensity of BamHI digested fragments in IP2.6 after 2 
and 4 weeks is shown in figure 4.7. The fragments appeared to be stable. This may 
have been due to their being integrated into host chromosomes or because they had 
an active Y centromere. In situ hybridisation may have been able to distinguish 
between integrated and autonomous alphoid DNA fragments, but attempts at this 
technique were unsuccessful.

In conclusion, CMGT turned out to be less useful than anticipated in the analysis 
of Y chromosome centromere structure.
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Figure 4.4. Transfectants digested with BamHI and hy­ 
bridised with pYal

Mouse cells containing Y chromosome fragments generated by 
chromosome mediated gene transfer were digested with BamHI and 
hybridised with pYal. The cell lines IP2.2, IP2.6, JP5.11, K1P4.2, 
E1P4T10 and E2P3T5 are primary transfectants. A2, B2, D2, El, 
12, LI and L2 are secondary transfectants derived from IP2.6. A va­ 
riety of fragments were detected, most of which were smaller than the 
fragment detected in the parental OXEN chromosome BamHI digest. 
Sizes are indicated in kb.
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Figure 4.5. Comparison of the Y alphoid DNA structure 
in OXEN and E1P4T10.

Restriction enzyme digests of OXEN DNA were compared to di­ 
gests of DNA from E1P4T10 hybridised with pYal. E1P4T10 is a 
transfected cell line containing a large fragment of OXEN alphoid 
DNA. Each enzyme detected the same size alphoid DNA fragment in 
both cell lines. The enzymes are listed for each track and the sizes 
are indicated in kb.
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Figure 4.6. Comparison of Y alphoid DNA structure in 
OXEN and E1P4T10

Digests with infrequent cutting enzymes of OXEN DNA were com­ 
pared to E1P4T10 DNA digests hybridised with pYcd. The enzymes 
detected very large fragments in both cell lines. The fragments were 
not identical in all cases. Nael, Bbel and Mlul bands were similar in 
size, but the BssHll bands and the Sfil bands were different sizes in 
the two lines. In OXEN, Sstll detected two bands, but only one in 
E1P4T10. The enzymes are listed for each track and the approximate 
sizes are indicated in kb.
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Figure 4.7. Stability of Y alphoid DNA in the transfectant IP2.6

Cells were grown in selective or non-selective medium for 4 weeks. 
Samples were taken at 2 and 4 weeks. The DNA was digested with 
Bamffl and hybridised with pYalphal.
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Chapter 5 

Discussion

5.1 Structure of the Y alphoid DNA in normal 
Y chromosomes

5.1.1 Detailed structure of the Y alphoid DNA in 3E7 and 
OXEN Y chromosomes

The aim of this study was to analyse the structure of the DNA in the centromere re­ 
gion of the human Y chromosome. Yeast centromere structure has been elucidated 
in S.pombe by mapping centromere linked sequences followed by comparison of the 
sequences present in normal and abnormal centromeres. Alphoid DNA is located 
in the centromere region of human chromosomes. Its structure was therefore exam­ 
ined in normal chromosomes and compared with the structures found in abnormal 
chromosomes.

The analysis of Y alphoid DNA began in the mouse-human Y hybrid cell line 3E7 
because the Y derived alphoid DNA probe pYal cross-hybridised with the closely 
related alphoid DNA sequences on other human chromosomes. This initially made 
the identification of Y specific bands difficult in human cells. At the same time, the 
Y alphoid DNA structure was determined in the hamster-human Y hybrid cell line 
853 [Tyler-Smith 1987]. These two cell lines have different alphoid DNA block sizes, 
3E7 has a 430kb block and 853 has a 540kb block. There are also differences in the 
presence of some of the restriction enzyme sites, for example 3E7 has extra sites in 
its block for Avail and Accl (summarised in figure 3.2); 853 has an additional site 
in its block for Eco0109l [Tyler-Smith 1987].

Chromosomes in hybrid cell lines may be rearranged and unrepresentative of the 
normal chromosome structure: indeed there is evidence at the cytogenetic level that 
the Y chromosome in 3E7 is rearranged [Marcus et al. 1976]. Thus, it is possible 
that 3E7 or 853 may have different Y alphoid DNA structures to the Y alphoid 
DNA in normal human Y chromosomes. It was therefore decided to determine the 
detailed molecular structure of the Y alphoid DNA on a Y chromosome found in
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a human cell line. OXEN, a 49,XYYYY lymphoblastoid cell line was chosen. One 
reason for this choice was that OXEN was the donor cell line for the chromosome 
mediated gene transfer transfectants studied.

The cross-hybridisation with non-Y chromosome alphoid DNA was reduced by 
increasing the stringency of the hybridisation conditions. This allowed the Y-specific 
bands to be distinguished from the non-Y alphoid bands. The detailed structure 
of the Y alphoid DNA from OXEN was determined in a similar way to that of 
3E7. The OXEN Y has a large 1000kb alphoid block which contained additional 
restriction enzyme sites not found in 3E7 or 853, these were Bgll, SstI, and Bell. 
It also has additional Avail and Accl sites found only in 3E7 and an additional 
EcoOl09l site found only in 853. (summarised in figure 3.5).

Thus there is variation in the alphoid block size and presence of restriction en­ 
zyme sites in the three Y chromosomes. Due to the variation observed between these 
blocks, to understand fully the structure of this region and make meaningful com­ 
parisons between normal and mutant Y centromeres, it was decided to determine 
the restriction site polymorphisms in a larger collection of normal males.

5.1.2 Y alphoid DNA polymorphisms in 42 normal Y chro­ 
mosomes

The Y alphoid DNA from a random collection of unrelated Y chromosomes was 
studied. The Y alphoid block of each of these chromosomes was analysed with 
seven restriction enzymes chosen from those used to make the detailed maps of 
the 3E7 and OXEN Y alphoid DNA to detect restriction fragment length polymor­ 
phisms (RFLPs). RFLPs can arise from point mutations which result in the loss 
or gain of restriction enzyme sites, and from differences in the number of units in a 
tandemly repeated array. Variation in tandem units may result from unequal sister 
chromatid exchange. The block sizes (number of units in the alphoid DNA block) 
and distribution of RFLPs in the collection of males was determined. Comparisons 
between Y chromosomes revealed that the Y alphoid DNA block was very poly­ 
morphic in size and restriction enzyme site distribution. In addition, The size of 
the alphoid DNA units was investigated using Hindlll. Hindlll had one site in a 
5.7kb unit and two sites in a 6.0kb unit. So blocks with 5.7kb units only could 
be distinguished from blocks with 5.7kb -f 6.0kb units. Some of the alphoid DNA 
blocks had 5.7kb units only. Other blocks had 6.0kb units as a subpopulation in 
addition to the 5.7kb units.

The alphoid block size and associated polymorphisms are represented in the 
form of a histogram (figure 3.8). The Y chromosomes fall into two distinct groups. 
One of these groups has a small block size, between 200kb and 445kb. Small blocks 
had an Eco0109l fragment approximately 100kb larger than the block one Avail 
fragment and 5.7kb but no 6.0kb alphoid units. 3E7 had one EcoOlOOl fragment 
characteristic of a small block, but internal Avail sites and 5.7kb + 6.0kb units
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characteristic of large blocks. The small group had 21 members who were all Cau­ 
casian or part Caucasian in origin. The second major group had a large block size 
between 650kb and 1050kb. Large blocks had an internal Avail site, an internal 
EcoOlOQl site and 5.7kb + 6.0kb units. The large group had 17 members either 
Caucasian or Asian (including Oriental) in origin. Three members of the group 
of 42 chromosomes had blocks which were between 500-545kb in size and had an 
internal EcoOl09l site (characteristic of a large block) but no internal Avail site 
and only 5.7kb alphoid units (characteristic of a small block). This may represent a 
third group in the population. The alphoid DNA polymorphisms defined by these 
restriction enzymes allow Y chromosome alleles to be defined for each normal male 
analysed.

5.1.3 Y chromosome alleles and paternal lineages
Mitochondrial DNA (mtDNA), has three properties which make it useful in the 
study of female lineages. It has a maternal mode of inheritance, it does not recom- 
bine and it has a rapid rate of evolution compared to nuclear DNA [Stoneking et al. 1986]. 
Restriction enzyme analysis of polymorphic sites has allowed mtDNA structures to 
be divided into groups which define maternal lineages and to some extent reflect the 
geographic or racial origins of the group members. The analysis allows conclusions 
to be drawn on how, when and where the human gene pool arose. A tree relating the 
133 types of human mtDNA and a reference sequence was built, which links modern 
human populations to a common ancestral female. In the tree, a time scale was 
derived by assuming that mtDNA sequence divergence accumulates at a constant 
rate in humans between 2-4% per million years [Cann et al. 1987]. The authors 
concluded that all the mtDNAs tested stem from one woman who is postulated to 
have lived about 200000 years ago, probably in Africa [Cann et al. 1987].

In an analogous way, the Y chromosome with its haploid mode of inheritance 
provides a vehicle for the study of male lineages. The human Y chromosome is 
relatively devoid of polymorphic genetic markers [Casanova et al. 1985]. Y-linked 
RFLPs allow Y-specific alleles to be constructed. The polymorphic nature of the 
alphoid DNA on the human Y chromosome has revealed 24 alphoid DNA alleles in 
42 Y chromosomes. These alleles are shown in table 3.2.

The bimodal distribution of alphoid DNA block sizes was an unexpected find­ 
ing. A single normal distribution of block sizes would be expected from a random 
sample of Y chromosomes. It seems unlikely that it would be an advantage to an 
organism to have a small or a large block of alphoid DNA. This makes it unlikely 
that the alphoid DNA sequence is under any selective pressure to cluster into two 
distinct groups. Two explanations are possible to account for the two groups of 
chromosomes. The Y chromosomes could have become clustered into two groups 
by a process of convergent evolution. This is a somewhat unlikely possibility since 
it would require four independent features to become associated with one another. 
These features are alphoid block size, and Avail, EcoOl09l and Hindlll restriction
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site polymorphisms. It is more likely that the Y chromosomes in each group de­ 
scended from a separate male ancestor. The ancestor of group 1 would have had a 
small alphoid block lacking internal Avail sites, internal EcoO109l sites and 6.0kb 
units with Hindlll sites. The ancestor of group 2 would have had a large alphoid 
block with additional sites for Avail, EcoOlOOl and Hindlll. 38/42 (=90%)of the 
individuals fall into the two groups; these groups are therefore likely to represent a 
large proportion of the population.

Descent of present day chromosomes from a single male ancestor is inevitable. 
It is surprising however, that most of the Y chromosomes examined fall into two 
main groups indicating ancestry from two males. This does not mean that there 
were only two males around at the time, but that two male lineages have become 
dominant in the population and others have died out. The lineages defined here 
from Y chromosome alleles refer to the Y chromosome lineages not to the inheritance 
of non-Y sequences. The Y haplotype distribution found in this study suggests that 
the most common mutations in alphoid DNA are small changes in block size. Large 
changes in block size and point mutations detected by this method are predicted to 
be less common. These predictions are supported by the limited data available.

Meiotic stability of Y alphoid DNA

Analysis of mutations in the alphoid DNA block within male members of families to 
determine the mutation rate and average change in block size per mutation would 
allow the divergence time of each group to be estimated. The divergence time since 
the common ancestor of all groups or the Y chromosome 'Adam' could also be 
estimated.

One family has been investigated. One male member out of 10 showed an 
increase in alphoid DNA block size of about 15kb or 2-3 units. This small change 
in block size is probably due to an unequal sister chromatid exchange event which 
took place during male meiosis. Many more families must be studied in order to 
produce a statistically significant figure for the rate of mutation of the alphoid DNA. 
The rate of mutation could then be used to construct estimates for the divergence 
time of this sequence.

Computers can be used to simulate the process of evolution. Divergence of 
the alphoid DNA was simulated (J.K.Elder, personal communication). In these 
simulations, the evolution of one chromosome is followed and the simulation is 
repeated many times.

The variable parameters are length of DNA sequence to begin with ; the number 
of crossovers at male meiosis and of these the number that are offset; the number of 
units that the offset involved; the number of generations and the number of trials. 
50 units was chosen as the starting length since this is the average number of units 
in a small block, this parameter was kept constant. The number of trials was kept 
constant at 10000. This parameter affected the smoothness of the curve but not 
the shape.
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The number of crossovers x the probability of a mismatch was varied: 0.001 (fig­ 
ure 5.1), 0.01 (figure 5.2) and 0.1 (figure 5.3). (The single occurrence of a crossover 
that changed the size of the alphoid block in the family analysed in this study was 
1 in 10 a probability of 0.1, but this represents only one set of data). The number 
of units of offset was assumed to follow a normal distribution with a standard de­ 
viation (SD): 1 (bottom rows), 3 (middle rows) and 5 (top rows). The number of 
generations was varied: 1000 generations -25000 years (first columns), 10000 gen­ 
erations ~250 000 years (second columns) and 100 000 generations ~2 500 000 years 
(third columns). At each generation, the computer selects chromosomes at random 
which will contribute to the progeny. The sizes of the blocks in the final population 
are plotted against the numbers of individuals in the form of a histogram. The 
results are shown in figures 5.1, 5.2 and 5.3 .

A total of 27 simulations was carried out including all possible combinations 
of the three variable parameters as described above. Each histogram has a set of 
parameters, for example, 50 0.001 5 1000 10000; the variable parameters are, a 
probability of a change in block size of 0.001; a SD of 5 and 1000 generations.

The histogram obtained when actual alphoid block sizes were sampled is shown 
in figure 3.8. The spread of sizes is small: a cluster of sizes range from 245kb (41 
units) to 445kb (74 units). The simulations show a range of different distributions. 
Two of them give a curve like the one sampled from the population. One on figure 
5.1, bottom row, column 2 has a probability of change in block size of 0.001; a SD 
of 1 and 10000 generations. The second histogram which gives a similar curve is 
in figure 5.2, bottom row, column 1 with a probability of a change in block size of 
0.01, a SD of 1 and 1000 generations. These simulations suggest that either the 
probability of a change in block size is low, 0.001 and the SD (or number of units in 
an exchange) is 1; or that the lineage is not very old, only about 1000 generations.

With the limited data on meiotic stability in this study, the observed occurrence 
of a change in alphoid block size was 10%. If this frequency was representative of 
the actual frequency, then from these simulations, the lineages would have to be 
less than 1000 generations old. In figure 5.3 the probability of a change in length of 
the block is 0.1. Even with a SD of 1, the spread is large (bottom row, column 1). 
All the other histograms in figure 5.3 show a very broad spread of sizes. The ones 
that appear empty actually have small numbers of individuals scattered around the 
base line. So, it seems that unless the lineages are indeed very recent (about 2500 
years old) which seems unlikely, and the SD is 1, the frequency of a change in block 
size is unlikely to be as large as 10%.

Although these simulations may not reflect the actual processes going on during 
unequal sister chromatid exchange, they do provide guidelines for interpreting the 
data that are available. It would be advantageous to analyse more families to 
determine more accurately the probability of a crossover changing a block length 
and by how many units. Knowing the frequency of crossover and SD would allow 
a time scale (number of generations) to be fixed more accurately to the lineages. 
This could produce a complementary estimate to the 200000 year old 'Eve'.
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In summary, these simulations suggest that the lineages are not very old, the 
number of units involved in a crossover is small and the probability of a change in 
length occurring is likely to be low.
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Figure 5.1; 5.2 and 5.3. Computer simulations of alphoid 
DNA divergence

A computer program produced the 27 histograms in figures 5.1, 
5.2 and 5.3. The program simulated the process of evolution. Five 
parameters were used, of which two were kept constant and three were 
varied. These parameters are: length of sequence to begin with; the 
number of crossovers at male meiosis and of these, the number that 
are offset; the number the offset involved; the number of generations 
and the number of trials. The starting block length and the number 
of trials was kept constant. The probability of a change in length was 
varied, 0.001 in figure 5.1; 0.01 in figure 5.2 and 0.1 in figure 5.3. The 
average number of units involved in a crossover was varied; 5 in the top 
rows of each figure, 3 in the middle rows and 1 in the bottom rows. 
The number of generations was varied; 1000 in the first columns, 
10000 in the second columns and 100000 in the third columns. At 
each generation, the computer selects sequences at random which 
will contribute to the progeny. The sizes of the blocks in the final 
population are plotted against numbers of individuals in the form of 
histograms.
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5.1.4 Polymorphic sequences elsewhere on the Y chromo­ 
some which define Y chromosome haplotypes

1 he 42 normal Y chromosomes were analysed with two other polymorphic loci on the 
human Y chromosome: Y190 and poxYl (Tyler-Smith, personal communication). 
Y190 is a moderately abundant tandemly repeated sequence located on the short 
arm of the Y [Muller et al 1986, Tyler-Smith et d. 1988]. poxYl is detected by a 
low copy probe adjacent to simple sequence DNA (Tyler-Smith, unpublished data); 
located on the long arm of the Y chromosome. Variation in block size at the Y190 
locus was detected by Xbal and poxYl by Xbal and Bglll. The data are presented 
in table 5.1.

At the Y190 locus, Xbal detects block sizes between 360kb (male 18) and 800kb 
(OXEN); male 6 and 3E7 have additional point mutations creating internal sites 
(table 5.1, column 10). 12 haplotypes were distinguished (table 5.1 column 14). At 
the poxYl locus, Xbal detected 7 haplotypes (table 5.1, column 15) from 155kb to 
400kb in size (table 5.1, column 11) and Bglll revealed 12 haplotypes (table 5.1, 
column 16) between 790kb and >3000kb in size (table 5.1 column 14).

Allele is used to describe the polymorphic features of one locus on a chromosome. 
When more than one locus is involved, the term haplotype has been used. In com­ 
bination with the alphoid DNA alleles, the 3 loci define Y chromosome haplotypes 
which distinguish 33 paternal lineages (table 5.1, column 17). The distribution of 
poxYl sizes is not random between the two groups denned using the alphoid probe; 
21/21 members of group 1 (small group) have a poxYl Bglll fragment >1300kb 
while 15/17 members of group 2 (large group) have a fragment <1300kb. The 
poxYl fragment distribution is illustrated in the histogram in figure 5.4 along with 
the alphoid DNA polymorphism distributions. The distribution of Y190 repeat 
block sizes in groups 1 and 2 are similar, although particular haplotypes are rarely 
found in both groups.

The poxYl fragment distribution supports the alphoid findings that the chro­ 
mosomes fall into two groups as illustrated by the symbols inside the squares in the 
histogram in figure 5.4. Since these loci are at different locations on the chromo­ 
some, these data also suggest that the two groups have arisen as a result of descent 
from two ancestral Y's. It is even more unlikely that a convergent evolution process 
could have been involved in clustering the poxYl polymorphisms with the alphoid 
DNA polymorphisms.
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Table 5.4DNA restriction fragment sizes and haplotype assignments for 42 normal males.

1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34
35
36

37
38
39

OX
3E7

853

—— c-m —— alphoid Y-190 poxYl
Bglll r-vull Accl Avail Eco6l09l Bell Apal Hindll! Xbal Xbal Bglll

265 275 285 280 380 330 650 - 570 350 1350
320 32° 330 330 480 380 745 - 570 350 1350
310 310 330 310 450 380 695 - 570 350 1340
360 350 360 355 430 410 720 - 590 350 1325
275 28° 275 275 ,7 390 355 690 - 590 350 1340
840 810 790 680+90 930+175 900 1200 + 625+90 360 1020
330 330 330 330 420 375 720 - 570 350 1340
320 320 340 340 420 400 750 - 590 350 1355
910 910 950 840+90 950+120 1030 1300 + 570 315 1300
315 315 335 335 425 380 680 - 590 335 1340
415 415 430 415 500 460 790 - 585 345 1350
950 940 990 910+90 950+120 1030 1320 + 570 290 1140
415 415 430 415 515 475 840 - 590 350 1340
940 920 960 850+100 925+120 1010 1330 + 570 285 1120
295 295 315 295 400 350 665 - 590 350 1340
970 950 990 920+100 970+120 1060 1340 + 570 290 1140
335 335 360 335 425 400 720 - 570 350 1350
300 295 305 295 395 350 685 - 360 350 1350
1065 1050 1130 1010+901070+120 1205 1360 + 550 290 1115
270 270 285 285 400 360 690 - 615 350 1350
310 310 325 325 425 370 700 - 590 350 1350
680 660 620 700+80 640+150 660 1060 + 690 350 1345
950 940 950 890+80 910+120 1000 1320 + 670 155 1170
350 350 370 360 470 410 740 - 590 350 1360
1020 1020 1080 950+90 1020+120 1100 1340 + 410 300 1115
335 335 350 345 465 415 725 - 610 340 1350
800 800 800 730+70 760+120 820 1200 + 570 315 >3000
860 860 860 730+70 840+120 900 1180 + 690 360 870
545 545 550 545 510+120 590 920 - 545 330 1360
345 345 360 360 465 410 740 - 590 350 1360
280 275 290 280 385 335 670 - 590 330 1355
245 245 255 250 350 305 640 - 590 400 1355
880 870 890 575+175 870+120 940 1300 + 650 350 790

+60
505 505 520 510 490+120 570 900 - 545 350 1360

270+115 375 385 375 475 435 760 - 590 350 1335
920 920 920 840+100 910+120 960 1260 + 640 360 1295

+50
650 650 650 600+70 630+120 725 1030 + 690 360 840
1000 1000 1010 950+70 1000+120 1050 1270 + 665 330 920

650+360650+360650+375650+300675+350675+4251380 + 665 310 1180
+100

970 1000 500+500 930+80 910+120 950+130 1400 + 800 340 1125
400 430 350+45* 190+140 610 520 890 + 660+ 365 1210

+ 100 640+90
540 540 530 530 530+120 610 930 - 540 345 1350

allele

22, 9, 3, 2
21, 9, 3, 2
22, 9, 3, 2
21, 8, 3, 3
22, 8, 3, 2
11, 3, 2, 8
22, 9, 3, 2
22, 8, 3, 2
7, 9, 5, 4

22, 8, 4, 2
18, 8, 3, 2
6, 9, 6, 7

17, 8, 3, 2
7, 9, 6, 7

22, 8, 3, 2
6, 9, 6, 7

21, 9, 3, 2
22, 12, 3, 2
1, 10, 6, 7

22, 7, 3, 2
23, 8, 3, 2
13, 4, 3, 1
6, 5, 7, 6

22, 8, 3, 2
2, 11, 6, 7

21, 7, 4, 2
12, 9, 5, 1
10, 4, 2, 10
15, 10, 4, 2
20, 8, 3, 2
22, 8, 4, 2
24, 8, 1, 2
8, 6, 3, 12

15, 10, 3, 2
19, 8, 3, 3
9, 6, 2, 4

14, 4, 2, 11
5, 5, 4, 9
3, 5, 5, 6

4, 1, 4, 7
16, 2, 2, 5

15, 10, 4, 2

27
25
27
24
28
13
27
28
9

29
21
7

20
8

28
7

25
30
1

31
32
15
6
28
2

26
14
12
17
23
29
33
10

18
22
11

16
5
3

4
19

17

1
1
1
1
1
2
1
1
2
1
1
2
1
2
1
2
1
1
2
1
1
2
2
1
2
1
2
2
-
1
1
1
2

-
1
2

2
2
2

2
-

-

*Each band consisted of several fragments arising from partial cleavage of internal sites.

DNA fragment sizes (in kb) and haplotypes of 42 chromosomes. Column 1 lists the individuals. Columns 
2-8 show the size(s) of the alphoid fragment(s) detected after digestion with the enzymes indicated. Column 9 
shows the presence of the 4.1kb and 1.9kb alphoid DNA fragments (+) or their absence (-). Column 10 shows 
the size(s) of the Y-190 repeat DNA fragment(s) detected in an Xbal digest. Columns 11 and 12 show the size 
of the poxYl fragment detected after digestion with Xbal or Bglll. Columns 13-16 indicate the allele assigned 
to each chromosome for each locus: columnlS: alphoid; column 14: Y-190; column 15 poxYl Xbal; column 
16: poxYl Bglll. Column 17 indicates the paternal lineage defined by the compound haplotype. Column 18 
indicates the group to which the chromosome belongs.
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Figure 5.4. Distribution of alphoid DNA sizes and asso­ 
ciated polymorphisms on 42 Y chromosomes.

Each square represents one individual. The size of the Pvull frag­ 
ment (the sum of the two fragments for individual 39) was used as 
the measure of block size. Additional polymorphisms found in the 
individuals are indicated by the symbols inside the square. This his­ 
togram is the same as that in figure 3.8, except that the poxYl poly­ 
morphisms are also shown by symbols inside the square.
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5.2 Structure of the Y alphoid DNA on abnor­ 
mal Y chromosomes

The structure of alphoid DNA was analysed on abnormal Y chromosomes in order 
to address a number of questions. How close is alphoid DNA to the centromere? Is 
DNA structure altered in a suppressed centromere? Is alphoid DNA the functioning 
human centromere sequence?

5.2.1 Association of alphoid DNA with the centromere

25 cell lines reported to contain abnormal human Y centromeres were examined. 
Useful cytogenetic descriptions were provided with 23 of the cell lines. Of these, 
18 were expected to have a Y chromosome centromere, it was not clear whether or 
not RW contained a Y centromere, and four lacked a centromere (figure 4.1). The 
four translocation chromosomes which lacked Y centromeres (GM02103, GM02969, 
GM00118 and GM07970) also lacked Y alphoid DNA. Six of the other 18 cell lines 
lacked Y alphoid DNA as well. Taken in isolation, this result appears to suggest 
that it is possible for a Y chromosome to have a functioning centromere in the 
absence of Y alphoid DNA. However, further investigation showed that all six of 
these cell lines had lost (or reduced to undetectable levels) the Y chromosome (Tyler- 
Smith, personal communication). Thus no cell line was found which contained a Y 
centromere which did not contain alphoid DNA.

This finding is in agreement with most of the results reported in the literature. 
Only one apparent exception has been described. This is RW [Affara et al. 1987]. 
RW was reported to contain a Y-derived dot chromosome which was moderately 
stable (and thus must have a centromere) but did not have alphoid DNA (probe 
GMG Y4a). Efforts were made to examine this particularly interesting chromo­ 
some in more detail. However, these efforts were unsuccessful because the RW 
cells received had a 45,X karyotype and had lost the Y-derived chromosome in 
>99% of cells. There would seem to be three possible explanations for the data 
of [Affara et al. 1987]. 1. The RW Y chromosome has a Y centromere but no 
Y alphoid DNA because Y alphoid DNA is not required for centromere function. 
2. The chromosome has a Y centromere and Y alphoid DNA, but the Y alphoid 
DNA was not detected by [Affara et al. 1987]. 3. The chromosome, which contains 
at least two non-contiguous Y fragments, actually has a more complex structure 
and contains a centromere from another chromosome. Further experiments on Y- 

containing RW cells would be required to distinguish between these explanations.
The long-range structure of the alphoid DNA on 13 of the 15 abnormal Y chro­ 

mosomes examined was considered to be normal. These structures were either 
indistinguishable from the structures found in normal chromosomes, or had only 
slight differences which could be understood as differences in block size and the 
presence or absence of additional individual restriction enzyme sites. Two Y chro-
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mosomes (842968 and CHoP) had alphoid DNA structures which were considered 
to be significantly different from anything seen in normal individuals. The simplest 
explanation for these structures is that the rearrangement generating the abnormal 
chromosome had occurred within the alphoid DNA. The monocentric iso Yp chro­ 
mosome 842968 is expected to be a giant palindromic DNA structure in which every 
DNA sequence except the centre of the palindrome is represented twice. Therefore 
the observation that 842968 has two copies of the Y190 block and only one copy of 
the alphoid block (table 4.3) is consistent with the alphoid DNA being at the centre 
of the palindrome. The restriction fragment sizes (figure 4.1 and table 4.2) are also 
consistent with a palindromic structure formed from two two left-hand halves of a 
typical map (figure 3.2) but are not consistent with a palindromic structure formed 
from two right-hand halves of a typical alphoid DNA map. Thus all the molecular 
and cytogenetic data could be explained by a large palindromic structure centred 
on the alphoid DNA. Other explanations are possible but are more complex. For 
example, a single fragment of alphoid DNA flanked by Bglll PvuII, Avail, Accl, 
EcoOlOOl, Bell and Apal sites could have been formed in one arm of an asymmetric 
structure.

The alphoid DNA structure observed in the Y/18 translocation chromosome 
CHoP can also be understood if the junction between the two chromosomes is 
within the alphoid DNA. If the 18 DNA at the junction was typical euchromatic 
DNA, sites for the seven enzymes used in mapping would occur frequently. Re­ 
placement of the right-hand side of a typical large Y alphoid map (figure 3.5) with 
such a piece of DNA could generate the observed fragment sizes. Again, alternative 
explanations are possible, but are more complex. The suggested interpretations 
for the structures of these two alphoid blocks both predict an orientation for the 
alphoid map: that the short arm of the chromosome is on the left-hand side. Thus 
the two suggested interpretations are consistent with one another. If this interpreta­ 
tion of the 842968 isochromosome structure is correct and the chromosome is truly 
monocentric, it places the alphoid DNA precisely at the centromere and suggests 
that alphoid DNA could be the centromeric sequence. However, such a provoca­ 
tive conclusion must be treated with scepticism. It is possible that the structure 
of the isochromosome is more complex; alternatively, the isochromosome might be 
dicentric with two centromeres very close together which cannot be distinguished 
cytogenetically. It would be particularly interesting to examine a monocentric iso 
Yq chromosome. Unfortunately, no such chromosome has been reliably described: 
all iso Yq chromosomes examined in detail have been dicentric.

5.2.2 Alphoid DNA structure at inactive centromeres

Dicentric chromosomes are expected to be highly unstable since there is a chance 
at each cell division that the two centromeres will be pulled in opposite directions 
by the spindle apparatus. In S.cerevisiae, such chromosomes have been artificially 
constructed [Jager and Philippsen 1989] and are indeed unstable. Stabilisation can
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occur by one of two mechanisms: the chromosome may break between the cen­ 
tromeres and new telomeres may be added; alternatively, one centromere may be 
deleted. In mammalian cells, dicentric or multicentric chromosomes have been ob­ 
served. Such chromosomes are stable. This is because all centromeres except one 
have usually been inactivated or suppressed. Suppressed centromeres may appear 
cytogenetically to have a less marked constriction and may show reduced levels 
of binding to antikinetochore antisera [Zinkowski et al. 1986]. However, molecu­ 
lar analyses of the DNA sequences have not been reported. The results in section 
4.2 showed that a normal alphoid DNA structure was present at the suppressed Y 
centromere of 1491/76R. The results in table 4.3 show that all the dicentric isochro- 
mosomes examined have two Y alphoid DNA blocks, and figure 4.1 shows that these 
are both normal in structure. Furthermore, section 5.2.2 shows that methylation 
patterns are not significantly altered. These results can be interpreted in two ways. 
Alphoid DNA could be distant from the centromere; centromere inactivation could 
then involve deletion of the real centromere sequences (as in S.cerevisiae) without 
affecting the alphoid DNA. Alternatively, alphoid DNA could be very close to or 
at the centromere, and centromere inactivation could occur by a different mecha­ 
nism from that in S.cerevisiae. For example, protein-protein interactions might be 
disrupted. At present, these two explanations are difficult to distinguish.

5.2.3 Is alphoid DNA the human centromere?
Alphoid DNA is found by in situ hybridisation, close to all human centromeres 
[Mitchell et al. 1985] and thus is a candidate sequence for the functional centromeric 
DNA. The results presented in this thesis, particularly the observations in the mono- 
centric iso Yp cell line, support the idea that it is very close to the centromere. Since 
the mammalian kinetochore appears in ultrastructural studies [Comings and Okada 1971] 
to be a large structure, it might be expected that the functional centromeric DNA 
sequence would be a moderately repeated sequence, as alphoid DNA is. However, it 
might also be expected that the centromeric sequence would be highly conserved be­ 
tween different mammals or even over a wider range of eukaryotes. Alphoid DNA is 
not highly conserved, and is not found in mammals other than primates. For exam­ 
ple, mouse cells have no detectable alphoid DNA [Pritchard and Goodfellow 1986]. 
Human centromeres function quite well in mouse cells, and vice versa. Thus if 
alphoid DNA was the centromere sequence in human cells, it would be necessary 
to suggest that some feature other than primary DNA sequence (as detected by 
hybridisation) is responsible for function. Such a feature might, for example, be 
secondary or tertiary structure. It seems likely that the question of whether alphoid 
DNA is the functional centromere sequence will not be resolved until a functional 
assay for centromere activity is developed. Nevertheless, alphoid DNA would be 
the best candidate sequence so far identified to test such an assay.
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