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ABSTRACT

Eukaryotic genomes possess significant amounts of highly tandemly-arrayed
repetitive DNA sequences in their constitutive heterochromatin. Heterochromatin has been
involved in processes, such as position-effect variegation (PEV), that disrupt normal
expression of euchromatic genes. The role of highly repetitive DNA sequences, also termed
satellite DNASs, in gene silencing has therefore aroused a great deal of interest. Previous
plasmid transfection studies into zk/neo” human cells had shown that the location (in cis) of
a 1.797 kb human satellite Il DNA sequence next to the 5’ end of the neo gene, exerted a
severe negative effect on the recovery of stable tk’/neo” transfectants, in the presence of
HAT and G418 drugs. As shown in this thesis. positioning of the same satellite [l DNA
sequence at another location, between the 3’ ends of the 7k and neo genes, led to the loss of
this negative effect. To identify a possible size limit to the silencing effect exerted by the
satellite [I DNA, fragments of 813 and 983 bp of the 1.797 kb DNA sequence were also
inserted near the 5' end of the neo gene. These sequences were still able to exert a drastic
negative effect on the recovery of stable 1k /neo” transfectants. The effect was found to be
dependent on the orientation of the satellite [ DNA fragments relative to the marker genes.
Further reduction in the size of the satellite [[ DNA sequence, to fragments of 354 to 620 bp,
revealed a significant reduction in the negative effect. Selection of the transfected cells in
media containing single drugs (i.e. HAT or G418) showed that the neo gene in the plasmids
was more affected than the tk gene. Analysis of the integration pattern of the plasmid vector
and a plasmid containing the 1.797 kb satellite Il DNA indicated that the satellite [ DNA

did not influence the plasmid site of integration.



RESUME

Le génome des eukaryotes contient dans [’hétérochromatine constitutive une
importante quantité de séquences d’ADN hautement répétitives organisées en tandem.
L’hétérochromatine a été impliquée dans des processus, tel que le PEV ("position-effect
variegation"), capables de perturber |’expression normale de génes euchromatiques. Le role
de séquences d’ADN hautement répétitives, aussi appelées ADN satellite, dans la
défectuosité de I'expression de génes a donc suscité un grand intérét. Des études de
transfection de plasmides, dans des cellules humaines tk/neo”, ont précedemment démontré
que |'emplacement (en cis) d’une séquence d’ADN satellite [ humain de 1.797 kb preés du
géne neo a eu un effet néfaste sur le rendement de transfectants stables, en présence des
composés HAT et G418. Il est demontré dans cette thése que I'insertion de cette méme
séquence d"ADN satellite II a un emplacement différent. entre les extrémités 3° des génes
neo et tk. a conduit a I'élimination de 1"effet néfaste. Pour déterminer s’il y a une limite de
grandeur quant a l'effet créé par I’ADN satellite II, des fragments de 813 et 983 pb de la
séquence d"ADN de 1.797 kb ont aussi été insérés pres de |'extrémité 5° du géne neo. Ces
séquences ont encore pa exercer un effet néfaste sur le rendement de transfectants stables
tk’/neo”. Cet effet s’est avéré dépendre de |’orientation des fragments dADN satellite II par
rapport aux génes marqueurs. Une réduction additionnelle de la taille de la séquence d’ ADN
satellite II en des fragments de 354 a 620 pb a démontré une grande atténuation de |’effet
négatif. La sélection des cellules transfectées en présence de milieux contenant chacun des
composés. HAT ou G418 individuellement. a montré que le géne neo des plasmides était
plus affecté que le géne rk. L’analyse du mode d’intégration du plasmide vecteur et d'un
plasmide contenant I'ADN satellite I de 1.797 kb a indiqué que I’ADN satellite II n’a pas

influencé le site d’intégration du plasmide.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

. By transfection of a pSVL-based plasmid. containing a 1.797 kb EcoRI human satellite

[I DNA sequence inserted between the 3" ends of the neo and tk genes, [ have shown
that a severely negative effect on transfection efficiency is not observed, as opposed to

the effect obtained when this sequence is located at the 5° end of the neo gene.

By transfection of various plasmid constructs, I have shown that satellite [I DNA
fragments of 813 bp and 983 bp, inserted near the 5° end of the neo gene in the
plasmids. are capable of exerting the same negative effect on the recovery of stable

transfectants observed with the 1.797 kb satellite [[ DNA sequence.

By transfection of the various plasmid constructs containing satellite [[ DNA sequences
of 813 and 983 bp. | have shown that the severely negative effect exerted by satellite II
DNA is only observed with particular orientations of the fragments relative to the

marker genes in the plasmids.

By transtection of several plasmid constructs containing satellite Il DNA fragments of
354. 364, 458 and 620 bp. | have shown that the very severe effect produced by the
satellite [I DNA on the recovery of stable transfectants starts to disappear with these

smaller satellite Il DNA sequences.

I have shown that plasmids containing 354, 458. and 620 bp satellite [[ DNA fragments
display an orientation-dependent effect on the recovery of stable transfectants from

transfection experiments.

By subjecting transfected cells to the presence of single drugs (HAT or G418), I have

shown that the neo gene. in plasmids containing the full size or fragments of the 1.797



kb satellite [l DNA sequence, is more affected than the tk gene by the effect produced by
. the satellite I DNA., as indicated by transfection efficiencies in media containing G418.

7. 1 have examined, by Southem blotting, the integration pattern of the transfected plasmid
vector pSVL and the plasmid containing the 1.797 kb satellite [I DNA sequence in
various cell lines. | have shown that there was not a specific site in the plasmids used

for integration, and that integration occurred at different chromosomal locations.
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CHAPTER 1
INTRODUCTION

1.1.  Organization of Chromosomal DNA

Eukaryotic cells possess a well developed membrane system. They have evolved a
nucleus that contains most of the cell's DNA, keeping it separate from the other contents of
the cell present in the cytoplasm. The chromosomal DNA is divided into separate
molecules. each packaged in an individual chromosome. A eukaryotic cell’s genetic
material is very extensive. The human haploid genome contains about 3x10’ nucleotide
pairs carried on 23 chromosomes (Felsenfeld. 1985). The human karyotype therefore
consists of a total of 46 chromosomes. All chromosomes are linear and possess at each end
a telomere. and located more centrally. a single centromere. which appears as a constriction
in metaphase. The chromosomes are packed and organized in the nucleus by a complex of
proteins that together constitute the chromatin. A specially condensed form of chromatin.
known as heterochromatin, has been identified at the centromere and telomeres (Brown,
1966). Euchromatin, which is less condensed. constitutes the rest of the chromatin (Figure
1.1).

The euchromatin can be separated into its principal constituents that comprise both
unique and moderately repetitive DNA sequences. Unique DNA sequences contain the
genetic coding material. along with a variety of diverse regulatory elements. These
sequences are interspersed with the moderately repetitive DNA sequences, which represent
the tandem arrangement of unit DNA sequences over long uninterrupted stretches. Based
on the length of these stretches and their proportion in the genome. repetitive DNA

sequences have been separated into two main classes: moderately repetitive sequences,



Figure 1.1. Simple representation of an eukaryotic chromosome showing its basic

chromatin organization. Heterochromatin is located at the centromere (center) and

telomeres (ends). Euchromatin is found at the chromosome arms.
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located between genes in euchromatin and dispersed in heterochromatin, and highly

repetitive sequences mainly present in heterochromatin (Miklos, 1985; Smit, 1996).

1.1.1. Moderately Repetitive DNA Sequences

Transcribed genes exhibiting dosage repetition such as tRNA, ribosomal RNA
(rRNA) genes (Long and Dawid, 1980) and histone genes (Kedes, 1979) are represented
among moderately repetitive DNAs. However. in mammalian genomes. the majority of
these sequences. which comprise 30% of the human genome (Smit, 1996), are composed of
retroposons. They consist in two main families: the LINEs (long interspersed elements) and
the SINEs (short interspersed elements) (Singer, 1982). LINEs in mammalian genomes are
represented by the LINE-1 (L1) family. which is thought to have originated as a mobile
gene. and presents features of a processed pseudogene (Fanning and Singer. 1987). The unit
sequence of the L1 elements measures around 6.000 base pairs (Adams er al.. 1980) (Table
1.1). Itis present at a level ot 10° copies per haploid genome. Other members of LINEs.
more than 10" family members in total. contain deletions or rearrangements in their unit
sequence which also encompasses 6.000 bp. LINEs encode a reverse transcriptase (Mathias
et al.. 1991) as well as an endonuclease (Feng er al. 1996: Jurka, 1997). Active LI
elements were identified in human (Dombroski et @/.. 1991) and mice (Martin, 1991) by
detection of de novo insertions of truncated L1 on a human X chromosome and the presence
of ribonucleoprotein particles. containing LINE-1 RNA. in a mouse embryonal carcinoma
cell line. Expression of these sequences is part of the retrotransposition process that has
produced the high copy number of the L1 element in mammalian genomes.

The most prominent SINEs of the human genome are the Alu elements consisting of
repeat units of 80 to 400 base pairs (Singer. 1982). There are nearly 10° copies of Alu
elements per haploid genome (Schmid, 1996). The A/ family, along with the rodent Bl

families of SINEs. is derived from a component of the signal recognition particle (SRP), the
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Table 1.1. Classitication of diverse repetitive DNA sequences present in mammalian

genomes.
Moderately repetitive Highly repetitive DNA Simple repeated
DNA sequences sequences DNA sequences
LINEs SINEs Satellite DNA Minisatellite Microsatellite
(L) (eg. Alu, (Beridze. 1986) DNA DNA
B1)
(Singer. (Singer. (Tautz, 1993)  (Tautz. 1993)
1982) 1982)
Complex Simple
satellite DNA satellite
DNA

Size of 6.000 80-400 100-1400 2-10 9-100 1-6

repeat

unit (bp)

Copy 10° 10° 10°-10° 10°-10° 2-hundreds 5-100
number
per

haploid

genome

Location  dispersed  dispersed centromere centromere dispersed dispersed

in
genome




7SL RNA (Ullu and Tschudi, 1984; Weiner, 1980). Members of the Alu family are
flanked by short direct repeat sequences. These flanking direct repeats are also found in
LINEs (Jurka. 1997). Other families of SINEs are derived from tRNAs, and possess a 5’
region homologous to tRNA, a middle tRNA-unrelated region and a 3° A-rich tract
(Ohshima et al.. 1993; Okada, 1991). Mammalian-wide interspersed repeats (MIRs)
constitute prominent tRNA-derived SINEs in humans, and are found in all mammalian
genomes (Jurka ef al.. 1995). Small cytopiasmic transcripts of A/ and Bl elements have
been observed (Maraia and Sarrowa, 19935). However. unlike LINEs, SINEs do not encode
a reverse transcriptase or an endonuclease. factors that could be provided to them by LINEs
(Okada er al., 1997). In fact. several pairs of SINEs and LINEs were shown to have the
same tail sequence at their 3" ends (Okada er al.. 1997). The 3" ends of several families of
SINE:s are derived from the 3’ ends of corresponding LINEs. present in the same organisms

(Ohshima et al.. 1996).

1.1.2. Highly Repetitive DNA Sequences

Two main types of heterochromatin are known in mammals: the constitutive
heterochromatin present on homologous chromosomes (Heitz. 1928) and the facultative
heterochromatin resulting from the inactivation of one of the two X chromosomes in
females (Barr and Bertram. 1949; Grant and Chapman, 1988). Constitutive heterochromatin
is found around the centromere of chromosomes, at telomeres. and on the Y chromosome
(Miklos. 1985; Yunis and Yasmineh. 1971). The peculiar property of the constitutive
heterochromatic portion of the genome is that it remains condensed throughout the whole
cell cycle. including interphase, replicates late in S-phase, and is usually not transcribed.
The constitutive heterochromatin is composed to a large extent of highly repeated DNA
sequences without any protein-coding capacity (Miklos, 1985). However, in Drosophila,

heterochromatin contains a number of genes located within regions of high or middle

6



repetitive DNAs (Gatti and Pimpinelli, 1992), some of which have vital functions (Hilliker
et al.. 1980). The highly repetitive fraction of the genome is designated, around the
centromere. as satellite DNA (Yunis and Yasmineh, 1971). Satellite DNAs are currently
defined as tandemly repeated DNA sequences present in 10° to 10 consecutive repetitions at
each locus (Tautz. 1993).

Based on the length of the basic repeat unit, satellite DNAs can be separated into
complex or simple sequence satellites. Complex satellite DNAs are composed of long unit
sequences (Table 1.1). The alphoid satellite DNA is one example of a complex sateilite
DNA. In the African Green Monkey, alpha satellite DNA has a monomeric unit length of
172 bp. In Drosophila melanogaster. the unit is 359 bp. Sometimes the repeat units of
complex satellite DNAs may be even longer. for instance in the amphibian. Xenopus laevis.
where it is around 740 bp (Beridze. 1986). These long monomeric unit sequences are
usually not internally repetitive. Simple sequence satellite DNAs are defined by their
shorter unit sequences. varying between 2 and 10 bp (Table 1.1). Examples of simple
satellite DNAs include the 5 bp 5'-TTCCA-3" unit of human satellite DNA II (Beridze,
1986: Sol et al.. 1986). or the 4 bp 5°-TAGG-3" unit of the hermit crab satellite DNA [
(Beridze. 1986). Within each category. complex or simple satellite DNAs usually consist of
repeat units of different base composition. which may or may not be represented on all the
chromosomes.

There is a distinction to be made between simple sequence satellite DNAs and two
other classes of simple repeated DNA sequences: the minisatellite and the microsatellite
DNAs (Table 1.1). Minisatellite DNA sequences consist of longer repeat units of the range
of 9 to 100 bp (Tautz, 1993). These units have a moderate degree of repetition, forming
stretches of about two to several hundred units at each locus. Minisatellites are more
dispersed throughout the genome and are found interspersed in the euchromatic regions of

the genome of vertebrates, fungi and plants, with a tendency to cluster near telomeric
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regions in humans (Royle et al., 1988). In addition, minisatellite sequences are highly
variable in their array size, tending to be associated with length polymorphisms, contrary to
simple sequence satellite DNAs that are much less variable. Microsatellite sequences are
also composed of arrays of short unit sequences | to 6 bp in length. The microsatellite
arrays fluctuate between 5 to about 100 repetitions at each locus (Tautz. 1993). They are
found scattered throughout the vertebrate. insect and plant genomes. In humans, there are
about 30.000 microsatellite loci and they are located in the euchromatin (Charlesworth er

al.. 1994),

1.2.  Discovery and Characterization of Satellite DNA

Density gradient ultracentrifugation was the first tool that allowed scientists to
observe the dual state. comprised of unique sequences and repetitive fractions, of higher
eukaryotic DNAs. The first eukaryotic DNA to be analyzed in CsCl density gradients, calf
thymus DNA. showed an asymmetrical distribution that was an indication of heterogeneity
(Meselson er al.. 1957). This asymmetry was shown to be due to the difference in density
between the main DNA fraction and a satellite component. Using the same type of
gradients, later observations from a number of animals revealed minor fractions separate
from the main band of DNA (Figure 1.2). These separate fractions were termed “satellite”
DNA by Kit (1961). The basis of the observed discrepancy was demonstrated to lie in the
different GC contents of the DNA fractions, the density of DNA in CsCl being directly
proportional to this parameter. DNA preparations containing fractions of sheared DNA
fragments with a different base composition will, in such gradients, separate into several
bands. Theretore. depending on whether the different satellite DNAs are poorer or richer in

GC base pairs than the main DNA band, they would appear as separate peaks around it.



Figure 1.2. Presence of satellite DNA fractions around the main DNA peak following

CsCl density gradient ultracentrifugation.
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There also exist so-called “hidden” satellite DNAs that migrate with the major DNA
fraction in CsC| gradients (Beridze, 1986). These satellite DNAs can be separated using
heavy metal ions (e.g. Ag” or Hg") in Cs,SO, gradients because Cl ions inhibit the binding
of the heavy metal ions to the DNA (Comeo er al.. 1971). Reassociation kinetics studies
have shown that there was a very rapid reannealing of a particular region of the separate
DNA chains of higher organisms and that this was due to the high repetition of the DNA
(Britten and Khone. 1966; Waring and Britten, 1966). This region was found to be made of
satellite DNA. Following these observations, satellite DNA was defined not only as a minor
fraction of chromosomal DNA giving a separate band in CsCl gradients, but also as a
fraction with tandemly arranged highly repetitive short sequences. [t was also found to be
specific to eukaryotes. as it was not observed in prokaryotic organisms.

An additional property of satellite DNAs is the ladder of fragments they generate,
often over a smear of total DNA. upon digestion of total nuclear DNA by particular
restriction endonucleases (Pech ef al.. 1979a). These fragments. which are observable after
gel electrophoresis. are multiples of the basic repeat unit which is found in enough
repetitions to form several apparent bands of various sizes. One fragment will be obtained
for every repeating unit in which the restriction site occurs. As will be seen later, mutation
events cause the elimination of certain restriction sites along the sequence, leading to the
occurrence of larger fragments which are multimers (dimers, trimers, etc.) of the basic
repeat unit. Because of the high degree of repetition of satellite DNA sequences, a large
number of fragments of identical or almost identical size are created. leading to the
appearance of sharp bands.

The restriction enzyme pattern of satellite DNAs constitutes one basis for their
classification. Satellite DNAs I to [V are the major classes of satellite sequences in humans,
along with the alphoid satellite DNA (Beridze. 1986). One of the features that distinguishes

sateilite I. Il and III DNAs is their digestion pattern with Hinfl. The smallest fragment
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produced by digestion of satellite | DNA with Hinfl is 770 bp, whereas satellite [T and III
DNAs are almost completely digested with the same enzyme, yielding 10 to 80 bp and 15 to
250 bp fragments respectively (Frommer et al., 1982). In addition, what distinguishes
satellite Il DNA from satellite [II DNA is the presence of Tagl sites in the former and their

absence in the latter (Frommer et al., 1982).

1.3.  Particular Features of Satellite DNA
1.3.1. Quantity of Satellite DNA in Eukaryotic Genomes

Although the proportion of satellite DNA contained within eukaryotic genomes
varies between species and between organisms, it is generally represented in fairly high
quantities tfrom plants to higher eukaryotes. Plant satellite DNAs were discovered in 1967,
slightly atter those of most animals (Beridze et al.. 1967). The amount of satellite DNA was
found to vary between closely related higher plant species. like those of the bean genus
Phaseolus which range from 0 to 30% of the genome (Beridze. 1972). Among the
invertebrates. the Nematoda class of worms has been more frequently analyzed in terms of
satellite DNA. In this group. the percentage of satellite DNA varies between less than 1%
for Caenorhabditis elegans (La Volpe et al.. 1988) to 80% for Parascaris equorum (Moritz
and Roth. 1976). In two other nematode species. Meloidogyne hapla and Meloidogyne
incognita. two satellite DNA families were shown together to make up 5% and 2.5% of the
genome. respectively (Piotte er al, 1994). In total. the amount of repeated DNA in
Meloidogyne represents 20% of the genome (Pableo and Triantaphyllou, 1989), with other
classes of satellite DNAs. plus middle repetitive elements, contributing to this number. In
another example. the satellite [ and [ DNAs of the mealworm Tenebrio obscurus constitute
36% of the genome (Plohl and Ugarkovic, 1994).

Satellite DNAs of insects have also been well studied. The satellite DNA sequences

of tenebrionids (beetles) represent 30 to 50% of the total genome (Davis and Wyatt, 1989).
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In the darkling beetle. Misolampus goudoti, two different satellite DNA families were
demonstrated to be present in about 70,000 and 120,000 copies per haploid genome (Pons er
al.. 1993). and a satellite DNA from the flour beetle Tribolium confusum was shown to
make up about 40% of the genome, representing 577,000 copies (Plohl and Ugarkovic,
1994). In the cave cricket, Dolichopoda schiavazzi, one species-specific satellite DNA
family was shown to contribute about 30% to the entire genome (Bachmann et al., 1996).
Among the arthropods. the Drosophila genus has been extensively studied in terms of
satellite DNA. although these studies began later because of underreplication of the satellite
DNA during polytenization. These studies have revealed that about 25% of the D.
melanogaster genome are made of satellite DNA (Peacock er al.. 1978). In D. virilis.
satellite DNA constitutes 41% of the total DNA in diploid tissues (Gall ef al.. 1971).
Satellite DNAs of mammals have also been much studied. The proportion of
satellite: DNA in the mammalian genome varies between 10 and 20% (Beridze. 1986).
Mouse satellite DNA is one of the satellite DNAs studied in most detail. It was discovered
by Kit (1961). during density ultracentrifugation analysis. The mouse genome was found to
contain about 9% satellite DNA (Beridze, 1986). Among primates. 20 to 25% of the
African Green Monkey genome is made of a major class of satellite DNA, the alphoid
sateilite DNA (Kurmit and Maio. 1974). Although this satellite DNA is not considered as a
“classical” satellite DNA because it does not form a separate band in ultracentrifugation
gradients. it is still classified as a satellite DNA because of its highly repetitive organization.
Finally. it is known that 20% of the human genome is heterochromatic (Beridze, 1986).
Although the heterochromatic portion of the genome is not entirely made of satellite DNAs,
these sequences represent about 10% of the genome. The human satellite DNAs [ to IV
together constitute 6%. and the alpha satellite DNA 0.75% of the genome (Beridze, 1986).
There exist other classes of satellite DNA in humans, such as satellite DNAs A, B and C

that are less well characterized than the other human satellite DNAs.
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1.3.2. Genetic and Epigenetic Aspects of Satellite DNA

One teature that distinguishes satellite DNA from the other DNA sequences in the
eukaryotic genomes is its different base composition. Schildkraut er al. (1962) have derived
a formula to determine the GC content of DNA molecules on the basis of their buoyant
density in CsCl [p=1.660 + 0.098 (GC)]. Based on the densities determined by Kit (1961)
for the mouse main DNA component and its satellite DNA, the proportion of GC amounts
to 41.8% and 30.6%. respectively. However. calf thymus satellite DNA is comprised of
54% GC. whereas the main DNA is composed of only 39% GC base pairs (Schildkraut es
al.. 1962). On the other hand. some classes of satellite DNAs such as the human satellite I,
[I. Ill and IV DNAs. are A+T-rich compared to main band DNA (Corneo et al.. 1972). The
base composition pattern therefore varies according to the species and the class of satellite
DNA under consideration.

At the level of chromatin structure. there is a noticeable difference between
centromeric regions and other parts of the chromosomes. This difference is displayed in the
condensed appearance of heterochromatic regions. The DNA molecules of chromosomes
are packed by proteins known as histones, which help organize the DNA into nucleosomes.
The nucleosome consists of 146 bp of DNA wound around a histone octamer composed of
two each of histones H2A, H2B. H3. and H4 (McGhee and Felsenfeld, 1980). A fifth
histone. H1. mediates the folding of the linker DNA between adjacent nucleosomes (Wolffe.
1992). Chromatin in transcriptionally-active genes is deficient in Hl. and addition of this
histone to active chromatin greatly reduces transcription (O’ Neill et al.. 1993, Zlatanova and
Van Holde. 1992).

Upon closer examination, it has been found that histone H4 acetylation is
nonuniform along human metaphase chromosomes (Jeppesen et al., 1992). Histones in

heterochromatic regions of diverse species are underacetylated. The centric and telomeric
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Upon closer examination, it has been found that histone H4 acetylation is
nonuniform along human metaphase chromosomes (Jeppesen et al., 1992). Histones in
heterochromatic regions of diverse species are underacetylated. The centric and telomeric
heterochromatin in human and mouse show underacetylation of the N-terminal lysine
residues of histone H4 (O’Neill and Tumer, 1995). The same pattern is observed for the H3
and H4 histones on the heterochromatin of the inactive X chromosome (Belyaev et al.,
1996: Jeppesen and Turner, 1993). Conversely, increased levels of histones H3 and H4
acetylation are found in CpG islands (Tazi and Bird, 1990), a concentration of dinucleotides
(1000 to 2000 bp long) found in selected regions of the genome (Bird, 1987). These CpG
islands are found at the promoters of "housekeeping genes", that encode proteins essential
for cell viability and are expressed in most cells, and at promoters of some tissue-specific
genes. Increased levels of histones H3 and H4 acetylation are found in regions of the
genome enriched in expressed DNA sequences (Holmquist. 1987. O'Neill and Turner.
1995). It is postulated that acetylation is a landmark for genetic transcriptional activity.
whereas underacetylation defines regions of the genome that are transcriptionally silent
(Jeppesen and Turmer, 1993).  Underacetylated regions would be targetted for
heterochromatin formation (Figure 1.3A). Histone underacetylation has aiso been observed
in silent cassettes in yeast Saccharomyces cerevisiae, which indicates the link of
heterochromatin hypoacetylation to silencing (Braunstein et al.. 1996). In addition,
trichostatin A (TSA). a specific inhibitor of histone deacetylase interferes with the
repression of marker genes in centromeric heterochromatin in fission yeast (Ekwall et al.,
1997).

The trequency of methylated cytosine residues (m’C) in eukaryotic DNA has been
reported to be greater in highly repetitive DNA sequences than in other fractions of the
genome. High methylation of satellite DNA has been shown in a number of organisms,

including humans (Miller et al., 1974) and higher primates (Schned! ef al., 1975). In the
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Figure 1.3. Models representing A) underacetylation (Inspired by Braunstein et al..

1996) or B) hypermethylation of heterochromatic regions of eukaryotic genomes

associated with genetic inactivation (second panels).
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somatic cells of the bovine genome, up to 20% of cytosines, usually of CpG
dinucleotides,of satellite DNA are methylated. as opposed to less than 3% in the rest of the
genome (Pech er al, 1979b). The high level of cytosine methylation has been found to be
associated with somatic tissues as opposed to germ cells in bovine and mice (Adams et al.,
1983; Feinstein et al., 1985), humans (Miller er al., 1974), and higher primates (Schnedl et
al.. 1975).

The significance of higher methylation patterns in somatic cells has been proposed
to reside in the prevention of recombination (Hsieh and Brutlag, 1979a). Methylation
would prevent the binding of proteins involved in recombination (Figure 1.3B). It has been
shown that hypomethylation of satellite DNA in ICF syndrome (Immunodeficiency,
Centromere instability, Facial abnormalities) favors recombination (Miniou er al., 1994). In
these cases. highly demethylated satellite DNAs are preferential targets for breakpoints of
rearrangements such as deletions or duplications. In addition. decondensation of
heterochromatin was also observed, although hypomethylation of satellite DNA was not
thought to be the sole culprit. Hypomethylated satellite DNA may therefore contribute to
the formation of abnormal chromatin structure and genome instability. [n the case of ICF
patients. hypomethylation of satellite 2 and alpha satellite DNAs revealed a correlation
between the extent of hypomethylation and the degree of malignancy (Qu et al.. 1999a). In
addition, these same hypomethylated satellite DNAs in Wilms tumors were linked to
chromosome aberrations (Qu er al., 1999b), indicating that DNA hypomethylation in
pericentromeric and centromeric regions is related to rearrangements. Additional studies
have shown that DNase I-hypersensitive sites of chromosomes, which are considered to be
genetically active. are less methylated than inactive regions (McGhee et al., 1981).
Methylation of satellite DNA could play a role in the regulation of gene expression by
controlling or preventing the binding of certain proteins (Ehrlich and Wang, 1981) (Figure

1.3B). However, there are cases where the cytosine in satellite DNAs is not methylated, for
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example in Drosophila melanogaster. where m°C is not detected at all in the genome (Hsich

and Brutlag. 1979b).

1.4. Sequence and Evolution of Satellite DNA

In mammals, the different families of satellite DNAs show a certain divergence
between their tandem repeats (Southern. 1970). However. one feature of satellite DNA
sequences that is often observed is the internal repetition in long repeat units, usually
accompanied by variations in the sequence of the units (Pech, 1979a and 1979b; Southern,
1975a). The variations are believed to be the result of mutational events. Several
mammalian satellite DNAs therefore seem to be constructed from repeats that have arisen
from shorter sequences. For instance. the major satellite DNA of the mouse (Mus musculus)
consists of a predominant monomeric fragment of 234 bp (Southern. 1975a). Analysis of
the DNA sequence of this 234 bp monomer shows that it must have been generated by
duplication of a 120 bp unit, within which two further subunits can be identified. A more
thorough analysis reveals that a 9 bp sequence would have constituted the basis for the
formation of the 120 bp satellite DNA sequence. However, the reiteration of a short basic
sequence within long repeating DNA units is not always observed, and constitutes the main
characteristic of complex satellite DNAs. The mouse minor satellite DNA. for instance, is
made of a repeating DNA unit of 130 bp that does not show any internal repetition (Pietras
et al.. 1983). The occurrence of a sequence of mutational events over a long period of time
might be responsible for masking or eliminating shorter DNA repetitions. There may also
exist other events responsible for the formation of complex satellite DNAs from longer

DNA repeating units.
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1.4.1. Saltatory Replication

The basic principle of formation of satellite DNAs seems to consist in the
amplification of a repeating unit or a group of units to generate a large number of identical
tandem copies. Such a process is designated as “saltatory replication” (Beridze, 1986) and
is thought to be the initiating step. This event is thought to occur through two mechanisms:
a strand “slippage” event during the DNA polymerization reaction, or/and a “rolling circle”
event (Beridze, 1986; Charlesworth et al., 1994). The slippage event may be important in
the initial formation of satellite repeats, resulting in the amplification of short units
(Charlesworth er al., 1994) (Figure 1.4A). As repeating units are amplified by this process,
mutations. base substitutions including insertions of one or a few bases, take place in such a
way that smaller amplified repeats give rise to longer repeating units. The final repeating
units are the results of a succession of such events.

The rolling circle mechanism is thought to occur only after a short sequence has
been preliminarily amplified. since a large enough piece of DNA is needed to form a circle
(Beridze. 1986). Extra-chromosomal circular sequences of an unstable human alphoid-like
DNA have been observed (Kiyama er al., 1987), suggesting that extra-chromosomal rolling
circle replication followed by reinsertion into the genome may occur with long satellite
DNA repeats (Figure 1.4B). Long satellite DNA repeats present on chromosomes could
also be subject to homologous recombination between direct repeats in their sequence,
followed by excision and reintegration into another repeat unit containing identical or
similar DNA sequences (Figure 1.4C). This event would explain the variations observed
within and between classes of satellite DNAs. Simple satellite DNAs are thought to have
originated through a two-step amplification mechanism (Walker, 1971). The process would
have started by the formation of a relatively long segment from a short basic sequence,

followed by the appearance of a highly repeating unit by amplification of the long segment.
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Figure 1.4. Models for the occurrence and evolution of satellite DNA sequences. A)

Slippage event during the DNA polymerase. B) Rolling circle replication of a long
satellite DNA sequence followed by integration into the genome. C) Homologous
recombination between repeats of a satellite DNA sequence followed by excision and
integration within another satellite DNA sequence. D) Unequal crossing-over between

repeats on homologous chromosomes.
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1.4.2. Unequal Crossing-Over

In satellite DNAs containing higher-order (longer) repeating units, the process of
unequal crossing-over appears to be responsible for the amplification event (Smith, 1976;
Warburton et al.. 1993). This process would occur because the repetitive nature of satellite
DNA could lead to frequent misalignments between tandem clusters of identical or nearly
identical repeats on homologous chromosomes (Southern, 1975a) (Figure 1.4D).
Therefore. pairing prior to recombination would involve repeating units that do not have
exactly corresponding locations in their clusters. A recombination event occurring within
the unevenly paired region would result in one recombinant carrying a longer cluster of
repeats. and the other having a shorter cluster. The accumulation of several such deletions
and tandem duplications during a specific period of time results in the formation of
repetitive DNAs. I[n the case of complex satellite DNAs, Southern (1975a) also proposed a
two-step mechanism of formation similar to that interred for simple satellite DNAs. In this
case, the first stage involves saltatory replication. while the second stage occurs through

unequal crossing-over.

1.4.3. Concerted Evolution

It is thought that satellite DNAs may have evolved in eukaryotes in response to an
increase in genome size (Yunis and Yasmineh, 1971) since it is not found in prokaryotes.
The earliest organisms in evolution to contain satellite DNA appear to be the higher protists
(algae. protozoa. fungi, slime molds). It is not known in which order the development of the
nucleolus (where packaging of ribosomes takes place), centromere, heterochromatin, and
satellite DNA has occurred. Nonetheless, the study of the nuclei of primitive unicellular
eukaryotes (such as slime molds for instance) seems to indicate that some repetitive DNAs
could have evolved prior to the emergence of the centromere and heterochromatin. Such

organisms do not possess kinetochores, which represent the structure through which
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replicated chromosomes bind to the mitotic spindle microtubules; they also do not contain
heterochromatin, but have a nucleolus and repeated DNA sequences (Britten and Khone,
1968; Dupraw, 1970).

The amounts of repetitive DNA vary in quantity between species, but show little
variation in copy number within populations (Jabs et al., 1989). It has been observed that
the selection for amounts of repetitive DNA varies with life history (Charlesworth ef al.,
1994). It is tempting to believe that slowly developing species would accumulate larger
quantities of repetitive DNA sequences. since a larger genome size would be required by
large cells to lead to low rates of cell division. However. it can also be argued that the
occurrence of excess DNA served to prevent the slow development that would result from
the appearance of larger cells {Cavalier-Smith, 1980).

Not only is there a difference in the size of the repeating DNA arrays, but there is
also a difference. between species. in the sequence of repeating units. Repetitive DNA
sequences seem to show patterns of “concerted evolution™ (Zimmer et al.. 1980) which is
defined as “the nonindependent evolution of repetitive DNA sequences resulting in a
sequence similarity of repeating units that is greater within than among species™ (Dover et
al.. 1982). This concept reflects the fact that all or most members of a family evolve
together. However. conservation of satellite DNA sequences within a genus can also be
observed. as in the case of four species of Coleoptera (Mestrovic et al.. 1998). Four A+T-
rich satellite DNAs were found to be present in all four species. These satellite DNA
sequences were highly conserved in terms of the sequence. monomer length and tandem
repeat organization. The species were said to share a "library" of conserved satellite DNA
sequences.

The intraspecific homogenization described by Dover er al. (1982) is believed to
take place through mechanisms of molecular drive. achieved by inducing concerted

phenotypic changes in a population. In other words, the effect of mutations on the

24



phenotype does not necessarily affect the organisms fitness, and thus goes unrecognized by
natural selection because it is appearing in concert in a whole population. Molecular drive
imparts cohesiveness to a population. It englobes those processes that induce a particular
sequence to perpetuate itself and spread through the genome (Dover et al., 1982). These
processes include unequal crossing-over, replicative transposition followed by amplification
of a particular sequence, and gene (or sequence) conversion (Elder and Turner, 1995; Roizes
and Pages. 1982). Gene conversion refers to a process in which normal cross-over and
repair mechanisms resulit in the replacement of one DNA sequence by another (Elder and
Turner, 1993).

Repeated DNA sequences are thought to use a combination of unequal crossing-
over, slippage replication and gene conversion to evolve, since unequal crossing-over alone
eventually leads to the loss of sequences. [n addition. random genetic drift and selection can
also have a strong etfect on the accumulation of tandem repetitive DNA sequences in the
genome (Charlesworth er al., 1994). Selective pressure is assumed to be very weak or
nonexistent in satellite DNAs. Since they do not seem to code for any proteins, these
sequences can tolerate more mutations than euchromatin. Mutations occurring in satellite
DNA do not display any obvious phenotypic effects. and numerous mutations would be
needed to impair the roles that have been proposed for these sequences (Yunis and
Yasmineh. 1971). This property of satellite DNA renders it more apt to degenerate and

consequently require replacement.

1.5. Roles Attributed to Satellite DNA

Because highly repetitive DNA does not possess any protein-coding capacity and in
general does not generate any mRNA transcript, it has long been considered as “junk”
DNA. This term reflects the idea that this portion of the genome does not have any real

function. In this line of thought, repetitive DNA has been referred to as “selfish” DNA

25



(Cavalier-Smith, 1980; Orgel and Crick, 1980), which does not make any contribution to the
fitness or the phenotype of the organism. In addition, its survival in the genome has been
compared to the spread of a parasite in its host (Orgel and Crick, 1980), in the sense that it
exploits its presence in the genome as a way to perpetuate and propagate itself without
conferring any advantage or causing any harm to the cell or the organism. Because of its
ability not to cause any phenotypic disturbance, satellite DNA would evade elimination and
persist in the genome. Satellite DNA, which is by nature highly repetitive, inevitably falls
within the junk or selfish DNA category. However, only about 3% of the human genome
has protein-coding capacity (Nowalk, 1994) which would, if the junk DNA theory holds
true. leave a major portion of the genome without function. Considering that only a portion
of the higher eukaryotic genome has been functionally defined, it cannot be ruled out that
this major part of the genome, the highly repetitive DNA, may in fact be of some
importance to the organism. The host organism could have used some selfish DNA
sequences for its own purpose. especially if these sequences give the organism a selective
advantage by preventing it from growing too siowly (Cavalier-Smith, 1978). Middle
repetitive DNA sequences. being interspersed with genes. are thought to contain the
regulatory regions which reside outside the protein-coding sequences (Nowalk, 1994). The
evolution of complex higher organisms must have required the development of new control
sequences for different sets of genes (Wilson, 1976). Satellite DNAs, on the other hand,
because of their pericentromeric location. are thought to participate in the structure of the

centromeric region, a role that could be related to the function of the centromere.

1.5.1. Centromere Structure
The main idea that emerges upon consideration of the constitutive heterochromatin
is that satellite DNA, which is mainly located in the regions of the centromere and

telomeres, participates actively in the formation of this special type of chromatin. Satellite
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DNA has been shown to bind to several centromeric proteins, as will be discussed later.
The sequence of human satellite I and III DNA has been recognized with high specificity
by HeLa nuclear proteins (Fouquet and DuBow, 1992a; Grady et al., 1992). Two members
of the high mobility group (HMG) family of nonhistone chromosomal proteins, HMG-I in
mammalian cells and D1 in Drosophila melanogaster (Alfageme et al., 1980; Lund er al.,
1983). were found to interact specifically with highly repetitive A+T-rich satellite DNA.
These proteins were localized to heterochromatin and centromeres (Alfageme et al., 1980;
Disney et al.. 1989). Drugs binding A+T-rich DNA. such as distamycin or Hoechst 33258,
displace HMG-I from DNA and disrupt the structure of centromeres (Lica er al., 1986),
indicating that HMG proteins localized to heterochromatin may play an important role in
heterochromatin condensation. It still remains to be determined whether it is the satellite
DNA sequence itself or a higher order structure that mediate the protein binding.

It has been documented in several studies that various satellite DNAs adopt a
sequence-induced curved conformation (Barcel6 er al.. 1997; Martinez-Balbas er al., 1990;
Radic et al.. 1987). Long tracts of adenine residues, which have been described as inducers
of curvature (Koo and Crothers, 1988), seem to be the structural elements responsible for
the curvature of satellite DNAs (Barcel6 er al., 1997). The A+T-rich sequences commonly
observed in satellite DNA are very prone to bending. However. satellite DNA sequences
lacking repeated A-tracts were shown to be curved in Tenebrionids (beetles) (Barcelo et al..
1998). Other sequence elements must therefore participate in the DNA bending. It is
possible that the condensation of heterochromatin originates from a higher-order structure.
Satellite DNA curvature could provide the element necessary to attain this structure. It has
also been suggested that DNA curvature could account for the positioning or phasing of
nucleosomes by the inability of the curved DNA to be packed into nucleosomes, or by
providing a conformation prone to interaction with nuclear proteins (Drew and Travers,
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Mouse cells treated with distamycin A, a drug with a binding preference for AT-rich
DNA. which results in apparent straightening of the satellite DNA curvature. showed
impaired chromosome condensation and elongated centromere regions (Radic er al., 1987).
The same effect was seen with mouse cells grown in the presence of Hoechst 33258, also an
AT-specitic drug. which inhibited centromeric heterochromatin condensation (Lica et al.,
1986: Vig and Willcourt. 1998). In these cases, satellite DNA seemed to resist compaction
because of a reduced capacity to bend that would, as was suggested, affect its interaction
with specific proteins. [n addition. aberrations in the pattern of chromosome separation
were observed (Vig and Willcourt. 1998), indicating that the structure of pericentromeric
satellite DNA must play an important role in this process. These experiments support the
hypothesis that satellite DNA may represent an important, or even essential, structural
element involved in centromeric heterochromatin condensation. It has also been shown that
some satellite DNAs. despite their high content in adenine and thymine. display
conformations other than curvature (Plohl and Ugarkovic. 1994). It is therefore not
excluded that other satellite DNA higher-order structures. apart from curvature, could

participate in heterochromatic and centromeric chromatin condensation.

1.5.2. Anchorage to the Nuclear Matrix

Due to their base composition and resulting curved conformation. satellite DNAs
could also serve as sites of attachment of DNA to the nuclear matrix. The nuclear matrix
structure appears to be the structural framework responsible for higher order chromatin
organization (Nickerson er al.. 1989). Sites of attachment to the nuclear matrix have been
defined as matrix-associated or scaffold-associated regions (MAR or SAR) (Gasser et al.,
1989). These sites generally contain 70 to 75% (A+T). Short repetitive simple sequences
containing blocks of As and Ts and displaying a curved conformation (Homberger, 1989)

are the main part of nuclear matrix-associated DNA regions (Vogt, 1992). The involvement
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of satellite DNAs, which are AT-rich and also adopt a folding structure, is suggestive of the
development of a specific chromatin folding structure participating in the nuclear matrix
attachment sites. A human nuclear matrix protein complex binding to alpha satellite DNA
was identified (Enukashvily et al., 1999). The association, observed in vitro, was seen to
implicate two proteins binding directly to alpha satellite DNA, and a third component

enhancing the binding of the two others.

1.5.3. Satellite DNA as a Spacer

[t has been suggested that satellite DNA may serve as a spacer around the nucleolar
organizer where the cluster of ribosomal RNA (rRNA) genes is found (Yunis and
Yasmineh. 1971). Such a spacer would protect the ribosomal RNA cistrons from mutation
and cross-over to preserve their evolutionary conservation, by either spacing individual
cistrons (Bimstiel e al.. 1968: Lima-de-Faria. 1969) or by forming a heterochromatic shield
around them (Lima-de-Faria. 1969). This protective role of satellite DNA would come into
play because of the reduced frequency of genetic recombination observed in the region of
centromeres (Charlesworth er al.. 1986). In addition, sequence similarities are found
between human satellite DNA I sequences and the centromere DNA element II (CDE II) of
yeast centromeres that is enriched in A+T sequences (Grady et al., 1992). This region is
responsible for the spacing of the CDE I and CDE III domains. It has been suggested that
human satellite DNA I could perform a similar spacing function in human centromeres
(Vogt. 1992). Overall. satellite DNA could fulfill important structural functions such as
maintaining a specific nuclear organization as well as protecting the integrity of important

regions.
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1.5.4. Binding to Specific Proteins

Satellite DNA seems to offer the sequences necessary for the binding and
accumulation of specific proteins. Several centromere proteins (CENPs) have been
identified from autoimmune sera of patients with CREST syndrome (Calcinosis, Raynaud’s
phenomenon. Esophageal dysmotility, Sclerodactyly Telangiectasiae) (Moroi er al., 1980).
Autoantibodies reacted with these proteins, which appeared to be tightly bound to DNA and
located at the kinetochore. Alpha satellite DNA, which is the major DNA detected at the
primary constriction of all hiuman chromosomes (Wiilard, 1990). has been shown to be
tightly associated with centromere proteins throughout the cell cycle (Masumoto et al.,
1989b). More specifically. a direct interaction has been demonstrated between CENP-B, the
most abundant human centromere protein (Earnshaw er al.. 1987), and a 17 bp sequence of
the human a satellite repeat unit (Masumoto et al.. 1989a). A CENP-B box was also found
in the mouse minor satellite DNA (Willard, 1990).

Although the DNA binding domain of CENP-B is able to bind the CENP-B box as a
monomer (Kitagawa er al.. 1995), the protein appears to form a stable dimer at its COOH
terminus in mammalian cells. This dimer was found in virro to bind two molecules of o
satellite DNA: a binding which could occur intra- or inter-chromosomally (Yoda er al..
1992). An internal domain of CENP-B responsible for the protein’s self-association was
identified (Sugimoto er al.. 1994). The mutual association of the CENP-B proteins at the
centromere may help bring the CENP-B boxes in close proximity. The interaction at the
dimerization domains of two CENP-B proteins will further stabilize this overall structure
(Figure 1.5). The association may mediate the assembly or packing of the centromeric
heterochromatin and help organize a higher order chromatin structure (Muro et al., 1992).
The possibility of CENP-B playing an important role in the assembly of higher order
structures at the human centromere was suggested by Yoda er al. (1998). The CENP-B
dimer was seen to assemble two alpha satellite DNA fragments each containing a CENP-B
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Figure 1.5. Compaction and association of chromosomes through joining of satellite

DNA regions mediated by binding of CENP-B proteins to CENP-B boxes. (Adapted

from Sugimoto er al.. 1994)
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box. Intramolecular interactions of the CENP-B dimer were also observed, with the
formation of DNA loop structures. CENP-B was shown to induce nucleosome positioning
between pairs of CENP-B boxes implying that it may establish a particular centromeric
pattern of nucleosome positioning. It has been noticed that the dimerization and DNA-
binding domains of CENP-B are perfectly conserved between human and mouse (Sullivan
and Glass. 1991). The central domain is also conserved perfectly between these two species
(Kitagawa er al.. 1995). Although these observations suggest that CENP-B might perform
an important function, this protein was recently found not to be essential in mice (Kapoor er
al.. 1998). Mice null for the cenpB gene were produced. These mice were viable and did
not present any apparent defect in growth or morphology. The centomere and kinetochore
were found to be intact. and mitosis was not affected. These observations suggested that
CENP-B is not required for the assembly of heterochromatin or the kinetochore, and that it

may not be essential for mitosis.

1.5.5. Centromere Function

One of the important properties that centromeres are known to possess in eukaryotic
cells is the responsibility of the accurate segregation of chromosomes (Miyazaki and Orr-
Weaver. 1994). The centromeric protein CENP-B was found to have an acidic serine-rich
region similar to the one found in the yeast CTF13 protein (Doheny et al., 1993). In yeast,
this protein has been found to be responsible for chromosome segregation (Goh and
Kilmartin. 1993). Among the other immunologically defined centromere proteins, CENP-C
and CENP-D were found to be associated with the kinetochore domain (Cooke er al., 1990;
Willard, 1990) (Figure 1.6A). CENP-C is the centromere protein most closely associated
with the kinetochore (Willard, 1990). This protein has been shown to be essential for
mitosis after anti-CENP-C antibodies inhibited mitotic progression (Bernat er al., 1990;
Tomkiel er al., 1994). In addition, CENP-C was detected in the functional, but not the
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Figure 1.6. Association of centromeric proteins with the primary constriction. A)

Binding of CENP-C. CENP-D and CENP-E at the kinetochore region. B) Binding of
INCENPs and CLIPs at the inner centromeric region and of a protein forming a ring

around the primary constriction. (Adapted from Willard, 1990)
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inactive, centromere of dicentric chromosomes (Earnshaw et al., 1989; Page et al., 1995;
Sullivan and Schwartz, 1995). CENP-C may have DNA binding properties, as was inferred
from analysis of its cDNA (Saitoh e al., 1992), but the exact centromeric DNA sequences
to which it binds are currently unknown. Simple sequence satellite DNAs could be a target
for CENP-C binding, but this still remains to be shown. CENP-D has been shown to be a
regulator of the onset of chromosome condensation (Bischoff et al., 1990), and CENP-E has
been characterized as a kinesin-like protein (Thrower er al.. 1995; Yen et al., 1992)
important for chromosome movement (Lombillo et al.. 1995).

In addition to the CENP antigens. other proteins have been localized at the primary
constriction of chromosomes (Willard, 1990). These proteins, called INCENPs (inner
centromere proteins) or CLIPs (chromatid linking proteins), are presumably involved with
sister chromatid association (Figure 1.6B). but their DNA binding sites are unknown. An
antigen forming a ring around the centromere was also recently identified (Holland er al.
1995) with a possible function of holding the sister chromatids together, imparting physical
stability to the centromere (Figure 1.6B). The identification of the DNA sequences to which
these proteins bind may reveal satellite DNAs as active players in these centromeric

processes.

L.5.6. Chromosome Segregation
1.5.6.1. The Use of Mammalian Artificial Chromosomes to Define Centromeric
Elements
In aiming at developing vectors that can be used in important applications such
as gene therapy. much effort has been focused on the construction of human or mammalian
artificial chromosomes (HACs or MACs) (Harrington er al., 1997, Schlessinger and
Nagaraja. 1998; Willard, 1998b). In order to achieve this goal, a detailed understanding of

structural and functional elements of the chromosomes of complex eukaryotes is required.
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Extensive studies in yeast have established that at least three chromosomal elements are
needed to produce a linear mitotically stable chromosome: a centromere, telomeres at each
end, and origins of replication (Clarke and Carbon, 1980; Murray and Szostak, 1983). The
molecular and genetic requirements for each of these chromosomal elements have been well
defined in yveast (Bloom and Carbon. 1982; Marahrens and Stillman, 1992; Shampay et al.,
1984). In mammalian chromosomes, the principal missing link appears to be the
centromere. This part of the chromosome is considered responsible for directing the
formation of the kinetochore and mediating attachments to and movements of the
chromosome along the spindle apparatus (Willard, 1998a). However, the full nature of the
DNA sequences competent to provide complete centromere function in multicellular

eukaryotes is still not fully understood.

1.5.6.2.  Satellite DNA and the Definition of Centromere in Multicellular

Eukaryotes

As described earlier. the centromeres of many eukaryotic organisms are known
to consist of megabase-sized arrays of tandemly repeated satellite DNA. Alpha satellite
DNA. being the best characterized of the centromeric satellite DNAs and the only one to be
found to the centromeric regions of all normal human chromosomes (Murphy and Karpen.
1998). has been used in studies with MACs. Arrays of alpha satellite DNA are found in
association with centromere function. and it is known that as little as about 200 kb of alpha
satellite DNA trom the Y chromosome can sustain normal mitotic segregation (Heller er al..
1996). Most recently. the construction and functional reintroduction into human cells of the
first MAC was reported (Harrington e al., 1997). In this study, microchromosomes were
formed using synthetic alpha satellite DNA arrays produced through the multimerization of
a single alpha satellite repeat unit. These microchromosomes were shown to be mitotically

stable and to bind the centromeric proteins CENP-C and CENP-E.
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Ikeno et al. (1998) have constructed MACs using yeast artificial chromosomes
(YACs) which they combined with about 100 kb of human alpha satellite DNA in addition
to telomeres. These constructs were introduced into human cells and the resulting
minichromosomes were seen to behave as natural chromosomes by replicating and
segregating with high fidelity. All the chromosome rearrangements examined to date retain
at least 140 kb of alpha satellite DNA, which strongly suggests that this sequence plays a
key role in centromere function (Heller er a/.. 1996). Human artificial chromosomes
constructed from | Mb yeast artificial chromosomes, containing alpha satellite DNA along
with human telomeric DNA and origins of replication, were observed to bind CENP-E and
found to be mitotically stable for close to 100 generations (Hennig er al.. 1999). Although
there is evidence suggesting that alpha satellite DNA is implicated in chromosome pairing
and movement. the question remains as to whether it is necessary and sufficient for
centromere function.

Deletion studies using a Drosophila minichromosome (Dp//87) have shown that
200 kb or more of heterochromatic DNA. which contains AATAT satellite sequences, are
required for full transmission (Murphy and Karpen. 1995). These satellite DNA sequences
by themselves are not sufficient for centromere activity, but their requirement led to the
suggestion that they are responsible for sister chromatid cohesion and the assembly of a
fully functional kinetochore. whereas the central core mediates the attachment to spindle
microtubules (Figure 1.7). The flanking heterochromatin could atfect kinetochore function
at a distance and play an accessory role in optimizing kinetochore formation through
chromatin modification. or it could stabilize or regulate interactions with the spindle.
Recently. murine pericentric satellite DNA was shown to participate in the formation of a
stable murine chromosome (Telenius er al., 1999). The constructed MAC was seen to

support stable expression of a beta-galactosidase reporter gene over a period of months in
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Figure 1.7. Participation of flanking satellite DNA sequences in the assembly and

stabilization of sister chromatids and of a functional kinetochore. These flanking satellite
DNA sequences may contribute additional factors helping in the organization and stability

of the kinetochore. (Adapted from Murphy and Karpen, 1995)
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murine. bovine and human cell lines. It therefore appears that functional MACs can be
produced using pericentromeric satellite DNA, at least from mice.

It has been observed that noncentromeric DNA can acquire centromere function.
Rearranged human marker chromosomes have been identified that do not contain detectable
alpha satellite DNA (Blennow et al., 1994; Vance et al., 1997; Voullaire et al., 1993).
Although some of these chromosomes lack a primary constriction, others possess one. In
addition. a positive reaction with CREST antiserum is observed with some of these
chromosomes.  Mitotic dysfunction of one marker was observed, but the regular
transmission of another marker indicated the presence of a functional centromere. These
observations seem to indicate that sequences that are normally euchromatic can assemble a
kinetochore. Neocentromeric activity is also seen with acentric derivatives of the
Drosophila Dpl187 minichromosome (Murphy and Karpen. 1995). Although these
acentrics lack elements associated with the centromere, they are transmitted well in males,
indicating that the DNA sequences required for chromosome inheritance differ between
sexes.

“Centromere activation™ is the process describing the appearance of a centromere at
a new position on a chromosome (Brown and Tyler-Smith, 1995). The mechanism of
appearance of a centromere at a new position remains unknown. [t has been proposed to
occur through a change in the DNA sequence by transposition of a functional sequence
element from a pre-existing centromere (Brown and Tyler-Smith, 1995). Other
explanations involve mutational processes leading to the increase in the length of a
tandemly repeated DNA sequence to form an array that functions as a centromere (Brown
and Tyler-Smith. 1995). Another possibility is that centromere function is determined by an
epigenetic sysiem that activates a non-centromeric sequence. This epigenetic mechanism
would involve an activation step that “imprints” the DNA, subjecting it to a self-replicating

modification (Karpen and Allshire, 1997). Cytosine methylation may be such a
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modification; underacetylation of histones could be another. In fact, aberrant centromeric
acetylation patterns in fission yeast are correlated with abnormal centromere function
involving chromosome loss (Ekwall et al., 1997). The centromere activation mechanism
may involve an initial activation event biased towards a particular characteristic of alpha
satellite DNA. A recurring motif like the A+T-richness. repetitiveness of the DNA, or a
shared higher order structure like curvature could play a role in specifying an epigenetic
mechanism for centromere activity (Murphy and Karpen, 1998) (Table 1.2). DNA
sequences responding to these criteria could be able to fulfill the role of a centromere. It has
been shown that the presence of centromeric DNA does not necessarily support kinetochore
formation and function. The major satellite DNA of the Drosophila Dp!187 centromere is
found in regions that do not fulfill centromere activity (Murphy and Karpen, 1995).
Therefore. primary sequences of centromere-associated satellite DNA may not be important
for centromere function.

In neocentromere formation, the disappearance of the normal centromere is
alleviated by the activation of other sequences. though perhaps at a lower frequency. It
should be noted that neocentromere formation is a rare event, occurring in particular
situations such as chromosome rearrangements. It has been suggested that the acquisition of
centromere function by acentric chromosomes might require proximity to a normal
centromere (Karpen and Allshire, 1997; Williams er al., 1998), involving the spreading of
centromere function or proteins from the normal centromere into adjacent regions, or their
action in trans. Although the functional elements required for providing a centromere in
mammals have not been fully defined, alpha satellite DNA appears to be an important
component of centromere function. Other satellite DNA sequences, flanking and
interrupting alpha satellite DNA arrays, may also play a role in or contribute to centromere

activity.



Table 1.2. Possible events implicated in the acquisition of centromere

function by acentric chromosomes.

Genetic events Epigenetic events

Transposition of functional Increased cytosine methylation
sequence from another centromere  (Brown and Tyler-Smith, 1995)
(Brown and Tyler-Smith, 1995)

Increase in length of Histone underacetylation
tandemly repeated sequence (Brown and Tyler-Smith, 1995)
(Brown and Tyler-Smith, 1995)
Repetitiveness of a sequence Secondary structure
(Murphy and Karpen, 1998) (e.g. curvature)

(Murphy and Karpen, 1998)

DNA composition Spreading of centromeric
(e.g. A+T rich) factors from normal centromere
(Murphy and Karpen, 1998) (Karpen and Allshire, 1997)




1.5.7. Satellite DNA Transcription
Most satellite DNASs are transcriptionally inactive. However, satellite DNA

transcription has been demonstrated in certain organisms such as the newt, Notophthalmus
viridescens. (Diaz et al., 1981) and amphibian, Xenopus laevis, (Jamrich et al., 1983). In
addition. the rare transcription of a 33 bp centromeric satellite DNA on lampbrush
chromosomes of the newt Triturus cristatus cristatus (Baldwin and Macgregor, 1985) was
shown. Lampbrush chromosomes represent meiotically paired chromosomes, in growing
oocytes. that are covered with newly transcribed RNA packed into RNA-protein complexes
(Callan. 1982). The rare transcription of satellite DNA was suggested to occur by read-
through from adjacent normally transcribed sequences. This phenomenon is presumed to
occur sometimes with satellite DNA sequences that are located in close proximity to
transcribed regions (Diaz et al., 1981; Varley et al.. 1980).

Studies done with the satellite 2 DNA of the newt Triturus, which consists of 300 to
350 bp repetitive DNA dispersed throughout the genome, have shown that this satellite
DNA sequence does generate transcripts {Coats ef al., 1994). The satellite 2 DNA has the
particularity of possessing a promoter which contains two functional domains, the proximal
sequence element (PSE) and the distal sequence element (DSE). with similarities to the
promoters of vertebrate small nuclear RNA (snRNA) genes. The entire promoter of the
Xenopus U1b2 gene can be replaced by the Triturus satellite 2 promoter, without loss of
function. Although it is not clear if this satellite 2 DNA has a cellular function, it contains a
functional RNA domain that is a self-cleaving hammerhead, an extended secondary
structure. which appears to be involved in the production of satellite 2 monomer RNAs in
the liver and testes (Epstein and Coats, 1991). In addition, a newt ribozyme was assembled
using the satellite 2 RNA (Luzi et al.. 1997). and it was shown to be capable of cleaving a
target RNA. which suggests that it could retain the function of processing other cellular

RNAs. It remains to be determined whether other satellite DNAs have the ability to carry
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similar or related functions. Most recently. satellite DNA transcripts were observed in
hymenopterans (Renault et al., 1999). The transcripts were not polyadenylated, and one
major transcript of 1.9 kb was accompanied by several smaller transcripts. The function of

these transcripts. if any, remains to be determined.

1.6. Effects Observed with Repetitive DNA Sequences

Although much remains to be done in terms of defining the function and
importance of satellite DNA sequences, observations have been made that provide
important information on the behaviour of these sequences. As many studies have revealed,
there are harmful consequences of having euchromatic genes positioned in the vicinity of

heterochromatic sequences.

1.6.1. Position-Effect Variegation

Position-effect variegation (PEV) was first described in Drosophila
melanogaster by Muller (1930). Muller observed cell-to-cell variations in expression of the
white” (w’) gene. responsible for red eye color. caused by a chromosomal rearrangement.
This euchromatic gene was displaced from its normal euchromatic location by an inversion,
and placed in the vicinity of heterochromatin. These rearrangements resulted in red and
white patches in the adult eye. The variable inhibition was heritable, being maintained
through multiple cell divisions. and provided the characteristics of silencing by epigenetic
mechanisms. In another example. an inversion of the Drosophila X chromosome placed the
white gene in the vicinity of heterochromatin, giving rise to a mosaic appearance of red and
white eye color (Henikoff, 1990). In mammals, the first reports of PEV were describing X
chromosome inactivation. Translocations have been identified in the mouse between the X
chromosome and autosomes (Russell and Cacheiro. 1978; Russell and Montgomery, 1970).

For example. a translocation involving the X chromosome and chromosome 8 containing
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the brown (br) locus gave rise to female mice with mottled black and brown coat color, the
functional br gene producing black coat color and a mutant or an affected gene producing
brown coat color.

One of the most popular models to explain the underlying basis of PEV involves the
packaging of DNA being extended, in rearranged regions, from heterochromatin into
adjacent euchromatic genes (Kellum and Schedl. 1991) (Figure 1.8A). In other words, the
effect would reside in the cis-spreading of a condensed, heterochromatic chromatin state
past the rearrangement breakpoint (Elgin. 1997; Wakimoto, 1998). The altered chromatin
conformation would prevent access of the transcriptional machinery to the genes and result
in transcriptional repression. Variegation could be accounted for by variations among cells
in the extent of linear spreading. A number of modifiers of PEV have been identified
(Grigliatti. 1991). Suppressor [SU(VAR)] proteins repress euchromatic gene expression
whereas enhancers [E(VAR)s] are viewed as transcriptional activators (Wakimoto, 1998).
Mutations in the Efvar)7 locus have been observed to enhance variegation (Lindsley et al.,
1960). Deletions of the Su(var)205 or Su(var)3-7 loci suppress PEV of a classical
variegating rearrangement involving inversion of a region of the X chromosome,
whitemottledd (Reuter et al., 1987; Spofford, 1976) (Figure 1.8B), while overexpression of
those genes enhances the variegation phenotype (Eissenberg et al., 1992; Reuter et al.,
1990). Additionally. insertion of an Y chromosome. which is entirely heterochromatic in
Drosophila. is seen to decrease PEV of euchromatic genes, presumably because of
competition for heterochromatic factors (Gowen and Gay, 1933). The products of the
Su(var)205 gene. HP-1, and of Su(var)3-7 are good candidates for structural components of
heterochromatin (Elgin. 1997). HP-1 localizes predominantly to the chromocenter, which
corresponds to the aggregation of centromeric regions of chromosomes, in salivary gland
nuclei of Drosophila (James et al., 1989). While having numerous binding sites throughout
euchromatin, HP-1 is enriched in heterochromatin (Kellum er al., 1995). SU(VAR)3-7 is

46



Figure 1.8. Model showing disturbance of gene expression induced by DNA

rearrangements and spreading of heterochromatin (A). B) Mutations in suppressor of
variegation [Sufvar)] genes or addition of an Y chromosome can decrease the negative
effect created by the rearrangements by decreasing the amount of heterochromatin
proteins available; whereas mutations in enhancers of variegation [E(var)] increase the

variegation phenotype.
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cytologically associated with centromeric heterochromatin and co-localizes there with HP-1
(Cléard et al., 1997).

More observations, in favor of changes in chromatin structure in PEV, come from
cytogenetic studies showing that the euchromatin adjacent to the rearrangement breakpoint
undergoes visible changes in its banding pattern in Drosophila polytene chromosomes
(Wakimoto, 1998). The variegation can also be modified by changing histone gene dosage
or levels of histone acetylation. Gene inactivation, associated with PEV in mammals, is also
thought to correlate with a closed chromatin configuration. This is illustrated by elimination
of DNase [ sensitivity in a variegated transgene located within pericentromeric
heterochromatin in mice (Festenstein et al., 1996).

The cis-spreading of heterochromatin does not explain all the features of PEV
observed in Drosophila. Some rearrangements creating heterochromatin-euchromatin
breakpoints induce the variegation of genes located several megabases away from the
breakpoint (Weiler and Wakimoto. 1995). The severity of the variegated phenotype can be
influenced by the position of the breakpoint. and the distance of the euchromatic genes
relative to the heterochromatic block. Interchromosomal interactions (Henikoff and
Dreesen. 1989) also influence the variegation. The brown eye pigment locus undergoes cis-
silencing when it is juxtaposed with heterochromatin. However, silencing is also observed
with the homologous copy, a case of dominant variegation (Henikoff and Comai, 1998)
(Figure 1.9). This example indicates that trans-inactivation can occur. A rearrangement
causing variegation of the white gene is also seen to produce trans-inactivation of a white
transgene on the homologous chromosome (Martin-Morris et al., 1997).

Long-distance effects could be explained by associations bringing the rearranged
gene region in frans close to pericentromeric heterochromatin (Henikoff and Comai, 1998).
This is the case for the Drosophila brownDominant (py,Dy heterochromatic insertion.

Insertion of a heterochromatic block near the bw gene effectively silences this gene when
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Figure 1.9. Model for irans-inactivation of a gene following DNA rearrangements.

[nactivation of the homologous copy of a gene (X) from a rearranged chromosome

presenting a block of heterochromatin adjacent to this gene. (Inspired from Henikoff and

Comai. 1998)



- = centromeric heterochromatin

I = heterochromatic block
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the homologous chromosome carries a rearrangement that brings the gene in trans close to
pericentromeric heterochromatin (Henikoff and Comai, 1998). A nuclear compartment
model has also been proposed to explain the variable and long-distance features of PEV
(Wakimoto, 1998). This idea originated from the fact that Drosophila chromosomes at
interphase have their centromeres and the bulk of heterochromatin at one end of the nucleus
and the telomeres at the opposite end. This feature could explain the cell-to-cell variable
phenotype observed in PEV. where the presence of the displaced gene within a particular
nuclear compartment would vary. The same effect could occur with genes located
megabases away from the breakpoint. Cytological studies have shown that a displaced
region of heterochromatin variably associates with other regions of heterochromatin in
certain cell types (Csink and Henikof¥, 1996).

The effects observed in PEV are in contradiction with the behavior of genes
normally located within heterochromatin (Zuckerland and Hennig. 1995). Heterochromatic
genes appear to require the proximity of heterochromatin for their expression (Hilliker,
1976). Position eftects on heterochromatic genes placed in an euchromatic environment
have been observed. This type of effect is exemplified with the rolled (rl) gene of
Drosophila, which is located deep in centromeric alpha heterochromatin (Eberl et al., 1993).
Position effects on the r/ gene depend upon the size of the block of heterochromatin
associated with the displaced gene, as well as the distance from other heterochromatic
regions. The above examples illustrate that the general context in which a gene resides is
very important for the proper behaviour of this gene. Changes in the normal environment of

a sequence can bring about perturbations that are difficult to dissect.

W
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1.6.2. Position Effects Observed with Isolated Genes and/or Satellite DNA
Sequences
The effect of centromeric heterochromatin on euchromatic genes has also been
analyzed in systems where exogenous genes are introduced into eukaryotic cells. Following
introduction of foreign DNA molecules into cells. a series of events occurs. There is a
period of time during which the introduced DNA sequences remain unintegrated. Ligation
of DNA molecules with each other may then occur. leading to the formation of
concatameric structures (Perucho er al.. 1980). Expression of genes present on the DNA
sequences can usually occur before integration of these sequences into the genome (Milman
and Herzberg. 1981). A few DNA sequences become stably integrated (Pellicer et al.,
1980). Butner and Lo (1986) have shown that tk” mouse cell line transformants, obtained by
microinjection of ¢k cells with a plasmid containing the herpes viral thymidine kinase gene
(tk) (Lo. 1983). presented a high frequency of DNA rearrangement at the site of integration
of the exogenous gene. They related this instability to the host environment flanking the
integrated gene. which was shown to consist of pericentromeric satellite DNA. In light of
the property of satellite DNA to be highly unstable, the effect observed was presumed to be
propagated by the presence of these large blocks of repetitive DNA. Foreign DNA has not
vet been demonstrated. in mammalian cells. to integrate into homologous sequences at a
high frequency. Kato er al. (1986) conducted a study in which mice Ltk™ cells were
transformed with the herpes simplex virus type 1 (HSV-1) thymidine kinase gene and
pBR322 DNA. The cellular DNA at the integration sites was found to consist mostly of
repetitive DNA elements. indicating that foreign DNA integrates preferentially into these
sequences. It was suggested that there may be cellular mechanisms protecting unique
protein coding sequences by preventing integration into them.
In a similar study, a transfected HSV-1 tk gene was shown to display phenotypic

instability when co-transfected with mouse satellite CNA (Talarico er al., 1988). Co-

53



transfection with satellite DNA was seen to be less efficient than co-transfection with total
or main band DNA. In addition, the tk gene and satellite DNA were physicaily linked in the
transformants. and were preferentially located in centromeric or telomeric regions. The
instability of the TK phenotype was displayed in the fact that tk” cell lines could be readily
recovered from sk cells. and rerevertants to the tk” phenotype were also seen to occur at a
high frequency. The phenotypic switching was assumed to be the result of the influence of
the adjacent highly repetitive DNA sequences. Due to the analogy with PEV events,
satellite DNA was suggested to influence the expression of the adjacent genes by promoting
alterations in their chromatin structure.

Analysis of the site of integration in exogenous DNA has previously been
investigated for a polyoma-derived vector containing rodent repetitive DNA sequences
(Wallenburg er al.. 1987). [t was found that integration occurred preferentially within the
repetitive sequences present in the transfected DNA. The effect of repetitive DNA
sequences on adjacent DNA was also studied in a heterologous system (Maiorano et al..
1997). Hexamers of a telomeric AT-rich satellite DNA from the brine shrimp Artemia
Sfranciscana were juxtaposed to a lacZ reporter gene. and analysis of lacZ expression was
performed in Saccaromyces cerevisiae. The functionality of the reporter gene was seen to
be affected. decreasing progressively with the increase in repetitive DNA sequences present
in its proximity. In this case. the orientation of the repeats also seemed to play a role.

A similar situation, where a satellite DNA sequence is positioned in cis with marker
genes. has been studied in human cells (Fouquet and DuBow, 1992b). The satellite DNA
used was a human 1.797 kb EcoRI satellite [I DNA isolated from HeLa cells (Sol et al.,
1986). This satellite II DNA was estimated to represent about 2% of the genome, and to
reside mainly on chromosomes 7. 12. 14, 15. 16, and 22 (Sol and DuBow, 1992).
Transfections with plasmids containing the 1.797 kb satellite [l DNA sequence were

performed into tk'/neo” human cells (Fouquet and DuBow, 1992b). It was observed that the
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satellite DNA, placed at a particular position in the plasmid, next to the 5’ end of a neo gene
(plasmid pCFD1), was exerting a dramatic effect on the recovery of stable tk’/neo
transfectants. The transfection efficiency was consistently found to be lower or equal to
one. On the other hand, the plasmid containing the satellite DNA sequence next to the 5’
end of the tk gene did not produce such a negative effect on transfection efficiency. The
satellite DNA sequence was in different orientations, based on the position of base pair 1 of
the sequence, relative to the neo or tk genes, in these different plasmids. [t was proposed
that the satellite [[ DNA was either interfering with the transfected genes expression, or that
it was affecting the site of plasmid integration. In addition, it was suggested that the satellite
DNA was exerting its negative effect in a location and/or orientation-dependent manner.

As inferred from the above studies, it appears that satellite DNA sequences tend to
exert negative effects on euchromatic genes. In certain cases, satellite DNA-directed
heterochromatinization seems to be responsible for the effects observed. In other situations,
the cause of the negative effects is not fully defined. Additional investigations into the
mode of action of satellite DNA sequences will help in gaining a better understanding of

this part of the genome.
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1.7. Outline of the Thesis

In an effort to understand how the presence of satellite [ DNA sequences affect
transfection efficiency or/and gene expression, the present study was undertaken. As
outlined above. previous observations made with the human 1.797 kb human satellite I
DNA sequence indicated that its presence caused a severe negative effect on transfection
efficiency (Fouquet and DuBow, 1992b). The purpose of this thesis was to further these
results and to begin to understand how the satellite [[ DNA sequence exerted its effect. In
Chapter 2. the Materials and Methods used are described. A presentation of the results is
made in Chapter 3. Outlines of the transfection studies with the satellite [[ DNA sequence.
studies designed to determine the mode of integration of the transfected plasmids, and
studies into the short-term expression of the tk gene present in the plasmids. are presented.
A discussion of the significance of the results and suggestions for future studies are

presented in Chapter 4.



CHAPTER 2
MATERIALS AND METHODS

2.1. Plasmids
2.1.1. Restriction Enzyme Hydrolysis and DNA Modifications

Restriction enzyme hydrolysis of most plasmids was performed, using three units of
enzyme per microgram of DNA, at 37°C in digestion buffer composed of 10 mM Tris-
acetate (pH 7.5), 10 mM magnesium acetate, 50 mM potassium acetate and 100 mg/mL
bovine serum albumin (BSA. Pentex Fraction V) (Sigma, Oakville, ON). All restriction
enzymes were obtained from Amersham Pharmacia Biotech (Baie d'Urfé, QC), Bethesda
Research Laboratories (Burlington, ON), Boehringer Mannheim (Laval. QC) or New
England Biolabs (Mississauga, ON).

Hydrolyzed DNA molecules were purified prior to modification of any 5° or 3’
extensions. After restriction enzyme hydrolysis, the total DNA volume was brought up to a
volume of 200 puL with IXTE [10 mM Tris-HCI (pH 7.5), 1.25 mM EDTA]. Phenol
extraction of the DNA was performed using an equal volume of phenol. followed by an
equal volume of chloroform (CHCL,): Isoamyl alcohol (24:1, v/v). The DNA was then
precipitated by the addition of 0.1 volume of 2.5 M ammonium acetate and 2.5 volumes of
absolute ethanol. The precipitation was allowed to proceed for 1 hour at —=70°C. The DNA
was collected by centrifugation for 30 min at 4°C. and the DNA pellet was resuspended in
deionized water.

To produce blunt ends for DNA ligation reactions, recessed 3’ termini created by
hydrolysis with several restriction enzymes were backfilled as follows: the large fragment of
Escherichia coli DNA polymerase [ (Klenow fragment) from GIBCO-BRL (Burlington,
ON) was used. The reaction was performed at 25°C for 60 min in 50 mM KH,P0, (pH 7.5),
3 mM MgCl, and | mM 2-mercaptoethanol, in the presence of 40 uM of each of the
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required deoxynucleotides (ANTPs). To suppress self-ligation of cloning vectors, the 5°-
phosphate groups from the hydrolyzed vector DNA were removed using | unit of calf
intestinal alkaline phosphatase (CIAP) (GIBCO-BRL, Burlington, ON) per milligram of
DNA. The reaction was performed at 37°C for 30 min in 1 M diethanolamine buffer, 10
mM 4-nitropheny! phosphate. and 0.25 mM MgCl, (pH 9.8). The CIAP was removed using

a phenol extraction procedure as described above.

2.1.2. Isolation of DNA Fragments

Separation of the DNA molecules of a given restriction endonuclease hydrolysis
reaction was performed by electrophoresis through agarose (0.75%) or polyacrylamide
(PAGE) (5-7%). and staining of the gels in an ethidium bromide solution. The buffer used
for electrophoresis was either TAE (40 mM Tris-acetate, 20 mM glacial acetic acid, | mM
EDTA. pH 7.5) for agarose gels or TBE (90 mM Tris-borate, | mM EDTA, pH 7.5) for
PAGE. Gel slices containing the desired DNA fragments were purified either by the
Geneclean procedure (Biol01, Mississauga. ON) for agarose gels, or by the crush-and-soak
procedure for polyacrylamide gels (Sambrook et al.. 1989). The Geneclean process was
performed according to the manufacturer’s specifications. The crush-and-soak protocol was
performed as follows: PAGE gel slices were incubated at 37°C overnight in crush-and-soak
buffer [500 mM ammonium acetate, 10 mM magnesium acetate, | mM EDTA, and 0.1%
(w/v) SDS]. The incubation was followed by centrifugation at 5,000 x g for 10 min at room
temperature. The DNA in the supernatant fluid was precipitated in absolute ethanol by
incubation at -70°C for 20 min, and centrifugation at 14,000 x g for 30 min at 4°C. The
DNA pellets were resuspended in 2.5 M ammonium acetate and absolute ethanol, followed
by freezing. centrifugation and resuspension of the pellets in deionized water. After a third

purification, the final pellets were resuspended in 10-20 uL of IXTE.



2.1.3. DNA Ligation

DNA ligation reactions were performed using a ratio of 3:1 (DNA fragment insert:
plasmid vector), with the total amount of DNA not exceeding | pg in a volume of 10 uL.
The reactions were allowed to proceed at 15°C for 20 hours in the presence of 2 units of T4
DNA ligase (GIBCO-BRL, Burlington, ON), in ligation buffer [50 mM Tris-HCI (pH 7.6),
10 mM MgCl,. | mM ATP, ImM DTT, 5% (w/v) polyethylene glycol 8,000].

2.1.4. Screening of the Desired Plasmid Constructs

Ligated DNA molecules were introduced by electro-transformation (Dower et al.,
1988) into competent cells of £. coli DHI1 (supE44, hsdR17, recAl, endAl, gyr496, thi-1,
reld1). Competent cells were prepared by inoculating 1 L of Luria-Bertani (LB) broth [1%
(w/v) Bacto tryptone. 0.5% (w/v) Bacto yeast extract, 0.17 M NaCl, 3 mM NaOH]
(Sambrook ¢r al.. 1989) with 1/100 volume of a fresh overnight culture. The cells were
grown at 37°C to an optical density (Ag) of 0.5 to 1, chilled for 15 to 30 min and
centrifuged at 4.000 x g for 15 min at 4°C. The cell pellets were resuspended in 1 L of cold
water. followed by centrifugation as above and resuspension in 0.5 L of cold water. Pellets
were centrifuged again and resuspended in 20 mL of 10% (v/v) glyceroi. This was followed
by a final centrifugation and resuspension in 2.5 mL of 10% (v/v) glycerol. Aliquots of 80
uL were frozen and stored at -70°C.

For electro-transformation, cells were thawed at room temperature and placed on ice.
A total of 2 uL. of DNA (0.15-0.2 ug) was mixed with the cell suspension and placed on ice
for | min. The mixture was transferred to a cold electroporation cuvette with a 0.2 cm

electrode gap (Bio-Rad Laboratories, Mississauga, ON) and pulsed at 25 pF, 2.5 kV and

200 Q in a Gene Pulser (Richmond, CA). The electroporation mixture was then removed

and added to 1 mL of superbroth (2% Bacto tryptone, 0.5% Bacto yeast extract, 10 mM
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NaCl. 2.5 mM KCl, 10 mM MgCl,. 10 mM MgS0,, 20 mM glucose). The cell suspension
was incu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>